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Abstract

Background: Providing the photosynthesis factory for plants, chloroplasts are critical for crop biomass and
economic yield. However, chloroplast development is a complicated process, coordinated by the cross-
communication between the nucleus and plastids, and the underlying biogenesis mechanism has not been fully
revealed. Variegation mutants have provided ideal models to identify genes or factors involved in chloroplast
development. Well-developed chloroplasts are present in the green tissue areas, while the white areas contain
undifferentiated plastids that are deficient in chlorophyll. Unlike albino plants, variegation mutants survive to
maturity and enable investigation into the signaling pathways underlying chloroplast biogenesis. The allelic
variegated mutants in barley, grandpa 1 (gpal), have long been identified but have not been genetically
characterized.

Results: We characterized and genetically analyzed the grandpal.a (gpal.a) mutant. The chloroplast ultrastructure
was evaluated using transmission electron microscopy (TEM), and it was confirmed that chloroplast biogenesis was
disrupted in the white sections of gpal.a. To determine the precise position of Gpal, a high-resolution genetic map
was constructed. Segregating individuals were genotyped with the barley 50 k iSelect SNP Array, and the linked
SNPs were converted to PCR-based markers for genetic mapping. The Gpal gene was mapped to chromosome 2H
within a gene cluster functionally related to photosynthesis or chloroplast differentiation. In the variegated gpal.a
mutant, we identified a large deletion in this gene cluster that eliminates a putative plastid terminal oxidase (PTOX).

Conclusions: Here we characterized and genetically mapped the gpal.a mutation causing a variegation phenotype
in barley. The PTOX-encoding gene in the delimited region is a promising candidate for Gpal. Therefore, the
present study provides a foundation for the cloning of Gpal, which will elevate our understanding of the molecular
mechanisms underlying chloroplast biogenesis, particularly in monocot plants.
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Background

As the characteristic organelle in plant cells, the chloro-
plast is critical for plant photosynthesis and has a signifi-
cant impact on biomass and economic vyield An
increasing number of studies have revealed that
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chloroplasts also make important contributions to plant
immunity through the synthesis of secondary metabo-
lites and defense phytohormones, such as reactive oxy-
gen species, nitric oxide, jasmonic acid, and salicylic acid
[1, 2]. To restrict pathogen infection, chloroplasts can
navigate to the penetration site and directly suppress
host cell invasion [3]. Therefore, the understanding of
chloroplast biogenesis is necessary to meet the increas-
ing food demand under rising population pressure.
Chloroplasts are differentiated from undeveloped plas-
tids, which contain undifferentiated vesicles and lack
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stacked thylakoids (grana), the mounting-platform for
chlorophyll. Chloroplast biogenesis is highly complex,
being orchestrated by anterograde (nucleus to chloro-
plast) and retrograde (chloroplast to nucleus) signaling
[4, 5]. More than 95% of the ~3000 proteins found in
chloroplasts are encoded by nuclear genes and imported
into chloroplast following synthesis in the cytosol, sug-
gesting that chloroplast development is predominantly
controlled by the nuclear genome [6]. Therefore, identi-
fication and functional characterization of such nuclear
genes is important to understand the regulatory mecha-
nisms underlying chloroplast biosynthesis. Variegation
mutants have provided ideal models to identify genes or
factors involved in chloroplast development [7]. Well-
developed chloroplasts are present in the green tissue
areas, while the white areas contain undifferentiated
plastids that are deficient in chlorophyll. Unlike albino
plants, variegation mutants survive to set seed and en-
able investigation of cross-communication between the
nucleus and plastids.

Two representative Arabidopsis variegation mutants,
immutans (im) and variegated 2 (var2), have been char-
acterized and provided fundamental perspectives to the
understanding of chloroplast biogenesis in plants [8—12].
The im mutant is caused by loss-of-function of a
nuclear-encoded plastid terminal oxidase (PTOX), nor-
mally present in the thylakoid membranes. This plasto-
quinol oxidase also has homology to the alternative
oxidase (AOX) in mitochondria [8, 9]. The VAR2 gene,
also known as Filamentous temperature-sensitive H2
(FtsH2), encodes a chloroplast-targeting ATP-dependent
zinc metalloprotease homologous to the E. coli FtsH
[13]. Both IM and VAR2 play roles in photoprotection
and in regulation of redox state of the photosynthetic
electron transport chain [8, 10, 14, 15]. Lack of these
proteins resulted in photodamaged/photooxidized plas-
tids under high light, particularly in the white sections.
Moreover, FtsH-mediated proteolysis is involved in
retrograde signaling activated by ROS [16].

