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Abstract
The plant late embryogenesis abundant (LEA) proteins are abundant in seeds, play an important role in
various abiotic stresses. However, there is still no information on genome-wide identi�cation of LEA
genes in orchids and their function in callus formation is almost unknown. In this study, the LEA genes
from two orchids (Phalaenopsis equestris and Dendrobium o�cinale), were genome-wide identi�ed,
classi�ed and characterized. A total of 57 and 59 LEA genes were identi�ed in the genomes and these
were divided into 8 and 9 groups for P. equestris and D. o�cinale, respectively. The LEA_1 and LEA_4
genes from P. equestris and D. o�cinale showed strong expression in seeds, but were signi�cantly down-
regulated in �owers and absent in vegetative organs (leaves, stems and roots). In addition, the LEA_1 and
LEA_4 genes from D. o�cinale were abundant in the protocorm-like body (PLB) stage, while weak signals
that were detected in in vitro shoots could not be detected in plantlets. The expression of these genes
highlights PLBs in orchids are somatic embryos. The DoLEA36 from LEA_4 and DoLEA43 from LEA_1
were further characterized. The GFP signal of the DoLEA36-GFP fusion protein was only detected in the
cytoplasm, while the GFP signal of the DoLEA43-GFP fusion protein was detected in both the cytoplasm
and nucleus. This indicates that DoEA36 localizes in the cytoplasm while DoLEA43 localizes in both the
cytoplasm and nucleus. Both DoLEA36 and DoLEA43 stimulated callus formation in transgenic
Arabidopsis. The percentage of callus formation from 35S::DoLEA43 transgenic lines was higher than in
wild type plants in two callus induction methods. Our results provide comprehensive information about
the LEA gene family in orchids and genetic evidence for the involvement of LEA genes in the induction of
callus, which may reveal their positive role in the maintenance of PLBs in orchids.

Background
Plant seeds are composed of an embryo and an endosperm, which is not only the major source of energy
for humans, but also the main form of dispersal for plants. Maturation drying is the last period of seed
development, and is the developmental stage that is associated with a major loss of water [1]. To cope
with this dramatic loss in water, plant seeds have developed a complicated mechanism to mitigate water
loss and maintain cellular stability [2]. Among the actors involved in maintaining cellular stability during
seed dehydration, late embryogenesis abundant (LEA) proteins are well known for their important role in
assisting seeds survive under high dehydration conditions at later stages of seed maturation [3, 4].

In plants, LEA proteins are widely present, their expression is seed-speci�c and induced by abiotic
stresses. LEA genes display very high level of expression at later stages of seed maturation when their
encoded proteins accumulate considerably at this time [3]. For example, PsLEAm from pea (Pisum
sativum L.), was not detected in whole seedlings 44 h after imbibition or in leaves from 3-week-old pea
plants, but its expression could be re-induced in leaves after water stress [5]. The LEA gene HVA1 from
barley (Hordeum vulgare L.) and WAP27 from mulberry tree (Morus bombycis Koidz.) could not be
detected in vegetative tissues, but appeared in vegetative tissues after exposure to cold acclimation [6, 7].
This indicates that LEA genes are absent in vegetative tissues but that they reemerge in vegetative
tissues after stress treatments, including water de�cit and cold stress.
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Multiple studies have demonstrated that LEA genes are involved in a wide range of water de�cit and cold
stress responses [8-12]. Although the defense mechanisms by LEA proteins remain largely unknown,
many studies have demonstrated that LEA proteins help plants to deal with water de�cit and cold stress
by reducing water loss and maintaining cellular stability. On one hand, the LEA proteins contain a high
proportion of polar amino acids and have a grand average hydropathy (GRAVY) value of less than 0 [13].
This hydrophilic property effectively allows LEA proteins to assist plants by reducing water loss under
water de�cit stress. On the other hand, LEA is an intrinsically disordered protein that can fold into an
amphipathic α-helix under stresses [14]. LEA protein from liverwort (Marchantia polymorpha L.) shifted
toward a structure with abundant α-helices and assisted α-casein in not aggregating during desiccation-
rehydration events [15]. Moreover, LEA proteins are able to modulate membrane stability through binding
and folding [16], and protect the activity of enzymes such as lactate dehydrogenase [17], malate
dehydrogenase (MDH) and lactate dehydrogenase [18, 19], and β-D-galactosidase [19]. A recent study
showed that rice (Oryza sativa L.) OsLEA5 acts as a co-regulator to modulate the expression of ascorbate
peroxidase OsAPX1 [8].

