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 In this book we aimed to describe a variety of techniques that refl ect the wide range of 
research currently being performed in the fi eld of coronavirology. However, most of the 
techniques described are also applicable to a wide variety of other virology fi elds, so we 
hope that this book will have wider appeal. As such, we have started this book with an over-
view chapter of current understanding of coronavirus replication and pathogenesis to intro-
duce nonspecialist readers to the fi eld. 

 Since the emergence of SARS-Coronavirus in 2003, numerous new coronaviruses have 
been identifi ed. The emergence of MERS-Coronavirus in 2012 and the continued occur-
rence of human cases highlight the importance of techniques to verify the presence of 
coronaviruses in a sample as well as identify new coronaviruses that may pose a potential 
threat to the health of both humans and livestock. As such, chapters have been chosen to 
describe identifi cation, diagnosis, and study of evolution of coronaviruses. 

 To allow the study of viruses, propagation and quantifi cation of virus is essential. 
Therefore, we have included chapters describing preparation of cells and organ cultures 
useful in propagating coronaviruses and titration techniques. In addition, several tech-
niques for analyzing virus function require purifi cation of virus, so purifi cation protocols 
suitable for different downstream techniques have been included. 

 The ability to reverse engineer virus genomes and recover recombinant viruses with 
defi ned mutations is invaluable in the progression of understanding the mechanisms for 
virus pathogenicity, viral protein and RNA function and understanding virus-host interac-
tions. Therefore, chapters describing two commonly used reverse genetics techniques for 
coronaviruses are included. 

 A key step in virus replication is attachment to and entry into the host cell. Techniques 
detailing identifi cation of cellular receptors, binding profi les of viral attachment proteins, 
and virus-cell fusion are described. 

 Finally, a major area of coronavirus research currently is the interaction between the 
virus and the host cell to gain insight into requirements of the virus to enable replication 
but also how the host cell responds to virus infection. Understanding these processes is vital 
in enabling future control of virus replication with antiviral therapeutics or prevention 
through vaccination. Therefore, several chapters have been included covering a broad spec-
trum of techniques to identify virus-host protein-protein interactions, confi rm the func-
tional role of these proteins in virus replication, study host cell responses through 
genome-wide or pathway-specifi c approaches, and visualise virus replication complexes. 

 We would like to thank    the authors who have contributed to this book for the time they 
have taken to prepare detailed methods as well as provide practical hints and tips that are 
often essential to get a new working protocol.  

  Compton, UK     Helena     Jane Maier     
    Erica     Bickerton     
    Paul     Britton    
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    Chapter 1   

 Coronaviruses: An Overview of Their Replication 
and Pathogenesis 

           Anthony     R.     Fehr     and     Stanley     Perlman     

    Abstract 

   Coronaviruses (CoVs), enveloped positive-sense RNA viruses, are characterized by club-like spikes that 
project from their surface, an unusually large RNA genome, and a unique replication strategy. Coronaviruses 
cause a variety of diseases in mammals and birds ranging from enteritis in cows and pigs and upper respiratory 
disease in chickens to potentially lethal human respiratory infections. Here we provide a brief introduction 
to coronaviruses discussing their replication and pathogenicity, and current prevention and treatment strate-
gies. We also discuss the outbreaks of the highly pathogenic Severe Acute Respiratory Syndrome 
Coronavirus (SARS-CoV) and the recently identifi ed Middle Eastern Respiratory Syndrome Coronavirus 
(MERS-CoV).  

  Key words     Nidovirales  ,   Coronavirus  ,   Positive-sense RNA viruses  ,   SARS-CoV  ,   MERS-CoV  

1      Classifi cation 

    Coronaviruses (CoVs) are the largest group of viruses belonging 
to the  Nidovirales  order, which includes  Coronaviridae , 
 Arteriviridae ,  Mesoniviridae , and  Roniviridae  families. The 
 Coronavirinae  comprise one of two subfamilies in the  Coronaviridae  
family, with the other being the  Torovirinae . The  Coronavirinae  
are further subdivided into four genera, the alpha, beta, gamma, 
and delta coronaviruses. The viruses were initially sorted into these 
genera based on serology but are now divided by phylogenetic 
clustering. 

 All viruses in the  Nidovirales  order are enveloped, non- 
segmented positive-sense RNA viruses. They all contain very large 
genomes for RNA viruses, with some viruses having the largest 
identifi ed RNA genomes, containing up to 33.5 kilobase (kb) 
genomes. Other common features within the  Nidovirales  order 
include: (1) a highly conserved genomic organization, with a large 
replicase gene preceding structural and accessory genes; (2) 
 expression of many non-structural genes by ribosomal 
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frameshifting; (3) several unique or unusual enzymatic activities 
encoded within the large replicase–transcriptase polyprotein; and 
(4) expression of downstream genes by synthesis of 3′ nested sub-
genomic mRNAs. In fact, the  Nidovirales  order name is derived 
from these nested 3′ mRNAs as  nido  is Latin for “nest.” The major 
differences within the Nidovirus families are in the number, type, 
and sizes of the structural proteins. These differences cause signifi -
cant alterations in the structure and morphology of the nucleo-
capsids and virions.  

2    Genomic Organization 

 Coronaviruses contain a non-segmented, positive-sense RNA 
genome of ~30 kb. The genome contains a 5′ cap structure along 
with a 3′ poly (A) tail, allowing it to act as an mRNA for translation 
of the replicase polyproteins. The replicase gene encoding the non- 
structural proteins (nsps) occupies two-thirds of the genome, 
about 20 kb, as opposed to the structural and accessory proteins, 
which make up only about 10 kb of the viral genome. The 5′ end 
of the genome contains a leader sequence and untranslated region 
(UTR) that contains multiple stem loop structures required for 
RNA replication and transcription. Additionally, at the beginning 
of each structural or accessory gene are transcriptional regulatory 
sequences (TRSs) that are required for expression of    each of these 
genes ( see  Subheading  4.3  on RNA replication). The 3′ UTR also 
contains RNA structures required for replication and synthesis of 
viral RNA. The organization of the coronavirus genome is 
5′-leader-UTR- replicase-S (Spike)-E (Envelope)-M (Membrane)-
N (Nucleocapsid)-3′ UTR-poly (A) tail with accessory genes inter-
spersed within the structural genes at the 3′ end of the genome 
(Fig.  1 ). The accessory proteins are almost exclusively nonessential 
for replication in tissue culture; however, some have been shown to 
have important roles in viral pathogenesis [ 1 ].   

3    Virion Structure 

 Coronavirus virions are spherical with diameters of approximately 
125 nm as depicted in recent studies by cryo-electron tomography 
and cryo-electron microscopy [ 2 ,  3 ]. The most prominent feature 
of coronaviruses is the club-shaped spike projections emanating 
from the surface of the virion. These spikes are a defi ning feature 
of the virion and give them the appearance of a solar corona, 
prompting the name, coronaviruses. Within the envelope of the 
virion is the nucleocapsid. Coronaviruses have helically symmetri-
cal nucleocapsids, which is uncommon among positive-sense RNA 
viruses, but far more common for negative-sense RNA viruses. 

Anthony R. Fehr and Stanley Perlman
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 Coronavirus particles contain four main structural proteins. 
These are the spike (S), membrane (M), envelope (E), and nucleo-
capsid (N) proteins, all of which are encoded within the 3′ end of 
the viral genome. The S protein (~150 kDa), utilizes an N-terminal 
signal sequence to gain access to the ER, and is heavily N-linked 
glycosylated. Homotrimers of the virus encoded S protein make up 
the distinctive spike structure on the surface of the virus [ 4 ,  5 ]. 
The trimeric S glycoprotein is a class I fusion protein [ 6 ] and medi-
ates attachment to the host receptor [ 7 ]. In most, coronaviruses, 
S is cleaved by a host cell furin-like protease into two separate poly-
peptides noted S1 and S2 [ 8 ,  9 ]. S1 makes up the large receptor-
binding domain of the S protein, while S2 forms the stalk of the 
spike molecule [ 10 ]. 

 The M protein is the most abundant structural protein in the 
virion. It is a small (~25–30 kDa) protein with three transmem-
brane domains [ 11 ] and is thought to give the virion its shape. It 
has a small N-terminal glycosylated ectodomain and a much larger 
C-terminal endodomain that extends 6–8 nm into the viral particle 
[ 12 ]. Despite being co-translationally inserted in the ER mem-
brane, most M proteins do not contain a signal sequence. Recent 

  Fig. 1    Genomic organization of representative α, β, and γ CoVs. An illustration of the MHV genome is depicted 
at the  top . The expanded regions below show the structural and accessory proteins in the 3′ regions of the 
HCoV-229E, MHV, SARS-CoV, MERS-CoV and IBV. Size of the genome and individual genes are approximated 
using the legend at the  top  of the diagram but are not drawn to scale.  HCoV-229E  human coronavirus 229E, 
 MHV  mouse hepatitis virus,  SARS-CoV  severe acute respiratory syndrome coronavirus,  MERS-CoV  Middle 
East respiratory syndrome coronavirus,  IBV  infectious bronchitis virus       
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studies suggest the M protein exists as a dimer in the virion, and 
may adopt two different conformations, allowing it to promote 
membrane curvature as well as to bind to the nucleocapsid [ 13 ]. 

 The E protein (~8–12 kDa) is found in small quantities within 
the virion. The coronavirus E proteins are highly divergent but 
have a common architecture [ 14 ]. The membrane topology of E 
protein is not completely resolved but most data suggest that it is 
a transmembrane protein. The E protein has an N-terminal ectodo-
main and a C-terminal endodomain and has ion channel activity. 
As opposed to other structural proteins, recombinant viruses lack-
ing the E protein are not always lethal, although this is virus type 
dependent [ 15 ]. The E protein facilitates assembly and release of 
the virus ( see  Subheading  4.4 ), but also has other functions. For 
instance, the ion channel activity in SARS-CoV E protein is not 
required for viral replication but is required for pathogenesis [ 16 ]. 

 The N protein constitutes the only protein present in the 
nucleocapsid. It is composed of two separate domains, an 
N-terminal domain (NTD) and a C-terminal domain (CTD), both 
capable of binding RNA in vitro, but each domain uses different 
mechanisms to bind RNA. It has been suggested that optimal RNA 
binding requires contributions from both domains [ 17 ,  18 ]. N 
protein is also heavily phosphorylated [ 19 ], and phosphorylation 
has been suggested to trigger a structural change enhancing the 
affi nity for viral versus nonviral RNA. N protein binds the viral 
genome in a beads-on-a-string type conformation. Two specifi c 
RNA substrates have been identifi ed for N protein; the TRSs [ 20 ] 
and the genomic packaging signal [ 21 ]. The genomic packaging 
signal has been found to bind specifi cally to the second, or 
C-terminal RNA binding domain [ 22 ]. N protein also binds nsp3 
[ 18 ,  23 ], a key component of the replicase complex, and the M 
protein [ 24 ]. These protein interactions likely help tether the viral 
genome to the replicase–transcriptase complex (RTC), and subse-
quently package the encapsidated genome into viral particles. 

 A fi fth structural protein, the hemagglutinin-esterase (HE), is 
present in a subset of β-coronaviruses. The protein acts as a hemag-
glutinin, binds sialic acids on surface glycoproteins, and contains 
acetyl-esterase activity [ 25 ]. These activities are thought to enhance 
S protein-mediated cell entry and virus spread through the mucosa 
[ 26 ]. Interestingly, HE enhances murine hepatitis virus (MHV) 
neurovirulence [ 27 ]; however, it is selected against in tissue culture 
for unknown reasons [ 28 ].  

4    Coronavirus Life Cycle 

  The initial attachment of the virion to the host cell is initiated by 
interactions between the S protein and its receptor. The sites of 
receptor binding domains (RBD) within the S1 region of a 
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coronavirus S protein vary depending on the virus, with some 
having the RBD at the N-terminus of S1 (MHV), while others 
(SARS- CoV) have the RBD at the C-terminus of S1 [ 29 ,  30 ]. The 
S-protein–receptor interaction is the primary determinant for a 
coronavirus to infect a host species and also governs the tissue tro-
pism of the virus. Many coronaviruses utilize peptidases as their 
cellular receptor. It is unclear why peptidases are used, as entry 
occurs even in the absence of the enzymatic domain of these 
proteins. Many α-coronaviruses utilize aminopeptidase N (APN) 
as their receptor, SARS-CoV and HCoV-NL63 use angiotensin- 
converting enzyme 2 (ACE2) as their receptor, MHV enters 
through CEACAM1, and the recently identifi ed MERS-CoV binds 
to dipeptidyl-peptidase 4 (DPP4) to gain entry into human cells 
( see  Table  1  for a list of known CoV receptors).

   Following receptor binding, the virus must next gain access to 
the host cell cytosol. This is generally accomplished by acid- 
dependent proteolytic cleavage of S protein by a cathepsin, 
TMPRRS2 or another protease, followed by fusion of the viral and 
cellular membranes. S protein cleavage occurs at two sites within 
the S2 portion of the protein, with the fi rst cleavage important for 
separating the RBD and fusion domains of the S protein [ 31 ] and 

   Table 1  
  Coronavirus    receptors   

 Virus  Receptor  References 

 Alphacoronaviruses 

 HCoV-229E  APN  [ 115 ] 

 HCoV-NL63  ACE2  [ 116 ] 

 TGEV  APN  [ 117 ] 

 PEDV  APN  [ 118 ] 

 FIPV  APN  [ 119 ] 

 CCoV  APN  [ 120 ] 

 Betacoronaviruses 

 MHV  mCEACAM  [ 121 ,  122 ] 

 BCoV   N -acetyl-9- O -acetylneuraminic acid  [ 123 ] 

 SARS-CoV  ACE2  [ 124 ] 

 MERS-CoV  DPP4  [ 100 ] 

   APN  aminopeptidase N,  ACE2  angiotensin-converting enzyme 2,  mCEACAM  murine carcinoembryonic antigen- 
related adhesion molecule 1,  DPP4  dipeptidyl peptidase 4,  HCoV  human coronavirus,  TGEV  transmissible gastroenteri-
tis virus,  PEDV  porcine epidemic diarrhea virus,  FIPV  feline infectious peritonitis virus,  CCoV  canine coronavirus, 
 MHV  murine hepatitis virus,  BCoV  bovine coronavirus,  SARS-CoV  severe acute respiratory syndrome coronavirus, 
 MERS-CoV  Middle East respiratory syndrome coronavirus  
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the second for exposing the fusion peptide (cleavage at S2′). Fusion 
generally occurs within acidifi ed endosomes, but some coronavi-
ruses, such as MHV, can fuse at the plasma membrane. Cleavage at 
S2′ exposes a fusion peptide that inserts into the membrane, which 
is followed by joining of two heptad repeats in S2 forming an anti-
parallel six-helix bundle [ 6 ]. The formation of this bundle allows 
for the mixing of viral and cellular membranes, resulting in fusion 
and ultimately release of the viral genome into the cytoplasm.  

  The next step in the coronavirus lifecycle is the translation of the 
replicase gene from the virion genomic RNA. The replicase gene 
encodes two large ORFs, rep1a and rep1b, which express two co- 
terminal polyproteins, pp1a and pp1ab (Fig.  1 ). In order to express 
both polyproteins, the virus utilizes a slippery sequence 
(5′-UUUAAAC-3′) and an RNA pseudoknot that cause ribosomal 
frameshifting from the rep1a reading frame into the rep1b ORF. In 
most cases, the ribosome unwinds the pseudoknot structure, and 
continues translation until it encounters the rep1a stop codon. 
Occasionally the pseudoknot blocks the ribosome from continuing 
elongation, causing it to pause on the slippery sequence, changing 
the reading frame by moving back one nucleotide, a -1 frameshift, 
before the ribosome is able to melt the pseudoknot structure and 
extend translation into rep1b, resulting in the translation of pp1ab 
[ 32 ,  33 ]. In vitro studies predict the incidence of ribosomal frame-
shifting to be as high as 25 %, but this has not been determined in 
the context of virus infection. It is unknown exactly why these 
viruses utilize frameshifting to control protein expression, but it is 
hypothesized to either control the precise ratio of rep1b and rep1a 
proteins or delay the production of rep1b products until the 
products of rep1a have created a suitable environment for RNA 
replication [ 34 ]. 

 Polyproteins pp1a and pp1ab contain the nsps 1–11 and 1–16, 
respectively. In pp1ab, nsp11 from pp1a becomes nsp12 following 
extension of pp1a into pp1b. However, γ-coronaviruses do not 
contain a comparable nsp1. These polyproteins are subsequently 
cleaved into the individual nsps [ 35 ]. Coronaviruses encode either 
two or three proteases that cleave the replicase polyproteins. They 
are the papain-like proteases (PLpro), encoded within nsp3, and a 
serine type protease, the main protease, or Mpro, encoded by nsp5. 
Most coronaviruses encode two PLpros within nsp3, except the 
γ-coronaviruses, SARS-CoV and MERS-CoV, which only express 
one PLpro [ 36 ]. The PLpros cleave the nsp1/2, nsp2/3, and 
nsp3/4 boundaries, while the Mpro is responsible for the remain-
ing 11 cleavage events. 

 Next, many of the nsps assemble into the replicase–transcriptase 
complex (RTC) to create an environment suitable for RNA 
synthesis, and ultimately are responsible for RNA replication and 
transcription of the sub-genomic RNAs. The nsps also contain 
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other enzyme domains and functions, including those important 
for RNA replication, for example nsp12 encodes the RNA- 
dependent RNA polymerase (RdRp) domain; nsp13 encodes the 
RNA helicase domain and RNA 5′-triphosphatase activity; nsp14 
encodes the exoribonuclease (ExoN) involved in replication fi del-
ity and N7-methyltransferase activity; and nsp16 encodes 
2′-O-methyltransferase activity. In addition to the replication func-
tions other activities, such as blocking innate immune responses 
(nsp1; nsp16-2′-O-methyl transferase; nsp3-deubiquitinase) have 
been identifi ed for some of the nsps, while others have largely 
unknown functions (nsp3-ADP-ribose-1″-phosphatase; nsp15- 
endoribo-nuclease (NendoU)). For a list of non- structural pro-
teins and their proposed functions,  see  Table  2 . Interestingly, 
ribonucleases nsp15-NendoU and nsp14-ExoN activities are 
unique to the  Nidovirales  order and are considered genetic markers 
for these viruses [ 37 ].

      Viral RNA synthesis follows the translation and assembly of the 
viral replicase complexes. Viral RNA synthesis produces both 
genomic and sub-genomic RNAs. Sub-genomic RNAs serve as 
mRNAs for the structural and accessory genes which reside down-
stream of the replicase polyproteins. All positive-sense sub-genomic 
RNAs are 3′ co-terminal with the full-length viral genome and 
thus form a set of nested RNAs, a distinctive property of the order 
 Nidovirales . Both genomic and sub-genomic RNAs are produced 
through negative-strand intermediates. These negative-strand 
intermediates are only about 1 % as abundant as their positive- 
sense counterparts and contain both poly-uridylate and anti-leader 
sequences [ 38 ]. 

 Many cis-acting sequences are important for the replication of 
viral RNAs. Within the 5′ UTR of the genome are seven stem-loop 
structures that may extend into the replicase 1a gene [ 39 – 42 ]. The 
3′ UTR contains a bulged stem-loop, a pseudoknot, and a hyper-
variable region [ 43 – 46 ]. Interestingly, the stem-loop and the pseu-
doknot at the 3′ end overlap, and thus cannot form simultaneously 
[ 44 ,  47 ]. Therefore, these different structures are proposed to 
regulate alternate stages of RNA synthesis, although exactly which 
stages are regulated and their precise mechanism of action are still 
unknown. 

 Perhaps the most novel aspect of coronavirus replication is 
how the leader and body TRS segments fuse during production of 
sub-genomic RNAs. This was originally thought to occur during 
positive-strand synthesis, but now it is largely believed to occur 
during the discontinuous extension of negative-strand RNA [ 48 ]. 
The current model proposes that the RdRp pauses at any one of 
the body TRS sequences (TRS-B); following this pause the RdRp 
either continues elongation to the next TRS or it switches to ampli-
fying the leader sequence at the 5′ end of the genome guided by 
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complementarity of the TRS-B to the leader TRS (TRS-L). Many 
pieces of evidence currently support this model, including the 
presence of anti-leader sequence at the 3′ end of the negative- 
strand sub-genomic RNAs [ 38 ]. However, many questions remain 
to fully defi ne the model. For instance, how does the RdRp bypass 
all of the TRS-B sequences to produce full-length negative-strand 
genomic RNA? Also, how are the TRS-B sequences directed to the 

   Table 2  
  Functions of coronavirus non-structural proteins (nsps)   

 Protein  Function  References 

 nsp1  Promotes cellular mRNA degradation and blocks host cell 
translation, results in blocking innate immune response 

 [ 125 – 128 ] 

 nsp2  No known function, binds to prohibitin proteins  [ 129 ,  130 ] 

 nsp3  Large, multi-domain transmembrane protein, activities include: 
 • Ubl1 and Ac domains, interact with N protein 
 • ADRP activity, promotes cytokine expression 
 • PLPro/Deubiquitinase domain, cleaves viral polyprotein 

and blocks host innate immune response 
 • Ubl2, NAB, G2M, SUD, Y domains, unknown functions 

 [ 131 – 138 ] 

 nsp4  Potential transmembrane scaffold protein, important for proper 
structure of DMVs 

 [ 139 ,  140 ] 

 nsp5  Mpro, cleaves viral polyprotein  [ 141 ] 

 nsp6  Potential transmembrane scaffold protein  [ 142 ] 

 nsp7  Forms hexadecameric complex with nsp8, may act as 
processivity clamp for RNA polymerase 

 [ 143 ] 

 nsp8  Forms hexadecameric complex with nsp7, may act as 
processivity clamp for RNA polymerase; may act as primase 

 [ 143 ,  144 ] 

 nsp9  RNA binding protein  [ 145 ] 

 nsp10  Cofactor for nsp16 and nsp14, forms heterodimer with 
both and stimulates ExoN and 2-O-MT activity 

 [ 146 ,  147 ] 

 nsp12  RdRp  [ 148 ] 

 nsp13  RNA helicase, 5′ triphosphatase  [ 149 ,  150 ] 

 nsp14  N7 MTase and 3′-5′ exoribonuclease, ExoN; N7 MTase adds 
5′ cap to viral RNAs, ExoN activity is important for 
proofreading of viral genome 

 [ 151 – 154 ] 

 nsp15  Viral endoribonuclease, NendoU  [ 155 ,  156 ] 

 nsp16  2′-O-MT; shields viral RNA from MDA5 recognition  [ 157 ,  158 ] 

   Ubl  ubiquitin-like,  Ac  acidic,  ADRP  ADP-ribose-1′-phosphatase,  PLPro  papain-like protease,  NAB  nucleic acid bind-
ing,  SUD  SARS-unique domain,  DMVs  double-membrane vesicles,  Mpro  main protease   ,  RdRp  RNA-dependent 
RNA polymerase,  MTase  methyltransferase,  Exo N  viral exoribonuclease,  Nendo U  viral endoribonuclease,  2′-O-MT  
2′-O-methyltransferase,  MDA5  melanoma differentiation associated protein 5  
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TRS-L and how much complementarity is necessary [ 49 ]? Answers 
to these questions and others will be necessary to gain a full perspec-
tive of how RNA replication occurs in coronaviruses. 

 Finally, coronaviruses are also known for their ability to recom-
bine using both homologous and nonhomologous recombination 
[ 50 ,  51 ]. The ability of these viruses to recombine is tied to the 
strand switching ability of the RdRp. Recombination likely plays a 
prominent role in viral evolution and is the basis for targeted RNA 
recombination, a reverse genetics tool used to engineer viral 
recombinants at the 3′ end of the genome.  

   Following replication and sub-genomic RNA synthesis, the viral 
structural proteins, S, E, and M are translated and inserted into the 
endoplasmic reticulum (ER). These proteins move along the secre-
tory pathway into the endoplasmic reticulum–Golgi intermediate 
compartment (ERGIC) [ 52 ,  53 ]. There, viral genomes encapsid-
ated by N protein bud into membranes of the ERGIC containing 
viral structural proteins, forming mature virions [ 54 ]. 

 The M protein directs most protein–protein interactions 
required for assembly of coronaviruses. However, M protein is not 
suffi cient for virion formation, as virus-like particles (VLPs) cannot 
be formed by M protein expression alone. When M protein is 
expressed along with E protein VLPs are formed, suggesting these 
two proteins function together to produce coronavirus envelopes 
[ 55 ]. N protein enhances VLP formation, suggesting that fusion 
of encapsidated genomes into the ERGIC enhances viral envelop-
ment [ 56 ]. The S protein is incorporated into virions at this step, 
but is not required for assembly. The ability of the S protein to 
traffi c to the ERGIC and interact with the M protein is critical for 
its incorporation into virions. 

 While the M protein is relatively abundant, the E protein is 
only present in small quantities in the virion. Thus, it is likely that 
M protein interactions provide the impetus for envelope maturation. 
It is unknown how E protein assists M protein in assembly of the 
virion, and several possibilities have been suggested. Some work 
has indicated a role for the E protein in inducing membrane cur-
vature [ 57 – 59 ], although others have suggested that E protein 
prevents the aggregation of M protein [ 60 ]. The E protein may 
also have a separate role in promoting viral release by altering the 
host secretory pathway [ 61 ]. 

 The M protein also binds to the nucleocapsid, and this interac-
tion promotes the completion of virion assembly. These  interactions 
have been mapped to the C-terminus of the endodomain of M 
with CTD of the N-protein [ 62 ]. However, it is unclear exactly 
how the nucleocapsid complexed with virion RNA traffi cs to the 
ERGIC to interact with M protein and become incorporated into 
the viral envelope. Another outstanding question is how the N 
protein selectively packages only positive-sense full-length genomes 

4.4  Assembly 
and Release

Coronavirus Introduction



10

among the many different RNA species produced during infection. 
A packaging signal for MHV has been identifi ed in the nsp15 cod-
ing sequence, but mutation of this signal does not appear to affect 
virus production, and a mechanism for how this packaging signal 
works has not been determined [ 22 ]. Furthermore, most corona-
viruses do not contain similar sequences at this locus, indicating 
that packaging may be virus specifi c. 

 Following assembly, virions are transported to the cell surface 
in vesicles and released by exocytosis. It is not known if the virions 
use the traditional pathway for transport of large cargo from the 
Golgi or if the virus has diverted a separate, unique pathway for its 
own exit. In several coronaviruses, S protein that does not get 
assembled into virions transits to the cell surface where it mediates 
cell–cell fusion between infected cells and adjacent, uninfected 
cells. This leads to the formation of giant, multinucleated cells, 
which allows the virus to spread within an infected organism with-
out being detected or neutralized by virus-specifi c antibodies.   

5    Pathogenesis 

  Coronaviruses cause a large variety of diseases in animals, and their 
ability to cause severe disease in livestock and companion animals 
such as pigs, cows, chickens, dogs, and cats led to signifi cant 
research on these viruses in the last half of the twentieth century. 
For instance, Transmissible Gastroenteritis Virus (TGEV) and 
Porcine Epidemic Diarrhea Virus (PEDV) cause severe gastroen-
teritis in young piglets, leading to signifi cant morbidity, mortality, 
and ultimately economic losses. PEDV recently emerged in North 
America for the fi rst time, causing signifi cant losses of young pig-
lets. Porcine hemagglutinating encephalomyelitis virus (PHEV) 
mostly leads to enteric infection but has the ability to infect the 
nervous system, causing encephalitis, vomiting, and wasting in 
pigs. Feline enteric coronavirus (FCoV) causes a mild or asymp-
tomatic infection in domestic cats, but during persistent infection, 
mutation transforms the virus into a highly virulent strain of FCoV, 
Feline Infectious Peritonitis Virus (FIPV), that leads to development 
of a lethal disease called feline infectious peritonitis (FIP). FIP has 
wet and dry forms, with similarities to the human disease, sarcoid-
osis. FIPV is macrophage tropic and it is believed that it causes 
aberrant cytokine and/or chemokine expression and lymphocyte 
depletion, resulting in lethal disease [ 63 ]. However, additional 
research is needed to confi rm this hypothesis. Bovine CoV, Rat 
CoV, and Infectious Bronchitis Virus (IBV) cause mild to severe 
respiratory tract infections in cattle, rats, and chickens, respectively. 
Bovine CoV causes signifi cant losses in the cattle industry and also 
has spread to infect a variety of ruminants, including elk, deer, and 
camels. In addition to severe respiratory disease, the virus causes 
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diarrhea (“winter dysentery” and “shipping fever”), all leading to 
weight loss, dehydration, decreased milk production, and depres-
sion [ 63 ]. Some strains of IBV, a γ-coronavirus, also affect the 
urogenital tract of chickens causing renal disease. Infection of the 
reproductive tract with IBV signifi cantly diminishes egg produc-
tion, causing substantial losses in the egg- production industry 
each year [ 63 ]. More recently, a novel coronavirus named SW1 
has been identifi ed in a deceased Beluga whale [ 64 ]. Large num-
bers of virus particles were identifi ed in the liver of the deceased 
whale with respiratory disease and acute liver failure. Although, 
electron microscopic images were not suffi cient to identify the 
virus as a coronavirus, sequencing of the liver tissue clearly identi-
fi ed the virus as a coronavirus. It was subsequently determined to 
be a γ-coronavirus based on phylogenetic analysis but it has not 
yet been verifi ed experimentally that this virus is actually a caus-
ative agent of disease in whales. In addition, there has been intense 
interest in identifying novel bat CoVs, since these are the likely 
ancestors for SARS-CoV and MERS-CoV, and hundreds of novel 
bat coronaviruses have been identifi ed over the past decade [ 65 ]. 
Finally, another novel family of nidoviruses,  Mesoniviridae , has 
been recently identifi ed as the fi rst nidoviruses to exclusively infect 
insect hosts [ 66 ,  67 ]. These viruses are highly divergent from 
other nidoviruses but are most closely related to the roniviruses. 
In size, they are ~20 kb, falling in between large and small nidovi-
ruses. Interestingly, these viruses do not encode for an endoribo-
nuclease, which is present in all other nidoviruses. These attributes 
suggest these viruses are the prototype of a new nidovirus family 
and may be a missing link in the transition from small to large 
nidoviruses. 

 The most heavily studied animal coronavirus is murine hepatitis 
virus (MHV), which causes a variety of outcomes in mice, including 
respiratory, enteric, hepatic, and neurologic infections. These 
infections often serve as highly useful models of disease. For 
instance, MHV-1 causes severe respiratory disease in susceptible 
A/J and C3H/HeJ mice, A59 and MHV-3 induce severe hepati-
tis, while JHMV causes severe encephalitis. Interestingly, MHV-3 
induces cellular injury through the activation of the coagulation 
cascade [ 68 ]. Most notably, A59 and attenuated versions of JHMV 
cause a chronic demyelinating disease that bears similarities to mul-
tiple sclerosis (MS), making MHV infection one of the best models 
for this debilitating human disease. Early studies suggested that 
demyelination was dependent on viral replication in oligodendro-
cytes in the brain and spinal cord [ 69 ,  70 ]; however, more recent 
reports clearly demonstrate that the disease is immune-mediated. 
Irradiated mice or immunodefi cient (lacking T and B cells) mice 
do not develop demyelination, but addition of virus-specifi c T cells 
restores the development of demyelination [ 71 ,  72 ]. Additionally, 
demyelination is accompanied by a large infl ux of macrophages 
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and microglia that can phagocytose infected myelin [ 73 ], although 
it is unknown what the signals are that direct immune cells to 
destroy myelin. Finally, MHV can be studied under BSL2 labora-
tory conditions, unlike SARS-CoV or MERS-CoV, which require 
a BSL3 laboratory, and provides a large number of suitable animal 
models. These factors make MHV an ideal model for studying the 
basics of viral replication in tissue culture cells as well as for study-
ing the pathogenesis and immune response to coronaviruses.  

  Prior to the SARS-CoV outbreak, coronaviruses were only thought 
to cause mild, self-limiting respiratory infections in humans. Two 
of these human coronaviruses are α-coronaviruses, HCoV-229E 
and HCoV-NL63, while the other two are β-coronaviruses, 
HCoV-OC43 and HCoV-HKU1. HCoV-229E and HCoV-OC43 
were isolated nearly 50 years ago [ 74 – 76 ], while HCoV-NL63 and 
HCoV-HKU1 have only recently been identifi ed following the 
SARS-CoV outbreak [ 77 ,  78 ]. These viruses are endemic in the 
human populations, causing 15–30 % of respiratory tract infections 
each year. They cause more severe disease in neonates, the elderly, 
and in individuals with underlying illnesses, with a greater inci-
dence of lower respiratory tract infection in these populations. 
HCoV-NL63 is also associated with acute laryngotracheitis (croup) 
[ 79 ]. One interesting aspect of these viruses is their differences in 
tolerance to genetic variability. HCoV-229E isolates from around 
the world have only minimal sequence divergence [ 80 ], while 
HCoV-OC43 isolates from the same location but isolated in dif-
ferent years show signifi cant genetic variability [ 81 ]. This likely 
explains the inability of HCoV-229E to cross the species barrier to 
infect mice while HCoV-OC43 and the closely related bovine 
coronavirus, BCoV, are capable of infecting mice and several rumi-
nant species. Based on the ability of MHV to cause demyelinating 
disease, it has been suggested that human CoVs may be involved in 
the development of multiple sclerosis (MS). However, no evidence 
to date suggests that human CoVs play a signifi cant role in MS. 

 SARS-CoV, a group 2b β-coronavirus, was identifi ed as the 
causative agent of the Severe Acute Respiratory Syndrome (SARS) 
outbreak that occurred in 2002–2003 in the Guangdong Province 
of China. It is the most severe human disease caused by any coro-
navirus. During the 2002–2003 outbreak approximately 8,098 
cases occurred with 774 deaths, resulting in a mortality rate of 9 %. 
This rate was much higher in elderly individuals, with mortality 
rates approaching 50 % in individuals over 60 years of age. 
Furthermore, the outbreak resulted in the loss of nearly $40 billion 
dollars in economic activity, as the virus nearly shut down many 
activities in Southeast Asia and Toronto, Canada for several 
months. The outbreak began in a hotel in Hong Kong and 
ultimately spread to more than two dozen countries. During the 
epidemic, closely related viruses were isolated from several exotic 
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animals including Himalayan palm civets and raccoon dogs [ 82 ]. 
However, it is widely accepted that SARS-CoV originated in bats 
as a large number of Chinese horseshoe bats contain sequences of 
SARS-related CoVs and contain serologic evidence for a prior 
infection with a related CoV [ 83 ,  84 ]. In fact, two novel bat SARS- 
related CoVs have been recently identifi ed that are more similar to 
SARS-CoV than any other virus identifi ed to date [ 85 ]. They were 
also found to use the same receptor as the human virus, angioten-
sin converting enzyme 2 (ACE2), providing further evidence that 
SARS-CoV originated in bats. Although some human individuals 
within wet animal markets had serologic evidence of SARS-CoV 
infection prior to the outbreak, these individuals had no apparent 
symptoms [ 82 ]. Thus, it is likely that a closely related virus circulated 
in the wet animal markets for several years before a series of factors 
facilitated its spread into the larger population. 

 Transmission of SARS-CoV was relatively ineffi cient, as it only 
spread through direct contact with infected individuals after the 
onset of illness. Thus, the outbreak was largely contained within 
households and healthcare settings [ 86 ], except in a few cases of 
superspreading events where one individual was able to infect 
multiple contacts due to an enhanced development of high viral 
burdens or ability to aerosolize virus. As a result of the relatively 
ineffi cient transmission of SARS-CoV, the outbreak was controlla-
ble through the use of quarantining. Only a small number of SARS 
cases occurred after the outbreak was controlled in June 2003. 

 SARS-CoV primarily infects epithelial cells within the lung. 
The virus is capable of entering macrophages and dendritic cells 
but only leads to an abortive infection [ 87 ,  88 ]. Despite this, 
infection of these cell types may be important in inducing pro- 
infl ammatory cytokines that may contribute to disease [ 89 ]. In 
fact, many cytokines and chemokines are produced by these cell 
types and are elevated in the serum of SARS-CoV infected patients 
[ 90 ]. The exact mechanism of lung injury and cause of severe dis-
ease in humans remains undetermined. Viral titers seem to dimin-
ish when severe disease develops in both humans and in several 
animal models of the disease. Furthermore, animals infected with 
rodent-adapted SARS-CoV strains show similar clinical features to 
the human disease, including an age-dependent increase in disease 
severity [ 91 ]. These animals also show increased levels of proin-
fl ammatory cytokines and reduced T-cell responses, suggesting a 
 possible immunopathological mechanism of disease [ 92 ,  93 ]. 

 While the SARS-CoV epidemic was controlled in 2003 and the 
virus has not since returned, a novel human CoV emerged in the 
Middle East in 2012. This virus, named Middle East Respiratory 
Syndrome-CoV (MERS-CoV), was found to be the causative agent 
in a series of highly pathogenic respiratory tract infections in Saudi 
Arabia and other countries in the Middle East [ 94 ]. Based on the 
high mortality rate of ~50 % in the early stages of the outbreak, it 
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was feared the virus would lead to a very serious outbreak. However, 
the outbreak did not accelerate in 2013, although sporadic cases 
continued throughout the rest of the year. In April 2014, a spike 
of over 200 cases and almost 40 deaths occurred, prompting fears 
that the virus had mutated and was more capable of human-to- 
human transmission. More likely, the increased number of cases 
resulted from improved detection and reporting methods com-
bined with a seasonal increase in birthing camels. As of August 
27th, 2014 there have been a total of 855 cases of MERS-CoV, 
with 333 deaths and a case fatality rate of nearly 40 %, according to 
the European Center for Disease Prevention and Control. 

 MERS-CoV is a group 2c β-coronavirus highly related to two 
previously identifi ed bat coronaviruses, HKU4 and HKU5 [ 95 ]. 
It is believed that the virus originated from bats, but likely had an 
intermediate host as humans rarely come in contact with bat 
secreta. Serological studies have identifi ed MERS-CoV antibodies 
in dromedary camels in the Middle East [ 96 ], and cell lines from 
camels have been found to be permissive for MERS-CoV replication 
[ 97 ] providing evidence that dromedary camels may be the natural 
host. More convincing evidence for this comes from recent studies 
identifying nearly identical MERS-CoVs in both camels and human 
cases in nearby proximities in Saudi Arabia [ 98 ,  99 ]. In one of 
these studies the human case had direct contact with an infected 
camel and the virus isolated from this patient was identical to the 
virus isolated from the camel [ 99 ]. At the present time it remains 
to be determined how many MERS-CoV cases can be attributed to 
an intermediate host as opposed to human-to-human transmis-
sion. It has also been postulated that human-to-camel spread con-
tributed to the outbreak. 

 MERS-CoV utilizes Dipeptidyl peptidase 4 (DPP4) as its 
receptor [ 100 ]. The virus is only able to use the receptor from 
certain species such as bats, humans, camels, rabbits, and horses to 
establish infection. Unfortunately for researchers, the virus is 
unable to infect mouse cells due to differences in the structure of 
DPP4, making it diffi cult to evaluate potential vaccines or antivi-
rals. Recently, a small animal model for MERS-CoV has been 
developed using an Adenoviral vector to introduce the human 
DPP4 gene into mouse lungs [ 101 ]. This unique system makes it 
possible to test therapeutic interventions and novel vaccines for 
MERS-CoV in any animal sensitive to adenoviral transductions.   

6    Diagnosis, Treatment, and Prevention 

 In most cases of self-limited infection, diagnosis of coronaviruses is 
unnecessary, as the disease will naturally run its course. However, 
it may be important in certain clinical and veterinary settings or in 
epidemiological studies to identify an etiological agent. Diagnosis 
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is also important in locations where a severe CoV outbreak is 
occurring, such as, at present, in the Middle East, where MERS- 
CoV continues to circulate. The identifi cation of cases will guide 
the development of public health measures to control outbreaks. It 
is also important to diagnose cases of severe veterinary CoV- 
induced disease, such as PEDV and IBV, to control these patho-
gens and protect food supplies. RT-PCR has become the method 
of choice for diagnosis of human CoV, as multiplex real-time 
RT-PCR assays have been developed, are able to detect all four 
respiratory HCoVs and could be further adapted to novel CoVs 
[ 102 ,  103 ]. Serologic assays are important in cases where RNA is 
diffi cult to isolate or is no longer present, and for epidemiological 
studies. 

 To date, there are no antiviral therapeutics that specifi cally 
target human coronaviruses, so treatments are only supportive. 
In vitro, interferons (IFNs) are only partially effective against coro-
naviruses [ 104 ]. IFNs in combination with ribavirin may have 
increased activity in vitro when compared to IFNs alone against 
some coronaviruses; however, the effectiveness of this combination 
in vivo requires further evaluation [ 105 ]. The SARS and MERS 
outbreaks have stimulated research on these viruses and this 
research has identifi ed a large number of suitable antiviral targets, 
such as viral proteases, polymerases, and entry proteins. Signifi cant 
work remains, however, to develop drugs that target these processes 
and are able to inhibit viral replication. 

 Only limited options are available to prevent coronavirus 
infections. Vaccines have only been approved for IBV, TGEV, and 
Canine CoV, but these vaccines are not always used because they 
are either not very effective, or in some cases have been reported 
to be involved in the selection of novel pathogenic CoVs via recom-
bination of circulating strains. Vaccines for veterinary pathogens, 
such as PEDV, may be useful in such cases where spread of the 
virus to a new location could lead to severe losses of veterinary 
animals. In the case of SARS-CoV, several potential vaccines have 
been developed but none are yet approved for use. These vaccines 
include recombinant attenuated viruses, live virus vectors, or 
individual viral proteins expressed from DNA plasmids. Therapeutic 
SARS-CoV neutralizing antibodies have been generated and could 
be retrieved and used again in the event of another SARS-CoV 
outbreak. Such antibodies would be most useful for protecting 
healthcare workers. In general, it is thought that live attenuated 
vaccines would be the most effi cacious in targeting coronaviruses. 
This was illustrated in the case of TGEV, where an attenuated variant, 
PRCV, appeared in Europe in the 1980s. This variant only caused 
mild disease and completely protected swine from TGEV. Thus, 
this attenuated virus has naturally prevented the reoccurrence of 
severe TGEV in Europe and the U.S. over the past 30 years [ 106 ]. 
Despite this success, vaccine development for coronaviruses faces 
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many challenges [ 107 ]. First, for mucosal infections, natural infection 
does not prevent subsequent infection, and so vaccines must either 
induce better immunity than the original virus or must at least 
lessen the disease incurred during a secondary infection. Second, 
the propensity of the viruses to recombine may pose a problem by 
rendering the vaccine useless and potentially increasing the evolu-
tion and diversity of the virus in the wild [ 108 ]. Finally, it has been 
shown in FIPV that vaccination with S protein leads to enhanced 
disease [ 109 ]. Despite this, several strategies are being developed 
for vaccine development to reduce the likelihood of recombina-
tion, for instance by making large deletions in the nsp1 [ 110 ] or E 
proteins [ 111 ], rearranging the 3′ end of the genome [ 112 ], 
modifying the TRS sequences [ 113 ], or using mutant viruses with 
abnormally high mutation rates that signifi cantly attenuate the 
virus [ 114 ]. 

 Owing to the lack of effective therapeutics or vaccines, the best 
measures to control human coronaviruses remain a strong public 
health surveillance system coupled with rapid diagnostic testing 
and quarantine when necessary. For international outbreaks, coop-
eration of governmental entities, public health authorities, and 
health care providers is critical. During veterinary outbreaks that 
are readily transmitted, such as PEDV, more drastic measures such 
as destruction of entire herds of pigs may be necessary to prevent 
transmission of these deadly viruses.  

7    Conclusion 

 Over the past 50 years the emergence of many different coronavi-
ruses that cause a wide variety of human and veterinary diseases has 
occurred. It is likely that these viruses will continue to emerge and 
to evolve and cause both human and veterinary outbreaks owing to 
their ability to recombine, mutate, and infect multiple species and 
cell types. 

 Future research on coronaviruses will continue to investigate 
many aspects of viral replication and pathogenesis. First, under-
standing the propensity of these viruses to jump between species, 
to establish infection in a new host, and to identify signifi cant 
reservoirs of coronaviruses will dramatically aid in our ability to 
predict when and where potential epidemics may occur. As bats 
seem to be a signifi cant reservoir for these viruses, it will be inter-
esting to determine how they seem to avoid clinically evident disease 
and become persistently infected. Second, many of the non-struc-
tural and accessory proteins encoded by these viruses remain 
uncharacterized with no known function, and it will be impor-
tant to identify mechanisms of action for these proteins as well as 
defi ning their role in viral replication and pathogenesis. These 
studies should lead to a large increase in the number of suitable 
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therapeutic targets to combat infections. Furthermore, many of 
the unique enzymes encoded by coronaviruses, such as ADP-
ribose-1″-phosphatase, are also present in higher eukaryotes, mak-
ing their study relevant to understanding general aspects of 
molecular biology and biochemistry. Third, gaining a complete 
picture of the intricacies of the RTC will provide a framework for 
understanding the unique RNA replication process used by these 
viruses. Finally, defi ning the mechanism of how coronaviruses 
cause disease and understanding the host immunopathological 
response will signifi cantly improve our ability to design vaccines 
and reduce disease burden.     
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    Chapter 2   

 Identifi cation of a Novel Coronavirus from Guinea Fowl 
Using Metagenomics 

           Mariette     F.     Ducatez      and     Jean-Luc     Guérin    

    Abstract 

   While classical virology techniques such as virus culture, electron microscopy, or classical PCR had been 
unsuccessful in identifying the causative agent responsible for the fulminating disease of guinea fowl, we 
identifi ed a novel avian gammacoronavirus associated with the disease using metagenomics. Next- 
generation sequencing is an unbiased approach that allows the sequencing of virtually all the genetic mate-
rial present in a given sample.  

  Key words     Next-generation sequencing  ,   Illumina  ,   Ultracentrifugation  ,   Nuclease treatment  ,   Random 
RT-PCR  

1      Introduction 

 The fi eld of pathogen discovery gained a completely new dimension 
when new genomics tools, next-generation sequencing (NGS), 
became available. Isolation and identifi cation by electronic micros-
copy used to be the gold standard techniques to identify a new 
pathogen. However, some pathogens are diffi cult to culture, and/
or to separate from co-infecting agents. PCR has improved patho-
gen discovery, but even when pan-species/Genus/family PCRs 
may be developed (which is not always possible, especially for 
highly variable RNA viruses), the primers chosen do condition the 
nucleic acids that will be amplifi ed: it is still a “biased” technique 
with which only known (or closely related to known) pathogens 
whose presence was suspected may be detected [ 1 ,  2 ]. NGS allows 
for (1) massive sequencing of genetic material and (2) unbiased 
sequencing, to a much lower cost per sequenced base than Sanger 
sequencing technology. Here we describe an NGS technique that 
can be used to identify novel pathogens, which we recently used to 
identify the pathogen responsible for the guinea fowl fulminating 
disease [ 3 ].  
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2    Materials 

      1.    PBS.   
   2.    PBS containing 100 U/ml Penicillin and 0.1 mg/ml 

streptomycin.   
   3.    0.45 μm fi lter.   
   4.    RNAse.   
   5.    DNAse (10 U/μl).   
   6.    10× DNase buffer: 200 mM Tris–HCl (pH 8.4), 20 mM 

MgCl 2 , 500 mM KCl.      

      1.    TRIzol reagent or similar.   
   2.    Chloroform.   
   3.    RNA extraction kit, e.g., Nucleospin RNA virus kit (Macherey- 

Nagel) or similar.   
   4.    Reverse transcription kit, e.g., RevertAid kit (Thermofi sher) 

or similar.   
   5.    10 mM dNTPs.   
   6.    RNase inhibitor.   
   7.    20 μM tagged random hexamer: 454-A: 5′ ATG-GTC-GTC- 

GTA-GGC-TGC-TCN-NNN-NNN-N 3′ ( see   Note 1 ).   
   8.    PCR kit, e.g., Phusion (NEB) or similar.   
   9.    20 μM PCR primer (tag only): 454-A: 5′ ATG-GTC-GTC- 

GTA-GGC-TGC-TC 3′.   
   10.    Thermocycler.   
   11.    1 % agarose gel.   
   12.    1× TBE buffer: 89 mM Tris, 89 mM orthoboric acid, 2 mM 

EDTA.   
   13.    Sybr ®  safe (Life technologies) or similar.   
   14.    1 kb plus DNA ladder.   
   15.    Gel purifi cation kit.   
   16.    PicoGreen ®  quantitation assay (Life technologies) or similar.      

      1.    Miseq reagent kit (Illumina).   
   2.    Miseq (Illumina).       

3    Methods 

 Figure  1  summarizes the methodology used for the identifi cation 
of a novel guinea fowl gammacoronavirus.  

2.1  Materials 
for Preparation 
of Specimens 
and Concentrating 
Viral Particles

2.2  Materials 
for RNA Extraction 
and Amplifi cation

2.3  Next-Generation 
Sequencing

Mariette F. Ducatez and Jean-Luc Guérin
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      1.    Pool intestinal contents of experimentally infected guinea fowl 
poults and resuspend in 500 μl PBS with penicillin and strep-
tomycin. Vortex.   

   2.    Filter (0.45 μm fi lter) the solution to eliminate eukaryotic- 
and bacterial-cell-sized particles.   

   3.    Centrifuge the digestive content at 10,000 ×  g  for 30 min 
twice to clarify the solution and collect the supernatant in a 
new tube.      

       1.    Pellet the concentrated material by ultracentrifugation at 
100,000 ×  g  for 2 h.   

   2.    Treat with RNAse and DNAse to remove non-particle- 
protected nucleic acids: make a mix of 500 μl of sample, 10 μl 
DNAse (100 U), 12 μl RNAse (20 μg/μl), 60 μl 10× DNAse 
buffer, 16 μl PBS. Incubate the mix for 20 min at 37 °C and 
then 10 min at 75 °C to stop the reaction.      

       1.    Add 750 μl TRIzol to 250 μl sample from Subheading  3.2 , 
 step 2  and incubate 5 min at room temperature.   

   2.    Add 200 μl chloroform, vortex vigorously, and incubate 
10 min at room temperature.   

   3.    Centrifuge for 15 min at 11,000 ×  g  at 4 °C.   

3.1  Sample 
Preparation

3.2  Concentration 
of Viral Particles

3.3  RNA Extraction 
and Amplifi cation 
( See   Note 2 )

  Fig. 1    High-throughput unbiased sequencing of intestinal contents of guinea fowls. The scheme represents the 
main steps of the novel guinea fowl gammacoronavirus detection by NGS       
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   4.    Collect the top aqueous phase.   
   5.    Extract RNA from 150 μl of the collected aqueous phase on a 

silicate column with a RNA extraction kit.   
   6.    Perform a reverse transcription reaction using random primers 

by mixing 7.5 μl RNA, 5 μl tagged random hexamer.   
   7.    Incubate at 65 °C for 5 min then keep on ice.   
   8.    Add 4 μl 5× reaction buffer, 0.5 μl RNase inhibitor, 2 μl dNTP, 

and 1 μl RevertAid reverse transcriptase.   
   9.    Incubate at 25 °C for 10 min, 42 °C for 60 min, and 70 °C for 

10 min.   
   10.    Reactions can now be stored at −20 °C or used immediately 

for PCR.   
   11.    Perform a random PCR by mixing 10 μl 5× Phusion HF reac-

tion buffer, 1 μl dNTP, 0.5 μl tag only primer, 5 μl cDNA, 
0.5 μl Phusion polymerase, and 33 μl water.   

   12.    Perform PCR using the following cycle: 98 °C 30 s followed 
by 40 cycles of 98 °C 10 s, 65 °C 20 s, and 72 °C 30 s fol-
lowed by a fi nal incubate of 72 °C 10 min.   

   13.    Analyze the PCR products on a 1 % agarose gel, migrate for 
1 h at 60 V.   

   14.    Excise the 300 bp bands and perform a gel purifi cation with a 
commercial kit.   

   15.    Quality assessment of the prepared library: quantify the DNA 
generated by a fl uorescence-based method (PicoGreen ®  quan-
titation assay) and aim at 1 μg DNA as input; check the DNA 
quality and aim for a 260:280 ratio >1.8.      

      1.    Hybridize sample to fl ow cell.   
   2.    Amplify sample (bridge amplifi cation).   
   3.    Linearize fragments.   
   4.    Block fragments.   
   5.    Hybridize sequencing primer.      

      1.    The library DNA fragment act as a template, from which a 
complementary strand is synthesized.   

   2.    ddNTPs are added one by one (one cycle = one ddNTP added, a 
picture taken and defl uoration of the ddNTP to be able to add a 
new ddNTP the next cycle) by a DNA polymerase. The  addition 
of ddNTP is digitally recorded as sequence data cycle after cycle.      

      1.    Preprocess the data to remove adapter sequences and demul-
tiplexing using splitbc (several samples can be multiplexed and 
run together on the MiSeq Illumina sequencer to reduce cost).   

3.4  Cluster 
Generation Using 
the Miseq Reagent Kit 
(Illumina)

3.5  Sequencing 
on the Miseq 
(Illumina)

3.6  Data Analysis

Mariette F. Ducatez and Jean-Luc Guérin
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   2.    Preprocess the data to remove low-quality reads and compil-
ing paired sequences using illuminapairedend.   

   3.    Map the data to a reference genome or  de novo  align the 
sequence reads (alignment with bwa [ 4 ], consensus computed 
with the SAMtools [ 5 ] software package. Display the results 
with the IGV [ 6 ] browser).   

   4.    Analyze the compiled sequence with the GAAS software 
(  http://gaas.sourceforge.net/    ) with an expected value of 10 −3 .       

4    Notes 

     1.    Victoria et al. [ 7 ] described a panel of tagged primers (named 
with alphabet letter), and while we selected “454-A” for the 
present study, any of the tagged primers described in [ 7 ] could 
be used instead (454-B, 454-C, etc).   

   2.    To identify pathogens with DNA genomes, a DNA extraction 
would be performed, followed by a Klenow step before the 
random PCR:
    (a)    DNA extraction: High Pure template preparation kit (Roche) 

can be used, following the manufacturer’s instructions.   
   (b)    Klenow step on DNA: mix 2.5 μl tagged random primer, 

3 μl 10× buffer, 1 μl 0.5 mM dNTP, 10 μl DNA, 1 μl 
0.5 U/μl DNA pol1 and 12.5 μl water. Incubate at room 
temperature for 1 h.   

   (c)    Proceed from Subheading  3.3 ,  step 10 .             
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    Chapter 3   

 Serological Diagnosis of Feline Coronavirus Infection 
by Immunochromatographic Test 

           Tomomi     Takano      and     Tsutomu     Hohdatsu   

    Abstract 

   The immunochromatographic assay (ICA) is a simple antibody–antigen detection method, the results 
of which can be rapidly obtained at a low cost. We designed an ICA to detect anti-feline coronavirus 
(FCoV) antibodies. A colloidal gold-labeled recombinant FCoV nucleocapsid protein (rNP) is used as 
a conjugate. The Protein A and affi nity-purifi ed cat anti-FCoV IgG are blotted on the test line and the 
control line, respectively, of the nitrocellulose membrane. The specifi c detection of anti-FCoV antibodies 
was possible in all heparin- anticoagulated plasma, serum, whole blood, and ascitic fl uid samples from 
 anti-FCoV antibody positive cats, and nonspecifi c reaction was not noted in samples from anti-FCoV 
 antibody negative cats.  

  Key words     Feline coronavirus  ,   Immunochromatographic assay  ,   Serological diagnosis  

1      Introduction 

 Feline coronavirus (FCoV) is composed of nucleocapsid (N) 
 proteins, membrane (M) proteins, and spike (S) proteins. FCoV 
has been classifi ed into serotypes I and II according to the amino 
acid sequence of its S protein [ 1 ,  2 ]. Both serotypes consist of two 
biotypes: feline infectious peritonitis virus (FIPV) and feline enteric 
coronavirus (FECV). FECV infection is asymptomatic in cats, 
whereas FIPV infection causes lethal disease: FIP [ 3 ]. FIPV (viru-
lent FCoV) has been proposed to arise from FECV (avirulent 
FCoV) due to a mutation [ 4 – 6 ]; however, the exact mutation and 
inducing factors have not yet been clarifi ed. 

 It is normally comprehensively diagnosed based on the clinical 
condition, hematological profi le, and results of FCoV genomic 
RNA and anti-FCoV antibody measurements in cats suspected of 
FIP [ 7 ]. An indirect immunofl uorescence assay (IFA), and enzyme-
linked immunosorbent assay (ELISA) are used to measure FCoV-
antibodies. IFA and ELISA are highly sensitive and specifi c, but are 
cumbersome, expensive, and time-consuming. 
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 A simple and rapid method is necessary to prevent an epidemic 
of FCoV infection. A low-cost method is also needed to measure 
anti-FCoV antibodies in cats maintained in multi-cat environ-
ments. The most appropriate diagnostic method meeting these 
conditions may be immunochromatographic assay (ICA). The 
detection of anti- FCoV antibodies using ICA requires no special 
device or reagent, and the results can be simply and rapidly 
obtained. In this chapter, we describe our protocol for the prepara-
tion of the ICA to detect anti- FCoV antibodies using recombinant 
FCoV N protein [ 8 ].  

2    Materials 

      1.    Plasmid DNA: pGEX4T-1 (GE Healthcare) with the N gene 
of the type I FIPV KU-2 strain (Gene Accession No. 
AB086881.1) ( see   Note 1 ).   

   2.    Competent  Escherichia coli , e.g., strain BL-21.   
   3.    LB broth: 1.6 % (w/v) Bacto Tryptone, 1.0 % (w/v) Bacto 

Yeast Extract, and 0.5 % (w/v) NaCl in ddH 2 O, and adjusted 
to pH 7.0 with 5 N NaOH.   

   4.    100 mg/ml ampicillin sodium in water.   
   5.    100 mM isopropyl β- D -L-thiogalactopyranoside (IPTG) in water.   
   6.    10 mg/ml lysozyme in water.   
   7.    100 mM phenylmethylsulfonyl fl uoride (PMSF) in methanol.   
   8.    1 mg/ml DNase I in 0.15 M NaCl.   
   9.    0.1 mg/ml sodium deoxycholate in water.   
   10.    Elution buffer: 0.3 % (w/v) reduced glutathione in 0.1 M 

Tris–HCl, pH 8.0.   
   11.    Sonicator.      

      1.    0.5 mg/ml purifi ed IgG from serum of FCoV-infected cat ( see  
 Notes 2  and  3 ).   

   2.    2.0 mg/ml monoclonal antibody (mAb) YN-2 (anti-FCoV N 
protein; IgG2a) ( see   Note 4 ).   

   3.    0.1 mg/ml Protein A.      

      1.    Sample pad and absorbent pad: C083 Cellulose Fiber Sample 
Pad Strips (Millipore).   

   2.    Nitrocellulose membrane: Hi-Flow Plus 240 Membrane Cards 
(Millipore).   

   3.    Automatic cutter, e.g., CM4000 (BioDot) or scissors.   
   4.    Dispensing machine, e.g., XYZ3050 (BioDot) or fi ne-point 

brush.      

2.1  Recombinant 
FCoV N Protein (rNP)

2.2  Capture Agent

2.3  ICA Test Strip

Tomomi Takano and Tsutomu Hohdatsu
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      1.    Diluting/preserving solution: 20 mM sodium tetraborate, 1 % 
(w/v) bovine serum albumin (BSA), and 0.1 % (w/v) NaN 3  
in water.   

   2.    Colloidal gold solution (40 nm).   
   3.    10 % (w/v) BSA in water.   
   4.    Borax containing 10 % BSA.       

3    Methods 

      1.    Incubate BL-21 cells containing pGEX4T-1 with the N gene 
of the type I FIPV KU-2 strain overnight at 37 °C in 10 ml of 
LB broth containing 100 µg/ml ampicillin (LB/AMP broth).   

   2.    Dilute overnight cultures 1:100 in 100 ml of fresh LB/AMP 
broth and grow to OD 600  of 0.4–0.5.   

   3.    Induce expression of GST-tagged rNP by adding 100 µl of 
0.1 mM IPTG to the culture.   

   4.    Incubate for 24 h at 25 °C in shaking incubator.   
   5.    Centrifuge at 12,000 ×  g  for 15 min and resuspend the cell 

 pellet in 30 ml of PBS.   
   6.    Add 0.8 ml of 10 mg/ml lysozyme and 0.4 ml of 100 mM 

PMSF to the suspension and mix.   
   7.    Incubate on ice for 20 min.   
   8.    Add 0.3 ml of 0.1 mg/ml sodium deoxycholate.   
   9.    Lyse bacterial cells by three 30 s pulses of sonication on ice 

using a sonicator.   
   10.    Add 0.2 ml of 1 mg/ml DNase I to the cell lysate and incubate 

for 30 min at 25 °C.   
   11.    To remove bacterial debris, centrifuge cell lysate at 12,000 ×  g  

for 15 min at 4 °C.   
   12.    Wash glutathione sepharose beads by adding 40 ml of PBS per 

6.7 ml of original slurry of glutathione sepharose ( see   Note 5 ).   
   13.    Add supernatant to the washed glutathione sepharose beads, 

and rotate overnight at 4 °C.   
   14.    Wash sepharose beads with bound GST-tagged rNP in PBS at 

for 5 h at 4 °C with rotation.   
   15.    Spin down the beads at 700 ×  g  for 5 min at RT, and resuspend 

in 40 ml of PBS per 6.7 ml of original slurry.   
   16.    Spin down the beads at 700 ×  g  for 5 min at RT.   

2.4  Colloidal 
Gold-Labeled rNP

3.1  Preparation 
of rNP

Immunchromatographic Test for Serological Diagnosis of FCoV
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   17.    Elute GST-tagged rNP from beads using 10 ml of Elution 
 buffer at RT, and 1 ml of fractions (0.2 ml/tube) are collected 
into test tubes ( see   Note 6 ) and analyzed by SDS-PAGE and 
Western immunoblotting, using standard procedures.   

   18.    Eluted peak fractions (tube no. 18–22) are pooled and dia-
lyzed against PBS using dialysis tubing for overnight.      

  The ICA test strip consists of three main components: a sample 
pad, nitrocellulose membrane, and absorbent pad (Fig.  1a, b ). 

    1.    Stick the sample pad and absorbent pad onto the nitrocellulose 
membrane using adhesive tape, overlapping by 3 mm.   

   2.    Cut this sheet into 2 cm strips using an automatic cutter or 
scissors.   

   3.    Dispense 20–30 µl of protein A onto the test line of the nitro-
cellulose membrane using a dispensing machine or a fi ne-point 
brush ( see   Note 7 ).   

   4.    Dispense 20–30 µl of affi nity-purifi ed IgG from serum of 
FCoV- infected cat or mAb YN-2 onto the control line of the 
nitrocellulose membrane using a dispensing machine or a fi ne-
point brush.   

   5.    Dry the membrane for 30 min at room temperature and then 
cut into 0.5 cm strips using an automatic cutter or scissors.    

         1.    Dilute rNP in PBS to 0.5 mg/ml.   
   2.    Add 30 µl of the diluted rNP to 1 ml of colloidal gold 

solution.   
   3.    Stir well and incubate for 30 min at room temperature.   

3.2  Preparation 
of the ICA Test Strip

3.3  Preparation 
of Colloidal 
Gold-Labeled rNP

  Fig. 1    Schematic diagrams of ICA test strip. ( a ) Top view and ( b ) Side view       

 

Tomomi Takano and Tsutomu Hohdatsu
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   4.    Add 100 µl of 20 mM Borax containing 10 % BSA.   
   5.    Incubate for 30 min at room temperature.   
   6.    Centrifugation at 22,000 ×  g  for 10 min and resuspend the pel-

let in 0.75 ml of 20 mM Borax containing 10 % BSA.      

  A schematic of the principle of the ICA test is provided in Fig.  2a . 

    1.    Dilute the sample (i.e., plasma, serum, and effusive fl uid) 80 
times with eluent solution ( see   Note 8 ).   

   2.    Mix 40 µl of this dilution with 20 µl of the colloidal gold-
labeled rNP (from Subheading  3.3 ,  step 6 ) in the well of a 
96-well plate.   

   3.    Insert the ICA test strip into the well of the 96-well plate and 
allow mixture to be absorbed (Fig.  2b ).   

   4.    The test line or/and control line will appear after 10 min at 
room temperature (Fig.  2c ).    

3.4  Procedure 
for ICA Test

  Fig. 2    Principle of the ICA test and example results. ( a ) Outline of the principle of anti-FCoV antibody detection. 
( b ) The sample pad at the end of the ICA test strip is dipped in the sample mixture. ( c ) Typical positive and 
negative results. C: control line (mAb YN-2). T: test line (Protein A)       

 

Immunchromatographic Test for Serological Diagnosis of FCoV
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4       Notes 

     1.    Based on our experience, N protein is more effi ciently expressed 
in  E. coli  than other structural proteins (S protein and M pro-
tein) of FCoV.   

   2.    Feline IgG is isolated by affi nity chromatography on a Protein 
G column.   

   3.    Serum and plasma from FCoV-infected cats are good source of 
cat anti-FCoV IgG. However, large amount of serum and 
plasma are needed for developing ICA test. It is practically 
 diffi cult to obtain large amounts of serum and plasma from 
FCoV-infected cats. Therefore, we recommend using anti-
FCoV mAb instead of cat anti-FCoV IgG.   

   4.    The Hybridoma producing mAb YN-2 was prepared following 
the method reported by Hohdatsu et al. [ 1 ]. In our experi-
ence, the mAb YN-2 has a higher affi nity for the colloidal gold-
labeled rNP than other anti-FCoV N mAb (e.g., mAb 
E22-2).   

   5.    Glutathione sepharose beads are just added to PBS and then 
they are ready to use.   

   6.    GST-tagged rNP was eluted from the beads by drip-through at 
a constant fl ow (2.0–3.0 ml/min).   

   7.    Generally, reagents are dispensed by the dispensing machine 
on a nitrocellulose membrane. However, this machine is very 
expensive. If you intend to develop an ICA kit on a trial basis, 
we recommend using a fi ne-point brush instead of the machine.   

   8.    The specifi c detection of anti-FCoV antibodies was possible in 
all heparin-anticoagulated plasma, serum, whole blood, and 
ascitic fl uid samples from anti-FCoV positive cats. On the 
other hand, the nonspecifi c test line formation was noted in 
EDTA- or sodium citrate-anticoagulated plasma of anti-FCoV 
negative cats.         
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    Chapter 4   

 Estimation of Evolutionary Dynamics and Selection 
Pressure in Coronaviruses 

           Muhammad     Munir      and     Martí     Cortey   

    Abstract 

   Evolution of coronaviruses is facilitated by the strong selection, large population size, and great genetic 
diversity within the susceptible hosts. This predisposition is primarily due to high error rate, and limited 
proofreading capability of the viral polymerase and by recombination. These characteristics make corona-
viruses an interesting model system to study the mechanisms involved in viral evolution and the ways 
viruses adapt to switch host or to gain novel functions. Here we describe the protocol to estimate selection 
pressures for the spike gene and evolutionary dynamics of bovine coronaviruses.  

