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Abstract Pale green lethal (PGL) is a recessive genetic dis-
order of apple (Malus) characterized by severe chlorophyll
deficiency and seedling lethality. Following germination,
seedlings cannot photosynthesize and do not survive beyond
the cotyledon stage. PGL carriers are prevalent in cultivated
apple (Malus x domestica Borkh.) germplasm, and a cross
between two heterozygotes results in 25 % lethality. This high
mortality rate represents a significant loss of time, resources,
and effort. It also causes segregation distortion which compli-
cates genetic analysis of linked traits. We mapped PGL to the
top of Linkage Group 16. Using a combination of genetic and
biochemical methods, we identified the apple ortholog of
PHYLLO (MdPHYLLO) as the gene responsible for PGL dis-
order. PHYLLO encodes a multifunctional enzyme that cata-
lyzes key steps in the biosynthesis of phylloquinone (vitamin
Ky). PGL seedlings do not produce phylloquinone yet can be
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kept alive and healthy through exogenous application of
phylloquinone. The PGL allele of MdPHYLLO contains a
mutation that alters a highly conserved amino acid in one of
the protein’s enzymatic modules. This mutation is present in
all PGL carriers tested and absent from all non-carriers.
Reasons why the PGL allele of MdPHYLLO is so widespread
in cultivated apple are discussed.
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Introduction

Cultivated apple (Malus x domestica Borkh.) is an economi-
cally important fruit crop grown throughout temperate re-
gions. Apple germplasm is genetically and phenotypically di-
verse, owing in part to multiple Malus species contributing to
the cultivated apple and obligate outcrossing due to self-
incompatibility (Velasco et al. 2010; Wu et al. 2013;
Cornille et al. 2014). Diversity within cultivated apple is a
great benefit to breeders, and older cultivars are used exten-
sively to develop new, superior apple varieties (Brown 2012).
One of the challenges in apple breeding is a recessive disorder
called pale green lethal (PGL), characterized by a severe chlo-
rophyll deficiency in which plants are unable to photosynthe-
size (Alston 1976; Way et al. 1976). Seedlings with PGL are
readily identified in progeny due to their light green cotyle-
dons and leaves, of which only one or two develop (Fig. 1).
Two weeks after germination, the true leaves turn necrotic
followed by the cotyledons, and seedlings die within a month.

PGL is at a single locus, and plants homozygous (/) for the
recessive allele “/” develop PGL symptoms (Klein et al. 1961;
Way et al. 1976). When two PGL carriers are crossed, 25 % of
the progenies die soon after germination. The high mortality
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Fig. 1 Wild-type and pale green lethal seedlings. Three-week-old
seedlings. Top—WT; bottom—PGL

rate of PGL represents a substantial loss of time and resources
for breeders. PGL also creates segregation distortion which
confounds genetic mapping and interpretation of the inheri-
tance of linked economically important traits. PGL carriers
are prevalent in apple germplasm and include many cultivars
used frequently for breeding such as ‘Golden Delicious,” ‘Fuji,’
and ‘Jonathan.” This makes PGL more likely to arise in breed-
ing populations.

PGL was first described by Crane and Lawrence (1930,
1933) who successfully selfed the apple variety ‘Reverend
W. Wilks.” In that progeny population, albino seedlings seg-
regated in a roughly 3:1 green to albino ratio. Klein et al.
(1961) expanded the known number of confirmed PGL car-
riers using large progeny populations, demonstrating that PGL
was a recessive disorder at a single locus. Test crosses to
known PGL carriers have expanded our knowledge of varie-
ties containing the PGL allele (Brown 1958; Yoshida et al.
1964; Alston 1976; Way et al. 1976; Piestrzeniewicz et al.
2006). Only two studies attempted to characterize the PGL
locus on a molecular level. Manganaris and Alston (1988)
reported that isozymes of acid phosphatase (ACP-1) and en-
dopeptidase (ENP-1) were linked to the PGL locus, but they
were unable to assign the isozymes to a linkage group.
Hatsuyama et al. (2006) reported that an allele of SSR marker
CHO05c06 co-segregated with PGL. The CH05c06 SSR was
mapped to the top of apple Linkage Group (LG) 16 in several
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independent populations (Celton et al. 2009; Fernandez-
Fernandez et al. 2008; Patocchi et al. 2009). Genes controlling
three major economically important traits: fruit acidity
(malic acid), phenolic content/diversity, and bitter pit resis-
tance (a calcium-related postharvest disorder) also reside in
this region of LG 16 (Bai et al. 2012; Khan et al. 2012;
Buti et al. 2015).

Phylloquinone (PhQ), 2-methyl-3-phytyl-1,4-
naphthoquinone, also called vitamin K, is a molecule essen-
tial for the proper functioning of animals and plants (van
Oostende et al. 2011). Vitamin K in animals is used to modify
calcium-binding proteins that are required for bone metabo-
lism and blood coagulation (Dolnikowski et al. 2002; Grober
et al. 2014). The vast majority of PhQ in plants is in photo-
synthetic tissues such that animals obtain their vitamin K;
primarily through consuming green plant parts (Card et al.
2014). The primary purpose of PhQ in cyanobacteria, green
algae, and plants is to serve as a cofactor for the electron
transport chain through photosystem I (PSI) (Schottler et al.
2011). Arabidopsis mutants defective in PhQ biosynthesis
have a severe reduction in PSI activity and chlorophyll content
(Shimada et al. 2005; Gross et al. 2006; Kim et al. 2008).
Mutant seedlings are pale green, are unable to survive photo-
autotrophically, and die soon after germination.