The green sections containing competent chloroplasts
in variegation mutants may indicate the existence of com-
pensatory mechanisms to escape the defect of mutation.
Suppressor screening in the im and var2 backgrounds has
identified a few second-site mutations restoring the varie-
gation phenotype. Suppressors of im include a thylakoid
membrane protein (Chlororespiratory reduction 2-2,
Crr2-2) and a plant combinatorial and modular protein
(PCMP) family member (Proton Gradient Regulation 5,
PGR5) [17]. The PCMP family is closely related to penta-
tricopeptide repeat (PPR) proteins functioning in the edit-
ing and maturation of organellar RNA. Both Crr2-2 and
PGR5 are also required for alternative electron transport
pathways that alleviate photodamage during chloroplast
biogenesis and photosynthesis [18]. Most of the identified
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var2 suppressors are involved in chloroplast translation or
rRNA processing and editing, such as a chloroplast-
localized pseudouridine synthase (Suppressor of Variega-
tionl, SVR1), a ClpR1 subunit of the chloroplast ClpP/R
protease (SVR2), a chloroplast translation initiation factor
2 (Fu-gaeril, FUGL1), a chloroplast translation elongation
factor EF-G (Snow Cotyledon 1, SCO1), and a PPR pro-
tein (SVR7) [19]. Although variegated mutants and sup-
pressor screening enabled the cloning of many genes
involved in chloroplast development, there are still major
gaps in the knowledge of chloroplast biogenesis and the
variegation mechanism.

Due to the difference in chloroplast development be-
tween monocotyledonous and dicotyledonous plants,
variegation mutants of monocots exhibit striping
phenotype with alternating white and green bands on
the leaf. Barley (Hordeum vulgare subsp. vulgare) is the
fourth most important cereal crop which is used as feed
grain, human food, and raw material for the malting
and brewing industry. It is also a valuable model mono-
cot for plant genomics research. Chemical- and
radiation-mediated mutagenesis has created abundant
genetic material for barley improvement and genomic
research (http://www.nordgen.org/). Introgression of
characterized mutations from various sources into the
common background, Bowman, has generated a series
of near-isogenic lines (NILs) with single mutated al-
leles, providing a powerful tool for rapid gene identifi-
cation [20]. Several variegated mutants have been
identified but few have been genetically characterized
[21], including the allelic mutants of grandpa (gpa or
gp) identified in 1940s [22-24].

An allelism test and linkage study with morphological
markers anchored the Gpa gene onto the long arm of
chromosome 2 (2HL) [20, 25]. However, the genetic
control of the gpa mutants has not been investigated.
The gpal.a allele was caused by a spontaneous mutation
in cultivar Lyallpur (GSHO 519), and it was introduced
into the Bowman background with introgression [20].
Using BW397, a NIL of Bowman carrying the gpal.a
mutation, we characterized and finely mapped the Gpal
gene in the present study. It was revealed that chloro-
plast biogenesis is defective at the white stripes in the
mutant, and the Gpal gene is located in a gene cluster
functionally related to photosynthesis or chloroplast dif-
ferentiation. One gene in the delimited region codes for
a putative PTOX homologous to IM of Arabidopsis, and
we found that a large deletion occurring to this gene to-
tally disrupted its function in BW397. Therefore, this
PTOX-encoding gene was considered as a promising
candidate for Gpal. The high-resolution genetic map
provided here lays the foundation for the cloning of this
gene, which will further our understanding of molecular
mechanisms underlying chloroplast biosynthesis.


http://www.nordgen.org/
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Results

Phenotype characterization of the gpal mutant

Normally, the seedlings of gpal have an albino first leaf
and display chlorosis at the tip of the second leaf
(Fig. 1a). A striped pattern then develops with expansion
of the second leaf (Fig. 1la and b). Striping occasionally
occurs on the third and subsequent leaves. Consistent
with the visual difference, chemical analysis also indi-
cated that levels of chlorophyll a, b and total in striped
leaves of BW397 were significantly lower than that of
WT Bowman plants (Fig. 1c). An adult BW397 plant
produces albino or striped flag leaf, spike, awns and even
anthers (Fig. 1d and Additional Fig. 1), and the mutant
is much shorter than WT (Fig. 1d). The mutants display
reduced fertility with an average of 4 seeds/spike com-
pared to 18 seeds/spike in WT (Fig. le). Seed size of
BW397, measured as 100-seed weight, is only 3/4 that of
the WT’s (Fig. 1f). In addition to the striped leaf pheno-
type, the gpal mutation causes a systemic effect on bar-
ley growth and development.

To confirm the striped phenotype is associated with
defects in chloroplast biogenesis, we compared the chloro-
plast ultrastructure of Bowman and BW397 using transmis-
sion electron microscopy (TEM) (Fig. 2). As expected,
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numerous normal chloroplasts with well-organized thyla-
koids are developed in the WT cells (Fig. 2a and b). Thyla-
koids are arranged in grana stacks, which are connected by
stroma lamellae (Fig. 2c). On the contrary, BW397 cells in
the albino sections contain few undeveloped plastids (Fig.
2d). Lamellae, acting like the skeleton in a normal chloro-
plast, is not well developed in the mutant (Fig. 2d, e, and f).
Stacked grana and thylakoid membranes are also missing in
these undifferentiated plastids (Fig. 2e and f). Therefore,
chloroplast biogenesis in the white stripes of BW397 is
abolished by the gpal mutation.

