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Genome-wide identification and 
expression analyses of the LEA 
protein gene family in tea plant 
reveal their involvement in seed 
development and abiotic stress 
responses
Xiaofang Jin1,2, Dan Cao1, Zhongjie Wang2, Linlong Ma1, Kunhong Tian2, Yanli Liu1, 
Ziming Gong1, Xiangxiang Zhu2, Changjun Jiang2 & Yeyun Li2

Late embryogenesis abundant (LEA) proteins are widely known to be present in higher plants and are 
believed to play important functional roles in embryonic development and abiotic stress responses. 
However, there is a current lack of systematic analyses on the LEA protein gene family in tea plant. In 
this study, a total of 48 LEA genes were identified using Hidden Markov Model profiles in C. sinensis, 
and were classified into seven distinct groups based on their conserved domains and phylogenetic 
relationships. Genes in the CsLEA_2 group were found to be the most abundant. Gene expression 
analyses revealed that all the identified CsLEA genes were expressed in at least one tissue, and most 
had higher expression levels in the root or seed relative to other tested tissues. Nearly all the CsLEA 
genes were found to be involved in seed development, and thirty-nine might play an important role in 
tea seed maturation concurrent with dehydration. However, only sixteen CsLEA genes were involved 
in seed desiccation, and furthermore, most were suppressed. Additionally, forty-six CsLEA genes could 
be induced by at least one of the tested stress treatments, and they were especially sensitive to high 
temperature stress. Furthermore, it was found that eleven CsLEA genes were involved in tea plant in 
response to all tested abiotic stresses. Overall, this study provides new insights into the formation of 
CsLEA gene family members and improves our understanding on the potential roles of these genes 
in normal development processes and abiotic stress responses in tea plant, particularly during seed 
development and desiccation. These results are beneficial for future functional studies of CsLEA genes 
that will help preserve the recalcitrant tea seeds for a long time and genetically improve tea plant.

LEA proteins were first identified 30 years ago in cotton seeds during the late stages of embryo development1. 
Since this discovery, these proteins have also been detected in the roots, stems, leaves, flowers, and other tissues 
of plants2–4. LEA proteins are widely distributed in higher plants, such as A. thaliana3, O. sativa5, and P. tricho-
carpa6, and they are found in algae, fungi, bacteria7, and even invertebrates8. According to their distinct motif 
compositions, amino acid sequences, and phylogenetic relationships, LEA proteins have been classified into at 
least eight different groups (LEA_1, LEA_2, LEA_3, LEA_4, LEA_5, LEA_6 (PvLEA18), dehydrin (DHN), and 
seed maturation protein (SMP)) within the Pfam database9. However, currently no distinct universal classification 
criterion for LEA proteins has been established10–12. LEA genes often exist as a large gene family in higher plants. 
To date, the genome-wide identification and analysis of the LEA gene family has been performed in a few genome 
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sequenced plant species, such as A. thaliana3, O. sativa5, Z. mays13, S. tuberosum14, C. sativus15, S. lycopersicum16, 
B. napus4, M. esculenta17, P. trichocarpa6, P. mume18, and P. tabuliformis19.

Most LEA proteins are highly hydrophilic and intrinsically disordered in their natural forms because they 
contain high percentages of charged amino acid residues, as well as glycine or other small amino acids (alanine, 
serine, and threonine), and they either lack or contain small amounts of cysteine and tryptophan residues2,20,21. 
However, some of these proteins may form three-dimensional structures to a degree during desiccation or under 
extreme temperature conditions22. LEA proteins are considered to play important roles in the normal growth 
and development of plants, as well as roles in mitigating the detrimental effects of various stress conditions in 
cells. These proteins were found to accumulate at high concentrations during the last period of seed maturation, 
concurrent with dehydration1,23. More importantly, it has been demonstrated that their expression may be signif-
icantly induced under abiotic stress conditions, such as cold, heat, and drought15,24,25. It has been proposed that 
LEA proteins may be involved in various important functions against abiotic stresses, including the stabilization 
of membrane structures2,26,27, the scavenging free radicals28,29, and the sequestering ions29,30 or biotin31 etc. At the 
cellular level, a subcellular location analysis revealed that LEA proteins are mainly located in the nucleus and the 
cytoplasm32.

Tea plant (Camellia sinensis (L.) O. Kuntze) is an important perennial woody crop used for the production of 
widely consumed non-alcoholic beverages, and is primarily grown in tropical and subtropical regions. However, 
tea plant is susceptible to various abiotic stresses, such as low temperature, high temperature, and drought, which 
seriously affect productivity and quality and restrict spatial distribution33. Meanwhile, tea seeds categorized as 
recalcitrant are highly sensitive to desiccation and cannot be used to preserve tea genetic resources for a long 
time34. Studies have shown the response of CsLEA genes to low temperature, drought, salinity, and desiccation 
stresses, which signifies their important roles in imparting stress tolerance35–37. Although 33 LEA genes have been 
identified based on the analysis of BLASTP searches against the tea plant genome38, our transcriptome analysis 
found additional CsLEA genes, which participated in the desiccation treatment process of recalcitrant tea seeds, 
had not been reported37. Furthermore, the biological functions of CsLEA genes that respond to high temperature 
and exogenous abscisic acid (ABA) stresses, particularly during seed development and desiccation in tea plant, 
remain unknown.

Therefore, in the present study, a comprehensive genome-wide identification of CsLEA protein genes was 
performed based on two tea plant genomes and three transcriptomes by Hidden Markov Model (HMM) pro-
files, and their sequence characteristics, phylogenetic relationships, conserved motifs, and gene structures were 
investigated. Meanwhile, the expression profiles of CsLEA genes in five different tissues, during the seed develop-
ment process, during the seed desiccation process, and during responses to low temperature, high temperature, 
drought, and ABA stresses were analyzed. This systematic study provides new information on the LEA protein 
gene family in tea plant, and furthers our understanding of CsLEA genes associated with seed development, seed 
desiccation, and abiotic stress responses. Our findings will help in the genetic improvement of tea plant and con-
tribute to the preservation of tea seeds as genetic resources for a long time.

