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ARTICLE INFO ABSTRACT

Late embryogenesis abundant (LEA) proteins are a large and highly diverse family of polypeptides that play
important roles in plant growth, development and stress responses. At present, LEA gene families have been
identified and systematically characterized in many plant species. However, the LEA gene family in tea plant has
not been revealed, and the biological functions of the members of this family remain unknown. In this study, 33
CsLEA genes were identified from tea plant via a genome-wide study, and they were clustered into seven groups
according to analyses of their phylogenetic relationships, gene structures and protein conserved motifs. In ad-
dition, expression analysis revealed that the CsLEA genes were specifically expressed in one or more tissues and
significantly induced under cold and dehydration stresses, implying that CsLEA genes play important roles in tea
plant growth, development and response to cold and dehydration stresses. Furthermore, a potential transcrip-
tional regulatory network, including DREB/CBF, MYB, bZIP, bHLH, BPC and other transcription factors, is di-
rectly associated with the expression of CsLEA genes, which may be ubiquitous and important in the above
mentioned processes. This study could help to increase our understanding of CsLEA proteins and their con-
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tributions to stress tolerance in tea plant.

1. Introduction

Abiotic stress factors, such as cold, heat, drought, salinity and heavy
metals, severely limit plant growth and development as well as the final
yield and quality of crops. Generally, plants have developed a series of
defence mechanisms to respond to these stress factors (Kosova et al.,
2014). An important group of highly hydrophilic proteins, called late
embryogenesis abundant (LEA) proteins, accumulate naturally for cel-
lular protection during abiotic stress tolerance (Zhao et al., 2011). LEA
proteins were first described to accumulate to high amounts in the late
stages of cotton seed development (Dure et al., 1981), and they were
later identified in seeds of other plant species and in vegetative plant
organs (Hincha and Thalhammer, 2012). However, LEA proteins are
not plant specific; they have also been identified in cyanobacteria,
bacteria and some invertebrates (Browne et al., 2002; Close and
Lammers, 1993; Hatanaka et al., 2015; Stacy and Aalen, 1998). Im-
portantly, their presence has frequently been associated with cellular
tolerance, which may be induced by abiotic stresses, particularly water
deficit and cold stress (Salleh et al., 2012). Under extreme stress, LEA
proteins, as molecular chaperones, protect against protein aggregation
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because of their characteristics that include being small in size, being
highly hydrophilic and having low complexity (Shih et al., 2008).

In plants, LEA proteins are divided into at least eight different
groups according to their specific domains and distinct motif compo-
sitions, including LEA_1, LEA 2, LEA 3, LEA 4, LEA 5, LEA_6, dehydrin
and seed maturation protein (SMP) groups, but the groupings and the
nomenclature of the groups are not consistent in the literature (Hincha
and Thalhammer, 2012). Many studies have characterized the functions
of LEA proteins, especially their roles in stress responses. For example,
OsEm1, a LEA_1 group protein in rice, can enhance the tolerance of rice
to drought (Yu et al., 2016). Overexpression of Chimonanthus praecox
CpLEA5 in Arabidopsis provided enhanced osmotic and low-tempera-
ture tolerance (Liu et al., 2015a). Similarly, the expression of ZmLEA3,
AtLEAS, ShDHN and SiLEA14, etc. could enhance tolerance to different
stresses in transgenic plants (Liu et al., 2015b, 2016; Salleh et al., 2012;
Wang et al., 2014). These studies indicated that the accumulation of
LEA proteins is critical for plant resistance. In addition, the functional
mechanisms of LEA proteins associated with stress tolerance have been
reported, including protection of cellular structures from the effects of
water loss and desiccation, protection of proteins from stress-induced
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damage, sequestration of ions, and folding of denatured proteins (Hand
et al., 2011; Shao et al., 2005). At present, LEA gene families have been
comprehensively analysed in various plant species, such as Arabidopsis,
rice, poplar, maize and tomato (Cao and Li, 2015; Hundertmark and
Hincha, 2008; Lan et al., 2013; Li and Cao, 2016; Wang et al., 2007),
and the expression patterns of LEA genes in response to various abiotic
stresses have been investigated (Pedrosa et al., 2015; Wu et al., 2018).
Currently, the functional mechanisms of LEA proteins in plant stress
responses have become a popular research topic.

