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Abstract
Main conclusion Modular assembly and heterologous expression in the moss Physcomitrella patens of pairs of diter-
pene synthases results in accumulation of modern land plant diterpenoids.

Physcomitrella patens is a representative of the ancient bryophyte plant lineage with a genome size of 511 Mb, dominant 
haploid life cycle and limited chemical and metabolic complexity. For these plants, exceptional capacity for genome editing 
through homologous recombination is met with recently demonstrated in vivo assembly of multiple heterologous DNA frag-
ments. These traits earlier made P. patens an attractive choice as a biotechnological chassis for photosynthesis-driven produc-
tion of recombinant peptides. The lack of diterpene gibberellic acid phytohormones in P. patens combined with the recent 
targeted disruption of the single bifunctional diterpene synthase yielded lines devoid of endogenous diterpenoid metabolites 
and well-suited for engineering of terpenoid production. Here, we mimicked the modular nature of diterpene biosynthetic 
pathways found in modern land plants by developing a flexible pipeline to install three combinations of class II and class 
I diterpene synthases in P. patens to access industrially relevant diterpene biomaterials. In addition to a well-established 
neutral locus for targeted integration, we also explored loci created by a class of Long Terminal Repeat Retrotransposon 
present at moderate number in the genome of P. patens. Assembly of the pathways and production of the enzymes from 
the neutral locus led to accumulation of diterpenes matching the reported activities in the angiosperm sources. In contrast, 
insights gained with the retrotransposon loci indicate their suitability for targeting, but reveal potentially inherent complica-
tions which may require adaptation of the experimental design.

Keywords Diterpenoids · Synthetic biology · Homologous recombination · Photosynthetic production · Neutral locus · 
Retrotransposon

Introduction

Terpenoids constitute the oldest and structurally most 
diverse group of specialized metabolites in plants. The 
most recent count reports 58,091 terpenoids from the plant 
kingdom, with 15,804 compounds of the diterpenoid class, 
constituted by predominantly heavily oxidized and further 
functionalized multicyclic scaffolds of 20 carbon atoms 
(Dictionary of Natural Products 27.1; http://dnp.chemn etbas 
e.com/faces /chemi cal/Chemi calSe arch.xhtml ). This diver-
sity reflects important and broad roles in development, adap-
tation and interaction with the environment. For example, in 
general (i.e., primary) metabolism, the group of phytohor-
mone gibberellins is critical for the growth and development 
of higher land plants (Helliwell et al. 1999, 2001), while 
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specialized (i.e., secondary) metabolites such as resin acids 
play roles in the defense of conifers against herbivore attacks 
(Hamberger et al. 2011; Keeling and Bohlmann 2006; Zerbe 
and Bohlmann 2015).

Industrial interest in diterpenoids stems from equally 
broad applications such as renewable feedstocks, inks, tacki-
fiers, flavors and nutraceuticals, fragrances, and on the far 
end of the value-spectrum, therapeutics. However, access 
to these biomaterials is limited by the native sources, where 
they often accumulate as part of complex mixtures of related 
but undesired compounds, or because formal chemical syn-
thesis is economically challenging. Similarly, the develop-
ment of the simpler diterpene scaffolds into lead compounds 
for semi-synthesis of analog libraries is challenged by low 
accumulation in the plant source, which may drop below 
the detection limit of modern analytics due to highly active 
routes of downstream functionalization.

While not yet as well established as the conventional 
workhorses of biotechnology, such as Escherichia coli 
or Saccharomyces cerevisiae, photosynthetic systems 
for plant diterpenoid production may offer advantages in 
terms of sustainability, and similarity to plant systems. 
Perceived advantages of E. coli or S. cerevisiae include a 
short doubling time and available advanced genetic tools 
(Ajikumar et al. 2010; David and Siewers 2015; Huang 
et al. 2001; Krivoruchko et al. 2011). In photosynthetic 
systems, these may be compensated by an abundance of 
(free) photosynthetically fixed carbon and reducing equiv-
alents, next to native membrane systems, subcellular com-
partments amenable to targeting of biosynthetic steps and 
dedicated storage organelles for the products (Englund 
et al. 2015; Kempinski et al. 2015). The moss Physcom-
itrella patens, representative of a non-vascular ancient lin-
eage of land plants, appears as a promising choice for sta-
ble heterologous production of diterpenes. Considerations 
include its ability to undergo homologous recombination, 
allowing direct genome editing without the requirement 
of CRISPR-systems, known genome sequence, presence 
of the carbon-efficient 2-C-methyl-D-erythritol 4-phos-
phate (MEP) pathway providing C5-building blocks in the 
plastids and industrial scalability (King et al. 2016; Reski 
et al. 2015, 2018). Physcomitrella patens has been used 
as a platform for the biosynthesis of commercially valu-
able products including the small molecule sesquiterpenes 

patchoulol, α/β-santalene, the diterpenes sclareol and taxa-
diene to complex glycoprotein-based recombinant thera-
peutic peptides (King et al. 2016; Pan et al. 2015; Reski 
et al. 2015, 2018; Zhan et al. 2014). However, each of 
those platforms required the labor intensive generation of 
highly specialized lines and lacked the flexibility required 
for formation of multiple diterpenoid targets. Building on 
the most recent demonstration of efficient transformation 
of P. patens and in vivo assembly of multiple linear DNA 
parts for production of amorphadiene, and Artemisinin 
(Khairul Ikram et al. 2017; King et al. 2016), we set out to 
develop a modular transformation system for diterpenes, 
imitating their natural formation by pairs of diterpene syn-
thases (diTPSs), and origin of structural diversity through 
different combinations of diTPSs.

