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Abstract Late embryogenesis abundant (LEA) proteins

were first described as accumulating late in plant seed

development. They were also shown to be involved in plant

responses to environmental stress and as well as in bacteria,

yeast and invertebrates. They are known to play crucial

roles in dehydration tolerance. This study describes a

genome-wide analysis of LEA proteins and the corre-

sponding genes in Solanum tuberosum. Twenty-nine LEA

family members encoding genes in the Solanum genome

were identified. Phylogenetic analyses allowed the classi-

fication of the potato LEA proteins into nine distinct

groups. Some of them were identified as putative orthologs

of Arabidopsis and rice LEA genes. In silico analyses

confirmed the hydrophilicity of most of the StLEA proteins,

whereas some of them can be folded. The in silico

expression analyses showed that the identified genes dis-

played tissue-specific, stress and hormone-responsive

expression profiles. Five StLEA classified as dehydrins

were selected for expression analyses under salt and

drought stresses. The data revealed that they were induced

by both stresses. The analyses indicate that several factors

such us developmental stages, hormones, and dehydration,

can regulate the expression and activities of LEA protein.

This report can be helpful for the further functional

diversity studies and analyses of LEA proteins in potato.

These genes can be overexpressed to improve potato abi-

otic stress response.

Keywords Late embryogenesis abundant � Solanum
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Introduction

Dehydration is a normal process during seed maturation,

which is controlled by programmed expression of specific

late embryogenesis abundant (LEA) genes during the later

embryo development stages (post-abscission) in plant seeds

[1–3]. The intensive biosynthesis of LEA proteins at late

seed maturation stages and during dehydration, suggest that

these proteins are involved in the protection of embryo

structures during water deficit conditions [2–5].

LEA expression is regulated by abscisic acid (ABA), a

key hormone in the regulation of dehydration [1, 5, 6].

Indeed, the involvement of the ABA signaling pathways

was shown for a number of LEA genes [6–8]. The over-

expression of genes encoding LEA proteins improves stress

tolerance of transgenic plants [5].

LEA proteins are primarily found in plants seeds [1–3]

and also in other plant tissues [2].

LEA gene expression can be related to ABA dependant

or ABA independent signaling pathways. Their gene pro-

moters can harbor DRE/CRT ABA independent sequence

[1–3, 5, 9]. LEA proteins were first detected in cotton

Electronic supplementary material The online version of this
article (doi:10.1007/s11033-015-3853-2) contains supplementary
material, which is available to authorized users.

S. Charfeddine (&) � M. Charfeddine � R. Gargouri-Bouzid
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(Gossypium hirsutum) seeds [5, 9]. They have subsequently

been identified in several plant species to the extent that

they can be considered ubiquitous in plants [3, 9, 10].

Moreover, several LEA proteins were in non viridae

plantae species such as bacteria [1, 11], mosses [5], fungi

[9, 25] and nematodes [9, 12].

LEA proteins are part of evolutionary conserved group

of hydrophilic protein called hydrophylin [25]. They are

high hydrophilic [1, 3, 9] and heat stabile in solution [1, 13]

because of their particular amino acid composition. How-

ever, under desiccation or extreme temperature conditions

some of them can exhibit particular three-dimensional

structures [8].

Some LEA proteins seems to act as chaperones and

protect enzyme activities under in vitro conditions [3, 8,

14]. Furthermore, LEA proteins can undergo phosphory-

lation [8, 15] and can sequester ions [8, 16] or biotin [8].

They are shown to be associated with vacuoles or lipid

vesicles [8]. However, a number of Arabidopsis thaliana

LEA proteins can be cytosolic, secreted or located in

chloroplasts and mitochondria, while others were detected

in all cellular compartments [19].

The LEA proteins were first divided into different

groups [4, 16] but the classification varies between authors.

The deduced amino acid sequences of LEA proteins

allowed the identification of six groups based on their

similarities [16]. However, Dure [4] labelled the groups

according to their molecular weight and identified 8 groups

that were named D-7, D-11, D-19, D-29, D-34, D-73, D-95

and D-113.

The identification of other plant LEA genes revealed

that their classification is not so clear and some groups

were related to other groups [17].