Genetic mapping of Gpa1

A total of 510 F, plants derived from the cross between
Bowman and BW397 were used for genetic mapping of
Gpal. Of those, 133 were striped, while the remaining
377 F, plants exhibited normal green leaf color. The seg-
regation ratio of striped/green fits 1:3 (x> = 0.316, df = 1,
and P=0.57), suggesting that the gpal mutation is
monofactorial recessive. As an immediate strategy for
gene localization and marker discovery, SNP array ana-
lysis was used to genotype 48 F, plants (24 striped and
24 green) together with the parental lines. As the Gpal
gene was anchored to 2H [20], we focused on the SNPs
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Fig. 1 Phenotypic comparison between Bowman and BW397. Albino and striped leaves were observed on BW397 seedlings (a and b),
chlorophyll-deficiency was confirmed by chemical analysis with four replications (c). With a smaller plant size, flowering BW397 produced albino
or striped flag leaf, spike, and awns (d). Seed/spike (determined with 20 spikes, ) and seed weight (5 replications, f) of mutant was significantly
reduced. Chl, chlorophyll; chla, chlorophyll a; chlb, chlorophyll b. Scale bars in A and B, 5 mm; Scale bar in D, 10cm
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Fig. 2 Chloroplast ultrastructure observed with a transmission electron microscope. Functional chloroplasts are well organized in the WT cells (A-
Q). Chloroplast are not developed in the white section of BW397 (a). Lamellae and stacked grana are missing in these undifferentiated plastids (b,

b
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on 2H and identified 1013 polymorphic markers on this
chromosome (Additional Table 1).

Initial genotype analysis of 48 F, progeny revealed
that the Gpal gene was located in ~5.56 Mb region
flanked by two array SNPs, JHI-Hv50k-2016-139,629
and JHI-Hv50k-2016-142,540 (Additional Table 1). To
increase the resolution of mapping, we enriched this
region with SSR markers previously co-located to the
stripped phenotype [20], known SNPs on 2H consen-
sus map [26], and specific 50k markers within this
region (Table 1). The analysis of an additional 104 F,
progeny genotyped with these markers further delim-
ited the Gpal gene between M4 and M6 (Fig. 3a).
When we enlarged the segregating population to 510
F, plants, the Gpal region was narrowed down to a
410-kb region by M19 and M8 (Fig. 3b), where one
co-segregating SNP, M20, was identified.

Physical localization of GpaT

Fifteen putative protein-coding genes were identified in the
fine-mapping interval according to the reference genome
assembly [27] (Table 2). Of them, three putatively encode
acyl-protein thioesterase 1-like proteins (HORVU.MOR-
EXr22HG0177100/G1, HORVUMOREX.r2.2HG0177110/
G2, and HORVUMOREX.r2.2HG0177120/G3), and one
each for EH domain-containing protein 1 (HORVU.MOR-
EXr2.2HG0177170/G4), ethylene-responsive transcription
factor (HORVU.MOREX.r2.2HG0177180/G6), FAD-binding
Berberine family protein (HORVUMOREX.r22HG0177170/
G7), and choline transporter-related family protein

(HORVUMOREX.r22HG0177310/G15). A gene cluster
functionally related to photosynthesis or organelle biogenesis
was also identified in the Gpal region, including 4 blue
copper genes with high similarity (HORVU.MOR-
EXr2.2HG0177210/G7, HORVU.MOREX.r22HGO0177220/
G9, HORVU.MOREX.r22HG0177230/G10, and HORVU. -
MOREX.r2.2HG0177250/G12), one DNA topoisomerase
gene (HORVUMOREXr2.2HG0177240/G11), and 2 genes
encoding putative PTOXs with homology to alternative
oxidase (HORVUMOREX.r2.2HG0177260/G13 and HOR-
VU.MOREX.r22HG0177270/G14).