Materials and Methods
Plant materials and stress treatments.  The tea plant cultivar ‘C. sinensis cv. Echa 1’ was used in this 
study. To analyze the tissue-specific expression profiles of the identified CsLEA genes, the roots, stems, leaves, 
flowers, and seeds were sampled from tea plant grown in the experimental fields of Fruit and Tea Research 
Institute, Hubei Academy of Agricultural Sciences. To investigate the involvement of the CsLEA genes in tea seed 
development, seeds were collected in the morning at seven different developmental time points (April 30, May 
31, June 30, July 31, August 31, September 30, and October 31 in 2017). To investigate the relationship between 
the CsLEA genes and tea seed desiccation, seeds were collected at four different desiccation time stages (0, 3, 5, 
and 8 d), following the method described in our previous study37. Two-year-old cutting seedlings planted in pots 
were placed in an artificial climate chamber (Yiheng, Shanghai, China), and maintained at a constant temperature 
of 25 ± 1 °C with a constant photoperiod for at least one week before the application of abiotic stress treatments. 
For high and low temperature treatments, the temperature of the artificial climate chamber was set to 38 °C or 
4 °C, respectively, while maintaining all other growing conditions. For drought treatment, the tea seedlings were 
removed from the pots and carefully washed with distilled water to remove soil from the roots, and then trans-
ferred into 10% (w/v) polyethylene glycol 6000 (PEG 6000) solution. For ABA treatment, freshly prepared work-
ing solution of 100 µM exogenous ABA was sprayed on the leaves of tea seedlings. The second and/or third mature 
leaves from the shoot apexes were collected at 0, 6, 12, and 24 h during the previously described stress treatments 
and 0 h time point was used as the control. All samples were immediately frozen in liquid nitrogen and stored at 
−80 °C for subsequent gene expression analysis. Three independent biological replicates were conducted.

Identification and characterization of LEA genes in C. sinensis.  Hidden Markov Model profiles of 
LEA proteins with the accession numbers PF03760 (LEA_1), PF03168 (LEA_2), PF03242 (LEA_3), PF02987 
(LEA_4), PF00477 (LEA_5), PF10714 (LEA_6), PF00257 (DHN), and PF04927 (SMP) were downloaded from 
the Pfam database (http://pfam.xfam.org/)9. All the putative CsLEA genes were obtained by searching two tea 
plant genomes (http://www.plantkingdomgdb.com/tea_tree/ 39 and http://tpia.teaplant.org)40 and three transcrip-
tomes (SRP096975, SRP108833, and SRP124749) using HMMER 3.1 software (http://hmmer.org/). All the iden-
tified candidate genes were analyzed using the Pfam database (http://pfam.xfam.org/)9 and the NCBI Conserved 
Domain Search database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)41 to confirm the presence of 
LEA conserved domains. CsLEA proteins without conserved domains and a complete CDS sequence were man-
ually removed. Redundant CsLEA genes were also discarded.

To investigate the characteristics of CsLEA proteins, the molecular weight (MW), theoretical isoelectric point 
(pI), and grand average of hydropathy (GRAVY) were predicted using the ProtParam tool (http://web.expasy.org/
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protparam/)42. Furthermore, the subcellular localization predictions for these CsLEA proteins were carried out 
using the WoLF PSORT tool (http://www.genscript.com/wolf-psort.html)43.

Sequence alignment, phylogenetic analysis, and identification of gene structures and con-
served motifs of CsLEA proteins.  A multiple sequence alignment of all the identified CsLEA protein 
sequences and 51 AtLEA protein sequences3 (Table S1) was performed using ClustalX 2.1 software with the 
default parameters44. A phylogenetic analysis based on the amino acid sequences was constructed using MEGA 
7.0 software with the 1000 bootstrapped Neighbor-Joining (NJ) method45. The exon-intron structure informa-
tion of all the identified CsLEA genes from two tea plant genomes was obtained using GSDS 2.0 (Gene Structure 
Display Server, http://gsds.cbi.pku.edu.cn/)46. A protein conserved motif analysis was conducted using the 
MEME (Multiple Expectation Maximization for Motif Elicitation) Suite (http://meme-suite.org/)47. The parame-
ters for motif identification were set as follows: maximum number of motifs, 10; site distribution, any number of 
repetitions; minimum motif width, 6; maximum motif width, 50.

RNA isolation and qRT-PCR analysis.  Total RNA was isolated from samples using an EASYspin Plus 
Complex Plant RNA Kit (Aidlab, Beijing, China) according to the manufacturer’s instructions. The concentration 
and quality of the RNA samples were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific, 
Wilmington, DE, USA) and agarose gel electrophoresis, respectively. cDNA synthesis was completed using a 
PrimeScript™ RT Reagent Kit (TaKaRa, Dalian, China), and the specific primers were designed using Primer 
Premier 5.0 (Table S2). qRT-PCR analyses were performed using a BioRad CFX96 Real-Time PCR system 
(Bio-Rad, CA, USA). The reaction conditions of qRT-PCR were as follows: 30 s at 95 °C, followed by 45 cycles of 
5 s at 95 °C and 30 s at 60 °C. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the internal 
control. The relative expression levels of these genes were calculated using the 2−ΔCt or 2−ΔΔCt method48. Three 
biological replicates and three technical replicates were performed.