The three major groups are as follows [4, 18, 19]. LEA

proteins Group 1 posses a hydrophilic motif repeated of 20

amino acid-long. This motif repetition can exceed four

times in some species [19, 20]. These proteins are also

characterized by a high proportion of Gly, Glu, and Gln

residues. Group 2 protein sequences, corresponding to

dehydrins contain three distinct sequence motifs designated

Y, S and K [5, 10, 21–24]. These group 2 LEA proteins are

the most characterized [2]. These highly hydrophilic pro-

teins are polar amino acids rich while they harbor low

hydrophobic residues content. They also lack Trp and

frequently Cys residues [4, 9]. Hence, they can also be

considered as hydrophilins [2, 25]. The Group 3 proteins

display multiple copies of an 11 amino acid-long motif [4].

Most of the LEA proteins belong these three main

groups. However, some others are members of minor

groups [16]: Group 4 (D-113), Group 5 (D-29) and Group 6

(D-34). The LEA5 (D-73) and LEA14 (D-95) [26] were not

classified in LEA numbered groups.

This study focused on the identification of potato LEA

(StLEA) genes throughout the potato genome in addition to

their evolution analysis. The expression patterns of these

genes were investigated using RNA-seq data and semi-

quantitative RT-PCR analysis of some selected LEA genes

was performed.

Materials and methods

BLAST searches and sequence analysis

BLAST searches and sequence analyses were performed by

BLASTp on the potato genome (http://www.phytozome.

net/potato.php) using known A. thaliana LEA genes as

queries. The selected potato genes were used for a second

BLAST round on the potato genome; this additional step

allowed the identification of potato paralogs that had been

excluded by their dissimilarity to the Arabidopsis

orthologs.

Domain and motif searches were performed on the

protein sequences using the Pfam software (http://www.

sanger.ac.uk/software/pfam). Proteins without any appro-

priate motif were re-predicted and corrected using Fgenesh

software (http://linux1.softberry.com/berry.phtml) using

dicotyledon plant models. Proteins with no reliable pre-

diction were removed.

For phylogenetic analyses, deduced full length protein

sequences of the identified potato LEA gene models and

those from Arabidopsis and rice (www.phytozome.net)

were aligned with Clustal W software [27]. The phyloge-

netic tree was conducted using Molecular Evolutionary

Genetic Analysis software (Mega5) [28]. Genetic rela-

tionships were inferred from neighbor-joining amino acid

alignment after 1,000 bootstrap replicates, using pairwise

deletion and amino acid p-distance parameters.

The prediction of the LEA signal peptide was performed

using the Signal P 3.0 online program (http://www.cbs.dtu.

dk/services/SignalP/). The TMHMM ver.2.0 (http://www.

cbs.dtu.dk/services/TMHMM/) program was used for the

prediction of the transmembrane regions. Subcellular local-

ization prediction of the deduced amino acids was performed

using TargetP (http://www.psort.nibb.ac.jp/form.html).

Exon–intron structures and motif analyses

The diagrams of exon–intron structures were obtained

using the online Gene Structure Display Server (GSDS)

bioinformatic tools (http://gsds.cbi.pku.edu.cn/) from both

coding sequence (CDS) and genomic sequences.

Protein motif analyses were performed using the MEME

suite tool (http://meme.sdsc.edu/meme) with the following
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parameters: distribution of motifs: zero or one per

sequence; maximum number of motifs: 5; minimum

number of sites: 2; maximum number of sites: 5; minimum

motif width: 6 and maximum motif width: 50.

Chromosome localization of StLEA genes

The chromosomal localization of StLEA genes was

retrieved from phytozome and MapChart 2.2 [29] to visu-

alize chromosome linkage on the twelve potato chromo-

somes. CDS of genes in individual duplicate blocks were

aligned using Clustal W software. A codon-based Z-test

was performed for each block in MEGA 5.05 using the

Pamilo-Bainchi-Li [30, 31] substitution model, the boot-

strap variance estimation method (1,000 replicates), and

pairwise deletion. Only blocks that show significant results

(P value\ 0.05) were considered.