Although the biosynthesis of PhQ is divided between the
chloroplast and the peroxisome, virtually, all PhQ is located in
the chloroplast where the final three steps take place
(Lohmann et al. 2006; van Oostende et al. 2011; Reumann
2013). Ten enzymatic steps are required to make PhQ from
the initial chorismate precursor molecules (van Oostende et al.
2011; Fatihi et al. 2015). Four steps are catalyzed by a large,
multifunctional, and multimodule enzyme called PHYLLO
(Gross et al. 2006). In plants and green algae, the PHYLLO
enzyme comprises four modules that correspond to the first
four reactions in the PhQ pathway (van Oostende et al. 2011).
However, PHYLLO only performs three steps in plants be-
cause the menF module is nonfunctional and the reaction
menF normally catalyzes is performed by a separate enzyme,
isochorismate synthase (Gross et al. 2006; van Oostende et al.
2011). The four modules of PHYLLO are derived from four
separate eubacterial genes: menF, menD, menC, and menH,
which are part of an operon for the synthesis of menaquinone,
a related molecule (Fig. 2a). Through evolution, these four
genes (modules) became fused into a single nuclear-encoded
gene, and the order of modules has been maintained in green
algae and plants. Mutations that disrupt the PHYLLO function
cause a complete loss of PhQ production in Arabidopsis, in-
dicating that this enzyme is essential for photosynthesis
(Shimada et al. 2005; Gross et al. 2006).

We identified a mutation in the apple ortholog of PHYLLO
(MdPHYLLO) that we propose is responsible for PGL disor-
der. This mutation causes an amino acid substitution that like-
ly renders the active site of the menH module of MAPHYLLO
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Fig. 2 Overview of a

menD menC menH

MdAPHYLLO structure and I
processing. a Intron—exon
diagram of the MAPHYLLO gene
showing the location of the four
men__ modules that comprise the
PHYLLO gene. The
MdAPHYLLO gene has 28 exons
(black boxes). A point mutation at
base 4505 (relative to the start
codon) in exon 25 has been
identified as the cause of PGL. b
Alternative splicing between
exons 7-8 and 8-9 results in three

transcript variants which generate Truncated
truncated proteins. Intronic 1
sequence present in the processed

transcript is bold underlined 2

Transcript Variant
Full length (MdPHYLLO)

| |

CDS base 4505
WT > PGL

T>C
Leu > Pro

-CACGACGCTGAAAGA...CTAGCAACATGTTGGATCATG--

--CACGACGCTGGTATCCCCCCTGTCCTGAAAGA...CTAGCAACATGTTGGATCATG--

--CACGACGCTGAAAGA...CTAGCAACATGGATTTGTGTCTTTTTCTACTATCAGTTGGATCATG--

3

--CACGACGCTGGTATCCCCCCTGTCCTGAAAGA...CTAGCAACATGGATTTGTGTCTTTTTCTACTATCAGTTGGATCATG--

inactive. The mutant MdPHYLLO allele co-segregates with
PGL in our mapping population and is present in all confirmed
PGL carriers and absent from all non-carriers tested. PhQ
accumulates in wild-type (WT) apple seedlings but cannot
be detected in PGL seedlings. Application of a PhQ solution
rescues the PGL phenotype and permits normal seedling
growth. These data demonstrate the essential function of
MdAPHYLLO for apple seedling growth and development.
We also discuss reasons why the PGL allele is prevalent in
apple germplasm, its linkage to genes controlling important
traits, and whether the mutation may impart some benefit to
PGL carriers.

Results
The PGL phenotype

Upon germination, PGL seedlings are indistinguishable from
WT but then fail to turn dark green (Fig. 1). There was a
significant difference in fresh weight chlorophyll concentra-
tion between WT (M=1.18 mg g ', SD=0.17) and PGL (M=
0.71 mg g !, SD=0.08) cotyledons; #(8)=6.45, p=2E . This
represents a 40 % decrease in chlorophyll concentration in
PGL seedlings compared with WT. By 2 weeks, WT seedlings
have several fully developed true leaves while PGL seedlings
have one to two stunted leaves that also lack chlorophyll.
These true leaves then begin to turn necrotic, followed by
the cotyledons, and seedlings die within a month.

Mapping the PGL locus

A PGL mapping population was generated by crossing two
advanced breeding selections that were confirmed PGL

carriers. A total of 157 progenies (92 WT and 65 PGL) were
used for mapping, and the seedlings were scored as either
PGL or WT after 3 weeks in the greenhouse.