  Key words     Coronaviruses  ,   Evolution  ,   Genetics  ,   Emergence  ,   Selection  ,   S gene  

1      Introduction 

 Coronaviruses encode the largest positive sense single-stranded 
RNA genomes known, ranging from 27 to 31 Kb in length. 
Although coronaviruses have been shown to possess proofreading 
ability [ 1 ], relatively high mutation rates mean that coronaviruses 
are one of the most diverse, genetically distinct, and recently 
emerging groups of viruses. The emergence of these viruses are 
mainly triggered by the virus evolution which could occur due to 
high mutational rates, selection pressure on genetic diversity, inter- 
and intra-host selection, frequency of recombination, and genetic 
drifts during transmission bottlenecks. Within subfamily 
 Coronaviridae ,  Alphacoronaviruses , and  Betacoronaviruses  infect 
and cause diseases in mammals, whereas  Gammacoronaviruses  are 
mainly avian specifi c [ 2 ]. 

 Bovine coronaviruses (BCoVs), together with human corona-
virus OC43 (HCoV-OC43), equine coronavirus (ECoV), and 
porcine hemagglutinating encephalomyelitis virus (PHEV), belong 
to the virus species Betacoronavirus1 of the lineage A of the genus 
Betacoronavirus [ 3 ]. BCoV causes infections both in respiratory 
and enteric systems in cattle of all ages. Like other coronaviruses, 
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BCoV exhibit high genetic mutations (one mutation per genome 
per replication round) [ 4 ,  5 ]. The nucleotide (nt) substitutions per 
site per year were found to be 1.3 × 10 −4 , 6.1 × 10 −4 , and 3.6 × 10 −4  
for RNA- dependent RNA polymerase (RdRp), S, and N genes, 
respectively [ 6 – 8 ]. Due to their evolutionary potential, BCoVs 
have been isolated from humans (BCoV-like human enteric coro-
navirus HECV-4408/US/94) and a recently isolated canine respi-
ratory coronavirus (CRCoV) has also shown a high genetic 
similarity to Betacoronavirus1 [ 9 ,  10 ]. 

 Taken together, experimental data and mathematical models 
have reinforced the need for studying coronavirus dynamics and 
evolution, which could provide bases for effective control mea-
sures. Recent availability of quantitative deep-sequencing method-
ologies has provided data that can be modelled for future prediction 
of transmission dynamics and to estimate relevant parameters. 
In this protocol, we used publically available S gene data on BCoV, 
as prototype coronavirus, and analyzed to predict epidemiological 
linkage, mutation-prone sites and evolution in the S gene of 
BCoV. The same protocol is applicable to other genes of the coro-
naviruses and viruses of other families.  

2    Materials 

 To perform in silico analysis of the S genes of BCoV, the following 
equipment will be required ( see   Note 1 ):

    1.    Mac OS X with minimum 2.4 GHz processor and 2 GB RAM.   
   2.    TextEdit (TextWrangler) stable release 1.8 or latest.   
   3.    BioEdit version v7.2.5.   
   4.    MrBayes version 3.2.2 or latest.   
   5.    A Perl script for generating suitable fi le formats.   
   6.    BEAST version 1.8.0 or latest.   
   7.    BEAUti version 1.7 or latest.   
   8.    Tracer version 1.6 or latest.   
   9.    FigTree v1.2.3 or latest.   
   10.    An appropriate Internet access.    

3      Methods 

 The following procedures are adapted for Mac OS but are equally 
applicable for other systems. 

      1.    Defi ne objectives ( see   Note 2 ).   
   2.    Construct dataset and label it as BCoV_S genes.fas ( see   Note 3 ).   

3.1  Phylodynamics

Muhammad Munir and Martí Cortey
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   3.    Open the downloaded fi le (BCoV_S genes.fas) in TextEdit and 
edit the sequence titles. The sequence titles can be arranged 
depending upon objective in mind and the availability of 
downstream analysis tools. One accepted way of labelling the 
sequence title will be to arrange them in host/isolate_ID/
genotype/country/year (accession number). Remove all ille-
gal characters along with empty spaces and replace them with 
underscore/understrike (_). However, do not remove any 
greater than signs (>), which will destroy the .fasta format and 
may require rebuilding of the data set [ 11 ]. To do so, use the 
“Find” and “Replace with” options in the TextEdit, which can 
be opened with “cmd+F” command in Mac OS X. Save the fi le 
before closing the dataset.   

   4.    Open the fi le in BioEdit and click on Accessory Application -> 
ClustalW Multiple Alignment. Save the newly opened aligned 
fi le and label it as BCoV_S genes_align.fas ( see   Note 4 ).   

   5.    Convert the .fas fi le (BCoV_S_genes_align.fas) to a .nex fi le 
(BCoV_S genes_align.nex): Use either a Perl script (available 
to freely download at   https://github.com/drmuhammadmu-
nir/perl/blob/master/ConvertFastatoPhylip    ) or using trial 
version of CodonCode Aligner (  www.codoncode.com/
aligner/    ) ( see   Note 5 ).   

   6.    Move BCoV_S_genes_align.nex fi le into the folder of MrBayes. 
Detailed description of the program can be found on the web-
page of the program (  http://mrbayes.sourceforge.net/    ). 
Briefl y, open terminal and type “mb” to start the MrBayes 
software (double click on MrBayes application icon in 
Window). The following instructions should appear:

   MrBayes v3.2.1 x64  
  (Bayesian Analysis of Phylogeny)  
  Distributed under the GNU General Public License  
  Type “help” or “help <command>” for information on the 

commands that are available.  
  Type “about” for authorship and general information about 

the program.  
  MrBayes >      

   7.    To execute the fi le into the program, type “execute
<Space>fi lename” (e.g., execute BCoV_S_genes_align.nex) 
then press “Enter”. The message “Reached end of fi le” indi-
cates successful execution of the fi le and the program is ready 
to run. In any error, either follow the instructions mentioned 
in the error or rebuilt datasets. The most common error is the 
presence of illegal characters such as pipeline sign (|), colon (:), 
semicolon (;) slash/stroke/solidus (/), apostrophe (' '), 

Evolution in Coronaviruses
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 quotation marks (‘ ’, “ ”, ' ', ” “), and brackets ([ ], (), { }, < >), 
among others. Therefore remove these from the fasta fi le as 
described before.   

   8.    To set the evolutionary model to the GTR substitution, type 
“lset nst=6 rates=invgamma” after the MrBayes > prompt then 
press “Enter”. The message “Successfully set likelihood model 
parameters” indicates the success in model setup.   

   9.    To set the sample collection (200) from posterior probability 
distribution, diagnostic calculation every 1,000 generations, 
and print and sample frequency to 100, type “mcmc 
ngen=20000 samplefreq=100 printfreq=100 diagnfreq=1000” 
after the MrBayes > prompt then press “Enter”. Program will 
start calculating the split frequency depending on the speed of 
the operating system and the size of the dataset. Note the mes-
sage “Average standard deviation of split frequencies”. If it is 
below 0.01 after 2,000 generations, type “yes” after “Continue 
the analysis? (yes/no)” prompt to set more generations. 
Continue this until the split frequency drops below 0.01. Once 
reached, type “no” which leads the users to MrBayes > prompt.   

   10.    To summarize the parameter, type “sump” then press “Enter”.   
   11.    To summarize the tree type “sumt” then press “Enter”. This 

command will save the tree with extension “nex.con.tre” (i.e., 
BCoV_S genes_align.nex.con.tre) in the MrBayes folder where 
the original fi le (BCoV_S genes_align.nex) was kept. The tree 
can be opened and annotated in the FigTree.   

   12.    Open the desired fi le (BCoV_S_genes_align.nex.con.tre) after 
launching FigTree.   

   13.    Label your sequences by searching your sequence-tag, such as 
isolate name or country, in the search button when “Taxa” is 
selected. Similarly, select “Nod” or “Clade” to label the respec-
tive items ( see   Note 6 ).   

   14.    After annotation, save your tree using File -> Export Graphics 
-> PDF (or other desired fi le format from the list) -> OK path. 
The resulting fi le can be used for further editing or for presen-
tation [ 11 ].      

       1.    To analyze the occurrences of synonymous (dS) and non- 
synonymous (dN) substitutions in the S gene, use the same 
fasta fi le (BCoV_S_genes_align.fas) that was generated for 
phylodynamics ( see   Note 7 ).   

   2.    Open the SNAP tool freely available at   http://www.hiv.lanl.
gov/content/sequence/SNAP/SNAP.html     and paste the 
sequence or upload the dataset.   

   3.    Both accumulated (cumulated dN-dS) and per codon (dN-dS) 
selection sites can be calculated by the generated table of 
SNAP.   

3.2  Selection 
Pressures

3.2.1  SNAP
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   4.    Since the selections are calculated on every nucleotide, sites 
under positive or negative selection can be highlighted 
( see   Note 8 ).      

      1.    Alternatively and to verify the robustness of the data generated 
by the SNAP, the same alignment can be used to calculate 
selection pressure using GTR (general time reversible) substi-
tution model on a neighbor-joining phylogenetic tree by 
the Datamonkey Web server (Freely available at   http://www.
datamonkey.org/dataupload.php    ).   

   2.    The program uses the computational engine of the HyPhy 
package [ 12 ] to estimate dN–dS with a variety of evolutionary 
models and can analyze selection even in the presence of 
recombination ( see   Note 9 ).       

       1.    Within the BEAST package, open BEAUti program (Bayesian 
Evolutionary Analysis Utility) and import Nexus (BCoV_S_
genes_align.nex) or Fasta (BCoV_S_genes_align.fas) fi le of the 
data set. Remember to execute the data by “File -> Import 
Data -> Open”.   

   2.    Several parameters of the BEAST run (i.e., the date of the 
sequences, the substitution model, the rate variation among 
sites, the length of the MCMC chain) can then be adjusted 
according to specifi c need [ 13 ] ( see   Note 10 ).   

   3.    Once all desired parameters are set, fi nally, click on the 
“Generate BEAST File” to generate .XML fi le which will be 
used as input for BEAST analysis.   

   4.    Label the fi le as BCoV_S_genes_align.xml for consistency.      

  This is a brief explanation in order to run BEAST program and 
summarize results using TRACER.

    1.    Move the .xml fi les (BCoV_S_genes_align.xml) into the 
BEAST folder.   

   2.    Open the BEAST program (double-click), a white screen on 
JAVA environment will appear, wait for several seconds until a 
second screen appears.   

   3.    Choose the fi le to analyze in this second screen. Before begin-
ning the analyses enable the “Allow overwriting of log fi les” 
option. Then press “Run” and the analysis will begin.   

   4.    After few moments, depending upon the processing capacity 
of the operating system and the size of the data, the chain will 
begin to run. There will be seven columns that extend verti-
cally. Every column is one of the parameters that are being 
estimated; however, the fi rst and the last column are crucial to 
observe. The fi rst column is the generation being sampled in 
every moment (every chain has ten million steps) and the last 

3.2.2  Datamonkey

3.3  Evolutionary 
Dynamics

3.3.1  XML File 
Generation

3.3.2  BEAST Analysis
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column shows how many millions of states will be run per hour 
(remember, ten million steps per chain). Depending on the 
length of the chain, the length of the sequences, and the num-
ber of sequences to be analyzed, it may take variable time to 
complete the run.   

   5.    Once the chain has run, it is required to store the parameters. 
Close the BEAST window and open the BEAST folder. Every 
time a chain is run, two fi les are generated: .xml fi le and several 
ends (.log and .tre). Once the fi rst run is complete, change the 
name of the .log and .tre fi les. For example, after the comple-
tion of a run for BCoV_S_gene_align.xml, BCoV_S_gene_
align.log and BCoV_S_gene_align.tre fi les will be generated. 
Rename these two fi les to BCoV_S_gene_align1.log and 
BCoV_S_gene_align1.tre.   

   6.    Run the BCoV_S_gene_align.xml at least for two more times 
( steps 2 – 5 ).   

   7.    Finally, three different .log fi les and .tre fi les will be available 
labelled as BCoV_S_gene_align1.log, BCoV_S_gene_align2.
log, and BCoV_S_gene_align3.log. These three fi les contain 
the estimations of the substitution rate that have to be sum-
marized in TRACER.   

   8.    To summarize the run, open the TRACER program and select 
the option “File” and “Input Trace fi le”, and open the fi rst 
…1.log fi le from the folder, followed by the addition of the 
second (…2.log) fi le. Finally add the third (…3.log) log fi le.   

   9.    The estimations of the parameters are viewable in the graphic 
interface. Select the option “Combined” from the Trace 
Files (Upper left) and the estimations that will appear on 
the traces table are the main estimations for all the parameters 
( see   Note 11 ). Generally, the desired parameters are:
    Tree Model Root : This is the number of years that passed after 

the most recent common ancestor (TMRCA). Subtract 
this number from the most modern date to yield the 
TMRCA for the dataset.  

   Clock Rate : This is directly the rate of evolution in substitu-
tion/site/year.           

4    Notes 

     1.    This protocol is optimized for Mac OS X; however, all the 
software packages and tools used here are also available 
for Windows which can be installed using recommended meth-
odologies. All the software used here are Open Access, which 
do not require any subscription for any operating systems. 
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These software packages are only for demonstration purposes, 
and there may be alternative solutions for the same purpose. 
The overall time of the data analysis depends upon processing 
power of the operating system and the number and length of 
sequences in the dataset.   

   2.    The same phylogenetic tree can be used for different interpre-
tations. Failing to create a proper objective can lead to drawing 
incorrect conclusions from phylogenetic studies. It is therefore 
essential to defi ne the objective for the downstream analyses 
before initiating the study.   

   3.    Construction of datasets depends on the objectives. One of the 
most common interests of bioinformaticians is to determine 
the epidemiological linking of the query sequence to that of 
sequences reported from the world and are available in the 
public domains. For this purpose, the Basic Local Alignment 
Search Tool (BLAST) is the most widely used tool, primarily 
owing to its speed of execution. Search the nucleotide 
sequences with objective-based keyword such as “Bovine 
Coronaviruses S gene”. Manual editing and investigations of 
the downloaded sequences are always suggested. Notably, 
BLAST-Explorer is primarily aimed at helping the construc-
tion of sequence datasets for further phylogenetic study, and it 
can also be used as a standard BLAST server with enriched 
output. Use BLAST or BLAST-Explorer or other suitable 
database for construction of datasets.   

   4.    There are different algorithms for DNA sequence alignment 
with variable degrees of utility. In this protocol, ClustalW was 
used for simplicity. Any other algorithm can be used depend-
ing upon the preferences and interest.   

   5.    Nexus format is required input for MrBayes. Different tools, 
both online and offl ine, can be used to generate appropriate 
nexus output. We have only presented two commonly used 
and easily achievable methods.   

   6.    Detailed demonstration for tree annotation is described in our 
earlier publication [ 11 ].   

   7.    The fi le used for phylogenetic analysis may contain all available 
sequences in the public domain, which increases the size of the 
fi le signifi cantly. However, depending upon the objective in 
mind, the datasets can be modifi ed accordingly. For the larger 
datasets, the compiled data will be emailed to the email address 
provided once ready. This is also important to keep a record 
for future use.   

   8.    The cut point is calculated to be zero. All sites showing cumu-
lated dN-dS values above 0 are under positive pressure whereas 
values below 0 are under negative pressure.   

Evolution in Coronaviruses
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    Chapter 5   

 The Preparation of Chicken Tracheal Organ Cultures 
for Virus Isolation, Propagation, and Titration 

           Ruth     M.     Hennion    

    Abstract 

   Chicken tracheal organ cultures (TOCs), comprising transverse sections of chick embryo trachea with 
beating cilia, have proved useful in the isolation of several respiratory viruses and as a viral assay system, 
using ciliostasis as the criterion for infection. A simple technique for the preparation of chicken tracheal 
organ cultures in glass test tubes, in which virus growth and ciliostasis can be readily observed, is described.  

  Key words     Tracheal organ culture  ,   Ciliostasis  ,   Respiratory virus  ,   Viral assay  

1      Introduction 

 Tracheal organ cultures (TOCs) have been used for the study of a 
number of respiratory tract pathogens [ 1 ]. The fi rst human corona-
virus (HCoV) was isolated using human ciliated embryonal trachea 
[ 2 ], and studies on persistent infection with Newcastle disease virus 
[ 3 ], isolation of the Hong Kong variant of infl uenza A2 virus [ 4 ], 
and studies on the pathogenicity of mycoplasmas [ 5 ] using TOCs 
have all been reported. More recently, TOCs have been used in 
studies on the pathogenicity and induction of protective immunity 
by a recombinant strain of infectious bronchitis virus (IBV) [ 6 ]. 

 Tracheal organ cultures derived from 20 day old chicken 
embryos are reported to be as sensitive as 9 day old embryonated 
eggs for the isolation and titration of IBV [ 7 ], and are more sensi-
tive than TOCs from chickens up to 31 days of age with complete 
ciliostasis, the criterion for infection, being observed 3 days after 
infection. 

 With the ease of production and the proven usefulness of 
TOCs in virus isolation and in studies on pathogenicity and immu-
nization strategies, their more widespread use for research into 
respiratory tract viruses should be considered. Whilst TOCs have 
been successfully prepared for assays using multiwell plates [ 8 ], the 
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method described below is based on that previously reported [ 5 ] 
and utilizes chicken embryo TOCs on a rolling culture tube assem-
bly, where TOCs are reported to be capable of maintaining ciliary 
activity for longer periods than in static cultures. Debris accumu-
lating within the TOCs rings is reduced, making observation of 
ciliary activity easier.  

2    Materials 

      1.    19- to 20-day-old embryonated eggs from specifi c pathogen 
free (SPF) chicken fl ock.   

   2.    Tissue chopper: the following method assumes the use of a 
McIlwain mechanical tissue chopper (Mickle Laboratory 
Engineering Co. Ltd.).   

   3.    Sterile curved scissors (small).   
   4.    Sterile scissors (large).   
   5.    Sterile forceps.   
   6.    Sterile Whatman fi lter paper discs 55 mm diameter ( see   Note 1 ).   
   7.    70 % industrial methylated spirits (IMS).   
   8.    Double-edged razor blades.   
   9.    Eagle’s Minimum Essential Medium (MEM) with Earle’s salts, 

2 mM  L -glutamine, and 2.2 g/L sodium bicarbonate.   
   10.    Penicillin + streptomycin (100,000 U of each per ml).   
   11.    1 M HEPES buffer prepared from HEPES (free acid) and tis-

sue culture grade water, sterilized in an autoclave at 115 °C for 
20 min.   

   12.    Culture medium: MEM, 40 mM HEPES buffer, 250 U/ml 
penicillin, and 250 U/ml streptomycin.   

   13.    Sterile Bijou bottles or similar.   
   14.    Sterile 100- and 150-mm-diameter petri dishes.      

      1.    Tissue culture roller drum capable of rolling at approximately 
8 revolutions/hour at 37 °C.   

   2.    Associated rack suitable for holding 16 mm tubes on roller 
drum.   

   3.    Sterile, extra-strong rimless soda glass tubes 150 mm 
long × 16 mm outside diameter, suitable for bacteriological 
work ( see   Note 2 ).   

   4.    Sterile silicone rubber bungs 16 mm diameter at wide end, 
13 mm diameter at narrow end, and 24 mm in length 
( see   Note 3 ).   

   5.    Inverted microscope (60–100× magnifi cation).       

2.1  Preparation 
of Tracheal Section

2.2  Culture 
of Tracheal Sections

Ruth M. Hennion



53

3    Method 

 To calculate the number of embryonated eggs required for an 
assay, assume that each trachea will yield 17–20 rings. Expect a loss 
of up to 20 % of the cultures during the preliminary incubation 
step, owing to damage to the rings during preparation or sponta-
neous cessation of ciliary activity. 

      1.    On a clean workbench spray the top of the eggs with 70 % IMS 
( see   Note 4 ).   

   2.    Using curved scissors remove the top of the shell, lift the embryo 
out by the wing and cut off the yolk sac. Place the embryo in a 
150 mm petri dish and discard the egg and yolk sac.   

   3.    With a sharp pair of scissors decapitate the bird, severing the 
spinal cord just below the back of the head and angling the cut 
to just below the beak ( see   Note 5 ).   

   4.    Position the embryo on its back and, using small forceps and 
scissors, cut the skin along the length of the body from the 
neck to the abdomen. Care must be taken not to damage the 
underlying structures.   

   5.    Locate the trachea and using small scissors and forceps, dissect 
it away from the surrounding tissues ( see   Note 6 ).   

   6.    Cut the trachea at the levels of the carina and larynx (the lar-
ynx may have been removed on decapitation) and remove it 
from the embryo, placing the tissue in a Bijou bottle contain-
ing culture medium ( see   Note 7 ).   

   7.    Repeat  steps 2 – 6  for all available embryos.   
   8.    Place one trachea at a time on a disc of fi lter paper in a petri 

dish and, using two pairs of fi ne forceps, gently remove as 
much fat as possible ( see   Note 8 ).   

   9.    Place the cleaned tracheas in a 100 mm petri dish containing 
culture medium.   

   10.    Swab the tissue chopper with 70 % IMS.   
   11.    Place two fi lter paper discs on top of the plastic cutting table 

disc and slide the assembled discs under the cutting table clips 
on the tissue chopper.   

   12.    Raise the chopping arm of the of the tissue chopper and attach 
the razor blade.   

   13.    Position the arm over the center of the cutting table ( see   Note 9 ).   
   14.    Place the tracheas on to the fi lter paper under, and perpendicu-

lar to, the raised blade and moisten with a small amount of 
culture medium ( see   Note 10 ).   

   15.    Adjust the machine to cut sections 0.5–1.0 mm thick and 
 activate the chopping arm.   

3.1  Preparation 
of Tracheal Sections

Chicken Tracheal Organ Cultures
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   16.    Once the arm has stopped moving, discard the fi rst few rings 
from each end of the cut tracheas; then with a scalpel, scrape 
the remaining rings into a 150-mm petri dish containing cul-
ture medium.   

   17.    With a large bore Pasteur pipette or similar gently aspirate the 
medium to disperse the cut tissue into individual rings.   

   18.    Repeat  steps 11 – 17  until all the tracheas have been sectioned 
( see   Note 11 ).      

      1.    With a large bore Pasteur pipette or similar dispense one TOC 
ring together with approximately 0.5 ml of culture medium 
into a glass tube ( see   Note 12 ).   

   2.    Seal the tube with silicone bung and check that each tube con-
tains one ring ( see   Note 13 ).   

   3.    Put the tubes in the roller tube rack, place on the roller appa-
ratus and set to roll at approximately 8 revolutions/hour, 
at approximately 37 °C. Leave the tubes rolling for 1–2 days 
( see   Note 14 ).   

   4.    Check each tube culture for complete rings and the presence 
of ciliary activity, using a low power inverted microscope   

   5.    Discard any tubes in which less than 60 % of the luminal 
surface has clearly visible ciliary activity.   

   6.    The remaining tubes may be used for viral assays ( see   Note 15 ).       

4    Notes 

     1.    Batches of sterile Whatman fi lter papers can be prepared by 
interleaving individual discs with slips of grease-proof paper 
and placing them in a glass petri dish. Wrap the dish in alumi-
num foil and sterilize in a hot air oven (160 °C for 1 h).   

   2.    Batches of sterile tubes can be prepared by placing them, open 
end down, in suitable sized lidded tins lined with aluminum 
foil. Sterilize in a hot air oven as above.   

   3.    Batches of sterile silicone rubber bungs can be prepared by 
placing them, narrow end down, in shallow, lidded tins. 
Sterilize by autoclaving at 120 °C for 20 min.   

   4.    Preparation of TOCs can be performed on the open laboratory 
bench after cleaning the surfaces with 70 % IMS or any other 
suitable disinfectant.   

   5.    Care must be taken at this stage not to damage the trachea.   
   6.    The trachea can be identifi ed by the presence of transverse 

ridges seen down its length owing to the underlying rings of 
cartilage.   

3.2  Culture 
of Tracheal Sections

Ruth M. Hennion
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   7.    The carina and larynx can be identifi ed by the increased 
 diameter at either end of the trachea.   

   8.    To avoid damage to the trachea hold it as close to one end as 
possible with the fi rst pair of forceps and use the second pair to 
strip away the fatty tissue.   

   9.    At this stage gently lower the arm on to the cutting area disc, 
loosen the screw holding the blade slightly, check that the 
blade is aligned correctly (the full length of the blade must be 
in contact with the cutting area), tighten the screw again, and 
raise the arm.   

   10.    A maximum of fi ve tracheas can be laid side by side on the cut-
ting bed at any one time. Gently stretch each trachea as it is 
placed on the cutting area, and when all fi ve are in the correct 
position, wet them with a few drops of culture medium.   

   11.    It is important to use a fresh blade and paper discs for each set 
of fi ve tracheas to be sectioned and ensure used blades are dis-
posed of in an appropriate sharps bin.   

   12.    Check for damaged glass tubes at this stage, particularly around 
the rims. Discard any with cracks as these can fail when bungs 
are inserted, leading to injured fi ngers.   

   13.    Make sure the tracheal rings are fully submerged in culture 
medium and not stuck on the wall of the tube. Discard any 
that are ragged or incomplete.   

   14.    Make sure that the drum is aligned correctly on the apparatus 
and that the roller is actually moving before leaving the cul-
tures to incubate; the speed of the roller apparatus is slow.   

   15.    A simple quantal assay for infectivity of IBV has been described 
by Cook et al. [ 7 ] and is used extensively in our Institute. Five 
tubes of TOCs per tenfold serial dilution of virus give suffi -
ciently accurate results for most purposes. A simplifi cation of 
the method of Cook et al. [ 7 ], used for many years by Cavanagh 
and colleagues, is to add 0.5 ml of diluted virus per TOC tube 
without prior removal of the medium already in the tube. 
TOCs are scored as positive for virus when ciliary activity is 
completely abrogated. If a virus is poorly ciliostatic, its pres-
ence can be demonstrated using indirect immunofl uorescence, 
with TOCs conveniently not fi xed [ 9 ].         
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    Chapter 6   

 The Preparation of Chicken Kidney Cell Cultures 
for Virus Propagation 

           Ruth     M.     Hennion      and     Gillian     Hill   

    Abstract 

   Chicken kidney (CK) cell cultures have historically proved useful for the assay of a number of viruses 
including coronaviruses. A technique for the preparation of such cell cultures, using a combination of 
manual and trypsin disaggregation of kidneys dissected from 2- to 3-week-old birds is described. This 
technique routinely gives high cell yield together with high viability and the resultant adherent primary 
cultures can be used for virus growth and plaque formation.  

  Key word     Chicken kidney cell culture  ,   Virus growth  ,   Viral assay  

1      Introduction 

 Techniques for the preparation of monolayer cultures from adult 
kidney cells suitable for the growth and quantitation of viruses 
have been available for many years; Dulbecco and Vogt [ 1 ] 
described the preparation of Monkey Kidney cultures in 1953 and 
Youngner [ 2 ] published a modifi cation of the process in 1954. 
Maassab in 1959 [ 3 ] describes the preparation of Chicken Kidney 
monolayer cultures from 4- to 5-day-old chicks, the cultures being 
used for studies with some human viruses and Churchill [ 4 ] reports 
the use of chicken kidney tissue cultures derived from 3 to 8 week 
old chickens in the study of avian viruses including Infectious 
Bronchitis Virus (IBV). The technique for the production of kid-
ney cell monolayer cultures from young birds, as described here, is 
adapted from those published by Dulbecco and Vogt [ 1 ], and 
Youngner [ 2 ] for monkey kidney cells. 

 Whilst titration of IBV in CK cells gives lower titers than those 
obtained in embryonated eggs [ 5 ] or tracheal organ cultures [ 6 ], 
the ability of CK cells to support the growth of many strains of IBV 
is well proven. Following adaptation in embryonated eggs, the 
Beaudette strain of IBV produced characteristic cytopathic effects 
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(CPE) on fi rst passage in CK cells, whilst the Massachusetts strain 
produced CPE in the second CK passage [ 4 ]. CPE consists of syn-
cytia formation which occurs at 6 h post inoculation with the 
Beaudette strain [ 7 ]. The syncytia may contain as many as 20–40 
or more nuclei and they quickly round up and detach from the 
culture surface. Growth curves of IBV in CK cells show a lag phase 
of 2–4 h and maximum virus yield in 18–20 h [ 5 ]. 

 The ability of CK cells to support the growth of IBV has been 
utilized in wide ranging studies including the assessment of pH 
stability of a series of IBV strains [ 8 ], the identifi cation of the pres-
ence of a leader sequence on IBV mRNA A [ 9 ], the demonstration 
that the spike protein of IBV is a determinant of cell tropism [ 10 ], 
the induction of protective immunity with recombinant IBV 
Beaudette [ 11 ] through to the identifi cation of novel zippered ER 
and associated spherules induced by IBV [ 12 ].  

2    Materials 

      1.    2–3 Week old chicken(s) from specifi c pathogen free (SPF) 
fl ock killed by cervical dislocation ( see   Note 1 ).   

   2.    70 % Industrial methylated spirits (IMS).   
   3.    Sterile instruments to include large scissors, small scissors, 

small forceps, and scalpels.   
   4.    Sterile 150 mm diameter petri dish.   
   5.    Sterile glassware including conical fl asks and beakers.   
   6.    Funnel.   
   7.    150 ml bottles with leakproof lids.   
   8.    Sterile wire mesh (50 mesh × 0.200 mm diameter wire) folded 

into a fi lter shape to fi t a funnel ( see   Note 2 ).   
   9.    50 ml centrifuge tubes.   
   10.    Dulbecco’s phosphate buffered saline without calcium and 

magnesium (PBSa).   
   11.    Trypsin: 0.25 % porcine trypsin, glucose 0.1 %, PBSa, sterile 

fi ltered.   
   12.    Ethylenediaminetetraacetic acid (EDTA): 0.2 mg/ml EDTA, 

PBSa, autoclaved at 115 °C for 20 min.   
   13.    New born bovine serum (NBBS), heat-inactivated at 56 °C for 

30 min ( see   Note 3 ).      

      1.    Incubator set at 37 °C and 5 % CO 2 .   
   2.    Tissue culture grade fl asks or plates.   
   3.    Sterile 50 ml syringes.   
   4.    Haemocytometer.   

2.1  Preparation 
of Kidney Cells

2.2  Culture of Kidney 
Cells
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   5.    Trypan blue.   
   6.    Inverted Microscope suitable for observing cell cultures.   
   7.    Swinnex 25, reusable, syringe driven polypropylene fi lter unit 

fi tted with metal gauze, 50 mesh × 0.200 mm dia wire (Swinnex 
Filter 1) ( see   Notes 2  and  4 ).   

   8.    Swinnex 25, reusable, syringe driven polypropylene fi lter unit 
fi tted with metal gauze 100 mesh × 0.100 mm dia wire 
(Swinnex Filter 2) ( see   Notes 2  and  4 ).   

   9.    Eagles Minimum Essential Medium (EMEM) with Earle’s 
salts, 2 mM  L -glutamine and 2.2 g/L sodium bicarbonate.   

   10.    Tryptose phosphate broth (TPB): 29.5 g/L dry broth in tissue 
culture grade water, autoclaved at 115 °C for 20 min.   

   11.    HEPES buffer: 1 M HEPES (free acid) and tissue culture 
grade water, autoclaved at 115 °C for 20 min (HEPES).   

   12.    Penicillin and Streptomycin at 100,000 U of each per ml (P & S).   
   13.    Growth medium: EMEM, 10 % NBBS, 2.95 g/L TPB, 10 mM 

HEPES, 100 U/ml penicillin and 100 U/ml streptomycin.       

3    Method 

 The number of kidney cells obtained from each bird will vary with 
the age and the strain of the birds used. We have found that the 
average cell yield from a 2 week old Rhode Island Red bird is 
approximately 2.0 × 10 8  cells. 

      1.    Aseptically prepare disaggregation mix by addition of 7.5 ml 
of trypsin to 80 ml of EDTA and warm to 37 °C (Trypsin/
EDTA).   

   2.    Add 50–100 ml NBBS to suitable sterile fl ask ( see   Note 5 ).   
   3.    Spray work area with IMS, protect with clean paper towels and 

collect sterile instruments and glassware so that they are close 
to hand.   

   4.    Spray the back of the birds and under the wings with IMS to 
clean and dampen the feathers and lay the bird, dorsal side 
uppermost, on the paper towels.   

   5.    Insert the blade of a large, robust pair of scissors just below 
where a wing attaches to the body and sever across the body, 
through the spinal cord to where the second wing attaches, 
taking care to avoid piercing the gut.   

   6.    From the ends of this fi rst cut, once again taking care to avoid 
piercing the gut and your own hand, cut along each side of the 
body towards the legs and through the top of each leg.   

3.1  Preparation 
of Kidney Cells

Chicken Kidney Cell Cultures
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   7.    Carefully fold back the cut section of the bird to reveal the 
 internal organs. Move the intestines, which should have remained 
attached to this retracted section, to reveal the kidneys.   

   8.    Remove the kidneys using a small pair of scissors and forceps 
and place in a 250 ml beaker of PBSa.   

   9.    Repeat  steps 4 – 8  for every bird.   
   10.    When all the kidneys required have been removed from the 

birds, agitate them in the beaker and discard the PBSa. Repeat 
this process until the wash PBSa looks clear ( see   Note 6 ).   

   11.    Tip the drained kidneys into a large glass petri dish and using 
two scalpels shred and mince the kidneys into very small pieces 
removing as much clotted blood, connective tissue, and kidney 
core as possible.   

   12.    Transfer the minced tissue into a tightly capped bottle (for 
example a 150 ml medical fl at) and wash with approximately 
80 ml of PBSa until the supernatant runs clear, allowing the 
tissue fragments to settle for 1 min in between the washes and 
discarding the PBSa washes ( see   Note 6 ).   

   13.    Add 50–80 ml Trypsin/EDTA to drained tissue and shake 
moderately hard for 2 min. Allow the tissue to settle and dis-
card the supernatant ( see   Note 6 ).   

   14.    Add another volume of Trypsin/EDTA and shake for 4 min. 
Allow the tissue to settle and this time pour the supernatant 
into the conical fl ask containing NBBS. Gently swirl the fl ask 
to distribute the isolated cells in the NBBS.   

   15.    Repeat  step 14  until no more tissue remains ( see   Note 7 ).   
   16.    Filter the cell suspension/NBBS mix collected in  Step 14  

through the metal gauze fi lter supported in a funnel placed in 
a fresh conical fl ask ( see   Note 8 ). Decant fi ltered cells into cen-
trifuge tube(s) and centrifuge at approximately 300 ×  g  for 
10 min to pellet the cells.      

      1.    Warm growth medium to 37 °C.   
   2.    Working in a Microbiological Safety Cabinet (Class 2), care-

fully discard the supernatant from the centrifuge tubes and 
resuspend the pelleted cells in growth medium, triturating at 
least fi ve times.   

   3.    Using a 50 ml syringe pass the cell suspension through Swinnex 
fi lter 1 then through Swinnex fi lter 2 collecting the fi ltrates 
from fi lter 1 and 2 in a fresh fl ask each time ( see   Note 8 ).   

   4.    Measure and record the volume. Take 0.1 ml of cell suspension 
add to 0.9 ml of trypan blue and count the viable cells 
( see   Note 9 ).   

   5.    Dilute cell suspension in growth medium to the cell concentra-
tion required, seed culture fl asks and place in incubator until 
intact monolayer forms ( see   Note 10 ).       

3.2  Culture of Kidney 
Cells

Ruth M. Hennion and Gillian Hill
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4    Notes 

     1.    This should be done immediately prior to the removal of the 
kidneys to minimize the buildup of blood clots.   

   2.    Wire mesh is obtainable from Locker Wire Weavers,   www.
wiremesh.co.uk    .   

   3.    As one batch of serum may not support the growth of CK cells 
as well as another, we recommend batch testing of serum prior 
to purchase and use.   

   4.    Swinnex fi lter holders, support screens and silicone gasket are 
obtainable from Millipore. To assemble the Swinnex fi lters, cut 
a 25 mm diameter disc from 50 mesh × 0.200 mm dia wire for 
Filter 1 and 100 mesh × 0.100 mm dia wire metal gauze for 
Filter 2. Place mesh disc and O-ring in the Swinnex 25 holder, 
pack in autoclavable bag, label Filter I or Filter 2 as appropriate 
and sterilize at 121 °C for 20 min. Filter holders and mesh 
discs can be reused after disassembling and washing.   

   5.    The volume of NBBS, which is used to inactivate the Trypsin/
EDTA, will depend on the number of birds. Use at least 50 ml 
for up to 6 birds and increase the volume by 10 ml for each 
extra bird. The fl ask volume should be at least 500 ml.   

   6.    Whilst some kidney cells may be lost in this process, it is an 
effective way of removing many of the red blood cells that are 
still present at this stage of the preparation.   

   7.    This may require 6–8 repeats.   
   8.    This process helps to remove some of the larger aggregates of 

cells that remain in the preparation at this stage. Removing the 
aggregates makes the cell counting process more accurate and 
the resultant monolayers more evenly dispersed.   

   9.    There will still be a number of red blood cells at this stage. 
These should be excluded from the cell count. The red blood 
cells can be distinguished from other kidney cells by their size 
and shape.   

   10.    For plaque assays and viral growth seed fl asks at approximately 
0.3 × 10 6 /cm 2  and incubate for 72 h prior to virus 
introduction.         
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    Chapter 7   

 Isolation and Propagation of Coronaviruses 
in Embryonated Eggs 

           James     S.     Guy     

    Abstract 

   The embryonated egg is a complex structure comprised of an embryo and its supporting membranes (cho-
rioallantoic, amniotic, yolk). The developing embryo and its membranes provide the diversity of cell types 
that are needed for successful replication of a wide variety of different viruses. Within the family  Coronaviridae  
the embryonated egg has been used as a host system primarily for two avian coronaviruses within the genus 
 Gammacoronavirus , infectious bronchitis virus (IBV) and turkey coronavirus (TCoV). The embryonated 
egg also has been shown to be suitable for isolation and propagation of pheasant coronavirus, a proposed 
member of the  Gammacoronavirus  genus. IBV and pheasant coronavirus replicate well in the embryonated 
chicken egg, regardless of inoculation route; however, the allantoic route is favored as these viruses replicate 
well in epithelium lining the chorioallantoic membrane, with high virus titers found in these membranes 
and associated allantoic fl uids. TCoV replicates only in epithelium lining the embryo intestines and bursa of 
Fabricius, thus amniotic inoculation is required for isolation and propagation of this virus. Embryonated 
eggs also provide a potential host system for detection and characterization of other, novel coronaviruses.  

  Key words     Embryonated egg  ,   Allantoic  ,   Amniotic  ,   Chicken  ,   Turkey  

1      Introduction 

 Embryonated eggs are utilized as a laboratory host system for 
 primary isolation and propagation of a variety of different viruses, 
including the avian coronaviruses, infectious bronchitis virus (IBV), 
turkey coronavirus (TCoV), and pheasant coronavirus [ 1 – 4 ]. They 
have been extensively utilized for propagation of these viruses for 
research purposes and, in the case of IBV, for commercial produc-
tion of vaccines. In addition, embryonated eggs provide a potential 
host system for studies aimed at identifying other, novel coronavi-
rus species. 

 The embryonated egg is comprised of the developing embryo 
and several supporting membranes which enclose cavities or “sacs” 
within the egg [ 5 ]. The shell membrane lies immediately beneath 
the shell; this is a tough fi brinous membrane that forms the air sac 
in the region of the blunt end of the egg (Fig.  1 ). In contrast to the 
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shell membrane, chorioallantoic, amniotic, and yolk membranes 
are comprised largely of epithelium, and represent potential sites of 
coronaviral replication. The chorioallantoic membrane (CAM) lies 
directly beneath the shell membrane; this is a highly vascular mem-
brane that serves as the respiratory organ of the embryo. The CAM 
is the largest of the embryo membranes, and it encloses the largest 
cavity within the egg, the allantoic cavity; in the embryonated 
chicken egg, this cavity contains approximately 5–10 ml of fl uid, 
depending upon the stage of embryonation. The amniotic mem-
brane encloses the embryo and forms the amniotic cavity; in the 
embryonated chicken egg, this cavity contains approximately 1 ml 
fl uid. The yolk sac is attached to the embryo and contains the 
nutrients the embryo utilizes during embryonic development and 
the immediate post-hatch period.  

 The developing embryo and its membranes (CAM, amniotic, 
yolk) provide the diversity of cell types that are needed for success-
ful replication of a wide variety of different viruses. Embryonated 
eggs may be inoculated by depositing virus directly onto the CAM, 
or by depositing virus within allantoic, amniotic, and yolk sacs [ 6 ]. 
For avian coronaviruses, inoculation of eggs by allantoic or amni-
otic routes has been shown to provide these viruses with access to 
specifi c cell types that support their replication [ 2 – 4 ]. IBV is an 
epitheliotropic virus that replicates in a variety of epithelial tissues 
in the post-hatch chicken including respiratory tract, gastrointesti-
nal tract, kidney, bursa of Fabricius, and oviduct [ 7 ]. In the embry-
onated chicken egg, IBV replicates well regardless of inoculation 
route; however, the allantoic route is favored as the virus replicates 
extensively in epithelium of the CAM and high titers are shed into 
allantoic fl uid [ 8 ]. A pheasant coronavirus has been isolated and 

  Fig. 1    Anatomical features of an embryonated chicken egg at approximately 
11 days of incubation       
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propagated in embryonated chicken eggs using procedures similar 
to those utilized for IBV (allantoic route inoculation) [ 3 ]. TCoV 
also is epitheliotropic in post-hatch chickens and turkeys, but rep-
licates only in epithelium lining the intestinal tract and bursa of 
Fabricius [ 1 ,  4 ,  9 ]. These cellular tropisms of TCoV also are 
observed in the embryonated egg; the virus replicates only in 
embryonic intestines and bursa of Fabricius, sites that are reached 
only via amniotic inoculation.  

2    Materials 

      1.    Dulbecco’s modifi ed Eagle’s medium (DMEM) supplemented 
with 1 % fetal bovine serum (FBS) and antibiotics: penicillin 
1,000 U/ml, gentamicin 0.05 mg/ml, amphotericin B 5 µg/
ml. Adjust pH to 7.0–7.4 using either 1 N NaOH or 1 N HCl. 
Tryptose phosphate broth and other cell culture basal media 
(minimal essential medium, RPMI 1640, etc.) may be substi-
tuted for DMEM.   

   2.    Sterile cotton-tipped swabs are used for collection of antemor-
tem samples (e.g., respiratory secretions, feces, etc.). Type 4 
Calgiswab (Puritan Medical Products) is useful for collection 
of respiratory secretions from small birds.   

   3.    Sterile Whirl-Pak ®  bags (Fisher Scientifi c) are used for collec-
tion of tissues.   

   4.    Tissue homogenizer. Mortar and pestle, Ten Broeck homoge-
nizer, or Stomacher ®  (Fisher).      

      1.    Fertile eggs are obtained, preferably, from specifi c-pathogen- 
free (SPF) fl ocks (e.g., Charles River/SPAFAS). Alternatively, 
fertile eggs may be used that are from healthy fl ocks free of 
antibody to the virus of interest ( see   Note 1 ).   

   2.    Disinfectant: 70 % ethanol, 3.5 % iodine, 1.5 % sodium iodide.   
   3.    A vibrating engraver (Fisher Scientifi c) or drill (Dremel) is 

used to prepare holes in egg shells. Prior to use, disinfect 
the tip of the engraving tool/drill to prevent contamination of 
the egg.   

   4.    Plastic cement, glue, tape, or nail varnish are used to seal holes 
in egg shells after inoculation.   

   5.    Egg fl ats.   
   6.    Egg candlers are available from a variety of commercial sources.   
   7.    A suitable egg incubator is needed; these are available from a 

variety of commercial sources. Commercially available egg 
 incubators generally are equipped with heat source, humidi-
fi er, and a timer-based mechanical turning system.      

2.1  Preparation 
and Collection 
of Samples for Egg 
Inoculation

2.2  Egg Inoculation 
and Incubation
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      1.    Sterile scissors and forceps.   
   2.    Sterile pipettes or 5 ml syringes with 1 in., 18 gauge needles.   
   3.    Sterile plastic tubes, e.g., 12 × 75 mm snap-cap tubes or micro-

centrifuge tubes.       

3    Methods 

 Embryonated chicken and turkey eggs are extensively utilized for 
isolation and propagation of IBV and TCoV, respectively [ 2 ,  4 ]. 
These same eggs and techniques may be useful for amplifi cation of 
other coronaviruses, and this has been demonstrated with isolation 
and propagation of pheasant coronavirus in embryonated chicken 
eggs [ 3 ]. However, many viruses exhibit host specifi city and this 
should be considered when attempting to isolate and propagate 
novel coronaviruses. 

 Embryonated eggs from avian species other than chickens and 
turkeys may be utilized; these are inoculated essentially as described 
for chicken and turkey eggs, primarily by making adjustments in 
the length of time embryos are incubated before inoculation. 
Embryonated chicken eggs are inoculated by the allantoic route at 
approximately the middle of the 21-day embryonation period, at 
8–10 days of embryonation; they are inoculated by the amniotic 
route late in the incubation period, at 14–16 days of embryona-
tion. Turkey and duck eggs have a 28-day embryonation period 
and generally are inoculated by the allantoic route at 11–14 days of 
embryonation, and by the amniotic route at 18–22 days of 
embryonation. 

 Embryonated chicken and turkey eggs are incubated at a tem-
perature of 38–39 °C with a relative humidity of 83–87 %. They 
should be turned several times per day to ensure proper embryo 
development and to prevent development of adhesions between 
the embryo and its membranes. Fertile eggs may be stored for brief 
periods with minimal loss of viability [ 10 ]. Ideally, fertile eggs are 
stored at a temperature of 19 °C with a relative humidity of approx-
imately 70 %. Alternatively, eggs may be stored at room tempera-
ture; these should be tilted at 45°, and daily alternated from side to 
side to minimize loss of embryo viability. 

 Indirect evidence of coronavirus replication in inoculated 
embryonated eggs may consist of embryo mortality or lesions in 
the embryos such as hemorrhage, edema or stunting; however, 
virus replication may occur in the absence of readily discernible 
effects on the embryo. Methods for specifi c detection of coronavi-
ruses in inoculated embryonated eggs include electron microscopy, 
immunohistochemistry, and reverse transcriptase-polymerase chain 
reaction (RT-PCR) procedures [ 2 ,  4 ,  11 ,  12 ]. Electron microscopy 
is a particularly useful tool as this method depends solely on mor-
phologic identifi cation of the virus and does not require specifi c 

2.3  Collection 
of Specimens 
from Inoculated Eggs
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reagents [ 13 ]. The characteristic electron microscopic morphology 
of coronaviruses allows their presumptive identifi cation in embry-
onic fl uids (e.g., allantoic fl uid) or embryo intestinal contents. 
A variety of immunohistochemical and RT-PCR procedures have 
been developed for detection of coronaviruses, and these same 
procedures may be useful for detection of novel coronaviruses due 
to antigenic and genomic similarities among coronaviruses, par-
ticularly those within the same genus [ 2 ,  4 ,  9 ,  11 ,  12 ,  14 – 16 ]. 

      1.    Swabs used to collect clinical samples such as respiratory secre-
tions and feces are placed in 2–3 ml of DMEM supplemented 
with FBS and antibiotics.   

   2.    Tissues are collected using aseptic technique and placed in 
clean, tightly sealed bags (Whirl-Pak bags).   

   3.    Clinical samples should be chilled immediately after collection 
and transported to the laboratory with minimal delay. Samples 
may be shipped on ice, dry ice or with commercially available 
cold packs ( see   Note 2 ).      

      1.    Use a vortex mixer to expel material from swabs, then remove 
and discard swab. Clarify by centrifugation (1,000–2,000 ×  g  
for 10 min) in a refrigerated centrifuge. Filter, if needed, 
through a 0.45 µm fi lter, and store at −70 °C ( see   Note 3 ).   

   2.    Tissues and feces are prepared as 10–20 % suspensions in 
DMEM supplemented with FBS and antibiotics. Tissues are 
homogenized using a mortar and pestle, Ten Broeck homog-
enizer, or Stomacher R  (Fisher). Tissue and fecal suspensions 
are clarifi ed by centrifugation (1,000–2,000 ×  g  for 10 min) in 
a refrigerated centrifuge; this removes cellular debris and most 
bacteria. Filter, if needed, through a 0.45 µm fi lter, and store 
at −70 °C ( see   Note 3 ).      

      1.    Chicken eggs (21 day embryonation period) are generally 
inoculated at 8–10 days of embryonation; eggs from other 
avian species may be used by making adjustments in the ages at 
which embryos are inoculated. Turkey and duck eggs (28 day 
embryonation period) generally are inoculated by this route at 
11–14 days of embryonation.   

   2.    Place eggs in an egg fl at with the air-cell up. Candle eggs to 
ensure viability and mark the edge of the air-cell.   

   3.    Disinfect the area marked on the shell and drill a small hole just 
above the mark so that the hole penetrates the air-cell, but not 
the portion of the egg below the air-cell.   

   4.    A 1-ml syringe with a 25-gauge, 0.5 in. (12 mm) needle is 
used to inoculate eggs. The needle is inserted to the hub while 
holding the syringe vertically and 0.1–0.3 ml of inoculum is 
injected into the allantoic cavity.   

3.1  Collection 
of Samples for Egg 
Inoculation

3.2  Preparation 
of Samples for Egg 
Inoculation

3.3  Allantoic Sac 
Inoculation
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   5.    Seal holes and return eggs to incubator.   
   6.    Incubate eggs for 3–7 days. Evaluate embryos and allantoic 

fl uid for presence of virus as described below.      

      1.    Fertile embryonated eggs are inoculated late in the incubation 
period. Chicken eggs are inoculated at 14–16 days of embryo-
nation; turkey and duck eggs are inoculated at 18–22 days of 
embryonation.   

   2.    Candle eggs to ensure embryo viability. Place eggs in an egg 
fl at with the air-cell up.   

   3.    Disinfect the shell at the top of the egg, over the center of the 
air- cell. Drill a small hole through the shell at center of air-cell 
using a vibrating engraver.   

   4.    A 1-ml syringe with a 22-gauge, 1.5 in. (38 mm) needle is 
used to inoculate chicken, duck, and turkey embryos. The nee-
dle is inserted to the hub while holding the syringe vertically 
and 0.1–0.2 ml of inoculum is injected into the amniotic cavity 
( see   Note 4 ).   

   5.    Seal holes and return eggs to incubator.   
   6.    Inoculated embryos are generally examined for presence of 

virus after incubation for 2–5 days. Evaluate inoculated 
embryos for presence of virus as described below.      

      1.    Fertile embryonated chicken eggs are inoculated, as above, at 
14–16 days of embryonation; turkey and duck eggs at 18–22 
days of embryonation. Candle eggs and mark the general loca-
tion of the embryo ( see   Note 5 ).   

   2.    Place eggs in an egg fl at with the air-cell up. Disinfect the shell 
at the top of the egg, over the center of the air-cell. Drill a 
small hole through the shell at center of air-cell.   

   3.    A 1-ml syringe with a 22-gauge, 1.5 in. (38 mm) needle is 
used to inoculate chicken, duck, and turkey embryos. Eggs are 
inoculated in a darkened room, as the embryo must be visual-
ized for this method of amniotic inoculation. Hold the egg 
against an egg candler and insert the needle into the egg and 
toward the shadow of the embryo. As the tip of the needle 
approaches the embryo, a quick stab is used to penetrate the 
amniotic sac. Penetration of the amniotic sac may be verifi ed 
by moving the needle sideways; the embryo should move as 
the needle moves ( see   Note 4 ).   

   4.    Seal holes and return eggs to incubator. Inoculated embryos 
are generally examined for presence of virus after incubation 
for 2–5 days.      

3.4  Amniotic Sac 
Inoculation (Method A)

3.5  Amniotic Sac 
Inoculation (Method B)
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      1.    Candle eggs once daily after inoculation. Discard all eggs with 
embryos that die within the fi rst 24 h after inoculation 
( see   Note 6 ).   

   2.    Collect allantoic fl uid from all eggs with embryos that die 
>24 h after inoculation and from eggs with embryos that sur-
vive through the specifi ed incubation period. Eggs with live 
embryos following the specifi ed incubation period are refriger-
ated at 4 °C for at least 4 h, or overnight, prior to collection of 
allantoic fl uid ( see   Note 7 ).   

   3.    Place eggs in an egg fl at with the air-cell up. Disinfect the por-
tion of the egg shell that covers the air cell, and use sterile 
forceps to crack and remove egg shell over air cell.   

   4.    Use forceps to gently dissect through the shell membrane and 
CAM to expose the allantoic fl uid. Use forceps to depress 
membranes within the allantoic cavity so that allantoic fl uid 
pools around the tip of the forceps. Use a pipette or syringe 
with needle to aspirate fl uid. Place fl uid in sterile, 12 × 75 mm 
snap-cap tubes, or other vials. Store at −70 °C (see  Note 8 ).   

   5.    Examine allantoic fl uid for presence of coronavirus using 
electron microscopy, immunohistochemistry or RT-PCR 
( see   Note 9 ).      

      1.    Candle eggs once daily after inoculation. Discard all eggs 
with embryos that die within the fi rst 24 h after inoculation 
( see   Note 6 ).   

   2.    Examine all eggs with embryos that die >24 h after inoculation 
and eggs with embryos that survive through the specifi ed incu-
bation period ( see   Note 10 ).   

   3.    Euthanize live embryos by placing eggs in a plastic bag or plas-
tic bucket fi lled with carbon dioxide gas, or refrigerate (4 °C) 
overnight. Alternatively, embryos may be euthanized by cervi-
cal dislocation upon removal from eggs using the handles of a 
pair of scissors ( see   Note 11 ).   

   4.    Place eggs in an egg fl at with the air-cell up. Disinfect the por-
tion of the egg shell that covers the air cell, and use sterile 
forceps to crack and remove the egg shell over air cell.   

   5.    Use forceps to dissect through the shell membrane and CAM.   
   6.    Grasp the embryo with sterile forceps and gently remove from 

the egg.   
   7.    Remove selected tissues and/or intestinal contents from 

embryo for coronavirus detection using electron microscopy, 
immunohistochemistry, or RT-PCR ( see   Note 12 ).       

3.6  Collection 
of Allantoic Fluid 
from Eggs Inoculated 
by Allantoic Route

3.7  Collection 
of Embryo Tissues 
from Eggs Inoculated 
by Amniotic Route

Isolation and Propagation of Coronaviruses in Embryonated Eggs
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4    Notes 

     1.    Fertile eggs from non-SPF fl ocks may be used; however, pres-
ence of antibodies may interfere with isolation and propaga-
tion, and presence of egg-transmitted infectious agents may 
result in contamination of any viruses obtained with these eggs.   

   2.    If dry ice is used, samples must be placed in tightly sealed con-
tainers to prevent inactivation of viruses from released carbon 
dioxide.   

   3.    The supernatant fl uid should be fi ltered if the specimen is feces 
or other sample that likely is contaminated with high concen-
trations of bacteria. Filtration of samples will reduce virus titer, 
and should be used only when necessary.   

   4.    The accuracy of delivering an inoculum into the amniotic sac 
using this method may be determined by sham-inoculation of 
embryos with a dye such as crystal violet (0.2 % crystal violet in 
95 % ethanol), then opening eggs and determining site of dye 
deposition.   

   5.    A distinct advantage of Method A is that visualization of the 
embryo is not required. Method B requires visualization of the 
embryo, and this is may not be possible for embryonated eggs 
having a dark shell color (e.g., turkey eggs, brown chicken 
eggs). Method A also requires less skill for delivery of inoculum 
into the amniotic cavity, but is more prone to error than Method 
B with the possibility of inoculum being deposited at sites other 
than the amniotic cavity. If the embryo can be visualized, a 
potential advantage of Method B is more precise delivery of 
inoculum into the amniotic cavity as compared with Method A.   

   6.    Embryo deaths that occur <24 h after inoculation generally are 
due to bacterial contamination, toxicity of the inoculum, or 
injury.   

   7.    Refrigeration kills the embryo and causes the blood to clot. 
This prevents contamination of allantoic fl uid with blood.   

   8.    Multiple passages in embryonated eggs may be necessary for ini-
tial isolation of coronaviruses; allantoic fl uid is used as inoculum 
for additional passages in embryonated eggs. Embryos at each 
passage should be evaluated for gross lesions. For IBV, embryo-
lethal strains generally result in embryos with cutaneous hemor-
rhage; non-embryo-lethal strains result in stunting, curling, 
clubbing of down, or urate deposits in the mesonephros of the 
kidney. In some cases, virus replication in embryonated eggs 
may not be associated with readily detectable embryo lesions.   

   9.    Allantoic fl uids commonly are examined for presence of 
 coronavirus using electron microscopy or RT-PCR proce-
dures. Alternatively, immunohistochemical detection may be 
accomplished by staining sections of allantoic membrane or 
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the allantoic epithelial cells that are present in allantoic fl uid 
(these should be collected by centrifugation prior to freezer 
storage of allantoic fl uid).   

   10.    TCoV rarely results in embryo mortality. Typically, only those 
eggs with live embryos are examined following the specifi ed 
incubation period; however, the possibility of embryo-lethal 
viruses should not be overlooked.   

   11.    The method of euthanasia employed will depend upon the 
method used to detect virus in inoculated embryos. Fresh tis-
sues are required if immunohistochemistry is to be employed; 
for this, embryos should be euthanized by cervical dislocation 
or exposed briefl y to carbon dioxide gas.   

   12.    Intestinal contents commonly are examined for presence of 
coronaviruses using electron microscopy or RT-PCR procedures. 
Alternatively, immunohistochemical detection may be accom-
plished by staining sections of intestines or bursa of Fabricius.         
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    Chapter 8   

 Characterization of Human Coronaviruses 
on Well- Differentiated Human Airway Epithelial Cell Cultures 

           Hulda     R.     Jonsdottir     and     Ronald     Dijkman    

    Abstract 

   The human airway serves as the entry point of human respiratory viruses, including human coronaviruses. 
In this chapter we outline the methods by which we establish fully differentiated airway epithelium and its 
use for human coronavirus propagation. Additionally, we outline methods for immunofl uorescence stain-
ing of these cultures for virus detection, characterization of cell tropism, and how to perform antiviral 
assays and quantify viral replication.  

  Key words     Human coronavirus  ,   Antivirals  ,   Cell tropism  ,   Human airway epithelial cells  ,   Virus detection  

1       Introduction 

 The human airway serves as the entry point of human respiratory 
viruses, including human coronaviruses (HCoVs). In order to 
properly recapitulate the complex anatomy of the human lung spe-
cialized cell culture models have been developed to resemble both 
the upper and lower airways [ 1 – 3 ]. Primary human bronchial epi-
thelial cells cultured in an air–liquid interface (ALI) system serve as 
a universal platform to study human respiratory viruses [ 4 – 6 ]. 
These human airway epithelial (HAE) cultures morphologically 
and functionally resemble the upper conducting airways in vivo. In 
these cultures, the epithelial layer is pseudostratifi ed and after dif-
ferentiation they contain many different cell types such as basal, 
ciliated, and goblet cells and furthermore, generate protective 
mucus equivalent to that of in vivo epithelium [ 7 ]. 

 Establishment of HAE cultures requires time and patience but 
the differentiated cultures allow for a number of advantageous 
analyses in respiratory virus research. We have adapted and opti-
mized our methods based on previously published work [ 8 – 10 ]. 
Moreover, we have standardized methods for the propagation of 
human coronaviruses and evaluation of the effects of antiviral 
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compounds on both viral replication and cell viability. We are able 
to propagate all known human coronaviruses in this system and 
can easily evaluate their tropism by immunohistochemistry [ 5 ,  11 ]. 
In this chapter we outline the methods by which we establish fully 
differentiated airway epithelium and use it for human coronavirus 
propagation. Additionally, we outline methods for immunofl uo-
rescence staining of these cultures for virus detection, characteriza-
tion of cell tropism and how to perform antiviral assays and quantify 
viral replication.  

2     Materials 

      1.    Primary human tracheobronchial epithelial cells can be 
obtained in accordance with local ethical guidelines from 
patients willing to give informed consent, who are undergoing 
bronchoscopy and/or surgical lung resections. Alternatively 
isolated primary human airway epithelial cells can be obtained 
commercially from a number of distributors.   

   2.    10× digestion solution: Minimum Essential Medium (MEM), 
1 % m/v Protease from Streptomyces griseus Type XIV, 
0.01 % m/v Deoxyribonuclease I from bovine pancreas.   

   3.    Isolation/washing solution: MEM, 100 U/ml penicillin, 
100 µg/ml streptomycin, 0.25 µg/ml Amphotericin B 
Solution, 50 µg/ml gentamicin, 100 U/ml nystatin.   

   4.    Bronchial epithelial cell serum- free growth medium (BEGM): 
LHC basal medium, supplemented with the required additives 
(Table  1 ).

       5.    Air–liquid interface (ALI) medium: LHC basal medium and 
Dulbecco’s Modifi ed MEM (DMEM) mixed in a 1:1 ratio, 
supplemented with the required additives (Table  1 ).   

   6.    12-Well inserts, pore size 0.4 µM and 12-well cluster plates or 
12-well deep well cluster plates.   

   7.    24-Well inserts pore size 0.4 µM and 24-well cluster plates.   
   8.    Human collagen Type I + III, Vitrocol 100.   
   9.    Collagen Type IV from human placenta reconstituted in 5 ml 

fi lter- sterilized water with 0.25 % acetic acid. Dissolve for a few 
hours at 37 °C, occasionally swirling. Once dissolved, increase 
volume to 20 ml and maintain acetic acid concentration at 
0.25 %, mix gently by pipetting. Filter-sterilize the solution 
through a 0.22 µm fi lter, and store at −20 °C in aliquots of 
800 µl per eppendorf tube. The stock solution is stable for at 
least 1 year at −20 °C.      

2.1  Human Airway 
Epithelial Cell Cultures

Hulda R. Jonsdottir and Ronald Dijkman
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      1.    Apical wash solution: Hank’s Balanced Salt Solution (HBSS), 
 without calcium and magnesium.   

   2.    Virus transport medium (VTM): MEM, 25 mM HEPES-
buffered, 0.5 % gelatin, 100 U/ml penicillin, 100 µg/ml 
streptomycin.   

   3.    Aerosol barrier pipette tips and 1.5 ml Eppendorf Safe-Lock 
Tubes™.      

      1.    Fixation solution: 4 % formalin solution, neutral buffered 
(Formafi x).   

   2.    Confocal staining buffer (CB): 50 mM ammonium chloride 
(NH 4 Cl), 0.1 % saponin, and 2 % IgG and protease-free BSA 
dissolved in 500 ml of phosphate buffered saline (PBS, 

2.2  Human 
Coronavirus 
Propagation

2.3  Immuno-
fl uorescence Analysis

    Table 1  
  Preparation of stock additives for BEGM and ALI medium   

 Component  Stock concentration  Comment 

 Bovine Serum Albumin (BSA)  300× 150 mg/ml   See   Note 1  

 Bovine pituitary extract (BPE)  1,000× ±14 mg/ml 

 Insulin  2,000×, 10 mg/ml  Store at +4 °C 

 Transferrin (TF)  1,000×, 10 mg/ml 

 Hydrocortisone (H)  1,000×, 0.072 mg/ml 

 Triiodothyronine (T3)  1,000×, 0,067 mg/ml 

 Epinephrine (EP)  1,000×, 0.6 mg/ml 

 Epidermal Growth Factor 
(EGF) 

 1,000× or 50,000×, 25 µg/ml  1,000× for BEGM, 
50,000× for ALI medium. 

 Retinoic acid (RA)  1,000×, 5 × 10 −5  M  Light sensitive.  See   Note 2  

 Phosphorylethanolamine (PE)  1,000×, 70 mg/ml 

 Ethanolamine (EA)  1,000×, 30 µl/ml 

 Stock 11 (S11)  1,000×, 0,863 mg/ml 

 Stock 4 (S4)  1,000×   See   Note 3  

 Trace Elements (TR)  1,000×   See   Note 4  

 Penicillin/Streptomycin (P/S)  100× 10,000 U/ml of penicillin 
and 10,000 µg/ml of streptomycin 

 Store at +4 °C 

 Gentamicin  1,000×, 50 mg/ml  Store at +4 °C.  See   Note 5  

 Amphotericin B  1,000×, 50 mg/ml   See   Note 5  

  All additives should be aliquoted and stored at −20 °C unless stated otherwise  

Characterization of HCoVs on HAEs
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pH 7.4). Filter-sterilize (0.2 µm fi lter) solution and prepare 
aliquots of 40 ml and store at −20 °C.   

   3.    Primary antibodies:  see  Table  2 .
       4.    Fluorescent DNA dyes: DAPI or Hoechst 33528.   
   5.    Wash solution: Phosphate buffered saline, pH 7.4, without cal-

cium and magnesium.   
   6.    Scalpel (No.10).   
   7.    Rat-tooth forceps.   
   8.    Fluorescence Mounting Medium.   
   9.    Gyro-rocker.      

      1.    Inhibitors: e.g. K22 [ 12 ], recombinant Interferon Alpha and 
Lambda proteins [ 13 ].   

   2.    CellTiter-Glo ®  Luminescent Cell Viability Assay (Promega).      

       1.    Renilla Luciferase Assay System (Promega).   
   2.    White, non-transparent 96-well plates.   
   3.    Gyro-rocker.   
   4.    Luminometer.      

      1.    Huh-7 cells.   
   2.    Medium: DMEM, high glucose, 100 U/ml penicillin, 100 µg/ml 

streptomycin, 1 mM Sodium Pyruvate, 5 % heat-inactivated FBS.   

2.4  Antiviral Assays

2.5  Virus Detection

2.5.1  Renilla 
Luciferase Assay

2.5.2  Plaque Assay

    Table 2  
  Primary antibodies   

 Antibody  Target  Dilution  Host  Comment 

 Anti-β-Tubulin IV  Cilia  1:400  Mouse, IgG1  Clone ONS.1A6 

 anti-ZO1  Tight junctions  1:200–400  Goat  Directed against 
C-terminal domain 

 anti-dsRNA  dsRNA  1:500–1,000  Mouse, IgG2a  Clone J2 

 Anti-CD13  CD13/APN  1:200  Sheep  Receptor 229E 

 Anti-CD26  CD26/DPPIV  1:200  Goat  Receptor MERS 

 Anti-ACE2  ACE2  1:200  Goat  Receptor SARS 
and NL63 

 intravenous 
immunoglobulin 
(IVIG) 

 Viral proteins  1:1,000  Human 

 Anti-β-Tubulin  Cilia  1:400  Mouse, IgG1  Clone Tub2.1, 
Cy3 conjugate 

Hulda R. Jonsdottir and Ronald Dijkman
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   3.    Overlay medium: 2.4 g of Avicel RC-581 (FMC biopolymer) 
dissolved in 100 ml of distilled water and autoclaved for 20 min 
at 121 °C. 2.7 g of DMEM powder (high glucose) dissolved in 
90 ml of distilled water and the pH adjusted to 7.4 with 1 M 
NaOH. Fill  volume up to 100 ml and fi lter-sterilize (0.2 µm 
fi lter). Freshly prepare a 1:1 mixture of Avicel (2.4 %) and 2× 
DMEM solution, supplemented with 10 % FBS and 100 U/ml 
penicillin, 100 µg/ml streptomycin.   