Physical and chemical characteristics of predicted LEA

proteins in potato

The basic physical and chemical characteristics of potato

LEA proteins were calculated using the ProtParam online

tool (http://www.expasy.org/tools/protparam.html),

including the number of amino acids, molecular weight,

theoretical isoelectric point (pI), aliphatic index and grand

average of hydropathicity (GRAVY). The protein folding

state was predicted by the FoldIndex program (http://bio

portal.weizmann.ac.il/fldbin/findex).

In silico gene expression analyses

The relative gene expression Fragments Per Kilobase of

transcript per Million fragments mapped (FPKM) values of

the 29 LEA genes were obtained from Xu et al. [32]. The

expression values were clustered using the quality thresh-

old (QT) clustering tool in the Multiple Array Viewer [33].

Plant material, in vitro culture and stress treatments

Potato plants cv. Claustar were multiplied under in vitro

conditions in Murashige and Skoog medium (MS) [34]

supplemented with vitamins [35] and under a 16 h photo-

period (70 ± 5 lmol m-2 s-1 photosynthetic photon flux

density) at 25 ± 2 �C and 50–60 % relative humidity.

Three weeks old plantlets were then submitted to NaCl

(100 mM) or polyethylene glycol 8,000 (PEG, 10 %)

treatments for 3, 6, 9 and 24 h. The plantlets were har-

vested. Plants grown on MS basal medium at 25 �C served

as control. All material was frozen in liquid nitrogen for

subsequent use. For each condition three biological repe-

titions were carried out.

RNA isolation and DNase treatment

Total RNA was isolated from 100 mg of leaves, shoots and

roots according to Vaewoerd et al. [36] modified by Saı̈di

et al. [37]. All samples were treated with RNase-free

DNase (Promega) and the absence of DNA was verified by

PCR using EF1a (Elongation factor 1a) specific primers

(EF1aF GATGCTACCACCCCGAAGTA and EF1aR
ACGAAGGGGTTTGTCTGTTG). After this control, RNA

concentration was quantified spectrophotometrically at

260 nm.

Semi-quantitative RT-PCR analysis of gene expression

The investigation of transcript expression profiles was

performed by semi-quantitative RT-PCR analysis as

described [38]. All the tests were performed in triplicates.

Total RNA (2 lg) were used for first strand cDNA syn-

thesis for both control and the treated samples using 200

units of MoMLV (Moloney Murine Leukemia Virus)

reverse transcriptase (Invitrogen) in a final volume of

20 ll. One microliter of each cDNA was used as template

for sqRT-PCR with 2 units of Taq DNA polymerase

(Invitrogen). The following PCR amplification conditions

were used: heating at 95 �C for 5 min, then 25 cycles of

(95 �C for 30 s, 60 �C for 30 s, and 72 �C for 5 min). A

final extension at 72 �C for 10 min was performed. For the

LEA gene expression level analysis, specific primers were

designed using the Primer3 v.0.4.0 software (http://frodo.

wi.mit.edu/). Primers used for amplification of the StLEA

genes and their annealing temperatures are presented in

Table 1.

The cDNA product standardization for semi-quantitative

RT-PCR was performed using EF1a primers with hybrid-

ization temperature of 60 �C and for 25 cycles. The RT-

PCR amplified products were analyzed and quantified on

ethidium bromide stained agarose gels using the Gel

DocXR Gel Documentation System (BioRad). The calcu-

lated average band densities were recorded and used in

graphical analyses. Error bar was determined from two

separate biological replicates.

Results and discussion

Sequence identification and phylogenetic analysis

To identify the LEA genes in potato, a series of basic local

alignment search tool (BLAST) searches were first per-

formed by using LEA proteins of Arabidopsis as query

sequences and then a second round of BLASTp on the

potato genome was made. Sequences which did not present
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start or stop codons were re-predicted using the fgenesh

software (http://linux1.softberry.com/berry.phtml).

A total of 29 StLEA gene models were selected

(Table 2). Phylogenetic analyses with LEA sequences from

Arabidopsis and rice (Supplementary material 1) using the

neighbor-joining methods (Fig. 1) revealed that potato

LEA proteins can be divided into seven major phylogenetic

groups (Table 2; Fig. 1) as described [16, 18]. Indeed,

LEA_4 group (also known as group 3 or D-7) is the most

dominant, containing six members (StLEA5, StLEA8,

StLEA19, StLEA23, StLEA24 and StLEA26). StLEA5 was

also identified as a co-ortholog of AtLEA19 and AtLEA36,

while StLEA23 is an ortholog of AtLEA25.