To generate stable lines of engineered P. patens, we 
initially used targeted integration into a neutral locus, 
defined by the lack of phenotypic change upon insertion 
of transgenes. Since their discovery over two decades ago, 
Pp108, Pp213, and Pp420 remain the only known such inte-
gration sites (Schaefer and Zryd 1997). Of these, Pp108 is 
by far the most popular target because it has the highest 
reported transformation efficiency (P. patens v3.3, Chr20, 
520,941–523,718) (Fig. 1) (Goodstein et al. 2012; Lang 
et al. 2018; Schaefer and Zryd 1997).

To overcome the limitation imposed by single loci on 
assembly of multi-gene pathways with increased com-
plexity, and to investigate if gene dosage by integration in 
multiple loci can improve production levels, we explored 
potential additional integration sites in the P. patens 
genome. In the yeast S. cerevisiae, it has been demon-
strated that retrotransposons can be exploited as potential 
integration sites for homologous recombination of target 
genes and that independent integration of multiple cop-
ies of the target gene can occur (Cho et al. 1999; Fang 
et al. 2011; Juretzek et al. 2001; Ohgiya et al. 1997). In P. 
patens, a large number of long-terminal-repeat retrotrans-
posons (LTR-Rs) make up about half of the genome. They 
fall into four different types of chromodomain-containing 
Gypsy repeatable elements, which are members of an 
ancient clade predating the speciation of plants and fungi 
and which disappeared in seed plants (Lang et al. 2008). 
Among these, the only intact sequence was reported for 
PpatensLTR2 (Novikova et al. 2008), which we used here 

Fig. 1  Pp108 is located on chromosome 20 between coordinates 520,000 and 525,000
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to design constructs to test if the corresponding genomic 
loci are tolerant to integration of transgenes by homolo-
gous recombination and their expression.

Here, we report the pathway engineering for a range of 
diterpenes in P. patens using a modular approach involving 
linear DNA building blocks and in vivo assembly. Three 
class II and two class I diTPS genes were chosen based on 
previous work, and combined to generate stereospecific dit-
erpene scaffolds, either as single compounds, or as mixtures 
of several high-value biomaterials of industrial relevance 
(Andersen-Ranberg et al. 2016). Specifically, the structurally 
complex diterpenes, manoyl oxide in both ent- and normal 
configuration and manool, are lead compounds for diter-
penes with important therapeutic activities while sclareol 
and (+)-abienol are precursors for semisynthetic produc-
tion of ambroxoides relevant for the fragrance industry. We 
demonstrate integration and activity of all three diterpene 
modules into the neutral locus Pp108. While integration of 
a fluorescent reporter in PpatensLTR2 was successful, stably 
transformed lines for the significantly larger diterpene mod-
ules could not be recovered. Strong expression differences of 
the reporter in loci of PpatensLTR2 over Pp108 may indicate 
potential future advantages for engineering, if the practical 
challenges here identified can be solved.

Materials and methods

General maintenance and propagation 
of Physcomitrella patens

The general maintenance and propagation of moss tissue 
cultures were performed in a laminar flow hood under ster-
ile conditions. Propagation of moss involved adding tissue 
from one plate into 5 mL of autoclaved water, before tis-
sue disruption into a homogeneous suspension. One-fifth of 
this mixture was spread over each cellophane-covered BCD-
media plate (composition: 45 µM iron(II) sulfate heptahy-
drate  (FeSO4·7H2O), 1 mM magnesium sulfate  (MgSO4), 
1.84 mM monopotassium phosphate  (KH2PO4), 10 mM 
potassium nitrate  (KNO3), trace element solution (1000× 
dilution), 1 mM calcium chloride  (CaCl2), 5 mM diam-
monium tartrate ((NH4)2C4H4O6), agar (0.7% (w/v). Trace 
element solution,  Al2(SO4)3·K2SO4·24H2O,  CoCl2·6H2O, 
 CuSO4·5H2O,  H3BO3, KBr, KI, LiCl,  MnCl2·4H2O, 
 SnCl2·2H2O,  ZnSO4·7H2O). Calcium chloride and diammo-
nium tartrate (autoclaved separately) were added immedi-
ately before use. After addition of the cell suspension, plates 
were dried for up to 1 h with the lids half opened before 
sealing with micropore tape (3 M, VWR) and incubation 
at 18 h light and 6 h dark cycles under 100–150 µmol m−2 
 s−1 of light.

PCR‑based generation of promoter and terminator 
fragments

Both the 5′ and 3′ termini of the LTR retrotransposons are 
composed of direct repeats as result of the integration. Ppat-
ensLTR2 is 6686 bp long (GenBank: GQ294565.1) and con-
tains a 474 bp 5′ and 452 bp 3′ LTR region. The first open 
reading frame, ORF1, encodes for a protein with homology 
to retroviral GAG protein. ORF2 contains the POL gene, 
consisting of the characteristic domains of aspartyl protease 
(PR), reverse transcriptase (RT), ribonuclease H (Rnase H), 
integrase (Int), chromodomains (chromo), and zinc finger 
motif (H2C2) (Novikova et al. 2008).