   4.    Crystal-violet solution: 25 g of Crystal Violet, 40 g NaCl 
dissolved in 2,500 ml of 99 % Ethanol. Add 2,250 ml of dis-
tilled water and 250 ml of 37 % formaldehyde. Mix solution 
overnight at room temperature ( see   Note 6 ).      

      1.    Nucleospin RNA isolation kit (Machery Nagel).   
   2.    Moloney Murine Leukemia Virus Reverse Transcriptase 

(M-MLV RT).   
   3.    Random primers.   
   4.    RNAse-free water.   
   5.    FastStart Universal SYBR Green Master reaction mixture 

(Roche).   
   6.    Positive control; in vitro transcribed RNA of target gene or 

plasmid DNA containing target gene.        

3     Methods 

 Carry out all procedures in a biosafety cabinet according to local 
biosafety regulations. 

   Cell culture fl asks are coated for 2 h with a mixture of Type I and 
III collagen that is necessary to effi ciently expand the number of 
primary airway epithelial cells.

    1.    Use fi lter-sterilized dH 2 O (0.22 µm) to prepare a 1:75 dilution 
of Vitrocol 100.   

   2.    Use 4 ml per 75 cm 2 , make sure the entire surface is covered 
with the collagen solution.   

   3.    Incubate for 2 h at 37 °C.   
   4.    Aspirate remaining liquid and wash twice with 10 ml of PBS to 

remove traces of acetic acid.   
   5.    Culture fl asks can be directly used.  Optional : Store coated 

fl asks at +4 °C for a maximum of 6 weeks.      

2.5.3  Quantitative 
Reverse Transcriptase PCR

3.1  Human Airway 
Epithelial Cell Cultures

3.1.1  Collagen Type 
I and III Coating of Cell 
Culture Flasks

Characterization of HCoVs on HAEs



78

  The inserts need to be coated overnight with collagen type IV, 
necessary for development and long-term maintenance of differen-
tiated primary airway epithelial cell cultures.

    1.    Mix 7.2 ml of fi lter-sterile dH 2 O with 800 µl of Collagen Type 
IV solution (0.5 mg/ml).   

   2.    Apply 150 µl per 12-well inserts, or 50 µl per 24-well inserts. 
After completing one plate, make sure that the entire surface of 
each well is covered with the 1:10 collagen solution.   

   3.    Air-dry the inserts overnight in a laminar fl owhood, and after-
wards expose them to UV-light (type C) for 30 min.   

   4.    To remove traces of acetic acid wash inserts twice with at least 
500 µl of PBS.   

   5.    After these steps, coated inserts can be used directly.  Optional : 
Store at +4 °C (wrapped in foil) for a maximum of 6 weeks. 
Repeat UV-exposure and washing steps before use.      

  Primary epithelial cells can be isolated from whole lung tissue 
resections of tracheal and/or bronchial origin according to the fol-
lowing protocol. Smaller lung tissue resections can be processed 
with the same protocol. All procedures are performed at room 
temperature unless stated otherwise.

    1.    Trim the bronchial tissue free of connective tissue and fat using 
forceps and scissors or a scalpel. If needed, cut the bronchial 
tissue into 2 cm segments.   

   2.    Wash the cleaned tissue three times in washing solution.   
   3.    Fill the desired number of 50 ml tubes with 30 ml of wash 

solution and transfer as many tissue segments as possible into a 
single tube, until the volume reaches 36 ml. Then add 4 ml of 
10× digestion solution to each tube, to end volume 40 ml 
(40 mg Protease/0.4 mg DNase).   

   4.    Place tubes on a rocking platform/tube roller at +4 °C and 
incubate for 48 h.   

   5.    Place the 50 ml tube containing the digested tissue on ice and 
add 4 ml of heat-inactivated FBS to each tube (to a fi nal con-
centration of 10 % ( v / v )), to neutralize protease activity. Invert 
tubes three times.   

   6.    Pour solution along with the tissue onto a large petri dish, and 
gently scrape off the epithelium from the collagen-cartilage 
surface, using a scalpel in the reverted angle. Pool solutions 
containing dissociated cells into a 50 ml conical tube and wash 
the petri dish once with PBS.   

   7.    Centrifuge for 5 min at 500 ×  g . Wash cells once with HBSS 
and resuspend cells in BEGM to a concentration of, approxi-
mately, 5 × 10 6  cells/ml.   

3.1.2  Collagen Type IV 
Coating of Inserts

3.1.3  Isolation of Primary 
Human Tracheal and/or 
Bronchial Cells
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   8.    Count cells using a hemocytometer and seed into collagen 
coated fl asks with 20 ml of pre-warmed BEGM. An appropri-
ate amount of cells for T75 fl asks ranges between 0.5 and 
1.0 × 10 6  cells.   

   9.    Change medium the next day to remove red blood cells and 
any unattached epithelial cells.   

   10.    To prevent acidifi cation of the medium change it every 2–3 
days, until 80–90 % confl uence.      

  When the primary cells have reached 80–90 % confl uence in the 
expansion phase one can dissociate and seed the dedifferentiated 
primary cells on collagen type IV coated inserts, according to the 
following protocol. All procedures are performed at room tem-
perature unless stated otherwise.

    1.    Remove BEGM and transfer it into a 50 ml tube and wash the 
cell monolayer twice with 12 ml of HBSS.   

   2.    Dissociate the bronchial cells for 3 min at 37 °C in a humidi-
fi ed 5 % CO 2  incubator with the appropriate amount of trypsin 
(25 cm 2 : 1 ml, 75 cm 2 : 3 ml). If needed tap the fl ask to dissoci-
ate the cells ( see   Note 7 ).   

   3.    Collect the cells in the previously collected BEGM and centri-
fuge for 5 min at 500 ×  g .   

   4.    Carefully discard the supernatant and resuspend cells in HBSS 
and centrifuge the suspension for 5 min at 500 ×  g .   

   5.    Discard the supernatant and resuspend cells in pre-warmed 
ALI medium and count using a hemocytometer.   

   6.    For generation of differentiated HAE cultures the number of 
cells seeded should be 1.0–2.0 × 10 5  cells per 12-well insert in 
500 µl, or 0.3–0.6 × 10 5  cells per 24-well insert in 200 µl of 
ALI medium. A single 75 cm 2  fl ask should provide enough 
cells for preparing 48 individual 12-well inserts or 96 individ-
ual 24-well inserts.   

   7.    Fill the basolateral compartment of the plates with 1 ml of ALI 
medium (500 µl for 24-well inserts), and transfer 500 µl 
(200 µl for 24-well inserts) of diluted cell suspension to the 
upper chamber of the collagen coated inserts and incubate 
overnight at 37 °C in a humidifi ed 5 % CO 2  incubator. Cells 
are now in liquid–liquid interface.   

   8.    The next day, medium in the apical compartment must be 
changed to remove any unattached cells. Discard the old 
medium and wash the apical surface with 500 µl HBSS and 
apply 500 µl of pre-warmed ALI medium to the apical side. 
Adjust volume to 200 µl for 24-well inserts.   

3.1.4  Establishment 
of Fully Differentiated 
HAE Cultures

Characterization of HCoVs on HAEs
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   9.    To prevent acidifi cation of the medium it should be changed 
every 2–3 days until cells have reached complete confl uence 
( see   Note 8 ).   

   10.    During media change in liquid–liquid interface change apical 
medium fi rst (as described in  step 8 ) followed by exchange of 
medium in the basolateral compartment.   

   11.    To establish air–liquid interface, aspirate apical side medium, 
once cells have reached complete confl uence, and wash twice 
with HBSS (500 µl for 12-well inserts and 200 µl for 24-well 
inserts).   

   12.    Incubate cultures for a few hours at 37 °C in a humidifi ed 5 % 
CO 2  incubator and monitor if seeping of basolateral medium into 
the apical compartment occurs. If no seepage occurs cultures can 
be maintained at air–liquid interface. Otherwise cultures have to 
be cultured at liquid–liquid interface for another day.   

   13.    Incubate cultures for 4–6 weeks to allow differentiation. 
Appearance of active ciliated cells can be used as an indicator of 
differentiation. During the extended culture time medium 
must be changed regularly (every 2–3 days). If desired, inserts 
can be transferred to deep well plates that only require medium 
renewal every 7 days.   

   14.    After differentiation HAE cultures are suitable for human 
coronavirus propagation.       

        1.    Wash the apical surface of the HAE culture twice with 500 µl 
of HBSS solution prior to inoculation with human coronavirus 
specimen to remove excess of mucus.   

   2.    Dilute the clinical material or virus supernatant in HBSS and 
inoculate 200 µl dropwise to the apical surface and incubate 
for 2 h at either 33 °C or 37 °C ( see   Note 9 ), in a humidifi ed 
5 % CO 2 - incubator.  Optional : Centrifuge inoculum solution 
for 4 min at 1,500 ×  g  at room temperature to remove cell 
debris prior to inoculation.   

   3.    Collect the inoculum and transfer it to a container and store at 
−80 °C for later analysis, and wash the apical surface three 
times with 500 µl HBSS.  Optional : Transfer the collected inoc-
ulum into an equal volume of VTM.   

   4.    Incubate the infected cultures for the desired amount of time 
at the appropriate temperature in a humidifi ed 5 % CO 2 -
incubator, e.g. 48 h at 33 °C for HCoV-229E.   

   5.    Apply 200 µl of HBSS dropwise to the apical surface 10 min 
prior to the desired collection time and incubate in the humid-
ifi ed 5 % CO 2 -incubator. Then collect progeny virus and trans-
fer it to a container and store at −80 °C for later analysis. 
 Optional : Transfer the collected progeny virus into an equal 
volume of VTM.      

3.2  Human 
Coronavirus 
Propagation
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  All incubation steps are performed at room temperature on a gyro- 
rocker (20–30 rpm), unless stated otherwise

    1.    After the apical washing has been collected the apical surface is 
washed twice with 500 µl of PBS before cells are fi xed with 
formalin- solution for later immunofl uorescence analysis.   

   2.    Apply 500 µl of 4 % formalin-solution to the apical compart-
ment and 1 ml to the basolateral. Incubate for 15–30 min.   

   3.    Remove the formalin-solution and wash both compartments 
three times with equal volumes of PBS.   

   4.    Transfer the fi xed HAE cultures to a new conventional 12-well 
plate.   

   5.    Discard washing solution and apply 500 µl and 1 ml of confo-
cal buffer (CB) solution to apical and basolateral compart-
ments, respectively.   

   6.    Incubate fi xed cultures for 30–60 min to block non-specifi c 
binding of antibodies ( see   Note 10 ).   

   7.    Remove the CB solution from the apical and basolateral 
compartments.   

   8.    From this stage one should only apply CB solution to the api-
cal compartment.   

   9.    Wash the apical surface once with 500 µl of CB solution for 
5 min.   

   10.    Apply primary antibodies ( see  Table  2 ) diluted in 250 µl CB 
solution dropwise to the apical surface and incubate for 
120 min.   

   11.    Wash the apical surface three times with 500 µl of CB solution 
for 5 min ( see   Note 11 ).   

   12.    Apply the appropriately diluted conjugated secondary antibod-
ies in 250 µl CB solution dropwise to the apical surface and 
incubate for 60 min.   

   13.    Wash the apical surface twice with 500 µl of CB solution for 
5 min.   

   14.    Incubate cells with nucleic acid counter stain solution diluted 
in 250 µl of CB solution for 5 min.   

   15.    Wash the apical surface once with 500 µl of CB solution for 
5 min.   

   16.    Lastly, wash the apical surface twice with 500 µl of PBS for 5 min 
to remove residual saponin and restore cell membrane integrity.   

   17.    Before removing the washing solution, apply mounting medium 
on a glass slide (use 1–2 drops). Remove any air bubbles.   

3.3  Immuno-
fl uorescence Analysis

Characterization of HCoVs on HAEs
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   18.    Excise the membrane from the plastic holder and carefully 
place the basolateral side of the membrane on top of the 
mounting medium, without generating air bubbles.   

   19.    Then slowly add one drop of mounting medium on top of 
each membrane.   

   20.    Slowly place the coverslip, in a tilted fashion, on top of the 
membrane without generating air bubbles.   

   21.    Allow the mounting medium to polymerize for 30 min, after 
which the slide can directly be analyzed.      

       1.    Pre-warm ALI medium to 37 °C.   
   2.    Mix antiviral compounds (e.g. K22, recombinant interferons) 

in various concentrations or by serial dilution in ALI medium. 
Include non-treated controls. Also, to exclude viral inhibition 
by solvents (e.g. DMSO) include solvent controls.   

   3.    For evaluation of either prophylactic or therapeutic effects of 
antivirals, the HAE cultures can be incubated with the com-
pounds diluted in the basolateral medium prior to, during or 
after infection.   

   4.    Infect cultures apically with human coronaviruses as described 
in Subheading  3.2 .   

   5.    Collect apical washings in HBSS as described in Subheading  3.2  
for viral quantifi cation by plaque assay and cells for viral quan-
tifi cation by Renilla Luciferase Assay or qRT-PCR.      

      1.    Thaw CellTiter-Glo buffer and equilibrate both buffer and 
CellTiter-Glo substrate to room temperature.   

   2.    Transfer the buffer to the amber bottle containing the substrate 
to reconstitute the enzyme. Mix by gently swirling the bottle.   

   3.    Wash the apical side of the HAE cultures three times with 
500 µl HBSS to remove excess mucus.   

   4.    Apply 50 µl of HBSS to the apical side and mix with equal 
volume of reconstituted CellTiter-Glo enzyme solution (opti-
mized for 24-well inserts, for other insert sizes adjust buffer 
amount accordingly) and incubate for 5 min at room tempera-
ture on a gyro- rocker to induce cell lysis.   

   5.    Next incubate the plate for 10 min at room temperature to 
allow for stabilization of the luminescence signal.   

   6.    Transfer 20 µl of cell lysate to a white, non-transparent 96-well 
plate for analysis.   

   7.    Record luminescence ( see   Note 12 ). To account for back-
ground signal include empty wells in your analysis.       

3.4  Antiviral Assays

3.4.1  Treatment

3.4.2   Cytotoxicity Assay
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       1.    Thaw Renilla Luciferase Assay buffer and dilute 1:5 in water.   
   2.    Wash HAE inserts with HBSS three times prior to cell lysis.   
   3.    Incubate inserts with 80 µl of Renilla lysis buffer on a gyro-

rocker for 30 min at room temperature (optimized for 24-well 
inserts, adjust lysis buffer amount accordingly for other insert 
sizes).   

   4.    During incubation, thaw Renilla Assay buffer.   
   5.    Transfer the cell lysate to a 96-well plate.   
   6.    Transfer 20 µl of the lysate to a white, non-transparent 96-well 

plate for analysis.   
   7.    Add Renilla substrate at 1:200 dilution to the required amount 

of Renilla Assay buffer (100 µl per sample). Protect from light 
( see   Note 14 ).   

   8.    Program your luminometer settings with 10 s measure time 
followed by a 2 s delay. 100 µl of assay buffer should be dis-
pensed into each well. If the luminometer is not equipped with 
an injector the assay buffer can be added manually using a mul-
tichannel pipette.   

   9.    To adjust samples for background include empty wells in your 
analysis.   

   10.    Plot your values as Log 10  RLU (Relative Light Units).      

  The current protocol is optimized for HCoV-229E, but can easily 
be adapted to any other cell line and coronavirus strain.

    1.    Seed 150,000 target cells in a 12-well cluster plates with 1 ml 
of complete medium per well and incubate overnight at 37 °C 
in a humidifi ed 5 % CO 2 -incubator.   

   2.    Make 6 tenfold serial dilutions of the harvested virus superna-
tants in 1 ml and inoculate the cells.   

   3.    Incubate inoculum for 2 h at 33 °C in a humidifi ed 5 % CO 2 - 
incubator before removing the serial diluted virus inoculums 
from the cells and replace with 1 ml of overlay medium.   

   4.    Incubate titration plates for 3–4 days at 33 °C in a humidifi ed 
5 % CO 2 -incubator.   

   5.    Remove overlay and wash wells twice with water to remove 
residual Avicel.   

   6.    Subsequently add approximately 0.5–1 ml of crystal violet 
solution to each well and incubate for 10 min.   

   7.    Remove crystal violet solution and wash the cells once with 
water and allow the plates to air-dry before counting the num-
ber of plaques.      

3.5  Virus Detection

3.5.1  Renilla Luciferase 
Assay ( See   Note 13 )

3.5.2  Plaque Assay

Characterization of HCoVs on HAEs



84

      1.    Isolate viral RNA with NucleoSpin RNA kit according to the 
manufacturer’s protocol and elute in the appropriate amount 
of RNase- free water.   

   2.    For reverse transcription use M-MLV reverse transcriptase 
(100 U), M-MLV buffer, and random primers and 10 µl of 
extracted total RNA in a total volume of 20 µl, at 37 °C for 
60 min.  Optional : include serial dilutions of in vitro transcribed 
RNA of the target gene for virus yield quantifi cation.   

   3.    To quantify viral HCoV RNA yields from contemporary strains 
use the FastStart Universal SYBR Green Master reaction mix-
ture. Amplify 2 µl of cDNA according to the manufacturer’s 
protocol, using the previously published sense and antisense 
strain- specifi c primers ( see   Note 15 ). Measurements and analy-
sis can, for instance, be done on a LightCycler 480 II instru-
ment, using the LightCycler 480 software package (Roche). 
Use the following cycle profi le of 10 min at 95 °C followed by 
45 cycles of 10 s at 95 °C, 20 s at 60 °C, and 30 s at 72 °C fol-
lowed by a melting curve step to confi rm product specifi city.        

4     Notes 

     1.    Dissolve 5 g of BSA, globulin free, powder in 20 ml PBS in a 
50 ml tube (do not vortex). Place the tube on a shaker/roller-
bank for 2–4 (max 24) hours at +4 °C, until the BSA is com-
pletely dissolved. Add the volume up to 34 ml, mix gently by 
inverting the tube three times. Filter-sterilize the solution 
through a 0.22 µm fi lter, and store at −20 °C in aliquots of 
3.5 ml in 15 ml tubes. Invert the tube three times before usage.   

   2.    Dissolve 12 mg of Retinoic Acid (RA) in 40 ml absolute EtOH 
in a 50 ml tube wrapped in aluminum foil, the RA–EtOH 
stock (1 × 10 −3  M) should be stored at −20 °C. To prepare the 
1,000× stock, fi rst confi rm the RA concentration of the etha-
nol stock by diluting it 1:100 in absolute EtOH. Measure the 
absorbance at 350 nm using a spectrophotometer and a 1 cm 
light path quartz cuvette (or NanoDrop with 0.1 cm light 
path), blanked on 100 % EtOH. The absorbance of the diluted 
stock should equal 0.45 (0.045 on a NanoDrop). RA absor-
bance readings below 0.18 should be discarded. If the absor-
bance equals 0.45, add 3 ml of RA–EtOH stock solution to 
53 ml PBS and add 4 ml of BSA 150 mg/ml stock. For absor-
bance values less than 0.45, calculate the needed volume of 
RA–EtOH stock as 1.35/absorbance and adjust the PBS vol-
ume appropriately. The 1,000× stock solution should be stored 
at −20 °C in aliquots of 1 ml per eppendorf tube.   

   3.    Dissolve 42 mg ferrous sulfate, 12.2 g magnesium chloride, 
and 1.62 g calcium chloride-dihydrate in 80 ml H 2 O, add 

3.5.3  Quantitative 
Reverse Transcriptase PCR
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500 µl concentrated hydrochloric acid (HCl). Filter-sterilize 
the solution through a 0.22 µm fi lter, and store at −20 °C in 
aliquots of 1,100 µl per eppendorf tube.   

   4.    Prepare seven separate 25 or 50 ml stock solutions ( see  Table  3a  
and  b ) in H 2 O. Filter-sterilize (0.22 µm) each component after 
preparation. Afterwards, transfer an aliquot of 50 µl from each 
separate component into 49,600 µl fi lter-sterilized water 
(0.22 µm) and add a volume of 50 µl concentrated HCl solu-
tion. Mix the solution well through gentle vortexing and fi lter- 
sterilize the solution through a 0.22 µm fi lter, and store at 
−20 °C in aliquots of 1,100 µl per eppendorf tube.

       5.    Gentamicin and Amphotericin B should be omitted from ALI 
medium. These antibiotics are only required in BEGM medium 
right after cell isolation to prevent contamination.   

   6.    For preparation of crystal violet solution safety glasses and pro-
tective clothing should be worn. Any spillage must be cleaned 
with 96 % ethanol.   

   7.    Cells might take longer to dissociate from the bottom of the 
fl ask due to the collagen coating. If the cells are not dissociated 
after 3 min additional rounds of 1-min incubations can be per-
formed until all cells have detached.   

   8.    The seeded primary cells should reach confl uence on the inserts 
within 1 week. If this takes longer the success rate of establishing 
well differentiated HAE cultures declines exponentially.   

    Table 3  
  Stock solutions for trace elements               

 (a) 

 Component  Formula  Amount/25 ml  Comment 

 Selenium  NaSeO 3   130.0 mg  Solution stable for 30 days at +4 °C 

 Silicone  Na 2 SiO 3  ⋅ 9H 2 O  3.55 g 

 Molybdenum  (NH 4 ) 6 Mo 7 O 24  ⋅ 4H 2 O  31.0 mg 

 Vanadium  NH 4 VO 3   14.75 mg  Heat >100 °C to dissolve 

 (b) 

 Component  Formula  Amount/50 ml  Comment 

 Nickel  NiSO 4  ⋅ 6H 2 O  13.0 mg 

 Tin  SnCl 2  ⋅ 2H 2 O  5.5 mg 

 Manganese  MnCl 2  ⋅ 4H 2 O  10.0 mg 

Characterization of HCoVs on HAEs
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   9.    Human coronavirus NL63, 229E, HKU1, and OC43 are pre-
dominantly found in the upper respiratory tract and are there-
fore incubated at 33 °C. Both MERS-CoV and SARS-CoV are 
predominantly found in the lower respiratory tract and are 
therefore incubated at 37 °C.   

   10.    The fi xed HAE cultures can be kept for 1–3 months at 4 °C if 
the CB is fi lter-sterilized (0.2 µM) and all the procedure were 
performed under sterile conditions. After cold storage it is 
preferential to acclimatize the fi xed cultures for 15 min to 
room temperature on a gyro-rocker (20–30 rpm) prior to con-
tinuation of the staining protocol.   

   11.    To prevent bleaching of the fl uorophores one should cover the 
inserts from daylight exposure during each incubation step.   

   12.    Luminometer settings depend on the manufacturer. However, 
a measurement time of 1–2 s per well has proved effective.   

   13.    For this assay cultures must be infected with coronaviruses 
expressing a Renilla Luciferase reporter gene.   

   14.    If your luminometer is equipped with an injector you must 
remember to account for priming by increasing the volume of 
required Renilla Assay buffer by 2–3 ml.   

   15.    Primers targeting HCoV-NL63, HCoV-HKU1, HCoV-229E, 
and HCoV-OC43 have been characterized and described [ 4 , 
 14 ,  15 ].         
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Chapter 9

Quantification of Infectious Bronchitis Coronavirus 
by Titration In Vitro and In Ovo

Joeri Kint, Helena Jane Maier, and Erik Jagt

Abstract

Quantification of the number of infectious viruses in a sample is a basic virological technique. In this chapter 
we provide a detailed description of three techniques to estimate the number of viable infectious avian 
coronaviruses in a sample. All three techniques are serial dilution assays, better known as titrations.

Key words Titration, EID50, TCID50, Plaque-forming units

1 Introduction

Technological advances in particle analysis have made it possible to 
quantify the number of virus particles in a sample with increasing 
accuracy. Techniques such as specialized flow cytometry [1], dyna-
mic light scattering [2], quantitative capillary electrophoresis [3], 
and fluorescence correlation spectroscopy [4] can determine the 
number of particles in a sample within hours. The choice of tech-
nique depends on the sort of virus and the matrix in which it is 
suspended. All aforementioned techniques differentiate particles 
on the basis of physical properties such as size or antibody affinity. 
As a consequence particle analysis cannot differentiate infectious 
from noninfectious virus particles.

There is only one technique available that can reliably quantify 
the number of infectious particles in a sample. This technique, 
developed many decades ago [5], exploits the fact that virus can 
propagate in biological systems such as embryonated eggs or  
cell cultures. Propagation of a virus is generally accompanied by 
changes in cell morphology (referred to as cytopathic effect or 
CPE), which can be visualized using a microscope, or even by eye. 
Some viruses do not induce CPE, in which case an antibody based 
assay (immunofluorescence or ELISA) is needed to determine 
presence or absence of virus. During a titration assay, tissue  cultures 
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or embryonated eggs are incubated with tenfold serial dilutions of 
a virus containing sample and several days later the cytopathic 
effect is scored. From these scores, the virus titer is calculated using 
the methods described by Spearman and Kaerber [6, 7] or Reed 
and Muench [8]. The virus titer is defined as the reciprocal of the 
dilution at which 50 % of the inoculated embryos or tissue cultures 
show CPE. In this chapter we use the method of Spearman and 
Kaerber to calculate the titer, as this calculation can cope with 
unequal group sizes. Unequal group sizes frequently arise when eggs 
are lost to aspecific death of the embryo or bacterial infection.

Coronaviruses in general have a narrow host range and many 
clinical isolates only replicate in primary cells. Replication of most 
field isolates of infectious bronchitis coronavirus is restricted to 
embryonated eggs or tracheal organ culture. Most isolates, how-
ever, can be adapted to propagation in primary chicken kidney 
(CK) cells. Adaptation typically requires several passages and selects 
for viral subpopulations and can induce mutations [9]. Passaging 
of IBV in either embryonated eggs or primary cell cultures leads to 
attenuation of the virus in vivo [10–12]. The most striking exam-
ple is the IBV Beaudette strain, which has been passaged hundreds 
of times in eggs and primary chicken kidney cells [13, 14]. 
Although IBV Beaudette propagates very well on eggs, CK cells 
and even in Vero cells, the virus is highly attenuated in vivo and 
vaccination using Beaudette provides little protection against infec-
tion with pathogenic strains of IBV [15].

For quantification of IBV field isolates, embryonated chicken 
eggs are the most suitable substrate. A protocol on titration of IBV 
on embryonated chicken eggs is provided in the first part of this 
protocol. IBV strains which have been adapted to grow in cultures 
of primary chicken cells can be titrated on these cells using either 
the TCID50 method or plaque titration. Protocols for both meth-
ods are provided in this chapter. Plaque-forming unit (PFU) titra-
tion yields more accurate and reproducible results then the TCID50 
method, it is however more labor intensive. Both methods are 
 presented in this chapter.

2 Materials

 1. Fertilized specific pathogen free (SPF) eggs, 9–11-day-old  
(see Note 1).

 2. Diluent: 2.5 % w/v tryptose, 1,000 U/ml penicillin, 1,000 μg/ml 
streptomycin.

 3. Disinfectant: 70 % alcohol in water.
 4. Egg shell drill or punch.
 5. Sterile 1 ml syringes.

2.1 Titration of Avian 
Infectious Bronchitis 
Virus in Fertilized Eggs 
by EID50

Joeri Kint et al.
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 6. Needles, preferably 25 G; 16 mm.
 7. Hobby glue or melted wax to seal the inoculation site.
 8. Egg candling light.
 9. Egg incubator with rocker.

 1. 96-well plates containing 80–100 % confluent CK cells.
 2. Titration medium: 1:1 mix of medium M199: Ham’s F-10 

nutrient mixture supplemented with 0.5 % fetal calf serum 
(FCS), 0.1 % w/v tryptose phosphate broth, 0.1 % w/v sodium 
bicarbonate, 0.1 % w/v HEPES, 100 U/ml penicillin, 100 μg/ml 
streptomycin.

 3. Multistepper pipette (Socorex or equivalent).
 4. Inverted microscope.
 5. Positive control sample with known titer.

 1. Six-well plates containing 60–90 % confluent CK cells.
 2. 1× BES cell culture medium: EMEM, 10 % w/v tryptose 

 phosphate broth, 0.2 % w/v bovine serum albumin (BSA), 
20 mM N,N bis(2-hydroxethyl)-2-aminoethanesulfonic acid 
(BES), 0.4 % w/v sodium bicarbonate, 2 mM l-glutamine, 
250 U/ml nystatin, 100 U/ml penicillin, 100 μg/ml 
streptomycin.

 3. 2× BES cell culture medium: 2× EMEM, 20 % w/v tryptose 
phosphate broth, 0.4 % w/v BSA, 40 mM BES, 0.8 % w/v 
sodium bicarbonate, 4 mM l-glutamine, 500 U/ml nystatin, 
200 U/ml penicillin, 200 μg/ml streptomycin.

 4. Sterile phosphate buffered saline (PBS).
 5. 2 % w/v agarose in water (autoclaved).
 6. 10 % w/v formaldehyde in PBS.
 7. 0.1 % w/v crystal violet in water.
 8. Microwave.
 9. Water bath.
 10. Small spatula.

3 Methods

 1. Candle the eggs using the candling light and draw a line on the 
shell marking the edge of the air sac. Draw an X approximately 
5 mm above this line, which marks the inoculation site.

 2. Assign ten eggs per dilution and select those dilutions (at least 
three) that include the 50 % end point of the sample.

 3. Prepare tenfold serial dilutions in diluent.

2.2 Tissue Culture 
Infective Dose (TCID50) 
Titration

2.3 Plaque-Forming 
Unit Titration

3.1 Titration of Avian 
Infectious Bronchitis 
Virus in Fertilized Eggs 
by EID50

IBV Quantification
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 4. Disinfect the eggs by spraying them with disinfectant.
 5. After the eggs have dried drill or pierce a hole in the egg shell 

at the marked inoculation site.
 6. Inoculate ten eggs per dilution each with 0.2 ml volume via 

the allantoic cavity by holding the syringe and needle vertically 
and by inserting the needle approximately 16 mm into the egg 
(Fig. 1a, b).

 7. After inoculation, the hole in each egg is sealed with hobby 
glue or melted wax.

 8. Incubate the eggs in an egg incubator with rocker at 37.8 °C 
and 60–65 % humidity.

 9. Candle the eggs after 24 h of incubation. Embryo mortality 
occurring up till 24 h post inoculation is considered nonspe-
cific and therefore these eggs are discarded.

Fig. 1 Egg inoculation into the allantoic cavity. (a) Drill or pierce a hole in the egg 5 mm above the edge of the 
air sac. (b) Inoculate each egg with a 0.2 ml volume by inserting the needle approximately 16 mm into the egg. 
(c) Typical IBV induced malformations 2 days post infection with strain 4/91. Plus indicates embryos infected 
with IBV, minus indicates non-infected embryos

Joeri Kint et al.



93

Fig. 2 Schematic result of an egg titration. Each circle represents one egg and 
crosses indicate aspecific death. Plus signs indicate embryos with IBV specific 
malformations

 10. Incubate the eggs for 6 more days in an egg incubator with 
rocker at 37.8 °C and 60–65 % humidity. Candle the eggs at 
the end of the incubation period to identify embryos that have 
died. Subsequently, macroscopically evaluate all surviving 
embryos for the presence of lesions characteristic for IBV infec-
tion (stunting and curling; Fig. 1c). Embryos that have died 
and embryos that exhibit lesions characteristic for IBV infec-
tion are considered positive (see Note 2).

 11. Any embryo with IBV specific CPE is regarded positive.  
Virus titers in the original sample, expressed as 10log  
EID50/ml are calculated using the method described by 
Spearman and Kaerber [6, 7], using the following formula: 

Titre = - +æ
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In which:
x0: logarithm of the inverse value of the lowest dilution at 
which all embryos are positive.
d: logarithm of the dilution factor (d=1 when using tenfold 
serial dilutions).
n: number of eggs used per dilution.
r: number of positive eggs at that dilution.

 12. Example of calculation of virus titer
Using the result of the titration depicted in Fig. 2, the virus 
titer is calculated as follows:
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 1. CK cells are seeded in 96-well plates at 7.5 × 104 cells/well, 1 
or 2 days before the titration. One plate is needed per sample. 
At the time of titration, the monolayer should be nearly 
confluent.

 2. Prepare tenfold serial dilutions of the samples in titration 
medium (see Note 3).

 3. Empty the medium from the 96-well plate containing CK cells 
into a waste container and gently tap the plate dry on a stack of 
tissues.

 4. Fill the wells of column 1 and 12 of the 96-well plate with 
100 μl/well titration medium. These are the negative control 
wells (Fig. 3a).

 5. Starting with the highest dilution, dispense 100 μl/well in row 
H using the multistepper pipette. Proceed with filling the 
descending dilutions in rows G till A.

 6. Incubate the 96-well plates for 3–4 days at 37 °C and 5 % CO2.
 7. After 3–4 days incubation, score all wells for IBV specific CPE 

using a microscope. Although the CPE may vary per IBV 

3.2 Tissue Culture 
Infective Dose (TCID50) 
Titration

A

a

b

NC NC

NC NC

NC NC

NC NC

NC NC

NC NC

NC NC

NC NC

Dilution 10−1

1

uninfected M41 Beaudette

2 3 4 5 6 7 8 9 10 11 12

Dilution 10−2

Dilution 10−3

Dilution 10−4

Dilution 10−5

Dilution 10−6

Dilution 10−7

Dilution 10−8

B

C

D

E

F

G

H

Fig. 3 Layout of sample dilutions in the 96-well titration plate. NC negative control (a). Typical CPE of IBV 2 days 
post infection of CK cells with M41 or Beaudette (b)
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strain, it is generally characterized by clusters of rounded cells 
on top of the monolayer. At low dilutions the monolayer may 
be partly destroyed, exemplified by the IBV Beaudette strain 
(Fig. 3b).

 8. Titers are calculated using the method described by Spearman 
and Kaerber (Subheading 3.1, step 11) and are expressed in 
10log (TCID50)/ml.

 1. CK cells are seeded into six-well plates 3 days prior to titration. 
When performing the titration, the monolayer should 60–90 % 
confluent.

 2. Prepare tenfold serial dilutions of virus in 1× BES.
 3. Remove media from cells and wash once with sterile PBS.
 4. Remove PBS from the cells and add 500 μl of diluted virus to 

each well. Duplicate wells should be inoculated for each 
dilution.

 5. Incubate cells at 37 °C for 1 h to allow virus attachment.
 6. Melt 2 % agar in a microwave and then transfer to a 42 °C 

water bath. Allow the agar to equilibrate in temperature.
 7. Mix the partially cooled agar with 2× BES pre-warmed to 

37 °C to generate 1× BES + 1 % agar. Keep at 42 °C until 
needed to prevent premature setting (see Note 4).

 8. Remove virus inoculum and overlay cells with 2.5 ml of the 
1× BES/agar mix.

 9. Leave cells at room temperature for approximately 5 min until 
agar has solidified.

 10. Incubate at 37 °C and 5 % CO2 for 3 days for plaques to 
develop.

 1. Overlay agar with 1 ml per well 10 % formaldehyde in PBS.
 2. Incubate at room temperature for 1 h.
 3. Remove formaldehyde and ensure disposal according to local 

regulations.
 4. Using a small spatula, flick off the agar from the cells (see Note 5).
 5. Wash cells by shaking the plate upside down in a sink contain-

ing water.
 6. Add 0.5 ml 0.1 % crystal violet to each well.
 7. Incubate at room temperature for 10 min.
 8. Remove crystal violet and dispose of according to local 

regulations.
 9. Wash plate by shaking upside down in a sink of water.
 10. Pat plate dry and leave upside down at room temperature to 

fully dry.

3.3 Plaque-Forming 
Unit Titration

3.3.1 Infection of Cells

3.3.2 Staining Cells 
and Determining Titer

IBV Quantification
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 11. Plaques should be clearly visible as holes in the monolayer 
(Fig. 4). Count the number of plaques per well at the dilution 
with clearly defined, individual (not overlapping) plaques (typ-
ically 10–50 plaques/well). Ensure duplicate wells are counted 
and an average taken.

 12. Determine titer using the following equation:

Titre PFU ml
average number of plaques

dilution factor inoculu
/( ) =

´ mm volume ml0 5.( )  

 13. For most accurate results, the plaque assay should be repeated 
three times and the average titer determined.

4 Notes

 1. SPF eggs should be used for titration of IBV, as non-SPF eggs 
may contain IBV specific antibodies that can interfere with the 
replication of IBV.

 2. Non-egg adapted IBV isolates may induce very little IBV 
 specific aberrations of the embryos. When titrating such 
viruses, the eggs are incubated for an additional 2–3 days post 
inoculation. Candle the eggs at the end of the incubation 
period to identify embryos that have died. Subsequently, col-
lect allantoic fluid of each of the surviving embryos and  
test them in a monoclonal based antigen capture ELISA as 

Fig. 4 Example plaque assay plate. CK cells were infected with tenfold serial dilutions of IBV in duplicate and 
incubated at 37 °C for 3 days. Cells were then fixed and stained with 0.1 % crystal violet

Joeri Kint et al.
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described in refs. [16, 17]. Dead embryos and those of which 
the allantoic fluid contains IBV as established by ELISA are 
considered positive.

 3. IBV titers usually do not exceed 108.8 TCID50/ml. Therefore 
10−8 should be adequate as highest dilution. When the virus 
titer of the sample is known, select a number of tenfold dilu-
tions (at least three) that include the 50 % end-point dilution. 
If the titer is unknown, select a broader range of tenfold 
 dilutions that most likely include the 50 % end-point dilution. 
For a TCID50 titration typically all the wells of the 96-well 
plate are used

 4. Alternative methods also exist for mixing media and agar.  
If there is concern regarding the overlay setting too quickly or 
risk of contamination from the water bath, hot agar can be 
mixed directly with cold media (4 °C). Once the mixture feels 
warm to the touch, rather than hot, it can be added to cells.

 5. The simplest method for removing agar from the cells is to 
hold the plate upside down with the lid removed. The small 
spatula is inserted between the agar and the wall of the well. 
Once the base of the well is reached, a small amount of pres-
sure is applied to remove the agar, being careful not to scrape 
off the cells. The whole agar plug should then fall out easily.
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    Chapter 10   

 Purifi cation of Coronavirus Virions for Cryo-EM 
and Proteomic Analysis 

           Stuart     Dent     and     Benjamin     W.     Neuman    

    Abstract 

   Purifi cation of intact enveloped virus particles can be useful as a fi rst step in understanding the structure 
and function of both viral and host proteins that are incorporated into the virion. Purifi ed preparations of 
virions can be used to address these questions using techniques such as mass spectrometry proteomics. 
Recent studies on the proteome of coronavirus virions have shown that in addition to the structural pro-
teins, accessory and non-structural virus proteins and a wide variety of host cell proteins associate with 
virus particles. To further study the presence of virion proteins, high-quality sample preparation is crucial 
to ensure reproducible analysis by the wide variety of methods available for proteomic analysis.  

  Key words     Coronavirus  ,   Cryo-EM  ,   Proteomic  ,   Virus purifi cation  ,   Density gradient centrifugation  

1      Introduction 

 The most important factor in Cryo-EM and proteomic studies of 
coronavirus virions is high-quality sample preparation. A useful 
guideline in planning to make a purifi ed coronavirus sample is that 
the fi nal preparation should be concentrated to at least 10 10  virions 
per milliliter if possible. For a simple proteomic analysis, less is suf-
fi cient, but as further digestions and purifi cations are often per-
formed, higher amounts of infectious virus are recommended to 
recover enough sample for study, and to make it possible to recover 
a fairly complete virion proteome [ 1 ]. Likewise, the accuracy of 
cryo- EM results depends on both the concentration and intactness 
of the purifi ed virions. 

 This requires a concentration step, since coronavirus growth 
seldom surpasses 10 8  PFU/ml, and can be much lower in some 
cases. It is also worth noting that cleaved viral spike proteins are 
sensitive to S1 shedding, though this susceptibility can vary consid-
erably among viruses and even strains of the same viral species. 
The method of concentration and purifi cation described here seeks 
to minimize virion disruption and spike loss, and has been used 
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successfully with several coronaviruses and other enveloped viruses 
derived from cells and in ovo culture. The method described here 
is a modifi cation of our previously published method of concen-
trating samples for electron microscopy, and would still be useful 
for that purpose [ 2 ]. 

 Serum used as part of cell culture medium can act as a carrier, 
potentially increasing virus yield, but can also lead to clumping and 
can add to the background of the sample. If purifi cation in the 
presence of serum fails despite adequate starting virus titer, a 
serum-free preparation might be advantageous. For this reason an 
alternative serum-free purifi cation protocol has been provided 
below. After concentration, but before further proteomics analysis, 
electron microscopy to look for virion density and spike coverage 
can be a useful quality control tool. The reliability of results from 
virion purifi cation will depend on the percentage of cell-derived 
exosomal vesicles that are co-purifi ed with the virions, although 
the contributions of exosome-derived proteins can be estimated by 
performing the same purifi cation in parallel on uninfected cell cul-
ture supernatant. It is hoped that these techniques will facilitate 
further examination of coronavirus, torovirus, arterivirus, mesoni-
virus, and ronivirus virion proteomics.  

2    Materials 

       1.    Vero cells.   
   2.    Virus of interest.   
   3.    DMEM: Dulbecco’s Modifi ed Eagle’s Medium, 10 % fetal 

bovine serum, penicillin and streptomycin (100 U/ml each), 
10 mM HEPES, adjusted to pH 6.7 using NaOH.   

   4.    Polyethylene glycol-8000 or 10000, white fl ake type (PEG-
8000 Ultra for Molecular Biology) ( see   Note 1 ).   

   5.    NaCl, crystalline, high quality.   
   6.    HEPES-saline: 0.9 % NaCl (w/v), 1 mM HEPES, pH adjusted 

to 6.7 using HCl, vacuum-sterilized through a 0.22 µm pore 
size fi lter.   

   7.    3× HEPES-saline: 2.7 % NaCl, 30 mM HEPES, pH adjusted 
to 6.7 using HCl.   

   8.    50 % (w/w) sucrose: 50 g sucrose, 50 ml HEPES-saline, 
vacuum- sterilized through a 0.22 µm pore size membrane. 
Dilute with additional HEPES-saline to prepare 10, 20, and 
30 % sucrose solutions.   

   9.    If samples are to be inactivated by chemical fi xation, prepare 
25 % neutral buffered formalin: 10 ml of formalin (37–40 % 
formaldehyde), 5 ml of 3× HEPES-saline.   

2.1  Virus Purifi cation 
and Concentration
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   10.    Centrifuges and rotors: A low-speed centrifuge rotor with a 
capacity ≥1 l (Sorvall GSA or GS-3, for example) and a high-
speed centrifuge rotor with a total capacity ≥100 ml (SW32.1 
Ti, Beckman-Coulter, for example).   

   11.    Tracking dye: 10× SYBR-gold dye (Life Technologies, sold as 
10,000×), which will bind ssRNA in virions readily, and can be 
used to locate your virus pellet, and to distinguish the viral 
component of complex pellets that contain impurities with dif-
ferent sedimentation rates.      

      1.    Virus production serum-free medium (VP-SFM; Life Tech-
no logies) supplemented with penicillin and streptomycin 
(100 U/ml each).   

   2.    All other reagents and equipment as in Subheading  2.1 .      

      1.    Formvar/carbon coated 200-mesh or 300-mesh EM grids.   
   2.    Negative stain: 2 % uranyl acetate in water, pH adjusted to 6.5 

with 1 M NaOH, fi ltered freshly through a 0.22 µm hole size 
membrane immediately before use, stored in a brown glass 
bottle away from light.   

   3.    Parafi lm M.   
   4.    Fine forceps for EM grid manipulation.   
   5.    Filter paper.       

3    Methods 

 Since the quality of the virus preparation is the most important 
component of proteomics studies, two purifi cation protocols are 
listed below. Either can yield high-quality coronavirus, but 
Subheading  3.1  is generally preferable because the serum proteins 
function as a “carrier” during the PEG precipitation step. Serum-
free purifi cation (Subheading  3.2 ) can be used with cell and virus 
combinations that tend to produce overly viscous purifi ed virions, 
or as a means to reduce the complexity of “background” proteins 
before proteomics analysis. For best results, the purifi cation pro-
cess should be completed in 1 day, and the virus should be used 
immediately. 

       This method is suitable for most coronaviruses that grow well in 
cultured cells, and has been used successfully with severe acute 
respiratory syndrome-coronavirus (SARS-CoV), feline coronavirus 
(FCoV) and mouse hepatitis virus (MHV), coronavirus virus-like 
particles, and torovirus in addition to several types of infl uenzavi-
rus, arenavirus, and retrovirus-like particles [ 3 ,  4 ]. In the case of 
infectious bronchitis virus (IBV), this method has been used 

2.2  Serum-Free 
Virus Purifi cation 
and Concentration

2.3  Quality 
Control EM

3.1  Virus Purifi cation 
and Concentration
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 successfully for the purifi cation of virus from embryonated chicken 
eggs. For the purpose of this protocol, it is assumed that IBV is 
being prepared on Vero cells.

    1.    Culture Vero cells in DMEM to approximately 70–90 % con-
fl uency ( see   Note 2 ).   

   2.    Inoculate with IBV at a multiplicity of infection of three or 
more.   

   3.    Remove the inoculum after 1 h and replace with fresh medium.   
   4.    Remove and discard the culture medium 24 h after inocula-

tion. Replace with fresh DMEM ( see   Note 3 ).   
   5.    Collect the cell culture supernatant 48 h after inoculation. 

Store a small sample for plaque assay titration ( see   Note 4 ).   
   6.    Prepare three-step 10–20–30 % sucrose gradients in tubes 

appropriate to the high-speed centrifuge rotor. If using the 
Beckman SW-32 Ti rotor, use ~8 ml for each step, leaving 
~10 ml for sample loading and balancing. Pipette the 10 % 
sucrose into the bottom of the tube. Refi ll the pipette with 
1 ml more sucrose solution than you will need, tilt the tube as 
much as possible without spilling the sample and place the 
pipette tip just above the bottom of the tube. Dispense the 
20 % sucrose very slowly using the gravity-only setting—
the last 1 ml will be retained in the pipette. Carefully and 
slowly withdraw the pipette, and put the 30 % sucrose layer 
underneath the 20 and 10 % layers in the same way. There will 
be visible lines at the border between steps if this is done 
 correctly ( see   Note 5 ).   

   7.    Transfer the supernatant to the largest available screw-cap cen-
trifuge bottles that will fi t your rotor, noting the total volume. 
Pellet cellular debris at 10,000 ×  g , 4 °C for 20 min. It is best 
to use a high-capacity rotor at this stage (Sorvall GSA, for 
example) to minimize preparation time.   

   8.    During the centrifugation, prepare fresh screw-cap centrifuge 
bottles containing 10 g of dry PEG-8000 and 2.2 g of NaCl 
per 100 ml of culture medium to be added. Alternatively, pre-
pare a large conical fl ask with suffi cient PEG-8000, NaCl, and 
a heavyweight magnetic stir bar to bring the entire volume of 
virus- containing medium to a fi nal concentration of 10 % 
PEG-8000, 2.2 % NaCl.   

   9.    Chill HEPES-saline and neutral-buffered formalin on ice for 
later use ( see   Note 6 ).   

   10.    After centrifugation ( step 7 ), an off-white or yellow pellet of 
cell debris will be visible. Quickly decant the supernatant into 
the centrifuge bottles or conical fl ask prepared earlier with 
PEG and NaCl ( see   Note 7 ).   

Stuart Dent and Benjamin W. Neuman
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   11.    Swirl the PEG-8000/NaCl/supernatant mixture gently until 
the PEG crystals are fully dissolved. This can be done by hand 
for individual bottles, or using a magnetic stirring plate which 
has been incubated in a 4 °C incubator or cold room.   

   12.    Add a clean stir bar if one is not already present and incubate 
at 4 °C for a further 30 min with gentle stirring.   

   13.    Transfer the solution to centrifuge bottles, if necessary. Pellet 
the PEG-precipitated protein, which will also contain the virus, 
by centrifugation for 30 min at approximately 10,000 ×  g  
at 4 °C.   

   14.    Decant and discard supernatants  immediately  to minimize the 
amount of virus that is lost by resuspending. A large opaque 
white pellet should be present in each of the fl asks following 
centrifugation, and may run from the bottom to top of one 
side if you used a fi xed-angle rotor.   

   15.    Swirl each pellet by hand in 1–3 ml of cold HEPES-saline until 
dissolved. Avoid passing the sample through a pipette at this 
step, if possible. It is critical that the PEG pellets be completely 
resuspended before proceeding to the next step. The resus-
pended pellet will be viscous if this step is done correctly 
( see   Note 8 ).   

   16.    Optionally, add one-tenth the volume of each pellet of Tracking 
dye. This can be left for 10 min with the resuspended PEG 
pellets, and will penetrate virions to fl uorescently label the 
RNA inside without any additional permeabilization. This will 
make it possible to locate the virus-containing fraction or sec-
tion of the pellet in any subsequent step, simply by resting the 
tube in a bottomless tube rack or clear beaker and illuminating 
the sample briefl y with a UV transilluminator. This step is use-
ful for troubleshooting the purifi cation procedure.   

   17.    Tilt the tube containing your gradient as much as possible 
without spilling, to allow the resuspended pellet to run as 
slowly as possible down the side of the tube and onto the top 
of the 10 % gradient layer. It is important not to disturb the 
gradient layers at this stage. In this manner, overlay the resus-
pended PEG pellet carefully onto the sucrose gradients. 
Balance with remaining sample or additional HEPES-saline.   

   18.    Pellet the virions through the sucrose cushions by centrifuga-
tion at 100,000 ×  g  for at least 90 min at 4 °C. Since the pellet 
will be compact, it is not important to brake the centrifuge 
slowly.   

   19.    After centrifugation, decant and discard supernatants immedi-
ately. Invert the empty tubes on an absorbent surface for 5 min, 
and tap gently to wick away any remaining sucrose solution 
that may have gathered near the rim of the centrifuge tube.   

Coronavirus Purifi cation for Cryo-EM and Proteomics
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   20.    Resuspend the virion pellet in as small a volume of HEPES-
saline as possible (typically 100 µl for a small pellet and 200 µl 
for a large pellet). Do not use a pipette to resuspend the virus, 
as this may shear spikes and damage fragile viral envelopes 
( see   Note 9 ).   

   21.    When the pellet has been resuspended, the HEPES-saline will 
turn somewhat opaque and milky in color. Use a P-1000 
pipette tip from which the pointed end has been cut off to 
gently transfer the virus suspension to a cryovial with minimal 
shearing. Discard any insoluble material that remains, as most 
of the authentic virus will resuspend quickly and easily in 
 comparison. Set aside a small sample (typically 5–10 % of your 
sample for a diagnostic plaque assay.   

   22.    At this stage, the virus should be monodisperse, and can be 
formalin inactivated if desired. Treatment with a 1 % fi nal con-
centration of ice-cold neutral buffered formalin, 2-propiolac-
tone treatment, or gamma-irradiation should all yield intact, 
inactivated EM-quality particles. Samples for cryo-EM may be 
stored at 4 °C for up to 24 h, but should not be frozen for 
storage. Purifi ed virus for mass spectrometry should not be 
formalin fi xed, but can instead be inactivated using the solvent 
that will be used for mass spectrometry, provided this has been 
validated for your virus ( see   Note 10 ).    

     This alternative method is suitable for purifi cation of viruses that 
grow to lower titers. Serum-free culture and preparation can also 
be used to remedy solutions that fail for cryo-EM or proteolysis 
due to high viscosity, non-viral protein contamination, or large 
amounts of insoluble material. Percentage recovery will typically 
be lower than that with Subheading  3.1 .

    1.    Perform  steps 2–15  of Subheading  3.1  as above, substituting 
VP-SFM for DMEM starting at the time of inoculation 
( see   Note 11 ).   

   2.    The PEG-protein pellets should be white, and may be quite 
small and susceptible to resuspending quickly upon standing 
for even a few minutes. Decant and discard the supernatants 
immediately. Resuspend by swirling gently in 10 ml HEPES-
saline ( see   Note 12 ).   

   3.    Perform  steps 16–22  of Subheading  3.1  as above. The fi nal 
translucent pellet may be small and quite diffi cult to see, but 
the presence of the virus can be confi rmed using the Tracking 
dye and a transilluminator after removing the supernatant, if 
the dye was added at  step 16  of Subheading  3.1 .    

    The number of infectious virus particles in the fi nal preparation 
should be directly assessed by plaque assay or similar means as a 
retrospective measure of quality. The quickest way to assess sample 

3.2  Serum-Free 
Virus Purifi cation 
and Concentration

3.3  Quality Control 
for EM Analysis
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quality is by EM of a negatively stained sample. Ideal samples for 
proteomics or cryo-electron microscopy should contain a high 
density of virions with intact spikes, and relatively little non-viral 
material. This protocol describes how to prepare a negatively 
stained coronavirus specimen for transmission-EM.

    1.    Lay down a piece of paper towel on a work surface that is des-
ignated for work with slightly radioactive materials. Label the 
paper towel with the names of your samples.   

   2.    Lay a piece of Parafi lm M large enough to cover your labels, 
backing side facing up, on top of the paper towel and separate 
the backing from the Parafi lm M at one corner. Trace lines 
through the backing paper on a piece of Parafi lm M using the 
back of a pair of EM forceps to create channels for droplets of 
stain or wash buffer. The places where lines intersect will natu-
rally hold droplets, and the labels will help keep the samples 
organized.   

   3.    Peel off the rest of the backing paper, leaving the Parafi lm 
stuck to the paper towel. On the Parafi lm, place one ~20 µl 
droplet of 2 % uranyl acetate and up to three droplets of 
HEPES-saline wash buffer for each sample. Highly viscous 
samples will give a cleaner appearance after one or more wash 
steps, but washing is not necessary if the sample is quite pure 
( see   Note 13 ).   

   4.    Place 2–5 µl of the viral sample onto each grid, and leave each 
sample for 5 min to allow the sample to adsorb onto the grid.   

   5.    If you are washing your sample, balance each grid on top of 
each droplet of HEPES-saline for 30 s. Do not reuse buffer or 
stain droplets, to avoid sample contamination. In between 
droplets, dry the grids. Hold the grid perpendicular to a clean 
piece of fi lter paper and touch the edge of the grid to the paper. 
Most of the wash buffer should be carried off.   

   6.    After the washing steps, fl oat each grid on a uranyl acetate stain 
droplet for 1 min. Longer staining will lead to more particles 
that appear to fi ll up with stain, if this is desired.   

   7.    Touch the edge of the grid to the fi lter paper several times to 
remove excess stain (s ee  N ote 14 ).   

   8.    Samples should be visualized immediately, and can be best 
stored for longer periods in a grid box that is kept under a 
vacuum.   

   9.    Ideal preparations for both proteomics and cryo-electron 
microscopy will contain monodisperse virions as opposed to 
clumps of virions, few smooth-walled exosomal vesicles, little 
or no stringy released ribonucleoprotein, and will have virions 
covering roughly one-tenth of the grid surface area.      

Coronavirus Purifi cation for Cryo-EM and Proteomics
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      1.    If possible, western blot analysis should be performed against 
the structural proteins of the virus to confi rm the presence of 
viral proteins in the fi nal preparation.   

   2.    If infectivity of the virus is important, the number of infectious 
virus particles in the fi nal preparation should be directly 
assessed by plaque assay or similar means as a retrospective 
measure of quality.   

   3.    Coomassie and silver stained SDS-PAGE can also be performed 
to show the complexity of the sample. As recent proteomic 
studies have shown, the presence of host cell proteins associ-
ated with coronavirus virions is to be expected, but a promi-
nent band between 40 and 50 kDa is indicative of N protein.      

      1.    Protease digestion of purifi ed virions can be used to remove 
proteins outside the coronavirus virion. This should be opti-
mized for each virus and each protease individually. Proteinase 
K is common, and following digestion, repurifi cation by pellet-
ing through a 30 % sucrose cushion can remove the unwanted 
proteinase K. It should be noted that after digestion, removal 
of extra-virion proteins would lighten the density of the virion 
and therefore a longer centrifugation is required to repurify 
virus particles.   

   2.    A wide variety of methods are available to study the coronavi-
rus proteome. Gel based methods are still common and virions 
purifi ed by these methods are compatible with gel based analy-
sis. Direct LC-MS analysis of coronavirus virions is also possi-
ble. Success has been achieved by lysing the virions using 
Rapigest™ (Waters) followed by alkylation, reduction, and 
tryptic digestion before MS.       

4    Notes 

     1.    Larger molecular weight polyethylene glycol preparations tend 
to be too heterogeneous to give the best results.   

   2.    Assuming an average IBV cell culture titer of ~10 6 –10 7  PFU/
ml, and a desired total of ~10 10  infectious particles, prepara-
tions should be made to produce between 1 and 10 l of cell 
culture medium. One-well plates (available from Nalgene) can 
a cost- and space-effective alternative to standard tissue culture 
fl asks for large-scale virus preparation. Due to the simplicity of 
the proteome of the allantoic fl uid of embryonated chicken 
eggs and the high titer of IBV that can be recovered, lower 
volumes of starting material can be expected.   

   3.    Early time points containing little virus can be discarded. 
Both sample purity and virus recovery are dependent on 
concentration.   

3.4  Quality Control 
for Proteomic Analysis

3.5  Proteomic 
Analysis
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   4.    Virus can be collected at 2 h intervals beginning 48 h after 
inoculation to increase the fi nal yield. However, for best results, 
each virus sample should be processed immediately. In general, 
IBV inoculated into embryonated chickens eggs can be har-
vested from 16 h after inoculation, but can only be harvested 
at a single time point.   

   5.    Virus can also be banded at the interface of a 30–50 % two-step 
sucrose gradient. The use of lower-concentration sucrose cush-
ions can be used to study wild-type virions and virus particles 
containing defective mini-genomes that are of lower buoyant 
density [ 5 ].   

   6.    For viruses with cleaved spike proteins, such as most strains of 
IBV, the amount of NaCl added should be reduced to 
1 g/100 ml to minimize damage to the spikes.   

   7.    Decanting quickly reduces the likelihood that some compo-
nents of the pellet will resuspend. Ideally pellets should be 
separated from supernatants within 1 min of the end of 
centrifugation.   

   8.    In general, rapid resuspension, cold temperature, and the min-
imization of mechanical stress will all improve the quality of 
the preparation. Soluble proteins contained in the pellet may 
alter the color to a yellowish hue.   

   9.    The translucent virion pellet may be diffi cult to see and will 
probably not be visible before the supernatant is removed. The 
presence of the pellet can be confi rmed by fl uorescence under 
UV light after the supernatant is decanted, if the tracking dye 
was used. If a pellet is present, the viscosity of the added 
HEPES- saline will increase noticeably upon resuspension.   

   10.    Inactivation techniques should be validated beforehand. Both 
formaldehyde and 2-propiolactone can lose effectiveness over 
time. Amines in some buffers such as Tris–HCl will react with 
formaldehyde, which is why HEPES buffer is recommended 
for use throughout the purifi cation process.   

   11.    The growth of SARS-CoV, FCoV and MHV is not affected by 
short- term treatment with VP-SFM, as outlined here. 
However, cells do grow more slowly in VP-SFM as compared 
to DMEM, and thus VP-SFM is not recommended for the 
initial cell culture step.   

   12.    If left in contact with the supernatant, serum-free PEG pellets 
will resuspended much more quickly than serum-containing 
pellets, and the sample may be lost. It is therefore very impor-
tant to decant the supernatants quickly with serum-free pellets.   

   13.    Alternatively, the sample can be applied as a droplet on which 
the grid is fl oated for 5–10 min. Grids that continually sink in 
the saline or stain droplets likely have suffered extensive dam-
age to the support surface and should not be used.   

Coronavirus Purifi cation for Cryo-EM and Proteomics



108

    1.    Neuman BW, Joseph JS, Saikatendu KS et al 
(2008) Proteomics analysis unravels the func-
tional repertoire of coronavirus nonstructural 
protein 3. J Virol 82:5279–5294  

    2.    Neuman BW, Adair BD, Yeager M et al (2008) 
Purifi cation and electron cryomicroscopy of coro-
navirus particles. Methods Mol Biol 454:129–136  

    3.    Neuman BW, Kiss G, Kunding AH et al (2011) 
A structural analysis of M protein in coronavirus 
assembly and morphology. J Struct Biol 174:
11–22  

    4.    Neuman BW, Kiss G, Al-Mulla HM et al (2013) 
Direct observation of membrane insertion by 
enveloped virus matrix proteins by phosphate 
displacement. PLoS One 8:e57916  

    5.    Morales L, Mateo-Gomez PA, Capiscol C et al 
(2013) Transmissible gastroenteritis corona-
virus genome packaging signal is located at 
the 5’ end of the genome and promotes 
viral RNA incorporation into virions in a 
 replication-independent process. J Virol 87:
11579–11590    

   14.    The effects of the electron beam on large amounts of residual 
stain can cause a “blowout” of the carbon-formvar support 
surface. It is therefore important to remove all excess uranyl 
acetate before visualization. If there is excess stain present, you 
will notice because the grid will stick to the forceps. If this hap-
pens, give the grid one more blot by gently touching the face 
of the grid containing the sample directly onto the fi lter paper, 
dry the forceps with another piece of fi lter paper, and try again.         
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    Chapter 11   

 Partial Purifi cation of IBV and Subsequent Isolation 
of Viral RNA for Next-Generation Sequencing 

           Sarah     M.     Keep     ,     Erica     Bickerton    , and     Paul     Britton   

    Abstract 

   RNA viruses are known for a high mutation rate and rapid genomic evolution. As such an RNA virus 
population does not consist of a single genotype but is rather a collection of individual viruses with closely 
related genotypes—a quasispecies, which can be analyzed by next-generation sequencing (NGS). This 
diversity of genotypes provides a mechanism in which a virus population can evolve and adapt to a chang-
ing environment. Sample preparation is vital for successful sequencing. The following protocol describes 
the process of generating a high-quality RNA preparation from IBV grown in embryonated eggs and then 
partially purifi ed and concentrated through a 30 % sucrose cushion for NGS.  

  Key words     Quasispecies  ,   Next-generation sequencing  ,   RNA  ,   Infectious bronchitis virus (IBV)  

1      Introduction 

 RNA viruses are known for a high mutation rate and rapid genomic 
evolution. As such an RNA virus population does not consist of a 
single genotype but is rather a collection of individual viruses with 
closely related genotypes—a quasispecies [ 1 ]. This diversity of gen-
otypes provides a mechanism in which a virus population can 
evolve and adapt to a changing environment. 

 It is becoming increasingly important to understand virus pop-
ulation dynamics and the evolution of quasispecies. Standard 
RT-PCR and sequencing assembly methods in which genomic 
sequences are generated from the consensus of all aligned reads are 
not suffi cient. To understand the depth of diversity in the popula-
tion, next- generation sequencing (NGS), commonly referred to as 
deep sequencing is used. This process involves the parallel sequenc-
ing of genomic fragments, generating, depending on the protocol 
and sample preparation, thousands to millions of short sequencing 
reads in a single run which ultimately allows for greater coverage at 
each individual nucleotide. 
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 Recent research has utilized NGS to model the mutational 
dynamics of bovine coronavirus during adaptation to new host 
environments, revealing the presence of two distinct circulating 
genotypes that altered in frequency depending on the host cell 
type [ 2 ]. Cotten et al. [ 3 ] studied an outbreak of MERS coronavi-
rus (MERS- CoV) using a combination of NGS from clinical sam-
ples and phylogenetic analysis to map transmission of the virus 
within a hospital, providing information about the emergence and 
evolution of MERS- CoV. A further study incorporating greater 
numbers of clinical samples determined the evolutionary rate of 
MERS-CoV and identifi ed regions of the genome that are under 
positive selection pressure [ 4 ]. 

 Sample preparation is key to successful deep sequencing. It is 
important to enrich the RNA of interest and then to generate a 
high- quality preparation which is DNA free. The following proto-
col describes the process of generating a high-quality RNA prepa-
ration from IBV grown in embryonated eggs, and then partially 
purifi ed and concentrated through a 30 % sucrose cushion, which 
was suitable for use in 454 sequencing requiring a minimum quan-
tity of 200 ng in 19 µl. The growth of IBV in embryonated eggs 
has been described previously and is not discussed in this protocol 
( see  Chapter   7     for further information). It is important to start 
this protocol with allantoic fl uid containing IBV of high titer with 
10 6 –10 7  pfu/ml preferable. The fl uid must also be free of mem-
brane or other solid masses and ideally be free from blood. If the 
IBV in question causes hemorrhaging of the blood vessels, it is 
important to harvest the allantoic fl uid before this happens.  

2    Materials 

      1.    50 ml Falcon tubes.   
   2.    30 % sucrose (w/v) in PBS adjusted to pH 7.2 with HCl, fi l-

tered through 0.22 µm.   
   3.    Refrigerated benchtop centrifuge.   
   4.    SureSpin 630 rotor and Sorvall OTD65B ultracentrifuge or 

equivalent.   
   5.    Beckman ultra-clear (25 × 89 mm) ultracentrifuge tubes or 

equivalent.      

      1.    TRIzol reagent.   
   2.    75 % ethanol.   
   3.    Isopropanol.   
   4.    Chloroform.       

2.1  Partial 
Purifi cation of IBV

2.2  RNA Extraction

Sarah M. Keep et al.
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3    Methods 

       1.    Place 25 ml of IBV-infected allantoic fl uid into a 50 ml Falcon 
tube and centrifuge for 10 min, 1,150 ×  g , 4 °C in a benchtop 
centrifuge ( see   Note 1 ).   

   2.    Take the supernatant and layer on top of 10 ml 30 % sucrose in 
an ultracentrifuge tube ( see   Note 2 ). Balance the tubes carefully.   

   3.    Centrifuge for 4 h, 102,400 ×  g , 4 °C in an ultracentrifuge.   
   4.    Remove the supernatant in layers, careful not to disturb the 

pellet ( see   Note 3 ).   
   5.    Wipe the sides of the tube with tissue and proceed directly to 

the next stage, RNA extraction.      

      1.    Add 1 ml TRIzol reagent directly to the virus pellet from 
 step 5 , Subheading  3.1 . Carefully pipette up and down to mix 
( see   Note 4 ).   