The second important group is known as the dehydrin

group (group 2 or D-11) which contains five potato proteins

(StLEA6, StLEA7, StLEA13, StLEA18 and StLEA27). They

Table 1 Primers used for RT-PCR to analyze dehydrin gene expression

Gene Forward primer Reverse primer Tm (�C) Amplified

fragment

size (Kb)

StDHN1/StLEA7 TTTTGTTGTGATGGACAACTACG TTGACAAAATATGACTCCACCTTC 60 168

StDHN2a/StLEA18 ACGAACAGAACAAGCCATCA CCACCTGGCAATTTCTCCTT 60 448

TAS14/StLEA6 CGGTTATTGCTGCCAAAGTT TTTTGGAATGACACCCCTTC 60 229

StDHN25/StLEA13 ACGAAGACCAAATGCAGCAG CTTCTTCCTCCGACCACCTT 60 179

StLEA27 GTGCCGTCTTAGGTGTTGGT CACCCTTGTGCTTACCACCT 60 216

Table 2 Characteristics of

genes encoding LEA proteins in

S. tuberosum

chr chromosome location

Number Code name Gene name PFAM family Group Chr Intron number Exon number

1 StLEA1 LEA_2 LEA_2 LEA_2 1 1 2

2 StLEA2 LEA_2 LEA_2 LEA_2 1 1 2

3 StLEA3 LEA_1 LEA_1 LEA_1 1 1 2

4 StLEA4 LEA_1 LEA_1 LEA_1 6 1 2

5 StLEA5 LEA_4 LEA_4 LEA_4 9 1 2

6 StLEA6 TAS14 Dehydrin Dehydrin 2 1 2

7 StLEA7 StDHN1 Dehydrin Dehydrin 2 1 2

8 StLEA8 LEA_4 LEA_4 LEA_4 2 2 3

9 StLEA9 LEA_3 LEA_3 LEA_3 12 1 2

10 StLEA10 LEA_2 LEA_2 LEA_2 12 0 1

11 StLEA11 LEA_5 LEA_5 LEA_5 6 1 2

12 StLEA12 LEA_5 LEA_5 LEA_5 9 0 1

13 StLEA13 StDHN25 Dehydrin Dehydrin 4 1 2

14 StLEA14 LEA_1 LEA_1 LEA_1 10 1 2

15 StLEA15 LEA_1 LEA_1 LEA_1 10 1 2

16 StLEA16 LEA_1 LEA_1 LEA_1 10 1 2

17 StLEA17 LEA_2 LEA_2 LEA_2 8 0 1

18 StLEA18 StDHN2a Dehydrin Dehydrin 2 1 2

19 StLEA19 LEA_4 LEA_4 LEA_4 3 3 4

20 StLEA20 LEA_3 LEA_3 LEA_3 6 1 2

21 StLEA21 SMP SMP SMP 9 2 3

22 StLEA22 LEA_2 LEA_2 LEA_2 10 1 2

23 StLEA23 LEA_4 LEA_4 LEA_4 7 1 2

24 StLEA24 LEA_4 LEA_4 LEA_4 11 2 3

25 StLEA25 SMP SMP SMP 1 2 3

26 StLEA26 LEA_4 LEA_4 LEA_4 2 1 2

27 StLEA27 StLEA27 Dehydrin Dehydrin 1 1 2

28 StLEA28 LEA_3 LEA_3 LEA_3 9 1 2

29 StLEA29 – – Soloist 5 1 2
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are homologous to rice and A. thaliana LEA proteins.

Based on the phylogenetic tree, we can suggest that

StLEA7 is a co-ortholog of AtLEA34 (Xero1) and AtLEA51

(RAB18), in Arabidopsis. Xero1 transcripts were detected

in seeds [19]. Furthermore, in this cluster, StLEA27 was

identified as an ortholog of AtLEA14. It seems also that

StLEA13 is an ortholog of OsLEA23.

The LEA_5 group includes StLEA12 as an ortholog of

OsLEA21/EMP1. This latter was shown previously to be

up-regulated by drought stress [39]. Two StLEA genes

(StLEA21 and StLEA25) belonged to the SMP group

(Fig. 1).