Blue copper protein function as an electron shuf-
fler in electron transfer reactions, such as biological
nitrogen fixation, respiration and photosynthesis.
Structure analysis indicated the putative blue copper
proteins, G7, G9, G10, and G12, in the Gpal region
contain a domain identified in plastocyanin, the
long-range electron carrier between photosystems II
and I [28]. Alternative oxidase is involved in the
regulation of redox state of the electron transport
chain in organelles [8, 9, 18]. Particularly, the puta-
tive coding product of GI4 shares high homology
with IM (AT4G22260), the plastid terminal oxidase
in Arabidopsis [8, 9]. Therefore, Gi14 was named
HvPTOX hereafter. For the GI11 gene, two different
products, one PPR protein and one DNA gyrase,
were predicted in the sense and antisense strand, re-
spectively (Additional Fig. 2). The putative introns of
the DNA gyrase gene contain coding exons in the
reverse complementary strand for the predicted PRR



Yang et al. BMC Plant Biology

(2021) 21:134

Table 1 Genetic markers used for mapping of the Gpal gene
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Marker  SNP or Marker Forward primer 1 Forward primer 2 Reverse primer
name ploymorphism type
source
M1 Ebmac0415 SSR GAAACCCATCATAGCAGC AAACAGCAGC
AAGAGGAG
M2 HVM54 SSR AACCCAGTAACACCGTCCTG AGTTCCCTGA
CCCGATGTC
M3 Gbm1437 SSR ATTCCACTCGCCATTGTTTC CACTCCGGAT
TGATGCTCTT
M4 GBM1498 SSR TGCTCCAACCCAAAAGCTAC GAAGACGACG
AGCGGTACTC
M5 POPA1_10315 STARP GCAACAGGAACCAGCTATGACGGGGA GACGCAAGTGAGCAGTATGACGGGGA CGTCCATCCCATTC
GGTCGGGGAAC GGTCGGGAAGG CCCAAA
Mé POPA1_11380 STARP GCAACAGGAACCAGCTATGACCTGTT  GACGCAAGTGAGCAGTATGACCTGTT  AGATCGGGGG
TCTGTTTTATTTTTCTTCCG TCTGTTTTATTTTTCTCTCA AGTTGCACTA
M7 POPA1_10791 STARP GCAACAGGAACCAGCTATGACGTGCC  GACGCAAGTGAGCAGTATGACGTGCC  GACAACCCAT
GCACACCATTG GCACACTGTTT CCAAGGCACT
M8 Bmag0749 SSR CGGATTCTTGAGTAGTCTCTG GATCTGTTTT
TGTAGAACATGC
M9 POPA1_21453 STARP GCAACAGGAACCAGCTATGACGTTGC  GACGCAAGTGAGCAGTATGACGTTGC  GAACCCCTGA
TCACGGAAATTGG TCACGGAAACCGA ATAGGTGGCA
M10 POPA1_10085 STARP GCAACAGGAACCAGCTATGACCGCGG GACGCAAGTGAGCAGTATGACCGCGG AGTCTCGGCT
AAATCTTGTATTAACAAC AAATCTTGTATTAATCAT ATTCCCCACT
M11 JHI-HV50k-2016- STARP GCAACAGGAACCAGCTATGACCCTAT GACGCAAGTGAGCAGTATGACCCTAT TCGCTGCATT
140,235 GTAATTTCCAGACACATC GTAATTTCCAGACAACTT TTGGAGACCT
M12 JHI-HV50k-2016-  STARP GCAACAGGAACCAGCTATGACGTTTT GACGCAAGTGAGCAGTATGACGTTTT  GTTGGCCTAG
140,239 CCTGAGAAATACCTCAC CCTGAGAAATACCCAAA ACGACGGTT
M13 JHI-Hv50k-2016- STARP GCAACAGGAACCAGCTATGACAGGAA GACGCAAGTGAGCAGTATGACAGGAA  ATAAGCCCCA
140,382 GACAGAGAGTTGACTTC GACAGAGAGTTGGTTTG CTTCCACCAG
M14 JHI-Hv50k-2016- STARP GCAACAGGAACCAGCTATGACGTACT  GACGCAAGTGAGCAGTATGACGTACT  TGATGTACTC
140,496 GCCGCGTGAGG GCCGCGTAGGA TCGGCAAGCG
M15 JHI-Hv50k-2016- STARP GCAACAGGAACCAGCTATGACAGTCG GACGCAAGTGAGCAGTATGACAGTCG ACAACATACG
140,683 ATGTAATCAGCTCCC ATGTAATCAGCCACA CAGCACCAAC
M16 JHI-Hv50k-2016- STARP GCAACAGGAACCAGCTATGACTGCGC  GACGCAAGTGAGCAGTATGACTGCGC  ATGCCAGCAA
140,672 AATCACTTGCTTG AATCACTTGTTCA GAGAGCATCA
M17 JHI-Hv50k-2016- STARP GCAACAGGAACCAGCTATGACTTTTG GACGCAAGTGAGCAGTATGACTTTTG GAGCGATGGG
140,582 CCTGAGTGTAATGCAC CCTGAGTGTAATGTCG ACATGAGGAG
M18 JHI-HV50k-2016- STARP GCAACAGGAACCAGCTATGACATAGC  GACGCAAGTGAGCAGTATGACATAGC  ACCAGGTTTT
140,579 AATAGCATAGCAGTGTG AATAGCATAGCAGTACA GCCTGAGTGT
M19 JHI-Hv50k-2016- STARP GCAACAGGAACCAGCTATGACAGGTG  GACGCAAGTGAGCAGTATGACAGGTG  ATTGCTTGCT
140,869 AGCTTCCTCATGG AGCTTCCTTGTGA CGACGCTTTG
M20 Sequence results STARP GCAACAGGAACCAGCTATGACCGCCG  GACGCAAGTGAGCAGTATGACCGCCG  AGAAAGCGCG
TTTTGCTCGTC TTTTGCCTGCA AATACGTCCA