Molecular markers for mapping were chosen based on their
proximity to SSR CH05c06, which Hatsuyama et al. (2006)
found to co-segregate with PGL. Four markers
(Supplementary material; Table S1), all mapping to the top
of LG 16, were obtained from the HIDRAS database
(Gianfranceschi and Soglio 2004), as well as a cleaved ampli-
fied polymorphic sequence (CAPS) marker in the Mal gene,
which is linked to CH05¢06 (Bai et al. 2012). JoinMap v4.1
(Plant Research International, Wageningen, Netherlands) was
used to resolve the progeny genotypic data into a single link-
age group. Based on the genetic map, the PGL locus is located
in a 1.7-cM interval between markers Mal and CH05c06 at
the top of LG 16 (Fig. 3a). This interval is estimated to be
700 kb according to the ‘Golden Delicious’ apple genome
assembly v1.0.

Identifying PHYLLO as a candidate gene

To identify PGL candidate genes, predicted transcripts located
between Mal and CHO5c06 were extracted from the Genome
Database for Rosaceae (GDR). A total of 144 transcripts be-
tween the two markers were predicted from the apple genome
v1.0. Transcript annotations were assessed for possible func-
tions related to photosynthesis or plastids. Transcript function
was also analyzed through queries to the NCBI Arabidopsis
nucleotide collection using the tBLASTx algorithm.

The annotations and BLAST searches revealed three can-
didate genes with plastid- or photosynthesis-related functions:
chloroplast unusual positioning 1 (CHUP1), heat shock pro-
tein 90.5 (HSP90.5), and PHYLLO. CHUP1, which controls
the distribution of chloroplasts in the cell, has two paralogs in
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Fig. 3 Linkage maps of the pale green lethal locus. a The PGL locus is
located at the top of Linkage Group 16 between markers Mal and
CHO05c06. b The MAPHYLLO gene co-segregates with the PGL

phenotype

apple (LG 13; MDP0000314476 and LG 16;
MDP0000320356), making it less likely to be the cause of a
recessive disorder. HSP90.5 (MDP0000259301), which facil-
itates the entry of proteins into the plastid, is present in only
one copy in apple. HSP90.5 complementary DNAs (cDNAs)
were sequenced from PGL and WT haplotypes, translated,
and aligned. No critical mutations were found after the trans-
lations, and any base substitutions were silent or resulted in a
compatible amino acid. Thus, HSP90.5 was disregarded as a
PGL candidate gene.

The MdPHYLLO (MDP0000194211) gene is present in a
single copy, although the genome also contains a processed
pseudogene (unanchored) and an unprocessed pseudogene
(LG 13). The ‘Golden Delicious’ v1.0 genome assembly con-
tains two alleles of the MdPHYLLO gene, which is not sur-
prising since it is a PGL carrier. One allele contains a 3225-bp
transposable element (TE) insertion at intron 20 that has
100 % identity to apple ‘RTE-1 Mad,” based on analysis with
CENSOR transposon detection software (Genetic Information
Research Institute, Mountain View, CA). RTE-1 Mad is anon-
LTR retrotransposon prevalent in apple, with at least 900 cop-
ies in the ‘Golden Delicious’ genome. The full-length RTE-1
Mad is 8.3 kb, indicating that this insertion in the MdPHYLLO
gene is only a fragment of the entire retrotransposon.

Mapping MdPHYLLO

Both parents of the PGL mapping population are heterozy-
gous for the TE-containing MdPHYLLO allele; therefore, the
presence/absence of the TE in MdPHYLLO was used to map
the gene. The MdPHYLLO genotypic data was combined with
the initial PGL genotyping data to generate a new linkage map
(Fig. 3b). MdAPHYLLO co-segregates with PGL such that all
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PGL progenies are homozygous for the TE-containing allele.
This led us to believe that the TE might be causing PGL by
inducing some form of transcriptional gene silencing. To de-
termine this, a number of confirmed PGL carrier and non-
carrier varieties were tested for the presence of the TE. The
TE-containing MdPHYLLO allele was amplified from both
carriers and non-carriers, indicating that the TE insertion is
not the cause of PGL.

Structure and processing of MAPHYLLO

To better characterize MdPHYLLO, the full-length gene and
cDNA were cloned and sequenced from one mapping parent.
The putative start and stop positions of MdPHYLLO were based
on PHYLLO (PCP023290.1) in the pear (Pyrus communis L.)
genome since this assembly is of higher quality than apple
(Chagné et al. 2014). The MdPHYLLO coding sequence is
5079 bp and encodes a protein of 1692 amino acids. The
MdAPHYLLO gene spans 8947 and 12,338 bp in the WT and
PGL alleles, respectively. Like Arabidopsis PHYLLO
(AT1G68890), MdPHYLLO contains 28 exons, with the posi-
tions conserved between the two species.

The Arabidopsis PHYLLO gene is alternatively spliced to
generate three transcripts, two of which generate truncated pro-
teins due to premature stop codons (Gross et al. 2006). The
alternative splicing occurs between exons 7 and 8, which cor-
responds to the region between the menF and menD modules of
PHYLLO. We sequenced this region from 21 MdPHYLLO
cDNA clones to determine if alternative splicing also occurs
in apple. Nine of the clones produced the expected transcript,
while 12 cDNAs showed alternative splicing. Alternative splic-
ing occurred between exons 7 and 8§ as well as exons 8 and 9 to
generate three different transcript variants (Fig. 2b). The first
transcript variant between exons 7 and 8 contains the intron
sequence “GTATCCCCCCTGTCCTG” while the second var-
iant between exons 8 and 9 contains the intron sequence
“GATTTGTGTCTTTTTCTACTATCAG.” Both of these in-
tron sequences are present in the third variant. When translated,
all three variants produce non-functional proteins because pre-
mature stop codons occur well before the menD module.