To generate flanking fragments for homologous integra-
tion into retrotransposon loci, the GAG - and the POL regions 
were amplified from genomic DNA of P. patens, subcloned 
and sequence-verified (all oligonucleotide sequences are 
given in supplemental table  S1). The GAG -region was 
fused by PCR with the neomycin phosphotransferase resist-
ance cassette (NPTII) and the Zea mays ubiquitin promoter 
(ZmUbi) to form the GNZ-fragment. The POL-region was 
fused with the OCS-terminator (OCS-T) to form the OPO 
fragment using a two-step overlap extension PCR based 
assembly. The GAG  region was amplified with primer pair 
P5 and P6, where P6 has 20 bp overlap with the 5′-end of 
the NPTII cassette. The NPTII cassette/ZmUbi region was 
amplified with the primer pair P7 and P2 introducing a 20 bp 
overlap with the 3′-end of the GAG  region and resulting in an 
overall 40 bp overlap between the GAG - and NPTII/ZmUbi 
region. GAG and the NPTII/ZmUbi PCR products were used 
as templates with the primer pairs P5 and P2 to assemble the 
GAG/NPTII/ZmUbi (GNZ) fragment. The POL region was 
amplified using primer pair P8 and P9 generating a 20 bp 
overlap with the 3′-end of the OCS-T. The OCS-T region 
was amplified using the primer pairs P3 and P10. OCS-T 
and the POL PCR products were used as templates with the 
primer pairs P3 and P9 to assemble the OCS-T/POL (OPO) 
fragment. All products were subcloned and sequence-veri-
fied. The promoter (termed PNZ) and the terminator (OP) 
fragment for the targeted integration at the Pp108 locus 
were amplified with the primer pairs P1, P2 and P3, P4, 
respectively.

PCR‑based generation of the diterpene module 
and the EYFP fragment

Each of the diterpene modules (Table 1) tested in this work 
consists of a class II and class I diTPS connected through 
the LP4-2A linker. Those and the Enhanced Yellow Fluo-
rescent Protein (EYFP) were designed with 20 bp overlap 
at the 5′ and 3′ end with the ZmUbi-region of the PNZ- or 
GNZ-fragment and the OCS-T region of the OP- or OPO-
fragments, respectively. Except CfTPS2 which was cloned 
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from Coleus forskohlii cDNA, diTPS genes were synthe-
sized by GenScript. Products were ligated into pJET1.2 and 
sequence-verified. Diterpene modules were assembled from 
the single diTPS-coding sequences and the LP4-2A linker 
sequence using a PCR-based strategy. diTPS sequences were 
connected to the linker LP4-2A and a two-step assembly 
PCR was used to generate the final diTPS-modules. In brief, 
the two-step PCR assembly reaction was adapted with minor 
modifications from a previously described procedure (Shev-
chuk et al. 2004). The initial PCR reaction of the assembly 
included the purified products of class II diTPS gene/linker 
and linker/class I diTPS and was carried out with ten cycles 
of denaturation, annealing and extension, followed by a sec-
ond reaction, using 1 µL of the product as template.

Isolation of the linear DNA fragment for moss 
transformation

To obtain sufficient amounts of the linear DNA fragment for 
the transformation, up to sixteen 50 µL PCR reactions were 
performed for each fragment or module. Reactions were 
pooled, precipitated, resuspended in 50 µL of autoclaved 
water and quantified [NanoDrop Lite Spectrophotometer 
instrument (Thermo Scientific)] after confirming the for-
mation of a single product by gel electrophoresis.

Transformation of Physcomitrella patens

Physcomitrella patens has a very simple diterpene back-
ground of ent-kaurene and 16-hydroxy-ent-kaurane as major 
products and ent-beyerene and ent-sandaracopimaradiene 
as minor products. Those are formed by a bifunctional 
copalyl diphosphate synthase/kaurene synthase (PpCPS/
KS) from geranylgeranyl diphosphate (GGDP). An earlier 
reported Ppcps/ks knock-out line (pBK3), lacking detectable 

diterpenoids (King et al. 2016; Zhan et al. 2015) was used in 
this work. Physcomitrella patens was transformed with dif-
ferent combinations of fragments according to an established 
protocol with some modifications (Liu and Vidali 2011). 
Briefly, protoplasts were isolated from 5 to 7 days old P. pat-
ens tissues using 8% D-mannitol and 2% driselase. 30 μg of 
total DNA with equimolar ratios of the individual fragments 
were added to the protoplasts before addition of the PEG/
Calcium solution. The protoplasts were plated on PRMB 
plates and left for 5 days for regeneration. All centrifugation 
steps in the protocol were performed at 200×g under slow 
acceleration and breaking to limit damage to the protoplasts. 
After regeneration, the cells were subjected to two consecu-
tive rounds of selection on kanamycin and non-selection, 
each for 2 weeks, on BCD media plates with 18 h light and 
6 h dark cycle under reduced light at 50 µmol m−2  s−1, before 
genotyping to test the assembly of the entire expression cas-
sette at the targeted locus.