gene, and vice versa (Additional Fig. 2). The EST
match for the putative DNA gyrase was identified
(FD525137), but we did not find ESTs for the pre-
dicted PPR from the available databases. DNA gyrase
or topoisomerase has been linked to regulation of
DNA replication and transcription during chloroplast
biogenesis [29]. Although lacking EST matches, the
predicted PPR protein is highly homologous to
SVR7, one of the suppressors of the Arabidopsis
var2 mutation [19]. Therefore, members of this

functionally related gene cluster were selected for
further analysis.

Selection of the Gpa1 candidate

The four blue copper proteins within this region
share at least 75% sequence identity, and the coding
products of G9 and GI2 vary by only one amino
acid (aa) substitution. We speculated that these blue
copper proteins may function redundantly, and
mutation on one gene may not result in apparent
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Fig. 3 Genetic and physical mapping of the Gpal locus. Genetic mapping was conducted sequentially with 104 (a) and 510 (b) F; individuals.
Gpal is located on 2H, delimited to an ~ 0.7 cM region between markers M19 and M8 (b). Total of 15 protein-coding genes were identified in the
Gpal region spanning ~ 400 kb (c). Numbers above the linkage group indicate the number of recombination breakpoints separating the marker
from Gpal. The maps are drawn to scale. M, marker; G, gene

phenotype change. Moreover, the AOX encoded by
G113 is incomplete, and was eliminated from further
analysis. Using Bowman, BW397, Lyallpur and its
isogenic mutant GSHO 519, we focused on identify-
ing sequence polymorphism between the gene alleles
in G11 and GI4 (HvPTOX).

Although a few SNPs were detected between the Bow-
man and Morex alleles of G11, Bowman, BW397, GSHO

Table 2 Predicted genes in the Gpal region. G, gene

519 and Lyallpur share identical genomic sequences in-
cluding the coding region. This suggested that GII
might not be one of the candidates for Gpal.

Gene prediction and EST matches (DK626738,
DK619131, BF626913, RUS39D06w and HB15J15r)
showed that HvPTOX contains 10 coding exons and
9 introns (Fig. 4a). The full-length coding region was
successfully amplified in Bowman and Lyallpur, but

Gene number

Gene name

Homology

G1 HORVU.MOREX.r2.2HG0177100
G2 HORVU.MOREX.r2.2HG0177110
G3 HORVU.MOREX.r2.2HG0177120
G4 HORVU.MOREX.r2.2HG0177150
G5 HORVU.MOREX.r2.2HG0177170
G6 HORVU.MOREX.r2.2HG0177180
G7 HORVU.MOREX.r2.2HG0177190
G8 HORVU.MOREX.r2.2HG0177210
G9 HORVU.MOREX.r2.2HG0177220
G10 HORVU.MOREX.r2.2HG0177230
G11 HORVU.MOREX.r2.2HG0177240
G12 HORVU.MOREX.r2.2HG0177250
G13 HORVU.MOREX.r2.2HG0177260
G14 HORVU.MOREX.r2.2HG0177270
G15 HORVU.MOREX.r2.2HG0177310

Acyl-protein thioesterase 1
Acyl-protein thioesterase 1
Acyl-protein thioesterase 1
Uncharacterized protein

EH domain-containing protein 1
Ethylene-responsive transcription factor
FAD-binding Berberine family protein
Blue copper protein

Blue copper protein

Blue copper protein

DNA gyrase/PPR protein

Blue copper protein

Alternative oxidase (Incomplete)
Alternative oxidase

Choline transporter-related family protein
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Fig. 4 Gene structure and mutation analysis of the HvPTOX gene. The coding region of HvPTOX contains 10 exons (rectangles) and 9 introns
(straight lines) (a). Various primers indicated with arrows (@) were used to analyze the mutated allele, and the primer sequences were included in
Additional Table 2. Full-length of the coding region could not be obtained with the primer combination of F2 and R1 in mutants, but half of that
at the 3" was successfully amplified with primers F3 and R1 (b). The promoter (F4 and R2) and a region at the 2.5 kb upstream of the start codon
(F5 and R3) were deleted altogether in mutants (c). RT-PCR analysis with 25, 28 and 30 PCR cycles failed to detect the expression of Hvptox in
mutants. Actin was used as the internal control. The original gel images were included in Additional Figs. 3 and 4