Identification of a critical mutation in MdPHYLLO

Twenty amino acid substitutions were present between the
translated cDNAs of WT and PGL MdPHYLLO alleles. WT
and PGL proteins were used as queries to the NCBI
viridiplantae protein and nucleotide collections using the
BLASTYp and tBLASTn algorithms, respectively. For the ma-
jority of substitutions, the residues in the WT MdPHYLLO
protein are not conserved across diverse plant families, indi-
cating that they are likely not critical for the function of
PHYLLO. However, in the WT protein, leucine at position
1502 (L1502) is highly conserved. Leucine was found at the
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equivalent position in 18 flowering plant families (basal an-
giosperms, monocots, and dicots), as well as lycophytes, bryo-
phytes, chlorophytes, and over a dozen species of
cyanobacteria (Fig. 4; Supplementary material, Table S2).
One exception was in the Cucurbitaceae, where the equiva-
lent position is a methionine. In the PGL MdPHYLLO pro-
tein, proline has been substituted for the leucine (L1502P).

The L1502P substitution occurs within the menH module of
the MdPHYLLO gene. Therefore, we wanted to get a better
understanding of the possible function of the leucine residue
and how the substitution of proline might affect the enzyme. In
bacteria and plants, the menH enzyme (module) catalyzes the
third reaction in the biosynthesis of PhQ: conversion of 2-suc-
cinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylic
acid (SEPHCHC) to (1R,6R)-2-succinyl-6-hydroxy-2,4-
cyclohexadiene-1-carboxylic acid (SHCHC) (Jiang et al.
2008). High-resolution crystal structures of menH have been
elucidated from Staphylococcus aureus and Escherichia coli
(Dawson et al. 2011; Johnston et al. 2013). At the equivalent
position of L1502, S. aureus has a leucine (L96) while E. coli
has a methionine (M93). These residues are located in the mid-
dle of the third « helix and are seven residues upstream from
the critical serine that forms the catalytic triad (Sun et al. 2014).

Proline is rarely found in the center of o helices because its
cyclic structure prevents the hydrogen bonding necessary for
helix formation (Woolfson and Williams 1990; Kim, and
Kang 1999; Moore et al. 2003; Morgan and Rubenstein
2013). The lack of hydrogen bonding creates a kink which
breaks the helical structure. We propose that the introduction
of a proline into the middle of an « helix, so close to a critical
active site residue, renders the menH module of the PGL
MdAPHYLLO protein non-functional. A non-functional
menH module blocks downstream reactions in the PhQ path-
way, preventing the biosynthesis of PhQ, making the L1502P
MdAPHYLLO allele a null.

L1502P substitution in apple germplasm

Based on our prediction that the L1502P substitution is the
genetic basis of PGL, we wanted to determine the prevalence

of the substitution within apple germplasm. We genotyped a
number of varieties and selections that were previously con-
firmed as PGL carriers or non-carriers using test crosses or
phenotyping of progeny (Brown, unpublished; Yoshida et al.
1964; Alston 1976; Way et al. 1976; Piestrzeniewicz et al.
2006). The L1502P substitution is caused by a transition at
base 4505 (from start) from T to C in the MdPHYLLO coding
sequence, which converts CTG (Leu) to CCG (Pro)
(Supplementary material; Fig. S1). The SNP generates a re-
striction enzyme polymorphism whereby a BsrGI cut site
(TGTACA) in the WT allele is lost in the PGL allele
(CGTACA). A CAPS marker, CAPS,s0s, was designed to
genotype apple germplasm for the presence of the
substitution.

A total of 70 accessions (37 PGL carriers and 33 non-
carriers) were genotyped for the L1502P substitution. All 37
PGL carrier accessions were heterozygous for the “Leu” and
“Pro” alleles of MdPHYLLO, and all 33 non-carriers were
homozygous for the Leu allele (Supplementary material;
Table S3). Although the restriction polymorphism does not
distinguish which base (A, C, G) is present in the PGL allele,
all of them will abolish the BsrGI restriction site and convert
leucine to proline. The presence of a proline-coding
MdAPHYLLO allele in all PGL carriers tested, and its absence
from any non-carriers, is further evidence that the L1502P
substitution is the genetic basis of PGL.

PhQ content in PGL and WT seedlings

PhQ content in WT and PGL seedlings was determined using
gas chromatography—mass spectroscopy (GC-MS) (Fig. 5). A
substantial peak of PhQ was detected in the WT cotyledon
samples. WT cotyledons had a PhQ concentration of 3.5 pg/
g fresh weight tissue (average of three biological replicates), a
concentration in agreement with the range of PhQ content for
other green leafy tissues (Booth et al. 1993; Damon et al.
2005). The amount of PhQ present in the PGL cotyledons
was below the level of quantification, further supporting our
view that MAPHYLLO is non-functional in PGL seedlings
and that a lack of PhQ is the cause of PGL.