   2.    Incubate for 5 min at room temperature ( see   Note 5 ).   
   3.    Add 200 µl chloroform and mix by shaking for 15 s.   
   4.    Incubate for 3 min at room temperature.   
   5.    Centrifuge in a benchtop centrifuge for 15 min, 4 °C, 12,075 ×  g .   
   6.    Carefully take the aqueous top layer, which should be clear, 

and place in a clean 1.5 ml tube ( see   Note 6 ).   
   7.    Add 0.5 ml isopropanol and incubate for 10 min at room tem-

perature ( see   Note 7 ).   
   8.    Centrifuge for 10 min at 2,100 ×  g , 4 °C in a benchtop 

centrifuge.   
   9.    Carefully remove the supernatant without disturbing the pellet 

( see   Note 8 ).   
   10.    Add 0.75 m 75 % ethanol to the pellet and mix by pipetting.   
   11.    Centrifuge for 10 min, 12,075 ×  g , 4 °C in a benchtop centrifuge.   
   12.    Remove the supernatant, very carefully, and wipe the sides of 

the tube with tissue ( see   Note 9 ).   
   13.    Air-dry the pellet for 5–10 min ( see   Note 10 ).   
   14.    Resuspend the pellet in 25 µl RNAase-free sterile water 

( see   Note 11 ) and store at either −20 or −80 °C.       

4    Notes 

     1.    This fi rst spin is to remove any solid matter from the IBV 
infected allantoic fl uid.   

   2.    It is important that the layers do not mix.   

3.1  Partial 
Purifi cation of IBV

3.2  RNA Extraction

IBV Purifi cation for NGS
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   3.    The pellet will be diffi cult to see and will have a spectacled 
appearance. The pellet should not be colored.   

   4.    Make sure the pellet is completely resuspended in the TRIzol 
reagent.   

   5.    This incubation step allows the TRIzol reagent to break down 
the virus particles.   

   6.    It is important to take the top aqueous layer only. The interface 
or organic layer, which will have a cloudy white appearance, 
contains DNA and protein. It is therefore best to be cautious 
when taking the top layer and is preferable to leave a little bit 
behind rather than risk contaminating the RNA sample.   

   7.    When precipitating RNA from small sample quantities RNase- 
free glycogen can be added at this stage. The glycogen will act 
as a carrier to the aqueous phase but will be co-precipitated 
with the RNA. It is important therefore to consider if this will 
have implications to downstream applications.   

   8.    It is highly unlikely that a pellet will be visible; a little bit of 
faith is required at this stage. It helps to position the tubes in 
the centrifuge so that the general location of the pellet can be 
estimated. It is prudent to keep the supernatant, and store on 
ice, until you are sure the RNA extraction has been successful.   

   9.    Keep the supernatant, and store on ice, until you are sure the 
RNA extraction has been successful.   

   10.    Do not allow the RNA to dry completely as the pellet can lose 
solubility.   

   11.    Make sure the pellet is completely dissolved (partially dissolved 
RNA samples have an A260/280 ratio <1.6) and then assess 
the quantity and quality using a NanoDrop or RiboGreen assay.         
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    Chapter 12   

 Transient Dominant Selection for the Modifi cation 
and Generation of Recombinant Infectious 
Bronchitis Coronaviruses 

           Sarah     M.     Keep     ,     Erica     Bickerton    , and     Paul     Britton   

    Abstract 

   We have developed a reverse genetics system for the avian coronavirus infectious bronchitis virus (IBV) in 
which a full-length cDNA corresponding to the IBV genome is inserted into the vaccinia virus genome 
under the control of a T7 promoter sequence. Vaccinia virus as a vector for the full-length IBV cDNA has 
the advantage that modifi cations can be introduced into the IBV cDNA using homologous recombina-
tion, a method frequently used to insert and delete sequences from the vaccinia virus genome. Here, we 
describe the use of transient dominant selection as a method for introducing modifi cations into the IBV 
cDNA; this has been successfully used for the substitution of specifi c nucleotides, deletion of genomic 
regions, and the exchange of complete genes. Infectious recombinant IBVs are generated in situ following 
the transfection of vaccinia virus DNA, containing the modifi ed IBV cDNA, into cells infected with a 
recombinant fowlpox virus expressing T7 DNA-dependent RNA polymerase.  

  Key words     Transient dominant selection (TDS)  ,   Vaccinia virus  ,   Infectious bronchitis virus (IBV)  , 
  Coronavirus  ,   Avian  ,   Reverse genetics  ,   Nidovirus  ,   Fowlpox virus  ,   T7 RNA polymerase  

1      Introduction 

 Avian infectious bronchitis virus (IBV) is a gammacoronavirus that 
is the aetiological agent of infectious bronchitis (IB); an acute and 
high contagious disease of poultry. Coronaviruses are enveloped 
viruses which replicate in the cell cytoplasm. Coronavirus genomes 
consist of single stranded positive sense RNA, and are the largest of 
all the RNA viruses ranging from approximately 27–32 kb; the 
genome of IBV is 27.6 kb. Molecular analysis of the role of indi-
vidual genes in the pathogenesis of RNA viruses has been advanced 
by the availability of full-length cDNAs, for the generation of 
infectious RNA transcripts that can replicate and result in infec-
tious viruses. The assembly of full-length coronavirus cDNAs was 
hampered due to regions from the replicase gene being unstable in 
bacteria. We therefore devised a reverse genetics strategy for IBV 



116

involving the insertion of a full-length cDNA copy of the IBV 
genome, under the control of a T7 RNA promoter, into the vac-
cinia virus genome in place of the thymidine kinase (TK) gene. 
This was followed by the in situ recovery of infectious IBV in cells 
both transfected with vaccinia virus DNA and infected with a 
recombinant fowlpox virus expressing T7 RNA polymerase [ 1 ]. 

 One of the main advantages of using vaccinia virus as a vector 
for IBV cDNA is its ability to accept large quantities of foreign 
DNA without loss of integrity and stability [ 2 ]. A second and 
equally important advantage is the ability to modify the IBV cDNA 
within the vaccinia virus vector through transient dominant selec-
tion (TDS), a method taking advantage of recombinant events 
between homologous sequences [ 3 ,  4 ]. The TDS method relies on 
a three-step procedure. In the fi rst step, the modifi ed IBV cDNA 
is inserted into a plasmid containing a selective marker under the 
control of a vaccinia virus promoter. In our case we use a plasmid, 
pGPTNEB193 (Fig.  1 ; [ 5 ]), which contains a dominant selective 
marker gene,  Escherichia coli guanine phosphoribosyltransferase  
( Ecogpt ; [ 6 ]), under the control of the vaccinia virus P7.5 K early/
late promoter.  

 In the second step, this complete plasmid sequence is inte-
grated into the IBV sequence within the vaccinia virus genome 
(Fig.  2 ). This occurs as a result of a single cross-over event  involving 

Ecogpt

promoterAsc l
BamHI

Pac l
Xba l
Hincl
Sal l
Pst l

Sphl
HindlII

pGPTNEB193

VV P7.5k

cloning
sites

  Fig. 1    Schematic diagram of the recombination vector for insertion of genes into 
a vaccinia virus genome using TDS. Plasmid pGPTNEB193 contains the  Ecogpt  
selection gene under the control of the vaccinia virus early/late P 7.5K  promoter, a 
multiple cloning region for the insertion of the sequence to be incorporated into 
the vaccinia virus genome and the  bla  gene (not shown) for ampicillin selection 
of the plasmid in  E. coli . For modifi cation of the IBV genome, a sequence corre-
sponding to the region being modifi ed, plus fl anking regions of 500–800 nucleo-
tides for recombination purposes is inserted into the multiple cloning sites using 
an appropriate restriction endonuclease. The plasmid is purifi ed from  E. coli  and 
transfected into Vero cells previously infected with a recombinant vaccinia virus 
containing a full-length cDNA copy of the IBV genome       
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homologous recombination between the IBV cDNA in the 
plasmid and the IBV cDNA sequence in the vaccinia virus genome. 
The resulting recombinant vaccinia viruses (rVV) are highly unsta-
ble due to the presence of duplicate sequences and are only 
maintained by the selective pressure of the  Ecogpt  gene, which 
confers resistance to mycophenolic acid (MPA) in the presence of 
xanthine and hypoxanthine [ 3 ]. In the third step, the MPA-
resistant rVVs are grown in the absence of MPA selection, result-
ing in the loss of the  Ecogpt  gene due to a second single homologous 
recombination event between the duplicated sequences (Fig.  3 ). 
During this third step two recombination events can occur; one 
event will result in the generation of the original (unmodifi ed) IBV 
sequence and the other in the generation of an IBV cDNA con-
taining the desired modifi cation (i.e., the modifi cation within the 
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Modified S gene

Modified region
of S gene

gene 3 gene 5

gene 3 gene 5

S M N

S M N

Single cross-over event
resulting in integration
of complete plasmid DNA
with GPT gene
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vNotl-IBVFL
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  Fig. 2    Schematic diagram demonstrating the TDS method for integrating a modifi ed IBV sequence into the 
full-length IBV cDNA within the genome of a recombinant vaccinia virus (vNotI-IBVFL). The diagram shows a 
potential fi rst single-step recombination event between the modifi ed IBV sequence within pGPTNEB193 and 
the IBV cDNA within vNotI-IBVFL. In order to guarantee a single-step recombination event any potential recom-
binant vaccinia viruses are selected in the presence of MPA; only vaccinia viruses expressing the  Ecogpt  gene 
are selected. The main IBV genes are indicated, the replicase, spike (S), membrane (M) and nucleocapsid (N) 
genes. The IBV gene 3 and 5 gene clusters that express three and two gene products, respectively, are also 
indicated. In the example shown a modifi ed region of the S gene is being introduced into the IBV genome       
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plasmid sequence). In theory these two events will occur at equal 
frequency however in practice this is not necessarily the case.   

 To recover infectious rIBVs from the rVV vector, rVV DNA is 
transfected into primary chick kidney (CK) cells previously infected 
with a recombinant fowlpox virus expressing T7 RNA polymerase 
(rFPV-T7; [ 7 ]). In addition, a plasmid, pCi-Nuc [ 1 ,  8 ], expressing 
the IBV nucleoprotein (N), under the control of both the cyto-
megalovirus (CMV) RNA polymerase II promoter and the T7 
RNA promoter, is co-transfected into the CK cells. Expression of 
T7 RNA polymerase in the presence of the IBV N protein and the 
rVV DNA, containing the full-length IBV cDNA under the control 
of a T7 promoter, results in the generation of infectious IBV RNA, 
which in turn results in the production of infectious rIBVs (Fig.  4 ).  

 The overall procedure is a multistep process which can be 
divided into two parts: the generation of an rVV containing the 
modifi ed IBV cDNA (Fig.  5 ) and the recovery of infectious rIBV 

Unstable Intermediate rVV

Replicase

Replicase

gene 3

S M N

S M N

gene 5

gene 3 gene 5

gpt

I) Back to original IBV
cDNA sequence as in
vNotl-IBVFL II) Integration of

modified IBV sequence

Second cross-over
events resulting
in loss of plasmid
DNA and GPT gene

Recombinant vaccinia virus with
modified IBV cDNA

  Fig. 3    Schematic diagram demonstrating the second step of the TDS method. Integration of the complete 
pGPTNEB193 plasmid into the vaccinia virus genome results in an unstable intermediate because of the pres-
ence of tandem repeat sequences, in this example the 3′ end of the replicase gene, the S gene and the 5′ end 
of gene 3. The second single-step recombination event is induced in the absence of MPA; loss of selection 
allows the unstable intermediate to lose one of the tandem repeat sequences including the  Ecogpt  gene. The 
second step recombination event can result in either (I) the original sequence of the input vaccinia virus IBV 
cDNA sequence, in this case shown as a recombination event between the two copies of the 3′ end of the 
replicase gene which results in loss of the modifi ed S gene sequence along with  Ecogpt  gene; or (II) retention 
of the modifi ed S gene sequence and loss of the original S gene sequence and  Ecogpt  gene as a result of a 
potential recombination event between the two copies of the 5′ end of the S gene sequence. This event results 
in a modifi ed S gene sequence within the IBV cDNA in a recombinant vaccinia virus       
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from the rVV vector (Fig.  4 ). The generation of the  Ecogpt  plas-
mids, based on pGPTNEB193, containing the modifi ed IBV 
cDNA, is by standard  E. coli  cloning methods [ 9 ,  10 ] and is not 
described here. General methods for growing vaccinia virus have 
been published by Mackett et al. [ 11 ] and for using the TDS 
method for modifying the vaccinia virus genome by Smith [ 12 ].   

  Fig. 4    A schematic representation of the recovery process for obtaining rIBV from DNA isolated from a recom-
binant vaccinia virus containing a full-length IBV cDNA under the control of a T7 promoter. ( a ) In addition to the 
vaccinia virus DNA containing the full-length IBV cDNA under the control of a T7 promoter a plasmid, pCI-Nuc, 
expressing the IBV nucleoprotein, required for successful rescue of IBV, is transfected into CK cells previously 
infected with a recombinant fowl pox virus, FPV-T7, expressing T7 RNA polymerase. The T7 RNA polymerase 
results in the synthesis of an infectious RNA from the vaccinia virus DNA that consequently leads to the gen-
eration of infectious IBV being released from the cell. ( b ) Any recovered rIBV present in the media of P 0  CK cells 
is used to infect P 1  CK cells. The media is fi ltered through a 0.22 µm fi lter to remove any FPV-T7 virus. IBV- 
induced CPE is normally observed in the P 1  CK cells following a successful recovery experiment. Any rIBV is 
passaged a further two times, P 2  and P 3 , in CK cells. Total RNA is extracted from the P 1  to P 3  CK cells and the 
IBV-derived RNA analyzed by RT-PCR for the presence of the required modifi cation       
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2    Materials 

      1.    Vero cells.   
   2.    PBSa: 172 mM NaCl, 3 mM KCl, 10 mM Na 2 HPO 4 , and 

2 mM KH 2 PO 4 , adjusted to pH 7.2 with HCl.   
   3.    1× Eagle’s Minimum Essential Medium (E-MEM) with Earle’s 

salts, 2 mM  L -glutamine, and 2.2 g/l sodium bicarbonate.   

2.1  Homologous 
Recombination 
and Transient 
Dominant Selection 
in Vero Cells

Three rounds of plaque
purification of the rVVs in
presence of selection agents

Three rounds of plaque
purification in absence of
selection agents

Small stocks of rVV grown from individual plaques

Screen sequence of rVVs.
50% will contain the desired modification.
50% will revert back to the original sequence

Selection agents:
MPA
Xanthine
Hypoxanthine

Vero cells

GPT
plasmid

Vaccinia
virus

  Fig. 5    Schematic detailing the multistep process of constructing a recombinant vaccinia virus. Vero cells are 
infected with rVV containing IBV cDNA and then transfected with a plasmid containing the IBV sequence to be 
inserted and the selective marker gene  Ecogpt . Homologous recombination occurs and the complete plasmid 
sequence is inserted into the rVV. The  Ecogpt  gene allows positive selection of these rVV as it confers resis-
tance to MPA in the presence of xanthine and hypoxanthine. The viruses are plaque purifi ed three times in the 
presence of selection agents ensuring no wild type VV is present. The removal of the selection agents results 
in a second recombination event with the loss of the  Ecogpt  gene. Plaque purifi cation in the absence of selec-
tion agents not only ensures the loss of the GPT gene but also ensures the maintenance of a single viral popu-
lation. Small stocks of rVV are grown from individual plaques which are screened through PCR for the desired 
modifi cation; this is found in theoretically 50 % of rVVs       
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   4.    BES medium: 1× E-MEM, 0.3 % tryptose phosphate broth 
(TPB), 0.2 % bovine serum albumin (BSA), 20 mM N,N- 
Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), 
0.21 % sodium bicarbonate, 2 mM  L -glutamine, 250 U/ml 
nystatin, 100 U/ml penicillin, and 100 U/ml streptomycin.   

   5.    Opti-MEM 1 with GlutaMAX-1 (Life Technologies).   
   6.    Lipofectin (Life Technologies).   
   7.    Mycophenolic acid (MPA): 10 mg/ml in 0.1 M NaOH 

(30 mM); 400× concentrated.   
   8.    Xanthine: 10 mg/ml in 0.1 M NaOH (66 mM); 40× concen-

trated. Heat at 37 °C to dissolve.   
   9.    Hypoxanthine: 10 mg/ml in 0.1 M NaOH (73 mM); 667× 

concentrated.   
   10.    Screw-top 1.5 ml microfuge tubes with gasket.   
   11.    Cup form sonicator.   
   12.    2× E-MEM: 2× E-MEM, 10 % fetal calf serum, 0.35 % sodium 

bicarbonate, 4 mM  L -glutamine, 1,000 U/ml nystatin, 200 U/
ml penicillin, and 200 U/ml streptomycin.   

   13.    2 % agar.   
   14.     Ecogpt  selection medium: 1× E-MEM, 75 µM MPA, 1.65 mM 

xanthine, 109 µM hypoxanthine, 1 % agar ( see   Note 7 ).   
   15.    Overlay medium: 1× E-MEM, 1 % agar.   
   16.    1 % Neutral red solution (H 2 O).      

      1.    20 mg/ml Proteinase K.   
   2.    2× proteinase K buffer: 200 mM Tris/HCl pH 7.5, 10 mM 

EDTA, 0.4 % SDS, 400 mM NaCl.   
   3.    Phenol–chloroform–isoamyl alcohol (25:24:1).   
   4.    Chloroform.   
   5.    Absolute ethanol.   
   6.    70 % ethanol.   
   7.    QlAamp DNA mini kit (QIAGEN).   
   8.    3 M sodium acetate.      

      1.    BHK-21 maintenance medium: Glasgow-Modifi ed Eagle’s 
Medium (G-MEM), 2 mM  L -glutamine, 0.275 % sodium 
bicarbonate, 1 % fetal calf serum, 0.3 % TPB, 500 U/ml 
nystatin, 100 U/ml penicillin, and 100 U/ml streptomycin.   

   2.    TE buffer: 10 mM Tris–HCl pH 9, 1 mM EDTA.   
   3.    BHK-21 cells.   
   4.    50 ml Falcon tubes.      

2.2  Extraction 
of DNA 
from Recombinant 
Vaccinia Virus

2.3  Production 
of Large Stocks 
of Vaccinia Virus

Modifi cation of IBV by TDS
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      1.    30 % sucrose (w/v) in 1 mM Tris/HCl pH 9, fi ltered through 
0.22 µm.   

   2.    Superspin 630 rotor and Sorvall OTD65B ultracentrifuge or 
equivalent.      

      1.    10× TBE buffer: 1 M Tris, 0.9 M Boric acid pH 8 and 10 mM 
EDTA.   

   2.    Pulsed fi eld certifi ed ultrapure DNA grade agarose.   
   3.    DNA markers (e.g., 8–48 kb markers, Bio-Rad).   
   4.    0.5 mg/ml ethidium bromide.   
   5.    CHEF-DR ®  II pulsed fi eld gel electrophoresis (PFGE) appara-

tus (Bio-Rad) or equivalent.   
   6.    6× sample loading buffer: 62.5 % glycerol, 62.5 mM Tris–HCl 

pH 8, 125 mM EDTA and 0.06 % bromophenol blue.      

      1.    Chicken embryo fi broblast (CEF) cells.   
   2.    CEF maintenance medium: 1× 199 Medium with Earle’s Salts, 

0.3 % TPB, 2 % new born calf serum (NBCS), 0.225 % sodium 
bicarbonate, 2 mM  L -glutamine, 100 U/ml penicillin, 100 U/
ml streptomycin, and 500 U/ml nystatin.      

      1.    Chick kidney (CK) cells.   
   2.    Stock of rFPV-T7 virus.   
   3.    The rVV DNA prepared from large partially purified stocks 

of rVV.   
   4.    Plasmid pCi-Nuc which contains IBV nucleoprotein under the 

control of the CMV and T7 promoters.   
   5.    0.22 µm syringe driven fi lters.   
   6.    5 ml syringes.       

3    Methods 

              1.    Freeze-thaw the vaccinia virus containing the full-length IBV 
cDNA genome to be modifi ed three times (37 °C/dry ice) and 
sonicate for 2 min using a cup form sonicator, continuous 
pulse at 70 % duty cycle, seven output control ( see   Notes 1 – 4 ).   

   2.    Infect six-well plates of 40 % confl uent monolayers of Vero 
cells with the rVV at a multiplicity of infection (MOI) of 0.2. 
Use two independent wells per recombination ( see   Notes 
1 – 4 ).   

   3.    Incubate at 37 °C 5 % CO 2  for 2 h to allow the virus to infect 
the cells.   

2.4  Vaccinia Virus 
Partial Purifi cation

2.5  Analysis 
of Vaccinia Virus DNA 
by Pulse Field Agarose 
Gel Electrophoresis

2.6  Preparation 
of rFPV-T7 Stock Virus

2.7  Recovery of rIBV 
and Serial Passage 
on CK Cells

3.1  Infection/
Transfection of Vero 
Cells 
with Vaccinia Virus
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   4.    After 1 h of incubation, prepare the following solutions for 
transfection:
   Solution A: For each transfection: Dilute 5 µg of modifi ed 

pGPTNEB193 (containing the modifi ed IBV cDNA) in 
1.5 ml of Opti-MEM medium.  

  Solution B: Dilute 12 µl of Lipofectin in 1.5 ml of Opti-MEM 
for each transfection.      

   5.    Incubate solutions A and B separately for 30 min at room 
temperature, then mix the two solutions together and incubate 
the mixture at room temperature for 15 min.   

   6.    During the 15 min incubation, remove the inoculum from the 
vaccinia virus infected cells and wash the cells twice with 
Opti-MEM.   

   7.    Add 3 ml of the transfection mixture (prepared in  step 5 ) to 
each well.   

   8.    Incubate for 60–90 min at 37 °C 5 % CO 2  ( see   Note 5 ).   
   9.    Remove the transfection mixture from each well and replace it 

with 5 ml of BES medium.   
   10.    Incubate the transfected cells overnight at 37 °C, 5 % CO 2 .   
   11.    The following morning add the MXH selection components, 

MPA 12.5 µl, xanthine 125 µl, and hypoxanthine 7.4 µl, 
directly to each well ( see   Note 6 ).   

   12.    Incubate the cells at 37 °C 5 % CO 2  until they display extensive 
vaccinia virus induced cytopathic effect (CPE) (normally 2 
days).   

   13.    Harvest the infected/transfected cells into the cell medium of 
the wells and centrifuge for 3–4 min at 300 ×  g . Discard super-
natant and resuspend the pellet in 400 µl 1× E-MEM and store 
at −20 °C.      

       1.    Freeze-thaw the vaccinia virus produced from Subheading  3.1  
three times and sonicate as described in the previous section 
(Subheading  3.1 ,  step 1 ).   

   2.    Remove the medium from confl uent Vero cells in six-well 
plates and wash the cells once with PBSa.   

   3.    Prepare 10 −1  to 10 −3  serial dilutions of the recombinant vac-
cinia virus in 1× E-MEM.   

   4.    Remove the PBSa from the Vero cells and add 500 µl of the 
diluted virus per well.   

   5.    Incubate for 1–2 h at 37 °C 5 % CO 2 .   
   6.    Remove the inoculum and add 3 ml of the  Ecogpt  selection 

medium ( see   Note 7 ).   

3.2  Plaque 
Purifi cation 
in the Presence of GPT 
Selection Agents: 
Selection of MPA 
Resistant 
Recombinant Vaccinia 
Viruses (GPT +  
Phenotype)
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   7.    Incubate for 3–4 days at 37 °C 5 % CO 2  and stain the cells by 
adding 2 ml of 1× E-MEM containing 1 % agar and 0.01 % 
neutral red.   

   8.    Incubate the cells at 37 °C 5 % CO 2  for 6–24 h and pick two 
to three well isolated plaques for each recombinant, by taking 
a plug of agarose directly above the plaque. Place the plug of 
agar in 400 µl of 1× E-MEM.   

   9.    Perform two further rounds of plaque purifi cation for each 
selected recombinant vaccinia virus in the presence of  Ecogpt  
selection medium, as described in  steps 1 – 8  ( see   Note 8 ).      

       1.    Take the MPA resistant plaque-purifi ed rVVs which have been 
plaque purifi ed a total of three times as described in 
Subheading  3.2  and freeze-thaw and sonicate as described in 
Subheading  3.1 ,  step 1 .   

   2.    Remove the medium from confl uent Vero cells in six-well 
plates and wash the cells with PBSa.   

   3.    Prepare 10 −1  to 10 −3  serial dilutions of the recombinant vaccinia 
virus in 1× E-MEM.   

   4.    Remove the PBSa from the Vero cells and add 500 µl of the 
diluted virus per well.   

   5.    Incubate for 1–2 h at 37 °C 5 % CO 2 .   
   6.    Remove the inoculum and add 3 ml of the overlay medium 

( see   Note 9 ).   
   7.    Incubate for 3–4 days at 37 °C 5 % CO 2  and stain the cells by 

adding 2 ml 1× E-MEM containing 1 % agar and 0.01 % 
neutral red.   

   8.    Incubate the cells at 37 °C 5 % CO 2  for 6–24 h and pick three 
to six well-isolated plaques for each recombinant, by taking a 
plug of agar directly above the plaque. Place the plug of agar in 
400 µl of 1× E-MEM ( see   Note 8 ).   

   9.    Perform two further rounds of plaque purifi cation for each 
selected recombinant vaccinia virus in the presence of selection 
medium, as described in  steps 1 – 8 .      

         1.    Take the MPA sensitive plaque-purifi ed rVVs which have been 
plaque purifi ed a total of three times as described in 
Subheading  3.3  and freeze-thaw and sonicate as described in 
Subheading  3.1 ,  step 1 .   

   2.    Remove the medium from confl uent Vero cells in six-well 
plates and wash the cells with PBSa.   

   3.    Dilute 150 µl of the sonicated rVVs in 350 µl of BES medium.   
   4.    Remove the PBSa from the Vero cells and add 500 µl of the 

diluted rVVs per well.   

3.3  Plaque 
Purifi cation 
in the Absence of GPT 
Selection Agents: 
Selection of MPA 
Sensitive Recombinant 
Vaccinia Viruses (Loss 
of GPT +  Phenotype)

3.4  Production 
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of Recombinant 
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   5.    Incubate at 37 °C and 5 % CO 2  for 1–2 h.   
   6.    Add 2.5 ml per well of BES medium.   
   7.    Incubate the infected Vero cells at 37 °C and 5 % CO 2  until the 

cells show signs of extensive vaccinia virus-induced CPE 
(approx. 4 days).   

   8.    Scrape the Vero cells into the medium, and harvest into 1.5 ml 
screw cap tubes with gaskets.   

   9.    Centrifuge for 3 min at 16,000 ×  g  in a bench top centrifuge.   
   10.    Discard the supernatants and resuspend the cells in a total of 

400 µl of BES cell culture medium and store at −20 °C.      

  There are two methods for DNA extraction: 

      1.    To 100 µl of rVV stock produced in Subheading  3.4 , add 
100 µl 2× proteinase K buffer and 2 µl of the proteinase K 
stock. Gently mix and incubate at 50 °C for 2 h.   

   2.    Add 200 µl of phenol–chloroform–isoamyl alcohol to the pro-
teinase K-treated samples and mix by inverting the tube fi ve to 
ten times and centrifuge at 16,000 ×  g  for 5 min ( see   Note 10 ).   

   3.    Take the upper aqueous phase and repeat  step 2  twice more.   
   4.    Add 200 µl of chloroform to the upper phase and mix and 

centrifuge as in  step 2 .   
   5.    Take the upper phase and precipitate the vaccinia virus DNA 

by adding 2.5 volumes of absolute ethanol; the precipitated 
DNA should be visible. Centrifuge the precipitated DNA at 
16,000 ×  g  for 20 min. Discard the supernatant.   

   6.    Wash the pelleted DNA with 400 µl 70 % ethanol and centri-
fuge at 16,000 ×  g  for 10 min. Discard the supernatant, care-
fully, and remove the last drops of 70 % ethanol using a capillary 
tip.   

   7.    Resuspend the DNA in 30 µl water and store at 4 °C 
( see   Note 11 ).      

      1.    Follow the blood/bodily fl uids spin protocol and start with 
200 µl of rVV stock produced in Subheading  3.4 .   

   2.    Elute the rVV DNA in 200 µl buffer AE (provided in the kit) 
and store at 4 °C.     

 At this stage the extracted rVV DNA is analyzed by PCR and/
or sequence analysis for the presence/absence of the  Ecogpt  
gene and for the modifi cations within the IBV cDNA sequence. 

3.5  DNA Extraction 
from Small Stocks 
of Recombinant 
Vaccinia Virus 
for Screening by PCR

3.5.1  DNA Extraction 
Using Phenol–Chloroform–
Isoamyl Alcohol

3.5.2  Extraction of rVV 
DNA Using the Qiagen 
QlAamp DNA Mini Kit
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Once an rVV is identifi ed that has both lost the  Ecogpt  gene and 
also contains the desired IBV modifi cation, large stocks are pro-
duced. Typically two rVVs will be taken forward at this stage, 
which ideally have been generated from different wells of the 
infection/transfection of Vero cells stage previously described in 
Subheading  3.1 . Once the large stocks of the chosen rVVs have 
been produced, rVV DNA will be extracted and prepared for the 
recovery of rIBV.   

       1.    Freeze-thaw and sonicate the chosen rVV stocks from 
Subheading  3.4  as described in Subheading  3.1 ,  step 1 .   

   2.    Dilute the sonicated virus in BHK-21 maintenance medium 
and infect 11 × T150 fl asks of confl uent monolayers of BHK- 
21 cells using 2 ml of the diluted vaccinia virus per fl ask at a 
MOI of 0.1–1.   

   3.    Incubate the infected cells for 1 h at 37 °C and 5 % CO 2 .   
   4.    Add 18 ml of pre-warmed (37 °C) BHK-21 maintenance 

medium and incubate the infected cells at 37 °C and 5 % CO 2  
until the cells show an advanced CPE (normally about 2–3 
days post-infection). At this stage the cells should easily detach 
from the plastic.   

   5.    Either continue to  step 6  or freeze the fl asks in plastic boxes 
lined with absorbent material and labeled with biohazard tape 
at −20 °C until further use.   

   6.    If prepared from frozen, the fl asks need to be defrosted by 
leaving them at room temperature for 15 min and then at 
37 °C until the medium over the cells has thawed.   

   7.    Tap the fl asks to detach the cells from the plastic, if necessary 
use a cell scraper.   

   8.    Transfer the medium containing the cells to 50 ml Falcon 
tubes and centrifuge at 750 ×  g  for 15 min at 4 °C to pellet the 
cells.   

   9.    Discard the supernatant (99 % of vaccinia virus is cell- associated) 
and resuspend the cells in 1 ml of TE buffer per fl ask.   

   10.    Pool the resuspended cells then aliquot into screw top 
microfuge tubes with gasket and store at −70 °C.   

   11.    Use one 1 ml aliquot of the resuspended cells as a virus stock. 
Use the resuspended cells from the remaining ten fl asks for 
partial purifi cation.      

       1.    Freeze-thaw and sonicate the resuspended cells generated from 
Subheading  3.6  as described in Subheading  3.1 ,  step 1 .   

   2.    Centrifuge at 750 ×  g  for 10 min at 4 °C to remove the cell 
nuclei.   

3.6  Production 
of Large Stocks 
of Vaccinia Virus

3.7  Vaccinia Virus 
Partial Purifi cation
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   3.    Keep the supernatant and add TE buffer to give a fi nal volume 
of 13 ml.   

   4.    Add 16 ml of the 30 % sucrose solution into a Beckman ultra- 
clear (25 × 89 mm) ultracentrifuge tube and carefully layer 13 ml 
of the cell lysate from  step 3  on to the sucrose cushion.   

   5.    Centrifuge the samples using an ultracentrifuge at 36,000 ×  g , 
4 °C for 60 min.   

   6.    The partially purifi ed vaccinia virus particles form a pellet 
under the sucrose cushion. After centrifugation, carefully 
remove the top layer (usually pink) and the sucrose layer with 
a pipette. Wipe the sides of the tube carefully with a tissue to 
remove any sucrose solution.   

   7.    Resuspend each pellet in 5 ml TE buffer and store at −70 °C.      

      1.    Defrost the partially purifi ed vaccinia virus from Subheading  3.7  
at 37 °C.   

   2.    Add 5 ml of pre-warmed 2× proteinase K buffer and 100 µl of 
20 mg/ml proteinase K to the partially purifi ed vaccinia virus 
in a 50 ml Falcon tube. Incubate at 50 °C for 2.5 h ( see   Notes 
1 – 4 ).   

   3.    Transfer into a clean 50 ml Falcon tube.   
   4.    Add 5 ml of phenol–chloroform–isoamyl alcohol, mix by 

inverting the tube fi ve to ten times, and centrifuge at 1,100 ×  g  
in a benchtop centrifuge for 15 min at 4 °C. Transfer the upper 
phase to a clean 50 ml Falcon tube using wide-bore pipette tips 
( see   Notes 10  and  11 ).   

   5.    Repeat  step 3 .   
   6.    Add 5 ml chloroform, mix by inverting the tube fi ve to ten 

times, and centrifuge at 1,100 ×  g  for 15 min at 4 °C. Transfer 
the upper phase into a clean 50 ml Falcon tube.   

   7.    Precipitate the vaccinia virus DNA by adding 2.5 volumes of 
−20 °C absolute ethanol and 0.1 volumes of 3 M sodium ace-
tate. Centrifuge at 1,200 ×  g , 4 °C for 60–90 min. A glassy pel-
let should be visible.   

   8.    Discard the supernatant and wash the DNA using 10 ml 
−20 °C 70 % ethanol. Leave on ice for 5 min and centrifuge at 
1,200 ×  g , 4 °C for 30–45 min. Discard the supernatant and 
remove the last drops of ethanol using a capillary tip. Dry the 
inside of the tube using a tissue to remove any ethanol.   

   9.    Air-dry the pellet for 5–10 min.   
   10.    Resuspend the vaccinia DNA in 100 µl of water. Do not pipette 

to resuspend as shearing of the DNA will occur.   
   11.    Leave the tubes at 4 °C overnight. If the pellet has not dis-

solved totally, add more water.   

3.8  Extraction 
of Vaccinia Virus DNA 
from Large Partially 
Purifi ed rVV Stocks
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   12.    Measure the concentration of the extracted DNA using a 
NanoDrop or equivalent.   

   13.    Store the vaccinia virus DNA at 4 °C. DO NOT FREEZE 
( see   Note 6 ).      

      1.    Prepare 2 l of 0.5×TBE buffer for preparation of the agarose 
gel and as electrophoresis running buffer; 100 ml is required 
for a 12.7 × 14 cm agarose gel and the remainder is required as 
running buffer.   

   2.    Calculate the concentration of agarose that is needed to ana-
lyze the range of DNA fragments to be analyzed. Increasing 
the agarose concentration decreases the DNA mobility within 
the gel, requiring a longer run time or a higher voltage. 
However, a higher voltage can increase DNA degradation and 
reduce resolution. A 0.8 % agarose gel is suitable for separating 
DNA ranging between 50 and 95 kb. A 1 % agarose gel is suit-
able for separating DNA ranging between 20 and 300 kb.   

   3.    Place the required amount of agarose in 100 ml 0.5× TBE buf-
fer and microwave until the agarose is dissolved. Cool to 
approximately 50–60 °C.   

   4.    Clean the gel frame and comb with MQ water followed by 
70 % ethanol. Place the gel frame on a level surface, assemble 
the comb and pour the cooled agarose into the gel frame. 
Remove any bubbles using a pipette tip and allow the agarose 
to set (approx. 30–40 min) and store in the fridge until 
required.   

   5.    Place the remaining 0.5× TBE buffer into the CHEF-DR ®  II 
PFGE electrophoresis tank and switch the cooling unit on. 
Leave the buffer circulating to cool.   

   6.    Digest 1 µg of the DNA with a suitable restriction enzyme 
such as Sal I in a 20 µl reaction.   

   7.    Add the sample loading dye to the digested vaccinia virus DNA 
samples and incubate at 65 °C for 10 min.   

   8.    Place the agarose gel in the electrophoresis chamber; load the 
samples using wide bore tips and appropriate DNA markers 
( see   Note 11 ).   

   9.    The DNA samples are analyzed by PFGE at 14 °C in gels run 
with a 0.1–1.0 s switch time for 16 h at 6 V/cm at an angle of 
120 o  or with a 3.0–30.0 s switch time for 16 h at 6 V/cm 
depending on the concentration of agarose used.   

   10.    Following PFGE, place the agarose gel in a sealable container 
containing 400 ml 0.1 µg/ml ethidium bromide and gently 
shake for 30 min at room temperature.   

   11.    Wash the ethidium bromide-stained agarose gel in 400 ml MQ 
water by gently shaking for 30 min.   

3.9  Analysis 
of Vaccinia Virus DNA 
by Pulsed Field 
Agarose Gel 
Electrophoresis (PFGE)
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   12.    Visualize DNA bands using a suitable UV system for analyzing 
agarose gels. An example of recombinant vaccinia virus DNA 
digested with the restriction enzyme  Sal I  and analyzed by 
PFGE is shown in Fig.  6 .       

  Infectious recombinant IBVs are generated in situ by co- 
transfection of vaccinia virus DNA, containing the modifi ed IBV 
cDNA, and pCi-Nuc (a plasmid containing the IBV N gene) into 
CK cells previously infected with a recombinant fowlpox virus 
expressing the bacteriophage T7 DNA-dependent RNA poly-
merase under the direction of the vaccinia virus P7.5 early-late pro-
moter 8 (rFPV-T7). This protocol covers the procedure for 
preparing a stock of rFPV/T7 by infecting primary avian chicken 
embryo fi broblasts (CEFs). 

 Preparation of a 200 ml stock of rFPV-T7 uses ten T150 fl asks 
containing confl uent monolayers of CEFs.

    1.    Remove the culture growth medium from the cells and infect 
with 2 ml rFPV/T7 at a MOI of 0.1, previously diluted in 
CEF maintenance medium.   

   2.    Incubate the infected cells for 1 h at 37 °C 5 % CO 2  then without 
removing the inoculum add 20 ml of CEF maintenance medium.   

3.10  Preparation 
of rFPV-T7 Stock

  Fig. 6    Analysis of Sal I digested vaccinia virus DNA by PFGE.  Lane 1  shows DNA 
markers and  Lane 2  the digested vaccinia virus DNA. The IBV cDNA used does 
not contain a Sal I restriction site; therefore the largest DNA fragment (~31 kb) 
generated from the recombinant vaccinia virus DNA represents the IBV cDNA 
with some vaccinia virus-derived DNA at both ends       
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   3.    After 4 days post infection check for CPE (90 % of the cells 
should show CPE). Tap the fl asks to detach the cells from the 
plastic and disperse the cells into the medium by pipetting 
them up and down.   

   4.    Harvest into 50 ml Falcon tubes and freeze-thaw the cells 
three times as described in Subheading  3.1 ,  step 1 .   

   5.    Centrifuge at 750 ×  g , 4 °C for 5 min to remove the cell debris. 
Take the supernatant containing the virus stock and store at 
−70 °C until required.   

   6.    Determine the titre of the virus stock using CEF cells. The 
titre should be in the order of 10 6 –10 7  PFU/ml.      

      1.    Wash 40 % confl uent CK cells in six-well plates once with PBSa.   
   2.    Infect the cells with rFPV-T7 at a MOI of 10 in 1 ml of CK cell 

culture medium. Typically we carry out ten replicates per 
recovery experiment.   

   3.    Incubate for 1 h at 37 °C 5 % CO 2 .   
   4.    During this infection period prepare the transfection reaction 

solutions.
   Solution A: 1.5 ml Opti-MEM, 10 µg rVV DNA, and 5 µg 

pCi-Nuc per replicate.  
  Solution B: 1.5 ml Opti-MEM and 30 µl Lipofectin per 

replicate.      
   5.    Incubate solutions A and B at room temperature for 30 min.   
   6.    Mix solutions A and B together producing solution AB, and 

incubate for a further 15 min at room temperature.   
   7.    Remove the rFPV-T7 from each well and wash the CK cells 

twice with Opti-MEM and carefully add 3 ml of solution AB 
per well.   

   8.    Incubate the transfected cells at 37 °C 5 % CO 2  for 16–24 h.   
   9.    Remove the transfection medium from each well and replace 

with 5 ml of BES medium and incubate at 37 °C 5 % CO 2 .   
   10.    Two days after changing the transfection media, when FPV/

IBV-induced CPE is extensive, harvest the cell supernatant 
from each well and using a 5 ml syringe, fi lter through 0.22 µm 
to remove any rFPV-T7 virus present.   

   11.    Store the fi ltered supernatant, referred to as passage 0 (P 0  
CKC) supernatant at −70 °C.      

  To check for the presence of any recovered rIBVs the P 0  CKC 
supernatant is passaged three times, P 1  to P 3 , in CK cells (Fig.  4b ). 
At each passage the cells are checked for any IBV-associated CPE 
and for further confi rmation RNA is extracted from P 3  CKC 
supernatant and is analyzed by RT-PCR ( see   Note 12 ). 

3.11  Infection 
and Transfection of CK 
Cells for the Recovery 
of rIBV

3.12  Serial Passage 
of rIBVs in CK Cells
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 For passage 1 (P 1 ):

    1.    Wash the confl uent CK cells in six-well plates once with PBSa.   
   2.    Add 1 ml of the P 0  CKC supernatant per well and incubate at 

37 °C 5 % CO 2  for 1 h.   
   3.    Without removing the inoculum add 2 ml of BES medium per 

well.   
   4.    Check cells for IBV-associated CPE over the next 2–3 days 

using a bright-fi eld microscope.   
   5.    Harvest the supernatant from each well and store at −70 °C.   
   6.    Repeat  steps 1 – 6  for passages P 2  and P 3  in CK cells.   
   7.    At P 3  any recovered virus is used to prepare a large stock for 

analysis of the virus genotype and phenotype.    

4       Notes 

     1.    Vaccinia virus is classifi ed as a category 2 human pathogen, and 
its use is therefore subject to local regulations and rules that 
have to be followed.   

   2.    Always discard any medium of solution containing vaccinia 
virus into a 1 % solution of Virkon, leave at least 12 h before 
discarding.   

   3.    Flasks of cells infected with vaccinia virus should be kept in 
large plastic boxes, which should be labeled with the word 
vaccinia and biohazard tape. A paper towel should be put on 
the bottom of the boxes to absorb any possible spillages.   

   4.    During centrifugation of vaccinia virus infected cells use sealed 
buckets for the centrifugation to avoid possible spillages.   

   5.    After 2 h of incubation with the transfection mixture, the cells 
begin to die. It is best therefore not to exceed 90 min incubation.   

   6.    It is important that after the addition of each selection agent, 
the medium is mixed to ensure the selection agents are evenly 
distributed. This can be achieved by  gently  rocking/swirling 
the plate.   

   7.    Add an equal volume of 2 % agar to the 2× EMEM containing 
MPA, xanthine and hypoxanthine and mix well before adding 
it to vaccinia virus infected cells. There is skill to making the 
overlay medium and adding it to the cells before the agar sets. 
There are a number of methods including adding hot agar to 
cold medium, or pre warming the medium to 37 °C and add-
ing agar which has been incubated at 50 °C. Despite the 
method chosen it is important that all components of the 
overlay medium are mixed well, and the medium is not too hot 
when it is added to the cells. If there are problems, 1 % agar can 
be substituted with 1 % low melting agarose.   

Modifi cation of IBV by TDS



132

   8.    The fi rst recombinant event in the TDS system will not neces-
sarily occur in the same place in every rVV. It is therefore 
important to pick a number of plaques from the fi rst round of 
plaque purifi cation in presence of GPT selection agents and 
take a variety of them forward. The following two rounds of 
plaque purifi cation in the presence of GPT selection agents 
ensure a single virus population and also that no carry through 
of the input receiver/wild type vaccinia virus has occurred.   

   9.    Previous chapters and protocols have instructed during plaque 
purifi cation in the absence of GPT selection agents to plate 
10 −1  rVV dilution in the presence of GPT selection medium 
and rVV dilutions 10 −2  and 10 −3  in the absence. When there are 
no plaques in the 10 −1  dilution, it means that the rVV has lost 
the GPT gene and the plaques are ready to amplify and check 
for the presence of mutations.   

   10.    There are risks associated with working with phenol–chloro-
form–isoamyl alcohol and chloroform. It is important to check 
the local COSHH guidelines and code of practices.   

   11.    Vaccinia virus DNA is a very large molecule that is very easy to 
shear, therefore when working with the DNA be gentle and use 
wide bore tips or cut the ends off ordinary pipette tips. In addi-
tion always store vaccinia virus DNA at 4 °C; do not freeze as 
this leads to degradation. However, there is an exception to this 
if the vaccinia virus DNA has been extracted using the Qiagen 
QlAamp DNA mini kit, as this DNA will have already been 
sheared (the kit only purifi es intact DNA fragments up to 50 bp). 
This DNA can be stored at −20 °C but it is only suitable for 
analysis of the rVV genome by PCR and is  not  suitable for the 
infection and transfection of CK cells for the recovery of rIBV.   

   12.    There is always the possibility that the recovered rIBV is not 
cytopathic. In this case, check for the presence of viral RNA by 
RT-PCR at passage 3 (P 3 ). It is quite common even with a 
cytopathic rIBV not to see easily defi nable IBV induced CPE 
at P 1  and P 2 . The recovery process is a low probability event 
and the serial passage of rIBVs in CK cells acts as an amplifi ca-
tion step.         
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    Chapter 13   

 Engineering Infectious cDNAs of Coronavirus 
as Bacterial Artifi cial Chromosomes 

              Fernando     Almazán    ,     Silvia     Márquez-Jurado    ,     Aitor     Nogales    , 
and     Luis     Enjuanes    

    Abstract 

   The large size of the coronavirus (CoV) genome (around 30 kb) and the instability in bacteria of plasmids 
carrying CoV replicase sequences represent serious restrictions for the development of CoV infectious 
clones using reverse genetic systems similar to those used for smaller positive sense RNA viruses. To over-
come these problems, several approaches have been established in the last 13 years. Here we describe the 
engineering of CoV full-length cDNA clones as bacterial artifi cial chromosomes (BACs), using the Middle 
East respiratory syndrome CoV (MERS-CoV) as a model.  

  Key words     Coronavirus  ,   MERS  ,   Reverse genetics  ,   Infectious clones  ,   Bacterial artifi cial chromosomes  

1      Introduction 

 Coronaviruses (CoV) are enveloped, single-stranded, positive- 
sense RNA viruses relevant in animal and human health [ 1 ,  2 ]. 
Historically, CoV infection in humans has been associated with 
mild upper respiratory tract diseases [ 1 ]. However, the identifi ca-
tion of the severe acute respiratory syndrome CoV (SARS-CoV) in 
2003 [ 3 ] and the recently emerged (April 2012) Middle East 
respiratory syndrome CoV (MERS-CoV) [ 4 ], which has been 
associated with acute pneumonia, redefi ned historic perceptions 
and potentiated the relevance of CoVs as important human patho-
gens. In this sense, the development of CoV infectious clones pro-
vides a valuable molecular tool to study fundamental viral processes, 
to develop genetically defi ned vaccines, and to test antiviral drugs. 
However, the generation of CoV infectious clones has been ham-
pered for a long time due to the huge size of the CoV genome 
(around 30 kb) and the toxicity of some CoV replicase gene 
sequences during its propagation in bacteria. Recently, these 
 problems were overcome using nontraditional approaches based 
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on the use of bacterial artifi cial chromosomes (BACs) [ 5 ], in vitro 
ligation of cDNA fragments [ 6 ], and vaccinia virus as a vector for 
the propagation of CoV full-length cDNAs [ 7 ,  8 ]. 

 In this chapter we describe the protocol to assemble CoV full- 
length cDNAs in BACs using the MERS-CoV EMC12 strain [ 9 ] 
as an example. In this system, the full-length cDNA copy of the 
viral genome is assembled in the BAC plasmid pBeloBAC11 [ 10 ] 
(Fig.  1 ), a low-copy-number plasmid based on the  Escherichia coli  
( E. coli ) F-factor [ 11 ] that presents a strictly controlled replication 
leading to one or two plasmid copies per cell. This plasmid mini-
mizes the instability problem of several CoV sequences when 
amplifi ed in high-copy-number plasmids, allows the stable mainte-
nance of large DNA fragments in bacteria [ 11 ], and its manipula-
tion is similar to that of conventional plasmids. The cDNA of the 
CoV genome is assembled in the BAC under the control of the 
cytomegalovirus (CMV) immediate-early promoter and it is 
fl anked at the 3ʹ-end by a 25-bp synthetic poly(A) followed by the 
sequences of the hepatitis delta virus (HDV) ribozyme and the 
bovine growth hormone (BGH) termination and polyadenylation 
signals to produce synthetic RNAs bearing authentic 5ʹ- and 
3ʹ-ends of the viral genome. This DNA-launched system couples 
expression of the viral RNA in the nucleus from the CMV pro-
moter [ 12 ] with a second amplifi cation step in the cytoplasm 
driven by the viral polymerase, allowing the recovery of infectious 
virus from the cDNA clone without the need for in vitro ligation 
and transcription steps. Although some splicing events could occur 
during the nuclear expression of the viral genome, the effi ciency of 
this phenomenon is very low and does not affect the recovery of 
infectious virus [ 5 ].  

 The BAC approach, originally applied to the transmissible gas-
troenteritis coronavirus (TGEV) [ 5 ] ,  has been successfully used to 
engineer the infectious clones of the feline infectious peritonitis virus 
(FIPV) [ 13 ] and the human CoVs (HCoVs): HCoV-OC43 [ 14 ], 

  Fig. 1    Schematic of plasmid pBeloBAC11. The regulatory genes  parA ,  parB ,  parC , 
and  repE , the F-factor replication origin ( OriS ), the chloramphenicol resistance 
gene ( Cm   r  ), the  lacZ  gene, and the restriction sites that can be used to clone 
foreign DNAs are indicated       
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SARS-CoV [ 15 ], and MERS-CoV [ 16 ], and it is potentially appli-
cable to the cloning of other CoV cDNAs, other viral genomes, and 
large-size RNAs of biological relevance.  

2    Materials 

 To reach optimal results, all solutions should be prepared using 
pure Milli-Q grade water (resistivity of 18.2 MΩ/cm at 25 °C) and 
analytical grade reagents. 

       1.    Plasmid pBeloBAC11 [ 10 ]. This plasmid contains genes  parA , 
 parB , and  parC  derived from the  E. coli  F-factor to ensure the 
accurate partitioning of plasmids to daughter cells, avoiding 
the possibility of coexistence of multiple BACs in a single cell. 
In addition, this plasmid carries gene  repE  and the element 
 oriS  involved in initiation and orientation of DNA replication, 
the chloramphenicol resistance gene ( Cm   r  ), the  lacZ  gene to 
allow color-based identifi cation of recombinants by 
α-complementation, and the restriction sites ApaLI, SfoI, 
BamHI, HindIII, and Sfi I to clone large DNA fragments 
(Fig.  1 ).   

   2.    pBeloBAC11 -StuI  ,  a pBeloBAC without the StuI restriction site.   
   3.     E. coli  DH10B strain [F −   mcr A ∆ ( mrr - hsd RMS- mcr BC) 

Ø80d lac Z ∆M15 ∆ lac X74  deo R  rec A1  end A1  ara D139 
( ara, leu )7697  gal U  gal K λ −   rps L  nup G] ( see   Note 1 ).   

   4.    DH10B electrocompetent cells. These bacterial cells could be 
purchased or prepared following the procedure described in 
Subheading  3.2.3 .      

      1.    LB medium: 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 
1 % (w/v) NaCl. Adjust the pH to 7.0 with 5 N NaOH. Sterilize 
by autoclaving on liquid cycle.   

   2.    LB agar plates: LB medium containing 15 g/l of Bacto Agar. 
Prepare LB medium and just before autoclaving add 15 g/l of 
Bacto Agar. Sterilize by autoclaving on liquid cycle and dis-
pense in 90-mm petri plates.   

   3.    LB agar plates containing 12.5 µg/ml chloramphenicol. After 
autoclaving the LB agar medium, allow the medium to cool to 
45 °C, add the chloramphenicol to a fi nal concentration of 
12.5 µg/ml from a stock solution of 34 mg/ml, and dispense 
in 90-mm petri plates.   

   4.    SOB medium: 2 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 
0.05 % (w/v) NaCl, 2.5 mM KCl. Adjust the pH to 7.0 
with 5 N NaOH and sterilize by autoclaving on liquid cycle 
( see   Note 2 ).   

2.1  Assembly 
and Manipulation 
of BAC Clones

2.1.1  Plasmids 
and Bacterial Strains

2.1.2  Culture Media 
for  E. coli 
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   5.    SOC medium: SOB medium containing 10 mM MgCl 2 , 
10 mM MgSO 4 , 20 mM glucose. After autoclaving the SOB 
medium, cool to 45 °C and add the MgCl 2 , MgSO 4  and glu-
cose from fi lter sterilized 1 M stock solutions.      

      1.    Restriction endonucleases.   
   2.    Shrimp alkaline phosphatase.   
   3.    T4 DNA ligase.   
   4.    Taq DNA polymerase.   
   5.    High-fi delity thermostable DNA polymerase.   
   6.    Reverse transcriptase.   
   7.    dNTPs.   
   8.    Enzyme reaction buffers. Use the buffer supplied with the 

enzyme by the manufacturer.      

      1.    LB freezing buffer: 40 % (v/v) glycerol in LB medium. 
Sterilize by passing it through a 0.45-µm disposable fi lter.   

   2.    Chloramphenicol stock (34 mg/ml). Dissolve solid chloram-
phenicol in ethanol to a fi nal concentration of 34 mg/ml and 
store the solution in a light-tight container at –20 °C. This 
solution does not have to be sterilized.   

   3.    Ice-cold 10 % glycerol in sterile water.      

      1.    Qiagen QIAprep Miniprep Kit.   
   2.    Qiagen Large-Construct Kit.   
   3.    Qiagen QIAEX II Kit.      

      1.    Equipment for electroporation.   
   2.    Cuvettes fi tted with electrodes spaced 0.2 cm.       

       1.    Baby hamster kidney cells (BHK-21).   
   2.    Human liver-derived Huh-7 cells ( see   Note 3 ).      

      1.    Cell growth medium: Dulbecco’s Modifi ed Eagle Medium 
(DMEM) supplemented with 1 % nonessential amino acids, 
gentamicin (50 mg/ml), and 10 % fetal calf serum (FCS).   

   2.    Opti-MEM I Reduced Serum Medium.   
   3.    Trypsin–EDTA solution: 0.25 % (w/v) trypsin, 0.02 % (w/v) 

EDTA.   
   4.    Lipofectamine 2000.        

2.1.3  Enzymes 
and Buffers

2.1.4  Special Buffers 
and Solutions

2.1.5  Reagents

2.1.6  Special Equipment

2.2  Rescue 
of Recombinant 
Viruses

2.2.1  Cells

2.2.2  Cell Culture 
Medium, Solutions 
and Reagents
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3    Methods 

  The basic strategy for the generation of CoV infectious clones 
using BACs is described for the MERS-CoV EMC12 strain 
(GenBank accession number JX869059) [ 9 ] as a model (Fig.  2 ).  

      1.    The fi rst step for the assembly of the full-length cDNA clone 
is the selection of appropriate restriction endonuclease sites in 
the viral genome. These restriction sites must be absent in the 
BAC plasmid ( see   Note 4 ). In the case of MERS-CoV, the 
restriction sites BamHI (genomic position 806), StuI (genomic 
positions 7,620 and 9,072), SwaI (genomic position 20,898), 
and PacI (genomic position 25,836) were selected to assemble 
the infectious clone (Fig.  2 ).   

3.1  Assembly 
of Full-Length CoV 
cDNAs in BACs

3.1.1  Selection 
of Restriction 
Endonuclease Sites 
in the Viral Genome

  Fig. 2    Strategy to assemble a MERS-CoV infectious cDNA clone as a BAC. After selection of appropriate restric-
tion sites in the genome of the MERS-CoV EMC12 strain ( top  of the fi gure), the intermediate plasmid pBAC-
MERS- CoV 5′–3′ was generated and used as the backbone to assemble the full-length cDNA clone 
(pBAC-MERS-CoV FL ) by sequential cloning of four overlapping cDNA fragments (MERS-1 to MERS-4) covering 
the entire viral genome. The full-length clone is assembled in BAC under the control of the CMV promoter and 
it is fl anked at the 3′-end by a 25-bp poly(A) tail (pA) followed by the HDV ribozyme (Rz) and the BGH termina-
tion and polyadenylation sequences (BGH). The viral genes (ORF 1a, ORF 1b, S, 3, 4a, 4b, 5, E, M, and N), rel-
evant restriction sites (genomic positions in  brackets ) and the genetic marker (T to C) introduced at position 
20,761 to abrogate the SwaI restriction site at position 20,760 are indicated.  L  leader sequence,  UTR  untrans-
lated region. Figure adapted from ref. [ 16 ]       
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   2.    In case that no adequate restriction sites were available in the 
viral genome, new restriction sites, appropriately spaced in the 
viral genome, could be generated by the introduction of silent 
mutations. In addition, natural restriction sites could be elimi-
nated following the same approach to facilitate the assembly of 
the infectious clone ( see   Note 5 ).      

  The assembly of the infectious clone in a BAC is facilitated by the 
construction of an intermediate BAC plasmid containing the 
5ʹ-end of the genome (until the fi rst restriction site selected) under 
the control of the CMV promoter, a multicloning site containing 
the restriction sites selected in the fi rst step, and the 3ʹ-end of the 
genome (from the last restriction site selected to the end of the 
genome) followed by a 25-nt poly(A) tail, the HDV ribozyme, and 
the BGH termination and polyadenylation sequences. All these 
elements have to be precisely assembled to produce synthetic 
RNAs bearing authentic 5ʹ- and 3ʹ-ends of the viral genome. 
A detailed protocol for the generation of the MERS-CoV interme-
diate plasmid, pBAC-MERS-CoV 5ʹ-3ʹ, is described next (Fig.  2 ).

    1.    Generate by chemical synthesis a DNA fragment containing 
the CMV promoter [ 12 ] precisely fused to the fi rst 811 nt of 
the viral genome (from the fi rst nucleotide to the restriction 
site BamHI), fl anked at the 5ʹ- and 3ʹ-ends by restriction sites 
SfoI and BamHI, respectively. Alternatively, this DNA frag-
ment could be generated by PCR using two overlapping PCR 
fragments as template ( see   Notes 6  and  7 ). One of these frag-
ments should contain the CMV promoter fl anked at the 5ʹ-end 
by the restriction site SfoI and at the 3ʹ-end by the 20 fi rst 
nucleotides of the genome as overlapping sequence. The sec-
ond overlapping PCR fragment should expand from the fi rst 
nucleotide to the restriction site BamHI.   

   2.    The generated DNA fragment is digested with SfoI and 
BamHI, and cloned into pBeloBAC11 -StuI  digested with the 
same restriction enzymes to generate the plasmid pBAC-
MERS-CoV 5ʹ.   

   3.    Generate a second DNA fragment, containing the last 4,272 nt 
of the viral genome (from the restriction site PacI at genomic 
position 25,836 to the end of the genome) precisely joined to 
a 25-nt poly(A) tail, the HDV ribozyme, and the BGH termi-
nation and polyadenylation sequences, fl anked at the 5ʹ-end 
by a multicloning site with the restriction sites selected before 
(BamHI, StuI, SwaI, and PacI) and at the 3ʹ-end by the rest-
riction site Sfi I. This DNA fragment could be generated by 
chemical synthesis or by overlapping PCR as described before 
( see   Notes 6  and  7 ).   

   4.    Digest with BamHI and Sfi I the second DNA fragment (con-
taining the multicloning site, the viral 3ʹ-end followed by the 

3.1.2  Construction 
of an Intermediate BAC 
Plasmid as the Backbone 
to Assemble the Full- 
Length cDNA Clone
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poly(A) tail, and the HDV-BGH sequences) and clone it into 
the plasmid pBAC-MERS-CoV 5ʹ digested with the same 
restriction enzymes to generate the intermediate plasmid 
pBAC-MERS-CoV 5ʹ-3ʹ (Fig.  2 ).   

   5.    After each cloning step, the integrity of the cloned DNA frag-
ments is verifi ed by restriction analysis and sequencing.    

        1.    The full-length cDNA clone (pBAC-MERS-CoV FL ) is assem-
bled by sequential cloning of overlapping DNA fragments 
(MERS-1 to MERS-4), covering the entire viral genome, into 
the intermediate plasmid pBAC-MERS-CoV 5ʹ-3ʹ using the 
restriction sites selected in the fi rst step of the cloning strategy 
(Fig.  2 ) ( see   Note 8 ).   

   2.    The overlapping DNAs fl anked by the appropriated restriction 
sites are generated either by chemical synthesis or by standard 
reverse transcriptase PCR (RT-PCR) ( see   Note 6 ) using spe-
cifi c oligonucleotides and total RNA from infected cells as tem-
plate. In the case of fragment MERS-3, a silent mutation (T to 
C) was introduced at position 20,761 to abrogate the SwaI 
restriction site at position 20,760. This mutation facilitates the 
cloning process and can be used as a genetic marker to identify 
the virus recovered from the full-length cDNA clone.   

   3.    The genetic integrity of the cloned DNAs is verifi ed through-
out the subcloning and assembly process by extensive restric-
tion analysis and sequencing.       

  One of the major advantages of using BAC vectors to generate 
infectious clones is that the manipulation of BAC clones is rela-
tively easy and essentially the same as that of a conventional plas-
mid with slight modifi cations due to the huge size of the BAC 
clones and the presence of this plasmid in only one or two copies 
per cell [ 11 ]. The amplifi cation and isolation of BAC plasmids is 
performed using standard procedures described for conventional 
plasmids but using large volumes of bacterial cultures. 

   Small amounts of BAC DNAs are prepared from 5 ml cultures of 
BAC transformed DH10B cells by the alkaline lysis method. Any 
commercial kit could be used, but we suggest the QIAprep 
Miniprep Kit (Qiagen) following the recommendations for 
 purifi cation of large low-copy plasmids.

    1.    Streak the bacterial stock containing the BAC plasmid onto a 
LB agar plate containing 12.5 µg/ml chloramphenicol and 
incubate for 16 h at 37 °C ( see   Note 9 ).   

   2.    Inoculate a single colony in 5 ml of LB medium plus 12.5 µg/ml 
chloramphenicol in a fl ask with a volume of at least four times 
the volume of the culture and incubate for 16 h at 37 °C with 
vigorous shaking (250 rpm) ( see   Note 10 ).   

3.1.3  Assembly 
of the Full-Length 
cDNA Clone

3.2  Generation 
and Manipulation 
of BAC Clones

3.2.1  Isolation of BAC 
Plasmids from Small-Scale 
Cultures
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   3.    Harvest the bacterial cells in 15 ml centrifuge tubes by cen-
trifugation at 6,000 ×  g  for 10 min at 4 °C and pour off the 
supernatant fl uid.   

   4.    Purify the BAC plasmid following the manufacturer’s instruc-
tions. Owing to the size of BAC DNAs and the need to use 
large culture volumes, we recommend duplicating the volume 
of buffers P1, P2, and N3, performing the optional wash step 
with buffer PB, and eluting the DNA from the QIAprep mem-
brane using buffer EB preheated at 70 °C ( see   Note 11 ).   

   5.    Depending of the BAC size, yields of 0.1–0.4 µg can be 
obtained. Although the BAC DNA prepared by this method is 
contaminated with up to 30 % of bacterial genomic DNA, it is 
suitable for analysis by restriction enzyme digestion or PCR.      

   Large-scale preparation of ultrapure BAC DNA suitable for all crit-
ical applications, including subcloning, DNA sequencing or trans-
fection experiments, is performed by alkaline lysis with the Qiagen 
Large-Construct Kit, which has been specifi cally developed and 
adapted for BAC purifi cation. This kit integrates an ATP-dependent 
exonuclease digestion step that enables effi cient removal of bacte-
rial genomic DNA contamination to yield ultrapure BAC DNA.

    1.    Inoculate a single colony from a freshly streaked plate (LB agar 
plate containing 12.5 µg/ml chloramphenicol) ( see   Note 9 ) in 
5 ml of LB medium containing 12.5 µg/ml chloramphenicol 
and incubate for 8 h at 37 °C with vigorous shaking (250 rpm).   

   2.    Dilute 1 ml of the culture into 500 ml of selective LB medium 
( see   Note 10 ) pre-warmed to 37 °C and grow the cells with 
vigorous shaking (250 rpm) in a 2 l fl ask at 37 °C for 12–16 h, 
to an OD at 550 nm between 1.2 and 1.5. This cell density 
typically corresponds with the transition from a logarithmic to 
a stationary growth phase ( see   Note 12 ).   

   3.    Harvest the bacterial cells by centrifugation at 6,000 ×  g  for 
15 min at 4 °C and purify the BAC DNA with the Qiagen 
Large-Construct Kit according to the manufacturer’s specifi -
cations ( see   Note 13 ). Depending of the BAC size, yields of 
20–35 µg of ultrapure BAC DNA can be obtained.      

   Owing to the large size of BAC plasmids, the cloning of DNA frag-
ments in BACs requires the use of DH10B competent cells with 
transformation effi ciencies higher than 1 × 10 8  transformant colo-
nies per µg of DNA. These effi ciencies are easily obtained by the 
electroporation method, which is more reproducible and effi cient 
than the chemical methods. Here we described the protocol for 
preparing electrocompetent DH10B cells from 1 l of bacterial cul-
ture. All the steps of this protocol should be carried out under 
sterile conditions.

3.2.2  Isolation 
of Ultrapure BAC Plasmids 
from Large-Scale Cultures

3.2.3  Preparation 
of DH10B Competent Cells 
for Electroporation
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    1.    Inoculate a single colony of DH10B cells from a freshly 
streaked LB agar plate into a fl ask containing 10 ml of SOB 
medium and incubate the culture overnight at 37 °C with vig-
orous shaking (250 rpm).   

   2.    Dilute 1 ml of the overnight culture into 1 l of SOB medium 
pre-warmed at 37 °C and grow the cells with vigorous shaking 
(250 rpm) in a 2 l fl ask at 37 °C until the OD at 550 nm 
reaches 0.7 (this can take 4–5 h) ( see   Note 14 ).   

   3.    Transfer the fl ask to an ice-water bath for about 20 min. Swirl 
the culture occasionally to ensure that cooling occurs evenly. 
From this point on, it is crucial that the temperature of the 
bacteria not rise above 4 °C.   

   4.    Divide the bacteria culture in two ice-cold 500 ml centrifuge 
bottles and harvest the cells by centrifugation at 6,000 ×  g  
for 10 min at 4 °C. Discard the supernatant and resuspend 
each cell pellet in 500 ml of ice-cold 10 % glycerol in sterile 
water.   