Physcomitrella patens sampling and genotyping

Genotyping PCR was performed using the Phire Plant Direct 
PCR Kit according to the manufacturer’s protocol (Thermo 
Scientific). In brief, plant tissue was harvested from isolated 
colonies and suspended in 20 μL of dilution buffer solution 
by pipetting and vortexing before direct use as template for 
the genotyping according to the kit specifications. A 297 bp 
fragment of a highly conserved region of chloroplast DNA 
gene was used as a positive control. For the transformants 
at the Pp108 locus, the presence of outer-most junctions 
of the cassette with the P. patens genome was verified in a 
first round of genotyping PCR (Fig. S1a). Positive clones 
were further tested for the correct assembly of the internal 
junctions of the PNZ-fragment with the target genes as well 
as of the target gene with the OP-fragment (Fig. S1b). For 
the transformants at the PpatensLTR2 loci, the presence of 
internal junctions between different fragments were used for 
screening (Fig. S2a). Due to the significantly higher specific-
ity, integration of the transgene at the PpatensLTR2 loci was 
verified through amplification of the 5′ LTR region upstream 
of GAG and the integration junction (Fig. S2b). PCR prod-
ucts were sequence verified (Fig. S8). The reaction targeting 
the 3′ LTR region downstream of POL yielded no specific 
product, plausibly due to an abundance in other, non-Ppat-
ensLTR2 linked regions of the genome (Fig. 2).

Microscopy

Fluorescence of enhanced yellow fluorescent protein (EYFP) 
and chlorophyll for transformant lines of P. patens was meas-
ured with a confocal laser-scanning microscope, Fluoview 
FV10i (Olympus), at excitation 480 nm/emission 527 nm 
and excitation 559 nm/emission 570–670 nm, respectively. 

Table 1  Different modules used for transformation of line pBK3 and 
the corresponding diterpene products

Tw Tripterygium wilfordii, Ep Euphorbia peplus, Cf Coleus fors-
kohlii, Ss Salvia sclarea; TPS terpene synthase, SCS sclareol synthase

Module Class II diTPS Class I diTPS Product

Name Number

1 CfTPS2 SsSCS 13R-(+)-manoyl 
oxide

(i)

13S-(+)-manoyl 
oxide

(iia)

(+)-manool (iii)
(+)-abienol (iv)
(+)-sclareol (v)

2 TwTPS21 EpTPS1 13R-ent-manoyl 
oxide

(iib)

3 CfTPS1 SsSCS (+)-manool (iii)
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Freshly harvested tissues for each line were used for the 
fluorescent imaging. Images were processed using the FV10-
ASW 2.1 microscopy software (Olympus).

Gas‑chromatography mass‑spectrometry (GC–MS)

Approx. 100 mg (fresh weight) of tissue for each line of P. 
patens was harvested and extracted with 1 mL of hexane 
containing 1 µg mL−1 1-eicosene as an internal standard. 
For line Pp108/M1, this amount was increased to 1 g of 
fresh tissue to compensate for relatively lower accumulation 
of the bioproduct. Extractions were incubated overnight at 
room temperature on a rocking shaker before centrifuga-
tion at 3000×g for 5 min and reduction of the supernatant 
under a stream of nitrogen to 200 µL. GC–MS analysis was 
performed on an Agilent Technologies 7890A GC system 
coupled with an Agilent Technologies 5975C inert XL 
MSD with Triple Axis Detector on an Agilent VF-5 ms 
(40 m × 250 µm × 0.25 µm) column with a purge flow of 
3 mL min−1 using helium as a carrier gas and a flow of 
sample at a rate of 1 mL min−1. One μL of the sample was 
injected at an inlet temperature of 250 °C in splitless mode. 

The GC oven temperature program used for the separation 
was comprised of an initial temperature held at 100 °C 
for 1 min, then a raise of temperature to 250 °C at a rate 
of 10 °C min−1, followed by a raise to 310 °C at a rate of 
20 °C min−1, and hold for 2 min. The MS was operated 
in electron-ionization mode (70 eV) at a source tempera-
ture of 230 °C and MS quadrupole temperature of 150 °C. 
A solvent delay of 3 min was used and the MS data was 
collected from 30 to 700 m/z. The diterpenes produced in 
the engineered moss lines were identified by comparison 
to the reference MS data earlier reported (Andersen-Ran-
berg et al. 2016). The diterpenes accumulating in trans-
genic lines expressing diterpene modules M1 and M2 were 
quantified against an authentic standard of 13R-(+)-manoyl 
oxide. In brief, 13R-(+)-manoyl oxide was biosynthesized 
using the transient Agrobacterium/Nicotiana bentha-
miana system, purified and quantified by NMR as previ-
ously described (Andersen-Ranberg et al. 2016). Relative 
quantification of the diterpenes accumulating in P. patens 
was performed on an Agilent Technologies 7890A GC 
system equipped with a flame ionization detector (FID). 
The chromatography was done using an Agilent HP-5MS 

Fig. 2  Locations of Ppat-
ensLTR2-GAG , PpatensLTR2-
POL, and PpatensLTR2 sites 
with at least 80% completeness 
in the genome of P. patens. 
Chromosomes in solid black; 
coordinate units are megabases
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(30 m × 0.250 mm × 0.25 µm) column with helium as a car-
rier gas and a flow of sample at a rate of 1 mL min−1. One 
μL of the sample was injected at an inlet temperature of 
275 °C in splitless mode. The GC oven temperature program 
used for the separation was comprised of an initial tempera-
ture held at 80 °C for 0.5 min, then a raise of temperature 
to 250 °C at a rate of 50 °C min−1, followed by a raise to 
280 °C at a rate of 10 °C min−1, and hold for 0.1 min, fol-
lowed by a raise to 320 °C at a rate of 50 °C min−1, and 
hold for 5 min. The FID was set at 300 °C, with H2 flow at 
30 mL min−1 and air flow at 400 mL min−1. Data sampling 
rate was 50 Hz.