Tea plant [Camellia sinensis (L.) O. Kuntze] is an important economic
crop which is widely cultivated worldwide (Mukhopadhyay et al.,
2016). However, tea plant frequently experiences various abiotic
stresses during its lifecycle, and cold and drought stresses are the main
factors that significantly affect the yield and quality of tea products
(Das et al., 2016; Wang et al., 2016). Recently, 2 LEA genes in tea plant
were reported to be involved in the response to cold and drought
stresses (Muoki et al., 2012; Paul et al., 2014), revealing the importance
of LEA genes in tea plants under stress. However, the LEA gene family in
tea plant has not been revealed, and the biological functions of the
members of this family remain unknown, particularly in the tea plant's
response to abiotic stresses. Here, CsLEA genes were identified from the
tea plant genome via a genome-wide study, and a comprehensive
analysis, which included individual analyses of sequence character-
istics, phylogenetic relationships, gene structures, conserved motifs,
protein interaction networks and transcription factor regulatory net-
works, was performed. In addition, expression profiles of CsLEA genes
in different tissues of tea plant and in response to cold and dehydration
stresses were measured. The results of this study should increase our
understanding of the CsLEA gene family and provide a foundation for
additional studies of the biological functions of the CsLEA proteins
under abiotic stresses.

2. Materials and methods
2.1. Plant materials and stress treatments

Two-year-old cutting seedlings of tea plants [C. sinensis cv.
‘Longjingchangye’] were planted in an artificial climate chamber at
Northwest A&F University (Yangling, China, N 34°16’, E 108°3") under
normal environmental conditions (12h light/12h dark photoperiod,
25 #+ 2°C ambient temperature and 70 = 5% relative humidity). The
tea plants were then exposed to cold and dehydration stress treatments,
respectively. For cold treatment, tea plants were transferred to an ar-
tificial climate chamber maintained at 4 °C for 48 h. For dehydration
treatment, the root of tea plants together with the matrix was immersed
completely in the solution containing 20% (w/v) polyethylene glycol
(PEG) 6000 for 48 h. And all stress treatments were completed under
other growth conditions consistent. The first and second young leaves
from about 120 tea plants were randomly collected at 0, 1, 2, 4, 8, 12,
24 and 48h after stress treatments. Additionally, roots, stems, leaves
and flowers from the tea plants grown in the artificial climate chamber
under normal environmental conditions (mentioned above) were col-
lected in October. For all conditions, three independent biological re-
plicates were prepared. All the samples were immediately frozen in
liquid nitrogen and stored at —80 °C for further analysis.

2.2. Total RNA isolation and cDNA reverse transcription

The total RNA from the sample was extracted using RNAiso Plus
(TaKaRa, Dalian, China), and all genomic DNA contamination was
eliminated with DNase I (TaKaRa, Dalian, China). The concentration
and quality of the RNA were measured using a NanoDrop ND-1000
spectrophotometer (NanoDrop, Wilmington, USA). Afterward, 1 pg of
total RNA was reverse transcribed to cDNA using a 5 x All-In-One RT
MasterMix Kit (ABM, Richmond, Canada) in accordance with the
manufacturer's protocol.
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2.3. Identification of members of the CsLEA gene family in tea plant

The LEA protein sequences in Arabidopsis and rice were obtained
from The Arabidopsis Information Resource (TAIR) (http://www.
arabidopsis.org/) and the Rice Genome Annotation Project (RGAP)
(http://rice.plantbiology.msu.edu/) databases and were used as queries
for BLASTP searches against the tea plant genome (Wei et al., 2018; Xia
et al.,, 2017). The obtained CsLEA genes were then rechecked and
confirmed by querying the NCBI database (https://www.ncbi.nlm.nih.
gov/).

2.4. Sequence analysis and phylogenetic tree construction

The physicochemical parameters, including molecular weight, the-
oretical isoelectric point (pl), instability index, aliphatic index and the
grand average of hydropathicity (GRAVY), of the CsLEA proteins were
analysed with the ExPASy ProtParam tool (https://web.expasy.org/
protparam/). The WoLF PSORT online program (https://wolfpsort.hgc.
jp/) was used to predict the subcellular localization of the CSLEA pro-
teins. Multiple sequence alignment of the amino acid sequences of the
LEA proteins in tea plant, Arabidopsis and rice was performed via of
DNAMAN 6.0 with the default parameters. A phylogenetic tree was
constructed using the neighbour-joining method with 1000 bootstrap
replicates in the MEGA 6.0, and the diagram was drawn and retouched
via EVOLVIEW (www.evolgenius.info/evolview).