Determination of seed moisture content.  The moisture content of seeds was determined gravimetri-
cally by oven drying the seeds at 103 °C for 17 h49. Three replicates, containing 50 seeds each, were used to deter-
mine the seed moisture content expressed on a fresh mass basis.

Statistical analysis.  Statistical analysis of qRT-PCR and seed moisture content was performed using the 
SPSS 17.0 software. The data is presented as mean ± standard deviation (n = 3).

Results
Identification and characteristics of CsLEA genes in C. sinensis.  Based on the tea plant genomes and 
three transcriptomes in available for this study, a total of 48 LEA protein genes, named as CsLEA1 to CsLEA48, 
was identified in C. sinensis (Table 1). All these CsLEA genes contained full open reading frames, and could be 
classified into seven distinct groups using the Pfam family domain analysis9, including 2 in LEA_1, 32 in LEA_2, 4 
in LEA_3, 2 in LEA_4, 1 in LEA_5, 4 in DHN, and 3 in SMP protein-encoding genes. However, no genes classified 
in the LEA_6 group were found. According to an analysis of physiochemical properties, the protein lengths of all 
the CsLEA proteins changed between 72 and 451 amino acids, and their molecular weights varied from 7.55 to 
49.47 kDa. Their theoretical isoelectric points ranged from 10.16 to 4.72, where 36 of the proteins (75.0%) were 
considered to be basic (pI > 7) and 12 (25.0%) were considered to be acidic (pI < 7). Additionally, the calculated 
grand average of hydropathy values showed that LEA_2 group contained hydrophilic and hydrophobic proteins, 
while all the CsLEA proteins in the remaining groups were found to be highly hydrophilic. A subcellular local-
ization prediction indicated that the majority of the CsLEA proteins were primarily localized to the cytoplasm, 
nucleus, and chloroplast, and all proteins in the LEA_4, LEA_5, and DHN groups were exclusively located in the 
nucleus.

Phylogenetic, gene structure and conserved motif analyses of CsLEA genes.  A phylogenetic 
analysis, based on the amino acid sequences of the predicted proteins, revealed that the 48 CsLEA genes were 
clustered into seven distinct subfamilies together with AtLEA genes, which further confirmed that they belong to 
the LEA family (Fig. 1). One orthologous gene pair (CsLEA30 and At2g44060) was identified in A. thaliana and 
C. sinensis with relatively high bootstrap support (>97%). Nine paralogous gene pairs (CsLEA6 and CsLEA25, 
CsLEA7 and CsLEA10, CsLEA13 and CsLEA34, CsLEA16 and CsLEA18, CsLEA19 and CsLEA27, CsLEA23 and 
CsLEA47, CsLEA29 and CsLEA31, CsLEA33 and CsLEA38, and CsLEA40 and CsLEA43) identified in C. sinen-
sis also had relatively high bootstrap support (>97%). Additionally, CsLEA8, CsLEA14, CsLEA28, and CsLEA30 
contained two LEA domains, while the remainder of the CsLEA genes had only a single LEA domain (Table 1).

Meanwhile, the exon-intron structure of CsLEA genes was analysed (Fig. S1). The majority of CsLEA genes 
contained no intron or 1 intron, except that five CsLEA genes contained 2 introns or 3 introns. Additionally, the 
LEA_5 group contained no intron, the LEA_3 and DHN groups contained only 1 intron, and the other groups 
contained 0–3 introns. Generally, CsLEA genes in the same group showed similar exon-intron structure, which 
evidences their phylogenetic relationships and the classification of groups.

To better understand the structural features of the CsLEA proteins, the conserved motifs were investigated 
using the MEME web server46. Since the 48 CsLEA proteins did not share high similarity, the seven subfamilies 
were respectively submitted to MEME and a total of ten conserved motifs were identified (Fig. 2). Results showed 
that the members of each LEA subfamily possess several group-specific conserved motifs (Table S3) that have 
been previously reported in other plant species (e.g., A. thaliana3, B. napus4, and M. esculenta17). For example, 
an important conserved motif, termed K segment for its richness in lysine (K) residues, was only identified in all 
four of the CsLEA proteins of the DHN group, which was the most characterized LEA group. Furthermore, the 
repetitions of this motif are variable in C. sinensis dehydrin proteins: twice in CsLEA41, CsLEA46, and CsLEA48, 
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and up to three times in CsLEA8. Additionally, the S (a serine (S)-rich motif) and Y segments were also only 
observed in these four dehydrins. These results suggested that the composition of structural motifs varies among 
the different CsLEA groups, but is similar within a group, which further supports the proposed phylogenetic 

Name Gene ID Group
No. of 
domain

Protein 
Length (aa)

MW 
(kDa) pI GRAVY

Predicted subcellular 
localization

Arabidopsis 
ortholog

CsLEA1 CSA000844.1/TEA008269.1 LEA_2 1 231 26.03 9.39 0.015 Chloroplast

CsLEA2 CSA000980.1/TEA029076.1 LEA_2 1 183 19.68 5.21 0.361 Chloroplast

CsLEA3 CSA001281.1 LEA_2 1 229 25.23 9.30 0.176 Chloroplast

CsLEA4 CSA002179.1/TEA012563.1 LEA_2 1 215 23.95 6.72 −0.032 Cytoplasmic

CsLEA5 CSA002944.1/TEA018323.1* LEA_2 1 206 22.68 9.71 0.197 Cytoplasmic

CsLEA6 CSA003226.1/TEA005685.1* LEA_2 1 197 21.50 9.37 0.287 Chloroplast

CsLEA7 CSA003726.1* LEA_3 1 96 10.47 9.99 −0.431 Cytoplasmic AT4G02380

CsLEA8 CSA004403.1/TEA010666.1* Dehydrin 2 254 29.01 5.29 −1.470 Nuclear AT1G20440