not in mutants of BW397 and GSHO519 (Fig. 4b,
Additional Table 2). We only obtained the 3" region
of the coding sequence in the mutants (Fig. 4b,
Additional Table 2). To capture the full length of
HvPTOX, we conducted FPNI-PCR to acquire the
coding sequence at the 5' region. Sequencing of the
product derived from FPNI-PCR indicated that the
first three and almost half of the fourth exon were
missing in the mutated allele. However, the sequence
proximal to the fourth exon of HvPTOX in BW397
cannot be aligned to the assembled reference
genome, and it is not homologous to any known
protein coding sequences or transposable elements.

To determine if the gene mutation was caused by
insertion or deletion, we designed more markers at
the potential promoter and far-upstream regions
(2.5kb upstream of the start codon) of HvPTOX.
Our result indicated that those markers were all
missing in mutants (Fig. 4c). In line with the dele-
tion of the promoter, RT-PCR confirmed that
HvPTOX was not expressed in mutants (Fig. 4d). Its
expression in mutants could not be detected even
with 30 PCR cycles, in contrast to the expression
abundance indicated by the 25cycles in wild types
(Fig. 4d). Quantitative real-time PCR (qRT-PCR) also
revealed that the expression of gpal is significantly
suppressed in mutants (Additional Fig. 5). Although
the size of the deletion was unknown, HvPTOX
structure, expression and thus function was totally
disrupted in mutants. Therefore, the HvPTOX gene
(G4/HORVU.MOREX.r2.2HG0177270) was selected as
a strong candidate. The identity of Gpal still needs
to be further verified in homologous or heterologous
systems.

Discussion
Plant chloroplast biogenesis is important for biomass
and economic yield. Variegation mutants provide an
ideal model to understand the development of func-
tional chloroplasts. The allelic mutants of gpa has
long been identified, but their genetic basis underlying
variegation remains unknown. In the present study,
we characterized the chloroplast ultrastructure of the
gpal.a mutant and localized the corresponding locus.
The lack of chlorophyll in the white stripes of the
mutant is caused by the interruption of chloroplast
biogenesis. The Gpal gene was delimited within a
410-kb region containing a cluster of functionally re-
lated genes. A genomic deletion in the PTOX-
encoding gene in mutants abolished its gene function,
suggesting it is a promising candidate for Gpal.
Many functionally related genes are distributed non-
randomly throughout the genome as functional clus-
ters in eukaryotes [30]. In plants, many biosynthetic
gene clusters for secondary metabolism have been
identified [31]. Those clusters may have arose from
recruitment of genes from elsewhere in the genome
through duplication and neofunctionalization, but not
by horizontal gene transfer from prokaryotes [32].
From an evolutionary perspective, the physical clus-
tering of functionally related genes may facilitate co-
ordinated gene expression and prevent the breakup of
co-adapted alleles during recombination [32, 33]. The
cluster members in the Gpal region may target
chloroplast for photosynthesis or chloroplast develop-
ment. However, their actual functional roles require
further investigation. Using CRISPR technology to
knock out the clustered genes individually will pos-
sibly solve this puzzling question.
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Although G11 may not be Gpal, it is interesting to
discover if two different genes are derived from the same
genomic fragment. Eukaryotic operon-like transcription
has been observed, and one mRNA can be translated to
several separate products in the cytoplasm [34, 35].
However, there have been no reports for two independ-
ent genes harbored on reverse complementary strands.
The lack of EST matches for the PRR-coding gene sug-
gests that it may not be a true gene, but this conclusion
needs to be confirmed with rapid amplification of cDNA
ends (RACE).

The PTOX protein encoded by G14 shares high iden-
tity with IM in Arabidopsis. The variegation mutant im
in Arabidopsis and the orthologous ghost mutant in to-
mato both display the loss of PTOX caused defect in
chloroplast biosynthesis [9, 36]. It was discovered that
PTOX functions as a terminal oxidase in controlling the
redox state of the plastoquinone (PQ) pool in developing
and mature thylakoids [37, 38]. PTOX is involved in
transferring electrons from plastoquinol (PQH2) to
molecular oxygen, forming water and PQ [38]. The role
in regulation of the redox state of the photosynthetic ap-
paratus makes PTOX crucial for a growing number of
biochemical pathways, such as the desaturation reactions
in carotenoid biosynthesis, chlororespiration, PSI cyclic
electron flow, and photoprotection [37, 39, 40].