S T

Malus (Rosaceae)
Arabidopsis (Brassicaceae)
Zea (Poaceae)
Amborella (Amborellaceae)
Selaginella (Lycophytes)
Physcomitrella (Bryophytes)

Auxenochlorella (Chlorophytes)
Synechococcus (Cyanobacteria)

Fig. 4 The menH protein (module). The sequence conservation of the
third alpha-helix (bracketed) of menH is evident in a diverse set of
photosynthetic organisms. The leucine indicated by the arrow is

-KVTIVGYSMGARIALYMALRCTDKVNGAVVISGSPGLK-
-KVTIVGYSMGARIALYMALRFSNKIEGAVVVSGSPGLK-
-EVVVVGYSMGARIALHMALNQDHKIRGAVTISGSPGLR-
-~RVVLVGYSMGARIALYMALQCGEKIAGAVIISGSPGIK-
-EIVLAGYSMGARIALYMALHKHQKIRAAVIVSGSPGLR-
-HAVSIGYSMGARIALHLSLYHSNKVSGVVSISGSPGLE-
-PVTLVGYSLGARLALTLALRHPGACSRLVLVSGSPGLE -
—KTHLLGYiMGGRLALYFACEFSDHV’EKVVLESTSPGLK—

changed to a proline in the PGL allele of MAPHYLLO. The asterisk
indicates the highly conserved serine that is part of catalytic triad of
the menH protein
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Fig. 5 Gas chromatography—mass spectroscopy chromatograms

illustrating deficiency of phylloquinone in pale green lethal mutant
cotyledons. a Mixture of standards: d9-a-TOH deuterium-labeled alpha-

PhQ rescue of PGL seedlings

A 2 % (v/v) PhQ solution was applied to PGL seedlings to
determine if it could rescue the PGL phenotype. The solution
was applied with a cotton swab to the leaves and cotyledons of
PGL seedlings from three different cross combinations. A
control set of non-treated PGL seedlings as well as treated
and non-treated WT seedlings were also analyzed. The solu-
tion was applied every day for the first 3 weeks of growth,
then every other day afterwards. The non-treated PGL seed-
lings died within a month, while the treated PGL seedlings
turned green and developed true leaves. PhQ-treated PGL
seedlings continued to recover, and by 2 months’ time, they
resembled WT seedlings (Fig. 6a). The only difference was
that treated PGL seedlings were slightly smaller than the WT
seedlings, and in a few seedlings, the apical meristem died
back and the lateral meristems produced multiple branches.
Treated and non-treated WT seedlings had normal growth
indicating no detrimental effects of PhQ application. These
results further confirm that a lack of PhQ is the cause of PGL.

Newly expanding leaves from 3-month-old PhQ-treated
PGL and untreated WT seedlings were measured for chloro-
phyll content. There was a significant difference in fresh
weight chlorophyll concentration between WT (M=
0.74 mg g ', SD=0.18) and treated PGL (M=1.34 mg g ',
SD=0.46) seedlings; #28)=—5.81, p=3.02E°. This repre-
sents an 80 % increase in chlorophyll content following PhQ
treatment. A 2 % solution of PhQ did not register any absor-
bance, indicating that the higher values in treated PGL seed-
lings did not come from PhQ residue.

After 4 months in the growth chamber, the PhQ application
was concluded and treated PGL seedlings were transferred to
nursery beds. Seedlings continued to put out new growth, but
the expanding leaves became chlorotic then necrotic and were
often stunted (Fig. 6b). Leaves that had been supplied with
PhQ remained green. After a month, chlorophyll content was
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Minutes
tocopherol (trimethylsilyl derivative, m/z 511.4), d4-PQ deuterium-

labeled phylloquinone (m/z 454.4), d0-PQ unlabeled phylloquinone (m/
z450.4). b Extract of WT cotyledons. ¢ Extract of PGL mutant cotyledons

measured from expanding leaves (M=0.80 mg g ', SD=0.22)
as well as mature, chlorotic leaves (M=0.37 mg g ', SD=
0.08). After PhQ application ended, chlorophyll content de-
clined sharply in expanding leaves and was not significantly
different from WT levels; #(23)=-0.73, p=0.23. Chlorophyll
content of chlorotic, mature leaves was at levels significantly
lower than even the PGL cotyledons; #16)=-7.09, p=
1.29E°°. Together, these data demonstrate that the increase
in chlorophyll content in PhQ-treated PGL seedlings was tem-
porary and dependent on continued PhQ application.

PGL is linked to economically important traits

One reason for the prevalence of deleterious alleles in culti-
vated crops is their linkage to economically important traits, a
phenomenon called linkage drag (Labate and Robertson
2012). Our mapping of the PGL locus to the top of LG 16
allowed us to determine if any economically important traits
are linked to the PGL locus. We found that Mal, a major
determinant of fruit acidity in apple (Bai et al. 2012), is located
only 1.6 cM from the PGL locus (Fig. 3a). This areca of LG 16
is also a QTL hotspot for phenolic content and diversity (Khan
et al. 2012). Finally, a major QTL conferring bitter pit resis-
tance is located in an interval surrounding SSR CHO05c06
(Buti et al. 2015).