2.5. Analysis of gene structure and protein conserved motifs

The exon-intron structures of the CsLEA genes were analysed by
comparing coding sequences with their corresponding genomic se-
quences using Gene Structure Display Server 2.0 (http://gsds.cbi.pku.
edu.cn). MEME 5.0.1 (http://meme-suite.org/tools/meme) was used to
identify the conserved motifs of the CSLEA proteins with the following
parameters: number of repetitions, any; maximum number of motifs,
10; and optimum motif widths, 6 to 50 amino acid residues.

2.6. Prediction of protein interaction networks and transcription factor
regulatory networks

The functional interacting network models of CsLEA proteins were
predicted using the web program STRING (http://string-db.org); the
confidence parameter was set at a threshold of 0.40. The 600 bp se-
quences upstream from the start codon of the CsLEA genes were ex-
tracted from the tea plant genome (Wei et al., 2018; Xia et al., 2017);
the sequence information is shown in Table S1. The transcription fac-
tors of the CsLEA genes then were predicted using the Plant Tran-
scriptional Regulatory Map (PTRM, http://plantregmap.cbi.pku.edu.
cn/regulation_prediction.php) with a threshold (for binding site pre-
diction) p-value < 1e-5, after which the transcription factor enrichment
results were used to construct a transcription factor regulatory network
via Cytoscape 3.6 software.

2.7. Quantitative RT-PCR (qRT-PCR) analysis of CsLEA genes

An expression analysis of the CsLEA genes was performed via qRT-
PCR using SYBR® Premix Ex Tag™ 11 (TaKaRa, Dalian, China) on a Bio-
Rad IQ5 Real-Time PCR System (Bio-Rad, Hercules, USA) in accordance
with the manufacturer's instructions. The CsPTB gene (GeneBank:
GAAC01052498.1) was used as an internal control (Hao et al., 2014);
all primers used for qRT-PCR analysis are listed in Table S2. The ex-
periments were repeated in triplicate, and the relative gene expression
levels were calculated based on the threshold cycle using the 2744¢T
method (Livak and Schmittgen, 2001). The HeatMaps of the gene ex-
pression were visualized using Cluster 3.0 and TreeView software.
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Table 1
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Summary information of the physiological and biochemical properties of CSLEA proteins.

Gene name Gene ID? Animo MW (kDa) pl GRAVY Instability Aliphatic Subcellular localization "
acids index index

CsLEA1 CSA003726.1 96 10.44 9.99 —0.42 45.54 76.25 chlo: 7, cyto: 7

CsLEA2 TEA013594.1 124 13.54 592 —0.47 39.22 75.48 chlo: 10, mito: 4

CsLEA3 TEA Scaffold426:839639:840621: 175 19.80 9.37  0.02 21.71 110.80 cyto: 6, nucl: 2.5, pero: 2, cysk_nucl: 2, chlo: 1,
ER.: 1, golg: 1

CsLEA4 TEA006416.1/CSA006938.1 96 10.35 9.99 -0.53 37.17 71.25 mito: 6, chlo: 4, cyto: 3, nucl: 1

CsLEAS CSA009009.1 106 11.39 7.11 -1.05 51.09 45.38 mito: 6, nucl: 3, cyto: 3, chlo: 2

CsLEA6 TEA011337.1/CSA030792.1 318 35.36 486 —0.37 19.90 96.23 cysk: 7, cyto: 4, chlo: 1, nucl: 1, golg: 1

CsLEA7 TEA014379.1/CSA031822.1 153 16.64 4.93 —-0.01 1222 103.86 cyto: 7, chlo: 3, nucl: 2, mito: 1, plas: 1

CsLEA8 TEA031400.1/CSA027557.1 250 25.90 464 —0.23 31.65 86.32 cyto: 9, chlo: 3, mito: 1, cysk nucl: 1

CsLEA9 CSA000643.1 156 16.46 5.43 —-1.23 36.16 32.88 mito: 8, nucl: 4, cyto: 1, plas: 1

CsLEA10 TEA032725.1 201 21.05 7.97 —-1.32 14.17 23.28 nucl: 11, cyto: 1, plas: 1, extr: 1

CsLEA11 TEA010666.1/CSA004403.1 252 28.71 533 —1.47 59.23 47.58 nucl: 13, cysk: 1

CsLEA12 CSA019232.1 72 7.55 5,62 —0.10 26.91 82.64 cyto: 11, chlo: 3

CsLEA13 CSA012431.1 86 9.83 9.69 —-0.39 35.85 85.00 chlo: 11, mito: 2, cyto: 1

CsLEA14 TEA026687.1/CSA030468.1 406 43.37 515 —0.86 26.62 39.56 nucl: 8.5, nucl_plas: 5, chlo: 2, mito: 2, cyto: 1