CsLEA9 CSA006264.1/TEA013720.1 LEA_3 1 106 11.96 7.09 −0.782 Mitochondrial

CsLEA10 CSA006938.1/TEA006416.1* LEA_3 1 96 10.30 10.08 −0.467 Mitochondrial AT4G02380

CsLEA11 CSA007094.1 LEA_4 1 278 30.58 5.11 −0.887 Nuclear AT2G42560

CsLEA12 CSA009009.1* LEA_1 1 106 11.39 7.11 −1.045 Mitochondrial AT2G35300

CsLEA13 CSA009868.1/TEA030980.1* LEA_2 1 210 23.57 9.92 −0.232 Cytoplasmic

CsLEA14 CSA010151.1/TEA003016.1* LEA_4 2 187 20.69 7.64 −0.987 Nuclear AT3G53040

CsLEA15 CSA010673.1/TEA032971.1* LEA_2 1 225 24.77 9.51 0.014 Cytoplasmic

CsLEA16 CSA010820.1/TEA033104.1 LEA_2 1 248 27.19 9.79 −0.158 Chloroplast

CsLEA17 CSA012431.1* LEA_3 1 86 9.83 9.69 −0.385 Chloroplast AT1G02820

CsLEA18 CSA013054.1/TEA014162.1 LEA_2 1 250 27.84 10.01 −0.156 Chloroplast

CsLEA19 CSA013456.1/TEA033525.1 LEA_2 1 210 23.50 9.58 −0.156 Nuclear

CsLEA20 CSA013879.1/TEA012020.1 LEA_2 1 196 22.11 9.85 −0.160 Mitochondrial

CsLEA21 CSA016568.1/TEA015482.1 LEA_2 1 271 29.75 9.75 −0.062 Cytoplasmic

CsLEA22 CSA019232.1* SMP 1 72 7.55 5.62 −0.101 Cytoplasmic AT3G22490

CsLEA23 CSA019926.1/TEA024719.1 LEA_2 1 451 49.47 8.81 −0.159 Chloroplast

CsLEA24 CSA021165.1/TEA030404.1 LEA_2 1 228 25.71 9.23 −0.161 Chloroplast

CsLEA25 CSA021249.1/TEA007147.1* LEA_2 1 211 23.19 9.66 0.067 Chloroplast

CsLEA26 CSA026452.1/TEA028236.1* LEA_1 1 142 14.90 6.13 −0.544 Nuclear AT5G06760

CsLEA27 CSA027135.1 LEA_2 1 211 23.51 9.41 −0.029 Plasma membrane

CsLEA28 CSA027557.1/TEA031400.1* SMP 2 213 22.27 4.72 −0.185 Chloroplast AT3G22490

CsLEA29 CSA028043.1 LEA_2 1 249 28.38 9.36 −0.128 Cytoplasmic

CsLEA30 CSA030792.1/TEA011337.1* LEA_2 2 318 35.36 4.86 −0.371 Cytoplasmic AT2G44060

CsLEA31 CSA030897.1/TEA008241.1 LEA_2 1 253 28.05 9.63 0.051 Cytoplasmic

CsLEA32 CSA031822.1/TEA014379.1* LEA_2 1 153 16.64 4.93 −0.008 Cytoplasmic AT1G01470

CsLEA33 CSA032382.1/TEA014165.1 LEA_2 1 210 23.91 9.43 0.127 Cytoplasmic

CsLEA34 CSA033045.1/TEA015292.1* LEA_2 1 210 23.36 9.95 −0.111 Cytoplasmic

CsLEA35 CSA034141.1/TEA032830.1* LEA_2 1 221 24.55 10.16 0.010 Cytoplasmic

CsLEA36 CSA035676.1* LEA_5 1 78 8.59 5.45 −1.517 Nuclear AT3G51810

CsLEA37 CSA036017.1/TEA021072.1* LEA_2 1 194 21.29 10.02 −0.042 Cytoplasmic

CsLEA38 NF LEA_2 1 213 23.99 9.25 0.186 Cytoplasmic

CsLEA39 NF SMP 1 155 16.89 9.68 −0.741 Chloroplast AT3G22490

CsLEA40 TEA005489.1 LEA_2 1 221 24.45 9.71 0.138 Cytoplasmic

CsLEA41 NF Dehydrin 1 208 21.70 6.95 −0.807 Nuclear AT2G21490

CsLEA42 TEA007071.1 LEA_2 1 260 28.48 10.09 −0.149 Chloroplast

CsLEA43 NF LEA_2 1 208 23.25 9.32 0.202 Cytoplasmic

CsLEA44 TEA018923.1 LEA_2 1 215 24.00 9.62 0.175 Cytoplasmic

CsLEA45 TEA015290.1* LEA_2 1 212 23.82 9.74 −0.263 Cytoplasmic

CsLEA46 NF Dehydrin 1 169 16.91 8.81 −1.050 Nuclear AT5G66400

CsLEA47 TEA024718.1 LEA_2 1 262 28.45 9.41 −0.154 Chloroplast

CsLEA48 NF Dehydrin 1 210 21.98 6.90 −1.328 Nuclear AT5G66400

Table 1.  Characteristics of genes encoding LEA proteins in C. sinensis. Note: NF indicates these CsLEA genes 
were not found in two tea plant genomes, and asterisk (*)indicates these CsLEA genes were ever reported in the 
previously study38.
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relationships of the CsLEA proteins. Furthermore, variations in the motif structures of the CsLEA proteins may 
indicate functional divergence.

