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Abstract

Light harvesting chlorophyll a/b binding proteins (LHC) play an important role in photosynthesis and development
of plant. However, limited data is available for this important gene family in barley, especially for their biological
functions. In this study, sequences of rice and Arabidopsis LHCs were used as queries to identify the respective
orthologues from available barley genomic database. Total 17 non-reduntant HvLHCs were identified. Genomic
sequences of these genes were ranged from 780 bp to 2779 bp in length, and ORF sequence of 738 bp to 933 bp.
The phylogenetic relationship of members from barley, rice and Arabidopsis revealed that most of them were
common to the three species, while some of them were specific to Arabidopsis or the poaceae family. Cis-element
analysis showed that along with the universal transcription initiation and enhancement relevant elements, there were
also light as well as biotic and abiotic stresses responsive elements in promoter regions of these HvLHCs.
Additionally, these genes exhibited quite similar expression pattern during the development of barley plant according
to the public normalized RNA-seq and barley array datasets, but responded distinctively to different treatments
including dark, heat, salinity and drought, which were confirmed by quantitative real-time PCR analysis. This is the
first report of identification of HvLHCs at the genome level, and results presented here would be useful not only for
determining the precise role of HvLHCs during barley development and abiotic stress responses, but also for using
them in molecular breeding of barley varieties with high yield or high tolerance to stresses.
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Introduction
Photosynthesis is one of the most important physiological activities

in the plant kingdom. Many studies in plants, including barley,
suggested that there was a significant correlation between
photosynthesis efficiency and yield. Plants with higher leaf area and net
photosynthesis rate often perform well under normal or controlled
conditions [1-3].

However, these previous studies were mainly focused on the effects
of different cultivation methods or physiological treatments on
photosynthesis and yield of plant, and also on the relationship between
photosynthesis relevant characteristics to yield. Very few studies were
carried out to apply photosynthesis related genes into molecular
breeding of crops with the aim of increasing efficiency of
photosynthesis and yield potential [4].

Release of genome sequences of many crop plants enabled us to
identify key genes involved in the process of photosynthesis of plants.
Over expression of some photosynthesis related genes improved the
efficiency of photosynthesis, such as HvRACB [5], OsRCA [6],
ZmPEPC and ZmPPDK [7]. OsHYR’s over-expression in rice not only
increased the net photosynthesis rate under normal condition as well
as in drought and high temperature exposures, but also the yield of
transgenic plants was more [8].

During the photosynthesis process, most of the photons that are
converted to biochemical energy and biomass are harvested by the

major light-harvesting chlorophyll a/b binding antenna complex
(light-harvesting complex II, LHCII), which is one of the most
abundant proteins on earth [9]. Except for their roles as antenna
proteins, some members of this gene family have also been proved to
be involved in development of plants. For instance, six LHCB members
of Arabidopsis (Lhcb1.1, Lhcb 2.2, Lhcb 3, Lhcb 4.4, Lhcb 5 and Lhcb
6) were positively involved in ABA signaling in stomatal movement
and response to drought [10], and also in seed germination and post-
germination growth in response to ABA [11]. Down-regulation of
Lhcb1 by microRNA in Arabidopsis slowed down the growth as
compared to wide type, and leaves of these transgenic lines were
slightly smaller and paler [9]. In rice, starch content in leaf sheath was
clearly increased in CRCT over-expression lines and decreased in
knockdown lines, which was a CONSTANS, CONSTANS-like, and
Time of Chlorophyll a/b Binding Protein 1 (CCT) Protein [12]. Similar
to this, expression level of major chlorophyll a/b binding protein (Cab)
in wheat was up-regulated at anthesis and found to be associated with
higher photosynthetic capacity and antioxidant activities during both
winter and spring night-warming treatments. Both of these two
treatments profoundly affected the vegetative growth and post-anthesis
grain productivity of wheat [13]. In barley, SNPs in HvLhcb1 were
significantly associated with agronomic traits, such as plant height,
spike length, number of grains per spike, thousand grain weights, flag
leaf area [14].