Genomic DNA isolation

Genomic DNA was isolated from different P. patens lines 
using the illustra™ DNA Extraction Kit Phytopure™ (GE 
Healthcare). Freshly harvested tissue was dried by pressing 
between filter papers, before snap-freezing in liquid nitro-
gen and grinding to a fine powder using mortar and pestle. 
Approx. 100 mg of the ground tissue was transferred to a 
pre-chilled tube. DNA extraction was performed according 
to the kit’s protocol using Nucleon Phyto Pure DNA extrac-
tion resin. After quantification of the genomic DNA, the 
quality was checked by agarose gel electrophoresis (Fig. S3).

Quantitative realtime PCR

Quantitative Realtime PCR was performed using the  Luna® 
Universal Probe qPCR Master Mix kit (New England Bio-
labs Inc) according to the manufacturer’s instructions. 
Primers used for the RT-qPCR reactions were tested by 
end-point PCR and the PCR products were sequence veri-
fied. Approx. 10 ng of the genomic DNA from transformant 
lines was used as template. A 195 bp fragment of the EYFP 
gene was amplified using the primers P11 and P12 with the 
condition of denaturation at 95 °C for 15 s, and 40 cycles 
of annealing and extension at 60 °C for 30 s. The single-
copy PpCYP701B1 gene was used as an internal reference 
and a 189 bp fragment was amplified using primers P13 
and P14. The RT-qPCR was performed with three technical 
repeats and two biological replicates for each line. The rela-
tive EYFP gene dosage (N) of the RT/EYFP transformant 
lines were determined relative to that of the Pp108/EYFP 
transformant line following the equation below (Pfaffl 2004).

where E is the efficiency of the qPCR reaction for that par-
ticular primer pairs; control and sample represent the Pp108/
EYFP line R and RT/EYFP line, respectively.

N =
Etarget

ΔCttarget(control−sample)

Ereference

ΔCtreference(sontrol−sample)

Results

Integration loci

To identify suitable retrotransposon regions that could be 
used as potential integration sites, Blast searches against 
the most recent release of the P. patens genome v3.3 (Lang 
et al. 2018) revealed 371, 499, and 2283 putative Ppat-
ensLTR2, PpatensLTR2-GAG , and PpatensLTR2-POL 
sites, respectively, of at least 80% completeness (Fig. 2). 
The data indicated that most GAG  sites are colocalized 
with PpatensLTR2 over the 27 chromosomes, while the 
POL sites are more abundant and not exclusively specific 
to PpatensLTR2. Considering the abundance of the GAG  
and POL regions, they were chosen as potential homolo-
gous recombination sites for integration of transgenes into 
the retrotransposon regions.

Construction of the promoter and the terminator 
fragments

For targeted integration into the Pp108 locus, a modular 
approach was devised where promoter and terminator frag-
ments can be combined with any target gene (e.g., differ-
ent diterpene modules or the EYFP gene). The flanking 
regions for homologous recombination with the promoter 
and terminator fragments were inserted into the target gene 
fragments. The promoter fragment (PNZ) consists of an 
879 bp region homologous to the 5′ end of the Pp108 locus 
(P. patens v3.3, Chr20, 520,941–521,819) followed by the 
resistance cassette (NPTII) and the Zea mays ubiquitin 
promoter (ZmUbi) (Fig. 3a). The terminator fragment (OP) 
consists of the OCS-terminator followed by the 1247 bp 
region homologous to the 3′ end of the Pp108 locus (P. 
patens v3.3, Chr20, 522,472–523,718) (Fig. 3b). Correct 
in vivo assembly of the PNZ-fragment, the diterpene mod-
ule, and the OP-fragment by homologous recombination 
inserts the target genes into the Pp108 locus of the P. pat-
ens genome (Fig. 3d).

To target PpatensLTR2 loci in the P. patens genome, the 
flanking integration sites of the promoter (GNZ) and the 
terminator (OPO) fragment were designed to carry the 5′ 
region (518 bp) of the GAG -gene (P. patens v3.3, Chr20, 
15,443,889–15,444,406) and 3′ region (531 bp) of the 
POL-gene (P. patens v3.3, Chr20, 2,120,160–2,119,630). 
With this design, successful integration will replace the 
structural elements of PpatensLTR2 with the transgenic 
DNA construct (Fig. 3e). Consistent with the single inte-
gration approach, for PpatensLTR2 the promoter fragment 
(GNZ) carries the NPTII resistance cassette and ZmUbi 
promoter (Fig. 3a) while the terminator fragment (OPO) is 
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composed of OCS-terminator followed by the POL region 
(Fig. 2b). Sequence verification confirmed that the isolated 
GAG -sequence from P. patens was 518 bp long and shared 
97% identity with the PpatensLTR2 sequence (Fig. S4). 
The isolated POL-sequence from P. patens was 531 bp 
long and shared a 452 bp stretch with 97% identity with 
the original sequence. The 3′ POL-sequence contained a 
39 bp insert, followed by 40 bp with 100% identity to the 
original sequence of PpatensLTR2 (Fig. S5).