Expression profile analysis of CsLEA genes in five different C. sinensis tissues.  To investigate the 
tissue-specific expression profiles of the 48 LEA genes of tea plant, the expression levels of these genes in roots, 
stems, leaves, flowers, and seeds were determined using a qRT-PCR analysis. As shown in Fig. 3 and Table S4, 
with the exception of CsLEA39 that specifically expressed in the seed, all other CsLEA genes were ubiquitously 
expressed in the five tissues and showed varying expression levels. Twenty-four of the CsLEA genes (3, 6, 7, 8, 
10, 13, 15, 16, 17, 19, 21, 23, 24, 26, 29, 31, 34, 35, 40, 43, 44, 45, 46, and 47) were shown to be expressed at their 
highest levels in the root. CsLEA9, CsLEA20, and CsLEA37 showed their highest expression levels in the stem. 
CsLEA27 and CsLEA38 showed their highest expression levels in the leaf. Five CsLEA genes (1, 5, 30, 33, and 42) 
showed their highest expression levels in the flower. Fourteen CsLEA genes (2, 4, 11, 12, 14, 18, 22, 25, 28, 32, 36, 
39, 41, and 48) showed their highest expression levels in the seed. However, some of these genes (e.g., CsLEA33 
and CsLEA40) were also significantly expressed in other tissues. Generally, the majority of all the CsLEA genes 
had higher expression levels in the root or the seed than in any of the other tested tissues. Interestingly, the 
expression levels of CsLEA22, CsLEA28, and CsLEA39, which belonged to SMP subfamily, were the highest in the 
seed. Overall, the various expression levels of the CsLEA genes in the five different tissues reflect the diverse and 
important roles that they may play in the growth and development processes of tea plant.

Expression profile analysis of CsLEA genes during the seed development process.  To further 
elucidate the relationship between CsLEA genes and seed development in tea plant, the expression levels of these 
genes at seven different developmental time points (April, May, June, July, August, September, and October) 
were detected using a qRT-PCR analysis. As shown in Fig. 4A and Table S5, the expression levels of CsLEA39 
and CsLEA40 were significantly up-regulated throughout the entire seed development process. Among them, 

Figure 1.  Phylogenetic relationships of the 48 CsLEA genes and 51 AtLEA genes. The phylogenetic tree was 
constructed using MEGA 7.0, and the nine major groups are marked with different color backgrounds.
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CsLEA39 had its highest expression level in October, while CsLEA40 peaked in August. Nine of the CsLEA genes 
(2, 3, 17, 18, 22, 23, 28, 41, and 46) remained at relatively stable expression levels in the early stages, and then their 
expression levels significantly increased in the late stages, reaching a peak in October. The expression levels of 
CsLEA11 and CsLEA12 were significantly down-regulated in May or/and June, and then gradually increased, at 
least doubling, in the subsequent developmental stages, where they achieved their maximum expression levels in 
October. Twenty-six of the CsLEA genes (1, 5, 6, 7, 10, 14, 15, 16, 19, 24, 25, 26, 27, 29, 31, 32, 33, 34, 35, 36, 37, 38, 
43, 44, 45, and 48) had no obvious regularity in their expression levels from May to September, but their expres-
sion levels all increased more than two-fold in October. Conversely, the expression levels of seven of the CsLEA 
genes (4, 8, 9, 13, 21, 42, and 47) were significantly induced in several months during the early stages, but their 
expression levels did not significantly change in October. The expression of the CsLEA20 gene remained constant 
until June, and then its expression level was decreased by at least two-fold. The expression of CsLEA30 had no 
detectable response within the time of seed development. These results indicated that almost all of the identified 
CsLEA genes participate, either directly or indirectly, in seed development. Additionally, changes in the moisture 
content of tea seeds during their development was also investigated (Fig. 4B). Results showed that the moisture 
content of the seeds slightly increased from April to June, and then gradually decreased in the subsequent devel-
opmental stages, which revealed that tea seeds became dehydrated in the later developmental stages.

Expression profile analysis of CsLEA genes during the seed desiccation process.  To further elu-
cidate the relationship between CsLEA genes and tea seed desiccation, the expression levels of these genes at 
four different desiccation time stages (0, 3, 5, and 8 days) were detected using a qRT-PCR analysis. As shown in 
Fig. 5 and Table S6, two of the CsLEA genes were induced, showing significantly up-regulated expression during 
the entire seed desiccation process, and CsLEA23 had its highest expression level at 3 d, while CsLEA40 peaked 
at 5 d. CsLEA48 remained at a relatively stable expression level until 5 d, then its expression level significantly 

Figure 2.  Phylogenetic relationships and motif compositions of the LEA genes in C. sinensis and A. thaliana. 
The phylogenetic tree on the left side was constructed using MEGA 7.0. The nine major groups are marked with 
different color backgrounds. The conserved motifs of each group on the right side were identified by the MEME 
web server. Different motifs are represented by different colored boxes, and the motif sequences are provided in 
Table S3.
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increased, peaking at 8 d. The expression levels of CsLEA7 were significantly down-regulated at 3 d and 5 d, but 
were subsequently increased more than two-fold at 8 d. Conversely, the expression levels of six of the CsLEA genes 
(13, 32, 36, 43, 44, and 45) were suppressed by at least two-fold over the entire seed desiccation process, and the 
expression levels of six of the CsLEA genes (4, 5, 11, 16, 39, and 46) were significantly inhibited various at indi-
vidual time points. Additionally, the remaining thirty-two CsLEA genes showed no significant changes in their 
expression levels in response to seed desiccation. These results revealed that some of the CsLEA genes actively 
involved in the tea seed desiccation process.