There are 17 and 23 chlorophyll a/b-binding proteins in rice and
Arabidopsis, respectively [15]. The release of the genome of barley [16]
will help us a lot in the cloning and characterization of this gene family
in barley. The present study focused on extensive genome-wide
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analysis of barley light harvesting chlorophyll a/b binding proteins,
which will be the foundation for functional characterization of
HvLHCs and using them in molecular breeding of barley.

Materials and Methods

Plant material and growth conditions
Barley variety Edamai No 934 was used during the present study.

10-day’s old seedlings growing in pots with soil under normal
conditions were subjected to the four treatments, viz. exposure to
40°C, 150 mM NaCl, 20% PEG (w/v) and dark to mimic the heat,
salinity, drought stresses and dark stimulus, respectively. After three
hours’ treatment, leaves from each treatment were harvested and
immediately frozen into liquid nitrogen, and then were stored at -80°C
till further use. Seedlings without any treatment were used as a control.

In silico identification of chlorophyll a/b binding proteins
from barley

Arabidopsis and rice LHCs sequences [15] were used as queries in
BLASTN searches at the International Barley Sequencing Consortium
(IBSC) website (http://www.public.iastate.edu/~imagefpc/IBSC%20Webpage/
IBSC%20Template-home.html) [17]. Non-redundant HC genes CDS_Seq
and Morex_Contigs with high similarity to AtLHCs and OsLHCs were
picked up as a candidate cDNA and putative genomic sequence of
HvLHCs, respectively. Open reading frame of HcLHCs was identified
according to their counterparts from Arabidopsis and rice, and
chloroa/b-bind domain (PLN00170) in amino acid sequences was
identified through blastP on NCBI (https://www.ncbi.nlm.nih.gov).

Chromosomal locations of HvLCHs were retrieved according to the
Morex_Contigs containing them. Exon/intron distributions were
constructed using Gene Structure Display Server (GSDS) 2.0 (http://
gsds.cbi.pku.edu.cn) by aligning the sequence from the start codon to
the stop codon of cDNA and genomic DNA.

Multiple sequence alignment and construction of
phylogenetic tree
The deduced amino acid sequences of HvLHCs and homologous

family members from Arabidopsis and rice were aligned using MEGA
6 the multiple sequence alignment program [18] with the following
parameters: poisson correction, pairwise deletion, uniform rates and

bootstrap (1000 replicates). Phylogenetic trees were constructed using
the neighbor-joining (NJ) method and the output generated was used
for further analysis.

Prediction of cis-acting regulatory element from the
promoter regions of HvLHCs

Promoter regions comprising approximately 1500 bp upstream of
these HvLHCs were downloaded from the barley genome database.
The conserved cis-acting regulatory elements present in the promoter
regions were computationally predicted using PlantCARE database
[19].

Digital expression profiles of HvLHCs
Expression values of HvLHCs in eight different organs at different

developmental stages were obtained from the barley genome database
(http://apex.ipk-gatersleben.de/apex/f?p=284:10) [20]. Those include 4-day
old embryos dissected from germinating grains, roots and shoots from
the seedlings (10 cm shoot stage), young developing inflorescences (5
mm), developing inflorescences (1-1.5 cm), developing tillers at six-
leaf stage (the third internode), 5 and 15 days post-anthesis developing
grain (DPA) (bracts removed), which were selected for deep RNA
sequencing [17]. Heat map was constructed using R heatmap 2 based
on the absolute expression values of each gene, which was indicated by
FPKM (Fragments Per Kilobase of transcript per Million mapped
reads).