Construction of target modules

Three different modules have been chosen to engineer dit-
erpene biosynthetic pathway in P. patens. Modules consist 
of pairs of class II and class I diTPSs, connected through 

a hybrid LP4/2A linker (L) (Fig. 3c). LP4/2A is a hybrid 
linker peptide containing the first 9 amino acid residues of 
LP4 linker peptide from the naturally occurring polyprotein 
precursor from Impatiens balsamina and 20 amino acid resi-
dues of 2A linker peptide from the foot-and-mouth disease 
virus (François et al. 2004). Module 1 consists of the pair 
of class II and class I diTPSs from Coleus forskohlii (syn-
onym Plectranthus barbatus) CfTPS2 and Salvia sclarea 
SsSCS, shown earlier to yield stereospecific mixture of dit-
erpenes 13R-(+)-manoyl oxide (i), 13S-(+)-manoyl oxide 
(iia), (+)-manool (iii), (+)-abienol (iv), and (+)-sclareol (v) 
(Table 1) (Andersen-Ranberg et al. 2016). Module 2 consists 
of Tripterygium wilfordii TwTPS21 and Euphorbia peplus 
EpTPS1, while C. forskohlii CfTPS1 and SsSCS consti-
tute module 3. Both module 2 and 3 were shown to result 

Fig. 3  Schematic of different fragments for transformation into P. patens (a–c). Schematic of genome editing at the (d) Pp108 locus and (e) 
PpatensLTR2 loci using homologous recombination
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in a single stereospecific product, 13R-ent-manoyl oxide 
(iib) from module 2 and (+)-manool (iii) from module 3 
(Andersen-Ranberg et al. 2016). The 20 bp overlap region 
to the PNZ- or GNZ- and the OP- or OPO-fragments at the 
5′ and 3′ end on the target (diterpene module/EYFP) gives 
full flexibility to combine each target with the PNZ- and 
OP-fragments. This modular approach allows convenient 
engineering of P. patens with any pair of diTPSs.

Moss transformation and genotyping 
of the transformants

For the stable expression of the target genes, PCR-amplified 
linear DNA fragments of diterpene modules/EYFP gene 
along with that of PNZ- or GNZ- and OP- or OPO-fragments 
were used to transform the diterpene-free Ppcps/eks knock-
out line pBK3 (King et al. 2016). Genotyping of kanamycin 
resistant lines indicated that for the transformation targeting 
the Pp108 locus, 25% of M1, 6.1% of M2, 5% of M3 module 
transformants and 2.5% of EYFP transformants were com-
pletely assembled (Table S2). For the transformation target-
ing PpatensLTR2 loci, 16.7% of the EYFP transformants 
were found positive (Table S2). For the diterpene modules 
M2 or M3 targeting PpatensLTR2, no transformant with 
correct assembly of all fragments could be identified, after 
screening of 320 of kanamycin resistant lines.

Metabolite analysis

The transformants of the diterpene modules at Pp108 locus 
were tested for accumulation of diterpenes by GC–MS 
analysis. Lines of module M1 (CfTPS2/SsSCS) were found 
to accumulate multiple products, 13R-(+)-manoyl oxide (i) 
and 13S-(+)-manoyl oxide (iia), (+)-manool (iii), (+)-abi-
enol (iv), and (+)-sclareol (v) (Fig. 4, Table 1), consistent 
with earlier findings using a transient expression system 
(Andersen-Ranberg et al. 2016). Transformants of diterpene 
modules M2 (TwTPS21/EpTPS1) and M3 (CfTPS1/SsSCS) 
accumulated single products, 13R-ent-manoyl oxide (iib) 
and (+)-manool (iii), respectively (Fig. 4, Table 1), also 
matching earlier reported profiles. The accumulation of dit-
erpenes in these transgenic lines ranges from 0.13 ± 0.02 ng 
of 13R-ent-manoyl oxide/mg of fresh weight for the diter-
pene module M2 to 0.74 ± 0.14 ng of total diterpene/mg of 
fresh weight for diterpene module M1.

Analysis of the Pp108/EYFP and PpatensLTR2/EYFP 
lines by microscopy

Expression of EYFP was analyzed for the representative 
lines of Pp108/EYFP and PpatensLTR2/EYFP by confocal 
microscopy. The fluorescence signal of lines with EYFP 
integrated at Pp108 (representative line R) was consist-
ently of an intermediate brightness. In contrast, the signal 
detected in different lines with EYFP integrated in Ppat-
ensLTR2 loci varied greatly in intensity (representative 
lines F and H) (Fig. 5), i.e., line F showed a significantly 
brighter fluorescence signal compared to the intermediate 
Pp108/EYFP line R, while the fluorescence signal from 
line H was barely detectable.