Biosynthesis of carotenoid is impaired in the im mu-
tant due to the lack of phytoene desaturation (PDS), and
the intermediate phytoene is accumulated in the white
sections of leaves [8, 9]. The white areas of im might ac-
cumulate white photodamaged plasmids due to the lack
of photoprotective carotenoid [10]. It was also demon-
strated that the redox state of the PQ pool may control
chloroplast biogenesis as a potent initiator of retrograde
signaling [37, 41]. Under these scenarios, the predicted
HvPTOX (HORVUMOREX.r2.2HG0177270) in the
Gpal region was designated a strong candidate. This
series of gpa mutants were identified almost 80 years
ago, and fine localization of Gpal in this study has pro-
vided candidates for functional validation, facilitating
cloning of this long-elusive gene.

Conclusions

In summary, we have characterized and genetically
mapped the gpal.a mutation causing a variegation
phenotype in barley. Our results indicate that chloro-
plast biogenesis is defective in white sections of the
mutant, and the gpal mutation imposes a systemic ef-
fect on barley growth and development. The Gpal
gene was mapped to chromosome 2H within a 410 kb
region. In addition, we have shown that Gpal is har-
bored in a gene cluster functionally related to photo-
synthesis or the chloroplast. Further studies have
indicated that a genomic deletion disrupts the
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expression and function of the PTOX-encoding gene,
G14/HORVU MOREX.r2.2HGO0177270. Therefore, the
present study paves the way for the cloning of Gpal,
which will improve our understanding of the molecu-
lar mechanisms underlying chloroplast biogenesis.

Methods

Plant materials

An F, segregating population derived from the cross be-
tween Bowman (wild type) and BW397 (the gpal.a mu-
tant) was used for genetic mapping of the Gpal gene.
The gpal.a mutation was donated by GSHO519 carrying
the genetic background of Lyallpur. Seeds of Bowman,
BW397, GSHO519 and Lyallpur were obtained from the
USDA-ARS National Plant Germplasm System (NPGS).
A total of 510 F, plants were used to generate a genetic
map. All plants together with parents were grown in a
greenhouse under a 16 h light/8 h dark photoperiod at
25 °C. Phenotyping was conducted at the 1st leaf stage
and repeated at the boot stage. Phenotype of F, recombi-
nants delimiting the Gpal region was confirmed with 30
F3 individuals.

DNA extraction

DNA was extracted according to the CTAB protocol
[42]. Around 100 mg leaf samples were collected from
plants at the three-leaf stage and quantified using a
NanoDrop  spectrophotometer ~ (NanoDrop 8000,
Thermo Fisher Scientific) according to the manufac-
turer’s instructions. The final concentration was adjusted
to 100 ng/ulL for PCR application.

SNP genotyping and marker development

Forty-eight Fys (24 each for wild type and stripped) and
parental lines were first genotyped with a barley 50k
iSelect SNP Array [43]. Marker positions are based on
the barley pseudo-molecule assembly of Morex V1 [44].
Genotype calling was performed with the de novo calling
algorithm in GenomeStudio (Illumina). Clusters of poly-
morphic SNPs were inspected and manually adjusted if
necessary. The linked SNPs were used to develop semi-
thermal asymmetric reverse PCR (STARP) markers to
genotype the F, population [45]. PCR was conducted in
a 10pl reaction volume with Taq DNA polymerase
(New England Biolab) according to the manufacturer’s
instructions. Sequences of priming element-adjustable
primer (PEA-primer) 1 and 2 are 5'-AGCTGGTT-SP9-
GCAACAGGAACCAGCTATGAC-3" and 5'-ACTGCT
CAAGAG-SP9-GACGCAAGTGAGCAGTATGAC-3’,
respectively [45]. The thermal amplification program
followed a touchdown protocol as described previously
[45, 46]. Stained with GelRed™ nucleic acid stain (Milli-
poreSigma), amplicons were analyzed with 6% polyacryl-
amide gel which was imaged using a Typhoon™ FLA
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9500 variable mode laser scanner (GE Healthcare Life
Sciences, Marlborough, MA). The markers used in the
present study are listed in Table 1.

Physical mapping and gene prediction

The genome sequences of barley cv Morex v2 and
Golden Promise vl were used for marker localization
and physical mapping [27, 47, 48]. Gene predication and
annotation was conducted with the programs of FGEN
ESH and Pfam 32.0, respectively [49, 50]. Gene annota-
tion was also confirmed with the BLASTP program.