RNA isolation and expression analysis
High quality RNA was extracted using RNAiso Plus reagent

(TAKARA, Japan) as per the manufacturer’s instructions. Two
microgram of total RNA was used to synthesize first-strand cDNA
using oligo (dT) 18 primer with M-MLV reverse transcriptase
(Promega, USA). Real-time PCR was performed by using a Premix EX
TaqTM kit (TaKaRa, Japan) to analyze the relative expression of
HvLHCs under different treatments. HvACT was used as internal
control for gene expression analysis [21]. The primers used for these
HvLHCs as well as HvACT are listed in Table 1. The threshold cycle
(Ct) values of the triplicate PCRs were averaged and relative
quantification of transcript levels were performed using the
comparative Ct method [22]. Three biological replicates were
performed for each sample.

Gene Forward primer (5'-3') Reverse primer (5'-3')

RT_MLOC_81109 TCAAGGACCTGCCGTCG CAGTGGATCACCTCCAGC

RT_MLOC_17002 AGAATCACCATGGGCAAC CACTTCTGGAGCACCTCG

RT_MLOC_60073 AGAGCTTGCGGTGGAAC AGCCTGGCTTGATGATGTC

RT_MLOC_65066 AGTACCTGCAGTACGACGTG TCCACCAGCTCCACCTTG

RT_MLOC_44990 TGTTCGGCAAGTCCAAGAC CGGTCTCAAGGTTCAGCTG

RT_MLOC_57061 GACGACGAACTCGCCAAG GTCTTGAACCAAACGGCCT

RT_MLOC_63821 GGTTCGATATAGCAGGCCT GATGACGATGATGCCTTGAC

RT_MLOC_22471 GAGATCCTGTCCAAGAACG GAGCTCCTTGACCTTGAGCT
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RT_MLOC_49483 GCTCCAGGACTGGTACAACC GAGGTGGTCGAGGAGGTTC

RT_MLOC_12844 TGATCCGTGTGTCAGGAATC GCTTCACTTCATTCGCATTC

RT_MLOC_56051 AGGTGATCCACTGTCGATG TCAACAATCTCGCCAAGTG

RT_MLOC_20487 TCAAGGAGTCCGAGATCTACC AACTCGATCGCCAGGATG

RT_MLOC_67012 AGAACCGTGAGCTGGAGG GTCGACTATCTCGCCGAG

RT_MLOC_11961 AGCGATGCCGAGTTCATC CATGAGCAGCAGCTGGGT

RT_MLOC_44755 ACGCTCTTCGTCATCGAGT TGCTGCAGGTTCTCGAAC

RT_MLOC_69498 CAAGAACCGTGAGCTGGA CGACGATCTCTCCGAGTG

RT_MLOC_18354 CGCACCAAGGAGATCAAGAA GTGAATGCCGAGAAGATGTTG

HvACT GCGAGTTGTCTGGGTCTTCT ACATGGCAAGGACTTGAGAAA

Table 1: Specific primers for real-time PCR analysis.

Results

Identification of 17 LHC family genes in barley
For identification of LHC gene family members in barley, BLAST

against the barley genome databases was performed with genes from
Arabidopsis and rice. In silico analysis revealed that there were 17
unique members of LHC gene family in barley (Table 2 and Figure 1).
The average length of coding sequence of these genes was around 800
bp in length, with the shortest and longest one being 738 bp and 933
bp, respectively. However, length of the genomic sequence varied
significantly among these genes, ranging from less than 780 bp to
about 2779 bp. Gene structure of these genes was also variable. There
was no intron for four of them, while the other 13 members have one
to five introns in the coding regions of the genes. Further analysis of
deduced amino acid showed that all of the coding sequences of these
genes had a conserved domain of chlorophyll a/b binding protein,
suggesting that they belonged to LHC gene family.

Figure 1: Gene Structures of HvLHCs.