   5.    Harvest the cells by centrifugation at 6,000 ×  g  for 15 min at 
4 °C. Carefully pour off the supernatant and resuspend each 
cell pellet in 250 ml of ice-cold 10 % glycerol ( see   Note 15 ).   

   6.    Repeat  step 5  reducing the resuspension volume to 125 ml 
from each cell pellet.   

   7.    Harvest the cells by centrifugation at 6,000 ×  g  for 15 min at 
4 °C. Carefully pour off the supernatant ( see   Note 15 ) and 
remove any remaining drops of buffer using a Pasteur pipette 
attached to a vacuum line.   

   8.    Resuspend the cells in a fi nal volume of 3 ml ice-cold 10 % 
glycerol, avoiding the generation of bubbles. This volume has 
been calculated to reach an optimal cell concentration of 
2–4 × 10 10  cells/ml.   

   9.    Transfer 50 µl of the suspension to an ice-cold electroporation 
cuvette (0.2-cm gap) and test whether arcing occurs when an 
electrical discharge is applied with the electroporation appara-
tus using the conditions described in Subheading  3.2.6 ,  step 4 . 
Arcing is usually manifested by the generation of a popping 
sound in the cuvette during the electrical pulse. If arcing 
occurs, wash the cell suspension once more with 100 ml 10 % 
glycerol and repeat  steps 7  and  8 .   

   10.    Dispense 100 µl aliquots of the fi nal cell suspension into ster-
ile, ice-cold 1.5 ml microfuge tubes, freeze quickly in a dry 
ice–methanol bath, and transfer to a –70 °C freezer. 
Electrocompetent DH10B cells could be stored at –70 °C for 
up to 6 months without loss of transforming effi ciency.    

Coronavirus Infectious Clones as BAC
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    The same standard techniques used for the cloning of DNA in 
conventional plasmids are applied to BACs with special consider-
ations owing to the large size of BAC plasmids.

    1.    Digest the BAC vector and foreign DNA with a two- to three-
fold excess of the desired restriction enzymes for 3 h using the 
buffers supplied with the enzymes and check a small aliquot of 
the digestions by agarose gel electrophoresis to ensure that the 
entire DNA has been cleaved. Use an amount of target DNA 
suffi cient to yield 2 µg of the BAC vector and 0.25–0.5 µg of 
the desired DNA insert.   

   2.    When two enzymes requiring different buffers are used to 
digest the DNA, carry out the digestion sequentially with 
both enzymes. Clean the DNA after the fi rst digestion by 
extraction with phenol–chloroform and standard ethanol pre-
cipitation or by using the Qiagen QIAEX II Gel Extraction Kit 
following the manufacturer’s instructions for purifying DNA 
fragments from aqueous solutions ( see   Note 16 ).   

   3.    Purify the digested BAC vector and the DNA insert by agarose 
gel electrophoresis using the Qiagen QIAEX II Gel Extraction 
Kit following the manufacturer’s instructions ( see   Note 16 ).   

   4.    Determine the concentration of the BAC vector and the insert 
by UV spectrophotometry or by quantitative analysis on an 
agarose gel.   

   5.    If the BAC vector was digested with only one restriction 
enzyme or with restriction enzymes leaving compatible or 
blunt ends, the digested BAC vector has to be dephosphory-
lated prior to its purifi cation by agarose gel electrophoresis to 
suppress self- ligation of the BAC vector. We recommend 
cleaning the DNA before the dephosphorylation reaction as 
described in  step 2  and using shrimp alkaline phosphatase fol-
lowing the manufacturer’s specifi cations.      

      1.    For protruding-ended DNA ligation, mix in a sterile microfuge 
tube 150 ng of purifi ed digested BAC vector, an amount of 
the purifi ed insert equivalent to a molar ratio of insert to vec-
tor of 3:1, 1.5 µl of 10× T4 DNA ligase buffer containing 
10 mM ATP, 3 Weiss unit of T4 DNA ligase, and water to a 
fi nal volume of 15 µl. In separate tubes, set up two additional 
ligations as controls, one containing only the vector and the 
other containing only the insert. Incubate the reaction mix-
tures for 16 h at 16 °C ( see   Note 17 ).   

   2.    In the case of blunt-ended DNAs, to improve the ligation effi -
ciency use 225 ng of vector, the corresponding amount of 
insert, 6 Weiss unit of T4 DNA ligase, and incubate the reac-
tion mixtures for 20 h at 14 °C.      

3.2.4  Cloning of DNA 
Fragments in BACs: 
Preparation of BAC Vectors 
and DNA Inserts

3.2.5  Ligation Reaction
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       1.    Thaw the electrocompetent DH10B cells at room tempera-
ture and transfer them to an ice bath.   

   2.    For each transformation, pipette 50 µl of electrocompetent 
cells into an ice-cold sterile 1.5 ml microfuge tube and place it 
on ice together with the electroporation cuvettes.   

   3.    Dilute 2.5 µl of the ligation reaction (about 25 ng of DNA) in 
47.5 µl of sterile water, mix with the competent cells and incu-
bate the mixture on ice for 1 min. For routine transformation 
with supercoiled BACs, add 0.1 ng of DNA in a fi nal volume of 
2 µl. Include all the appropriate positive and negative controls.   

   4.    Set the electroporation machine to deliver an electrical 
pulse of 25 µF capacitance, 2.5 kV, and 100 Ω resistance 
( see   Note 18 ).   

   5.    Add the DNA–cells mixture into the cold electroporation 
cuvette avoiding bubbles formation and ensuring that the 
DNA–cells mixture sits at the bottom of the cuvette. Dry the 
outside of the cuvette with fi lter paper and place the cuvette in 
the electroporation device.   

   6.    Deliver an electrical pulse at the settings indicated above. 
A time constant of 4–5 ms should be registered on the machine 
( see   Note 19 ).   

   7.    Immediately after the electrical pulse, remove the cuvette and 
add 1 ml of SOC medium pre-warmed at room temperature.   

   8.    Transfer the cells to a 17 × 100-mm polypropylene tube and 
incubate the electroporated cells for 50 min at 37 °C with 
gentle shaking (250 rpm).   

   9.    Plate different volumes of the electroporated cells (2.5, 20, and 
200 µl) onto LB agar plates containing 12.5 µg/ml chloram-
phenicol and incubate them at 37 °C for 16–24 h ( see   Note 20 ).      

  The recombinant colonies containing the insert in the correct ori-
entation are identifi ed by direct PCR analysis using specifi c oligo-
nucleotides and conventional Taq DNA polymerase ( see   Note 21 ).

    1.    For each bacterial colony prepare a PCR tube with 25 µl of 
sterile water.   

   2.    Using sterile yellow tips, pick the bacterial colonies, make 
small streaks (2–3 mm) on a fresh LB agar plate containing 
12.5 µg/ml chloramphenicol to make a replica, and transfer 
the tips to the PCR tubes containing the water ( see   Note 22 ). 
In separate tubes, set up positive and negative controls. Leave 
the tips inside the PCR tubes for 5 min at room temperature.   

   3.    During this incubation time, prepare a 2× master mix contain-
ing 2× PCR buffer, 3 mM MgCl 2  (it has to be added only in 
the case that the PCR buffer does not contain MgCl 2 ), 0.4 mM 
dNTPs, 2 µM of each primer, and 2.5 U of Taq DNA 

3.2.6  Transformation 
of DH10B Competent Cells 
by Electroporation

3.2.7  Screening 
of Bacterial Colonies 
by PCR
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 polymerase per each 25 µl of master mix. Prepare the appro-
priate amount of 2× master mix taking into consideration that 
the analysis of each colony requires 25 µl of this master mix.   

   4.    Remove the yellow tip and add 25 µl of 2× master mix to each 
PCR tube.   

   5.    Transfer the PCR tubes to the thermocycler and run a stan-
dard PCR, including an initial denaturation step at 95 °C for 
5 min to liberate and denature the DNA templates and to 
inactivate proteases and nucleases.   

   6.    Analyze the PCR products by electrophoresis through an aga-
rose gel.   

   7.    Pick the positive colonies from the replica plate and isolate the 
BAC DNA as described in Subheadings  3.2.1  and  3.2.2  for 
further analysis.    

        1.    Mix 0.5 ml of LB freezing buffer with 0.5 ml of an overnight 
bacterial culture in a cryotube with a screw cap.   

   2.    Vortex the culture to ensure that the glycerol is evenly dis-
persed, freeze in ethanol–dry ice, and transfer to –70 °C for 
long-term storage.   

   3.    Alternatively, a bacterial colony can be stored directly from the 
agar plate without being grown in liquid media. Using a sterile 
yellow tip, scrape the bacteria from the agar plate and resus-
pend the cells into 200 µl of LB medium in a cryotube with a 
screw cap. Add an equal volume of LB freezing buffer, vortex 
the mixture, and freeze the bacteria as described in  step 2  
( see   Note 23 ).      

  The modifi cation of BAC clones is relatively easy and it is per-
formed using the same techniques as for conventional plasmids 
with the modifi cations described in this chapter. We recommend 
introducing the desired modifi cations into intermediate BAC plas-
mids containing the different viral cDNA fragments used during 
the assembly of the full-length cDNA clone, and then inserting the 
modifi ed cDNA into the infectious clone by restriction fragment 
exchange. Besides standard protocols, the BAC clones can be easily 
and effi ciently modifi ed in  E. coli  by homologous recombination 
using a two-step procedure that combines the Red recombination 
system and counterselection with the homing endonuclease I-SceI 
[ 17 – 20 ] ( see   Note 24 ).   

  Infectious virus is recovered by transfection of susceptible cells 
with the full-length cDNA clone using the cationic lipid 
Lipofectamine 2000 as transfection reagent ( see   Note 25 ). When 
the transfection effi ciency of the susceptible cells is very low, we 
recommend fi rst transfecting BHK-21 cells and then plating these 

3.2.8  Storage 
of Bacterial Cultures

3.2.9  Modifi cation 
of BAC Clones

3.3  Rescue 
of Recombinant 
Viruses
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cells over a monolayer of susceptible cells to allow virus propaga-
tion. BHK-21 cells are selected because they present good trans-
fection effi ciencies and support the replication of most known 
CoVs after transfection of the viral genome. The following proto-
col is indicated for a 35-mm-diameter dish and can be upscaled or 
downscaled if desired ( see   Note 26 ).

    1.    One day before transfection, plate 4 × 10 5  BHK-21 cells in 
2 ml of growth medium without antibiotics to obtain 90–95 % 
confl uent cell monolayers by the time of transfection ( see   Note 
27 ). Also plate susceptible cells (Huh-7 cells in the case of 
MERS- CoV) at the required confl uence for the amplifi cation 
of the recombinant virus after transfection.   

   2.    Before transfection, equilibrate the Opti-MEM I Reduced 
Serum Medium at room temperature and put the DNA ( see  
 Note 28 ) and the Lipofectamine 2000 reagent on ice. For 
each transfection sample, prepare transfection mixtures in ster-
ile microfuge tubes as follows:
    (a)    Dilute 5 µg of the BAC clone in 250 µl of Opti-MEM 

medium. Mix carefully, avoiding prolonged vortexing or 
pipetting to prevent plasmid shearing.   

   (b)    Mix Lipofectamine 2000 gently before use. Dilute 12 µl 
of Lipofectamine 2000 in 250 µl of Opti-MEM medium 
( see   Note 29 ), mix by vortexing, and incubate the diluted 
Lipofectamine 2000 at room temperature for 5 min.   

   (c)    Combine the diluted DNA with diluted Lipofectamine 
2000, mix carefully, and incubate for 20 min at room 
temperature.    

      3.    During this incubation period, wash the BHK-21 cells once 
with growth medium without antibiotics and leave the cells in 
1 ml of the same medium per dish.   

   4.    Add the 500 µl of the DNA–Lipofectamine 2000 mixture 
onto the washed cells and mix by rocking the plate back and 
forth. Incubate the cells at 37 °C for 6 h ( see   Note 30 ).   

   5.    Remove the transfection medium, wash the cells with trypsin–
EDTA solution, and detach the cells using 300 µl of trypsin–
EDTA solution.   

   6.    Add 700 µl of growth media to collect the cells and reseed 
them over a confl uent monolayer of susceptible cells contain-
ing 1 ml of normal growth medium.   

   7.    Incubate at 37 °C until a clear cytopathic effect was observed.   
   8.    Analyze the presence of virus in the supernatant by titration.   
   9.    Clone the virus by three rounds of plaque purifi cation and 

analyze the genotypic and phenotypic properties of the recov-
ered virus.    
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4       Notes 

     1.     E. coli  DH10B strain is a recombination-defective strain used for 
the propagation of BACs to avoid unwanted rearrangements.   

   2.    SOB medium should be Mg 2+ -free to avoid arcing during the 
electroporation step.   

   3.    The Huh-7 cell line has never been deposited at ATCC but it 
can be purchased from the Japanese Collection of Research 
Bioresources (JCRB) Cell Bank.   

   4.    In case that a restriction site present in the BAC plasmid was 
selected, it must be removed in the plasmid by the introduc-
tion of silent mutations.   

   5.    The silent mutations introduced in the viral genome to gener-
ate new restriction sites or to abrogate preexisting ones can be 
used as genetic markers to identify the virus recovered from 
the infectious clone.   

   6.    To reduce the number of undesired mutations, perform all 
PCR reactions with a high-fi delity polymerase, according to 
the manufacturer’s instructions.   

   7.    The CMV promoter and the BGH termination and polyade-
nylation sequences can be amplifi ed from pcDNA3.1. 
Alternatively, these sequences together with the HDV ribo-
zyme could be amplifi ed from plasmid pBAC-TGEV 5ʹ-3ʹ that 
is available from the authors upon request.   

   8.    In general, the cloning of CoV full-length cDNAs in BACs 
allows the stable propagation of the infectious clone in  E. coli  
DH10B cells. If a residual toxicity, characterized by a small 
colony phenotype and a delay in the bacterial growth, is 
observed during the assembly of the infectious clone, we rec-
ommend inserting the DNA fragment responsible for this tox-
icity in the last cloning step to minimize the toxicity problem.   

   9.    Cultures of BAC transformed bacteria should be grown from 
a single colony isolated from a freshly streaked selective plate. 
Subculturing directly from glycerol stocks or plates that have 
been stored for a long time may lead to loss of the construct.   

   10.    LB broth is the recommended culture medium, since richer 
broths such as TB (Terrifi c Broth) lead to extremely high cell 
densities, which can overload the purifi cation system, resulting 
in lower yield and less purity of the BAC DNA.   

   11.    When other kits are used instead of the Qiagen QIAprep 
Miniprep Kit, equivalent modifi cations have to be included to 
optimize the recovery of BAC DNA.   

   12.    To avoid DNA degradation and unwanted rearrangements 
owing to culture overaging, it is important to prevent growing 
the culture up to the late stationary growth phase.   
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   13.    The use of a swinging bucket rotor is recommended for the 
last isopropanol precipitation step to facilitate the further 
resuspension of the BAC DNA. After washing with 70 % etha-
nol, air-dry the pellet for only 5 min. Never use vacuum, as 
overdrying the pellet will make the BAC DNA diffi cult to dis-
solve. Carefully remove any additional liquid drop, add 250 µl 
of 10 mM Tris–HCl (pH 8.5) (DNA dissolves better under 
slightly alkaline conditions) and resuspend the DNA overnight 
at 4 °C. To prevent plasmid shearing, avoid vortexing or pipet-
ting to promote resuspension of the BAC DNA. Transfer the 
DNA to a clean 1.5 ml microfuge tube, remove any possible 
resin traces by centrifugation for 1 min in a tabletop microfuge, 
and keep the supernatant in a clean tube at 4 °C. If the puri-
fi ed BAC DNA is not going to be used for a long period of 
time we recommend storage at –20 °C. Avoid repeated freeze- 
thaw cycles to prevent plasmid shearing.   

   14.    For effi cient cell transformation, bacterial culture OD at 
550 nm should not exceed 0.8. To ensure that the culture 
does not grow to a higher density, OD measurement every 
20 min after 3 h of growth is highly recommended.   

   15.    Take care when decanting the supernatant as the bacterial pel-
lets lose adherence in 10 % glycerol.   

   16.    The Qiagen QIAEX II resin can be used to effi ciently purify 
DNA fragments from 40 bp to 50 kb from aqueous solutions 
and from standard or low-melt agarose gels in TAE or TBE 
buffers. Other commercial kits are available, but check whether 
they have been optimized for purifi cation of DNA fragments 
larger than 10 kb, as most BAC constructs used during the 
assembly of the infectious clone are larger than 10 kb.   

   17.    The large size of the BAC vectors reduces the ligation effi -
ciency. To increase this effi ciency, it is essential to use larger 
amounts of vector, insert, and T4 DNA ligase than when using 
conventional plasmids.   

   18.    Most electroporation machines contain programs with defi ned 
parameters for transforming specifi c cell types. In this case, 
choose the program containing the conditions closest to those 
described in this protocol.   

   19.    The presence of salt increases the conductivity of the solution 
and could cause arcing during the electrical pulse, drastically 
reducing the transformation effi ciency. If arcing occurs, use a 
smaller amount of the ligation reaction in the electroporation 
or remove salt from the DNA using any commercial kit or by 
extraction with phenol–chloroform followed by precipitation 
with ethanol and 2 M ammonium acetate.   

   20.    Plating volumes higher than 200 µl of electroporated cells on 
a single plate may inhibit the growth of transformants owing to 
the large number of dead cells resulting from electroporation. 
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If only small numbers of transformant colonies are expected, it 
is recommended to spread 200 µl-aliquots of the electropor-
ated cells on different plates.   

   21.    A mix of small and large colonies indicates that the cloned 
DNA fragment presents some toxicity when amplifi ed in  E. 
coli . Choose the small colonies, which may contain the correct 
insert, and always grow the bacteria containing this recombi-
nant BAC plasmid at 30 °C to minimize the toxicity problem. 
In this case, we strongly recommend inserting this toxic DNA 
fragment into the infectious clone in the last cloning step, in 
order to reduce the manipulation and minimize the possibility 
of introducing unwanted mutations. Infectious BAC cDNA 
clones presenting a residual toxicity should be grown at 30 °C.   

   22.    It is important to avoid overloading the reaction by adding 
too much bacteria, which may alter the ionic balance of the 
reaction and inhibit the amplifi cation by the Taq polymerase.   

   23.    We recommend to use this storage method for BAC clones 
that present a residual toxicity and are not fully stable when 
amplifi ed in  E. coli .   

   24.    The Red recombination system combined with counterselec-
tion with I-SceI endonuclease results in an accurate and highly 
effi cient method to introduce insertions, deletions, or point 
mutations in BAC clones without retention of unwanted for-
eign sequences.   

   25.    The transfection of BACs containing large inserts into mam-
malian cells has been optimized in our laboratory and the best 
transfection effi ciencies were provided using Lipofectamine 
2000 as transfection reagent.   

   26.    All work involving MERS-CoV has to be performed in a 
Biosafety Level 3 (BSL3) laboratory, following the guidelines 
of the European Commission and the National Institutes of 
Health (NIH) of the USA.   

   27.    Do not add antibiotics to media during transfection as this 
may decrease transfection activity. A healthy cell culture is crit-
ical for an effi cient transfection. The use of low passage- 
number cells is recommended.   

   28.    Use a BAC DNA isolated with the Qiagen Large-Construct 
Kit since a DNA preparation of high purity is required in the 
transfection step.   

   29.    Opti-MEM I Reduced Serum Medium is recommended for 
dilution of the cationic lipid Lipofectamine 2000 reagent prior 
to complexing with DNA, although other media without 
serum may also be used. However, owing that some serum- 
free media formulations can inhibit cationic lipid-mediated 
transfection, test any new serum-free medium for compatibility 
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with the transfection reagent prior to use. Some media formu-
lations that have been found to inhibit cationic lipid-mediated 
transfection are CD 293 Medium, 293 SFM II, and VP-SFM.   

   30.    If susceptible cells are directly transfected, incubate them at 
37 °C until the cytopathic effect is observed and proceed to 
clone and characterize the recovered virus. In this case, opti-
mization of the transfection of the desired cells with the BAC 
clone using Lipofectamine 2000 should be required. For 
transfection optimization, use a similar size plasmid expressing 
GFP. This plasmid is available from the authors upon request.         
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    Chapter 14   

 Protein Histochemistry Using Coronaviral Spike Proteins: 
Studying Binding Profi les and Sialic Acid Requirements 
for Attachment to Tissues 

              Iresha     N.       Ambepitiya Wickramasinghe     and     M.     Hélène     Verheije    

    Abstract 

   Protein histochemistry is a tissue-based technique that enables the analysis of viral attachment patterns as 
well as the identifi cation of specifi c viral and host determinants involved in the fi rst step in the infection of 
a host cell by a virus. Applying recombinantly expressed spike proteins of infectious bronchitis virus onto 
formalin-fi xed tissues allows us to profi le the binding characteristics of these viral attachment proteins to 
tissues of various avian species. In particular, sialic acid-mediated tissue binding of spike proteins can be 
analyzed by pretreating tissues with various neuraminidases or by blocking the binding of the viral proteins 
with specifi c lectins. Our assay is particularly convenient to elucidate critical virus–host interactions for 
viruses for which infection models are limited.  

  Key words     Protein histochemistry  ,   Spike protein  ,   Neuraminidase  ,   Lectin  ,   Formalin-fi xed tissues  , 
  Infectious bronchitis virus (IBV)  ,   Attachment  ,   Glycan  

1      Introduction 

 Infectious bronchitis virus (IBV), an avian coronavirus belonging 
to the genus  Gammacoronavirus , is the major cause of contagious 
respiratory disease or infectious bronchitis in poultry. Many IBV 
serotypes have been isolated so far and some serotypes induce 
pathological changes in organs other than the respiratory tissues 
[ 1 ]. This variable tissue tropism is likely due to tissue-specifi c fac-
tors resulting in differences in binding or entry of the virus. 
Although a specifi c protein receptor for IBV is yet to be revealed it 
has been shown by removing sialic acids from the susceptible cell 
surface, that α2, 3-linked sialic acids are a determinant of cell 
attachment and entry of IBV [ 2 ,  3 ]. Further elucidation of host–
virus interactions is, however, hampered due to limitations in 
in vitro infection model systems for pathogenic IBV strains. 
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 For IBV the initial cell attachment and entry is mediated by a 
glycoprotein called spike protein residing in the viral envelope. By 
swapping the gene encoding for spike protein between different 
IBV serotypes it has been shown that the spike determines the tis-
sue tropism [ 4 ]. The spike protein is cleaved into an S1 and an S2 
subunit [ 5 ,  6 ]; while S1 mediates the fi rst step in infection via the 
initial virus–cell binding, S2 is responsible for cell entry [ 7 ]. 
Analyzing the binding of S1 to tissues with our protein histochem-
istry protocol enables us not only to profi le the attachment of avian 
coronavirus S1 proteins to various avian tissues but also to elucidate 
glycan binding specifi cities of IBV S1 [ 8 ] as well as determinants 
within S1 for tissue attachment [ 9 ]. Thereby, this method aids to 
understand the in vivo tissue tropism of avian coronaviruses.  

2    Materials 

 The amounts of buffers or chemicals prepared are described such 
to result in a convenient volume. Any other required volume can 
be calculated from this. 

      1.    Expression plasmid harboring a CMV promoter, signal 
sequence, GCN4 trimerization domain and Strep-tag for 
purifi cation and detection: Use codon-optimized IBV S1 
sequence of the serotype of interest ( see   Note 1 ) and clone S1 
into for example pCD5 expression plasmid ( see   Note 2 ) in 
frame with CMV, GCN4, and Strep-tag (Fig.  1 ).    

   2.    Polyethylenimine (PEI): Dissolve the powder at a concentra-
tion of 1 mg/ml at 50–60 °C ( see   Note 3 ). Test the effi ciency 
by transfecting human embryo kidney cells (HEK) 293T with 
pCMV-EGFP-N1 or any other vector expressing a fl uorescent 
protein ( see   Note 3 ).   

   3.    Supplemented Dulbecco’s modifi ed eagle medium (DMEM): 
DMEM, 2 % glutamine, 10 % fetal calf serum, 0.1 mg/ml 
gentamicin.   

   4.    Supplemented 293 SFM II expression medium: 293 SFM II, 
3.7 g/l sodium bicarbonate, 2.0 g/l glucose, 3.0 g/l 
Primatone RL-UF, 0.1 mg/ml gentamicin, 1× GlutaMAX, 
1.5 % dimethyl sulfoxide. Sterilize the medium by fi ltering.   

   5.    T175 culture fl asks.   

2.1  Components 
for Expression 
of Spike Protein (S1) 
of IBV

  Fig. 1    Diagrammatic representation of S1 expression cassette. S1 was cloned 
into pCD5 expression plasmid in frame with signal sequence (SS), trimeriza-
tion motif (GCN4), and Strep-tag (ST2). The promoter sequence was from 
Cytomegalovirus (CMV)       
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   6.    Strep-Tactin sepharose 50 % suspension or Strep-Tactin gravity 
fl ow columns   

   7.    Elution buffer: Biotin elution buffer 10×, dilute 10× concen-
trated to 1× in distilled water (working solution).   

   8.    Vivaspin 10 or 50 MWCO 3000.   
   9.    Tube roller.      

      1.    Xylene.   
   2.    Ethanol at 100, 96, and 70 %.   
   3.    Tissue section slides of 3–4 µm on Superfrost Plus or KP plus 

glasses ( see   Note 4 ).   
   4.    Citrate buffer (pH 6.0): Add 2.1 g of citrate buffer monohydrate 

to 800 ml of distilled water and while stirring adjust the pH to 6 
at room temperature by adding 10 N NaOH drop wise. Then 
add up the total volume to 1,000 ml by adding distilled water.   

   5.     Strep -Tactin HRP conjugated.   
   6.    PBS 10×: Add 35.6 g of Na 2 HPO 4 ⋅2H 2 O and 6.24 g of 

NaH 2 PO 4 ⋅2H 2 O into 2.4 l of distilled water. Check if the pH 
is 7.4–7.5 and add 216 g of NaCl.   

   7.    PBS: Dilute stock PBS 10× in distilled water to prepare 1× 
working solution.   

   8.    PBS–Tween 0.1 %: Dilute 500 ml 10× stock PBS into 4,500 ml 
of distilled water. Add 5 ml of Tween 20.   

   9.    PBS (pH 5.0): Adjust the pH to 5.0 by adding 6 N HCl into PBS.   
   10.    1 % hydrogen peroxide: Add 2.85 ml of 35 % hydrogen perox-

ide to 97.15 ml of absolute methanol.   
   11.    VECTASTAIN ABC Kit (Vector Laboratories Inc.): Add 

10 µl of solution A to 240 µl of PBS and add 10 µl of solution 
B to 240 µl of PBS. Mix and incubate for 30 min at RT.   

   12.    3-Amino-9-ethylcarbazole (AEC).   
   13.    Normal goat serum: Dilute goat serum in PBS to reach 10 %.   
   14.    Neuraminidases: Add 1 mU of  Vibrio cholera  neuraminidase 

or  Arthrobacter ureafaciens  neuraminidase to 100 µl of PBS 
(pH 5.0).   

   15.    Lectins: Dilute MALI and MALII at a concentration gradient 
from 64 to 256 µg/ml in PBS ( see   Note 5 ).   

   16.    Hematoxylin.   
   17.    Aquatex mounting medium.   
   18.    Dako or Immunopen.   
   19.    Coverslips (24 × 32 mm).   
   20.    Coplin jar.   
   21.    Humidity chamber.       

2.2  Components 
for Protein 
Histochemistry
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3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. Centrifuge 50 ml tubes in a benchtop centrifuge and 
Eppendorf tubes in microcentrifuge. 

  Amounts are shown for expression of S1 protein in one T175 fl ask.

    1.    Day 1: Seed a T175 culture fl ask with 1 × 10 7  HEK 293 T cells 
in a total volume of 25 ml of DMEM + medium. Incubate the 
cells at 37 °C for 24 h until the cells reach a confl uence of 
50–60 % ( see   Note 6 ).   

   2.    Day 2: Prepare reaction mix. For one T175 fl ask fi rst pipette 
15 µg of the expression vector pCD5 containing IBV S1 into 
DMEM and then pipette PEI into the DMEM. The total vol-
ume of DNA, PEI and DMEM should be 1.5 ml per fl ask to 
be transfected. Incubate the reaction mix for 15 min. Remove 
5 ml of the medium from the cells and add the reaction mix 
into the medium with the T175 fl ask in an upright position 
then gently agitate before repositioning the fl ask horizontally 
to incubate at 37 °C for 24 h ( see   Note 2 ).   

   3.    Day 3: Replace DMEM with 20 ml of the 293 SFM + and con-
tinue incubation at 37 °C.   

   4.    Day 8: Collect the supernatant into 50 ml tube (usually 7 days 
after transfection) and centrifuge at 300 ×  g  for 10 min. 
Transfer into new 50 ml tube and centrifuge another 10 min 
at 800 ×  g . Transfer the supernatant into a new tube. The 
supernatant can now be stored at −20 °C or directly proceed 
to Subheading  3.2 ,  step 1 .      

       1.    Add Strep-Tactin sepharose 50 % suspension ( see   Note 7 ) to 
the supernatant and incubate overnight at 4 °C on a tube roller.   

   2.    The next day centrifuge at 800 ×  g  for 10 min and carefully 
remove the supernatant without disturbing the bead pellet. 
Add 500 µl of PBS onto the beads, stir gently with a pipette 
tip and transfer the beads into a 2 ml Eppendorf tube 
( see   Note 8 ).   

   3.    Wash the beads three times using PBS (bead pellet: PBS is 1:1).   
   4.    Centrifuge at 1,800 ×  g  for 10 min for each wash.   
   5.    After the fi nal washing step remove PBS, add elution buffer 

( see   Note 9 ) and incubate for 5 min, vortexing every 1–2 min.   
   6.    Centrifuge at 1,800 ×  g  for 10 min and collect the supernatant.   
   7.    To remove remaining beads in the supernatant centrifuge 

another 10 min at 1,800 ×  g  and transfer the supernatant into 
a new Eppendorf tube.   

   8.    Determine the protein concentration ( see   Note 10 ).      

3.1  Expression 
of Recombinant IBV S1 
Protein

3.2  Purifi cation 
of Recombinant IBV S1 
Protein
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           1.    Prepare glass dishes with xylene, 100 % ethanol, 96 % ethanol, 
70 % ethanol, and distilled water in duplicates.   

   2.    Arrange the glass slides in a staining rack and immerse slides in 
xylene to distilled water (xylene, xylene, 100 % ethanol, 100 % 
ethanol, 96 % ethanol, 96 % ethanol, 70 % ethanol, 70 % etha-
nol, distilled water, distilled water).   

   3.    Keep the slides in each dish of xylene for 5 min and in each 
dish of alcohol and distilled water for 3 min. End with immers-
ing in distilled water.      

      1.    Place the staining rack with the slides in a heat-resistant jar or 
a container and add citrate buffer until the fl uid level is at least 
2 cm above the slides. Close the container with a lid.   

   2.    Boil the sections in citrate buffer for 10 min at 900 kW in a 
microwave ( see   Note 11 ).   

   3.    Leave the slides in the citrate buffer and allow to cool down 
for 15–20 min.   

   4.    Transfer the slides into a Coplin jar fi lled with PBS and keep 
on a platform rocker for 5 min. Repeat the PBS step twice.      

        1.    Remove PBS from the last washing step and add 1 % hydrogen 
peroxide until the sections are properly covered. Close the jar 
with a lid and incubate for 30 min.   

   2.    Discard hydrogen peroxide add PBS–Tween 0.1 % and rinse 
the slides for 5 min on a platform rocker. Repeat the PBS–
Tween 0.1 % wash step twice.   

   3.    Dry the back of the slides and around the sections using a tissue, 
and draw lines around the tissues with a Dako or an Immunopen.   

   4.    Place the slides in a humidity chamber and apply suffi cient 
amounts of 10 % normal goat serum to cover the tissues (usu-
ally 50–200 µl depending on the size of the section).   

   5.    Close the humidity chamber and incubate for 30 min.      

        1.    Premix spike protein to a fi nal concentration of 0.1 mg/ml 
and S trep -Tactin HRP 1:200 in PBS ( see   Note 12 ) in an 
Eppendorf tube and incubate for 30 min on ice.   

   2.    Drain goat serum from the sections and apply suffi cient 
amounts (usually 50–200 µl depending on the size of the sec-
tion) of spike protein–S trep -Tactin HRP complex to tissues.   

   3.    Incubate the sections with the protein–S trep -Tactin HRP 
complex overnight at 4 °C.      

      1.    Drain the protein–antibody complex and place the slides in a 
Coplin jar fi lled with PBS.   

   2.    Rinse the slides in PBS three times each for 5 min as previously 
described.   

3.3  Protein 
Histochemistry 
( See  Figs.  2  and  3 )

3.3.1  Deparaffi nization 
and Rehydration of Tissue 
Sections

3.3.2  Antigen Retrieval

3.3.3  Inactivate 
Endogenous Peroxidase 
and Blocking Nonspecifi c 
Staining

3.3.4  Application 
of Spike Proteins

3.3.5  Visualizing 
and Counterstaining

Protein Histochemistry Using Coronaviral Attachment Proteins
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   3.    Dry the back of the slides and around the tissues, place the slides 
in a humidity chamber, and apply AEC dropwise ( see   Note 13 ).   

   4.    Close the chamber and incubate for 15 min.   
   5.    Dip the sections into a Coplin jar with water and place the 

glass slides in a staining rack.   
   6.    Rinse the slides in tap water for 5 min and immerse in hema-

toxylin for 40–60 s.   
   7.    Keep the slides in running water for 10 min.   
   8.    Finally place a coverslip to cover the tissues using Aquatex (Fig.  2 ).       

      1.    After treating the slides with hydrogen peroxide 
(Subheading  3.3.3 ) place the slides in a humidity chamber and 
circle the tissue regions with Dako or Immunopen.   

   2.    Dilute 1 mU of neuraminidase ( see   Note 14 ) in 100 µl of PBS 
(pH 5.0) and apply to tissues within the circle.   

   3.    Close the humidity chamber and keep overnight at 37 °C in an 
incubator.   

   4.    The next day rinse the slides in PBS–Tween 0.1 % three times 
each for 5 min, incubate with 10 % goat serum for 30 min and 
continue with Subheading  3.3.4 .      

      1.    After treating with hydrogen peroxide (Subheading  3.3.3 ), 
apply lectins to tissues circled with Dako or Immunopen.   

   2.    Incubate the slides overnight at 4 °C in a humidity chamber.   
   3.    Next day rinse the slides in PBS–Tween 0.1 % three times each 

for 5 min and continue with Subheading  3.3.4  (Fig.  3 ).       

4    Notes 

     1.    The sequences coding for spike were codon-optimized for 
expression in mammalian cells, resulting in approximately fi ve 
times higher production of proteins than using non-optimized 
viral sequences.   

3.4  Protein 
Histochemistry 
on Tissues Pretreated 
with Neuraminidase

3.5  Protein 
Histochemistry 
for Tissues Blocked 
with Lectins

  Fig. 2    Schematic representation of protein histochemistry. S1 protein was 
 pre- complexed with  Strep -Tactin HRP before applying onto tissue section       
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  Fig. 3    Protein histochemistry for IBV M41-S1. IBV M41-S1 was applied onto ( a ) 
untreated chicken trachea and ( b ) chicken trachea treated with neuraminidase. 
Positive staining ( red  ) in cilia and goblet cells is indicated with an  arrow  and 
 arrowhead , respectively       

   2.    Transfection of HEK 293T cells with pCD5 expression vector 
has been described previously [ 10 ,  11 ].   

   3.    Dissolving of PEI in distilled water might take up to 1 or 2 
days. The solution should be continuously stirred at 50–60 °C 
and when it is completely dissolved, fi lter-sterilize, aliquot, 
and store at −20 °C. The effi ciency of PEI for transfecting 
HEK 293T cells with DNA is tested by using PEI ratios 
from 1:5 to 1:20. The number of transfected cells is counted 
using a fl uorescence microscope under 10× magnifi cation. 
The best ratio to use for subsequent transfection is the ratio 
that gives the highest percentage (usually 40 %) of transfected 
cells with lowest toxicity or cell death.   

   4.    Tissues that easily detach during antigen retrieval, including 
for example trachea, can be mounted onto KP plus slides to 
reduce the tissue damage.   
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   5.    Concentration gradient ensures reaching the optimum amount 
of lectins required for complete blocking of the binding of 
recombinant proteins.   

   6.    By seeding 1 × 10 7  cells per T175 fl ask we were able to reach 
50–60 % confl uence after 24 h post seeding. When compared 
to <50 % or >60 % cell confl uence, transfection at 50–60 % 
confl uence results in a signifi cantly higher transfection effi -
ciency and thereby higher amounts of recombinant proteins.   

   7.    Proteins in the supernatant (using 5–10 µl) are analyzed using 
SDS PAGE followed by western blotting to determine whether 
the protein is properly produced. In particular we check for 
any degradation, low or no expression and correct molecular 
weight (IBV S1 protein is highly glycosylated and migrates 
around 110 kDa). Upon high amounts of protein in the cul-
ture supernatant (usually appearing as thick bands of ≥5 mm 
in the fi lm) we add 250 µl of 50 % Strep-Tactin sepharose sus-
pension for each 10 ml of supernatant. However, compared to 
column-based purifi cation minor fraction of proteins were lost 
with the supernatant after purifi cation with the beads. If nec-
essary, column based purifi cation can be done according to the 
manufacturer’s instructions.   

   8.    Since the beads tend to stick on to the surface of the tube, it is 
important not to disturb the sediment after centrifugation and 
while transferring to a 2 ml Eppendorf tube. If necessary, to 
recover more beads from the surface of the tube add PBS for 
another one or two times, but limit the total volume to no 
more than 1.8 ml to prevent spilling of the beads while closing 
the Eppendorf tube.   

   9.    For every 250 µl of 50 % Strep-Tactin sepharose suspension we 
use 125 µl of elution buffer. Whenever we obtained low pro-
tein yields (<4 mg/ml) the proteins were concentrated using 
Vivaspin according to the manufacturer’s instructions.   

   10.    We use ≥2 µl of purifi ed proteins to measure the concentra-
tions in Qubit fl uorimeter. We also approximated the protein 
concentrations compared to a BSA standard after GelCode 
Blue/Coomassie staining of a SDS PAGE gel.   

   11.    Performing antigen retrieval in the microwave can destroy 
some tissues (for example tracheal epithelium and cartilage). 
In such instances transfer the glass slides into a polypropylene 
Coplin jar fi lled with citrate buffer, cover with a lid, and keep 
in a water bath preheated to 80 °C for 45 min.   

   12.    Since  Strep -Tactin HRP is optimized only for western blotting 
different lots may complex to a different extent with spike pro-
teins. Therefore, every lot number has to be tested using a 
prior lot number giving positive signals. Moreover, the amount 
of  Strep -Tactin HRP to the total volume (1:200) was opti-
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mized for IBV-S1, and has to be optimized accordingly when 
using a recombinant protein with different molecular weight.   

   13.    Wear gloves when handling AEC. Apply AEC in a fume hood 
and discard safely the water drained with AEC. For large tissue 
sections a coverslip can be used to spread AEC drops gently 
over the tissues, thus minimizing the required amounts of 
AEC to suffi ciently cover tissues.   

   14.    We used both  Vibrio cholera  neuraminidase and  Arthrobacter 
ureafaciens  neuraminidase. Compared to  Vibrio cholera  neur-
aminidase,  Arthrobacter ureafaciens  neuraminidase showed 
more effi cient cleaving of sialic acids from tissues embedded in 
paraffi n. It is important to apply suffi cient volume of total fl uid 
to prevent drying off the tissues during incubation at 37 °C.         
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    Chapter 15   

 Identifi cation of Protein Receptors for Coronaviruses 
by Mass Spectrometry 

           V.     Stalin     Raj    ,     Mart     M.     Lamers    ,     Saskia     L.     Smits    ,     Jeroen     A.    A.     Demmers    , 
    Huihui     Mou    ,     Berend-Jan     Bosch    , and     Bart     L.     Haagmans    

    Abstract 

   As obligate intracellular parasites, viruses need to cross the plasma membrane and deliver their genome 
inside the cell. This step is initiated by the recognition of receptors present on the host cell surface. Receptors 
can be major determinants of tropism, host range, and pathogenesis. Identifying virus receptors can give 
clues to these aspects and can lead to the design of intervention strategies. Interfering with receptor recog-
nition is an attractive antiviral therapy, since it occurs before the viral genome has reached the relative safe 
haven within the cell. This chapter describes the use of an immunoprecipitation approach with Fc-tagged 
viral spike proteins followed by mass spectrometry to identify and characterize the receptor for the Middle 
East respiratory syndrome coronavirus. This technique can be adapted to identify other viral receptors.  

  Key words     Receptor  ,   DPP4  ,   Middle East respiratory syndrome coronavirus  ,   Mass spectrometry  , 
  Immunoprecipitation  

1      Introduction 

 The fi rst step of the infection cycle of a virus is characterized by the 
interaction between the viral particle and the cell surface receptor. 
This interaction is followed by a series of events that lead to the 
delivery of the viral genome inside the cytoplasm. Viruses can use 
diverse types of molecules to bind and enter cells. The presence of 
a receptor is the principal determinant of cell, tissue and organ 
tropism, host range, and virulence. Therefore, identifying a recep-
tor can give clues on pathogenesis, mode of transmission, zoonotic 
transmission potential and can lead to the design of targeted inter-
vention strategies. 
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 For the last three decades the identifi cation of virus receptors 
has been a major goal in virology. A group of viruses of which 
many receptors are known are coronaviruses (CoVs). Coronaviruses 
infect a wide range of avian and mammalian hosts and they are 
known for their ability to cross the species barrier [ 1 ]. This is 
exemplifi ed by the 2003 severe acute respiratory syndrome (SARS) 
pandemic that was caused by the SARS-CoV [ 2 ]. In 2012, a novel 
zoonotic CoV was identifi ed from a patient from Saudi Arabia that 
presented with a severe pneumonia [ 3 ]. This virus belongs to the 
same genus as SARS-CoV and was named Middle East respiratory 
syndrome coronavirus (MERS-CoV). 

 For CoVs, the viral Spike (S) protein primarily determines host 
and cell tropism. It is a type I membrane glycoprotein that is 
assembled in trimers in the viral envelope. The S protein can be 
functionally divided into two distinct subunits, S1 and S2. The S1 
subunit binds to a cell surface receptor, whereas S2 facilitates fusion 
with cellular membranes. 

 Although virus receptors can be identifi ed using several meth-
ods [ 4 – 8 ], we identifi ed the MERS-CoV receptor using Fc-tagged 
S1 proteins in an immunoprecipitation assay followed by mass 
spectrometry [ 9 ]. This assay is basically similar to the method 
described by Li et al., for the identifi cation of the SARS-CoV 
receptor [ 10 ]. In this assay, the S1 subunit of MERS-CoV is ligated 
into a fusion vector to generate an S1-Fc fusion protein, for expres-
sion in HEK-293T cells and purifi cation using protein A-sepharose 
beads. Incubation of the S1-Fc proteins with whole cell lysate of 
virus-susceptible cells allows the precipitation of the virus receptor 
with the tagged S1. This complex can then be pulled down from 
the lysate using protein A-sepharose beads. Subsequently, mass 
spectrometry is employed to identify candidate protein receptors 
(Fig.  1 ). These candidates must be evaluated functionally, which is 
done using fl ow-cytometric binding assays, infection blocking 
experiments using antibodies against the candidate receptor, and 
fi nally by attempting to infect non-susceptible cells that have been 
transfected with the candidate receptor. This method has been suc-
cessfully employed for the rapid identifi cation of the SARS-CoV 
and MERS-CoV receptor [ 9 ,  10 ] and is suitable for identifi cation 
of protein receptors with reasonable affi nity. Glycan receptors can-
not be identifi ed using the described method; treatment of suscep-
tible cells with glycosidases prior to infection can give an insight 
into the type of viral receptor. Success of the protein receptor pull- 
down using the S1-Fc as bait depends on the affi nity of S1-receptor 
interaction. A FACS-based S1-Fc cell-binding assay provides good 
insight in the strength of this interaction. The FACS-based S1-Fc 
assay is also instrumental to identify cell lines with high levels of 
receptor expression that can be used as a source for receptor 
affi nity- isolation. Alternatively, in the absence of a suitable cell line, 
homogenates of tissue targeted by the virus can also be used for 
immunoprecipitation of the receptor.   

V. Stalin Raj et al.
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2    Materials 

       1.    The virus used in this protocol is used as an example. A stock 
of MERS-CoV-EMC isolate was prepared at 10 7  TCID 50 /ml 
and stored at −70 °C.   

   2.    RNA isolation: viral RNA isolation kit or tissue RNA isolation 
kit (Qiagen) or equivalent.   

   3.    Reverse transcriptase, e.g., SuperScript II or equivalent.   
   4.    100 mM dithiothreitol (DTT).   
   5.    RNase inhibitor.   
   6.    10 mM random primers.   
   7.    Pfu Ultra II Fusion HS DNA polymerase or equivalent.   
   8.    10 mM dNTPs.   
   9.    10 mM gene specifi c forward primer, e.g., MERS-CoV S1 for-

ward primer cgaattcaccATGATACACTCAGTGTTTCTAC: 
the nucleotides in upper case represent MERS-CoV and those 
in lower case a suitable restriction endonuclease site for clon-
ing purposes; the example here contains an  Eco RI site.   

   10.    10 mM gene specifi c reverse primer, e.g., MERS-CoV S1 
reverse primer cggatccGGTGTGAGAGTACTAGGTGTC: 

2.1  RNA Isolation, 
cDNA Synthesis, PCR, 
and Cloning

  Fig. 1    Schematic drawing of the identifi cation of the MERS-CoV receptor. The S1 subunit of the MERS-CoV S 
protein is expressed as an IgG Fc-tagged protein in HEK-293T cells and purifi ed using protein A-sepharose 
beads. Incubating the S1-Fc protein with whole cell lysate of susceptible cells allows the precipitation of the 
virus protein receptor with the tagged S1. This complex can be pulled down from the lysate using protein 
A-sepharose beads. Subsequently, mass spectrometry is employed to identify candidate receptors       
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the nucleotides in upper case represent MERS-CoV and those 
in lower case a suitable restriction endonuclease site for clon-
ing purposes; the example here contains a  Bam HI site.   

   11.    PCR cleanup kit.   
   12.    DNA gel extraction kit.   
   13.    Competent  E. coli , e.g., Top10 competent cells.   
   14.    Cloning vectors: pCAGGS (Addgene), pFUSE-hIgG1-Fc2 

(InvivoGen), and pCDNA3.1(+) (Life Technologies) or similar.   
   15.    Restriction enzymes, e.g.,  Eco RI and  Bam HI.   
   16.    SOC medium: 2 % w/v tryptone, 0.5 % w/v yeast extract, 

10 mM NaCl, 2.5 mM KCl, 10 mM MgSO 4 , 20 mM glucose. 
Adjust to pH 7.5 using NaOH.   

   17.    T4 DNA Ligase.   
   18.    Maxi prep DNA kit (Qiagen) or equivalent.   
   19.    LB medium: 1 % w/v tryptone, 0.5 % w/v yeast extract, 

1 % w/v NaCl. Adjust pH to 7.0 with 5 N NaOH. Sterilize by 
autoclaving.   

   20.    LB Amp medium: LB medium, 100 µg/ml ampicillin added 
after sterilization. Store at 4 °C.   

   21.    LB Amp plates: LB medium, 1.5 % agar added prior to steril-
ization. Sterilize by autoclaving and allow to cool to 45 °C. Add 
ampicillin to a fi nal concentration of 100 µg/ml. Dispense 
into 90 mm petri dishes and store at 4 °C.      

       1.    HEK-293T cells. HEK-293T growth medium: DMEM, 10 % 
fetal calf serum (FCS), 100 U/ml penicillin, 100 mg/ml 
streptomycin, 2 mM glutamine, 1 % nonessential amino acids, 
and 1 mM sodium pyruvate.   

   2.    T175 cell culture fl asks.   
   3.    293T cell expression medium (as described in ref.  11 ) 293SF 

II medium (life Technologies), 1 % GlutaMAX, 0.3 % prima-
tone, 0.2 % glucose, 0.37 % NaHCO 3  and 1.5 % DMSO.   

   4.    Serum-free DMEM.   
   5.    1 mg/ml Polyethylenimine (PEI) stock solution: Add 50 mg 

PEI to 50 ml of endotoxin-free dH 2 O, place in a 75 °C water 
bath and vortex every 10 min until completely dissolved, cool 
to room temperature, neutralize to pH 7.0, fi lter-sterilize 
using a 0.22 µm fi lter, aliquot and store at −20 °C.   

   6.    Protein-A sepharose CL-4B (GE Healthcare) or equivalent.   
   7.    1 M Tris–HCl pH 8.0.   
   8.    Protein elution buffer: 0.5 M acetic acid pH 3. Add 29 ml of 

acetic acid to a beaker, make up to 1 l by adding 971 ml dH 2 O, 
adjust to pH 3 using NaOH.   

   9.    3 M Tris–HCl pH 8.8.      

2.2  Expression 
of S1-Fc Fusion 
Proteins

V. Stalin Raj et al.



169

      1.    Huh-7 cells   
   2.    Huh-7 growth medium: RPMI1640, 10 % FCS, 100 U/ml 

penicillin, and 100 mg/ml streptomycin.   
   3.    100 mm cell culture dishes.   
   4.    Phosphate-buffered saline (PBS).   
   5.    Protein-A sepharose CL-4B (GE Health care) or equivalent.   
   6.    Protein elution buffer: 0.5 M acetic acid pH 3 as in 

Subheading  2.2 .   
   7.    Lysis buffer: 3.3 mg/ml  n -decyl-β- D -maltopyranoside 

(DDM), protease inhibitor cocktail complete Mini (Roche).   
   8.    Rubber policemen or plastic cell scrapers.      

      1.    Tris-Glycine SDS sample buffer 2×: 1.25 ml 1 M Tris–HCl 
(pH 6.8), 4 ml 10 % (w/v) SDS, 2 ml glycerol, 1 ml 0.1 % 
(w/v) bromophenol Blue, 1 ml 2 M DTT, make up to 10 ml 
with distilled water and store at room temperature.   

   2.    10 % pre-cast Tris-Glycine SDS-PAGE gels (Bio-Rad) or 
equivalent.   

   3.    Tris-Glycine SDS Running buffer: 250 mM Tris base, 
1,920 mM glycine, 1.0 % SDS, pH 8.3.   

   4.    Absolute methanol.   
   5.    Coomassie blue staining solution: 100 mg of Coomassie bril-

liant Blue R250, 10 ml acetic acid, 50 ml methanol, 40 ml 
dH 2 O.   

   6.    Destaining solution: 10 ml acetic acid, 50 ml methanol, and 
40 ml dH 2 O.   

   7.    100 mM ammonium bicarbonate (NH 4 HCO 3 ).   
   8.    Acetonitrile.   
   9.    50 mM NH 4 HCO 3 .   
   10.    20 mM dithiothreitol (DTT).   
   11.    200 mM Tris(carboxyethyl)phosphine (TCEP).   
   12.    55 mM iodoacetamide (IAA).   
   13.    Trypsin, mass spectrometry grade.   
   14.    Trypsin stock solution: dissolve 100 µg of trypsin in 1 ml of 

1 mM HCl, aliquot into 10 µl samples, store at −80 °C.   
   15.    0.5 % formic acid in 30 % acetonitrile.   
   16.    Razor blade and tweezers.   
   17.    Filter paper.   
   18.    Mickle gel slicer (Brinkman) or equivalent.   
   19.    Ultrasonic water bath.   
   20.    SpeedVac.   

2.3  Immunopreci-
pitaion

2.4  Mass 
Spectrometry

Coronavirus Receptors and Mass Spectroscopy
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   21.    EASY-nLC coupled to a Q Exactive mass spectrometer (both 
Thermo Scientifi c).   

   22.    ReproSil C18 reversed-phase column (Dr. Maisch GmbH).      

      1.    Cos-7 cells.   
   2.    Cos-7 cell growth medium: DMEM, 10 % FCS, 100 U/ml 

penicillin, and 100 mg/ml streptomycin.   
   3.    Trypsin–EDTA: 0.25 % w/v trypsin, 0.02 % w/v EDTA in PBS.   
   4.    Hemocytometer or cell counting chamber.   
   5.    Anti-DPP4 or antibody against other protein of interest.   
   6.    Flow cytometer.   
   7.    4 % formaldehyde.   
   8.    10 % normal goat serum or serum corresponding species from 

which secondary antibody is raised.   
   9.    Anti-SARS nsp4 or antibody against other viral protein.   
   10.    Goat anti-rabbit FITC or other suitable secondary antibody.   
   11.    Fluorescence microscope.       

3    Methods 

   The virus used in this method, MERS-CoV EMC, was described 
previously [ 12 ] and is used as an example.

    1.    Isolate viral RNA from 140 µl of virus stock at 10 7  TCID 50 /
ml using the viral RNA isolation kit, following manufacturer’s 
instructions. The tissue RNA isolation kit was used to isolate 
RNA from 2 × 10 7  Huh-7 cells, following manufacturer’s 
instructions ( see   Note 1 ).    

      To convert RNA into cDNA we use SuperScript II reverse tran-
scriptase but other reverse transcriptase enzymes can also be used.

    1.    For a 20 µl reaction mix, 10 µl RNA, 1 µl 10 mM dNTPs, 1 µl 
10 mM random primers, and 1.5 µl dH 2 O.   

   2.    Incubate at 65 °C for 10 min and then at 4 °C for 2 min 
( see   Note 2 ).   

   3.    Place on ice.   
   4.    Make reverse transcriptase (RT) mix (for a 20 µl total reaction 

volume) as follows: 4 µl 5× SuperScript II reaction buffer, 1 µl 
100 mM DTT, 0.5 µl RNase inhibitor (20 U/µl), 1 µl 10 mM 
random primers (Promega), and 1 µl SuperScript II reverse 
transcriptase (200 U/µl).   

   5.    Add 6.5 µl of RT mix and incubate as follows: 25 °C for 5 min, 
50 °C for 45 min, 70 °C for 20 min.   

   6.    Store at 4 °C.      

2.5  Validation 
of Receptor 
Identifi cation

3.1  RNA Isolation

3.2  cDNA Synthesis
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   We strongly recommend the use of Pfu Ultra II Fusion HS DNA 
polymerase, although other enzymes may be used. The PCR 
instructions in this protocol are optimized for the use of this 
polymerase.

    1.    Prepare the PCR mix (48 µl reaction volume) as follows: 
5.0 µl 10× Pfu Ultra II Fusion HS DNA polymerase buffer, 
2.5 µl 10 mM dNTPs, 1.5 µl 10 mM gene specifi c forward 
primer, 1.5 µl 10 mM gene specifi c reverse primer, 1.0 µl Pfu 
Ultra II Fusion HS DNA polymerase, and 36.5 µl dH 2 O.   

   2.    Add 2.0 µl of the cDNA reaction mix from Subheading  3.2 , 
 step 6  to the 48 µl PCR mix and mix by pipetting the solution 
up and down several times.   

   3.    Incubate the PCR cDNA mix as follows: 94 °C for 3 min; then 
incubate for 39 cycles at: 94 °C for 20 s, 58 °C for 30 s, 72 °C 
for 2 min, with a fi nal extension at 72 °C for 10 min.   

   4.    Store PCR reaction at 4 °C ( see   Note 3 ).   
   5.    Analyze the PCR products by standard agarose gel 

electrophoresis.   
   6.    If a single PCR product of the expected size is detected, 

remove polymerase, dNTPs, and primers using a standard 
PCR cleanup kit.   

   7.    If multiple products are detected, separate PCR products by 
gel electrophoresis, remove an agarose slice containing the 
required product and use a gel extraction kit to isolate the 
DNA from the agarose slice.   

   8.    Elute the required PCR product from the cleanup or gel puri-
fi cation kit column in dH 2 O.   

   9.    Analyze the PCR product using an appropriate restriction 
enzyme or enzymes followed by standard agarose gel electro-
phoresis to confi rm that the PCR product is as expected.   

   10.    Quantify the nucleic acid concentration of the PCR product 
using NanoDrop 1000 or similar spectrophotometer.   

   11.    Store the PCR product at −20 °C.      

      1.    The gene fragment encoding the Fc part of human IgG1 
is PCR amplifi ed from pFUSE-hIgG1-Fc2 with fl anking 
restriction sites using the forward cgaattcagatctTGAGCC
CAAATCTTGTGAC and reverse primer cggatccTCATT 
TACCCGGAGACAGG. Subsequently, the EcoRI/BamHI 
digested PCR fragment can be cloned into the EcoRI-BglII 
digested pCAGGS vector creating the pCAGGS-Fc vector.   

   2.    Digest the S1 PCR product and the pCAGGS-Fc vector by 
adding the following into separate 1.5 ml tubes: 2 µl of the 
appropriate 10× restriction buffer, 1 µg of DNA (PCR prod-
uct or vector), H 2 O up to 20 µl, 20 U of the appropriate 

3.3  PCR 
Amplifi cation 
of the S1 Region

3.4  Cloning 
and Expression 
of the S1-Fc Fusion 
Protein
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restriction enzyme ( Eco RI and  Bam HI in the example in 
Subheading  2.1 ).   

   3.    Mix gently by pipetting and incubate at 37 °C for 1 h.   
   4.    Electrophorese the restriction digests of the vector and S1 

PCR product in a agarose gel, identify the products and cut 
out the gel slices containing the digested products.   

   5.    Purify the DNA products from the agarose slices using a gel 
extraction kit, elute the DNA into H 2 O and quantify the 
nucleic acid concentrations using a NanoDrop.   

   6.    Ligate the digested S1 PCR product into the pCAGGS-Fc 
vector by adding the following to a 1.5 ml tube: 2 µl 10× T4 
ligation buffer, DNA of digested vector and S1 PCR product 
in a 1:3 molar ratio, H 2 O up to 19 µl, 1 µl T4 DNA ligase, mix 
gently by pipetting ( see   Note 4 ).   

   7.    Incubate the ligation mixture at 16 °C for 1 h.   
   8.    Transform competent  E. coli  cells by adding 2–5 µl of ligation 

mixture to 50 µl competent cells.   
   9.    Incubate on ice for 30 min.   
   10.    Heat-shock cells for 30 s at 42 °C in a thermocycler or water 

bath.   
   11.    Add 250 µl of SOC medium.   
   12.    Incubate at 37 °C for 1 h while shaking.   
   13.    Plate 100 µl on prewarmed LB Amp plates.   
   14.    Incubate at 37 °C overnight.   
   15.    Next day, pick colonies using a sterile toothpick for colony 

PCR screening and storage.      

       1.    Transfer a small amount of a colony into 25 µl of LB medium.   
   2.    Make a PCR mix as follows: 2 µl 10× PCR polymerase buffer, 

1 µl 10 mM dNTPs, 0.6 µl 10 mM forward primer, 0.6 µl 
10 mM reverse primer, 1 µl of the colony mix, 1 µl PCR poly-
merase, 13.8 µl dH 2 O.   

   3.    Incubate the PCR mix for 30 cycles at 94 °C for 20 s, 58 °C for 
30 s, 72 °C for 2 min, with a fi nal extension at 72 °C for 10 min.   

   4.    Analyze the PCR products by standard agarose gel 
electrophoresis.   

   5.    Inoculate PCR positive clones in 2 ml LB Amp medium and 
to grow at 37 °C for ~8 h while shaking.   

   6.    From this 2 ml culture, inoculate 500 µl into a 500 ml of LB 
Amp medium.   

   7.    Allow the bacteria to grow ~8 h at 37 °C while shaking.   
   8.    Next day, extract plasmid DNA from the bacteria using a maxi 

prep DNA kit, according to manufacturer’s instructions.   

3.5  Colony PCR
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   9.    Perform a restriction digest and analyze the products by stan-
dard agarose gel electrophoresis to confi rm the plasmid DNA 
is correct.   

   10.    Determine DNA concentration using a NanoDrop or spectro-
photometer and prepare a DNA stock of 1 µg/µl.      

        1.    Seed HEK-293T cells in 20T175 fl asks in 40 ml of 293T cell 
growth medium and incubate at 37 °C with 5 % CO 2  for 
approximately 24 h until 60–70 % confl uent.   

   2.    Prepare a working stock of 1 mg/µl PEI. This can be kept 
at 4 °C.   

   3.    Two hours prior to transfection, remove medium from 293T 
cells and replace with 30 ml of fresh prewarmed 293T cell 
growth medium.   

   4.    For each T175 fl ask, prepare the DNA transfection solution as 
follows: add 18 µl of 1 µg/µl pCAGGS-MERS-CoV-S1-Fc 
plasmid DNA (Subheading  3.5 ,  step 10 )    to 3 ml of serum- 
free DMEM and mix by pipetting.   

   5.    Add 54 µl of 1 mg/µl PEI to the transfection solution 
and mix.   

   6.    Incubate at room temperature for 30 min.   
   7.    Add the DNA/PEI complex dropwise to the T175 fl ask and 

gently swirl to mix.   
   8.    Incubate cells 4–12 h (determine experimentally).   
   9.    Aspirate the medium from the transfected cells and replace 

with 40 ml of HEK-293T expression medium, incubate at 
37 °C with 5 % CO 2  for 6 days.   

   10.    Prepare 50 % (w/v) protein-A sepharose beads: Add 0.25 g of 
protein-A sepharose CL-4B to a tube, add 10 ml PBS to form 
a slurry, centrifuge for 2 min at 2,000 ×  g , remove supernatant, 
and repeat two more times. Pellet the beads for 2 min at 
2,000 ×  g  and resuspend in 1.4 ml PBS per tube (50 % w/v), 
the fi nal volume will be ~2.8 ml.   

   11.    Collect the expression medium from the transfected HEK- 
293T cells into 50 ml tubes and centrifuge at 2,850 ×  g  for 
10 min to remove cell debris.   

   12.    Transfer medium to new 50 ml tubes and centrifuge again at 
2,850 ×  g  for 15 min.   

   13.    Transfer cleared medium to new 50 ml tubes and keep it on 
ice; take a 100 µl aliquot and store at −20 °C.   

   14.    Add 0.5 ml of washed protein-A sepharose beads (50 % w/v) 
and 800 µl of 1 M Tris–HCl pH 8.0 to each 40 ml supernatant 
to neutralize the pH and incubate overnight, rotating at 4 °C 
( see   Note 5 ).   

3.6  Large-Scale 
Expression 
and Purifi cation 
of S1-Fc Fusion 
Proteins
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   15.    Collect the protein-A sepharose beads by centrifugation at 
2,000 ×  g  for 15 min (see  Note 6 ).   

   16.    Pool all the protein-A sepharose beads together in a 50 ml 
tube and wash three times with 10 ml PBS.   

   17.    After the fi nal centrifugation, resuspend the protein-A sepha-
rose beads in 1 ml of 0.5 M acetic acid pH 3 elution buffer and 
incubate for 1 min at room temperature.   

   18.    Centrifuge the protein-A sepharose beads at 14,000 ×  g  for 
10 min and transfer the supernatant to a 1.5 ml tube.   

   19.    Repeat  steps 17  and  18  twice more to elute any remaining 
S1-Fc protein from the protein-A sepharose beads.   

   20.    To remove any remaining protein-A sepharose beads in the 
supernatant repeat  step 18  once and transfer supernatant to a 
fresh tube.   

   21.    To neutralize the pH of the eluted S1-Fc protein, add 200 µl 
of 3 M Tris–HCl pH 8.8 (fi nal pH 7.5).   

   22.    Quantify the protein concentration using a NanoDrop at 
280 nm.   

   23.    To analyze the size of the eluted S1-Fc protein, run 2 µg of the 
protein in a standard 10 % SDS-PAGE gel.   

   24.    Aliquot the S1-Fc protein and store at −80 °C.      

        1.    Seed 5 × 10 7  Huh-7 cells in 100 mm dishes with growth 
medium and incubate at 37 °C for 24 h to allow the cells to 
become confl uent.   

   2.    Wash the adherent cells twice with ice-cold PBS and allow the 
PBS to drain off.   

   3.    Add 1 ml of DDM lysis buffer onto the cells and gently rock 
the dish to cover the entire cell sheet.   

   4.    Scrape adherent cells off the dish with either a rubber police-
man or a plastic cell scraper and transfer the cell suspension into 
a fresh centrifuge tube. Gently rock the suspension on either a 
rocker or an orbital shaker at 4 °C for 15 min to lyse the cells.   

   5.    Centrifuge the lysate at 14,000 ×  g  in a precooled microcentri-
fuge for 1 min.   

   6.    Immediately transfer the supernatant to a fresh centrifuge 
tube and discard the pellet.      

      1.    Prepare a 50 % (w/v) protein-A sepharose bead slurry as in 
Subheading  3.6 ,  step 10 .   

   2.    Add 100 µl of the protein A-sepharose bead slurry to every 
1.5 ml of cell lysate and incubate at 4 °C for 10 min on a 
rocker or orbital shaker ( see   Note 7 ).   

   3.    Remove the beads by centrifugation at 14,000 ×  g  at 4 °C for 
1 min and carefully transfer supernatant to a fresh tube.      

3.7  Immunopreci-
pitation

3.7.1  Preparation 
of Cell Lysate

3.7.2  Preclearing 
of the Huh-7cell Lysate
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       1.    Add 2.5 µg of the purifi ed S1-Fc fusion protein 
(Subheading  3.6 ,  step 24 ) to 1.5 ml of the Huh-7 precleared 
lysate and incubate for 1 h at room temperature on a rocker 
or an orbital shaker.   

   2.    Use 1.5 ml of the Huh-7 precleared lysate, without the puri-
fi ed S1-Fc fusion protein, as a negative control and incubate as 
described in  step 1 .   

   3.    Capture any immunocomplexes between the S1-Fc fusion 
protein and the precleared Huh-7 cell lysate by adding 150 µl 
of the protein A-sepharose 50 % bead slurry to 1.5 ml of the 
lysates in Subheading  3.7 ,  step 2 , gently mix overnight at 
4 °C on either a rocker or an orbital shaker.   

   4.    Collect the protein A-sepharose beads by pulse centrifugation 
(i.e., 5 s in the microcentrifuge at 14,000 ×  g ). Discard the 
supernatant and wash the protein A-sepharose beads twice 
with DDM lysis buffer and once in PBS alone. Discard the 
supernatants.   

   5.    Resuspend the protein A-sepharose beads in 200 µl of PBS 
and store at 4 °C.       

       1.    Prepare 100 mM NH 4 HCO 3 –acetonitrile wash solution as fol-
lows: 1:1 (v:v) of 100 mM NH 4 HCO 3  and acetonitrile.   

   2.    Pellet 100 µl of the protein A-sepharose beads 
(Subheading  3.7.3 ,  step 5 ) by pulse centrifugation and dis-
card the supernatant.   

   3.    Resuspend the protein A-sepharose beads in 30 µl 2× Tris- 
Glycine SDS sample buffer, mix gently and incubate at 100 °C 
for 10 min ( see   Note 8 ).   