Expression profile analysis of CsLEA genes in response to low and high temperature 
stresses.  To investigate the responses of 47 CsLEA genes (except for CsLEA39 that specifically expressed in 
the seed) to low and high temperature stresses, the expression levels of these genes under short-term low and 
high temperature stresses (0, 6, 12, and 24 h) were detected using a qRT-PCR analysis. Results revealed that the 
CsLEA genes are differentially expressed under low and high temperature stresses (Fig. 6). Under low temperature 
(4 °C) stress, five of the CsLEA genes were induced to show significantly up-regulated expression throughout the 
entire time course (Fig. 6A and Table S7). The highest expression levels of CsLEA13, CsLEA32,and CsLEA45 were 
observed at 24 h, while CsLEA21 and CsLEA24 were dramatically induced at 6 h. Ten of the CsLEA genes (1, 5, 
12, 19, 26, 27, 30, 31, 42, and 48) exhibited relatively stable expression levels until 12 h, and then their expression 
levels began to significantly rise, reaching their the highest levels at 24 h. The expression levels of CsLEA22 and 
CsLEA43 were up-regulated by at least two-fold during the early time points, but were not significantly affected 
at 24 h. The expression levels of six of the CsLEA genes (15, 16, 28, 34, 36, and 47) were significantly suppressed 

Figure 3.  A heatmap showing the hierarchical clustering of the expression levels of the 48 CsLEA genes in the 
roots, stems, leaves, flowers, and seeds of tea plant. Relative expression values were calculated using the 2−ΔCt 
method with GAPDH as a housekeeping gene. The heatmap was generated by MeV 4.9.0 software.
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at individual time points, while no significant changes were seen in any of the other genes. Conversely, the 
trends in the expression levels of the CsLEA genes under high temperature stress (38 °C) were relatively obvious 
(Fig. 6B and Table S8). The expression levels of seven of the CsLEA genes (11, 18, 21, 28, 33, 40, and 47) gradually 
increased by at least two-fold, reaching their maximum levels at 24 h. Thirty-five of the CsLEA genes were stably 
expressed during the early time points, then their expression levels significantly increased in the late time points, 
peaking at 12 h or 24 h. Although high temperature stress positively regulated the transcription of most of the 
CsLEA genes, a few genes, such as CsLEA42 and CsLEA48, were significantly suppressed at individual time points. 
Additionally, the expression levels of CsLEA17, CsLEA32, and CsLEA43 were not significantly affected under high 
temperature stress. Overall, the trends in the expression levels of most of the CsLEA genes differed under low 
temperature and high temperature stress, but similar responses to both temperature stresses were observed for a 
few genes (e.g., CsLEA19 and CsLEA21). These results indicated that the expression of the different CsLEA genes 
under temperature stresses were diverse and complex.

Expression profile analysis of CsLEA genes in response to drought and ABA stresses.  To explore 
the putative functions of 47 CsLEA genes under drought (PEG 6000) and ABA stresses, their dynamic responses 
at four different time points were analyzed using a qRT-PCR analysis. Under PEG stress, the expression profiles 

Figure 4.  A heatmap showing the hierarchical clustering of the expression levels of the 48 CsLEA genes (A) 
and the changes in seed moisture content expressed as fresh weight (B) during seed development in tea plant. 
Relative expression values were calculated using the 2−ΔΔCt method with GAPDH as a housekeeping gene. The 
heatmap was generated by MeV 4.9.0 software.
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of the CsLEA genes were complex (Fig. 7A and Table S9). The expression levels of seven of the CsLEA genes 
were significantly up-regulated at all treatment time points compared with the control. Among these genes, 
CsLEA3, CsLEA11, CsLEA32, and CsLEA36 showed their highest expression levels at 12 h, while CsLEA14, 
CsLEA28, and CsLEA48 peaked at 24 h. Thirteen of the CsLEA genes (4, 15, 16, 18, 19, 20, 21, 30, 33, 38, 40, 41, 
and 45) were stably expressed at the early time points, and then their expression levels significantly increased 
in the late time points, peaking at 24 h. The expression levels of four of the CsLEA genes (5, 6, 27, and 34) were 
significantly up-regulated at individual time points during the early stages, but their expression levels did not 
significantly change at 24 h. Conversely, the expression of CsLEA35 was significantly inhibited during the 24 h 
treatment period, and the expression levels of six of the CsLEA genes (2, 29, 31, 42, 43, and 46) were significantly 
suppressed at individual time points. Strangely, the expression levels of CsLEA37 and CsLEA44 initially signif-
icantly decreased to their lowest levels at 6 h, and then increased by at least two-fold at 12 h and 24 h, respec-
tively. Additionally, the expression levels of the fourteen remaining CsLEA genes showed no significant changes 
under drought stress treatment. Under exogenous ABA stress, the CsLEA genes were expressed to various degrees 
(Fig. 7B and Table S10). The expression levels of eight of the CsLEA genes were significantly increased at all the 
treated time points, where CsLEA34 and CsLEA36 peaked at 12 h, and CsLEA8, CsLEA10, CsLEA14, CsLEA19, 
CsLEA26, and CsLEA41 peaked at 24 h. The expression levels of five of the CsLEA genes (3, 9, 12, 16, and 33) were 
relatively stable during the early time points, and then their expression levels significantly increased, reaching 

Figure 5.  A heatmap showing the hierarchical clustering of the expression levels of the 48 CsLEA genes during 
seed desiccation process in tea plant. Relative expression values were calculated using the 2−ΔΔCt method with 
GAPDH as a housekeeping gene. The heatmap was generated by MeV 4.9.0 software.
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their highest levels at 12 h or 24 h. The expression levels of five of CsLEA genes (27, 35, 37, 38, and 48) were signifi-
cantly up-regulated at 6 h and/or 12 h, and were subsequently decreased to the level of the control. Comparatively, 
the expression levels of CsLEA22 and CsLEA31 were down-regulated by at least two-fold during the treatment 
time, and the expression levels of eight of the CsLEA genes (11, 13, 15, 21, 24, 28, 42, and 44) were significantly 
decreased at individual time points. Furthermore, the expression levels of the remainder of the CsLEA genes 
showed no significant changes in response to ABA stress. Overall, these results revealed that most of the CsLEA 
genes actively involved in the responses of tea plant to drought and ABA stresses, and the response mechanisms 
in which they are involved are diverse and complex.