Analysis of potato LEA gene structure

A comparison of the full-length cDNA sequences with the

potato genomic DNA allowed the determination of the

exons and introns content of each StLEA gene (Fig. 2)

using GSDS. The data showed that the CDS of all the

StLEA genes contain one or two introns. The number and

position of the introns are relatively conserved in each

family; thus, the StLEA gene in the LEA_1, LEA_3 and

dehydrin families contained a single intron and two exons.

The members of the seed maturation protein (SMP) family

have two introns and three exons.

LEA_5 LEA_1 LEA_4 LEA_3 LEA_2 DehydrinSMP

Fig. 1 Phylogenetic relationship between LEA protein in rice

(OsLEA), Arabidopsis (AtLEA) and potato (StLEA).The tree was

constructed using the neighbor-joining algorithm. Scale bar

corresponds to 0.1 amino acid substitution per residue. The different

LEA groups are indicated by different colors. (Color figure online)
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Motif display of predicted StLEA proteins in potato

The MEME (Multiple EM for Motif Elicitation) web server

was used to analyze the motif distribution of potato

dehydrin proteins (Fig. 3; Supplementary material 2).

These proteins are characterized by K, S and Y segments

[13]. Five genes belonging to the dehydrin group were

identified (group 2; Fig. 1) in the potato genome. Each

Fig. 2 Gene structure of the StLEA superfamily in potato. Exons and introns are depicted by filled green boxes and single lines, respectively.

UTRs are displayed by thick blue lines at both ends. (Color figure online)

Fig. 3 Motif distribution of dehydrin proteins in potato using the

MEME web server. Each colored box represents the DHN domain

and conserved motifs, as indicated in the legends below the trees. The

length of the blue line shows the length of a sequence relative to the

other sequences; the position of a block shows where a motif has

matched the sequence. The amino acid sequences of the conserved

motifs are summarized in Supplementary material 2. (Color figure

online)
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protein contains the conserved K segment (Fig. 3), in

addition to a cluster of serines (S segment) present in all

these dehydrins. A third domain known as Y segment

(Fig. 3) was also found at the N-terminal end of three

potato dehydrins (StLEA6, StLEA7 and StLEA27). These

dehydrins were divided into five subgroups [40, 41] based

on the presence and the organization of the different

motifs. The KYS classification for all dehydrin proteins is

given in Supplementary material 3. Since, the K and S

segments are present in all dehydrins, they were considered

as distinguishing traits of this group, while the Y segment

is present only in three proteins. It was reported that the

phosphorylation of the S segment, leads to calcium binding

activity in some dehydrins [21, 42]. However, other S

segment containing dehydrins didn’t exhibit such function

[41].

Characteristics of predicted LEA genes in potato

In silico analyses allowed to determine the molecular

weight average of the LEA proteins that ranged from 10 to

30 kDa (Supplementary material 4). Few of them are very

small LEA proteins (\10 kDa). Some LEA proteins that

belong to the LEA_4 phylogenetic group showed high

MWs (*45 kDa).

Based on their theoretical pI value, the 29 LEA proteins

can be divided into two subgroups. Thirteen LEA proteins

sequence are rich in alkaline amino acids while 16 possess

more acidic amino acids. However in the LEA_2 and SMP

groups, all the amino acids are acidic. The LEA_3 group

exhibit a predominance of alkaline amino acids. The

important differences in most GRAVY values indicate that

the LEA proteins of all groups fall into hydrophilic space

on the hydropathy plot. LEA_5 seems to be the most

hydrophilic and LEA_2 group the most hydrophobic. The

dehydrin and LEA_4 groups showed a wide range of

GRAVY values that are all hydrophilic. One consistent

property of the major LEA protein groups is the hydro-

philicity that seems to be responsible for their lack of

secondary structure in the hydrated state, and their solu-

bility at high temperatures [17]. The folding states of the

potato LEA protein family showed that the majority of the

StLEAs identified were predicted to be unfolded proteins

(62 %) under physiological conditions (Supplementary

material 4).

Transmembrane helix predictions using TMHMM v.2

[43] suggested that LEA proteins are expressed in subcel-

lular compartments.