Gene Information Morex_contig_Information Chromosome Information Gene Annotation

Accesion No. Length of
CDS bp

Length of
genomic
sequence
(bp)

Morex_Contig Gene Position on
Morex_Contig

Chromosome Chromosome
Position (cM)

MLOC_11961 768 892 morex_contig_1562233 1720-2611 2H 59.348442 chlorophyll a/b
binding protein

MLOC_12844 774 1669 morex_contig_1564232 4667-6335 6H 78.116147 photosystem I
light harvesting
complex protein 5

MLOC_17002 807 909 morex_contig_1575254 1131-2039 2H 56.373938 chlorophyll a/b
binding protein

MLOC_18354 822 1125 morex_contig_158024 3959-5083 5H 43.760478 chlorophyll a/b-
binding protein
type II
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MLOC_20487 744 1035 morex_contig_1590103 722-1756 7H 67.917847 chlorophyll a/b
binding protein 6a

MLOC_22471 792 917 morex_contig_160732 1384-478 5H NA chlorophyll a/b
binding protein

MLOC_44755 738 933 morex_contig_275313 1181-2110 5H NA chlorophyll a/b
binding protein
chloroplastic-like

MLOC_44990 816 2404 morex_contig_65451 ;
Barke_contig_59491*;
morex_contig_275924

1459-10211768-118
5

3H 86.3314 photosystem II
subunit

MLOC_49483 810 1004 morex_contig_342448 1691-688 6H 54.745042 light-harvesting
complex I
chlorophyll a/b
binding protein 3

MLOC_56051 801 801 morex_contig_40500 3734-2937 7H 65.439093 chlorophyll a/b
binding protein

MLOC_57061 861 1471 morex_contig_41390 5798-7265 4H 51.558074 chlorophyll a/b
binding protein

MLOC_60073 768 1190 morex_contig_44168 2841-1758 2H 56.621813 chlorophyll a/b
binding protein

MLOC_63821 933 2779 morex_contig_47996 4674-7452 5H 6.7361111 chlorophyll a/b-
binding protein

MLOC_65066 861 979 morex_contig_49702 3228-2250 2H 57.8612 chlorophyll a/b
binding protein
chloroplastic-like

MLOC_67012 780 780 morex_contig_52417 13960-14740 5H 110.06944 chlorophyll a/b
binding protein

MLOC_69498 780 780 morex_contig_56519 2200-1424 7H 70.538244 chlorophyll a/b
binding protein

MLOC_81109 801 801 morex_contig_94468 2513-1593 1H 121.95467 chlorophyll a/b
binding protein

Table 2: Chlorophyll a/b binding protein genes in barley.

Chromosomal locations of HvLHCs
After searching for homologous sequences from genome sequence

of barley cv. Morex, the 17 HvLHCs could be located to the different
chromosomes of Morex genome. They were distributed on all the seven
chromosomes of barley according to the position of these
Morex_contigs, with 1, 4, 1, 1, 5, 2 and 3 member (s) for chromosome
1H to 7H, respectively (Table 2). Remarkably, we observed that the
four and three members on chromosome 2H and 7H were
concentrated in the interval of 56 cm to 59 cm and 67 cm to 70 cm of
these two chromosomes, respectively (Table 2).

Phylogenetic analysis of LHC proteins from barley, rice and
arabidopsis

Phylogenetic analysis of HvLHCs (indicated by yellow triangle),
AtLHCs (indicated by red circle) and OsLHCs (indicated by green
square) was performed using full length deduced amino acid
sequences of these genes to understand the relationships between them
(Figure 2). As shown in the figure, most of the HvLHCs could find only
one counterpart both in rice and Arabidopsis, while some of them
could find more in rice or Arabidopsis. Additionally, some members

from the same species showed closer relationship themselves as
compared to members from other species. For instance, MLOC_67012,
MLOC_69498, MLOC_81109 and MLOC_56051 from barley showed
high similarity between each other. They were grouped together by
cluster analysis, but separated from relevant genes from rice and
Arabidopsis. Similar results were observed for other members from
Arabidopsis, such as Lhcb 2.1 (AT2G05100), Lhcb 2.2 (AT2G05070)
and Lhcb 2.4 (AT3G27690), which were also clustered together and
separated from the relevant genes from the other two species.
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Figure 2: Phylogenetic analysis of LHC proteins from barley, rice
and arabidopsis.