CsLEA15 TEA032830.1/CSA034141.1 221 24.55 10.16 0.01 25.15 97.87 cyto: 9, E.R.: 2, chlo: 1, extr: 1, vacu: 1

CsLEA16 TEA003016.1/CSA010151.1 187 20.69 7.64 —0.99 40.88 58.61 pero: 10, nucl: 3, cyto: 1

CsLEA17 TEA028150.1 128 14.08 8.95 -0.99 33.19 55.86 mito: 6, cyto: 4, chlo: 2, nucl: 2

CsLEA18 TEA011974.1 154 16.19 483 —1.21 31.56 29.61 nucl: 7, mito: 6, chlo: 1

CsLEA19 CSA033014.1 85 9.12 586 —1.02 46.98 43.88 mito: 9, nucl: 4, cyto: 1

CsLEA20 TEA032971.1/CSA010673.1 225 24.77 9.51 0.01 24.80 99.16 cyto: 10, E.R.: 3, vacu: 1

CsLEA21 TEA028236.1/CSA026452.1 154 15.76 6.51 -0.77 24.54 39.55 nucl: 7, mito: 5, chlo: 1, cyto: 1

CsLEA22 TEA033745.1 255 27.92 4.98 —1.06 25.46 59.06 cyto: 3, extr: 3, E.R.: 2.5, E.R._plas: 2.5, mito: 2,
plas: 1.5, chlo: 1, nucl: 1

CsLEA23 TEA000416.1/CSA020543.1 378 40.79 5.42 -0.71 26.93 49.26 extr: 6, vacu: 4, mito: 2, nucl: 1, golg: 1

CsLEA24 TEA005221.1/CSA031121.1 333 36.35 5.04 —1.11 46.42 51.44 chlo: 8, nucl: 3, mito: 2, cyto: 1

CsLEA25 TEA030980.1/CSA009868.1 210 23.57 9.92 —-0.23 37.53 84.95 cyto: 4.5, golg: 3, cyto_pero: 3, nucl: 2, vacu: 2,
mito: 1, E.R.: 1

CsLEA26 CSA035676.1 78 8.59 5.45 —1.52  44.99 35.00 nucl: 6, cyto_nucl: 5, mito: 4, cyto: 2, extr: 2

CsLEA27 TEA018323.1/CSA002944.1 206 22.68 9.71  0.20 33.83 110.10 cyto: 8, vacu: 2, ER.: 2, chlo: 1, plas: 1

CsLEA28 TEA021072.1/CSA036017.1 194 21.30 10.02 -0.04 33.60 85.88 cyto: 7, nucl: 2, E.R.: 2, chlo: 1, mito: 1, extr: 1

CsLEA29 TEA007147.1/CSA021249.1 211 23.19 9.66  0.07 58.19 86.26 chlo: 7, mito: 2, vacu: 2, nucl: 1, plas: 1, extr: 1

CsLEA30 TEA005685.1/CSA003226.1 197 21.50 9.37 0.29 33.85 88.58 chlo: 6, mito: 4, extr: 1, vacu: 1, ER.: 1,
cyto_nucl: 1

CsLEA31 TEA015290.1 213 24.02 9.82 —0.34 47.37 78.73 cyto: 4, vacu: 3, nucl: 2, E.R.: 2, golg: 2, plas: 1

CsLEA32 TEA015292.1 210 23.37 9.95 —-0.11 33.95 87.71 cyto: 5, vacu: 3, E.R.: 2, golg: 2, nucl: 1, mito: 1

CsLEA33 TEA015293.1 212 23.59 9.64 —0.03 48.73 86.46 cyto: 5, golg: 3, vacu: 2, plas: 1.5, E.R._plas: 1.5,

nucl: 1, mito: 1

2 Gene IDs are from C. sinensis var. sinensis genome (marked with TEA) and C. sinensis var. assamica genome (marked with CSA).

b

plasma membrane; vacu: vacuole.
3. Results
3.1. Identification and characterization of the CsLEA gene family

In total, 33 CsLEA genes, named CsLEA1 to CsLEA33, were identified
from the genome of tea plant (Table S3). The results of the physiological
and biochemical properties analysis showed that the lengths of the
CsLEA proteins ranged from 72 to 406 amino acids, the molecular
weights were between 7.55kDa and 43.37 kDa, and the pI values
ranged from 4.64 to 10.16. With the exception of CsLEA3, 15, 20, 27,
29 and 30, most CsLEA proteins presented GRAVY values of less than 0,
implying that they all are hydrophilic proteins. More detailed in-
formation, including their instability index, aliphatic index and sub-
cellular localization, is listed in Table 1.