To test whether the observed differences of fluores-
cence in the representative lines are caused by gene dos-
age effects, i.e., possible integration of targets in multiple 
PpatensLTR2 loci, we compared the relative quantity of 
the EYFP gene by qPCR on genomic DNA.

Genomic analysis of the Pp108/EYFP and selected 
PpatensLTR2/EYFP lines

The distincly different signal intensity observed among 
the Pp108/EYFP line R and the PpatensLTR2/EYFP lines 
F and H (Fig. 4) prompted us to test if this variation is 
caused by gene dosage effect using quantitative real time 
PCR analysis of the genomic DNA.

Our analysis showed no significant difference in the 
EYFP gene dosage between Pp108/EYFP line R and Ppat-
ensLTR2/EYFP line F (Fig. 6), whereas significantly lower 
gene dosage was observed in RT/EYFP line H (~ 10-fold 
lower). It has been reported that transformation of P. pat-
ens can generate antibiotic resistant lines containing epi-
somally replicating DNA. This episomal DNA was found 
to undergo formation of concatemers consisting of 3–40 
copies, which can also chromosomally integrate (Ashton 
et al. 2000; Muren et al. 2009). To test for concatemer for-
mation, genomic DNA of representative Pp108/EYFP line 
R was subjected to PCR. A single product was formed with 
a forward primer on the 3′ end of the OP-fragment and a 
reverse primer on the 5′ end of the PNZ-fragment, which 
supports concatemer formation, specifically in a head-to-
tail orientation of individual monomeric constructs (Fig. 
S6). Sequence verification corroborated the finding and 
indicated a 20-bp deletion at the junction between 3′ end 
of the OP-fragment (last 6 bp at the 3′ end of the OP-
fragment) and 5′ end of the PNZ-fragment (first 14 bp at 
the 5′ end of the PNZ-fragment). Other combinations con-
sidering head-to-head, or tail-to-tail orientations did not 
yield detectable products by PCR.
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Fig. 4  Extracted ion chromatograms of pBK3 line transformed with different diterpene modules in the Pp108 locus. Black and red chromato-
grams represent pBK3 line harboring diterpene modules and non-transformed pBK3 control (negative control) respectively
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Evidence of assembly of the individual fragments 
(GNZ, EYFP, and OPO) and amplification and sequenc-
ing of the GNZ fragment with the insertion junction with 
the 5′LTR region upstream of GAG support integration of 
the construct in PpatensLTR2 (Fig. S2a and S2b).

Discussion

Physcomitrella patens can be engineered 
for biosynthesis of modern diterpenes

In this work, we demonstrated a modular approach using 
linear DNA fragments for homologous recombination and 
engineering of diterpene biosynthetic pathways in P. patens. 
The regions of the genomic loci for homologous recombi-
nation were linked to the genes for diterpene biosynthesis 
and the entire expression cassette was assembled in vivo 
and integrated into the genome by homologous recombina-
tion. Typical biosynthetic pathways to diterpene scaffolds 
in higher plants consist of pairs of class II and class I diter-
pene synthases. The modular approach allows convenient 
recombination of diTPSs to generate chemical diversity. It 
has been shown earlier that P. patens can be engineered for 
the production of the diterpenes taxa-4(5), 11(12)-diene and 
sclareol (Anterola et al. 2009; Pan et al. 2015). In both cases, 
the required building blocks were assembled in a vector, 
which was subsequently linearized to obtain the expression 
cassette for genome targeting by homologous recombina-
tion. Here, we simplified the procedure and adapted it for 
combinatorial assembly of the essential parts required, 
namely the promoter fragment, the fragment containing the 
target gene/s, and the terminator fragment, all synthesized 
using PCR. Linear DNA fragments were then assembled 
in vivo during the transformation to generate the expression 
cassette.

Genome editing exploiting homologous recombination 
is common in yeast (Saccharomyces cerevisiae). There-
fore, it has been widely used as production host for bio-
synthesis of various commercial products using synthetic 
biology and metabolic engineering (David and Siewers 
2015; Krivoruchko et al. 2011; Xu et al. 2013). In contrast, 

Fig. 5  Confocal microscopy 
images of representative lines 
transformed with EYFP at dif-
ferent loci