We investigated a possible relationship between the bitter
pit resistance QTL and the PGL locus using progeny from a
cross between ‘Cameo’ and ‘Jonathan,” which are both PGL
carriers. Buti et al. (2015) reported that ‘Cameo’ is not sus-
ceptible and demonstrated that the CH05c06 101 bp allele
(104 bp in the GDR) segregates with bitter pit resistance.
This is the same allele of CH05c06 that segregates with
PGL in our mapping population. We genotyped 14 PGL prog-
enies from the ‘Cameo’ by ‘Jonathan’ cross and found that all
the seedlings were homozygous for the 101 bp allele and for
the “Pro” PGL allele of MdPHYLLO. These data indicate that
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Fig. 6 Phylloquinone feeding experiment. a Comparison of seedlings
from PhQ feeding experiment. /—WT seedling without PhQ
application, 2—PGL seedling with PhQ application, 3—PGL seedling
without PhQ application. b PGL seedling 1 month after feeding
experiment stopped. The blue bar indicates the growth point at which
the seedling was no longer supplied PhQ. Leaves that were supplied PhQ
remain green weeks after treatment, while new growth becomes stunted
and chlorotic and dies

the QTL for bitter pit resistance is in cis with the PGL allele of
MdPHYLLO.

Discussion
Absence of PhQ is responsible for PGL

Pale green lethal (PGL) is an important recessive genetic dis-
order of apple (Malus). PGL seedlings are distinguished by
their reduced chlorophyll content and inability to photosyn-
thesize. Using a variety of genetic and biochemical methods,
we determined that the cause of PGL is a deficiency of PhQ.
PhQ is a plastid-localized molecule essential for photosynthe-
sis in plants (Furt et al. 2010). PGL seedlings have PhQ con-
tent below the level of quantification by GC-MS. However,
PGL seedlings supplemented with a PhQ solution recover
from this disorder. The cotyledons and leaves of PhQ-treated
seedlings become green, and the plants can photosynthesize
and grow indefinitely, demonstrating the essential role of this
molecule for plant growth.

A significant reduction in chlorophyll content is associated
with PhQ mutants in Arabidopsis (Shimada et al. 2005; Gross
etal. 2006; Kim et al. 2008), as well as the PGL phenotype of
apple. The connection between chlorophyll and PhQ is not
direct but appears to be based on the abundance of PSI. The
Arabidopsis PhQ-deficient mutants, menAd, menE, and
PHYLLO, have reduced chlorophyll content and severely
compromised PSI activity (Shimada et al. 2005; Gross et al.
2006; Kim et al. 2008). Alternatively, the Arabidopsis hcf145

photosynthesis mutant also lacks chlorophyll and PSI activity
but retains normal amounts of PhQ (Lezhneva and Meurer
2004). These data indicate that it is the deficiency of PSI
activity and not PhQ that reduces chlorophyll content.
Interestingly, application of PhQ to PGL seedlings increased
the concentration of chlorophyll relative to untreated WT
seedlings, suggesting that PhQQ may stimulate production of
chlorophyll. This might occur through reestablishment of PSI
activity, or the shuttling of precursors or enzymes, such as
geranylgeranyl diphosphate reductase, away from PhQ pro-
duction and into the chlorophyll pathway (Schomburg and
Schomburg 2013).

A mutation in MAPHYLLO prevents PhQ biosynthesis

Due to the severe loss of chlorophyll production and inability
to photosynthesize, it is probable that the mutation causing
PGL is in a gene required for photosynthetic or plastid func-
tions. We have mapped PGL to a 1.7-cM interval at the top of
LG 16. Within this interval, we identified the apple ortholog of
PHYLLO which we have named MdPHYLLO. In higher
plants, PHYLLO is essential for PhQ biosynthesis, as it cata-
lyzes three steps in the pathway.

In our PGL mapping population, all PGL seedlings were
homozygous for the TE-containing allele of MdPHYLLO,
meaning that the gene co-segregates with the PGL phenotype.
Analysis of WT and PGL MdPHYLLO cDNAs revealed a
transition that causes an amino acid substitution within the
menH module of the enzyme. The substitution, which occurs
in an « helix near the active site, converts a leucine to a proline
(L1502P). This leucine residue is conserved in a broad range
of photosynthetic organisms from higher plants to
cyanobacteria (Supplementary material; Table S2). We hy-
pothesize that the substitution of proline prevents the forma-
tion of the o helix, thereby making the menH module of
MdPHYLLO non-functional. The null MdPHYLLO blocks
downstream steps to prevent the accumulation of PhQ in
PGL seedlings.

We developed a CAPS marker to easily screen germplasm
for the presence of the L1502P substitution. Seventy acces-
sions that are confirmed as either PGL carriers or non-carriers
were tested, and in all cases, the PGL carriers were heterozy-
gous for the mutation (genotype Leu/Pro) while the non-
carriers were homozygous (genotype Leu/Leu). These find-
ings support our conclusion that the transition that converts
leucine to proline is the mutation responsible for PGL
disorder.