Discussion
Genes that encode LEA proteins are not only widely distributed across the plant kingdom, but they are also 
found in fungi, bacteria, and even animal kingdom3,7,8,19,25. Due to the important roles of LEA proteins in embry-
onic development and abiotic stress responses, they have been identified and characterized in some plant spe-
cies3,4,6,14,17, including C. sinensis38. Although 33 CsLEA genes were previously discovered in C. sinensis based on 
its genome, no systematic analysis of the LEA protein gene family has been completed. Because these 33 genes 
were identified only by BLASTP searches, which used the LEA protein sequences of A. thaliana and O. sativa as 
queries against two C. sinensis genomes39,40, some CsLEA proteins may have been overlooked. Therefore, addi-
tional searches for genes that encode CsLEA proteins in two C. sinensis genomes and three transcriptomes were 

Figure 6.  A heatmap showing the hierarchical clustering of the expression levels of the 47 CsLEA genes in 
response to various temperature stresses. (A) Low temperature (4 °C) stress. (B) High temperature (38 °C) stress. 
Relative expression values were calculated using the 2−ΔΔCt method with GAPDH as a housekeeping gene. The 
heatmap was generated by MeV 4.9.0 software.
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conducted using HMM profiles. As a result, a total of 48 CsLEA genes were identified in C. sinensis, which was 
more than those CsLEA members identified in a previous study38. Among these 48 genes, only twenty-one CsLEA 
genes were found to be identical, while the remaining genes were unique. Thus, the results of our study provides 
more information on the members of the LEA protein gene family in tea plant. Additionally, the results of the 
current study are consistent with the number of LEA genes found in A. thaliana (51)3, C. songorica (44)25, and P. 
trichocarpa (53)6, etc., and more than those found in M. esculenta (26)17, P. tabuliformis (23)19, and S. lycopersicum 
(27)16, etc., but much less than those found in B. napus (108)4, G. hirsutum (242)50, and S. Tuberosum (74)14, etc.

Based on the conserved domain and phylogenetic tree analyses, the 48 CsLEA genes were only divided into 
seven distinct groups, where the LEA_6 and AtM groups were not found, which was consistent with the results 
of C. sinensis from Wang et al.38. Interestingly, the LEA_6 group is also absent in a few higher plant species, such 
as D. officinale51 and S. lycopersicum16. Furthermore, the AtM group has only been found in A. thaliana3. This 
finding indicated that variation exists in the LEA protein gene family groups in some plant species. Additionally, 
the results of this study showed that CsLEA genes were mainly distributed in the LEA_2 group, which accounted 
for 66.7% of the LEA gene family members. More significantly, such a large proportion of the LEA_2 group has 
not been observed in the previous studies on A. thaliana (5.9%)3, C. songorica (13.6%)25, M. esculenta (15.4%)17, 
P. tabuliformis (4.3%)19, and P. trichocarpa (7.5%)6. This difference may be attributed to the improvement of plant 
genome annotations and the fact that the LEA_2 group is an atypical LEA protein group because these proteins 
are typically more hydrophobic50. These findings indicated that the LEA protein gene family in higher plants may 
be larger and much more complex than previously described.

Based on an analysis of physiochemical properties, it was found that most of the CsLEA genes encode rela-
tively small proteins, in which 95.8% are less than 35 kDa, which was consistent with the findings of Chen et al. in 

Figure 7.  A heatmap showing the hierarchical clustering of the expression levels of the 47 CsLEA genes in 
response to drought (A) and ABA (B) stresses. Relative expression values were calculated using the 2−ΔΔCt 
method with GAPDH as a housekeeping gene. The heatmap was generated by MeV 4.9.0 software.
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S. Tuberosum (94.6%)14 and Liang et al. in B. napus (90.7%)4. Previous studies have shown that most LEA protein 
members were basic in nature15,52, which is consistent with the results of this current study. Furthermore, these 
results show that all CsLEA proteins are hydrophilic, with the exception of those in LEA_2 group that contains 
hydrophobic proteins. Similar characteristics have also been reported for LEA proteins in A. thaliana3, P. tricho-
carpa6, and S. Tuberosum14. This indicated that LEA proteins possessed apparently hydrophilic characteristics 
and are evolutionary conserved proteins in higher plants, which makes them to be totally or partially disordered, 
and allows them to act as molecular chaperones that contribute to the protection of plants from desiccation53–55. 
Subcellular localization analyses showed that the CsLEA proteins could be present in the cytoplasm, nucleus, 
chloroplast, and mitochondria, which was also reported for LEA proteins found in D. officinale51 and S. bicolor52. 
It can be inferred that CsLEA proteins have a ubiquitous distribution across subcellular compartments, which 
highlights the requirement for each cellular compartment to be provided with protective mechanisms during 
abiotic stresses32. Additionally, this analysis revealed that each CsLEA group contained conserved motifs that 
have been previously reported in other plant species4,14,50, which were similar within the same group, but varied 
greatly among the different groups. This indicated that CsLEA genes may encode functional LEA proteins that 
have group-specific functions, and members of the same CsLEA protein group may have originated from gene 
expansion within a group, while members of the different groups may be attributed to the evolution of groups 
from different ancestors.