Fig. 6  Relative EYFP gene dosage of the various transformed moss 
lines with EYFP in the Pp108 locus and PpatensLTR2 loci. Quanti-
tative real time PCR analysis was done with the genomic DNA iso-
lated from the different EYFP lines. Relative EYFP gene dosage was 
analyzed using the Pp108/EYFP line R as reference. The single copy 
gene encoding CYP701B1 was used as the internal reference gene. 
Results are shown as mean ± SD (n = 6, three technical repeats of two 
biological replicates for each line)
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photosynthetic hosts offer a range of advantages over micro-
bial production of terpenoids, including abundance of reduc-
tion equivalents and compartmentation. Nevertheless, distur-
bance through metabolic engineering of the tightly regulated 
biosynthesis of the diterpene phytohormones, derived from 
gibberellic acid, was suggested as factor limiting growth 
and development of the host plants (Besumbes et al. 2004; 
Kovacs et al. 2007). While P. patens lacks gibberellic acid, 
early diterpenoid intermediates accumulate. We started 
from a P. patens genetic background, pBK3, with disrupted 
biosynthesis of endogenous diterpenoids. Building and 
expanding on earlier findings, we demonstrated formation 
of a range of diterpenes from higher land plants by combina-
tions of class II and class I diTPSs. No growth impairment 
was observed for any of our diterpene producing transgenic 
P. patens lines compared to the WT (Fig. S7). An accumula-
tion of diterpenes ranging from 0.13 ± 0.02 ng of 13R-ent-
manoyl oxide/mg of fresh weight for the diterpene module 
M2 to 0.74 ± 0.14 ng of total diterpene/mg of fresh weight 
for diterpene module M1 was observed in this work which 
is lower compared to that of taxa-4(5), 11(12)-diene (0.5 μg 
taxadiene/gm of fresh weight) and sclareol (2.84 μg sclareol/
gm dry weight) reported earlier (Anterola et al. 2009; Pan 
et al. 2015). Potential reasons for those differences could be 
the single enzyme pathway to taxadiene, or the exceptionally 
efficient biosynthesis of sclareol. Our results indicate that P. 
patens has potential as production host for metabolic engi-
neering of structurally diverse diterpenes evolved in modern 
land plants. Boosting the levels of diterpene products may 
be achieved by co-expression of DXS and GGDPS, enzy-
matic steps in the biosynthesis of the acyclic C-20 precur-
sor GGDP, and as found highly successful in the transient 
Nicotiana benthamiana system (Bruckner and Tissier 2013; 
Gnanasekaran et al. 2015).

Retrotransposon region as potential integration 
sites

Exploiting highly repetitive retrotransposon loci as potential 
integration sites for metabolic engineering was reported in 
S. cerevisiae (Cho et al. 1999; Fang et al. 2011; Juretzek 
et al. 2001; Ohgiya et al. 1997). We report targeting of sim-
ple constructs to a retrotransposon region in P. patens. The 
reporter gene EYFP was targeted to loci of PpatensLTR2 or 
the neutral locus Pp108. While reporter activity was stable 
across lines targeting the neutral locus, substantial varia-
tion in fluorescence signal was observed in lines targeting 
the retrotransposon loci. We investigated whether differ-
ence in gene dosage could contribute to the observed vari-
ation. Even though presence of a concatemer was detected, 
the gene dosage did not correlate with the difference in 
fluorescence. Alternatively, it is tempting to speculate that 
positional effects, caused by the integration of transgenes 

into differentially expressed regions of the genome, may 
influence the expression level. These positional effects may 
include epigenetic regulation of gene expression at the ret-
rotransposon loci as well as modulation of gene expression 
by sequences acting as cryptic promoters and/or terminators 
at those loci (Lisch and Bennetzen 2011; Lisch and Slotkin 
2011).

Retrotransposon regions were not successful 
for generating stable production lines

Our attempts to target two diterpene modules to Ppat-
ensLTR2 loci were not successful. 244 and 76 kanamycin 
resistant transformants for M2 and M3 were genotyped. We 
found for M2 that the fragments were not properly assem-
bled in 14 lines, i.e., we detected the junction between class 
I diterpene synthase of the M2 module and OPO-fragment 
but not between the GNZ-fragment and the class II diterpene 
synthase of the M2 module, indicating only partial assembly. 
The remaining kanamycin resistant lines were also found 
incomplete as only the selection marker containing fragment 
could be detected. None of the kanamycin resistant M3 lines 
were completely assembled, as shown by genotyping. It is 
possible that this incomplete assembly is due to the markedly 
increased size of the diterpene modules (approx. 4800 bp) 
compared to EYFP (717 bp). Considering the divergence 
in the recombination sites across the copies scattered over 
the genome, i.e., the 5′ end of the GAG  and 3′ end of the 
POL region with our cloned single representative region of 
PpatensLTR2 (Fig. S4 and S5), the larger diterpene mod-
ules may reduce integration and homologous recombina-
tion efficiency. This observation, combined with the strong 
variation in reporter activity from those loci successfully 
targeted, indicate that the potential these new integration 
sites may offer should be carefully weighed against features 
of the limited number of neutral sites.

Conclusion

We have shown here that diterpene biosynthetic pathways 
involving novel combinations of class II and class I diTPSs 
can be successfully engineered at the Pp108 locus in P. pat-
ens. We built a modular strategy where the flanking regions 
required for homologous recombination with the linear frag-
ments of promoter and terminator fragments were fused to 
target genes. This allowed convenient shuffling of the target 
genes, while keeping the design of the promoter and termi-
nator fragments unaltered.

Detection of concatemers indicates that genome editing, 
even at the neutral Pp108 locus, is more complicated than 
expected. Exploring redundant retrotransposon regions of 
PpatensLTR2 as integration sites with a reporter construct 
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was successful, but installation of the bigger diterpene 
modules remained a challenge. We found that one of the 
PpatensLTR2/EYFP lines had higher expression of EYFP 
compared to that of lines for Pp108/EYFP, possibly due to 
positional effect. Exploiting this for metabolic engineering 
in generation of non-neutral loci carrying diterpene modules 
will require adjustments of the experimental strategy due 
to the decreased efficiency in multi-piece in vivo assembly.
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