PHYLLO structure and processing are conserved
The structure and processing of the PHYLLO gene are con-

served between Arabidopsis and Malus, with both genes con-
taining 28 exons, and the exon—intron boundaries preserved.
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The genes encode proteins of similar size: 1716 amino acids in
Arabidopsis and 1692 amino acids in apple. Interestingly, both
PHYLLO genes are alternatively spliced between exons 7 and
8, implying that this process serves an important function in
these species and perhaps all higher plants. Gross et al. (2006)
speculated that alternative splicing might regulate the amount
of isochorismate precursor that flows into the PhQ and
salicylic acid (SA) pathways. The alternative transcripts pro-
duce truncated, non-functional PHYLLO proteins, which
would prevent the use of isochorismate for PhQ production,
and shunt it into the SA pathway. Thereby, the plant could
control the flow of isochorismate into the two pathways by
controlling the ratio of functional and non-functional
PHYLLO transcripts. However, this does seem a circuitous
way to conserve isochorismate when the plant could simply
control the transcription of PHYLLO.

PGL in relation to apple breeding and research

PGL is an impediment to apple breeding due to its high mor-
tality, prevalence in the germplasm, and ability to confound
mapping studies. By identifying the genetic basis of PGL, we
provide apple breeders and researchers with a powerful tool.
Using the CAPS 4505 marker that we have developed, breeders
can now screen their breeding material for the presence of
PGL carriers. PGL carriers can be avoided if necessary, or
additional progeny can be planted if it is known that PGL will
be segregating in a cross.

The PGL mutation is interesting from an evolutionary
standpoint and may lend insight into the history and spread
of the cultivated apple (Malus x domestica Borkh.). As all of
the PGL carriers tested contain the same mutation in the
MdAPHYLLO gene, it is likely that the mutant allele arose only
once. This means that all of the PGL carriers are related
through pedigree, and the mutation may be used to infer rela-
tionships when a pedigree is in doubt. Two accessions of
Malus prunifolia (Willd.) Borkh., a species closely related to
cultivated apple, were found to be PGL carriers
(Supplementary material; Table S3). This means that either
the PGL mutation arose before the divergence of these species
or there has been interspecific gene flow. The PGL mutation is
at least several hundred years old because ‘Calville Blanc’
which dates to the 1500s is a carrier. The mutation has also
spread extensively, as many European and North American
varieties are PGL carriers.

Domesticated species often experience a genetic bottleneck
when they are introduced to a new area (Bai and Lindhout
2007). Alston (1976) reported that the frequency of PGL car-
riers is much higher in North American-derived varieties than
European varieties. One explanation is that a genetic bottle-
neck occurred during the introduction of cultivated apple to
North America, whereby one or more of the founders was a
PGL carrier.

@ Springer

Prevalence of PGL in Malus germplasm

PGL is a problem for apple breeders due to the prevalence of
PGL carriers in the germplasm. Brown (1958) calculated that
at least 35 % of accessions in their collections were PGL
carriers. Furthermore, the occurrence of PGL in breeding pop-
ulations is exacerbated by extensive use of PGL carriers like
‘Golden Delicious,” ‘Jonathan,” and ‘Fuji’ as parents.

One possibility for the abundance of PGL carriers is that
the PGL locus is linked to alleles of economically important
genes. During the breeding process, these desirable alleles will
be selected for, and if the PGL allele is tightly linked to them,
it will be inadvertently selected, a process known as “linkage
drag” (Labate and Robertson 2012). At least three economi-
cally important loci for fruit acidity, phenolic content/diversi-
ty, and bitter pit resistance are tightly linked to PGL (Bai et al.
2012; Khan et al. 2012; Buti et al. 2015).

Another explanation may be that in the heterozygote form,
the PGL allele actually provides some benefit to the tree, a
phenomenon called “heterozygote advantage” (Hedrick
2012). Isochorismate is the metabolic precursor molecule in
the PhQ pathway, but SA, a plant hormone vitally important
to plant defense, also requires isochorismate for its biosynthesis
(Gross et al. 2006; Vlot et al. 2009). It is possible that in PGL
carrier trees, the null allele of MdPHYLLO allows more
isochorismate to flow into the SA pathway, thus heightening
plant defense and providing an advantage for the tree. Krishna
et al. (2012) reported that preharvest and postharvest
applications of SA significantly reduce the incidence of many
postharvest storage disorders. Wang and Li (2006) demonstrat-
ed that exogenous application of SA helped grape plants main-
tain calcium homeostasis under cold stress conditions. Bitter pit
arises from long periods of cold storage and appears to be a
calcium-related disorder (Volz et al. 2006). If PGL carriers pro-
duce more SA, they may be better suited to maintain calcium
homeostasis and thus reduce the incidence of bitter pit. Given
that they are both in cis, it is possible that the bitter pit resistance
QTL reported by Buti et al. (2015) is due to the null
MdAPHYLLO allele and its effect on the SA pathway.