3.2. Phylogenetic analysis of CsLEA proteins

To investigate the phylogenetic relationship of LEA proteins among
tea plant, Arabidopsis and rice, a phylogenetic tree was constructed
using the neighbour-joining method. As shown in Fig. 1, the LEA pro-
teins were classified into eight groups, including LEA_1, LEA 2, LEA 3,
LEA_ 4, LEA 5, LEA_6, dehydrin and SMP groups, while the 33 CsLEA
proteins appeared in only seven groups. There were no members in the
LEA_6 group. In addition, the LEA_2 and LEA_4 groups were the largest,
with thirteen and eight LEA members in tea plant, respectively. By

chlo: chloroplast; cyto: cytoplasm; ER: endoplasmic reticulum; extr: extracellular; golg: Golgi apparatus; mito: mitochondrion; nucl: nucleus; pero: peroxide; plas:

contrast, the LEA_5 group had only one CsLEA member, CSLEA26.

Twenty-three other species (Li, 2016) in which members of the LEA
family have been identified were comparatively analysed to further
assess the family composition of CSLEA proteins, and the results showed
that the distribution of the CSLEA members was similar in proportion to
that of other higher plants, especially angiosperms. Specifically, the
LEA_2 and LEA 4 group had significantly more members than did the
other groups, although this trend was not completely manifested in all
higher plants. By contrast, the structure of the LEA members in lower
plants and animals is relatively simple. Moreover, no LEA_6 members
were identified in Solanaceae plants, which, in addition to tea plant, are
Asterids; this finding suggested that gene loss events occurred during
the process of Asterid plant evolution (Fig. 2).

3.3. Gene structures and conserved motifs within the CsLEA family

To further analyse the evolutionary relationships of the CsLEA gene
family, the exon-intron organization of the CsLEA genes was in-
vestigated (Fig. 3). The LEA_5 group had no introns; the LEA_1, LEA 3
and dehydrin groups had only 1 intron; and the other groups had 0-2
introns. Generally, the CsLEA genes in the same group had similar exon-
intron feature, which supports their close phylogenetic relationship and
group classification. In addition, conserved motifs were predicted and
analysed using the MEME tool to understand the structural features of
the CSLEA proteins. Ten motifs describing the details of the CsLEA
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proteins were ultimately predicted (Fig. 4 and Figure S1); the regular
expression levels of the conserved motifs are listed in Table S4. The 33
CsLEA proteins did not share high similarity, but the LEA proteins
within the same group had a similar motif organization, which further
supports the results of the phylogenetic analysis. On the other hand,
significant differences in motifs among the different groups of CSLEA
proteins hint at protein functional diversity.

3.4. Protein interaction network of CsLEA proteins

In this study, the CsLEA proteins were investigated in an
Arabidopsis association model using STRING software to identify the
functional and physical interactions. The results in Fig. 5 show that 32
CsLEA proteins were mapped to 18 known Arabidopsis proteins that
participate in the interaction network; CSLEA22 was the lone exception.
Most CsLEA proteins were clearly associated with each other and are
involved in the CBF/DREB signalling pathway by interacting with
CBF2, ICE1, DREB1A, ABI1 or ABF4. In contrast, some CsLEA proteins
were independent, such as CsLEA14, 15, 20, 23, 25, 27, 28, 29, 30, 31,
32 and 33.
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Fig. 1. Phylogenetic tree of LEA proteins in tea plant, Arabidopsis and rice constructed using the neighbour-joining method.

3.5. Transcription factor regulatory network of CsLEA genes

To identify the potential transcriptional regulatory network of the
CsLEA gene family, 600 bp upstream sequences from the 33 CsLEA
genes were extracted and analysed, and the results showed that 108
transcription factors that participated in the regulation of 31 CsLEA
genes, including numerous ERF, MYB, bZIP and bHLH transcription
factor family members and a few other family members, were enriched
(Fig. 6 and Table S5). Among these transcription factors, the ERF family
members were most abundant, and most, including CBF1, CBF2, CBF3
and CBF4, belonged to the DREB subfamily. In addition, ABF1, ABF2,
ABF3 and ABI5 of the bZIP family were also identified in the regulatory
network, which is consistent with the protein interaction network of the
CsLEA proteins (Fig. 5). Interestingly, three BPC family transcription
factors, BPC1, BPC5 and BPC6, were shown to universally regulate the
CsLEA genes, especially members of the LEA 4 group.