   4.    Centrifuge at 14,000 ×  g  for 1 min   
   5.    Load 15 µl of supernatant on a 10 % pre-cast Tris-Glycine 

SDS-PAGE gel, electrophorese the sample for 40 min at 
100 V; Alternatively, the supernatant can be transferred to a 
fresh 1.5 ml tube and stored frozen at −20 °C for later use, 
frozen supernatants should be reboiled for 5 min directly prior 
to loading on a gel.   

   6.    Transfer SDS-PAGE gel to a clean cell culture dish or other 
plastic container and cover with Coomassie blue staining solu-
tion. Incubate at room temperature for 45 min while shaking.   

   7.    Destain the gel with destaining solution until bands can clearly 
be seen and leave the gel in dH 2 O in a clean cell culture dish.   

   8.    Cut out the lane of interest using a clean razor blade and twee-
zers and put the complete lane onto two dH 2 O-wetted fi lter 
papers (1.5 × 10 cm).   

   9.    Clean the razor blade of the Mickle gel slicer with methanol 
and then dH 2 O.   

3.7.3  Immunopreci-
pitation

3.8  Mass 
Spectrometry 
Analysis by Nanofl ow 
LC-MS/MS

3.8.1  SDS-PAGE
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   10.    Place the fi lter paper with the gel lane on top onto the sled of 
the Mickle gel slicer and cut the gel lane into 1 mm slices.   

   11.    Depending on the complexity of the protein mixture in the gel 
lane, transfer two or three adjacent slices to 1.5 ml tubes that 
contain 600 µl of NH 4 HCO 3 –acetonitrile wash solution, so 
that you divide the complete gel lane over 20–30 sample tubes.      

      1.    Destain the gel slices by shaking at 4 °C overnight in the 
100 mM NH 4 HCO 3 –acetonitrile wash solution ( see   Note 9 ).   

   2.    Aspirate off the wash solution with a gel loading tip, replace 
with 0.5 ml of fresh NH 4 HCO 3 –acetonitrile wash solution, 
and shake for 1 h at 4 °C.   

   3.    Wash with 200 µl dH 2 O once and with 200 µl NH 4 HCO 3 –
acetonitrile wash solution twice for 15 min.   

   4.    Shrink the gel pieces using 200 µl 100 % acetonitrile and fl ick 
the tube until the gel pieces turn white.   

   5.    Incubate for 5 min at room temperature.   
   6.    Aspirate off acetonitrile and air-dry the gel slices for 5 min.      

      1.    Freshly prepare gel swelling solution as follows: 5 ml 100 mM 
NH 4 HCO 3 , 5 ml freshly prepared 20 mM DTT.   

   2.    Freshly prepare alkylation solution as follows: Dissolve 102 mg 
of Iodoacetamide (IAA) in 5 ml of dH 2 O and then add 5 ml 
of 100 mM NH 4 HCO 3 .   

   3.    Swell each gel slice in 200 µl gel swelling solution.   
   4.    Incubate for 1 h at 37 °C.   
   5.    Remove the gel swelling solution and add 200 µl alkylation 

solution to each gel slice.   
   6.    Incubate for 1 h at room temperature in the dark.   
   7.    Wash the gel slices twice with 200 µl of the NH 4 HCO 3 –aceto-

nitrile wash solution for 15 min.   
   8.    Shrink the gel pieces in 200 µl 100 % acetonitrile.      

      1.    Just before use, prepare a 10 µg/ml trypsin working solution 
by diluting the 100 µg/ml trypsin stock solution with 50 mM 
NH 4 HCO 3 .   

   2.    Add 10 µl of the 10 µg/ml trypsin working solution to every 
1 mm gel slice so that each slice is fully immersed in the trypsin 
working solution.   

   3.    Incubate the gel slices for 30 min at room temperature.   
   4.    Check that the gel pieces are still fully covered by the trypsin 

solution, if not, add some more trypsin working solution.   
   5.    Incubate overnight at 37 °C; shaking not necessary.      

3.8.2  Destaining 
and Washing of Gel Pieces

3.8.3  Reduction 
and Alkylation of Proteins 
( See   Note 10 )

3.8.4  In-Gel Digestion
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      1.    Centrifuge the gel slices for 10 s and remove trypsin.   
   2.    Add 50 µl of the 0.5 % formic acid solution in 30 % acetonitrile 

peptide extraction solution, sonicate in an ultrasonic bath for 
2 min at room temperature, then incubate for 30 min at room 
temperature.   

   3.    Transfer the supernatant to a clean 1.5 ml tube or into a 
96-well plate.   

   4.    Repeat  steps 3  and  4  twice and combine the supernatants.   
   5.    Dry the combined supernatants in a SpeedVac.      

      1.    Dissolve the peptides in 30 µl of 0.1 % formic acid.   
   2.    Analyze the samples by nanofl ow LC-MS/MS on an EASY- 

nLC coupled to a Q Exactive mass spectrometer, operating in 
positive mode and equipped with a nanospray source.   

   3.    Trap peptide mixtures on a ReproSil C18 reversed-phase col-
umn (column dimensions 1.5 cm × 100 µm, packed in-house) 
at a fl ow rate of 8 µl/min −1 .   

   4.    Separate peptides on a ReproSil C18 reversed-phase column 
(column dimensions 15 cm × 50 µm, packed in-house) using a 
linear acetonitrile gradient from 0 to 80 % (A = 0.1 % formic 
acid; B = 80 % (v/v) acetonitrile, 0.1 % formic acid) in 70 or 
120 min and at a constant fl ow rate of 200 nl/min −1 .   

   5.    Spray the column eluent directly into the electrospray ioniza-
tion (ESI) source of the mass spectrometer.   

   6.    Acquire mass spectra in continuum mode; fragment the 
 peptides in data-dependent mode by higher-energy collisional 
dissociation (HCD).   

   7.    For data analysis, create peak lists automatically from raw data 
fi les using a software suite such as Mascot Distiller software 
(Matrix Science), Proteome Discoverer (Thermo), or 
MaxQuant. Use a database search engine such as Mascot or 
Andromeda (MaxQuant) for searching peak lists against a 
Uniprot fasta database that contains all human protein 
sequences. For control purposes, merge the human protein 
database with a fasta database containing all for example MERS 
virus protein sequences. Perform the database search analysis 
on either an in-house server or a multi-core desktop PC.   

   8.    Human Dipeptidyl peptidase 4 (DPP4 or CD26) tryptic pep-
tides are expected to be detected specifi cally in MERS-CoV- 
S1-Fc IP samples, in relation to the examples given.       

3.8.5  Extraction 
of Peptides from the Gel

3.8.6  Mass Spectrometry

Coronavirus Receptors and Mass Spectroscopy



178

       1.    Isolate total RNA from Huh-7 cells and make cDNA as 
described in Subheadings  3.1  and  3.2 .   

   2.    Amplify complete human  DPP4  using Pfu Ultra II fusion HS 
DNA polymerase using the PCR protocol described in 
Subheading  3.3  using specifi c primers for human  DPP4  or the 
gene sequence of the protein of interest.      

       1.    Clone the complete  DPP4  gene or gene of interest into the 
pcDNA 3.1 (+) expression vector into the  Bam H1 and  Not I 
site (pcDNA-hDPP4 plasmid).   

   2.    Check the construct by sequence analysis. 
 Prepare cells not susceptible to virus infection (e.g., Cos-7 

cells) and transfect them with the DPP4-expression plasmid. 
Transfect pcDNA-hDPP4 using PEI (plasmid PEI ratio 1:3)   

   3.    At 24 h post transfection the cells can be tested for the 
cell surface expression of DPP4 using FACS analysis and 
 susceptibility of infection by infecting those cells with 
MERS-CoV-EMC.      

      1.    After 24 h of transfection (Subheading  3.9.2 ,  step 2 ), wash 
the cells once with PBS and add 1 ml of Trypsin EDTA.   

   2.    Incubate at 37 °C for approximately 5 min (until complete 
disassociation of the cells).   

   3.    Add 1 ml of PBS and mix it by pipetting up and down.   
   4.    Transfer the cell suspension in to a new tube and add addi-

tional 5 ml of PBS.   
   5.    Centrifuge at 400 ×  g  for 5 min.   
   6.    Resuspend the cells in 2 ml PBS and count the cells using the 

counting chamber.   
   7.    Place 5 × 10 5  cells in a 96 well “v” bottom plate and add S1-Fc 

or 5 µg/ml antibody against protein under investigation such 
as goat anti-DPP4 polyclonal antibodies in this example, or 
without any protein as a control, in volume of 50 µl.   

   8.    Incubate on ice for 30 min.   
   9.    Wash the cells three times with PBS containing 0.5 % BSA.   
   10.    Add 50 µl of FITC-labelled goat anti-human IgG or FITC- 

labelled rabbit anti goat serum (5 µg/ml) or any other labelled 
secondary antibody depending on the origin of the antibody 
in  step 7 .   

   11.    Incubate on ice for 30 min and wash the cells three times with 
PBS.   

   12.    Resuspend the cells in 190 µl of PBS.   
   13.    Analyze the cells for any fl uorescence by fl ow cytometry 

(Fig.  2 ).       

3.9  Cloning 
and Expression 
of Human DPP4 or 
Appropriate Receptor

3.9.1  RNA Isolation 
and PCR Amplifi cation 
of Human DPP4

3.9.2  Cloning 
and Expression of Human 
DPP4

3.9.3  Identifi cation 
Receptor Expressing Cells 
by Flow Cytometry Analysis
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      1.    Transfect pcDNA-DPP4 plasmid or plasmid containing the 
gene under investigation in Cos-7 and empty plasmid as 
control.   

   2.    After 24 h of transfection, wash the cells with Cos-7 growth 
medium and incubate the cells with virus under investigation, 
e.g., MERS-CoV-EMC for 1 h.   

   3.    Wash the cells two times with Cos-7 growth medium contain-
ing 1 % FCS to remove any unbound virus and after fi nal wash 
add 3 ml of fresh medium.   

   4.    Incubate the cells at 37 °C with 5 % CO 2  for 24 h.   
   5.    Fix the cells with 4 % formaldehyde solution for 10 min.   

3.9.4  Virus 
Infection Assay

  Fig. 2    Human DPP4 expression and MERS-CoV-S1 binding to cells transfected with human DPP4 plasmid 
or empty plasmid as analyzed by FACS analysis. DPP4 staining ( upper panel  ) and MERS-CoV-S1 binding 
( lower panel  ) are shown       
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   6.    Wash the cells three times with PBS.   
   7.    Add 500 µl of 70 % ethanol and keep the plate at 4 °C until 

immunofl uorescent staining.   
   8.    Wash the cells three times with PBS.   
   9.    Add 200 µl of 10 % normal goat serum or serum correspond-

ing to the species from which the secondary antibody in  step 
14  is derived.   

   10.    Incubate the cells at 37 °C for 30 min.   
   11.    Remove the 10 % normal goat serum and add 200 µl of any 

antibody to a specifi c virus protein, for example rabbit-anti- 
SARS-CoV nsp4 (5 µg/ml) is cross-reactive for 
MERS-CoV-EMC.   

   12.    Incubate the cells at 37 °C for 1 h.   
   13.    Wash the cells three times with PBS.   
   14.    Add 200 µl of goat anti-rabbit serum conjugated with FITC 

(5 µg/ml).   
   15.    Incubate the cells at 37 °C for 1 h.   
   16.    Wash the cells three times with PBS and analyze using a 

fl uorescent microscope (Fig.  3 ).         

  Fig. 3    Characterization of human DPP4 as a functional receptor for MERS-CoV. Human DPP4 plasmid or a 
control plasmid was transfected in non-susceptible Cos-7 cells and after 24 h the cells were infected with 
MERS-CoV-EMC. Subsequently, the cells were fi xed after 24 h of infection and stained for MERS-CoV. ( a ) Empty 
plasmid transfected cells. ( b ) Human DPP4 plasmid transfected cells       
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4    Notes 

     1.    When using another RNA isolation kit, please refer to the rec-
ommendations of the respective manufacturer.   

   2.    The amount of RNA that can be used for this reaction volume 
is 100 pg to 1 µg RNA. If more RNA is used, (e.g., 2 µg), add 
the appropriate amount of reagents needed.   

   3.    When using another polymerase than Pfu, please refer to the 
recommendations of the respective manufacturer.   

   4.    Add the ligase last.   
   5.    It is recommended to cut the tip of the pipette-tip off when 

working with sepharose beads to avoid disruption of the beads.   
   6.    Before aspiration of the medium, take a 100 µl aliquot and 

store at −20 °C.   
   7.    Preclearing the lysate will reduce nonspecifi c binding of 

 proteins to the agarose or sepharose when it is used later on in 
the assay.   

   8.    Be sure that all equipment that you use for running gels (trays, 
boxes, dishes, tips, etc.) is clean and try to keep equipment 
that you use for mass spec gels apart from other electrophore-
sis equipment in your lab. The more the keratin contaminants, 
the less the protein identifi cations in the end.   

   9.    A few hours is suffi cient.   
   10.    These steps can be skipped if you have alkylated the proteins 

before running the gel.         
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    Chapter 16   

 Single Particle Tracking Assay to Study Coronavirus 
Membrane Fusion 

           Deirdre     A.     Costello     and     Susan     Daniel    

    Abstract 

   Single particle tracking (SPT) of individual virion fusion with host cell membranes using total internal 
refl ection microscopy (TIRFM) is a powerful technique for quantitatively characterizing virus–host inter-
actions. One signifi cant limitation of this assay to its wider use across many types of enveloped viruses, such 
as coronavirus, has been incorporating non-lipid receptors (proteins) into the supported lipid bilayers 
(SLBs) used to monitor membrane fusion. Here, we describe a method for incorporating a proteinaceous 
viral receptor, feline aminopeptidase N (fAPN), into SLBs using cell blebbing of mammalian cells express-
ing fAPN in the plasma membrane. This receptor binds feline coronavirus (FECV 1683). We describe how 
to carry out single particle tracking of FECV fusion in this SLB platform to obtain fusion kinetics.  

  Key words     Cell bleb  ,   Single particle virus fusion  ,   Single particle tracking  ,   Supported lipid bilayers  , 
  Microfl uidics  ,   Fusion kinetics  

1      Introduction 

 A versatile approach for quantitatively studying virus–host cell 
interactions and viral entry kinetics is single particle imaging using 
total internal refl ection fl uorescence microscopy (TIRFM) [ 1 – 3 ] 
combined with microfl uidic handling and fl uid supported lipid 
bilayers (SLBs). There are a number of advantages of using this 
platform. First, the TIRFM imaging approach allows one to obtain 
unique single particle data that can be used to discriminate indi-
viduals within populations and to identify intermediate mechanis-
tic steps of the entry process that are often masked by ensemble 
approaches. Second, microfl uidic handling enables unique control 
over the temporal sequence of fusion triggers such as viral binding, 
exposure to proteases, and pH drop. Third, the supported lipid 
bilayer that coats the walls of microfl uidic channels and acts as a 
host membrane mimic [ 4 ,  5 ] preserves lipid mobility in the bilayer 
while its planar geometry removes many experimental complica-
tions imposed by live cells. These features facilitate the study of 
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virus–cell interactions and the membrane fusion processes required 
for viral infection. This convenient platform enables quantitative 
data collection used for statistical analysis of stochastic virus fusion 
events and the measurement of membrane fusion kinetics. 

 One of the biggest drawbacks of the SLB platform for single 
virion studies of virus entry is the limited range of viruses that are 
compatible with it. This limitation is imposed by the complexity of 
the receptor that can be incorporated into the SLB. As such, these 
platforms have been limited to the study of a few viruses, such as 
infl uenza virus [ 2 ,  3 ,  6 ], Sindbis virus [ 3 ], and vesicular stomatitis 
virus (VSV) [ 7 ], that are all known to interact with specifi c lipids 
that are easily incorporated into SLBs. However, the receptors for 
many enveloped viruses, including those in the  Coronaviridae , are 
membrane proteins. In this chapter, we describe a method to 
incorporate membrane proteins into supported planar bilayers for 
the study of coronavirus fusion using single particle tracking by 
TIRFM. Here, we focus on one of the best-characterized receptors 
used by many coronaviruses in the alphacoronavirus genus [ 8 – 10 ], 
aminopeptidase N (APN). 

 To provide some perspective, we summarize standard proce-
dures for creating proteoliposomes that can be used to form sup-
ported bilayers. Proteins are typically incorporated into vesicles 
using detergent to solubilize the membrane protein of interest, 
which is then reconstituted into a vesicle called a proteoliposome 
[ 11 ]. When membrane proteins are solubilized, they are extracted 
from their native lipid environment, which can expose the hydro-
phobic transmembrane domains to an aqueous environment. To 
minimize these energetically unfavorable interactions, the proteins 
may refold and lead to the incorporation of misfolded proteins into 
proteoliposomes. The reconstitution process can also lead to ran-
domly oriented proteins in the bilayers. These non-native changes 
have major implications for pathogenesis: protein conformation in 
the membrane and its glycosylation are critical to controlling the 
host–pathogen interaction. To overcome these limitations, we 
have developed a method of embedding functional, enzymatically 
active membrane proteins in supported bilayers by using chemi-
cally induced cell blebbing [ 12 – 15 ] to create proteoliposomes 
composed of plasma membrane constituents [ 16 ,  17 ]. 

 Chemical induction of cell blebs results in the productions of 
proteoliposomes that have never been subjected to detergent solu-
bilization and are ideal for use in biomimetic systems to study 
virus–host interactions. Cells are fi rst transfected with receptor pro-
teins specifi c for coronaviruses (or any desired protein), grown to 
confl uency, and then chemically induced to form blebs. To form 
the planar bilayers, the cell blebs are fi rst adsorbed to a glass surface, 
and then incubated with liposomes devoid of proteins, but closely 
matching the lipid composition of the host cell. The rupturing of 
the liposomes in spaces in between adsorbed blebs induces the 
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rupture of the cell blebs on the surface to form a single planar 
bilayer [ 16 ]. We showed previously [ 17 ] that APN in the SLB made 
from blebs is enzymatically active, oriented properly, and compe-
tent to bind CoV prior to membrane fusion. Note that the bleb-
bing procedure applies to many cell types and we have successfully 
expressed other proteins and incorporated them into SLBs using 
this approach, including DPP4, the receptor for MERS-CoV.  

2    Materials 

      1.    Giant plasma membrane vesicle (GPMV) buffer: 150 mM 
NaCl, 10 mM HEPE, 2 mM calcium chloride. Adjust pH to 
7.4 with hydrochloric acid (HCl).   

   2.    Blebbing buffer: GPMV buffer, 2 mM dithiothreitol (DTT), 
25 mM formaldehyde.   

   3.    Phosphate Buffered Saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na 2 HPO 4 ⋅2H 2 O, 1.8 mM KH 2 PO 4 . Adjust to 
desired pH with HCl.   

   4.    Biotechnology grade chloroform and methanol.   
   5.    1-oleoyl-2-palmitoyl- sn -glycero-3-phosphocholine (POPC).   
   6.    1-oleoyl-2-palmitoyl-sn-glycero-3-phosphoethanolamine 

(POPE).   
   7.    1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).   
   8.    Cholesterol   
   9.    Sphingomyelin.   
   10.    Oregon Green DHPE.   
   11.    Baby hamster kidney (BHK-21) cells.   
   12.    pCAGGS-fAPN (Feline aminopeptidase N plasmid, generous 

donation from Prof. Kathryn Holmes of University of 
Colorado).   

   13.    Sonicating water bath.   
   14.    Zetasizer NanoZ (Malvern).      

      1.    Glass coverslips (25 mm × 25 mm; No. 1.5).   
   2.    Hydrogen peroxide (50 % solution).   
   3.    Sulfuric acid.   
   4.    Polydimethylsiloxane (PDMS).   
   5.    Scotch tape.   
   6.    Tygon Microbore tubing (outer diameter: 0.06″, inner 

 diameter: 0.02″).   
   7.    Tube connector (outer diameter: 0.025″, inner diameter: 

0.013″, 0.300″ long).   

2.1  Cell Culture, 
Cell Blebbing, 
and Proteoliposome 
Preparation

2.2  Microfl uidic 
Setup, Virus Labeling, 
and SPT Assay

SPT Coronavirus Fusion Assay
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   8.    1 ml hypodermic syringes with fl at ends.   
   9.    23 Gauge luer stubs.   
   10.    Syringe pump.   
   11.    Feline Enteric Corona Virus (FECV) 1683.   
   12.     L -1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK) 

Trypsin.   
   13.    Lipophilic fl uorophores such as octadecyl rhodamine B chloride 

(R18), 1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate (DiI), or octadecyl-rhodamine (Rh110C18) ( see  
 Note 1 ).   

   14.    Sulforhodamine B (SRB) powder.   
   15.    Lipex extruder, 10 ml (Northern Lipids Inc).   
   16.    50 and 100 nm polycarbonate fi lters.   
   17.    Ceramic boat.   
   18.    Plasma cleaner.   
   19.    Inverted Zeiss Axio Observer.Z1 with an α Plan-Apochromat 

100× oil objective with a numerical aperture (NA) of 1.46. 
This microscope is equipped with a Laser TIRF 3 slider (Carl 
Zeiss, Inc.) and two-channel dual-view imaging system (DV2, 
Photometrics).   

   20.    Semrock 74 HE GFP/mRFP fi lter cube.   
   21.    Electron multiplying CCD camera (Hamamatsu ImagEM 

C9100-13, Bridgewater, NJ).   
   22.    Index-matching liquid (Carl Zeiss, Inc.).   
   23.    Image processing software such as Axiovision and Image J.   
   24.    Data analysis software such as Matlab.       

3    Methods 

      1.    Cell seeding: Thaw BHK-21 mammalian cells and grow to 
confl uency. Passage and seed cells at a density of 1.5 cells/ml 
in a 10 cm dish for 24 h at 37 °C and 5 % CO 2  ( see   Note 2 ).   

   2.    Transfection: Following standard transfection protocols, 
transfect cells with 6 µg of PCAGGS-fAPN and incubate for at 
least 18 h at 37 °C and 5 % CO 2 .   

   3.    Blebbing: Wash cells with 6 ml of GPMV buffer (per 10 cm 
dish). Add 4 ml of blebbing buffer to each dish. Place dishes 
rocking gently at 37 °C for 1 h or at room temperature for 2 h 
( see   Note 3 ).   

   4.    Place dishes on an inverted microscope and using bright fi eld, 
look for blebs fl oating in solution at 100× magnifi cation. Blebs 
appear as small fl oating dark spheres.   

3.1  Cell Culture 
and Cell Blebbing
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   5.    To ensure maximum bleb yield, tap the sides of the dishes 
gently to help any undetached blebs release into the superna-
tant. Gently collect the supernatant in a test tube. Place test 
tube on ice for 15 min to allow any detached cells to the settle 
to the bottom. Remove all but last 500 µl from the tube and 
add to a new tube.   

   6.    Dialyze the blebs against two 1-l volumes of GPMV buffer for 
24 h to remove DTT and HCHO.      

      1.    To form liposomes, mix the appropriate amounts of each 
POPC–POPE–sphingomyelin–cholesterol–Oregon Green 
DHPE in the ratio 37.3:34.2:5.7:22.8:0.1. This ratio is cho-
sen to match as close as possible to the lipid content of the 
BHK cell. Dissolve all components except sphingomyelin in 
biotechnology grade chloroform before mixing in a scintilla-
tion vial. Dissolve sphingomyelin in a 4:1 mixture of 
chloroform–methanol.   

   2.    Remove the bulk solvent from the vial under a stream of high 
purity nitrogen gas and then place in a desiccator under vac-
uum overnight to ensure complete evaporation of all solvent. 
Protect the lipids and fl uorophores from the degradation by 
room lighting, by wrapping the dessicator in aluminum foil or 
a dark cloth.   

   3.    Add phosphate-buffered saline at pH 7.4 to the dried lipid 
fi lm and gently resuspend in a sonicating bath for twenty min-
utes on the lowest setting. The fi nal lipid concentration should 
be approximately 2 mg/ml.   

   4.    Extrude the liposomes fi ve times through a 100 nm polycarbon-
ate fi lter and then twice through a 50 nm polycarbonate fi lter. 
The average liposome diameter is typically 100 nm as deter-
mined by dynamic light scattering (Zetasizer Nano Z, Malvern).      

      1.    Internal virus labeling: Working in a biosafety hood thaw a vial 
of coronavirus on ice. Add 10 µl of 20 mM SRB dye to 20 µl 
of coronavirus. Allow the virus/SRB mixture to incubate for 
16–20 h ( see   Note 4 ).   

   2.    Dilute the SRB-labeled coronavirus with 250 µl of GPMV 
buffer in a microcentrifuge tube. Vortex gently for 30 s to mix. 
Add 2 µl of TPCK-trypsin (2.5 µg/ml) to the virus/buffer 
mixture and vortex again for 30 s. Place the tube in a water 
bath or heat block at 37 °C for 15 min.   

   3.    Viral membrane labeling: Remove trypsin treated virus from 
the water bath. Add 3 µl of lipophilic fl uorophore, e.g., 
R110C18, to virus–buffer mix and place in a sonicating bath 
for 1.5 h. Filter out unincorporated dye by centrifuging using 
a G-25 spin column for 2 min at a speed of 3 × 1,000 ×  g  
( see   Note 5 ).      

3.2  BHK Fluid (BHKF) 
Liposome Preparation

3.3  Virus Labeling

SPT Coronavirus Fusion Assay
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      1.    Place glass coverslips in slots in a ceramic boat and then put 
the boat into a glass beaker. Working in a chemical safety hood 
and wearing appropriate personal protection equipment, mea-
sure 43 ml of hydrogen peroxide (50 wt%) in a 1 l-graduated 
cylinder and pour into the beaker, completely covering the 
slides. In the same graduated cylinder measure 100 ml of sul-
furic acid and then add to the beaker. This mixture is typically 
called “piranha solution,” and the reaction proceeds vigor-
ously for the fi rst few minutes.   

   2.    Allow the reaction to proceed for 10 min. Then very carefully 
add about 50 ml of deionized water. There will be some bub-
bling from the beaker as the reaction is quenched.   

   3.    Once the vigorous bubbling has ceased, using a Tefl on mitt, 
pick up the beaker and very carefully decant some of the liquid 
from the beaker into a chemical waste bottle specifi cally for 
piranha waste. Only decant enough liquid so that the glass 
slides are always covered in liquid.   

   4.    Repeat this rinsing step until approximately 500 ml of deion-
ized water has been used and then transfer the beaker to a sink 
and rinse with a constant stream of deionized water for ~15 min.   

   5.    Microfl uidic devices are formed using polydimethysiloxane 
(PDMS) in a molding process. In a clean plastic container 
weigh out the elastomer and cross-linker in a 10:1 ratio (i.e., 
to make 22 g of PDMS use 20 g of elastomer and 2 g of cross- 
linker). Using a spatula, mix thoroughly, but be careful not to 
scratch any plastic from the container into the mixture.   

   6.    After thorough mixing, the sample will be very aerated and 
the bubbles must be removed by degassing prior to complete 
cross-linking. Place the plastic container in a clean dessicator 
and place under vacuum. The PDMS mixture will rapidly 
climb the sidewalls of the container as the gas escapes. 
Periodically shutting the dessicator off from the vacuum and 
allowing slow pressure equalization will prevent the mixture 
from rising above the container sides. When all the larger gas 
bubbles are removed, leave the container under vacuum until 
the mixture is completely degassed.   

   7.    Pour the PDMS mixture gently over the silicon wafer contain-
ing the microfl uidic channel patterns ( see   Note 6 ). The layer 
of PDMS poured over the silicon wafer should be no more 
than 0.5 in. thick.   

   8.    Bake for 3 h at 80 °C.   
   9.    After suffi cient cooling has taken place, cut the devices out of 

the mold and punch holes in the inlet and outlet of the chan-
nels using a 23 gauge luer stub.   

   10.    Wash the device with water and then ethanol, especially the 
inlet and outlet ports to remove any obstructions created dur-
ing the hole-punching process.   

3.4  Microfl uidic 
Device Setup

Deirdre A. Costello and Susan Daniel
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   11.    Dry the device completely and clean with scotch tape to 
remove any dust/particulates.   

   12.    Place a dry piranha cleaned slide and PDMS microfl uidic 
device into the chamber of the plasma cleaner. Use oxygen 
plasma on the highest setting at 600 µm pressure for ~25 s.   

   13.    Following treatment, equalize the pressure in the chamber, 
then once opened very quickly place the device, channel side 
down, on top of the glass slide, as close to the center of the 
glass slide as possible (i.e., far away from the glass edges). 
Using a pair of tweezers, gently push down on the device to 
ensure complete contact with the glass.   

   14.    Bake the device at 80 °C for 10 min. This process should result 
in the glass slide being irreversibly bound to the PDMS mold. 
If it does not, the device was not clean enough and the above 
steps should be repeated.   

   15.    Allow the device to cool for 5 min after baking.   
   16.    Cut 2 lengths of Tygon tubing for each channel in the device: 

1 × 23 cm (inlet) and 1 × 30 cm (outlet).   
   17.    Using a pair of pliers or tweezers insert metal tube connectors 

into one end of the inlet and outlet tube. Insert the metal end 
of each tube into the inlet and outlet ports in the assembled 
microfl uidic device. Take care not to apply too much force, 
which may crack the glass coverslip. Do not insert the tube so 
that it is touching the bottom of the channel so that the liquid 
may fl ow freely into the channels.   

   18.    Place the other end of the inlet tube in a vial containing fi l-
tered GPMV buffer and attach a syringe/luer stub to the end 
of the outlet tube.      

      1.    Membrane fusion assays are conducted with total internal 
refl ection fl uorescence (TIRF) microscopy using an inverted 
Zeiss Axio Observer.Z1 with an α Plan-Apochromat 100× oil 
objective with a numerical aperture (NA) of 1.46. This micro-
scope is equipped with a Laser TIRF 3 slider and two-channel 
dual-view imaging system to split the image for simultaneous 
imaging of two emission signals on one CCD chip. In this 
setup, two lasers are used simultaneously to excite different 
color fl uorophores. Here 561 and 488 nm excitation wave-
lengths from solid-state lasers are used excite red and green 
fl uorophores, respectively. Excitation laser light is band-pass 
fi ltered through a Semrock 74 HE GFP/mRFP fi lter cube, 
and then combined with a dichroic mirror before being 
focused on the outer edge of the back aperture of the objec-
tive. The fl uorescence emission signal is fi ltered through a 
525/31 and 616/57 nm dual band-pass emission fi lter and 
then sent to an electron multiplying CCD camera.   

3.5  Microscopy 
and SPT Assay

SPT Coronavirus Fusion Assay
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   2.    Couple the glass coverslip of the microfl uidic device to the 
100×-objective for TIRF imaging using index-matching 
liquid.   

   3.    Place device on 10× objective of microscope (or another low 
magnifi cation).   

   4.    Attach syringes to a syringe pump. Flow buffer through the 
channels at a fl ow rate of 100 µl/min for 2 min to set the walls 
of the device and clear any debris. Wait for 5 min, then transfer 
the inlet tubes into a vial containing BHK21-fAPN blebs.   

   5.    Visually inspect the tubing inlet to ensure no bubbles or plugs 
of air have formed. If bubbles do form, run the syringe pump 
in reverse at 50 µl/min until the air has been pushed back into 
the vial of buffer and then transfer tubing to the vial containing 
the cell blebs.   

   6.    Flow blebs at dilution of 1:4 (blebs–GPMV) buffer ( see   Note 7 ) 
into the channel at a fl ow rate of 30 µl/min for 5 min.   

   7.    Allow the blebs to incubate on the glass for at least 30 min.   
   8.    Rinse the microchannel with GPMV buffer for 2 min at 

100 µl/min.   
   9.    Flow a 0.5 mg/ml solution of BHKF liposomes into the 

channel for 2 min at 100 µl/min.   
   10.    Incubate the liposomes in the channel with the cell blebs for at 

least 1 h. Repeat the aforementioned rinsing step with GPMV 
buffer.   

   11.    Inspect the bilayer under 100× magnifi cation. If the bilayer 
appears patchy, further incubation with BHKF liposomes may 
be required ( see   Note 8 ).   

   12.    Dilute 250 µl of fl uorescently labeled virus in 800 µl of PBS 
buffer at pH 7.4.   

   13.    Flow the diluted virus solution into the microfl uidic channel 
at 30 µl/min for 5 min. Allow the virus to bind to the mem-
brane for at least 20 min.   

   14.    Rinse excess virus from the channel with buffer at a fl ow rate 
of 100 µl/min for 2 min.   

   15.    Locate a region in the channel that has a uniform bilayer and a 
high density of bound virions in the green channel ( see   Note 9 ). 
Switch the camera view to dual-view mode and turn on the 
red laser. In this setting, virions that have taken up both SRB 
and R110C18 should be visible in the green and red channels. 
Ensure that the focus is maintained in both channels.   

   16.    Switch off the red and green lasers once an appropriate loca-
tion has been found to avoid unnecessary photobleaching. 
Carefully switch the inlet tubing for the channel from neutral 
PBS buffer into acidic PBS buffer (<pH 5.5).   
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   17.    Flow acidic buffer into the channel at 100 µl/min for 2 min 
and set up recording software to run for 4–5 min. Set the cam-
era exposure to a maximum of 100 ms. A drop in background 
intensity in the green channel indicates that the acidic buffer 
has reached the channel. Hemifusion follows and is marked by 
a sharp increase in fl uorescence of the punctate fl uorescent 
virions and then diffusion of the green fl uorophores into the 
supported bilayer, radiating away from the punctate dot. 
A sharp drop in intensity in the red channel marks pore forma-
tion in the same particle.      

      1.    Import the image sequence into an image processing software 
such as Image J.   

   2.    Determine the approximate time at which acidifi cation occurs 
by tracking Oregon Green intensity.   

   3.    Create a substack video from the original fi le. The time at 
which the Oregon Green intensity drops becomes the fi rst 
frame of the video substack (time zero). For experiments 
where only hemifusion is being monitored, track the intensity 
of each particle that fused over the course of the entire video. 
For experiments monitoring both hemifusion and pore forma-
tion identify and track the intensity only of virions that undergo 
both processes.   

   4.    To analyze data and obtain fusion kinetics, import this data 
into data analysis software such as Matlab to determine the 
time at which the maximum intensity (hemifusion) or intensity 
drop (pore formation) occurs for each fusing particle. These 
data can then be analyzed in various ways to determine kinetics 
parameters associated with the fusion process. One commonly 
used method plots the data as cumulative distributions and fi ts 
with a gamma distribution [ 6 ]. In this approach, the number 
of steps in the kinetic process can be resolved and the rate con-
stant for the limiting step. For pH sensitive fusion, these values 
can vary with the pH of buffer used to initiate fusion.       

4    Notes 

     1.    Hemifusion experiments can be carried out using commer-
cially available lipophilic fl uorophores such as octadecyl 
Rhodamine B chloride (R18) or 1′-Dioctadecyl-3,3,3′,
3′-Tetramethylindocarbocyanine Perchlorate (DiI) from 
Invitrogen. Synthesis of R110C18 is described in Floyd et al. 
[ 2 ] and Costello et al. [ 6 ].   

   2.    Cell Culture. Cell blebbing is not restricted to BHK-21 cells; 
a variety of cell lines can be used.   

3.6  Imaging 
Processing and Data 
Analysis
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   3.    Cell blebbing. There are a number of ways in which the cells 
can be incubated during blebbing. Agitation is not strictly 
required and blebs can be produced at 37 °C if the incubation 
time is increased to 2 h. Another very effective method is to 
place the plates in a thin layer of water shaker/heating bath at 
37 °C and incubate for 1 h.   

   4.    Timing of experiment. Microfl uidic devices and BHKF lipo-
somes may be prepared days or weeks in advance of the experi-
ment so long as they are stored appropriately. Piranha cleaned 
glass coverslips should not be used more than 24 h after clean-
ing. For dual labeling experiments with the coronavirus should 
be incubated with SRB at least 16 h before co labeling with a 
lipophilic fl uorophore such as R110C18. Once the virus has 
been labeled, the fl uorescent probes will only stay stably asso-
ciated with the virus for several hours.   

   5.    Optimization of virus labeling. When a new batch of dye is 
synthesized or new bath of virus is obtained it can be necessary 
to re optimize the amount of R110C18 required to achieve 
suffi cient dequenching at a single particle level. Typically to 
optimize the dye concentration, bulk dequenching events 
should be carried out in a fl uorimeter. Incubate the virus with 
varying amounts of dye and fi lter. Add the labeled virus to a 
cuvette and take a baseline reading at the appropriate wave-
length for the dye being used. To check if the virus is quenched, 
add 100 µl of a 10 % solution of Triton-X detergent. A signifi -
cant and rapid increase in fl uorescence indicates that the virus 
was quenched before solubilization of the membrane by the 
detergent. Once the bulk quenching concentration has been 
obtained the optimal quenching conditions in the microfl uidic 
should be close to that obtained in the fl uorimeter. Further 
optimization may be required as a result of photobleaching.   

   6.    Microfl uidic master. The microfl uidic master silicon wafer 
used for these experiments was designed in the Cornell 
Nanoscale Facility (CNF). Each channel was designed to be 
135 µm wide and 70 µm deep.   

   7.    Bleb concentration. The ratio of blebs to GMPV buffer rec-
ommended in this chapter can be subject to change. Depending 
on the yield of blebs this ratio may need to be changed in 
order to optimize adsorption in the microfl uidic device. It 
should be noted that completely saturating the channel with 
blebs will result in an immobile bilayer upon incubation with 
BHKF liposomes, presumably because there is no space left for 
the liposomes to fuse between adsorbed blebs.   

   8.    BHKF incubation. The concentration of BHKF liposomes for 
bleb incubation is recommended to be 0.5 mg/ml; however, 
increasing the concentration may help the bilayer form faster. 
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Depending on the concentration of blebs adsorbed it may also 
be necessary to increase the BHKF incubation time from 1 h 
to 2 or 3 h.   

   9.    Laser power. Photobleaching can greatly impair visualization 
of bound dual-label virions. The lowest laser power possible 
should be determined, typically by trial and error, so that pho-
tobleaching can be avoided but the intensity of the bound 
virions is above background noise in both red and green chan-
nel. The Zeiss microscope used in our experiments, the laser 
power is modulated to 20 % of total intensity available from 
the lasers. Within this modulation, the laser power was typi-
cally further reduced to between 5 and 10 % in both the red 
and green channels. These values may vary depending on the 
microscope set up and software used.         
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    Chapter 17   

 Studying Coronavirus–Host Protein Interactions 

           Chee-Hing     Yang    ,     Hui-Chun     Li    ,     Cheng-Huei     Hung    , and     Shih-Yen     Lo    

    Abstract 

   To understand the molecular mechanisms of viral replication and pathogenesis, it is necessary to establish 
the virus–host protein interaction networks. The yeast two-hybrid system is a powerful proteomic approach 
to study protein–protein interactions. After the identifi cation of specifi c cellular factors interacting with the 
target viral protein using the yeast two-hybrid screening system, co-immunoprecipitation and confocal 
microscopy analyses are often used to verify the virus–host protein interactions in cells. Identifi cation of 
the cellular factors required for viral survival or eliminating virus infected cells could help scientists develop 
more effective antiviral drugs. Here we summarize a standard protocol used in our lab to study the coro-
navirus–host protein interactions, including yeast two-hybrid screening, co-immunoprecipitation, and 
immunofl uorescence microscopy analyses.  

  Key words     Protein–protein interactions  ,   Virus–host interactions  ,   Human coronavirus  ,   Yeast two- 
hybrid (Y2H)  ,   Co-immunoprecipitation  ,   Confocal microscopy analysis  

1      Introduction 

 Virus–host interactions have long been studied since the fi rst dis-
covery of Tobacco Mosaic Virus in 1898. However, due to the 
limitation of experimental tools to investigate the mass interacting 
networks was not always simple. The investigation became more 
productive upon the technical development of protein biochemis-
try, nucleic acid sequencing, and several high-throughput screen-
ing systems. Three common methods used for high-throughput 
protein interaction analysis are yeast two-hybrid (Y2H) system, 
affi nity purifi cation, and protein chip [ 1 ]. Y2H was fi rst described 
in 1989 for identifying and analyzing various protein–protein 
interactions in the yeast model [ 2 ]. The GAL4 based Y2H system 
relies on the GAL4 transcription activator, which consists of a 
DNA binding domain (BD) and a transcription activating domain 
(AD). The yeast strain used in this system contains several nutrient 
gene mutations and without adding these nutrients into the cultur-
ing media, these yeast cells will not grow. Successful introduction 
of separate bait and prey plasmids into the mutant yeast strain will 
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provide the lacking nutrients hence the yeast cells will survive. One 
or more reporter genes will be cloned under the control of the 
UAS-GAL4 promoter. If the BD-bait fusion protein interacts with 
the AD-prey fusion protein, the GAL4 activator becomes func-
tional and binds to the GAL UAS promoter region, then activates 
the reporter gene(s). The expression of one or more reporter genes 
thus indicates that there are protein–protein interactions between 
the target protein (bait) and the others (prey). The activation of 
reporter genes provides a platform to select the yeast clones that 
have protein–protein interactions. Most reporter genes used in this 
system are the complements of the mutated nutrient genes, e.g., 
Histidine, or an enzyme that catalyzes a color change reaction, 
e.g., LacZ. Figure  1  gives a schematic view of the yeast two-hybrid 
system. High-throughput screening of cDNA library by Y2H sys-
tem provides a fast and comprehensive way to identify the possible 
proteins in the library that could interact with the bait protein. The 
yeast clones containing the interacting proteins will survive in a 
nutrient lacking medium due to the activation of the reporter gene.  

 The identifi cation of virus–host interactions could facilitate the 
understanding of viral strategy to manipulate cellular functions for 
its survival or to know how the host controls and eliminates the 
pathogens. Several studies have used Y2H techniques to study the 
protein–protein interactions between viruses and host cells [ 3 – 6 ]. 
A list of the interacting cellular proteins can be established after 
screening using a viral protein as the bait, providing a framework 
for further study on the relationship between the virus and the 
host. However, there are several limitations in this strategy that 
must be considered. First, due to the modular nature, the fusion 
proteins are sometimes not folded in a native form; second, the 
posttranslational modifi cations of some proteins in mammalian 
cells are not present in the yeast system, if the interactions between 
proteins are dependent on these modifi cations, false-negative 
results would be observed. In Y2H systems, both the BD-fused 

  Fig. 1    A schematic view of yeast two-hybrid system. The bait protein fused to the DNA binding domain (BD) of 
GAL4 protein will bind to the GAL4 UAS. If the GAL4 activating domain (AD)-fused prey protein can interact with 
the bait protein, then the reporter genes (e.g., LacZ or  H is3) will be activated       
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and AD-fused proteins must be targeted to the nucleus; therefore, 
extracellular proteins or organelle targeted proteins may not work 
in this system. The protocol written in this chapter is used to study 
protein–protein interactions of cytosolic proteins. Protocols used 
to study interactions between membrane proteins were depicted 
previously [ 7 ,  8 ]. We have used the protocol to identify many cel-
lular factors interacting with different viral proteins [ 9 – 11 ], includ-
ing SARS-CoV nucleocapsid protein [ 12 ]. 

 To obtain a more reliable result of the protein–protein interac-
tions, further experiments should be carried out to verify these 
interactions, e.g., co-immunoprecipitation and confocal micros-
copy analyses. After Y2H screening, co-immunoprecipitation is a 
biochemical method often used to verify whether the identifi ed 
prey protein physically interacts with the bait protein in cells. 
Figure  2  shows a schematic summary of the co- immunoprecipitation 
assay. Specifi c antibodies against X protein or tag 1 peptide will fi rst 
be coupled to Protein A/G beads, if the X protein is immunopre-
cipitated, then the Y protein which interacts with the X protein 
should be precipitated along with it. If the paired proteins of inter-
est (X-Y) are indeed interacting with each other in cells, then these 
two proteins should also be co-localized in cells. Confocal micros-
copy analysis is used to verify the co-localization of the two interact-
ing proteins. The co-immunoprecipitation and confocal microscopy 
analysis protocols written in this chapter have been used in our lab 
to study several protein–protein interactions [ 9 ,  11 – 16 ].   

2    Materials 

      1.     Saccharomyces cerevisiae  YRG-2 strain, Mata  ura 3-52  his 3-200 
 ade 2-101  lys 2-801  trp 1-901  leu 2-3 112  gal 4-542  gal 80-538 
LYS2::UAS GAL1 -TATA  GAL1 -HIS3 URA3::UAS GAL4 17mers (x3)-
TATA CYC1 -lacZ.   

   2.    pBD-GAL4 Cam phagemid vector (Agilent technology).   
   3.    pAD-GAL4-2.1 Amp phagemid vector (Agilent technology).   
   4.    pACT2 (Clontech).   
   5.    For library-based screening, tissues-specifi c cDNA libraries 

cloned into prey vector pACT2 (Clontech).      

  All the media are prepared with ddH 2 O. All reagents are auto-
claved and stored at room temperature.

    1.    YEPD liquid medium for general yeast growth: 20 g/L pep-
tone, 10 g/L yeast extract, 0.64 g/L  L -tryptophan, add 
 glucose to 2 % (50 ml of a sterile 40 % stock solution).   

   2.    YEPD agar for general yeast growth: 20 g/L peptone, 10 g/L 
yeast extract, 0.64 g/L  L -tryptophan, 2 % agar, add glucose to 
2 % (50 ml of a sterile 40 % stock solution).   

2.1  Yeast Strain 
and Vectors

2.2  Media and Stock 
Solutions
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  Fig. 2    A schematic summary of co-immunoprecipitation assay. ( a ) 16–24 h after viral infection, lysates derived 
from virus-infected cells will be immunoprecipitated by the antibody against viral protein X. If the cellular protein 
Y interacts with protein X, it will be co-immunoprecipitated by the anti-X antibody in the presence but not absence 
of protein X. ( b ) 48 h after transfection of two plasmids encoding the viral X-tag 1 and the cellular Y-tag 2 fusion 
proteins separately, lysates derived from transfected cells will be immunoprecipitated by the antibody against tag 
1. If the cellular protein Y interacts with viral protein X, Y-tag 2 fusion protein will be co- immunoprecipitated by 
the anti-tag 1 antibody in the presence but not absence of the X-tag 1 fusion protein       
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   3.    YNP- selection medium (minimal medium necessary for the 
selection of nutritional mutants): 3 g/L yeast nitrogen base 
without amino acids and ammonium sulfate, 10 g/L ammo-
nium sulfate, and 0.043 g/L inositol to a volume of 
1 L. Prepare different selection media or agar plates by adding 
different amino acids or 3AT as listed in Table  1 . The fi nal 
concentrations of amino acids added to the selection medium 
are 0.4 mM uracil, 3.34 mM leucine, 2 mM lysine, 0.26 mM 
histidine, 0.6 mM adenine, and 50 or 100 mM 3AT.

       4.    40 % glucose.   
   5.    200 mM inositol.   
   6.    100 mM lysine.   
   7.    100 mM leucine.   
   8.    20 mM uracil.   
   9.    40 mM tryptophan.   
   10.    40 mM histidine.   
   11.    40 mM adenine.   
   12.    1 M 3AT: 3-amino-1,2,4-triazole used as a competitive inhibi-

tor of the His3-gene product.    

        1.    2 mg/ml salmon-sperm carrier DNA denatured by boiling for 
10 min and placed on ice before transformation.   

   2.    50 % PEG 3350. Autoclave to sterilize.   
   3.    10× LiOAc: 1 M lithium acetate, adjust to pH 7.5 with HCl 

and fi lter-sterilize. 10× TE buffer: 0.1 M Tris–HCl (pH 7.5), 
10 mM EDTA and autoclave.   

   4.    1× TE/LiOAc: To prepare 10 ml of solution, add 1 ml of 10× 
LiOAc, 1 ml of 10× TE, and 8 ml of ddH 2 O dilute to the fi nal 
concentration of 1×.   

2.3  Yeast 
Transformation

   Table 1  
  Preparation of different selection media and agar plates   

 −W+G  −W−L+G  −W−L−H+G  −W−L−H+G+3AT  −W−H+G 

 Uracil  �  �  �  �  � 

 Leucine  �  � 

 Lysine  �  �  �  �  � 

 Histidine  �  � 

 Adenine  �  �  �  �  � 

 3AT  � 

 Glucose  �  �  �  �  � 

Virus-Host Interactions
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   5.    1× PEG/LiOAc: To prepare 10 ml of solution, add 1 ml of 
10× LiOAc, 1 ml of 10× TE, and 8 ml of 50 % PEG (fi nal 
concentration, 40 %) dilute to the fi nal concentration of 1×.      

      1.    2 M lithium acetate (LiAc).   
   2.    0.5 M NaOH.   
   3.    5× Laemmli sample buffer: 60 mM Tris–HCl pH 6.8, 10 % 

glycerol, 2 % SDS, 5 % β-mercaptoethanol, 0.01 % bromophe-
nol blue.      

      1.    Z buffer: 60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 ·H 2 O, 10 mM 
KCl, 1 mM MgSO 4 ·7H 2 O, adjust to pH 7 with HCl, auto-
clave and store at room temperature.   

   2.    X-GAL stock solution: 20 mg/ml 5-bromo-4-chloro-3-in-
dolyl-b- D -galactopyranoside in  N , N -dimethylformamide, 
stored in dark at −20 °C.   

   3.    X-GAL working solution: Dilute the X-GAL stock solution to 
0.2 mg/ml with Z buffer.   

   4.    Sterile fi lter paper.   
   5.    Liquid nitrogen in suitable container.   
   6.    Hybond-N nylon membrane.      

      1.    Solution I: 25 mM Tris–HCl (pH 8), 10 mM EDTA.   
   2.    Solution II: 1 % SDS and 0.2 N NaOH.   
   3.    Solution III: 5 M potassium acetate, adjust to pH 5.5 with 

Glacial acetic acid.   
   4.    Isopropanol.   
   5.    75 % ethanol.   
   6.    Competent  Escherichia coli .   
   7.    LB Amp agar: 10 g/L tryptone, 5 g/L yeast extract, and 

10 g/L sodium chloride. Autoclave and allow solution to cool 
to 55 °C, add ampicillin to fi nal concentration of 100 µg/ml.      

      1.    Vero E6 cells.   
   2.    RPMI 1640 with 10 % FBS, 2 mM  L -glutamine, 100 units/ml 

penicillin, and 0.1 mg/ml streptomycin.   
   3.    Trypsin–EDTA (0.25 %), phenol-red.   
   4.    1× PBS: Dilute 10× PBS pH 7.4 to 1× with ddH 2 O.   
   5.    Transfection reagent: 1 mg/ml PEI (Polyethylenimine 25 kDa 

linear from Polysciences).      

      1.    Modifi ed RIPA buffer: 10 mM Tris–HCl (pH 7.4), 10 mM 
EDTA, 1 % NP-40, 0.1 % SDS, 150 mM NaCl, and 0.5 % 
sodium deoxychloride in ddH 2 O.   

2.4  Protein 
Extraction

2.5  X-gal Filter 
Lift Assay

2.6  Plasmid DNA 
Extraction

2.7  Cell Culture 
and Plasmid 
Transfection

2.8  Co-immunopre-
cipitation (Co-IP)

Chee-Hing Yang et al.
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   2.    Protein A magnetic sepharose.   
   3.    Co-IP binding buffer (1× TBS): 50 mM Tris–HCl (pH 7.5), 

150 mM NaCl.   
   4.    Co-IP elution buffer: 0.1 M glycine-HCl (pH 2.5)   
   5.    5× Laemmli sample buffer: 60 mM Tris–HCl pH 6.8, 10 % 

glycerol, 2 % SDS, 5 % β-mercaptoethanol, 0.01 % bromophe-
nol blue.   

   6.    Antibody recognizing protein X or tag 1 (Fig.  2 )   
   7.    20× TBS: 500 mM Tris, 3 mM NaCl, adjust to pH 7.0 with 

HCl, add ddH 2 O to a total volume of 1 L.   
   8.    Magnetic rack.      

      1.    Fixing solution: acetone–methanol (1:1).   
   2.    Blocking solution: 1 % skimmed milk, 0.02 % saponin, 0.05 % 

NaN 3  in 1× TBS.   
   3.    Phosphate buffered saline (PBS).   
   4.    Primary antibodies recognizing proteins X and Y or tags 1 and 

2 (Fig.  2 )   
   5.    Secondary antibodies recognizing Fc region of primary anti-

bodies, conjugated with fl uorescent dyes.   
   6.    4,6′-diamidino-2-phenylindole (DAPI): 1,000× DAPI stock: 

dissolve 0.2 mg DAPI in 1 ml ddH 2 O. Use 1× DAPI for stain-
ing (dilute by ddH 2 O).   

   7.    Mounting solution: 50 % glycerol in ddH 2 O.   
   8.    Glass coverslips.   
   9.    Glass slides.   
   10.    Nail polish or glue.   
   11.    Confocal microscope.       

3    Methods 

      1.    Inoculate YEPD or selection medium with yeast in a test tube 
   ( see   Note 1 ).   

   2.    Incubate at 150–180 rpm at 30 °C for 16–18 h.      

      1.    Inoculate the yeast cells from a frozen stock on a YEPD plate 
and incubate at 30 °C until colonies appear after 3 days. The 
plates of yeast colonies can be stored at 4 °C for 1 month.   

   2.    Pick one or a few colonies from the plate to 3 ml YEPD liquid 
medium and incubate them with rotation overnight (16–18 h) 
at 30 °C ( see   Note 2 ).   

   3.    Centrifuge at 300 ×  g  for 5 min. Discard the supernatant and 
resuspend the cell pellet in 1 ml H 2 O by vortexing.   

2.9  Immunofl uo-
rescence Analysis

3.1  Growth 
of Yeast Cells

3.2  Transformation 
of BD-Bait Plasmids 
into Yeast

Virus-Host Interactions
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   4.    Centrifuge at 300 ×  g  for 5 min and remove the supernatant 
and resuspend the cell pellet in 1 ml H 2 O by vortexing.   

   5.    Centrifuge at 300 ×  g  for 5 min. Discard the supernatant and 
resuspend the cell pellet with 0.2 ml 1× TE/LiOAc.   

   6.    Add 8 µl plasmid DNA expressing the BD-prey fusion gene 
and 10 µl carrier DNA to the resuspended cells and mix 
( see   Note 3 ).   

   7.    Add 600 µl 1× PEG/LiOAc to the mixture.   
   8.    Mix the contents on a rotator for 30 min at room 

temperature.   
   9.    Add 10 % DMSO ( see   Note 4 ).   
   10.    Heat-shock the cells at 42 °C for 2 min followed by incuba-

tion on ice for 5 min.   
   11.    Centrifuge at 15,000 ×  g  for 30 s. Discard the supernatant and 

resuspend the cells in 200 µl 1× TE buffer.   
   12.    Plate 100 µl onto a −W+G selection plate and 100 µl onto a 

−W−L+G selection plate.   
   13.    Incubate the plates at 30 °C for 4–5 days.      

      1.    Incubate the yeast cells with BD-bait fusion protein in −W+G 
medium at 30 °C until OD 600 :1.   

   2.    Centrifuge at 15,000 ×  g  for 1 min. Discard the supernatant 
and resuspend in 0.2 ml 2 M LiAc.   

   3.    Incubate for 5 min on ice.   
   4.    Centrifuge at 15,000 ×  g  for 1 min. Discard the supernatant 

and resuspend in 0.2 ml 0.5 M NaOH.   
   5.    Incubate for 5 min on ice.   
   6.    Centrifuge at 15,000 ×  g  for 1 min. Discard the supernatant 

and resuspend in 100 µl 5× Laemmli sample buffer.   
   7.    Boil the sample at 95 °C for 5 min and centrifuge at 15,000 ×  g  

for 2 min to remove the cell debris.   
   8.    Transfer the supernatant into a new tube and store the sample 

at −80 °C ( see   Note 5 ).   
   9.    Analyze expression of BD-bait fusion protein by standard 

SDS- PAGE and Western blot using an anti-Gal-BD antibody.      

  Before the library screen, it is important to confi rm that the bait 
protein does not activate the reporter genes without the presence 
of any prey protein ( see   Note 6 ).

    1.    Pick a colony of yeast cells with BD-bait fusion protein and 
transfer the cells to a selection plate with −W−H+G. −W−H+G 
plates do not contain tryptophan and histidine for the screen-
ing of self-activation of bait protein.   

3.3  Detection 
of the Expression 
of the BD-Bait Fusion 
Protein

3.4  Self-activation 
Test for the Bait 
Protein

Chee-Hing Yang et al.
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   2.    Incubate the plates at 30 °C for 4–5 days.   
   3.    If BD-bait fusion proteins do not have self-activation activi-

ties, the yeast cells will not grow on −W−H+G selection plates. 
On the other hand, yeast cells will grow if BD-bait fusion pro-
teins have the self-activation activities. Transfer these yeast 
cells grown on −W−H+G selection plates to a −W−H+G+3AT 
plate to confi rm the BD-bait fusion proteins do have self-
activation activities.   

   4.    BD-bait fusion proteins with self-activation activities are not 
recommended for further library screening. Deletion mapping 
analysis should be conducted to remove the domain with the 
self-activation activity.    

        1.    Pick one or a few yeast colonies transformed with a plasmid 
expressing the BD-bait fusion protein. Transfer to 3 ml −W+G 
medium and incubate the cells with rotation overnight (16–
18 h) at 30 °C.   

   2.    Centrifuge at 300 ×  g  for 5 min. Discard the supernatant and 
resuspend the cell pellet in 1 ml H 2 O by vortexing.   

   3.    Centrifuge at 300 ×  g  for 5 min and remove the supernatant 
and resuspend the cell pellet in 1 ml H 2 O by vortexing.   

   4.    Centrifuge at 300 ×  g  for 5 min. Discard the supernatant and 
resuspend the cell pellet with 200 µl 1× TE/LiOAc.   

   5.    Add 8 µl plasmid DNA expressing the BD-prey fusion gene 
and 10 µl carrier DNA to the resuspended cells and mix.   

   6.    Add 600 µl 1× PEG/LiOAc to the mixture.   
   7.    Mix the contents on a rotator for 30 min at room temperature.   
   8.    Heat-shock the cells at 42 °C for 2 min followed by incuba-

tion on ice for 5 min.   
   9.    Centrifuge at 15,000 × g  for 30 s. Discard the supernatant and 

resuspend the cells in 200 µl 1× TE buffer.   
   10.    Plate 100 µl onto a −W−L+G selection plate and 100 µl onto 

a −W−L−H+G selection plate.   
   11.    Incubate the plates at 30 °C for 4–5 days.      

      1.    Prepare the −W−L−H+G based plates by adjusting the 3AT 
concentration to 50 mM or 100 mM as selection plates.   

   2.    Transfer the presumably positive yeast clones to plates of −W−
L−H+G50 mM 3AT or −W−L−H+G+100 mM 3AT.   

   3.    Incubate the cells at 30 °C, observe the growth of yeast colo-
nies after 3 days (Fig.  3 ).    

   4.    Only the positive clones will produce histidine and allow the 
yeast cells to grow on −W−L−H+G selection plates. 3AT acts 
as a competitive inhibitor of the product of His3 gene, 

3.5  Library 
Screening with Yeast 
Transformation

3.6  Validation 
of Positive Two-Hybrid 
Clones Using 
3AT-Selection Plates
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Imidazoleglycerol-phosphate dehydratase, which is an enzyme 
catalyzing the production of histidine. Higher expression of 
histidine in yeast cells will allow the cells survive in the media 
that contain higher concentration of 3AT ( see   Note 7 ).      

      1.    Place a sterile nylon membrane on top of yeast colonies.   
   2.    Remove the nylon membrane and place it on a container with 

the colony side up.   
   3.    Put the nylon membrane with yeast cells into liquid nitrogen 

for 15 s and then allow it to thaw at room temperature   
   4.    Repeat the freezing-thawing step three times.   
   5.    Wet the fi lter paper with 4 ml X-gal working solution and 

place the nylon membrane on top of the wetted fi lter paper 
(prevent bubble in between).   

   6.    Incubate the fi lter paper at 37 °C for 2.5 h, until colonies turn 
blue, but no more than 5 h.      

      1.    Pick one yeast colony into 3 ml −W−L−H+G medium, incu-
bate the cells with rotation overnight (16–18 h) at 30 °C.   

   2.       Centrifuge at  15,000  ×  g  for  1  min and then remove the 
supernatant.   

   3.    Resuspend the pellet in 200 µl solution I.   

3.7  Validation 
of Positive Two-Hybrid 
Clones Using X-gal 
Filter Lift Assay

3.8  Rescue 
the Plasmid Encoding 
AD-Prey Fusion 
Protein

  Fig. 3    Yeast growth on selection plates with different concentrations of 3AT. Three 
different colonies picked from the −W−L−H+G plate while screening for pBD-
GAL4- X binding proteins (BP) using cDNA library were then seeded onto selec-
tion plates with different concentrations of 3AT (50 or 100 mM). On the plate with 
50 mM 3AT, yeast with BP1 and BP2 but not with BP3 survived. Therefore, BP1 
and BP2 showed stronger interaction with protein X than that of BP3. In the plate 
with 100 mM 3AT, BP2 showed stronger interaction with protein X than that of 
BP1. BP3 was identifi ed as a false positive by this selection system       
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   4.    Add 100 µl Solution II and mix gently by inverting the tube 
ten times   

   5.    Incubate at room temperature for 3 min.   
   6.    Add 150 µl solution III and mix gently by inverting the tube 

ten times.   
   7.    Centrifuge at 15,000 ×  g  for 10 min and transfer the superna-

tant into a new microtube   
   8.    Add 400 µl isopropanol to precipitate DNA and incubate at 

−20 °C for 30 min.   
   9.    Centrifuge at 15,000 ×  g  for 10 min, remove the supernatant, 

and add 1 ml 75 % ethanol.   
   10.    Centrifuge for 10 min at 15,000 ×  g  and discard the 

supernatant.   
   11.    Air-dry the pellet and add 50 µl pre-warmed ddH 2 0 to 60 °C 

to dissolve the plasmid DNA.   
   12.    Transform the plasmid DNA into competent  E. coli , according 

to manufacturer’s instructions, and plate the bacteria on 
LB-Amp plates.   

   13.    Using standard techniques, isolate plasmid DNA and sequence 
over region of insert to identify interacting protein.      

       1.    

   (A)    Infect the cells with viruses (M.O.I. >3) and incubate for 
16–24 h.
    i.    Plate 7 × 10 5  cells in 60 mm culture dish with 3 ml cul-

ture medium. Cell density should reach 60–80 % con-
fl uent before viral infection (usually, it takes 16–24 h).   

    ii.    Remove culture medium and wash three times with 1× 
PBS.   

  iii.    Add 3 ml serum-free medium containing virus to the 
plates. More than 2.1 × 10 6  pfu (plaque forming unit) of 
virus (M.O.I. >3) should be used to infect the cells. Mix 
gently by rocking the plates and incubate at 37 °C 
incubator.   

   iv.    After 2 h, add serum to the medium to a fi nal concen-
tration of 10 %.   

      v.    Incubate cells for 16–24 h for further analysis.       
  (B)    Transfect protein expression plasmids into the cells and 

incubate for 2 days.
    i.    Plate 7 × 10 5  cells in 60 mm culture dish with 3 ml cul-

ture medium. Cell density should reach 60–80 % con-
fl uent before DNA transfection (usually, it takes 
16–24 h).   

3.9  Co-immunopre-
cipitation Assay
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    ii.    Dilute 4 µg plasmid with 300 µl serum-free medium in 
an eppendorf.   

  iii.    Add 10 µl of 1 mg/ml PEI. Vortex to mix and incu-
bate at room temperature for 15 min.   

   iv.    Remove medium from cells and wash three times with 
1× PBS.   

     v.    Add 3 ml serum-free medium and premixed DNA-
PEI ( step ii ) to the cells. Mix gently by rocking and 
incubate at 37 °C.   

  vi.    After 2 h, add serum to the medium to a fi nal concen-
tration of 10 %.   

  vii.    Incubate cells for 30–48 h for further analysis.           
   2.    Cells (from A or B), after the removal of culture medium, 

were washed with 1× PBS three times at room temperature. 
Then, add 50 µl modifi ed RIPA buffer to the cells and incu-
bate on ice for 5 min.   

   3.    Scrape cells into buffer and centrifuge at 15,000 × g  for 10 min.   
   4.    Remove supernatant to a new tube.   
   5.    Add 80 µl of Protein A magnetic beads into a 1.5 ml micro-

tube, place the microtube into the magnetic rack and remove 
the storage buffer.   

   6.    Add 0.5 ml Co-IP binding buffer to equilibrate the magnetic 
beads, resuspend and remove the buffer with the magnetic 
rack.   

   7.    After the equilibration, add 0.6 ml of Co-IP binding buffer to 
resuspend the beads.   

   8.    Add suitable amount of antibody diluted following the manu-
facturer’s instructions (anti-X or anti-tag 1 in Fig.  2 ) to the 
magnetic beads and mix them with end-over-end rotation for 
1 h at room temperature.   

   9.    Place the microtube to the magnetic rack and remove the 
supernatant.   

   10.    Wash the magnetic beads three times with 1 ml Co-IP binding 
buffer. After adding the buffer, fully mix the buffer with beads 
by inverting ten times at room temperature, using the mag-
netic rack to allow removal of buffer.   

   11.    Add the protein samples from the  step 4  to the beads and 
dilute with Co-IP binding buffer to a total volume of 0.6 ml 
( see   Note 9 ).   

   12.    Incubate the protein samples with magnetic beads by end-
over- end rotation overnight at 4 °C.   

   13.    Wash the magnetic beads three times with 1 ml modifi ed RIPA 
buffer. After adding the buffer, fully mix the buffer with beads 
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by inverting ten times at room temperature, then use the mag-
netic rack to allow removal of buffer.   

   14.    Remove the supernatant using the magnetic rack and elute the 
proteins from the magnetic beads by using 30 µl Co-IP elu-
tion buffer.   

   15.    Add 6 µl of 5× Laemmli sample buffer to the eluted sample 
protein.   

   16.    Boil the sample at 95 °C for 5 min and centrifuge at 15,000 ×  g  
for 2 min.   

   17.    Collect the samples and perform SDS-PAGE followed by 
Western blotting using standard procedures. Western blotting 
should be performed using antibodies specifi c for protein Y or 
tag 2 shown in Fig.  2  ( see   Notes 8  and  10 ).      

      1.     