Conclusion

The seedling mortality and segregation distortion caused by
pale green lethal (PGL) make it important in apple breeding.
Our findings demonstrate that a mutation in MdPHYLLO, the
apple ortholog of PHYLLO, is the genetic basis of PGL. The
mutation alters a highly conserved amino acid which prevents
the biosynthesis of PhQ, a molecule essential for photosyn-
thesis. PGL seedlings do not contain detectable levels of PhQ
but can be kept alive through exogenous application of PhQ.
We have developed a CAPS marker to easily genotype germ-
plasm for the mutant allele which we mapped to the top of LG
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16. The mutant allele is present in all confirmed PGL carriers
and absent from all non-carriers, indicating that it is a reliable
method for apple breeders to identify PGL carriers in their
breeding material. The marker is an important tool since
PGL carriers are prevalent in apple germplasm.

Experimental procedures
Plant growth and maintenance

Apple (Malus x domestica Borkh.) seeds from the PGL map-
ping population and the ‘Cameo’ by ‘Jonathan’ population
were stratified for 10 weeks at 4 °C before sowing. Seeds were
germinated at room temperature, and in the spring, seedlings
were grown in the greenhouse. Greenhouse conditions were as
follows: 14-h light at 22 °C and 10-h dark at 18 °C, with
ambient humidity. For the PhQ feeding experiment, seedlings
were maintained in a growth chamber. Chamber conditions
were as follows: ambient humidity, 650 umol m s ' light,
21 °C, and a 16/8-h photoperiod. All seedlings were dosed
with 2 tbsp of Osmocote fertilizer (Scotts, Marysville, OH).
Varieties and Malus species used for genotyping were grown
at the USDA’s National Plant Germplasm System, apple col-
lection in Geneva, NY. Advanced selections were grown at the
New York State Agricultural Experiment Station’s research
orchards in Geneva, NY.

Sequence analysis

Transcripts between markers CHO05c06 and Mal were
downloaded from the GDR Whole Genome v1.0 Assembly
(rosaceae.org/species/malus/malus_x_domestica/
genome v1.0). The NCBI BLAST tool was used for homology
searches. Sequence analysis and primer design were performed
with the Lasergene Suite (DNAStar, Madison, WI). All primer
sequences can be found in supplementary material; Table S1.

Linkage analysis and map construction

An F| mapping population of 157 individuals was made by
crossing two advanced selections that are PGL carriers.
Progeny were scored as WT or PGL in the greenhouse and
genotyped with four SSR markers from the HIDRAS database
as well as a CAPS marker (using Haelll) for the Mal gene. An
SV40 promoter primer sequence (https://mcb.berkeley.edu/
barker/dnaseq/free stock primers) was added to the 5’ end
of each SSR primer so they could be labeled during
amplification with a FAM-labeled SV40 promoter primer.
Labeled SSR PCR products were resolved on an ABI
3730x1 DNA Analyzer (Applied Biosystems, Waltham, MA)
and scored with Peak Scanner 2 software (Applied
Biosystems, Waltham, MA). Genotypic data was converted
into JoinMap “CP” (cross pollinator) codes according to

parental genotypes and type of marker. A linkage map of the
PGL locus was created with JoinMap 4.1 software using the
recombination frequency grouping parameter and the maxi-
mum likelihood method.

Chemical analysis of apple tissues

Chlorophyll content was measured according to the protocol
from Evans et al. (2012). Briefly, 50—100 mg of leaf tissue and
250 mg of cotyledon tissue were immersed in 3 and 5 ml of
dimethylformamide (DMF), respectively. Samples were incu-
bated overnight at 4 °C then centrifuged at 17,000¢ for 5 min.
Absorbance was measured on a NanoDrop ND-1000 (Thermo
Fisher, Waltham, MA) at 647 and 664 nm. Fresh weight total
chlorophyll (Chl, and Chl,) concentration was measured
using the following equation: Chlorophyll (mg g '
tissue)=((7.12A¢64118.12A447) * L DMF)/(g tissue*0.1-cm
path length). Two-sample Student’s ¢ tests with unequal vari-
ances were performed on the chlorophyll concentration data.
Significance was accepted at p<0.05, and values are noted in
the text.

To measure PhQ content, cotyledons were excised, flash
frozen in liquid nitrogen, and stored at —80 °C. Lipid extract
from the cotyledons was silylated and analyzed by gas chro-
matography—mass spectroscopy as described by Bardowell
et al. (2012) with some alterations. Gas chromatography tem-
perature conditions were as follows: 150 °C, 2-min hold, 8 °C
per minute to 250 °C, 2-min hold, 25 °C per minute to 280 °C,
21-min hold. The internal standard was deuterated (d4) PhQ
(Buchem BV, Apeldoom, Netherlands), added as an ethanol
solution prior to homogenization. Molecular ions monitored
were m/z 454.4 (d4-PhQ) and m/z 450.4 (unlabeled PhQ).

PhQ feeding

A 2 % (v/v) PhQ solution was applied to cotyledons and leaves
with a cotton swab at the beginning of the dark cycle because
PhQ is light sensitive. PhQ was applied every day for the first
3 weeks then every other day afterward. To make the solution,
1 ml of PhQ (Alfa Aesar, Ward Hill, MA) dissolved in 2 ml
chloroform was added to 47 ml dH,O containing 50 pl
Tween-80. The mixture was shaken vigorously before appli-
cation to keep PhQ in solution.
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