3.6. Expression analysis of CSLEA genes in different tissues of tea plant

The expression patterns of CsLEA genes in roots, stems, leaves and
flowers were investigated by RT-PCR. As shown in Fig. 7 and Table S6,
the CsLEA genes were differentially expressed in different tissues of tea
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Group
Species Other  Total
LEA 1 LEA 2 LEA 3 LEA 4 LEA S5 LEA 6 Dehydrin SMP
Asterids;lﬂ‘ejé Camellia sinensis 3 13 4 8 1 - 2 2 - 33
Solanum tuberosum 5 5 3 6 2 - 5 2 1 29
Solanaceae Solanum lycopersicum 5 5 3 3 2 - 6 3 - 27
Rosales Prunus mume 3 6 3 5 3 - 6 3 1 30
— Medicago truncatula 4 2 2 5 1 2 3 4 - 23
Eudicots Fabales Glycine max 2 6 8 6 3 2 4 5 - 36
Fabids L——— Arachis hypogaea 2 1 2 7 3 1 1 2 - 19
Malpighiales Ricinus communis 2 2 3 7 2 2 5 4 -2
Populus tomentosa 4 61 4 6 1 2 7 2 - 87
Rosids Cucurbitales Populus trichocarpa 3 4 5 26 1 2 10 2 - 53
Cucumis sativus 2 4 - 2 2 4 3 62 79
Angiosperm Brassica rapa 5 13 2 3 2 1 8 4 53
Brassica napus 9 10 13 25 7 5 23 16 - 108
Arabidopsis thaliana 3 3 4 18 2 3 10 6 2 51
Rutaceae Citrus si 4 4 5 7 3 - 6 4 2 72
Spermatophyta ———  Oryza sativa 4 7 5 8 2 1 6 6 - 39
Brachypodium distachyon 5 5 8 1 3 1 9 6 2 40
Tracheophyta Monocots Phyllostachys edulis 1 5 5 5 - 1 6 - - 23
Zea mays 4 6 7 3 2 1 5 4 - 32
Higher plant Symnosperm Pinus tabuliformis 2 1 6 3 1 6 4 - 23
Plantae Bryophy:e”dwhyta laginella moellendorffi 1 3 4 - 3 - - 4 - 15
Physcomitrella patens - 3 1 2 3 - 3 2 4 18
Lower plant Chlamydomonas reinhardtii _ - . . 1 - - - - 1
Animalia Polypedil lernlank - - - 27 - - - - - 27

Fig. 2. Summary of the LEA gene family among 24 species.

plant and were grouped into 2 classes. Among these CsLEA genes in
Class I, 8 were highly expressed in the roots, 5 and 9 were highly ex-
pressed in the stems and leaves, respectively; except for CsLEA3, all
others were expressed in low amounts in the flowers. In contrast, 11
CsLEA genes in Class II, mainly members of the LEA_4 and SMP groups,
were expressed more in the flowers than in other organs, although some
of these genes were also slightly expressed in other tissues.

CsLEAS
CsLEA17
CsLEA21

LEA_1

3.7. Expression analysis of CsSLEA genes under cold and dehydration stress

Under cold stress, the expression of 20 CsLEA genes was sig-
nificantly upregulated, but the expression of a subset of those genes
briefly decreased at 1, 2 and 48h; in contrast, the expression of the
remaining 13 CsLEA genes was significantly downregulated, especially
that of the members of the LEA 4 group (Fig. 8A and Table S7). Inter-
estingly, similar expression trends were also observed under dehydra-
tion stress; CsLEA20, CsLEA26 and all LEA 4 group genes were

CsLEA3
CsLEA6
CsLEA7
CsLEA15
CsLEA20
CsLEA25
CsLEA27
CsLEA28
CsLEA29
CsLEA30
CsLEA31
CsLEA32
CsLEA33
CsLEAT
CsLEA2

LEA_2

LEA_3
CsLEA4

CsLEA13
CsLEA9
CsLEA14 ——
CsLEA16
CsLEA18
CsLEA19 —
CsLEA22
CsLEA23

LEA_4

CsLEA24

LEA_5 | CsLEA26
CsLEA10
CsLEA11

CsLEAS

Dehydrin |

SMP | CsLEA12 ~

L L L s L

Legend: Exon Intron

0 kb 1 kb 2 kb

3 kb 4 kb 5 kb 6 kb
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Fig. 4. Distribution of conserved motifs within CsLEA proteins. Putative motifs are represented by a number in a coloured box.

significantly downregulated; and the expression of the other CsLEA
genes was significantly upregulated (Fig. 8B and Table S8). In addition,
the expression trends of the same group of CsLEA genes were essentially
consistent under cold and dehydration stresses. These results reveal that
almost all CsLEA genes are involved in the response of tea plant to cold
and dehydration stresses, and this response may depend on similar
mechanisms.