The Target P software was used to investigate the sub-

cellular localization of StLEAs proteins. The results indi-

cate that the majority of StLEA proteins are predicted to be

in ambiguous sub-cellular localizations, but in the LEA_4

group, two proteins are predicted to be involved in the

secretory pathway and one member (StLEA26) is probably

targeted to chloroplasts. In addition, in the LEA_3 group,

one member (StLEA28) is also predicted to be involved in

the secretory pathway.

Genomic organization of the potato LEA genes

The 29 StLEA genes are distributed in the entire potato

genome. Indeed, chromosomes I and II contain the highest

number of LEA with five genes for each (Fig. 4). Most of

the genes are sparsely located. On the other hand, six genes

are considered as duplicated among the potato chromo-

somes (Fig. 4) which could be the result of the polyploidy

event of this genome. However, the phylogenetic rela-

tionships (Fig. 1) suggest that they are closely related to

each other. Therefore, StLEA20 and StLEA28, StLEA10 and

StLEA17and StLEA2 and StLEA22 are considered as

duplicated genes (Fig. 4). Moreover, StLEA1/StLEA2 on

chromosome I and StLEA15/StLEA16 on chromosome X

appear as tandem duplications defined by pairs of genes

belonging to the same phylogenetic group within a 100 kb

distance. They may result from duplications of small parts

of a chromosome. These pairs of genes have five or less

non-homologous genes between them (Supplementary

material 5) [44].

Expression profiling of LEA genes

The expression profile of the 29 StLEA genes was first

analyzed via the in silico analyses from vegetative libraries

(Fig. 5). Expression analysis was performed on leaves,

stems and roots and under different abiotic stress condi-

tions. We used transcriptome data derived from Illumina

RNA-Seq reads generated by PGSC [32] and analyzed by

Massa et al. [45].

High expression levels in the vegetative organs were

observed for nine genes in the absence of any stress or

growth regulator treatment (Fig. 5). The expression of LEA

genes seemed to be enhanced mainly by abiotic stress

rather than by infection with Phytophtora infestans. Very

low expression levels of the genes were observed under

standard conditions in leaves. They remain low in salt-

stressed leaves compared to hormonal treatments. Nineteen

StLEA genes seemed to be highly upregulated by ABA

treatment, suggesting that these StLEA proteins may be

related to the ABA signaling pathway. Indeed, this hor-

mone plays important roles in plant response to dehydra-

tion [5]. Many reports have claimed that some DHN genes

are not induced by the endogenous ABA accumulation,

while they respond to ABA [5, 22].

These data suggest that various StLEAs may be associated

with different functions as was shown for Arabidopsis

orthologs, (StLEA7 as ortholog of AtLEA51; RAB18). For
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example, Arabidopsis LEA51 was reported to be up regulated

by salt and cold stresses and more strongly by drought [19].

Phylogenetic analysis showed that StLEA23 is an

ortholog of Arabidopsis AtLEA25 (COR15b) that was

shown previously to be highly upregulated by cold and

salinity stress [19].

According to RNAseq data, StLEA23 may be induced by

ABA and benzo (l, 2, 3) thiadiazole-7-carbothioic acid

S-methyl ester (BTH) treatment but not by salt stress

(Fig. 5).

Ten StLEA genes seem not to be expressed in potato in

any tested condition or organ. They may correspond to

pseudogenes or they may be expressed in other particular

conditions.

Expression of potato DHN genes

The expression analysis was carried out by semi-quantita-

tive RT-PCR on the five dehydrin family members.

Expression analysis was followed under conditions of 24 h

of dehydration (PEG8000; 10 %) and of salt stress

(100 mM NaCl). The results show that under dehydration

stress (Fig. 6), StDHN2a (StLEA18), StDHN1 corre-

sponding to StLEA7 and StDHN25 corresponding to

StLEA13 are expressed in all the tissues studied but at

different levels. Expression of StDHN1 gene is higher in

both stems and roots than in leaves. StDHN1 mRNAs is

most abundant in roots. On the contrary, weak StDHN25

levels are detected in roots.