   (A)    Infect the cells with viruses (M.O.I. = 0.01) and incubate 
for 16–24 h.
    i.    Plate 5 × 10 5  cells into 35 mm tissue culture plates 

containing glass coverslips. Cell density should reach 
60–80 % confl uent before viral infection (usually, it 
takes 16–24 h).   

    ii.    Remove cell culture medium and wash cells three 
times with 1× PBS.   

  iii.    Add 3 ml serum-free medium containing virus to the 
plates. About 5 × 10 3  pfu of viruses (M.O.I. = 0.01) 
should be used to infect the cells. Mixed gently by 
rocking and incubate at 37 °C incubator.   

   iv.    After 2 h, add serum to the medium to a fi nal concen-
tration of 10 %.   

     v.    Incubate at 37 °C for 16–24 h for further analysis.       
  (B)    Transfect protein expression plasmids into the cells and 

incubate the cells for 2 days.
    i.    Plate 5 × 10 5  cells into 35 mm tissue culture plates con-

taining glass coverslips. Cell density should reach 
60–80 % confl uent before DNA transfection (usually, 
it takes 16–24 h).   

    ii.    Dilute 3 µg plasmid in 200 µl serum-free medium in 
an eppendorf.   

  iii.    Add 7 µl of 1 mg/ml PEI, vortex, and incubate at 
room temperature for 15 min.   

   iv.    Remove medium from cells and was three times with 
1× PBS.   

3.10  Immunofl uo-
rescence Analysis
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   v.    Add 3 ml serum-free medium and premixed DNA-
PEI ( step ii ) to the plates. Mix gently by rocking and 
incubate at 37 °C.   

    vi.    After 2 h, add serum to the medium to a fi nal concen-
tration of 10 %.   

  vii.    Incubate cells at 37 °C for 30–48 h for further analysis.           
   2.    Aspirate the culture medium and gently rinse the cells twice in 

ice-cold 1× PBS.   
   3.    Fix the cells by incubating them in the fi xing solution for 

10 min at −20 °C.   
   4.    Remove the fi xing solution and add 1 ml blocking solution to 

the coverslips. Incubate for 15 min.   
   5.    Remove the blocking solution.   
   6.    Dilute the primary antibodies (anti-X and anti-Y or anti-tag 1 

and anti-tag 2 shown in Fig.  2 ) in the blocking solution fol-
lowing the manufacturers’ instructions. The fi nal volume 
should be suffi cient to cover each coverslip (100 µl in a 
24-well plate) ( see   Note 11 ).   

   7.    Cover the plates with Parafi lm and incubate the cells with 
antibodies at 37 °C for 30 min.   

   8.    Wash the coverslips three times with 1 ml 1× PBS at room 
temperature.   

   9.    Dilute the secondary antibodies conjugated with different 
fl uorescent dyes in blocking solution, following the  manufacturers’ 
instructions. Secondary antibodies should recognize the Fc region 
of the primary antibodies. The fi nal volume should be suffi cient to 
cover each coverslip (100 µl in a 24-well plate).   

   10.    Cover the plates with Parafi lm and incubate the cells with 
antibodies at 37 °C for 30 min.   

   11.    Wash the coverslips three times 1 ml 1× PBS at room 
temperature.   

   12.    Dilute DAPI in blocking solution, following the manufactur-
er’s instructions and add to the coverslips to stain the nucleus 
of the cells. The fi nal volume should be suffi cient to cover 
each coverslip (100 µl in a 24-well plate).   

   13.     Cover the plates with Parafi lm and incubate the cells with 
DAPI solution at room temperature for 15 min.   

   14.    Prepare a microscope slide for each coverslip. Add a drop of 
mounting solution to each slide.   

   15.    Pick up each coverslip with forceps and place it on the mount-
ing solution with the cell-side facing down.   

   16.    Apply nail polish or glue along the edges of the coverslips to 
seal them to the slides.   

   17.    Observe under a confocal microscope.       

Chee-Hing Yang et al.



211

4    Notes 

     1.     Saccharomyces cerevisiae  is a single-cell eukaryote frequently 
used in scientifi c research. The laboratory yeast strains usually 
carry several nutrient gene mutations; therefore, complementa-
tion of exogenous amino acids could provide the nutrients for 
yeast cells to survive. Two most common media used in the 
Y2H system are the full medium (YEPD) which contains all the 
nutrients for yeast, and the selection medium which contains 
only several selective amino acids added to the minimal medium.   

   2.    Yeast cells used for transformation should be in log phase. 
Transformation effi ciency in this phase is better than that in 
stationary phase.   

   3.    Positive and negative controls should be included in all tests.   
   4.    Addition of 10 % DMSO will increase the transformation 

effi ciency.   
   5.    Whenever Western blotting analysis was conducted to verify 

protein expression, adding protease inhibitors in the samples 
could prevent the degradation of protein samples.   

   6.    Self-activation should be tested before using the bait proteins 
for library screening to avoid false-positive clones. It is not 
necessary to test the self-activation of prey proteins.   

   7.    In the GAL4 based two-hybrid system, LacZ and  His 3 genes 
are usually used as reporter systems to verify the protein–pro-
tein interactions. In our lab, 3-Amino-1,2,4-triazole (3AT) is 
added to the selection plate as a competitive inhibitor of the 
 His 3-gene product. Results of yeast growth in plates with dif-
ferent concentrations of 3AT are shown in Fig.  3 . X-Gal fi lter 
lift assay is also serves as a double confi rmation test to avoid 
false-positive clones [ 10 ].   

   8.    If Y protein interacts physically with X protein, Y protein will 
be immunoprecipitated by anti-X antibody in the presence but 
not absence of X protein. To avoid the cross-reaction of anti-
 X, a negative control should be included, i.e., Y protein in the 
cell lysate without X protein would not be precipitated by the 
anti-X antibody.   

   9.    When co-IP is performed (Subheading  3.9 ), add 9/10 of the 
protein samples for the immunoprecipitation assay (the 12th 
step). 1/10 of the protein samples serve as an input control 
for Western blotting analysis.   

   10.    It is annoying to have the heavy and light chains of immuno-
globulins in the background of Western blotting analysis follow-
ing immunoprecipitation, especially when the size of the target 
protein is close to that of the heavy chain or light chain. Cross-
linking of the antibody to protein A/G beads using a cross-
linker, e.g., disuccinmidyl suberate, should prevent the co-elution 
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of heavy and light chains of immunoglobulins. Alternatively, a 
commercial immunoprecipitation kit, like EasyBlot (Genetex), 
provides a secondary antibody which specifi cally reacts with the 
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   11.    If the primary antibodies against two proteins (or peptide tags) 
are derived from the same animal species, it is necessary to 
 conjugate a fl uorescent dye directly to one primary antibody. 
Incubate the other primary antibody without a conjugated 
fl uorescent dye fi rst, followed by the secondary antibody against 
this primary antibody. Then, add the primary antibody with a 
conjugated fl uorescent dye to the sample for incubation.         
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    Abstract 

   Over the last 2 decades, yeast two-hybrid became an invaluable technique to decipher protein–protein 
interaction networks. In the fi eld of virology, it has proven instrumental to identify virus–host interactions 
that are involved in viral embezzlement of cellular functions and inhibition of immune mechanisms. Here, 
we present a yeast two-hybrid protocol that has been used in our laboratory since 2006 to search for cel-
lular partners of more than 300 viral proteins. Our aim was to develop a robust and straightforward pipe-
line, which minimizes false-positive interactions with a decent coverage of target cDNA libraries, and only 
requires a minimum of equipment. We also discuss reasons that motivated our technical choices and com-
promises that had to be made. This protocol has been used to screen most non-structural proteins of 
murine hepatitis virus (MHV), a member of  betacoronavirus  genus, against a mouse brain cDNA library. 
Typical results were obtained and are presented in this report.  

  Key words     Murine hepatitis virus  ,   Host–pathogen interactions  ,   Yeast two-hybrid  ,   Interactomics  , 
  Proteomics  

1      Introduction 

 The yeast two-hybrid system (Y2H) was fi rst developed in 1989 by 
Fields and Song [ 1 ], and quickly became a popular technology to 
detect protein–protein interactions [ 2 ]. Although multiple fl avors 
of this system have been developed, it is in essence a complementa-
tion assay based on the reconstitution of a functional transcription 
factor mediated by protein interaction. Indeed, many transcription 
factors such as Gal4 exhibit a modular organization with a DNA 
binding domain (DB) that can be separated from the transactiva-
tion domain (AD) [ 3 ,  4 ]. In the Y2H system, a fi rst protein of 
interest is fused to DB and a second one is fused to AD. When 
 co- expressed in yeast, these two hybrid proteins called “bait” and 
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“prey”, respectively, reconstitute a functional transcription factor if 
they physically interact. This activates a set of reporter genes, 
including selectable markers. For example, interaction-dependent 
reporter gene  HIS3  enables yeast growth on a synthetic culture 
medium depleted of histidine (−His). This provides a system to 
co- express a bait of interest with a whole set of prey proteins, and 
then select for HIS3 positive yeast colonies that express interacting 
protein pairs. 

 Collections of prey proteins can be expressed in yeast from 
cDNA libraries cloned in frame with the AD sequence (AD-cDNA 
library). However, such libraries often have a complexity in the 
range of fi ve million independent clones for complex organisms 
like human, which adds to the strong enrichment bias for house-
keeping proteins like actin. This implies that when performing an 
Y2H screen, several times more yeast transformants must be 
obtained to cover all possible bait–prey combinations and probe 
underrepresented preys. This can be difficult to achieve by 
standard yeast transformation and requires large amounts of the 
AD-cDNA plasmid preparation. This limitation is partially overcome 
by taking advantage of haploid Mat-a and Mat-α yeast to mate and 
thus form diploid cells [ 5 ]. Haploid yeast of opposite mating type 
are pre-transformed with the DB plasmid and the AD-cDNA 
library, and then mated to obtain a large number of diploids co-
expressing bait and prey proteins. In this experimental setting, up 
to 50 million diploids that represent ten times the original com-
plexity of the AD-cDNA library can be easily generated. Besides 
the technical benefi t of yeast mating, it is now possible to generate 
normalized libraries by pooling thousands of prey plasmids origi-
nating from large collections of full-length ORFs like the human 
ORFeome [ 6 – 8 ]. Since prey plasmids are represented at equimolar 
concentrations in such libraries, their full coverage by yeast 
transformation or yeast mating is by far easier to reach. However, 
only full-length prey proteins are expressed from such normalized 
libraries and because isolated protein domains often better interact 
in the Y2H system, this can be a source of undetected interactions 
(false negatives; see below). This is in contrast with AD-cDNA 
libraries that usually encode full-length proteins but also protein 
fragments generated by random priming and premature arrest of 
reverse-transcription when building the library from cellular mRNAs. 

 Although multiple protein–protein interaction assays have 
been developed in the last decade [ 9 ], the Y2H system is often 
preferred because it does not require protein purifi cation steps, 
which can be technically challenging, and is amenable to high- 
throughput settings [ 10 – 12 ]. As a matter of fact, Y2H system takes 
advantage of yeast genetic power to dissect complex problems and 
perform high-throughput genetic screens by opposition to 
 biochemical screens. Most importantly, this assay essentially provides 
information on binary protein–protein interactions in contrast to 
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protein complex analysis by mass spectrometry, which does not 
distinguish direct from indirect partners. Nevertheless, technical 
limitations of the Y2H system must be considered when performing 
a screen. Contrary to common thought, Y2H screens generate 
high-quality datasets with relatively low rates of false-positive inter-
actions when properly performed. In particular, this implies to 
properly evaluate for each bait construct the level of self- 
transactivation in yeast, and titrate down this activity at an appro-
priate stringency with a selective medium containing a competitive 
inhibitor of HIS3 gene product when performing the screen. 
Another important point is the elimination of satellite prey plas-
mids that often contaminate positive yeast colonies, and this is 
achieved by their serial passage on selective medium [ 13 ]. Finally, 
it is established that fi ltering out Y2H interactions supported by 
only one or two positive yeast colonies is essential to enrich datasets 
for high-quality interactions [ 7 ]. When following these recom-
mendations, about 80 % of the interactions identifi ed by Y2H 
properly retest in another experimental systems [ 7 ,  14 ,  15 ]. 
Although this validates Y2H data at a biophysical level, this does 
not imply that identifi ed interactions are biologically relevant and 
participate to a specifi c biological process. This should be kept in 
mind since functional validation can be a daunting task, and repre-
sents the true bottleneck for such interaction-mapping approaches. 

 As a matter of fact, undetected interactions or false negatives 
are more problematic. The sensitivity of this assay has been esti-
mated to 20–30 %, meaning that Y2H detects at best a quarter of 
the interactions from a positive control set [ 16 ]. Misfolding, mis-
localization, poor expression levels, or the lack of appropriate post-
translational modifi cations of bait and prey proteins that are both 
tagged and forced to enter the yeast nucleus can explain the high 
false-negative rate of this assay. In addition, and even if the two 
hybrid proteins properly interact, steric constraints often prevent 
the formation of a functional transcription factor to drive reporter 
gene expression. To some extent, this can be circumvented by 
using isolated protein domains, different Y2H systems, and by 
swapping DB and AD tags to both extremities of bait and prey 
proteins [ 17 ,  18 ]. Beyond sensitivity of the assay, the usual incom-
pleteness of prey libraries that are often missing several binding 
partners of the bait, and the multiplicity of isoforms, are the main 
source of false negatives. This is why screening several AD-cDNA 
libraries from different tissues can be advantageous to cover as 
much as possible the complexity of the proteome [ 19 ,  20 ]. Finally 
and as already discussed above, it can be diffi cult to fully probe the 
complexity of some libraries despite the use of yeast mating proto-
cols and the production of millions of diploid yeast [ 14 ]. 

 In the last decade, Y2H has been extensively used to map 
virus–host interactions. The main objective for different research 
groups was to address the lack of information in literature, and 
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obtain proteome-scale pictures of virus infection networks [ 21 ,  22 ]. 
So far, SARS-coronavirus (SARS-CoV) is the only member of 
Coronaviridae family for which interactions with host factors were 
investigated systematically by Y2H [ 23 ]. This led to identify 132 
SARS–host interactions in the high-confi dence dataset (which was 
only partially disclosed), and an extensive mining of literature also 
retrieved an additional list of 27 SARS-CoV–host interactions. In 
particular, this report identifi ed nsp1 interaction with several mem-
bers of immunophilin and calcipressin families, which led to dem-
onstrate SARS sensitivity to cyclosporin A. More recently, another 
Y2H screen performed with the C-terminal domain of the spike 
glycoprotein (S) identifi ed Ezrin as a binding partner and a restric-
tion factor of SARS-CoV [ 24 ]. 

 Since 2005, a technological platform is up and running in our 
laboratory at Institut Pasteur, and dedicated to virus–host interac-
tion mapping for a large panel of RNA viruses. Our Y2H protocol 
is a combination of tools and techniques greatly inspired by previ-
ous reports from Yves Jacob [ 25 ] and Marc Vidal’s group [ 10 ]. 
Here, we detail our Y2H protocol (Fig.  1 ), and present results 
obtained with both structural and non-structural proteins of 
Mouse Hepatitis Virus (MHV, strain A59). MHV is a  Coronaviridae  
from  betacoronavirus  genus—like SARS-CoV—that encodes for 8 
structural proteins and 16 non-structural proteins (nsps), which 
are poorly characterized at the functional level. In this screen we 
focused on those viral proteins that are known or suspected to be 
involved in RNA replication and transcription; nsp1–16 (with the 
exception of the very small nsp11) and the nucleocapsid protein N. 
The very large nsp3 was divided into three parts of approximately 
similar size (nsp3a, 3b, and 3c). In total, 15 MHV full- length pro-
teins or isolated domains (including nsp3a and 3b) were used as 
bait to screen a mouse brain cDNA library. Because nsp3c, nsp6, 
and nsp12 segments could not be cloned in the Y2H vector, cor-
responding screens were not pursued. In total, 1,410 positive yeast 
colonies were recovered, and potential interactors identifi ed by 
PCR analysis and sequencing. High-quality sequences were 
obtained for 1,096 positive yeast colonies, and retrieved interac-
tions were fi ltered using statistical criteria to generate a high- quality 
dataset. In total, 39 novel interactions were identifi ed with no 
precedent in literature (Table  1 ). Interestingly, nsp2 was found to 
interact with three MARK proteins (Microtubule Affi nity- 
Regulating Kinase), suggesting a role in microtubule assembly, and 
this echoes Pfefferle et al. report that showed ORF9b and nsp13 of 
SARS-CoV binding with MARK2 and 3 [ 23 ]. In addition, nsp7 
was found to bind the small glutamine-rich tetratricopeptide 
repeat-containing protein alpha (SGTA), like ORF7a from SARS- 
CoV [ 26 ]. 
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  Fig. 1    Summary of the yeast two-hybrid screening pipeline. Cloning and transformation of the viral bait construct 
in AH109 yeast strain is shown in the  upper left  (A). Cloning and transformation of the prey AD-cDNA library in 
Y187 yeast is shown in the  upper right  (B).  Lower part  of the fi gure is showing successively yeast mating (C), 
growth on selective medium (D), picking of positives (E), amplifi cation and sequencing of interacting preys (F). 
A schematic of  HIS3  reporter gene transactivation by DB-X bait interaction with AD-Y prey is also presented (G)       

2       Materials 

      1.    Yeast strain AH109 ( MATa, trp1-901, leu2-3, 112, ura3-52, 
his3-200, gal4∆, gal80∆, LYS2::GAL1   UAS   -GAL1   TATA   -HIS3, 
GAL2   UAS   -GAL2   TATA   -ADE2, URA3::MEL1   UAS   -MEL1   TATA         - lacZ    ) 
(Clontech).   

   2.    Yeast strain Y187 ( MATα, ura3-52, his3-200, ade2-101, trp1- 
901, leu2-3, 112, gal4∆, met-, gal80∆, URA3::GAL1   UAS   -
GAL1   TATA         - lacZ    ) (Clontech). The two haploid strains AH109 
and Y187 are of opposite mating types, which enables library 
screens by mating.   

   3.    pDEST32 (Life Technologies) or pPC97-GW (provided by 
Dr. Vidal) yeast two-hybrid vectors, containing sequence cor-
responding to viral protein of interest in frame with Gal4DB.   

   4.    Mouse brain cDNA library cloned into yeast two-hybrid  vector 
pPC86 (Life Technologies), or similar.   

2.1  Yeast Strains, 
Plasmids, and Media
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      Table 1  
     Matrix of MHV–host protein–protein interactions identifi ed by Y2H       

  First and second columns correspond, respectively, to Ensembl gene IDs and canonical gene names for 
interacting cellular proteins. Columns 3–16 provide, for indicated MHV proteins, numbers of positive 
yeast colonies obtained for each cellular protein. Last row corresponds to numbers of interactions sup-
ported by less than three positive yeast colonies, which were fi ltered out as explained in Subheading  3.8 , 
 step 6   
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   5.    Nonselective medium (YPD) agar plates: 1 % yeast extract w/v, 
2 % Bacto-Peptone w/v, 100 mg/l adenine hemisulfate, 2 % 
glucose w/v, 2 % agar w/v ( see   Note 1 ). Store at 4 °C.   

   6.    Liquid YPD medium: 1 % yeast extract w/v, 2 % Bacto- Peptone 
w/v, 100 mg/l adenine hemisulfate, 2 % glucose w/v 
( see   Note 1 ). Store at room temperature.   

   7.    Amino acid powder: 10 g  L -alanine, 10 g  L -arginine, 10 g 
 L -aspartic acid, 10 g  L -asparagine, 10 g  L -cysteine, 10 g  L   -glu-
tamic acid, 10 g  L -glutamine, 10 g  L -glycine, 10 g  L  - isoleucine, 
10 g  L -lysine, 10 g  L -methionine, 10 g  L -phenylalanine, 10 g 
 L -proline, 10 g  L -serine, 10 g  L -threonine, 10 g  L -tyrosine, 
10 g  L -valine, 10 g of adenine hemisulfate. Mix and grind care-
fully in a mortar. Store at room temperature.   

   8.    100 mM  L -leucine drop-out solution sterilized through 
0.22 µm fi lter. Store at room temperature.   

   9.    40 mM  L -tryptophan drop-out solution sterilized through 
0.22 µm fi lter. Store at 4 °C in the dark.   

   10.    20 mM uracil drop-out solution sterilized through 0.22 µm 
fi lter. Store at room temperature.   

   11.    100 mM  L -histidine drop-out solution sterilized through 
0.22 µm fi lter. Store at room temperature.   

   12.    3-aminotriazole powder (3-AT).   
   13.    Petri dishes.      

      1.    TE/LiAc solution: 10 mM Tris–HCl (pH 8.0), 1 mM EDTA, 
100 mM lithium acetate ( see   Note 2 ).   

   2.    TE/LiAc/PEG solution: 10 mM Tris–HCl (pH 8.0), 1 mM 
EDTA, 100 mM lithium acetate, 35.2 % polyethyleneglycol 
(PEG 3350) ( see   Note 2 ).   

   3.    10 mg/ml salmon sperm DNA denatured by boiling in water 
for 10 min and chilled on ice.   

   4.    Glycerol.   
   5.    Cryotubes.   
   6.    Glass beads, autoclaved prior to use.      

      1.    Zymolyase 20T.   
   2.    La Taq PCR kit (Takara) or similar ( see   Note 3 ).   
   3.    pPC86-For (5′-GACGGACCAAACTGCGTATA-3′) and 

pPC86-Rev (5′-ACCAAACCTCTGGCGAAGAA-3′) primers.   
   4.    96-well E-gel (Life Technologies) or 1 % agarose gel.       

2.2  Yeast 
Transformation 
Reagents

2.3  PCR 
Amplifi cation 
of AD-cDNA 
from Positive Yeast 
Colonies
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3    Methods 

 For convenience, yeast cultures are manipulated in a biosafety 
level-2 cabinet to avoid contaminations. However, yeast cultures 
can be manipulated on a regular bench, even without a fl ame, 
depending on air quality in laboratory spaces. 

      1.    Make up base medium as follows: 0.29 % amino acid powder 
w/v, 0.38 % yeast nitrogen base (without amino acid and 
ammonium sulfate) w/v, 1.12 % ammonium sulfate w/v. 
Adjust pH to 5.9 with NaOH.   

   2.    Make a stock of 4 % agar.   
   3.    Autoclave both solutions ( see   Note 1 ).   
   4.    Supplement base medium with 40 % glucose solution to a fi nal 

concentration of 4 %.   
   5.    Mix the base medium and agar at a 1:1 ratio.   
   6.    Add 8 ml/L of the appropriate amino acid drop-out solutions 

and 3-AT whenever required ( see   Note 4 ). For example, uracil, 
histidine, and tryptophan should be added to obtain some syn-
thetic medium lacking leucine (−L medium).   

   7.    Pour in 15 cm petri plates and dry for 3–4 days. Store at 4 °C.      

  A mouse brain cDNA library cloned in yeast two-hybrid vector 
pPC86 is fi rst established into yeast strain Y187 ( see   Note 5 ).

    1.    Inoculate 500 ml of nonselective YPD medium at 0.007 opti-
cal density (OD) at 600 nm with a fresh yeast culture.   

   2.    Grow overnight in a shaker at 30 °C.   
   3.    Determine the OD at 600 nm. Harvest culture when OD is in 

a 0.4–0.5 range.   
   4.    Centrifuge cells in 10 × 50 ml tubes at 750 ×  g  for 5 min. 

Discard supernatant and resuspend each yeast pellet in 40 ml 
water.   

   5.    Centrifuge cells at 750 ×  g  for 5 min. Discard supernatant, and 
resuspend each yeast pellet in 40 ml TE/LiAc.   

   6.    Centrifuge cells at 750 ×  g  for 5 min. Discard supernatant and 
pool the ten yeast pellets in 5 ml TE/LiAc.   

   7.    Add 500 µl heat-denatured carrier DNA and 150 µg cDNA 
library to competent yeast, and mix carefully.   

   8.    Dispense 250 µl of this preparation in twenty 2 ml tubes, and 
then add 1.6 ml TE/LiAc/PEG.   

   9.    Mix by gently vortexing the tube and incubate for 45 min at 
30 °C.   

   10.    Heat-shock for 20 min at 42 °C.   

3.1  Production 
of Selective Medium 
Agar Plates

3.2  Establishment 
of cDNA Library into 
Yeast Culture
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   11.    Centrifuge at 750 ×  g  for 5 min. Discard supernatant and fi ll 
tube with water without resuspending the pellet.   

   12.    Centrifuge at 750 ×  g  for 5 min. Discard supernatant and 
resuspend the pellet in 1 ml water. Pool the 25 transformation 
reactions in a single 50 ml tube.   

   13.    Spread 200 µl of yeast using glass beads onto one hundred 
twenty-fi ve 15 cm petri dishes with −W agar.   

   14.    Make 1/100 and 1/1,000 dilutions in water and plate on two 
15-cm petri dishes with −W agar to determine the transforma-
tion effi ciency.   

   15.    Grow cells for 3 days at 30 °C. Calculate the total number of 
yeast transformants ( see   Note 6 ).   

   16.    Add 5 ml YPD medium to each plate and scrape cells into 
medium using for example a Pasteur pipette bent using a fl ame. 
Pool into a 2-l fl ask.   

   17.    Add glycerol to obtain a 20 % (w/v) solution, and determine 
the fi nal OD. Calculate the volume  V  of yeast suspension 
required to perform one two-hybrid screen considering that 
 V  = 60/OD.   

   18.    Aliquot in cryotubes with the volume required for one yeast 
two-hybrid screen. Store at −80 °C.    

         1.    In a 100 ml fl ask, inoculate 50 ml of nonselective YPD medium 
with a patch of fresh AH109 yeast cells scooped from a YPD 
plate stored at room temperature (few days old at most).   

   2.    Grow overnight in a shaker at 30 °C.   
   3.    Determine the OD at 600 nm. Take the appropriate volume of 

yeast culture considering that 1 ml at 5 OD is suffi cient to 
perform ten transformations.   

   4.    Centrifuge cells at 750 ×  g  for 5 min. Discard supernatant and 
resuspend yeast in >500 µl water per transformation.   

   5.    Centrifuge cells at 750 ×  g  for 5 min. Discard supernatant, and 
resuspend yeast in >100 µl TE/LiAc solution per 
transformation.   

   6.    Centrifuge cells at 750 ×  g  for 5 min. Discard supernatant and 
resuspend the pellet in 20 µl of TE/LiAc per transformation.   

   7.    Add 2 µl heat-denatured carrier DNA and 50–250 ng Gal4-DB 
plasmid.   

   8.    Add 120 µl TE/LiAc/PEG and mix by gently vortexing the 
tube.   

   9.    Incubate for 45 min at 30 °C.   
   10.    Heat-shock for 15 min at 42 °C.   
   11.    Centrifuge at 750 ×  g  for 5 min. Discard supernatant, and 

resuspend the pellet in 20 µl water.   

3.3  Yeast 
Transformation 
with Bait Constructs 
Expressing Viral 
Proteins Fused 
to Ga4-DB
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   12.    Spot 10 µl on a petri dish with −L agar.   
   13.    Grow cells for 3 days at 30 °C.      

    Before performing a screen, determine basal transactivation of 
 HIS3  reporter gene for each viral bait protein fused to Gal-DB 
( see   Note 7 ).

    1.    With a loop, take a small patch of transformed yeast from 
Subheading  3.3 ,  step 13 .   

   2.    Dilute in 1 ml water, and spot 10 µl on petri dishes with −L 
and −L−H agar. After evaporation of water, the remaining 
yeast layer should be almost transparent and barely visible (if not, 
increase yeast dilution and repeat).   

   3.    Incubate cells for 5 days at 30 °C.   
   4.    Read plates. If no growth is observed on −L−H agar when com-

pared to −L plate, then perform the screen on −L−W−H plates.   
   5.    If yeast growth is observed on −L−H plates, repeat the same 

experiment by plating yeast on −L−H agar supplemented with 
increasing concentrations of 3-AT ( see   Note 7 ).   

   6.    Determine a minimal 3-AT concentration suffi cient to block 
yeast growth. Then, prepare −L−W−H plates containing the ad 
hoc concentration of 3-AT to perform the screen.    

        1.    In a 100 ml fl ask, inoculate 50 ml YPD medium with a patch 
of fresh AH109 yeast expressing the bait protein of interest 
( see   Note 8 ).   

   2.    Grow overnight in a shaker at 30 °C.   
   3.    Determine OD at 600 nm. Expected value should be in a 2–6 

range. Calculate the volume  V  of AH109 yeast culture required 
to perform the screen considering that  V  = 72/OD ( see   Note 9 ).   

   4.    Thaw one vial containing the cDNA library in Y187 yeast and 
transfer into a 50 ml tube containing 10 ml fresh YPD medium.   

   5.    Incubate 10 min in a shaker at 30 °C.   
   6.    Add AH109 yeast with the bait protein to the tube containing 

Y187 yeast with the cDNA library. Mix by inverting.   
   7.    Centrifuge at 750 ×  g  for 5 min. Discard supernatant and resus-

pend the pellet in 1.5 ml of YPD medium.   
   8.    Spread 500 µl onto three YPD plates using beads.   
   9.    Incubate for 4.5 h at 30 °C to allow yeast mating ( see   Note 10 ).   
   10.    Add 8 ml of water to each YPD plate and resuspend yeast with 

a scraper (made, for example, from a Pasteur pipette bent by 
heating in a fl ame).   

   11.    Repeat the same procedure to wash the three YPD plates at least 
once more and pool yeast suspensions into one 50 ml tube.   

3.4  Testing 
the Transactivation 
of HIS3 Reporter Gene 
by Gal4-DB Bait 
Constructs

3.5  Yeast Mating 
and Selection 
of Positive Yeast 
Colonies
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   12.    Centrifuge at 750 ×  g  for 5 min. Discard supernatant and resus-
pend the pellet in 6 ml water.   

   13.    Take 4 µl of yeast suspension to prepare a 1/10,000 dilution 
in water that will be used to determine mating effi ciency.   

   14.    Using beads, spread 500 µl yeast suspension onto 12 −L−W−H 
plates containing the ad hoc concentration of 3-AT (deter-
mined in Subheading  3.4 ,  step 6 ). In addition, spread 500 µl 
of the 1/10,000 dilution on a −L−W plate.   

   15.    Incubate for 6 days at 30 °C.   
   16.    In order to determine the effi ciency of mating, count yeast 

colonies on the −L−W plate. Then, multiply by 10,000 × 12 to 
obtain the total number of diploids generated during the 
screen ( see   Note 11 ).      

      1.    Cherry-pick positive yeast colonies from the 12 screening 
plates with a sterile toothpick or tip, and patch them on fresh 
−L−W−H plates containing the ad hoc concentration of 3-AT 
(determined in Subheading  3.4 ,  step 6 ) to maintain selection 
pressure on  HIS3  reporter gene. It is best to organize positive 
yeast colonies at the standard 96-well format with the help of 
a grid paper placed underneath the petri dish.   

   2.    Grow at 30 °C for 3–4 days ( see   Note 12 ).   
   3.    To eliminate contaminations with satellite AD-cDNA plas-

mids, which can be present in yeast aside plasmids encoding for 
 bona fi de  interactors, purify positive colonies by replication 
every 3–4 days on fresh selective medium over 3 weeks. This 
can be quickly achieved with the extremity of tips mounted on 
a multichannel or using an automated platform, as displayed in 
Fig.  2a .       

      1.    Prepare a 2.5 mg/ml solution of zymolyase 20T in water and 
dispense 50 µl per well in a 96-well PCR plate.   

   2.    For each positive colony, take a patch of yeast and resuspend in 
the zymolyase solution in one well.   

   3.    Incubate for 5 min at 37 °C and then for 5 min at 95 °C to 
inactivate the enzyme.   

   4.    Perform a PCR using pPC86-For and pPC86-Rev with LaTaq 
or similar, according to manufacturer’s instructions ( see   Notes 
3  and  13 ). An amplifi cation cycle of 94 °C for 1 min then 35 
cycles of 98 °C for 10 s and 68 °C for 5 min followed by a 
single incubation of 72 °C for 10 min should be performed.   

   5.    Analyze PCR products on a 1 % agarose gel, e.g., a 96-well 
E-Gel (Fig.  2b ).   

   6.    Sequence PCR products with pPC86-For primer using 
standard procedures ( see   Note 13 ).      

3.6  Identifi cation 
Interacting Partners

3.7  PCR 
Identifi cation 
of Positive Colonies
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       1.    Analyze trace fi les to assign quality scores and generate accurate 
sequence fi les.   

   2.    Trim plasmid adaptor sequences.   
   3.    Use BLAST to probe the mouse mRNA and protein sequence 

databank at EMBL, and determine which host protein corre-
sponds to each prey sequence.   

   4.    Build an Excel spreadsheet with three columns including, for 
each positive yeast colony, a sequence ID and the corresponding 
bait and prey protein names.   

   5.    Use the pivot table function of Excel to build an interaction 
matrix showing the number of positive yeast colonies for each 
bait–prey combination.   

   6.    Use Data > fi lter function in Excel to eliminate interactions 
supported by less than three positive yeast colonies. This is essential 

3.8  Data Analysis

  Fig. 2    Selection and replica plating of positive yeast colonies. ( a ) Automated replica plating of positive yeast 
colonies arrayed in a 96-well format using a TECAN platform. Notice the customized stand for 15 cm petri dishes 
that fi ts into the standard 96-well plate holder. Yeast colonies are replica plated from mother to daughter plates by 
a 96-Multi Channel Arm (MCA) by simple tip-touching without aspiration or dispense. ( b ) PCR products 
corresponding to AD-cDNA were amplifi ed from positive yeast colonies and analyzed on a 96-well E-gel       
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to remove most technical false positives from the fi nal dataset. 
Table  1  shows an example of the fi nal results obtained for a 
screen of MHV proteins.   

   7.    The identifi ed proteins may be subjected to further analysis. 
For example, use the STRING database (Search Tool for the 
Retrieval of Interacting Genes/Proteins) to determine, for 
mouse and other organisms, known interaction data between 
the proteins listed in Table  1  (Fig.  3 ). Upload protein IDs on 
the STRING website (  http://string-db.org/    ), and follow the 
instructions.        

  Fig. 3    Confi dence view of STRING analyses for all interacting host proteins identifi ed in the different screens 
and listed in Table  1  [ 29 ]. Confi dence view of STRING analyses of host proteins that were found to interact with 
the MHV proteins using either  Mus musculus  ( a ) or  Homo sapiens  ( b ) as input organism         
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4    Notes 

     1.    When making agar plates, culture medium and agar should be 
autoclaved separately to avoid chemical interactions when 
heating. Glucose solution should not be autoclaved, fi lter 
sterilize though a 0.22 µm fi lter and add to medium after 
autoclaving.   

   2.    Although Tris–EDTA, lithium acetate, and PEG solutions are 
stored at room temperature, fresh TE–LiAc and TE–LiAc–
PEG solutions should be prepared each time before use.   

   3.    Readers should be aware that over a dozen of PCR enzymes 
tested, only La Taq from Takara gave us satisfactory results. 
However, other untested PCR enzymes may also be suitable.   

Fig. 3 continued
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   4.    Synthetic medium lacking leucine (−L) or tryptophan (−W) 
are used to select yeast transformants for Gal4-DB and 
Gal4-AD expression plasmids, respectively. Medium lacking 
both leucine and tryptophan (−L−W) is used to select yeast 
transformants for both Gal4-DB and Gal4-AD expression plas-
mids. Finally, synthetic medium lacking leucine, tryptophan 
and histidine (−L−W−H) is used to select yeast transformants 
for both Gal4-DB and Gal4-AD expression plasmids and the 
activation of the two-hybrid reporter gene  HIS3 . Appropriate 
amount of 3-AT can be added to increase stringency of the 
screen ( see   Note 7 ).   

   5.    High transformation effi ciency in yeast can be challenging to 
achieve. The procedure described herein should be tested on a 
small scale before proceeding to a large-scale transformation.   

   6.    For a good coverage, it is usually accepted that the total num-
ber of yeast transformants should correspond to three times 
the original complexity of the cDNA library. However, this 
should be considered as a general guideline.   

   7.    A signifi cant fraction of bait proteins transactivate  HIS3  
reporter gene in AH109 yeast when expressed in fusion to 
Gal4-DB. Amino acid stretches with acidic and proline resi-
dues in the bait protein are often associated with transactiva-
tion [ 27 ]. However, transactivation level should be 
experimentally determined since other poorly defi ned param-
eters are also involved. 3-AT, which is a competitive inhibitor 
of HIS3 enzyme, is used to titrate down yeast growth when 
the bait protein alone is a transactivator. Concentrations of 5, 
10 and 20 mM are usually suffi cient, but could be increased up 
to 200 mM.   

   8.    Bait vectors used herein contain a yeast centromere (CEN) in 
addition to an autonomously replicating sequence (ARS). 
Thus, they will be maintained in yeast for several generations 
when growth is performed on non-selective YPD medium, but 
yeast could be grown on selective −L medium as well. Situation 
is different when using plasmids containing a 2µ replication 
origin. In that case, yeast transformants must be permanently 
maintained on selective medium or the bait plasmid will be 
quickly lost.   

   9.    A screen is performed by mixing AH109 yeast transformed 
with the bait-encoding plasmid with Y187 yeast cells trans-
formed with the AD-cDNA library in a fi nal 1.2 ratio. It has 
been reporter that a 2.5 ratio could increase mating effi ciency 
as determined by Soellick et al. [ 28 ].   

   10.    Although 4.5 h is suffi cient to achieve yeast mating, incubation 
should not last for too long. After few hours, diploid yeast cells 
start to divide and this artifi cially increases numbers of diploids 
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and positive yeast colonies. To increase mating effi ciency, yeast 
can be resuspended and then spread on YCM (1 % yeast extract, 
1 % Bacto-Peptone, 2 % dextrose) at pH 4.5 [ 28 ].   

   11.    With this protocol, mating effi ciency is usually close to 40–80 
million diploids, which represent 8–16 times the original com-
plexity of the mouse cDNA library we used. However, we 
empirically found that saturation is reached when the number 
of diploids is superior to 40 times the original complexity of 
the cDNA library. Thus, the screen should be repeated 3–4 
times whenever saturation needs to be reached.   

   12.    The number of positive yeast colonies is highly dependent on 
the experimental design of the screen and in fact, a signifi cant 
fraction of Y2H screens generate no positives. In such a situa-
tion, screens should be performed with isolated domains of the 
original bait protein, by swapping DB and AD tags to extremi-
ties of bait and prey proteins, and using other prey libraries or 
alternative Y2H systems [ 17 ,  18 ].   

   13.    PCR on yeast can be challenging when using low-copy plasmids 
such as pPC86. Besides, the amplifi cation success rate critically 
depends on the length and nucleoside composition of 
AD-cDNA sequences corresponding to prey proteins. Thus, 
PCR success rate is highly variable from one screen to another, 
and together with poor quality and nonspecifi c PCR amplifi ca-
tion products, could signifi cantly decrease the number of 
exploitable AD-cDNA sequences. In the MHV screen that is 
presented in this manuscript, high-quality sequences were 
obtained for 78 % of positive yeast colonies.         
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Chapter 19

Investigation of the Functional Roles of Host Cell Proteins 
Involved in Coronavirus Infection Using Highly Specific 
and Scalable RNA Interference (RNAi) Approach

Jean Kaoru Millet and Béatrice Nal

Abstract

Since its identification in the 1990s, the RNA interference (RNAi) pathway has proven extremely useful in 
elucidating the function of proteins in the context of cells and even whole organisms. In particular, this 
sequence-specific and powerful loss-of-function approach has greatly simplified the study of the role of 
host cell factors implicated in the life cycle of viruses. Here, we detail the RNAi method we have developed 
and used to specifically knock down the expression of ezrin, an actin binding protein that was identified by 
yeast two-hybrid screening to interact with the Severe Acute Respiratory Syndrome Coronavirus (SARS- 
CoV) spike (S) protein. This method was used to study the role of ezrin, specifically during the entry stage 
of SARS-CoV infection.

Key words RNA interference (RNAi), Small interfering RNA (siRNA), Ezrin, Severe Acute 
Respiratory Syndrome Coronavirus (SARS-CoV), Virus–host interactions

1 Introduction

The discovery of RNA interference (RNAi) represents a quantum 
leap in the fields of molecular and cellular biology [1, 2]. RNAi 
technologies are powerful tools that are widely used to investigate 
the biological function of specific proteins either in vitro or in vivo. 
In particular, RNAi has successfully been used in virology to study 
the role of specific host proteins in the life cycle and replication of 
viruses. The introduction into cells of small interfering RNAs 
(siRNA), 20–25 nucleotide short double-stranded RNAs that are 
specific to target mRNA sequences and allow for sequence-specific 
degradation of the mRNA, is a relatively fast, simple and robust 
method to specifically downregulate protein expression and study 
their function [3]. In our studies, siRNA has proven very useful to 
validate the functional relevance of cellular proteins that were iden-
tified by yeast two-hybrid screens as binding partners of influenza 
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and coronavirus structural proteins [4, 5]. We describe herein a 
method to efficiently knock down protein expression of a cellular 
actin binding protein, ezrin, and measure the knockdown efficiency. 
This method was successfully used to investigate the role of ezrin 
during host cell entry and infection of the Severe Acute Respiratory 
Syndrome Coronavirus (SARS-CoV) [5]. While the method 
described here is specific to the downregulation of ezrin expres-
sion, it can easily be modified and adapted to study the function of 
other cellular proteins during viral infection. The methodology 
described also forms the basis for larger scale experiments such as 
siRNA library screenings (see Note 1), which we have successfully 
established to study host cell factors involved in viral assembly and 
release [6].

2 Materials

 1. 1× siRNA buffer: 60 mM KCl, 0.2 mM MgCl2, 6 mM HEPES, 
pH 7.5 using 2 M KOH.

 2. 20 μM ezrin-specific small interfering RNAs in 1× siRNA buffer 
(Table 1 and see Notes 2–4).

 3. 20 μM negative control non-targeting siRNA in 1× siRNA 
buffer.

 4. DharmaFECT 1 transfection reagent (GE Dharmacon) or 
similar.

 1. HeLa-F5 cells (see Note 5).
 2. 96-well cell culture-treated plates (see Note 6).
 3. Phosphate buffer saline (PBS).
 4. Dulbecco’s Modified Eagle Medium (DMEM High Glucose 

GlutaMax™—Life Technologies) or equivalent.

2.1 siRNA 
Components

2.2 Cell Culture 
Components

Table 1 
Forward sequences of siRNA used to knock down ezrin

siRNA duplex Forward sequence (5′–3′) Nucleotides

1 GCUCAAAGAUAAUGCUAUGUU 21

2 GGCAACAGCUGGAAACAGAUU 21

3 CAAGAAGGCACCUGACUUUUU 21

4 GAUCAGGUGGUAAAGACUAUU 21

The sequences were designed based on the VIL2 or EZR gene sequence (NCBI accession 
number: NM_003379). The siRNA duplexes were used in transfections as an equimolar 
pooled mix

Jean Kaoru Millet and Béatrice Nal
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 5. DMEM-C: DMEM, 10 % fetal bovine serum (FBS), 100 U/ml 
penicillin, 100 μg/mL streptomycin. Pass solution through a 
0.22 μm filtration unit before use and store at +4 °C.

 6. DMEM-T: DMEM, 10 % FBS. (see Note 7).
 7. Polystyrene vials.

 1. Lysis buffer: RLT buffer (Qiagen). Allows for isolation of pro-
teins as well as nucleic acids.

 2. Protein sample loading buffer (LDS sample buffer): 106 mM 
Tris–HCl, 141 mM Tris Base, 2 % lithium dodecyl sulfate 
(LDS), 10 % glycerol, 0.51 mM EDTA, 0.22 mM SERVA blue 
G250, 0.175 mM phenol red.

 3. Sample reducing agent (10×): 500 mM dithiothreitol (DTT).
 4. Polyacrylamide gel for protein electrophoresis: Novex Bis-Tris 

4–12 % gradient gel, ten wells.
 5. Gel running buffer (NuPAGE MOPS SDS running buffer): 

50 mM MOPS, 50 mM Tris Base, 0.1 % SDS, 1 mM EDTA.
 6. Protein ladder: Novex Sharp pre-stained protein standard (Life 

technologies), or equivalent.
 7. Electrophoresis and blotting module: XCell SureLock Mini- 

Cell (Life technologies), or similar.
 8. Transfer buffer (NuPAGE transfer buffer): 25 mM bicine, 

25 mM Bis-Tris (free base), 1 mM EDTA, 10 % ethanol.
 9. Filter paper.
 10. Polyvinylidene fluoride (PVDF) membrane.
 11. Blotting sponge pads.
 12. Tris-buffer saline (10× TBS): 200 mM Tris base, 1.5 M NaCl, 

pH to 7.6 with 12 N HCl.
 13. TBST: TBS, 0.1 % Tween 20 (see Note 8).
 14. Blocking solution: 5 % milk in TBST.
 15. Rabbit polyclonal anti-ezrin (generous gift from Dr. Monique 

Arpin, Institut Curie, France).
 16. Mouse monoclonal anti-glyceraldehyde-3-phosphate dehydro-

genase (GAPDH).
 17. Horse radish peroxidase (HRP) conjugated goat anti-rabbit.
 18. HRP conjugated rabbit anti-mouse IgG.
 19. Enhanced chemiluminescence (ECL) compounds.
 20. Gel Doc system capable of reading chemiluminescent signals, 

e.g., Bio-Rad Gel Doc XR system. Alternatively, membranes 
can be exposed on X-ray films. Exposure times may vary from 
a few seconds to several minutes.

 21. ImageJ or similar software for band quantification.

2.3 Western Blot 
Components

RNAi-based Approach to Study Host Factor Function in Coronavirus Infection



234

3 Methods

The following procedures should be performed in a Class II 
biosafety cabinet, unless otherwise noted. The siRNA transfection 
method below describes the procedure for transfecting a specific 
set of siRNAs (ezrin-targeting or non-targeting siRNAs). As siR-
NAs are fragile, they should be kept on ice as much as possible. 
Perform each siRNA treatment condition in triplicates. In our 
experiments, because cells that undergo siRNA treatment will sub-
sequently be virally infected, care should be taken at all steps to 
ensure the cells being treated are in the best condition and viability 
assessed as much as possible (see Note 9).

 1. Seed 3.6 × 103 cells per well of a 96-well plate. Incubate at 
37 °C for 16–18 h.

 2. Dilute stock siRNA solution 1/10, to 2 μM, with 1× siRNA 
buffer.

 3. Mix 2 μM siRNA solution with serum-free DMEM to obtain 
a 1 μM solution using a 1:1 ratio. For mock siRNA condition, 
replace siRNA solution by DMEM.

 4. Perform gentle up–down pipetting and incubate tube at room 
temperature for 5 min.

 5. Dilute to 1/50 DharmaFECT 1 transfection reagent with 
DMEM in a polystyrene vial.

 6. Perform gentle up–down pipetting and incubate tube at room 
temperature for 5 min.

 7. Mix siRNA-DMEM solution with transfection reagent- 
DMEM solution using a 1:1 ratio, by adding the transfection 
reagent-DMEM solution to the siRNA DMEM solution.

 8. Incubate at room temperature for 20 min.
 9. Dilute siRNA-transfection reagent mix with DMEM-T using a 

1/5 dilution.
 10. Aspirate culture medium from wells.
 11. Add 100 μl of transfection mix per well.
 12. Incubate at 37 °C cell culture incubator for 48 h.
 13. Check for cytotoxicity or cell morphological changes routinely 

by observing transfected cells under microscope.
 14. Optional: Repeat siRNA transfection to increase knockdown 

efficiency and incubate for another 48 h (see Note 10). Check 
for cytotoxicity or cell morphological changes under micro-
scope (Fig. 1).

3.1 siRNA 
Transfection (for  
Each Type of siRNA)

Jean Kaoru Millet and Béatrice Nal
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A crucial step in any siRNA transfection experiment is to assess the 
level of knockdown of expression induced by such treatment. The 
section below describes how to evaluate siRNA knockdown by 
measuring the lowering of ezrin protein expression using a Western 
blot approach (see Note 11).

 1. Lyse cells by adding 100 μl lysis buffer per well (see Note 12), 
and incubate plate at room temperature for 15 min. Perform 
gentle up down pipetting to ensure lysis is complete.

 2. Add 40 μl 4× Loading buffer, 16 μl 10 × DTT, and 4 μl H2O 
to each sample.

 3. Boil samples at 95 °C for 5 min.
 4. Cool samples down on ice and perform a quick centrifugation 

to bring down condensate. At this point, samples can be run 
through a gel or stored at −20 °C for later analysis.

 5. Place the pre-cast Bis-Tris polyacrylamide gel in electrophoresis 
module (see Note 13).

 6. Fill inner and outer compartments of electrophoresis module 
with the 1× running buffer.

3.2 Measurement 
of siRNA Knockdown 
Efficiency

Fig. 1 Cell morphology and density after siRNA transfections. 3.6 × 103 HeLa-F5 cells were seeded in wells of 
a 96-well plate. The cells were then transfected with either non-targeting or ezrin-targeting siRNAs and incu-
bated at 37 °C cell culture incubator for 48 h. A second round of siRNA transfection was then performed and 
cells were incubated at 37 °C cell culture incubator for 48 h. The cells were then observed under an inverted 
microscope using at 10× objective and pictures of representative fields were taken

RNAi-based Approach to Study Host Factor Function in Coronavirus Infection
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 7. Load 10 μl of molecular weight standard ladder and load 10 μl 
of samples in each lane.

 8. Run electrophoresis using following settings: 200 V with con-
stant voltage for 45–60 min.

 9. Cut out Whatman paper and PVDF membrane to the gel 
dimensions.

 10. Dehydrate PVDF membrane in 100 % ethanol for 1 min.
 11. Rehydrate membrane in H2O for 5 min, and then incubate it 

in 1× transfer buffer for 5 min.
 12. Soak blotting paper and sponge pads in 1× transfer buffer for 

at least 5 min.
 13. Remove gel from plastic encasing and immerse gel in 1× trans-

fer buffer.
 14. Prepare transfer stack by layering (from bottom to top) two 

blotting sponge pads, three blotting paper cutouts, gel, PVDF 
membrane. Gently roll out bubbles with roller, e.g., a small 
pipette. Continue stack by adding three blotting paper cutouts 
and two sponge pads.

 15. Place the stack in transfer module and perform transfer inside 
electrophoresis module filled with 1× transfer buffer using the 
following settings: 170 mA constant current for 1–2 h.

 16. Remove membrane from stack and place in TBST solution.
 17. Block membrane in blocking solution for 1 h at room 

temperature.
 18. Prepare primary antibody solutions by diluting them in block-

ing solution: rabbit polyclonal anti-ezrin: 1/1,000; goat anti- 
GAPDH 1/10,000.

 19. Cut a straight line on the membrane at 50 kDa marker. 
Incubate top part with anti-ezrin antibody solution and the 
bottom part with anti-GAPDH antibody solution for 1 h each.

 20. Wash membranes three times 10 min in TBST.
 21. Prepare secondary antibodies by diluting them in blocking 

solution: HRP goat anti-rabbit IgG 1/1,000; HRP rabbit 
anti-goat IgG 1/1,000.

 22. Incubate membranes in the corresponding secondary antibody 
solutions for 45 min.

 23. Wash membranes three times 10 min in TBST.
 24. Mix ECL solutions using a 1:1 ratio and add 1–2 mL of mixed 

solution to membrane surface.
 25. Incubate for 1 min, remove excess moisture, and perform band 

detection using gel doc or film and developer (Fig. 2).
 26. Perform band quantification analysis using Gel Analysis mod-

ule of ImageJ or similar software. For each lane, the GAPDH 
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(housekeeping protein) band serves as a loading control. 
Normalize ezrin band relative intensity (Iezrin) to GAPDH band 
relative intensity (IGAPDH):
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 27. The percentage of ezrin protein expression knockdown by 
siRNA treatment, compared to non-targeting control is calcu-
lated by the following equation (KD, expressed in %, Table 2) :
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4 Notes

 1. The method described here focuses on knocking down expres-
sion of a single cellular gene, ezrin, to uncover its functional 
role in SARS-CoV infection. This methodology forms the basis 
for larger-scale functional analyses as it can easily be scaled up 
to perform siRNA-based functional screen studies to identify 
host genes involved in the replicative cycle of viruses. Such 
siRNA-based screening approach has been successfully devel-
oped in our lab using a siRNA library screen of 122 cellular 

Fig. 2 Assessment of ezrin protein expression knockdown induced by siRNA 
transfections. 3.6 × 103 HeLa-F5 cells were seeded in wells of a 96-well plate. 
The cells were transfected twice with non-targeting or ezrin-targeting siRNAs. 
For each condition, cells from one well were lysed and analyzed for ezrin and 
GAPDH housekeeping protein content by Western blot. The Western blot shown 
here displays three independent replicates for either non-targeting or ezrin tar-
geting siRNAs
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genes involved in membrane trafficking to reveal host factors 
that are functionally implicated in dengue virus assembly and 
release [6].

 2. siRNAs should be handled with special care. RNA molecules 
are prone to degradation by RNases. Gloves and RNAse-free 
pipette tips should be used. Tubes containing siRNAs should 
be kept on ice as much as possible. Store siRNAs at −20 °C and 
aliquot stock solutions to avoid multiple freeze–thaw cycles.

 3. The ezrin siRNAs used here are in the form of an equimolar 
mix of four siRNA duplexes. This allows for robust knockdown 
of expression because it increases the odds of binding to target 
mRNA sequence and silencing to ensue. It is important to 
note however that individual siRNAs can also be used to silence 
specific mRNA expression. This alternative approach has the 
advantage to minimize potential off-target effects of pooled 
siRNA mixes. We have validated the use of individual siRNA 
treatment for ezrin silencing, and successfully used an individ-
ual siRNA duplex to silence annexin A6 to investigate its 
functional role in influenza virus infection [4]. Another con-
sideration when performing siRNA studies is the potential for 
functional redundancies found in families of closely related 
proteins. In another dengue virus study from our lab, we have 
found that, while individually silencing the closely related small 
GTPases Arf4 or Arf5 had minimal effect on dengue virus 
secretion from cells, combined silencing of these two GTPases 
allowed for marked decrease in secretion [7].

Table 2 
Knockdown analysis after siRNA transfection

Band 
intensity Knockdown (%)

Average 
knockdown (%)

Standard 
deviation (%)

Ezrin siRNA 1 Iezrin 254
95.2

95.0 1.2

IGAPDH 26,582
Non targeting 

siRNA 1
Iezrin 4,602
IGAPDH 23,119

Ezrin siRNA 2 Iezrin 265
93.7IGAPDH 22,011

Non targeting 
siRNA 2

Iezrin 4,433
IGAPDH 23,098

Ezrin siRNA 3 Iezrin 196
96.0IGAPDH 18,857

Non targeting 
siRNA 3

Iezrin 5,042
IGAPDH 19,165

HeLa-F5 cells were transfected twice with non-targeting or ezrin-targeting siRNAs and protein content was assessed by 
Western blot. Western blot band intensities were analyzed with ImageJ and the knockdown efficiency (KD) was 
calculated

Jean Kaoru Millet and Béatrice Nal



239

 4. siRNAs are used at a final concentration of 100 nM for 
transfection of cells. This concentration was determined to be 
the best compromise between siRNA knockdown efficiency 
and cell viability by prior optimization experiments that tested 
increasing concentrations of siRNAs. As optimal siRNA con-
centration varies depending on cell type used and target gene, 
we recommend performing such optimization during the set-
ting up of any siRNA assay.

 5. The choice of cell lines for conducting siRNA transfections is 
an important step during the setup and optimization of the 
assay. HeLa-F5 cells were chosen in our experiments because 
they robustly express ACE-2, the SARS-CoV receptor, and 
have been shown previously to be susceptible to SARS-CoV 
S-mediated viral entry. Furthermore, we have conducted pre-
liminary siRNA transfection on a panel of cell lines, which 
included HeLa-F5, and found that those cells could be effi-
ciently transfected, with ezrin protein expression levels signifi-
cantly reduced after siRNA treatment.

 6. In the experiment described herein, siRNA transfections and 
subsequent assays were performed in 96-well cell culture- 
treated plates. Depending on the experiment planned using 
the siRNA-treated cells, the format can be adapted to larger 
culture plates. In that case, the number of cells and volumes of 
reagents used will have to be proportionally scaled up.

 7. Avoiding addition of penicillin/streptomycin to the transfec-
tion medium (DMEM-T) is important because lipid-based 
transfection reagents, such as DharmaFECT 1 increases the 
permeability of the cell plasma membrane. If present in the 
transfection medium, there is a greater risk for cellular uptake 
of the antibiotics with potentially higher cytotoxicity and lower 
transfection efficiency.

 8. Tween 20 is a viscous solution. To ensure that the correct vol-
ume of Tween 20 is added to the TBS buffer, cut a 1,000 μL 
pipette tip, gently aspirate Tween 20 and add to TBS buffer. 
Pipette up–down gently and eject tip in buffer. Add stir bar 
and let solution stir with pipette tip for ~30 min, or until 
Tween 20 has completely dissolved.

 9. The siRNA transfection procedure involves many steps of aspi-
ration of supernatants and addition of solutions on cells. To 
avoid detaching cells, care should be taken to avoid letting the 
cells be without medium for more than a few minutes. Also, 
when adding new medium, solutions should not be pipetted 
directly on cells, but on the walls of the wells. Media should be 
pre-warmed at 37 °C as much as possible, as cold solutions can 
easily detach cells. We performed routine cell viability assays to 
determine the cytotoxic effects of siRNA treatments, using 
Trypan blue exclusion assay after treatments.

RNAi-based Approach to Study Host Factor Function in Coronavirus Infection
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 10. The repeat of the siRNA transfection step 48 h after the first 
one depends on several parameters including the efficiency of 
knockdown after 48 h, the turnover of the targeted mRNA, or 
the half-life of the protein product. We have observed through 
a series of tests that the optimal conditions for the knockdown 
of ezrin was to perform two successive siRNA transfections, 
48 h apart.

 11. If antibodies for the protein of interest are unavailable, an 
alternative would be to perform a quantitative RT-PCR assay, 
using specific primers, to measure levels of corresponding mes-
senger RNAs.

 12. After HeLa-F5 cells have undergone two successive siRNA 
transfections, the siRNA efficiency control plate is used to 
assess the quality of knockdown. Analysis of ezrin or GAPDH 
(housekeeping protein) protein content from one well of a 96 
well plate is sufficient for detection by Western blot.

 13. An alternative to the pre-cast Bis-Tris polyacrylamide gel elec-
trophoresis (PAGE) system is the use of gels prepared in the 
laboratory using gel casters. This allows customizing gels to 
the most appropriate percentage of polyacrylamide for the pro-
tein to be analyzed. 8–12 % polyacrylamide separating gel (8, 
10 or 12 % Acrylamide–Bis-Acrylamide, 400 mM Tris–HCl 
pH 8.8, 0.1 % SDS, 0.04 % ammonium persulfate (APS), 
0.07 % tetramethylethylenediamine (TEMED) added last, 
ddH2O) and 4 % polyacrylamide stacking gel (4 % Acrylamide–
Bis-Acrylamide, 100 mM Tris–HCl pH 6.8, 0.1 % SDS, 0.06 % 
APS, 0.1 % TEMED added last, ddH2O) are commonly used. 
Laboratory-made running, loading, and transfer buffers can 
also be prepared in the laboratory following standard Western 
blotting procedures.
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    Chapter 20   

 Transcriptome Analysis of Feline Infectious Peritonitis 
Virus Infection 

           Parvaneh     Mehrbod    ,     Mohammad     Syamsul     Reza     Harun    , 
    Ahmad     Naqib     Shuid    , and     Abdul     Rahman     Omar    

    Abstract 

   Feline infectious peritonitis (FIP) is a lethal systemic disease caused by FIP virus (FIPV). There are no 
effective vaccines or treatment available, and the virus virulence determinants and pathogenesis are not 
fully understood. Here, we describe the sequencing of RNA extracted from Crandell Rees Feline Kidney 
(CRFK) cells infected with FIPV using the Illumina next-generation sequencing approach. Bioinformatics 
analysis, based on  Felis catus  2X annotated shotgun reference genome, using CLC bio Genome Workbench 
is used to map both control and infected cells. Kal’s Z test statistical analysis is used to analyze the differ-
entially expressed genes from the infected CRFK cells. In addition, RT-qPCR analysis is used for further 
transcriptional profi ling of selected genes in infected CRFK cells and Peripheral Blood Mononuclear Cells 
(PBMCs) from healthy and FIP-diagnosed cats.  

  Key words     FIPV  ,   CRFK  ,   PBMCs  ,   Transcriptome  ,   Kal’s Z test  ,   RT-qPCR  ,   Gene expression  

1      Introduction 

 The use of a next-generation sequencing approaches in RNA 
sequencing has facilitated understanding and defi ning the expres-
sion profi les of cellular responses during pathogen infection. This 
method has been proven to be helpful in explaining the pathogen-
esis of various viruses [ 1 ,  2 ], including Feline Immunodefi ciency 
Virus (FIV) [ 3 ,  4 ]. Furthermore, the increasing availability of 
complete genome sequences for a number of model organisms 
makes host transcriptome analysis a valuable tool for elucidating 
mechanisms of virus pathogenesis and host responses to virus 
infection. Feline infectious peritonitis virus (FIPV) is thought to 
be the causative agent of feline infectious peritonitis (FIP). 
Understanding the molecular basis of FIPV pathogenesis will pro-
vide valuable information to devise effective treatments and formu-
late vaccines with higher effi cacy. Once established, focus can be 
directed at disrupting the virulent determinants or formulating 
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new vaccine or even designing gene therapy treatment. Facilitating 
this, the complete 1.9X cat genome, using the Whole Genome 
Shotgun (WGS) approach, provides valuable information for bio-
informatics analysis of feline host responses following pathogen 
infection. Moreover, the cat genome contigs were aligned, mapped, 
and annotated to NCBI annotated genome sequences of six index 
mammalian genomes (human, chimpanzee, mouse, rat, dog and 
cow) using MegaBLAST [ 5 ]. In this chapter we describe a pipeline 
for transcriptome analysis using FIPV infection of feline cells in 
culture as an example. Specifi cally, mRNA harvested from CRFK 
cells 3 h post infection with FIPV strain 79-1146 were sequenced 
using Illumina next-generation sequencing technology. The gener-
ated data was then analyzed using CLC bio Genomic Workbench, 
where the genes were compared to  Felis catus  1.9X annotated 
shotgun reference genome. Kal’s Z-test on expression proportions 
[ 6 ] was used to determine signifi cantly expressed genes. Genes 
expressed with a False Discovery Rate (FDR) <0.05 and >1.99- 
and <-1.99-fold change were considered for further analysis.  

2    Materials 

      1.    CRFK cell line.   
   2.    Virus strain: FIPV 79–1146.   
   3.    Maintenance medium : Minimal essential medium, 10 % fetal 

bovine serum, 200 µM nonessential amino acids, 200 units/ml 
penicillin, 200 µg/ml streptomycin, 0.5 µg/ml antimycotic.   

   4.    Dulbecco’s Phosphate Buffered Saline containing no calcium 
and magnesium (D-PBS).   

   5.    TrypLE™ Express solution or 0.25 % trypsin, 0.02 % EDTA 
in PBS.   

   6.    RNase AWAY (Life Technologies) or similar.   
   7.    RNeasy mini kit (Qiagen) or similar.   
   8.    UV/Visible spectrophotometer.   
   9.    Illumina Agilent RNA 6000 Nano kit.   
   10.    Agilent 2100 Bio-analyzer.   
   11.    Paired-End Sequencing Preparation Kit (Illumina), or similar.      

      1.    QiaAmp Viral RNA Mini Kit (Qiagen) or similar.   
   2.    RNeasy kit (Qiagen).   
   3.    RNase AWAY.   
   4.    Quantitative PCR machine (e.g., CFX 96 Real-Time PCR 

Detection System (Bio-Rad)).   
   5.    RNeasy miniplus kit (Qiagen) or similar.   
   6.    NanoDrop Nanophotometer or spectrophotometer.   

2.1  RNA Extraction 
and Next- Generation 
Sequencing

2.2  Validation 
of Results by RT-qPCR

Parvaneh Mehrbod et al.
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   7.    SensiFAST™ SYBR No-ROX One Step kit (Bioline).   
   8.    Primers specifi c for genes of interest and reference genes.   
   9.    BD Vacutainer (BD) EDTA-K2 tubes.   
   10.    Ficoll-Paque Plus.       

3    Methods 

  To take advantages of this technology, simultaneous analysis of 
virus–host interactions is investigated in one single experiment 
where both the transcription of viral genomes and host cell 
responses are scrutinized. Figure  1  illustrates the work fl ow for 
transcriptome analysis of this study.  

3.1  Transcriptome 
Analysis of FIPV 
Infected Cells

  Fig. 1    Work fl ow for transcriptome analysis of CRFK cells infected with FIPV 79–1146       

 

FIPV Transcriptome Analysis
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      1.    Seed CRFK cells into 75 cm 2  fl asks and incubate at 37 °C with 
5 % CO 2  until cells reach 60–70 % confl uency.   

   2.    Remove media and wash the cells with D-PBS.   
   3.    Infect the fl asks with virus at multiplicity of infection (MOI) 

2 in 2 ml, or 2 ml  D -PBS as a mock control, and incubate at 
37 °C with 5 % CO 2  for 1 h to allow attachment. Perform 
inoculations in duplicates, one for RNA extraction and the 
other for CPE visualization.   

   4.    Add 10 ml of maintenance medium with 10 % FBS and incu-
bate the fl asks for 3 h.   

   5.    Following 3 h of incubation, remove inoculum, wash the cells 
with  D -PBS.   

   6.    Add 2 ml TrypLE and incubate for 1–2 min until cells detach.   
   7.    Transfer cells to a centrifuge tube and pellet the cells by cen-

trifugation at 120 ×  g  for 5 min and discard supernatant.   
   8.    Add 10 ml  D -PBS and repeat centrifugation in order to 

remove every trace of medium and TrypLE, which could 
reduce RNA yield.   

   9.    Discard the supernatants and store the cell pellets at −80 °C 
until RNA purifi cation.      

  The RNeasy kit was used to extract and purify RNA samples in this 
study ( see   Note 1 ) but other RNA extraction protocols may also be 
suitable.

    1.    Spray all micropipettes, gloves, working area, and other things 
with RNase AWAY to remove any RNase and DNA 
contamination.   

   2.    Extract RNA using RNeasy kit according to the manufacturer’s 
instruction.   

   3.    Aliquot the eluted RNAs (500 µl) into three different tubes to 
avoid repeated thawing and freezing of the sample which 
could affect the quality of the RNA.   

   4.    Use two tubes for quality control analysis with spectropho-
tometer and Illumina Agilent 2100 bio-analyzer and store the 
third one at −80 °C for sequencing.    

        1.    Determine the quality of extracted RNA by measuring 
the absorbance at 260 and 280 nm in UV/Visible 
spectrophotometer.   

   2.    Consider the samples with the absorbance ratio value 
(A260/A280) of 1.8 to 2.0 for further analysis with Illumina 
Agilent 2100 Bio-analyzer to determine both the RNA quality 
and quantity.   