4. Discussion

LEA proteins are typically associated with protective functions that
play crucial roles during embryonic development and response to
abiotic stresses in plants (Shih et al., 2008). To date, members of LEA
gene families in many plants have been reported, but they have not
been revealed in tea plant. Excitingly, publication of the tea plant
genome rendered the identification and characterization of the CsLEA
gene family possible (Wei et al., 2018; Xia et al., 2017). In the present
study, 33 CsLEA genes were identified in tea plant, which is consistent
with the number of LEA members in tomato (Cao and Li, 2015), potato
(Charfeddine et al., 2015), Chinese plum (Du et al., 2013), and maize
(Li and Cao, 2016), etc., but lower than that in Arabidopsis
(Hundertmark and Hincha, 2008), poplar (Lan et al., 2013), edible rape
(Liang et al., 2016), sweet orange (Pedrosa et al., 2015), etc. Previous
phylogenetic analyses classified plant LEA proteins into at least eight
groups, including LEA 1, LEA 2, LEA 3, LEA 4, LEA 5, LEA 6, dehydrin
and SMP groups. However, the CsLEA proteins were classified into only
seven groups, among which the LEA 6 group was not identified in tea
plant. Interestingly, the lack of LEA 6 group members has also been
reported in other Asterid plants such as tomato and potato (Cao and Li,
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2015; Charfeddine et al., 2015), suggesting that gene loss events oc-
curred during the process of Asterid plant evolution; however, this
supposition requires more genetic evolution information for confirma-
tion. In addition, studies have shown that the greatest number of LEA_2
group genes occurs in higher plants (Pedrosa et al., 2015), which was
also confirmed by our results, as the LEA_ 2 group had significantly
more members than did the other groups in tea plant. However, ad-
vantages of the quantity of LEA_2 members have not been described in
previous genome investigations of Arabidopsis (Hundertmark and
Hincha, 2008), rice (Wang et al., 2007) or poplar (Lan et al., 2013).
These inconsistent results may be explained in part by the improvement
of higher plant genome annotations and the duplication of atypical LEA
proteins in the LEA_2 group (Pedrosa et al., 2015). These findings
suggest that the LEA protein family in higher plants may be larger and
much more complex than that currently described, especially the LEA_2
group proteins.

Accumulating evidence has demonstrated that genes related to the
stress response usually contain fewer introns (Jeffares et al., 2008). Our
results also showed that all CsLEA genes have no more than two introns,
which is similar to the exon-intron organization of LEA genes in other
plants such as Chinese plum (Du et al., 2013), poplar (Lan et al., 2013),
tomato (Cao and Li, 2015) and potato (Charfeddine et al., 2015). A low
abundance of introns contributes to the transcriptional regulation of
LEA genes under stress conditions, which possibly explains why CsLEA
genes are rapidly and strongly induced or inhibited under cold and
dehydration stresses. In addition, we found that CsLEA genes in the
same group have similar exon-intron features, which supports their
close phylogenetic relationship and group classification. Similar results
concerning the conserved motif composition of CsLEA proteins have
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also been reported, which further supports the results of phylogenetic
analyses. On the other hand, many studies have indicated that LEA
proteins in different groups exhibit low similarity (Shih et al., 2008).
Our results also showed that the CsLEA proteins in each group have
distinct conserved motifs that have also been identified in other plant
species, such as pine (Gao and Lan, 2016), Gastrodia elata (Zeng et al.,
2018), tomato (Cao and Li, 2015) and potato (Charfeddine et al., 2015),
implying that CsLEA proteins are functional LEA proteins that have
group-specific functions; furthermore, members of the same group

might originate from gene duplication within that group, while the
different groups may have evolved from different ancestors (Altunoglu
et al., 2016; Ling et al., 2016; Pedrosa et al., 2015; Zeng et al., 2018).