Gene expression analysis

Gene expression analysis was conducted with semi-
quantitative reverse transcription (RT)-PCR and quantitative
real-time PCR (qRT-PCR). RNA isolated from leaves of
booting plants was used for gene analysis and cDNA sequen-
cing. RNA was extracted using the NucleoSpin RNA Plant
kit (Macherey-Nagel, Diiren, Germany). First-strand cDNA
was synthesized using M-MLV Reverse Transcriptase (Invi-
trogen). The PCR amplification was conducted in a 20 l re-
actions containing 2 pl ¢cDNA (equivalent to 50 ng of total
RNA), 2l of each gene-specific primer (2.5uM), 10 pl of
water, 0.5 unit Taq DNA Polymerase (New England Biolabs),
2ul dNTPs (2.5 uM) and 2 Wl of 10 x Standard Taq reaction
buffer (New England Biolabs). The actin gene was used as a
control. PCR primers were as follows: HvActin, 5'-GAGC
ACGGTATCGTAAGCAACTG-3" and 5-CCTGTTCATA
ATCAAGGGCAACG-3'; HORVU.MOREX.r2.2HGO0177270,
F1: 5'-CCAGCTCCAGAGGTGGCTGT-3’, R1: 5'- CAGC
GCTCTAGCACGGAGGT-3".

Fluorescent qRT-PCR was performed with three repli-
cations using the 7500 Fast Real-Time PCR system (Ap-
plied Biosystems, Grand Island, NY, USA). Amplification
was conducted in a 10 pl reaction volume containing
2 uL. cDNA (equivalent to 50 ng of total RNA), 1.5 puL of
each gene-specific primer (2.5pM), and 5uL of SYBR
Select Master Mix (Applied Biosystems). The actin gene
was used as the internal control for real-time analysis
and was amplified with primers 5-AACTATGTTC
CCAGGTATCGC-3" and 5'-GACTCGTCGTACTCAT
CCTTG-3". Primers 5-GAAACTACCAGCTCCAGA
GG-3" and 5-GCGTTTGACATGCCTTCATC-3" were
used to target Gpal gene expression. Amplification con-
ditions used were the same as described previously [51].

Chlorophyll measurement

Chlorophyll contents were measured by spectrophotomet-
ric determination with 4 replications [52]. Briefly, 0.2 g fresh
leaf tissue of wild type and mutant plants at booting stage
was collected and soaked in 5 ml of 95% ethanol in the dark
for 48 h. After 5 min of centrifugation at 3000 rpm, the re-
sidual plant debris was removed. Supernatant was
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measured with a spectrophotometer (Beckman DU 7400)
at 663 nm for chlorophyll a and 645 nm for chlorophyll b.

Fusion primer and nested integrated PCR (FPNI-PCR)
FPNI-PCR was performed for chromosome walking to
identify the unknown genomic region [53]. Gene-specific
primers used for primary, secondary and tertiary PCR
respectively are, GSP1, 5'-CTGCACTCAATAGGCAGG
GTGT-3; GSP2, 5-ACCGAGTCGCAACCAGCCTT-
3’; and GSP3, 5'-TTGCCACCCAACGCCTGACA-3".
Nine fusion arbitrary degenerate primers (FP1-9) and
FP-specific primers (FSP1 and FSP2) were designed ac-
cording to Wang et al. (2011). LA Taq (Takara Bio USA
Inc., Mountain View, CA) was used in the first round of
PCR. The 20 pl reactions consisted of 10 uM FP primer
and 2 pM GSP1 with all other reagent concentrations
following the recommended LA Taq protocol. The pri-
mary round of PCR in the FPNI-PCR procedure includes
high stringency PCR cycles (94 °C for 10's, 62 °C for 305,
72°C for 2 m, repeated two times), followed by one low
stringency PCR cycle (94°C for 155, 25°C for 1 min,
28°C ramping up 0.2C/sec for 3 min, and 72°C 2:30
min). This high and low stringency cycle pattern was re-
peated six times. The primary round of PCR was fin-
ished with another two high stringency cycles followed
by one cycle of 94.°C for 10, 44 °C for 30s, 72 °C for 2
min, and a final extension with 72°C for 5min. The
PCR product was diluted to one half and used as tem-
plate for the next round of PCR. Phusion Hot Start Flex
Polymerase (NEB, Ipswich, MA) was used for both sec-
ondary and tertiary rounds of PCR in 20 pl reactions
containing 10 uM of FSP primer, 2 pM of GSP primer
and all other reagents with the recommended concentra-
tions by the manufacturer’s protocol. A 1/40 dilution of
the secondary round PCR product was used as template
for the tertiary round of PCR. Samples were visualized
on 1% agarose gel stained with ethidium bromide under
UV illumination, and amplified bands were extracted
and purified using a QIAquick Gel Extraction Kit (Qia-
gen, Hilden, Germany) for sequencing.

Transmission electron microscopy analysis

Leaf samples collected from Bowman and BW397 plants
at the booting stage were fixed with 2.5% glutaraldehyde
in 0.1 M sodium phosphate buffer, pH 7.35 (Tousimis
Research Corporation, Rockville, MD) at 4°C. Sample
pretreatment and section preparation followed the
protocol described in [54]. Stained with lead citrate for
two minutes, dried sections on copper grids were visual-
ized on a JEOL JEM-100CX II electron microscope
(JEOL Inc., Peabody, MA).
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