Cis-acting regulatory element analysis of promoter region of
HvLHCs
After searching for cis-elements by PLANTCARE, we found that

those common elements involved in transcription initiation or
enhancement, such as TATA-box and CAAT-box, also existed in the
promoter region of all these HvLHC genes. Along with these elements,
various kinds of light-responsive elements were also present, including
ATCT-motif, Box I, C-box, CATT-motif, G-box, GAG-motif, GTGGC-
motif, I-box, L-box et al. Another two cis-acting regulatory element
ARE and ABRE were also found in most of these genes, which was
reported to be essential for anaerobic induction and ABA response,
respectively. Moreover, there were also elements involved in other
stresses and hormones response in promoter regions of these HvLHCs
such as CGTCA-motif, ERE, GARE, MBS, HSE, LTR, for MeJA,
ethylene, gibberellin, drought response, high and low temperature
stresses, respectively.

Expression analysis of HvLHCs at different developmental
stages and their response to different stimulus

Expression profiling analysis of gene can provide important clues
regarding its function. Digital spatio-temporal expression pattern of
HvLHCs was detected by RNA sequencing, which was extracted from
barley genome database (Figure 3). All of the HvLHCs were
undetectable or have very low expression level in 4-day old embryos
dissected from germinating grains, roots from the seedlings (10 cm
shoot stage), young developing inflorescences (5 mm), developing
inflorescences (1-1.5 cm), 5 and 15 days post-anthesis developing grain
(DPA) (bracts removed). However, they showed prominently higher
expression level in shoots from seedlings (10 cm shoot stage) and
developing tillers at six-leaf stage (the third internode) as compared to
the six organs mentioned above. They were further classified into 3

clusters according to their expression level in the latter two organs.
Cluster I contained four genes, which showed significantly higher
expression level in the two organs, especially in the developing tillers.
Cluster III contained eight genes showing higher expression to a less
extent, while cluster II contained five genes, which showed just a little
bit higher expression value in the two organs as compared to the other
six organs (Figure 3).

Figure 3: Digital expression of HvLHCs during different
developmental stages of barley.

What’s more, dark, heat, drought and salinity stresses were
conducted on barley seedlings in the present study. Transcriptional
profiles of these genes under the four treatments were investigated
using q RT-PCR. The results showed that expression of some of these
genes were induced by all the treatments (such as MLOC_60073),
some of them responded differently to different treatments (such as
MLOC_49483), and some of them were repressed significantly by one
of the treatments (MLOC_81109), such as high temperature stress.
Further analysis classified these genes into seven groups according to
their expression patterns under the treatments studied here (Figure
4a-4g).

Figure 4: Expression of HvLCHs under different treatments.
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Discussion

Characterization of barley LHC gene family
Light harvesting chlorophyll a/b binding protein (LHC) is one of the

most abundant gene families in plants. Identifying members of this
gene family at the genome level would facilitate a better understanding
about the evolution and function of these genes in various plant
species. In rice and Arabidopsis, 17 and 23 LHCs or LHC-related genes
were identified [15]. Total 17 non-reduntant members from barley
genome were identified in the present study. Though all the coding
sequences of these HvLHCs had a conserved domain for chlorophyll
a/b binding protein, the nucleotide sequences of them showed
significant diversity between them, especially the sequences outside the
conserved domain (Data not shown). Moreover, gene structures also
varied a lot. Number, length and distribution of exon and intron
among them were quite different from each other (Figure 1).

After searching for the chromosome locations of HvLHCs, we found
that there were two hot regions on chromosome 2H and 7H, which
contained four and three members, respectively. Though gene
duplication was a common phenomenon in plants with huge genome,
our results showed that sequences of genes in the same cluster were
quite different, suggesting that the concentration of these genes was
not the result of the gene duplication.