   3.    In order to ensure the samples are of highest quality and quan-
tity for transcriptome sequencing, use Agilent RNA 6000 

3.1.1  Infection of Cells

3.1.2  RNA Purifi cation 
from Infected Cells

3.1.3  Total RNA Quality 
Analysis
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Nano kit together with Agilent 2100 Bio-analyzer to conduct 
quality and quantity analysis to the extracted total RNA sam-
ples ( see   Note 2 ).   

   4.    Load and prime gel–dye mixtures, then load RNA 6000 Nano 
marker, ladder, and samples in the specifi ed manner.   

   5.    Vortex the chip and insert in the Agilent 2100 Bio-analyzer 
machine. Analyze the chips based on the method recom-
mended by the manufacturer. Verify whether the run is success-
ful and whether the sample is properly prepared and handled 
by means of properly pipetted into the wells ( see   Note 3 ).      

  Perform the following steps using the reagents provided in the 
paired end sample preparation kit, according to manufacturer’s 
instructions.

    1.    Fragment genomic DNA into fragments of less than 800 bp.   
   2.    Perform end repair of DNA fragments to generate 5′-phos-

phorylated blunt ends.   
   3.    Add an “A” base to the 3′ ends to make 3′-dA overhang.   
   4.    Ligate adapters to the ends of the DNA fragments.   
   5.    Purify ligation products by removing un-ligated adapters.   
   6.    Enrich the Adapter-Modifi ed DNA Fragments by PCR.   
   7.    Obtain the Genomic DNA library.      

  Figure  2  represents the work fl ow of raw data analysis by CLC bio 
GWB software and the settings opted for each process. Unless 
stated otherwise, the settings for the raw data analysis were based 
from CLC bio manual ( see   Note 4 ). 

    1.    Conduct RNA-seq analysis with the settings stated in the 
Fig.  2 , using trimmed raw sequences. Quality trim limit = 0.01, 
ambiguity trim maximum value = 2, Adapter trim = Illumina 
adapter, trim both strands. Map to annotated reference— Felis 
catus  2X, Minimum length fraction and minimum similarity 
fraction = 0.9, Maximum number of hits/read = 1, Type of 
organism = eukaryote, Paired settings = default.   

   2.    Reads Per Kilobase of transcript per Million (RPKM) are cho-
sen as the expression value for comparison ( see   Note 5 ).   

   3.    Once fi nished, conduct quality control to the expression anal-
ysis control versus 3 h infection (Cv3) result.   

   4.    Subsequently, conduct statistical analysis to the Cv3 expres-
sion analysis based on CLC bio support recommendation.   

   5.    Determine upregulated and downregulated genes from the 
fi nal Cv3 expression analysis result by selecting the criteria as 
in Fig.  2 . Upregulated = proportions fold change > 1.99 and 
Downregulated = proportions fold change < −1.99.    

3.1.4  Preparing Samples 
for Paired-End Sequencing

3.1.5  CLC Bio Genomics 
Workbench (GWB) 
Software Analysis

FIPV Transcriptome Analysis
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        1.    Once data has been obtained, import the raw data (~17.3 
Gigabyte) into the CLC bio GWB. Once imported, subject 
the raw data to sequence reads trimming by quality trimming, 
ambiguity trimming and adapter trimming with the settings as 
in Fig.  2 . The program uses the modifi ed-Mott trimming 
algorithm for this purpose (see manufacturers instructions) 
( see   Note 6 ).   

   2.    BLAST the list of genes that were upregulated and down-
regulated, using the built-in BLAST program in the CLC 
bio GWB.   

   3.    Based on the BLAST result, select homologous sequence with 
the lowest e-value, highest score and lowest percentage of 
gaps to the query sequence as the gene identity.   

   4.    Briefl y, opt blastn: DNA sequence and database program and 
references mRNA sequences (refseq_rna) or nucleotide collec-
tion (nr) database for analysis. In silico analysis which is also a 
part of bioinformatics analysis is able to analyze the interac-
tions of different genes by integrating data available on bioin-
formatics databases ( see   Note 7 ).       

3.1.6  Basic Local 
Alignment Search Tool 
(BLAST)

  Fig. 2    Work fl ow and settings for CLC bio GWB software analysis       
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        1.    In order to validate the transcriptome results, analyze the 
expression profi les of genes of interest (for examples A3H, 
PD-1, and PD-L1 genes) using real-time PCR.   

   2.    Seed CRFK cells into 6-well plates and incubate at 37 °C 5 % 
CO 2  until 60–70 % confl uent.   

   3.    Wash cells once with  D -PBS and then infect with FIPV strain 
79–1146 at MOI 2 in 1 ml, or with 1 ml  D -PBS as a negative 
control.   

   4.    Incubate cells at 37 °C 5 % CO 2  for desired time.   
   5.    Extract viral RNA from cells using QiaAmp Viral RNA Mini 

Kit, according to the manufacturer’s instructions.   
   6.    Design primers for qPCR specifi c for the genes of interest, 

e.g., Table  1 .
       7.    Perform the RT-qPCR reactions using for example 

SensiFAST™ SYBR No-ROX One Step kit on Real-Time 
System, with Thermal Cycler. The reaction mixture of 20 µl 
contains 10 µl 2× SensiFAST SYBR No-ROX One-Step mix, 
0.5 µl forward and reverse primers (5 nM for GADPH, PD-L1, 
and A3H, 3 nM for PD-1, and 10 nM for YWHAZ), 0.2 µl 
RT, 0.4 µl RiboSafe RNase inhibitor, 2.4 µl H 2 O, and 6 µl 
extracted RNA.   

   8.    The RT-qPCR reaction conditions are as follows; one cycle at 
45 °C for 10 min, one cycle at 95 °C for 2 min, and 35 cycles at 
95 °C for 5 s; then 57 °C (YWHAZ), 58 °C (PD-L1), 59 °C 
(GAPDH), 64 °C (A3H), and 65 °C (PD-1) for 20 s; and fi nally, 
at 72 °C for 5 s (Table  2 ). One cycle for the dissociation curve for 
all reactions is added and melting curve analysis is performed.

3.2  Validation 
of Results by Real-
Time RT-qPCR 
Analysis

3.2.1  Real-Time 
RT-qPCR Analysis of FIPV 
Infected CRFK Cells

   Table 1  
  Sequence of primers for RT-qPCR   

 Target gene  Accession number  Sequence 5′–3′  References 

 GAPDH  NM 001009307  F: AGTATGATTCCACCCACGGCA 
 R: GATCTCGCTCCTGGAAGATGGT 

 [ 7 ] 

 YWHAZ  EF458621  F: ACAAAGACAGCACGCTAATAATGC 
 R: CTTCAGCTTCATCTCCTTGGGTAT 

 [ 9 ] 

 PD-1  EU295528  F: GAGAACGCCACCTTCGTC 
 R: TGGGCTCTCATAGATCTGCGT 

 [ 10 ] 

 PD-L1  EU246348  F: CGATCACAGTGTCCAAGGACC 
 R: TCCGCTTATAGTCAGCACCG 

 [ 10 ] 

 A3H  EF173020  F: ACCCACAATGAATCCACTACAG 
 R: AGGCAGTCTTTGTGAATTAGGG 

 [ 11 ] 

   F  forward primer,  R  reverse primer  

FIPV Transcriptome Analysis



248

       9.    Analyze the data generated from the technical triplicate exper-
iment with 2ΔΔCT method, selecting appropriate reference 
genes, e.g., GAPDH and /or YWHAZ, using Bio-Rad CFX 
Manager.      

  Besides FIPV infected cell culture, feline Peripheral Blood 
Mononuclear Cells (PBMCs) can be used to analyze the transcrip-
tome results, providing valuable in vivo results for comparison.

    1.    Select fi ve healthy cats and fi ve infected cats. Perform the sam-
pling according to internationally recognized guidelines and 
recommended by the Animal Care and Use Committee.   

   2.    Draw 2–5 ml of cat blood and store at 4 °C in BD Vacutainer ®  
EDTA-K2 tubes.   

   3.    Isolate PBMCs using the Ficoll-Paque™ Plus method, accord-
ing to the manufacturer’s protocol.   

   4.    Isolate total RNA from PBMCs using an RNeasy mini plus kit, 
as described by the manufacturer.   

   5.    Measure and assess the RNA quantity and purity using 
NanoDrop.   

   6.    Store the isolated RNA samples at −80 °C for further analysis, 
or immediately use for real-time RT-qPCR analysis, as  steps 
6 – 9  in Subheading  3.2.1 .        

4    Notes 

     1.    The wash step is performed in order to remove traces of serum, 
calcium, and magnesium that would inhibit the action of 
 dissociation agent.   

   2.      http://www.chem.agilent.com/Library/usermanuals/
Public/G2938-90034_RNA6000Nano_KG.pdf    .   

3.2.2  Real-Time 
RT-qPCR Analysis 
of Peripheral Blood 
Mononuclear Cells 
from FIP Diagnosed Cats

   Table 2  
  Amplifi cation program for one step RT-qPCR assay   

 No.  Step  Temperature (°C)  Time 

 1  Reverse transcription  48  45 min 

 2  Initial denaturation  94  02 min 

 3  Denaturation  94  15 s 

 4  Annealing  62  15 s 

 5  Extension  72  15 s 

 6  Repeat  steps 3 – 5  for 35 cycles 

 7  Final extension  72  05 min 
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   3.    The fi rst feature of a successful total RNA run is that the elec-
tropherogram must contain three peaks where one peak repre-
sents marker peak while the others two are 18S and 28S 
ribosomal peaks. Absence of one or both of the ribosomal 
peaks indicates poor sample preparation or poor sample pipet-
ting technique. The second feature of a successful run is a 
complete ladder electropherogram. A complete ladder electro-
pherogram must feature one marker peak and six RNA peaks 
where all seven peaks are well resolved.   

   4.    Adapters used by common high-throughput sequencing ven-
dors such as Illumina and SOLiD were predefi ned and are 
available by the software. Removing the adapters will increase 
the specifi city of the raw sequence reducing false match.   

   5.    Perform expression analysis based on the method described by 
Mortazavi et al. in 2008 [ 7 ] and CLC bio manual, CLC bio 
tutorials and recommendations from CLC bio support services.   

   6.    In short, high quality trim value allowed low quality base or 
base with low Phred quality score to be included in the 
sequence. The ambiguity trimming trims the sequence ends 
based on the presence of ambiguous nucleotides usually 
denoted as N making the sequence more specifi c.   

   7.     Other Bioinformatics analysis : A gene in eukaryotic organism is 
commonly regulated by other genes and proteins in its system. 
The interactions among genes expressed and between gene 
expressed and other genes can be elucidated by means of com-
puter or in silico analysis. In silico analysis, a part of bioinformat-
ics analysis, able to do this by integrating data with available data 
on bioinformatics databases. Such integration will allow a 
researcher to make accurate predictions and designing 
 experiments to test the hypothesis. The main objective of in 
silico analysis is gene ontology which is defi ned as the process of 
elucidating associated pathways, molecular function, biological 
process, cellular components and protein products of a gene [ 8 ]. 

 The bioinformatics database used to analyze gene identity 
and gene interaction is Protein Analysis Through Evolutionary 
Relationships Classifi cation System or in short known as 
PANTHER (  http://www.pantherdb.org/    ). It is a unique 
resource that classifi es genes by their functions, using pub-
lished scientifi c experimental evidence and evolutionary rela-
tionships to predict function even in the absence of direct 
experimental evidence and is a part of the Gene Ontology 
Reference Genome Project (  http://www.geneontology.org/
GO.refgenome.shtml#curation    ). 

 PANTHER provides tools for gene expression analysis 
for data interpretation (  http://www.pantherdb.org/tools/
genexAnalysis.jsp    ). Multiple gene lists will be mapped to 
PANTHER molecular function, biological process, and cellular 
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component categories as well as to biological pathways. The 
gene expression data interpretation is conducted by comparing 
genes in a given list and statistically compares the list to the 
reference list to look for under and over represented functional 
categories. The step-by-step method and the statistical test 
employed are described in detail at   http://www.pantherdb.
org/tips/tips_binomial.jsp    . For the statistical analysis, a cutoff 
of less than 0.05 is selected as signifi cant  p -value.         
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Chapter 21

Quantification of Interferon Signaling in Avian Cells

Joeri Kint and Maria Forlenza

Abstract

Activation of the type I interferon (IFN) response is an essential defense mechanism against invading 
pathogens such as viruses. This chapter describes two protocols to quantify activation of the chicken IFN 
response through analysis of gene expression by real-time quantitative PCR and by quantification of 
bioactive IFN protein using a bioassay.

Key words Interferon, Bioassay, Chicken, Real-time quantitative PCR

1 Introduction

The type I interferon response (IFN response) is an important part 
of the immune reaction against viruses. Interferon alpha and beta 
(IFNα and IFNβ) are the prototypical type I interferons and can be 
produced by most animal cells. Production of IFNα/β is triggered 
upon stimulation of pattern recognition receptors, such as Toll like 
receptors (TLRs) or Rig-I like receptors (RLRs). Upon produc-
tion, IFNα and IFNβ are rapidly secreted to the extracellular com-
partment, where they can bind to the ubiquitously expressed IFN 
receptor. Binding of IFN to the receptor activates the JAK/STAT 
signaling pathway, leading to the formation of the ISGF3 tran-
scription complex consisting of a STAT1, STAT2, and IRF9. In the 
nucleus, the ISGF3 complex induces transcription of hundreds of 
IFN-stimulated genes (ISGs) [1]. Many of these genes encode 
proteins that interfere with the replicative cycle of viruses at various 
stages (reviewed in ref. 2). The IFN response is a potent antiviral 
mechanism, and therefore, most viruses have been evolutionarily 
selected to counteract it and coronaviruses are no exception 
(reviewed by Zhong et al. [3]).

In this chapter we describe two protocols to quantify activa-
tion of the IFN response. We have found these protocols useful to 
study if and how viruses counteract the IFN response in chicken 
cells. The first protocol describes how to quantify activation of the 
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IFN response at the transcriptional level using real-time quantitative 
PCR (RT-qPCR) on Ifn and IFN-stimulated genes. The second 
protocol describes quantification of bioactive type-I IFN protein 
(both IFNα and IFNβ) by the use of a reporter cell line. This bio-
assay can be used to quantify IFN secreted in response to virus 
infection and, when combined with transcription analysis of Ifnα 
and Ifnβ these assays can provide an integral picture of activation 
of the chicken IFN response.

Similar to most mammalian cell lines, activation of the interferon 
response in most chicken cells is characterized by upregulation of 
Ifnβ. Like the human genome, the chicken genome encodes only 
one copy of the Ifnβ gene, whereas at least ten isoforms of Ifnα are 
present [4, 5]. Similar to mammals, production of chicken IFNα is 
mainly mediated by monocytes; other cells mainly produce IFNβ 
in response to viral infection [6]. Because avian coronaviruses rep-
licate mainly in epithelial cells, we monitor activation of the type I 
interferon response by quantification of Ifnβ. Similar to mamma-
lian cells, Ifnβ is upregulated upon activation of either TLR or 
Rig-I like receptors (RLRs), but not in response to stimulation 
with IFN. Concomitant with Ifnβ, many ISGs are also upregu-
lated, indicating that the term interferon stimulated genes is some-
what misleading [7]. Studying the expression of ISGs can be useful, 
therefore we have provided a list of avian-specific primers for use in 
real-time quantitative PCR (RT-qPCR; Table 1) [8–10]. Protocols 
for RNA isolation, cDNA synthesis and real-time PCR are plenty 
and every lab has its own protocols. In this chapter we describe 
briefly the methods used in our lab. For a detailed overview of 
RT-qPCR techniques and theoretical background, please refer to 
Forlenza et al. [11].

The chicken interferon bioassay was developed in the laboratory of 
Prof. P. Staeheli [12]. It is based on a quail cell line (CEC-32) that 
contains the luciferase gene downstream of a part of the inducible 
chicken mx promoter. Stimulation of these cells with type I inter-
feron readily induces activation of the mx promoter and subse-
quent production of the firefly luciferase enzyme. Firefly luciferase 
can be easily quantified using commercially available luciferase 
assay kits. Here we provide a step-by-step protocol for measuring 
IFN concentrations using this bioassay.

2 Materials

 1. Cells and virus, as per experiment.
 2. RNeasy Mini Kit (QIAgen).
 3. RNase-free DNase set (QIAgen).

1.1 Quantitation 
of Transcription 
of Chicken Ifn-Related 
Genes

1.2 Quantitation 
of Chicken Type I IFN 
Protein Using 
a Bioassay

2.1 RNA Isolation, 
cDNA Synthesis, 
and RT-qPCR on Avian 
Cells

Joeri Kint and Maria Forlenza
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Table 1 
Chicken-specific real-time qPCR primers, including accession numbers of the sequences used to 
design the primers

Quantification of Avian Interferon
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 4. Bioanalyser (Agilent Technologies) or agarose gel electropho-
resis equipment.

 5. Spectrophotometer (NanoDrop or equivalent).
 6. DNase I, Amplification Grade.
 7. Reverse Transcriptase (Invitrogen SuperScript® III or 

equivalent).
 8. PCR machine (for cDNA synthesis).
 9. Nuclease-free water.
 10. Luciferase mRNA.
 11. Random hexamers.
 12. 2× SYBR® Green I mix.
 13. Quantitative-PCR machine (Qiagen Rotor-Gene Q or 

equivalent).
 14. Primers (Table 1).

 1. Culture medium: DMEM, 10 % FCS, 100 U/ml penicillin, 
100 μg/ml streptomycin.

 2. Stimulation medium: DMEM, 1 % FCS, 100 U/ml penicillin, 
100 μg/ml streptomycin.

 3. CEC-32 chicken IFN reporter cells in 96-well plates at 70–90 % 
confluency (provided by P. Staeheli, see Note 1).

 4. Recombinant chicken interferon alpha (chIFNα; Labome).
 5. Multichannel pipet (8 × 200 μl).
 6. Firefly luciferase assay buffer (Promega Bright-Glo™ or 

equivalent).
 7. Luminometer.

3 Methods

 1. Perform the experiment in 24-well plates (see Note 2). Infect 
or treat cells as desired.

 2. When appropriate, cells are lysed by adding 350 μl RLT buffer 
spiked with 1 ng/sample of luciferase mRNA prior to RNA 
isolation (see Note 3).

 3. Total RNA is isolated using the RNeasy Mini Kit according to 
the manufacturer’s instructions, including an on-column 
DNase treatment with RNase-free DNase.

 4. Verify RNA integrity on a 1 % agarose gel or using a Bioanalyser.
 5. Determine RNA concentration using a spectrophotometer 

(NanoDrop or equivalent).

2.2 Quantitation 
of Chicken Type I IFN 
Protein Using 
a Bioassay

3.1 RNA Isolation, 
cDNA Synthesis, 
and RT-qPCR on Avian 
Cells
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 6. Prior to cDNA synthesis, perform a second DNase digestion 
step using DNase I.

 7. Synthesis of cDNA is performed on 0.5–1 μg total RNA using 
Reverse transcriptase and random hexamers according to the 
manufacturer’s instructions. Incubation steps are performed in 
a regular PCR machine or, alternatively in a water bath.

 8. After cDNA synthesis, samples are diluted 1:50 in nuclease- 
free water before qPCR analysis.

 9. Per sample, prepare a master mix containing 7 μl 2× SYBR 
Green I Mix and 2 μl primer mix (2.1 μM forward and reverse 
primer).

 10. Combine 9 μl master mix and 5 μl diluted cDNA per PCR 
tube.

 11. Real-time quantitative PCR is performed on a qPCR machine, 
such as Rotor-Gene Q, 35–40 cycles, 60 °C annealing tem-
perature, 20 s extension time.

 12. Cycle thresholds and amplification efficiencies are calculated 
using the software pertaining to the qPCR machine, such as 
Rotor-Gene 6000.

 13. Using Eq. 1, the relative expression ratio of the target gene is 
calculated using the average reaction efficiency for each primer 
set and the cycle threshold (Ct) deviation of sample vs. control 
at time point 0 h (see Note 4).
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(1)

With:
R = fold change of the target gene relative to the control
Calibrator = control cells at time point 0 (zero)
E = average amplification efficiency for that set of primers
Ct = cycle threshold

 1. If the samples contain virus, heat-inactivate at 56 °C for 30 min 
prior to performing the assay. This treatment inactivates 
 coronaviruses but retains bioactivity of type I IFN (see Note 5).

 2. Fill a sterile 96-well plate with 50 μl stimulation medium/well.
 3. Add 50 μl chIFNα standard (50 U/ml) or test sample to the 

first row (vortex before adding).
 4. Make serial twofold dilutions in the plate using a multichannel 

pipet (Fig. 1, see Note 6).
 5. Remove the medium from the CEC-32 cells which have been 

cultured in the 96-well plate (see Note 7).
 6. Transfer the content of the plate containing the diluted sam-

ples and standard to the CEC-32 cells (see Note 8).

3.2 Quantification 
of Chicken Type I IFN 
Protein Using 
a Bioassay

Quantification of Avian Interferon
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 7. Incubate plates at 37 °C and 5 % CO2 for 6 h.
 8. Use a firefly luciferase assay kit to detect luciferase activity, 

according to manufacturer’s instructions.

To calculate the units of interferon in the original sample, a work-
flow is provided in Fig. 2.

 1. Transfer the measurements from the luminometer to a spread-
sheet program (Microsoft Excel or equivalent).

 2. Calculate the average value of the background luminescence 
and subtract this value from all wells (Fig. 2, point A).

 3. Calculate the average of the wells incubated with the diluted 
interferon standard and plot them in a scatter plot. This graph 
is the standard curve (B).

 4. Make a new graph using only the data points that fall within 
the linear range of the standard curve, usually 1–12.5 or 
1–6 U/ml.

 5. Plot a linear trend line through these data points and display 
the equation on the chart (C).

 6. Next, all luminescence values that fall within the linear range of 
the standard curve are selected (here 2–12 U/ml).

 7. Calculate the IFN concentration in each well using the 
 equation from the standard curve (D).

 8. Multiply by the dilution factor to obtain the concentration of 
IFN in the undiluted samples (E).

 9. Finally, calculate the average IFN concentration of the wells 
that fall within the linear range (usually two or three wells per 
sample). This value corresponds to the final concentration of 
type I interferon in the original sample (F).

3.3 Calculation 
of IFN Concentration 
from Luminescence 
Data

Fig. 1 Layout of a 96-well plate to accommodate ten samples and an interferon standard

Joeri Kint and Maria Forlenza
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Fig. 2 Workflow on how to calculate the concentration of IFN in the original sample from the readout of the 
luminometer

4 Notes

 1. For more detail on the construction of CEC-32 chicken-IFN 
reporter cells, see ref. 12.

 2. To have enough RNA, each well of a 24-well plate should con-
tain around 3 × 105 avian cells.

Quantification of Avian Interferon
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 3. For normalization, a housekeeping gene such as GAPDH is 
generally used. It is advised to ensure that the reference gene 
selected is stable under the conditions of each experiment by 
performing stability analysis. When the mRNA level of the ref-
erence gene is not stable during the experimental procedure, 
such as during prolonged infection with a virus, we use an 
external reference gene for normalization. The external refer-
ence gene we use is luciferase, which is added as mRNA (com-
mercially available) to the RLT lysis buffer (1 ng/sample) prior 
to RNA isolation and cell lysis. This guarantees that the exter-
nal reference RNA and the host RNA are subject to the same 
treatment prior to cDNA synthesis.

 4. To calculate the fold change of IBV total RNA, Ct deviation is 
calculated versus a fixed Ct value (e.g., Ct = 30), because no 
IBV is present in the non-infected cells that are used as control 
in all the experiments.

 5. Interferon containing samples can be stored at 4 °C overnight. 
Storage at −20 °C ensures long time (>months) stability. One 
freeze–thaw cycle can reduce the IFN-activity of a sample by 
40 %. To avoid repeated freeze-thawing of samples, avoid mea-
suring the same sample twice. To achieve this, ensure that at 
least one of the dilutions of the samples falls within the linear 
range of the standard curve.

 6. To select the appropriate dilutions it is advisable to perform a 
pilot experiment. One can either make an extensive twofold 
serial dilution series (for example, 2–1,024 times dilution), or 
use tenfold pre-dilutions. In our hands IFN production by 
avian cells rarely exceeds 5,000 U/ml, and therefore, a maxi-
mum of 1,000 times pre-dilution should suffice.

 7. Medium is removed simply by emptying the 96-well plate in 
the waste and gently tapping it dry on a stack of tissues. Sterility 
is not an issue, the cells will only be incubated for another 6 h.

 8. CEC-32 cells should not be allowed to dry out! Make sure you 
transfer the samples to the cells within minutes. Drying of the 
monolayer will decrease the luminescence and thereby nega-
tively influence the assay. When transferring the diluted sam-
ples to 96-well plate with CEC-32 cells, start with the lowest 
concentration and work your way up the dilutions. In this way 
the same tips can be used for multiple dilutions. Do not forget 
to add medium to the negative controls.
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Chapter 22

Studying the Dynamics of Coronavirus Replicative 
Structures

Marne C. Hagemeijer and Cornelis A.M. de Haan

Abstract

Coronaviruses (CoVs) generate specialized membrane compartments, which consist of double membrane 
vesicles connected to convoluted membranes, the so-called replicative structures, where viral RNA synthe-
sis takes place. These sites harbor the CoV replication–transcription complexes (RTCs): multi-protein 
complexes consisting of 16 nonstructural proteins (nsps), the CoV nucleocapsid protein (N) and presum-
ably host proteins. To successfully establish functional membrane-bound RTCs all of the viral and host 
constituents need to be correctly spatiotemporally organized during viral infection. Few studies, however, 
have investigated the dynamic processes involved in the formation and functioning of the (subunits of) 
CoV RTCs and the replicative structures in living cells. In this chapter we describe several protocols to 
perform time-lapse imaging of CoV-infected cells and to study the kinetics of (subunits of) the CoV rep-
licative structures. The approaches described are not limited to CoV-infected cells; they can also be applied 
to other virus-infected or non-infected cells.

Key words Coronavirus, Nonstructural proteins, Live-cell imaging, Replication–transcription com-
plex, Dynamics, Fluorescence recovery after photobleaching, Fluorescence loss in photobleaching

1 Introduction

Coronavirus (CoV) replicative structures are impressive multicom-
ponent assemblies that consist of no less than 16 viral replicase 
proteins (the nonstructural proteins (nsps) [1–11]), the nucleo-
capsid (N) protein [10, 12–15], an as yet unknown number of host 
proteins, and an elaborate network of endoplasmic reticulum 
(ER)-derived double membrane vesicles and convoluted mem-
branes [2, 4, 9, 16]. These “replication organelles” have been 
studied in lots of detail over the last few decades, generating a 
wealth of exciting information with respect to their composition, 
morphology, and functioning during the viral life cycle. 
Unfortunately one of the most, and perhaps unintentionally, 
 overlooked areas is the real-time spatiotemporal dynamic behavior 
of the formation and functioning of the replicative structures 
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themselves but also the individual (membranous) associated 
components in living cells.

To study the dynamic processes underlying the formation and 
functioning of the CoV replicative structures and/or replication- 
associated proteins, one needs noninvasive means to visualize them 
in living cells. Recombinant CoVs expressing replicase proteins 
fused to fluorescent proteins (FPs) serve as an excellent tool to 
perform such real-time imaging studies in their native environ-
ment. Alternatively, these fluorescent fusion proteins may be 
expressed upon transfection of expression plasmids prior to infec-
tion, if desirable in combination with plasmids expressing host pro-
teins fused to FPs. Using confocal laser scanning microscopy 
(CLSM) several live-cell imaging techniques can be employed to 
investigate the real-time kinetics of the replicative structures and its 
associated components. Once cells are infected with the recombi-
nant FP-expressing CoVs, one can simply follow the fate of the 
replicative structures or its components over time, either under 
native or perturbed conditions, resulting in valuable spatiotempo-
ral information with respect to the formation and behavior of the 
replicative structures and its associated components (see Fig. 1 for 
an example of a time-lapse experiment of MHV-nsp2GFP-infected 
LR7 cells). Alternatively, a (part of the) pool of FPs may be selec-
tively and irreversibly photobleached and the temporal fate of the 
remaining non-bleached proteins may be followed [reviewed in 
[17–19]]. From the latter measurements parameters can be 
extracted, which among others reflect (the lack of) mobility 

Fig. 1 Time-lapse imaging of MHV-nsp2GFP in LR7 cells. LR7 cells were infected with MHV-nsp2GFP [MHV 
expressing an nsp2-GFP fusion protein [21]] and at 6 h p.i. a time-lapse experiment was performed as 
described in Subheadings 3.1 and 3.2. Nsp2-GFP-positive foci were manually tracked over time using MtrackJ 
[22] and examples of the displacement of these structures have been indicated by the different numbered and 
colored lines

Marne C. Hagemeijer and Cornelis A.M. de Haan



263

[fluorescence recovery after photobleaching (FRAP)] or the (dis)
continuity between different membrane compartments [fluores-
cence loss in photobleaching (FLIP)]. Figures 2 and 3 illustrate the 
principles of the FRAP and FLIP approaches, respectively, with 
typical fluorescence intensity graphs that can be obtained from 
these type of live-cell imaging experiments depicted in Fig. 4.

In this chapter we describe (1) a general protocol for setting 
up a time-lapse imaging experiment of CoV-infected cells to study 
the mobility of the replicative structures, followed by (2) two pho-
tobleaching approaches (FRAP and FLIP) to study the kinetics 
and continuity of the replicative structures and/or associated pro-
teins, respectively and finally (3) how to analyze the quantitative 
kinetic data to obtain different parameters describing the dynamic 
behavior of the investigated structures/proteins in living cells. 

Fig. 2 Schematic overview of a FRAP experiment. A specific region of interest (ROI) targeting (part of) the 
FP-tagged replicative structure(s) is irreversibly photobleached and the recovery of fluorescence into 
the bleached area is monitored over time. In this example, the FP-tagged proteins are mobile as recovery of 
the fluorescence in the bleached area is observed [as has been previously observed for the MHV N protein 
[14]]. In the absence of recovery, the FP-tagged proteins are immobile [as has been observed for example for 
the MHV nsp2 protein [21]]. The green structures in the cell are a schematic representation of the replicative 
structures. BG background ROI for qualitative FRAP analysis

Fig. 3 Schematic overview of a FLIP experiment. The replicative structure(s) is repeatedly photobleached in 
ROI1 (circle) and the loss of fluorescence is monitored in ROI2 (squared box) or ROI3 (circle) over time. In this 
example the fluorescence of the FP-tagged structure is lost over time in ROI2, but not ROI3, indicating continu-
ity between the membrane compartments of ROI1 and ROI2, but not between those of ROI1 and ROI3. Another 
cell in the field of view may be used to monitor/correct for photobleaching during the FLIP assay

Dynamics of CoV Replicative Structures
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Although, the live-cell imaging protocols described in this chapter 
uses CoV-infected cells, these approaches can easily be applied to 
other virus-infected or non-infected cells.

2 Materials

 1. Mouse LR7 fibroblasts.
 2. Cell culture medium: Dulbecco’s Modified Eagle Medium 

(DMEM), 10 % fetal bovine serum (FBS), 100 IU/ml penicil-
lin, 100 μg/ml streptomycin.

 3. Imaging medium: DMEM without phenol-red, 10 % FBS and 
25 mM HEPES pH 7.4.

 4. Recombinant MHV(s) expressing viral FP-tagged proteins or 
wild-type MHV-A59.

 5. Confocal Laser Scanning Microscope (CLSM) set up with a 
heated stage or environmental chamber.

 6. Live-cell imaging clusters: 2- or 4-well Lab-Tek chamber slides 
or 35 mm MatTek #1.5 glass bottom dishes.

 7. Plasmid DNA and transfection reagent (e.g., FuGENE 6 or 
Lipofectamine 2000) for (co)transfection of cells with a (viral 
or host) reporter plasmid prior to infection.

Fig. 4 Fluorescence graphs of typical FRAP and FLIP experiments. Two examples of typical fluorescence 
graphs when performing FRAP (left graph) or FLIP (right graph) experiments. (a) F∞: the plateau level reached 
at the end of the experiment, Mf: mobile fraction of the FP-tagged replicative structures, MIF: the immobile 
fraction of the FP-tagged proteins present at the replicative structures, t1/2: halftime of the recovery. (b) The 
decrease of fluorescence (diamonds/blue line) indicates that continuity between membrane compartments 
exists. If no or hardly any decrease is observed, the different membrane compartments are not continuous (for 
example ROI3 in Fig. 3). The squares/red line represents the loss of fluorescence of a control cell that is not 
photobleached and serves as a control that the observed loss of fluorescence is due to migration of FP-tagged 
proteins into the bleached area and not due to general photobleaching of the cell itself

Marne C. Hagemeijer and Cornelis A.M. de Haan



265

3 Methods

All procedures have to be performed at room temperature (RT) 
and under sterile conditions, unless otherwise stated in the text. 
We assume that the investigator has sufficient knowledge on how 
to operate a confocal microscope when following the live-cell 
imaging protocols described below.

 1. Plate mouse LR7 cells in culture medium on either Lab-Tek 
chamber slides or MatTek glass bottom dishes (#1.5 thickness) 
in such a density that 24–48 h after plating, the cells have 
reached 70–80 % confluency.

 2. Prior to live-cell imaging infect the cells with recombinant 
FP-tagged MHV at a MOI of 10 for 1 h diluted in culture 
medium (infection medium) at 37 °C/5 % CO2. Alternatively, 
transfect the cells with expression plasmids using standard pro-
tocols (e.g., by using FuGENE 6 or Lipofectamine 2000) 
16–24 h prior to infection with recombinant FP-tagged or 
wild-type MHV.

 3. After 1 h of infection, replace the infection medium with 
culture medium and allow incubation to continue at 37 °C/5 % 
CO2.

 4. At the preferred time point post infection (p.i.), replace the 
culture medium with pre-warmed (37 °C) imaging medium 
and transfer the Lab-Tek chamber slide or MatTek glass 
bottom dish to a [humidified (5 % CO2)] heated incubation 
chamber (37 °C) on the microscope stage of the confocal 
microscope (see Note 1).

 1. After performing all the steps in Subheading 3.1 adjust the 
pinhole size of the CLSM to 1 airy unit (AU) and the scan area 
to 512 × 512 pixels with a bit depth of 12-bit. Do not apply any 
averaging during the acquisition process (see Note 2).

 2. Turn on the required lasers to detect (and bleach, see 
Subheadings 3.3 and 3.4) the FP-tagged replicase protein(s) 
and adjust the laser power to a low percentage to prevent pho-
tobleaching of the FPs.

 3. Start scanning the live cells using continuous acquisition and 
adjust the gain and offset for each laser channel (if applicable) 
to optimize the amount of fluorescent signal that the detectors 
will detect but without registering any oversaturated pixels in 
the field of view (see Note 3).

 4. If the confocal microscope has the option to use an autofocus 
strategy to minimize (x,y,z) drift during the acquisition of the 

3.1 Visualizing 
the CoV Replicative 
Structures 
and the Replicase 
Subunits

3.2 Real-Time 
Dynamics of the CoV 
Replicative Structures

Dynamics of CoV Replicative Structures
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time-lapse images, set up the autofocus strategy according to 
the manufacturer’s instructions at this point.

 5. Empirically determine the acquisition parameters, i.e., the 
number of time points to be imaged in a specific time interval 
that results in the acquisition of the maximum number of 
frames but the least amount of photobleaching of the cells.

 6. Set up a time series using the parameters determined in step 5 
and start imaging the real-time dynamics of the CoV replica-
tive structures.

 7. Collect at least 5–10 individual time-lapse movies per experi-
ment (Fig. 1).

 1. Perform steps 1–5 as described in Subheading 3.2 but open 
the pinhole completely to acquire the maximum amount of 
fluorescent signal emitted from the whole cell (see Note 4).

 2. Specify a region of interest (ROI) that targets (part of) the 
replicative structure that will be irreversibly photobleached 
(Fig. 2).

 3. Set up a time-series that consists of (1) five pre-bleach images 
using the laser power established in step 1, (2) a photobleach 
event using 100 % laser power, and (3) an empirically deter-
mined number of post-bleach images (see Note 5).

 4. Once the optimal bleaching and temporal parameters have 
been established perform approximately 5–10 FRAP experi-
ments to acquire a sufficient number of data sets to extract 
qualitative FRAP parameters (see Subheading 3.5).

 1. Perform steps 1–5, as described in Subheading 3.2, and open 
the pinhole completely.

 2. Select a field of view, which contains at least two infected and/
or (co)transfected cells but preferably more (see Note 6).

 3. Specify two ROIs in the targeted cell, one that will repeatedly 
be photobleached (Fig. 3, ROI1) and one where the loss of 
fluorescence intensity will be measured over time (Fig. 3, 
ROI2 and 3).

 4. Set up an imaging protocol that includes (1) the acquisition of 
five pre-bleach images, (2) a 100 % laser power bleach event, 
and (3) the collection of ten post-bleach images. Steps (2) and 
(3) will have to be repeated for multiple cycles of which the 
number of cycles has to be determined empirically by the 
investigator. The cell(s) should be imaged during steps (1) and 
(3) using the acquisition settings as determined in step 1.

 5. Perform approximately 5–10 FLIP experiments to acquire 
enough data sets to determine whether continuity between 
different membrane compartments exists.

3.3 FRAP of the CoV 
Replicative Structure 
(Subunits)

3.4 Continuity 
Between CoV 
Replicative Structures: 
FLIP

Marne C. Hagemeijer and Cornelis A.M. de Haan
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The majority of the commercial confocal microscope systems have 
excellent software packages installed on their workstations to per-
form (automated) analysis of the obtained data sets (e.g., softWoRx 
from Applied Precision or ZEN from Zeiss). If such software pack-
ages or automated approaches are not available, the open source 
program ImageJ [20] is a good alternative, from which qualitative 
parameters can be determined using the steps below as a general 
guideline.

 1. After export from the quantitative (raw) data from the CLSM 
subtract the background fluorescence signal (FBG) from the 
fluorescence signal from the bleached area (FROI) for each time 
point:

 
F t F t F tROI BG ROI BG, [ ] = [ ] [ ]-

 
(1)

 2. Correct these measurements for any photobleaching that 
occurred over time during the image acquisition using the 
background-subtracted fluorescence intensity of the whole cell 
(FCELL; see Note 7):

 
F t F t F t F tROI CORR ROI BG CELL BG, , /[ ] = [ ] [ ] [ ]( )-

 
(2)

 3. Normalize the obtained data to the fluorescent intensity of the 
first pre-bleach background-subtracted time point’s fluores-
cent intensity (see Note 7):

 
F t F t F F FNORM ROI CORR CELL BG ROI BG[ ] = [ ]´ [ ] [ ]( ) [ ], ,/0 0 0-

 
(3)

 4. Using the corrected and normalized fluorescence data, plot 
the fluorescence intensity in a particular region of interest 
(ROI) as shown in Fig. 4 (Fig. 4a, b are examples of a FRAP 
and FLIP graph, respectively).

 5. The mobile fraction (Mf) can be determined using the gener-
ated fluorescence intensity plot(s) and the following formula:

 M F F Ff BLEACH BLEACH= ¥[ ]( ) ( )– / –1  
(4)

 6. The half-life of the bleached FPs (t1/2) can be determined from 
the fluorescence intensity graph by determining F1/2  
(see Note 8):

 
F F F1 2 2/ /= ¥[ ] +( )BLEACH  

(5)

4 Notes

 1. Whether or not CO2 will be used during image acquisition 
depends on the microscope setup of the investigator, i.e., if an 
external CO2 tank is connected to the incubation chamber. If 
not, HEPES-buffered culture medium can be used during 

3.5 Analysis 
of the Obtained 
Live-Cell Imaging Data

Dynamics of CoV Replicative Structures
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image acquisition. Both approaches have successfully been 
used in our laboratory.

 2. Imaging at a high magnification of individual cells is preferable 
when performing time-lapse imaging of CoV replicative struc-
tures; the authors recommend using an oil immersion 
40×/1.3NA or 63×/1.4NA objective.

 3. Use the range indicator function of the confocal microscope to 
avoid imaging of oversaturated pixels, as data sets containing 
oversaturated pixels cannot be used for quantitative data 
analysis.

 4. Opening the pinhole completely is important to ensure that 
the maximum amount of light emitted from the fluophores is 
collected and not only from a single focal plane.

 5. When applying a single photobleach event of 100 % laser 
power, corresponding to the wavelength of the FP, does not 
result in a fluorescent intensity drop to background levels, the 
number of iterations should be increased. Once the recovery of 
the fluorescence in the bleached area reaches a plateau the 
acquisition of additional frames can be stopped.

 6. During FLIP experiments the cell of interest is repeatedly pho-
tobleached at a high intensity laser power and therefore at least 
one control cell, i.e., a cell that is not photobleached, should 
be in the field of view to monitor whether loss of fluorescence 
is due to diffusion of the FPs and not due to photobleaching 
of the cell.

 7. Correction for unwanted photobleaching is performed by 
using the fluorescent intensity (fluctuations) of the whole cell 
during the FRAP experiment. Such a control is not possible 
when performing FLIP as the loss of fluorescence is measured. 
Instead, the background-subtracted fluorescence of a whole 
non- bleached cell, which has been fitted to the equation 
y t t x( ) = -exp ( / ) , should be used for correction. For normal-
ization of FLIP data use the following formula:

F t F t FNORM ROI CORR ROI BG[ ] = [ ] ´ [ ]( ), ,/1 0 . We would like to 
recommend the investigator to consult reference [19] for more 
comprehensive in depth details on both FRAP and FLIP imag-
ing approaches and data analysis.

 8. Calculate the F1/2 using formula (5) and determine the 
 corresponding time point on the x-axis of the FR graph to 
determine t1/2.
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    Chapter 23   

 Preparation of Cultured Cells Using High-Pressure 
Freezing and Freeze Substitution for Subsequent 2D or 3D 
Visualization in the Transmission Electron Microscope 

           Philippa     C.     Hawes    

    Abstract 

   Transmission electron microscopy (TEM) is an invaluable technique used for imaging the ultrastructure of 
samples and it is particularly useful when determining virus–host interactions at a cellular level. The envi-
ronment inside a TEM is not favorable for biological material (high vacuum and high energy electrons). 
Also biological samples have little or no intrinsic electron contrast, and rarely do they naturally exist in very 
thin sheets, as is required for optimum resolution in the TEM. To prepare these samples for imaging in the 
TEM therefore requires extensive processing which can alter the ultrastructure of the material. Here we 
describe a method which aims to minimize preparation artifacts by freezing the samples at high pressure 
to instantaneously preserve ultrastructural detail, then rapidly substituting the ice and infi ltrating with 
resin to provide a fi rm matrix which can be cut into thin sections for imaging. Thicker sections of this 
material can also be imaged and reconstructed into 3D volumes using electron tomography.  

  Key words     High-pressure freezing  ,   Freeze substitution  ,   Transmission electron microscopy  ,   Sapphire 
discs  ,   Electron tomography  

1      Introduction 

 The method of preservation of samples for TEM can infl uence 
image interpretation so it is important to stabilize the sample with 
as little change from the in vivo state as possible. There are two 
main methods of stabilizing (fi xing) samples for TEM: chemical 
fi xation and cryo-fi xation. There are advantages and disadvantages 
to both. Chemical fi xation is the most common method and, 
although time consuming, is an easy, repeatable method that 
requires very little specialized equipment. Alternatively, cryo- 
fi xation methods seek to preserve samples in as near the in vivo 
state as possible by stabilizing instantaneously and reducing or 
eliminating the use of chemicals. Cryo-fi xation methods are prefer-
able to chemical fi xation methods; however, they have signifi cant 
technical and fi nancial disadvantages. 
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 Standard chemical fi xation protocols are readily available that 
give reproducible results (for example [ 1 ]), with minimal use of 
specialized equipment. These protocols are relatively quick and 
easy to do. The main disadvantage of using chemical fi xation is that 
the introduction of toxic chemicals to the sample can have an 
unknown effect on ultrastructure. Fixative penetrates even soft 
biological material slowly which allows changes to occur within the 
sample before it is fully stabilized, for example redistribution and 
extraction of ions and soluble proteins [ 2 ], extraction and rear-
rangement of phospholipids [ 3 ], mismatch in osmotic conditions 
leading to organelle blooming and non-isotropic shrinkage [ 4 ]. 
There is no such thing as a “universal fi xative” and fi xatives do not 
preserve all structures within cells equally. Another important dis-
advantage of chemical fi xation is that at every stage during the 
process antigens in the sample are destroyed. Therefore, it is not 
possible to carry out immunogold labelling experiments using 
chemically fi xed and epoxy resin embedded samples. 

 The only viable alternative to the deleterious effects of chemi-
cal fi xation and dehydration is to preserve samples by freezing the 
water present rapidly enough to prevent ice crystals forming. If 
samples are frozen quickly enough the water inside the sample is 
vitrifi ed and both soluble and non-soluble structures are held in a 
glass-like matrix (amorphous ice), stabilizing the sample instanta-
neously. Amorphous ice is non-destructive, but to achieve full vit-
rifi cation of cellular water very high cooling rates are required [ 5 ]. 
If these cooling rates are not reached, crystalline ice forms and 
solutes within the cell are trapped between the crystals forming a 
network of segregated compartments. When viewed in the micro-
scope, this is known as ice segregation artifact and is particularly 
obvious in badly frozen nuclei where it appears as a “cracking” 
pattern (Fig.  1 ). Once frozen, the sample may be stored in liquid 
nitrogen (−196 °C) before further processing. The temperature 
cannot be allowed to climb above the re-vitrifi cation point of water 
(around −140 °C) or ice crystals will form. The advantage of using 
freezing techniques to preserve samples is that they are stabilized 
instantaneously without the need for chemicals. However, the dis-
advantages are that at atmospheric pressure good freezing only 
occurs within a few microns of the surface at best, and the tech-
niques involved are diffi cult and time-consuming requiring dedi-
cated equipment.  

 There are many different cryo-fi xation methods available for 
use but the depth of good preservation is limited to 20–40 µm at 
atmospheric pressure, whichever method is used [ 6 ]. An alterna-
tive is to freeze the sample at high pressure, an idea fi rst postulated 
by Moor and Riehle in 1968 [ 7 ]. At higher pressures, water 
expands less during freezing, and hence, less heat of crystallization 
is produced, so adequate cryo-fi xation is achieved at reduced cool-
ing rates [ 8 ,  9 ]. 

Philippa C. Hawes
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 At atmospheric pressure amorphous ice is produced at a freez-
ing rate of several 10,000 °C/s; however, if samples are frozen at 
210 MPa, this required freezing rate drops to several 1,000 °C/s 
[ 5 ]. Freezing at high pressure allows vitrifi cation to occur to a 
depth of 200 µm [ 6 ,  10 ]. For this reason “high-pressure freezing” 
(HPF) can be used to prepare many different types of sample, 
ranging from suspensions to small pieces of solid tissue and is 
widely regarded as the optimal cryo-fi xation method for general 
electron microscopy [ 6 ]. For a comprehensive review of high- 
pressure freezing and freeze substitution,  see  McDonald [ 11 ]. 

 After high-pressure freezing, samples are processed for mor-
phological or immunocytochemical studies by freeze substitution 
(FS). During FS amorphous ice is replaced by solvent, generally 
acetone [ 12 ], containing one or more chemical additives. The 
addition of chemicals at this stage does not affect the preservation 
of tissue as the sample has already been stabilized in the high- 
pressure freezer. After substitution, samples are infi ltrated with 
acrylic resin, and the resin polymerized. Ultrathin sections can be 
cut at room temperature and examined in the transmission elec-
tron microscope. 

 There are many published protocols for freeze substitution 
which vary considerably. One of the greatest variations is the time 
that samples are kept in substitution medium prior to embedding. 
It is widely accepted that leaving samples in fi xative and/or sol-
vents during room temperature chemical fi xation can rearrange cell 
components, especially lipids [ 3 ], and extract soluble cytoplasmic 

  Fig. 1    Example of ice segregation artifact in a cell culture Vero cell. This appears 
as a “cracking” pattern and is particularly obvious in the nucleus (N) of badly 
frozen cells. Scale bar indicates 1 µm       

 

HPF/FS of Cells for TEM
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contents [ 2 ]. At low temperatures this process slows but does not 
stop. Therefore, there has to be a balance between suffi cient time 
in substitution media for full replacement of water, and prolonged 
substitution leading to extraction of cell components. Dedicated 
freeze substitution units are available which fi nely control the tem-
perature changes required during substitution, and in some cases 
can be programmed to control the addition of solvents. These 
units are expensive to purchase; however, recently a protocol has 
been developed which negates the need for dedicated freeze sub-
stitution units [ 13 ]. 

 Here we describe a method for high-pressure freezing and 
freeze substitution of cells in culture that minimizes mechanical or 
chemical stress prior to freezing and gives consistent preservation 
of cellular architecture. The thermal load of the sample is reduced 
by the use of “naked” sapphires, and by avoiding the use of cryo-
protectants or fi llers. Reducing the thermal load signifi cantly 
increases the quality of freezing.  

2    Materials 

      1.    Fetal calf serum.   
   2.    Appropriate cell culture media.   
   3.    Pure methanol.   
   4.    Uranyl acetate (UA) crystals.   
   5.    Analytical grade acetone (99.9 %).   
   6.    20 % (w/v) solution of UA in methanol ( see   Notes 1  and  2 ).   
   7.    Freeze substitution (FS) medium: 2 % (v/v) uranyl acetate in 

analytical grade acetone ( see   Notes 1  and  2 ).   
   8.    Lowicryl HM20, made to manufacturers specifi cation 

( see   Note 3 ).   
   9.    A plentiful supply of liquid nitrogen.   
   10.    Epoxy resin blocks, previously polymerized in BEEM capsules 

for mounting samples.      

      1.    Dark glass screw top bottle to store 2 % uranyl acetate solution 
(at 4 °C).   

   2.    Clear glass screw top bottle for mixing Lowicryl HM20 resin.   
   3.    Ultrafi ne forceps (long, narrow handles).   
   4.    Cryo forceps for transferring sample tubes to and from the 

liquid nitrogen dewar.   
   5.    Liquid nitrogen dewar (1 l).   
   6.    Polystyrene liquid nitrogen holder, shallow.   

2.1  Chemical 
Reagents

2.2  Hardware
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   7.    Adjustable, illuminated magnifying lamp.   
   8.    High-pressure freezer (e.g., Leica HPM100, or ABRA HPM010) 

with all necessary associated inserts, spacers, etc.   
   9.    Freeze substitution unit (e.g., Leica AFS2 or equivalent) with 

all necessary associated containers, embedding molds, etc.   
   10.    Mini hacksaw.   
   11.    Razor blade.   
   12.    Transmission electron microscope, 120 or 200 kV (preferable 

for tomographical studies).      

      1.    3 mm sapphire coverslips.   
   2.    Appropriate cell culture plates.   
   3.    Nickel single hole TEM grids.   
   4.    1.5 ml Eppendorf tubes, screw top, two holes punched below cap.   
   5.    Filter paper.   
   6.    Plastic Pasteur pipettes.   
   7.    Formvar (or equivalent) coated copper 200 mesh, hexagonal, 

thin bar grids (for thin sections, morphological imaging).   
   8.    Formvar (or equivalent) coated single slot grids (for thick sec-

tions, electron tomographical imaging).       

3    Methods 

  Please make sure to follow local chemical safety procedures and ensure 
appropriate PPE is used.  

      1.    Choose sapphire discs appropriate to the sample holder associ-
ated with your high-pressure freezer (HPF). We use either 
3 mm or 6 mm sapphire discs designed for the Leica HPM100 
(Leica Microsystems), or 3 mm sapphire discs designed for the 
ABRA HPM010 (RMC Products). Discs are supplied in sol-
vent, so rinse discs briefl y in culture medium and incubate 
discs in fetal calf serum for 60 min at 37 °C. This provides a 
proteinaceous layer for cells to adhere to ( see   Note 4 ).   

   2.    In a suitable cell culture vessel (24-, 12-, or 6-well plate) place 
discs on the base of each well and add the appropriate volume 
of cell suspension. Ensure the discs are fl at on the base of each 
well and are not fl oating in the media. Incubate at 37 °C for 
an appropriate amount of time so that the sapphires are coated 
with an approximately 80 % confl uent cell monolayer.   

   3.    Infect the cells as appropriate.      

2.3  Consumables

3.1  Preparation 
of Cells
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      1.    One hour before you want to freeze your samples, start cooling 
down the high-pressure freezer. Make sure you have enough liq-
uid nitrogen available for the entire process. Fill a small (approx. 
1 l) dewar with liquid nitrogen for transporting your samples. 
Fill a small polystyrene box with liquid nitrogen to use to cool 
down your tools. Ensure these vessels are in close proximity to 
the freezer, and that you have the means to refi ll them as needed.   

   2.    Once the HPF is cool and stable do a test freezing run to 
check it is working correctly.   

   3.    In an MBSC, remove cell culture medium from wells contain-
ing the sapphire discs and replace with warmed, fresh medium.   

   4.    Take the cell culture dishes containing the sapphire discs to 
the HPF and load the sapphires into the appropriate holder 
as in Fig.  2 . There is no need to add fi llers/cryoprotectants 
( see   Note 5 ). There is no need to encase in aluminum planch-
ettes ( see   Note 6 ).    

   5.    Quickly load the sample holder into the HPF and freeze.   
   6.    Remove the frozen “sapphire disc sandwich” from the sample 

holder under liquid nitrogen in the polystyrene box, 
 remembering to use cooled tools to do so. An illuminated 
magnifying lamp is useful for this step.   

   7.    Remove the screw top and cool a labelled Eppendorf in liquid 
nitrogen, making sure it has had two holes punched near the 
top of the tube.   

3.2  Fixation of Cells 
by High-Pressure 
Freezing

  Fig. 2    Diagram illustrating the method used to load a Bal-tec HPM010 (now sold 
as ABRA HPM010) HPF holder. The method can be adapted for other manufactur-
ers’ models; however, the basic “sandwich” structure should remain constant. 
Spacer rings, sapphire discs and nickel grid all 3 mm in diameter. Sapphire discs 
thickness 100 µm, nickel grid thickness 50 µm. Diagram from [ 14 ]       
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   8.    When cold, place the sapphire disc sandwich inside the 
Eppendorf, replace the screw top, and leave to fl oat in liquid 
nitrogen until all samples have been frozen and placed in labelled 
Eppendorf tubes. Quickly transfer these Eppendorf tubes, one 
by one, to the liquid nitrogen transfer dewar, replace the lid, 
and transfer to appropriate liquid nitrogen storage. Samples 
must be stored in the liquid phase, not in the gaseous phase.      

  This process is started during the late afternoon and the freeze 
substitution (FS) unit programmed to start substitution the fol-
lowing morning.

    1.    One hour before use, cool down the FS unit with liquid nitro-
gen to its lowest temperature, typically −160 °C. We have an 
AFS1 and AFS 2 (Leica Microsystems); however, this FS method 
can be programmed into any other FS unit you may have.   

   2.    Ensure the exhaust of the FS unit chamber is fed into a fume 
hood, and that you are working in close proximity to the fume 
hood. It is preferable to place any waste solvent/resin straight 
into the hood.   

   3.    Place an appropriate number of aluminum cups (supplied with 
the FS unit) into the cold chamber (one per sample).   

   4.    Using a small liquid nitrogen transfer dewar collect the appro-
priate samples from the liquid nitrogen store and place the 
dewar in the fume hood next to the FS unit.   

   5.    Place an Eppendorf containing one sapphire sandwich into 
each of the cooled aluminum cups. The samples will still be in 
a small amount of liquid nitrogen. This will boil off as the 
Eppendorf and chamber equilibrate overnight.   

   6.    Program the FS unit to follow a short FS/short warm up cycle 
(Fig.  3 ). For this particular type of sample this protocol was 
found to be superior to longer protocols ( see   Note 7 ). Here is 
an example of timings; adjust as necessary although keep the 
time intervals consistent with the protocol. 

 Temperature to rise from −196 °C to −160 °C overnight. 

 05:30  Temperature to rise from −160 °C to −90 °C at 20° per hour 
(3.5 h) 

 09:00  Temperature held at −90 °C, addition of FS medium 
(see below) (1 h) 

 10:00  Temperature to rise from −90 °C to −50 °C at 20° per hour (2 h) 

 12:00  Temperature held at −50 °C during resin infi ltration 

       7.    The following morning, before 09:00 ensure you have all the 
appropriate consumables, tools, solutions, and containers for 
waste within easy reach of the FS unit.   

3.3  Freeze 
Substitution
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   8.    Cool 1–2 ml of FS medium ( see   Note 1 ) in a clean aluminum 
cup by placing in FS unit chamber.   

   9.    At 09:00, undo screw top from Eppendorf and empty sap-
phire sandwich into its aluminum cup.   

   10.    Using a cooled plastic pipette gently place 0.5 ml cold FS 
medium in each aluminum cup so that the sapphire sand-
wiches are covered. Sandwiches will probably separate in the 
liquid; take care to note how the sapphire discs separate, so 
you know which side the cells cover.   

   11.    Using cooled fi ne forceps ensure the discs lay in the FS 
medium, cells facing uppermost ( see   Note 8 ). Remove alumi-
num cup containing any unused FS medium and place in fume 
hood to get to room temperature before disposal.   

   12.    Leave samples in FS medium until program has reached 
−50 °C (12:00).   

   13.    Before 12:00, place a clean aluminum cup in the FS unit 
chamber containing 1 ml Lowicryl HM20 ( see   Note 3 ) and 
3 ml acetone. Mix well and leave for a few minutes to cool. 
Adjust volumes according to the number of samples you have, 
but keep the ratio the same. The volumes described here 
assume 4 aluminum cups are present.   

   14.    At 12:00, using a cooled plastic pipette remove the FS medium 
from each sample aluminum cup and place in a waste alumi-
num cup also in the chamber.   

   15.    Taking care to note any sapphire movement, gently add 1 ml 
of cold 1:3 resin–acetone mix to each aluminum cup contain-
ing a sample, using a clean cooled pipette. Leave for 30 min.   

   16.    Remove the aluminum cup containing any leftover 1:3 resin 
mix and place in fume hood.   

   17.    Place a clean aluminum cup into the chamber containing 2 ml 
Lowicryl HM20 and 2 ml acetone. Mix well and allow to cool.   

20° ph (2 hrs)

20° ph (3.5 hrs)

FS medium added,
sapphires separated

60 minutes

Polymerise UV 48hrs

1:3
30 mins

1:1
30 mins

3:1
acetone:resin

30 mins

Rapid freeze substitution protocol RTP

100%
3�30 mins

-50∞C

-160∞C

-196∞C

-90∞C

  Fig. 3    Diagram summarizing short freeze substitution/short warm up cycle protocol [ 14 ]       
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   18.    After 30 min, using a cooled plastic pipette remove the 1:3 
resin mix from each sample aluminum cup and place in the 
waste aluminum cup also in the chamber.   

   19.    Taking care to note any sapphire movement, gently add 1 ml 
of cold 1:1 resin–acetone mix using a clean cooled pipette. 
Leave for 30 min.   

   20.    Remove the aluminum cup containing any leftover 1:1 resin 
mix and place in fume hood.   

   21.    Place a clean aluminum cup into the chamber and mix 3 ml 
Lowicryl HM20 and 1 ml acetone. Allow to cool.   

   22.    After a further 30 min, using a cooled plastic pipette remove 
the 1:1 resin mix from each sample aluminum cup and place in 
the waste aluminum cup also in the chamber.   

   23.    Again, taking care to note any sapphire movement, gently add 
1 ml of cold 3:1 resin–acetone mix using a clean cooled pipette. 
Leave for 30 min.   

   24.    Remove the aluminum cup containing any leftover 3:1 resin 
mix and place in fume hood.   

   25.    Place a clean aluminum cup into the chamber containing 
14 ml Lowicryl HM20 resin. Allow to cool.   

   26.    After 30 min, using a cooled plastic pipette remove the 3:1 
resin mix from each sample aluminum cup and place in the 
waste aluminum cup also in the chamber.   

   27.    Taking care to note any sapphire movement, gently add 1 ml 
of cold resin using a clean cooled pipette. Leave for 30 min.   

   28.    After 30 min, remove the resin and place in the waste alumi-
num cup in the chamber.   

   29.    Repeat  steps 27  and  28  twice.   
   30.    Cool a fl at embedding mold (supplied with FS unit) in the 

chamber during the last infi ltration step.   
   31.    Using cooled tools carefully place each sapphire, cells facing 

uppermost, into a compartment within the embedding mold, 
ensuring the disc sits on the metal base, and gently cover with 
cold Lowicryl resin ( see   Note 9 —handling Lowicryl resin).   

   32.    Cool a UV transparent plastic cup (supplied with FS unit) and 
place over the embedding mold. Seal with a small amount of 
Lowicryl resin so that oxygen is excluded during polymerization.   

   33.    Place the UV light (supplied with FS unit) over the chamber, 
program in the polymerization protocol, and start the program:
 –    48 h at −50 °C, with UV  
 –   Temperature rise from −50 °C to room temperature 

(20 °C) at 20° per hour (3.5 h), with UV  
 –   48 h at room temperature, with UV      

   34.    Dispose of waste chemicals according to local regulations.   
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   35.    After polymerization remove the embedding mold and push 
out the hardened blocks. Place in to labelled boxes. Blocks can 
be stored indefi nitely ( see   Note 10 ). When ready to cut sections 
fi rst prepare some polymerized epoxy resin blocks from BEEM 
capsules to provide support for the Lowicryl blocks, as follows:
•    Remove the pointed end of the polymerized epoxy resin 

blocks with a mini hacksaw to provide a fl at surface.  
•   Carefully trim the Lowicryl resin block to the region con-

taining the sapphire disc using a fresh razor blade.  
•   Using epoxy glue, stick the Lowicryl resin block contain-

ing the sapphire onto the fl at surface of the epoxy resin 
block, with the sapphire uppermost. Allow to dry.  

•   With a razor blade, trim the thin layer of Lowicryl resin 
from around the edges of the sapphire disc.  

•   Immerse the block briefl y in liquid nitrogen to dislodge 
the sapphire disc. Discard the disc, the cells will remain 
embedded in the Lowicryl resin.      

   36.    With an ultramicrotome, section the Lowicryl block  en face  to 
produce sections containing longitudinal views of cells in the 
monolayer, all in the same orientation and plane ( see   Note 11 ).   

   37.    Collect sections on Formvar-coated grids ( see   Note 12 ). When 
using the 2 % uranyl acetate freeze substitution medium it is 
not necessary to add any further contrast.   

   38.    Collect images using a transmission electron microscope 
( see   Note 13 ). See [ 1 ,  14 ] for examples of cells prepared using 
this method.   

   39.    For immunogold labelling studies the procedure above is very 
similar; however, use a FS medium containing a lower concen-
tration of uranyl acetate, for example 0.2 % [ 14 ].       

4    Notes 

     1.    FS medium: fi rst, prepare 20 % (w/v) solution of UA in meth-
anol. This will need to be kept on a stirrer in a fume hood for 
over an hour in order for all the UA crystals to dissolve. Then, 
prepare 2 % (v/v) uranyl acetate by adding 0.5 ml 20 % UA in 
methanol to 4.5 ml 99.9 % analytical grade acetone. Mix well. 
Store in dark glass bottle at 4 °C.   

   2.    It is not necessary to store 99.9 % analytical grade acetone 
under a molecular sieve to keep water-free (as recommended 
in some older protocols). During storage under a molecular 
sieve the acetone discolors over time, so it is possible the sieve 
adds some form of contaminant. We have never recorded any 
deleterious effects of using analytical grade acetone which has 
not been stored under a molecular sieve.   
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   3.    Place each resin component into a screw top glass jar and mix 
the resin by bubbling dry nitrogen gas through the mixture, 
while holding the lid close to the neck of the jar. This elimi-
nates oxygen from the jar which is important as Lowicryl 
HM20 does not polymerize effectively in the presence of 
oxygen.   

   4.    Preliminary experiments using “naked” sapphire discs indi-
cated that cell adhesion was a potential weakness as cells were 
lost during processing. Collagen IV, fetal calf serum (FCS), 
Matrigel Basement Membrane Matrix (BD Biosciences), and 
carbon were tested as substrate pretreatments to aid cell adhe-
sion. Discs were incubated at 37 °C for 60 min in neat FCS, 
Matrigel or collagen IV solution (made to manufacturers spec-
ifi cation), or discs were coated with 10 nm carbon using a high 
vacuum carbon coater (Agar Scientifi c). Most retention of 
cells was seen using FCS as the substrate pretreatment.   

   5.    To remove intercellular air pockets within samples protocols in 
the past have included inert, non-penetrating “fi llers,” for 
example 1-hexadecene. To reduce the possibility of artifact, 
cryoprotectant/fi llers were not used during this protocol. We 
did not see any detrimental effect of omitting this step, indeed 
it could be considered advantageous as the fi llers act as a heat 
sink and reduce the cooling rate of the sample and prevent 
penetration of FS medium.   

   6.    Many protocols protect the sapphire discs during freezing 
using aluminum planchettes (supplied with the high-pressure 
freezer). These planchettes act as a barrier between liquid 
nitrogen and sapphire discs and act as a heat sink, reducing the 
cooling rate of the sample. In our protocol liquid nitrogen jets 
directly onto the sapphires producing excellent freezing across 
the whole sapphire disc.   

   7.    Protocols with long FS times and/or long warm up times were 
investigated but the short FS and short warm up protocol 
described here was found to produce consistently good freezing 
across large areas of the sapphire, provide good ultrastructural 
detail, allow minimal visible extraction of cytoplasmic contents 
and have the practical benefi t of a shortened procedure.   

   8.    It is possible to see the cells on the sapphire discs down the 
FS unit binocular eyepieces by picking the disc up, above 
the liquid surface and slightly angling it towards the light. 
Cells will appear rough on the glass; if cells are not present the 
disc will have a smooth, refl ective surface.   

   9.    Lowicryl HM20 resin can be diffi cult to work with at fi rst. It 
has low surface tension and will creep along surfaces if drops 
escape from pipettes. It has a very strong odor so keep in the 
fume hood when possible. When fi lling the embedding mold, 
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allow resin to settle and then top up to make sure the volume 
has been fi lled correctly. Wipe away any drips from the FS unit 
chamber with paper towel or else the embedding mold will 
become stuck to the chamber during polymerization.   

   10.    The resin should have a pink hue which demonstrates total 
polymerization. However, if the resin is colorless but hard, this 
indicates suffi cient polymerization for cutting.   

   11.    Collect all the sections (even if incomplete) as the material will 
be close to the surface of the block face. Cells in culture can be 
very thin so it is easy to cut through the whole cell sheet while 
waiting to collect a complete section.   

   12.    If collecting thick sections for electron tomography, use 
Formvar (or equivalent) coated single slot grids. Also collect 
some thin sections (on Formvar, or equivalent, coated 
200 mesh grids) for orientation.   

   13.    Lowicryl HM20 is not as beam stable in the TEM as epoxy 
resins. The Formvar support will help with this, but avoid long 
beam exposures at high intensities.         
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