Fig. 4 Localization of the identified LEA genes on the potato

chromosomes. The chromosome number is indicated at the top of

each chromosome. The genes marked in red color indicate genes of

the dehydrin family. Colored squares indicate potential segmental

duplicated LEA gene pairs: StLEA20 and StLEA28 (red triangle),

StLEA10 and StLEA17 (blue triangle) and StLEA2 and StLEA22 (gray

triangle). The thick lines join tandem repeated genes (StLEA1 and

StLEA2). The chromosome size was retrieved from Xu et al. [32]. P

values for individual pairs of duplicate pairs are available in

supplementary material 5. (Color figure online)
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In roots, StDHN2a expression increased in response to

the PEG treatment, starting after 3 h of treatment. Maxi-

mum expression was observed at 6 h (Fig. 6). However, no

expression of TAS14 (an ABA and environmental stress

inducible DHN) was detected in roots.

Semi-quantitative RT-PCR showed that StLEA6

(TAS14) was weakly expressed in leaves and stems at 9 and

24 h of PEG treatment.

Similarly to its ortholog in A. thaliana (Fig. 1; 19), the

expression levels of the StDHN1 gene were very low in

drought-stressed leaves compared to control leaves.

Moreover, StLEA27 was not expressed in any tissue under

normal growth conditions or dehydration stress suggesting

that this DHN may not be related to drought stress

response. In contrast, Wang et al. [22] reported that wheat

DHN from the YSK2 group were mostly induced in

dehydrated leaves.

Salt stress (Fig. 7) led to the induction of almost all

StDHNs within the leaves. StDHN1 and StDHN25 expres-

sion was detected in all organs. However, almost no

expression of StDHN2a and TAS14 was detected in stems

and roots.

Under salt stress the expression of StDHN2a was

detected only in leaves starting at 3 h, reaching a maximum

after 6 h and then gradually decreased. This treatment

seemed also to induce the expression of StLEA27 in leaves

after 6 h. Expression of the TAS14 gene was induced at 3

and 9 h post-treatment in leaves and roots respectively.

Fig. 5 Expression analysis and

hierarchical clustering of all

LEA genes in S. tuberosum in

different organs (a) and under

different stress conditions in

leaves: b under hormone

induction; c abiotic stress;

d infection with P. infestans.

Color scale at the end of each

dendrogram represents relative

expression levels: green

represents low level and red

indicates high level asterisk

indicates dehydrin genes. (Color

figure online)
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Fig. 6 Expression profiles of

potato StDHN genes following

treatment with PEG. Total RNA

was extracted from different

organs (leaves, shoots and roots)

of S. tuberosum submitted to

PEG treatment. Relative

intensity levels of dehydrin

transcripts were determined

using semi-quantitative RT-

PCR during 24 h of PEG

treatment. SqRT-PCR data were

normalized using the potato

elongation factor (EF1a) gene.
Error bars indicate standard

deviation across two biological

replicates. Black square leaves,

dark gray square stems, light

gray square roots
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Moreover, salt treatment induced the expression of

StDHN25 in leaves after 3 h. This expression seems to be

maintained at a high level for 24 h.

Thus, three of these genes (StDHN2a, TAS14 and

StLEA27) were expressed only under salt and/or drought

stress conditions, suggesting that they play specific roles

under stress conditions. However, the StDHN1 (YSK2) and

StDHN25 (SK3) genes were expressed in all tissues in

standard conditions, suggesting that LEA genes also are

involved in normal plant growth and development. Simi-

larly to StDHN25, expression of the wheat SK3 type

TaDHN2 was induced in dehydration and salt stressed

leaves and roots [22].

The RT-PCR analyses are in agreement with the in

silico predictions and confirmed that the expression of

potato DHN are related to abiotic stress response in a tissue

specific pathway. These data corroborate also several oth-

ers studies on LEA proteins [4, 5, 8, 10, 25].

Conclusion

This report describes a detailed analysis of the LEA gene

family in Solanum tuberosum. A wide range of sequence

diversity was revealed from the in silico analyses. The

noticed distinct phylogenetic tree topology and expression

patterns were confirmed by experimental data.

These results can provide additional information for the

understanding of physiological properties and roles of LEA

proteins in the annotated potato genome.

This will provide important information for gene-clon-

ing and function analyses to better understand the role of

LEA proteins in abiotic stress responses.
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