Because gene expression analyses can provide valuable clues for gene functions56,57, the expression levels of the 
CsLEA genes in different tissues, during seed development, during seed desiccation, and under abiotic stresses 
(low temperature, high temperature, drought, and ABA) were investigated. In the present study, it was found that 
all the CsLEA genes were expressed in at least one tissue, which was consistent with previous observations of Cao 
et al. in S. lycopersicum16 and Pedrosa et al. in C. sinensis55, indicating that these genes are widely involved in nor-
mal growth and development of C. sinensis. Furthermore, these results showed that the CsLEA genes have higher 
expression levels in certain tissues, especially in the root and in the seed, which implies that they have functional 
diversity. Similar expression patterns were also observed in the LEA gene family in other plant species14,17,52 and 
in other gene families of C. sinensis58,59. Additionally, it was found that all the CsLEA genes that belong to the SMP 
group showed higher expression levels in the seed tissue, which suggested that this group has an important role 
in reproductive development.

Several previous studies have shown that genes that encode LEA proteins participated in the plant seed devel-
opment process concurrent with maturation dehydration1,2,51. In this study, it was found, with the exception of 
CsLEA30, that all the CsLEA genes were widely expressed throughout the entire seed development process of C. 
sinensis. Among these genes, a few (e.g., CsLEA21 and CsLEA24) showed abundant accumulation in the early 
period of seed development, which indicated that they were involved in the early seed growth. More importantly, 
thirty-nine (81.3%) of the CsLEA genes were shown to be highly accumulated in the latter stages of seed matura-
tion, where some of them (e.g., CsLEA11 and CsLEA28) were expressed more than thousand fold compared with 
the control, which was consistent with the findings of previous studies4. This indicated that these genes involved 
in the endosperm and late seed development. It was also found that tea seeds became dehydrated during the 
last period of seed development, especially in October, and the moisture content of the seed decreased sharply 
from 71.9% to 47.9%. These results implied that thirty-nine genes that encode CsLEA proteins are likely to have 
important roles in tea seed maturation concurrent with dehydration. Additionally, some studies have revealed 
that LEA proteins are associated with seed desiccation tolerance60,61. In the current study, only two genes that 
encode LEA proteins were found to be significantly up-regulated, while relatively more CsLEA genes were found 
to be significantly down-regulated during the entire seed desiccation process, which is similar to our previous 
report37. This suggested that the CsLEA genes may not play an important protective role in tea seeds in response 
to desiccation treatment.

Several studies have demonstrated that genes that encode LEA proteins widely participate in a plant’s response 
to abiotic stresses, including cold36, heat62, drought63,64 and ABA17. In this study, nearly all of the identified 
CsLEA genes could be induced by at least one stress treatment, where twenty-three (48.9%), forty-four (93.6%), 
thirty-three (70.2%), and twenty-eight (59.6%) of the CsLEA genes were induced by low temperature, high tem-
perature, drought, and ABA stresses, respectively. These results indicated that these genes play diverse roles in 
the regulation of tea plant acclimation to various abiotic stresses, and are highly sensitive to high temperature 
stress. Furthermore, it was found that eleven CsLEA genes were involved in the responses of tea plant to all the 
abiotic stresses assessed (Fig. 8), and fourteen CsLEA genes were involved in the responses to low temperature, 
high temperature, and drought stresses, which revealed that a single CsLEA gene participate in multiple stress 
responses. Interestingly, CsLEA17 did not respond to any stress treatment applied in this study, but it was sig-
nificantly expressed in the latter period of seed development, which suggested that this gene may be critical for 
seed maturation, but not for abiotic stress responses. Additionally, the expression of CsLEA32, CsLEA36, and 
CsLEA45 were inhibited by at least two-fold during the entire seed desiccation process, while they were signifi-
cantly up-regulated in the latter stages of seed maturation and responded to drought stress. Therefore, it was spec-
ulated that the repression of the expression of these three CsLEA genes may be an important cause of desiccation 
sensitivity in recalcitrant tea seeds.

Additionally, some studies have shown that the different LEA groups represented diversified adaptations to 
abiotic stresses in different plant species. For example, in A. thaliana, the LEA_3, LEA_4 and DHN groups could 
be induced by drought and salt stresses, while the LEA_1 group and the LEA_5 group were induced only by 
drought stress and salt stress, respectively3. However, in P. tabuliformis, all LEA groups could be induced by heat 
and salt stresses19. In the present study, the CsLEA_2, CsLEA_5, CsDHN, and CsSMP groups were shown to be 
regulated by all the assessed abiotic stresses, while there were no obvious responses of the CsLEA_1 group to 
drought, the CsLEA_3 group to low temperature and drought, and the CsLEA_4 group to low temperature. It 
was also observed that there was a clear divergence in expression profiles between genes within a single CsLEA 
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group, with this phenomenon being especially apparent in the CsLEA_2 group. Overall, the results of this study 
revealed the functional roles of LEA genes in C. sinensis during seed development and desiccation and under 
varying abiotic stresses. Of course, additional studies are necessary to further elucidate and confirm the functions 
of these CsLEA genes.

Conclusions
In conclusion, a total of 48 CsLEA genes were identified in C. sinensis and were subsequently classified into seven 
distinct groups, according to their conserved domains and phylogenetic relationships. Analyses of the physico-
chemical properties and conserved motifs of the CsLEA proteins showed that within the same groups they were 
highly similar, but the showed large variation between different groups. Additionally, the expression profiles of all 
the identified CsLEA genes in five different tissues, during seed development, during seed desiccation, and under 
four abiotic stresses, were further analyzed and revealed that these genes widely participate in tea plant’s growth, 
development, and responses to abiotic stresses, especially during seed development and under high temperature 
stress. Furthermore, eleven of these CsLEA genes were found to be involved in the response of tea plant to all 
the tested abiotic stresses. These results provide valuable information for the future functional studies of CsLEA 
genes, which will be useful for the preservation of recalcitrant tea seeds as genetic resources for a long time and 
the genetic improvement of tea plant.

Data Availability
All data supporting the findings of this study are available within this manuscript and its supplementary tables.
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