Recent studies have shown significant histological specificity in the
transcription of plant LEA genes. For example, most of the LEA genes in
maize show distinct tissue-specific expression in 60 tissues (Li and Cao,
2016), and 9 potato LEA genes are highly expressed in the vegetative
organs (Charfeddine et al., 2015). In cassava, the expression levels of 7
MeLEA genes were not detected or were at low levels in different

Fig. 6. Transcription factor regulatory network of CsLEA genes. The 600 bp upstream sequence from each CsLEA gene was extracted and used to construct the
transcriptional regulatory network via the PTRM tool and Cytoscape 3.6 software.
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HeatMap was generated by Cluster 3.0 and TreeView software using the CsLEA
gene expression data, and normalized log,-transformed values were used with
hierarchical clustering. The red and green colours indicate high or low tran-
script abundances, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

tissues, and 8, 7 and 5 MeLEA genes were highly expressed in storage
roots, stems and leaves, respectively (Wu et al., 2018). In the present
study, we also found that the CsLEA genes were specifically expressed in
one or more tissues, which is similar to the results from recent reports in
tomato (Cao and Li, 2015), edible rape (Liang et al., 2016) and sweet
orange (Pedrosa et al., 2015), suggesting that the CsLEA genes are ex-
tensively involved in the growth and development of tea plant and may
develop different biological functions in different tissues. It is widely
believed that LEA proteins constitute an important response to different
abiotic stresses and are usually induced under stress conditions such as
cold, drought and high salinity (Huang et al., 2016). As expected, the
expression of many CsLEA genes were significantly induced under cold
and dehydration stresses, and their trends were essentially consistent,
which is similar to the results of previous investigations in other plants
(Li and Cao, 2016; Wu et al., 2018; Zeng et al., 2018); these findings
imply that these CsLEA proteins are critical in the tea plant response to
cold and dehydration stresses. Interestingly, the expression levels of the
CsLEA genes in the LEA 4 group were significantly downregulated
under cold and dehydration stresses, and these genes were specifically
expressed in the tea plant flowers, suggesting that LEA 4 group CsLEA
proteins are critical for reproductive growth but not for stress re-
sponses, although this needs further confirmation.

Previous investigations have confirmed that LEA proteins, as
downstream factors of the CBF/DREB signalling pathway, are involved
in plant responses to cold and drought stresses (Kaur and Asthir, 2017;
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Kosova et al., 2007). For example, DREB1A/CBF3 transcription factors
can simultaneously activate the expression of many LEA genes, re-
sulting in multiple improvements in Arabidopsis stress tolerance (Liu
et al., 2000). Overexpression of two DREB/CBF transcription factors
improved the stress tolerance of transgenic wheat by increasing the
expression of many LEA genes (Morran et al., 2011). Our protein in-
teraction prediction results show that many CsLEA proteins are in-
volved in the CBF/DREB signalling pathway, implying that the ex-
pression of CsLEA genes is regulated by DREB/CBF transcription factors
under stress. Interestingly, the greatest quantify of transcription factors
identified in the transcriptional regulatory network of the CsLEA gene
family were the DREB/CBF type, which further validates our above
speculation. In addition, increasing amounts of evidence have indicated
that the expression of LEA genes is also regulated by transcription
factors of the MYB and bZIP families. For instance, cotton GbMYB5
activates the expression of LEA genes to maintain the stabilization of
plant cells under drought stress (Chen et al., 2015), and Arabidopsis
ABIS regulates the accumulation of LEA proteins during dark-induced
leaf senescence (Su et al., 2016). We also found that many MYB, bZIP
and bHLH family transcription factors are involved in the regulation of
CsLEA genes, which is similar to the results of analyses of cis-acting
elements of promoters in tomato (Cao and Li, 2015), maize (Li and Cao,
2016) and sweet orange (Pedrosa et al., 2015). Furthermore, the CsLEA
genes of the LEA 4 group are generally regulated by multiple BPC
transcription factors that are critical for plant growth and development,
especially reproductive growth (Monfared et al., 2011), which also
accurately explains the results of LEA_4 group CsLEA gene-specific ex-
pression in the tea plant flowers. Overall, these results suggest that a
potential transcriptional regulatory network, including DREB/CBF,
MYB, bZIP, bHLH, BPC and other transcription factors, is directly as-
sociated with the expression of CsLEA genes, which may be ubiquitous
and play important roles in tea plant growth, development and stress
responses.

In summary, this study is the first to comprehensively and system-
atically analyse members of the LEA gene family in tea plant. In total,
33 CsLEA genes were identified in the tea plant genome, and bioin-
formatic and expression profile analyses were performed to determine
their potential functions. The results indicate that CsLEA genes are ac-
tively involved in regulating tea plant growth, development and re-
sponses to cold and dehydration stress, and these processes are closely
related to a transcriptional regulatory network involving DREB/CBF,
MYB, bZIP, bHLH, BPC and other transcription factors. These results
will provide a solid foundation for additional functional studies in-
vestigating CsLEA proteins and contribute to an improved under-
standing of the mechanisms of stress tolerance mediated by CsLEA
proteins in tea plant.
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