Phylogenetic analysis of LHC proteins from barley, rice and
arabidopsis

Most of these HvLHCs could find one or more homologous genes
both in Arabidopsis and rice, suggesting that they were evolutionarily
conserved between dicot and monocot plants. It was interesting that
the gene clade on the upper right of Figure 2, in which members from
the same species showed closer relationship as compared to members
from the other two species. Members of Arabidopsis in this clade were
Lhcb1.1 to Lhcb1.5 [15]. The gene clade next to it also showed similar
result, including AtLhcb2.1, AtLhcb2.2 and AtLhcb2.4/2.3 in it. These
genes from different species may play some different roles as compared
to each other. These findings also offered an open challenge to unravel
their differentiation and function in barley as well as other relatives of
barley.

Expression of HvLHCs during barley development and
response to stimulus
Tissue-specific expression data at a given developmental stage is

useful for identifying genes involved in defining precise nature of
individual tissues. In this study, expression profiling of the 17 HvLHCs
using public RNA-seq data showed that they were specifically and
highly expressed in shoots from seedlings (10 cm shoot stage) and
developing tillers at six-leaf stage (3rd internode) (Figure 3). These two
tissues were dominant photosynthesis relevant tissues as compared to
the others analyzed. The abundance of LHCs genes in them suggested
that these genes played critical roles in photosynthesis of barley.

It was well known that a sudden shift from high light condition to
low light conditions during the growth of barley plants in growth
chamber resulted in an increase in the chlorophyll a+b content of
senescing primary foliage leaves [23]. The abundance of
minor chlorophyll a/b binding proteins CP29 and LHCI
of barley during leaf senescence was also controlled by light [23]. There
were numbers of various kinds of light responsive elements in

promoter regions of all the HvLHCs. Accordingly, expression of most
of these HvLHCs changed due to the dark treatment, either induced or
repressed. Expressions of genes in group c were significantly induced
by dark treatment (Figure 4c).

Different from animals, plants must adapt to various biotic and
abiotic stresses in their life cycles involving physiological processes as
well as molecular activities. Photosynthesis is one of the most sensitive
physiological processes when plants are attacked by adverse stimulus,
such as heat, drought and fungi. Expression level of CcLHCB1 from
pigeon pea was up-regulated by drought stimulation and AM
inoculation [24]. In barley, phosphorylation and translocation of
HvLhcb1 in thylakoid membranes was induced under Fe deficiency
condition, which may be important for balancing the PS/PHenergy
distribution during Fe deficiency [25]. A type I chlorophyll a/b binding
protein b was identified to be specially expressed in the barley drought
tolerant genotype XZ5 [26]. There were also several studies showed
that members of LHCB family play an important role in plant
adaptation to environmental stresses [10,27,28]. Previous studies also
showed that some LHCB members of Arabidopsis were positively
involved in ABA dependent processes, such as stomatal movement,
response to drought [10] and seed germination [11]. This study found
that there were one to five ABREs in the promoter regions of 16
HvLHCs which indicated that expression of them may be responsive to
ABA. They may also play some roles in ABA regulated pathways.
Additionally and importantly, promoter regions of these HvLHCs also
contained various kinds of stress-responsive elements. To further
illustrate their expression pattern under stress treatments, responses of
them under dark, heat, drought and salinity stresses were investigated
in this study. All of the 17 genes were responsive to at least one
stimulus, and they were classified into seven groups according to their
main features of expression patterns (Figure 4). These genes in the
same group may play similar or complementary roles under different
conditions, while genes in different groups may play different roles.
Over expression and knockdown experiments will needed and be
helpful to illustrate the biological function of HvLHCs genes and to
make use of them in barley breeding.

Conclusion
This is the first report about identification of LHCs from barley at

the genome level. Results presented here will not only provide a basis
for determining the role of HvLHCs during development and stress
response. Also this resource will be useful in breeding of new elite
barley varieties with high yield or high tolerance to biotic and abiotic
stresses.
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