In addition to the functions of LEA genes in response to abiotic stress, LEA genes might be involved in
zygotic embryo development. The LEA_5 group of LEA genes from shrimp (Artemia franciscana) �rst
appeared in diapause-destined embryos, declined slowly in the desiccation-resistant encysted stages
after embryonic development resumed, but dropped rapidly when the embryo emerged from its shell [20].
Some LEA genes in plants are only present in seeds and in the stage between the seed and seedlings. For
example, MLG3 polypeptide from maize ( L.) was detected at an early stage of germination, but
disappeared in the germinated seedling within 5 d of radicle emergence [21]. In addition, a mutation of a
T-DNA insertion allele of Arabidopsis thaliana (L.) Heynh. ATEM6 displayed incomplete seed development
at the distal end of siliques, indicating that ATEM6 is necessary for normal seed development [22].

The Orchidaceae is one of the largest families of �owering plants and Phalaenopsis and Dendrobium are
two of the economically most important genera. The seeds of Orchidaceae only have an embryo without
an endosperm [23]. Seed-speci�c LEA genes in orchids have been poorly explored, although 17 LEA genes
were identi�ed from D. o�cinale and their role in the response to salt and heat stress has been
characterized [24]. In this study, we performed a global-scale identi�cation of LEA genes in the genomes
of two orchids, P. equestris and D. o�cinale, classi�ed and explored their expression pattern in different
organs and developmental stages, and also characterized their participation in callus formation. Our
study provides comprehensive information of LEA genes in these two orchids as well as genetic evidence
for the involvement of LEA genes in callus formation. This information will assist in future studies related
to the mechanism of plant regeneration.

Results
Identi�cation, classi�cation, exon-intron composition of LEA genes in P. equestris and D. o�cinale
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To obtain a comprehensive view of LEA genes in two orchids, genome-wide identi�cation and analysis of
LEA genes from P. equestris and D. o�cinale were conducted. In this study, 57 and 59 LEA genes from P.
equestris and D. o�cinale were identi�ed, respectively (Additional �le 1 table 1). In Arabidopsis, LEA
proteins have been classi�ed into nine groups, namely LEA_1-5, AtM, dehydrin, SMP and PvLEA8 [13].
Base on a phylogenetic analysis of orchid and Arabidopsis LEA proteins, the P. equestris LEA proteins
were clustered into eight major phylogenetic groups (LEA_1-4, PvLEA18 and NG1-3), while the LEA
proteins from D. o�cinale contained nine groups (LEA_1-4, PvLEA18, SMP and NG1-3). Three groups
(NG1-3) were found exclusively in these two orchids while AtM, LEA_5 and Dehydrin groups were absent
in both D. o�cinale and P. equestris (Figure 1). In Arabidopsis, the SMP group contains six members.
However, only one SMP gene (DoLEA22) was found in the D. o�cinale genome, but none in P. equestris
(Figure 1).

Alternative splicing of mRNA precursors plays an important role in forming diverse mRNAs [25]. The size
of exons/introns can affect splice-site recognition [26]. Hence, the composition of exons/introns of LEA
genes in P. equestris and D. o�cinale was explored. Interestingly, the majority of LEA genes from P.
equestris and D. o�cinale have conserved intron/exon structures. For example, 64.9% (37 of 57) of
PeLEAs and 62.7% (37 of 59) of DoLEAs contain only one exon (Figure 2). This suggests that the
structure of the LEA gene in orchids is conserved and may have resulted in functional conservation
during their evolution.

 

Expression analysis of PeLEAs and DoLEAs in different tissues

To characterize the LEA genes, the expression pattern of LEA genes among vegetative organs (roots,
stems and leaves) and reproductive organs (�owers and seeds) were surveyed by comparing the FPKM
values for each gene in P. equestris and semi-quantitative RT-PCR in D. o�cinale. The NG1-3, PvLEA18,
LEA_2 and LEA_3 groups in both orchids did not display speci�c expression patterns (Figure 3). DoLEA12,
-18, -23, -31 and DoLEA53 from NG1-3 groups were widely expressed in roots, stems, leaves, �owers, and
seeds (Figure 3). Only one PvLEA18 gene was found in both P. equestris and D. o�cinale, although they
shared different expression patterns. PeLEA43 from the PvLEA18 group in P. equestris was strongly
expressed in seeds and �owers, but D. o�cinale DoLEA7 from the PvLEA18 group was absent in �owers
(Figure 3). In contrast, the LEA_1 group members in both orchids displayed a seed-speci�c expression
pattern. All seven LEA_1 group genes (PeLEA1, -23, -24, -50, -6, -7 and -8) in P. equestris, and all LEA_1
group genes from D. o�cinale (except for DoLEA3), showed a strong expression pattern in seeds (Figure
3). In addition, LEA_1 group members such as PeLEA6, DoLEA43 and DoLEA48 were also strongly
expressed in �owers (Figure 3). Two LEA_2 group genes (PeLEA4 and PeLEA47) were found in P.
equestris, PeLEA7 displayed no speci�c expression pattern in all the detected tissues, while PeLEA4
showed higher expression in seeds and lower expression in �owers, similar to the LEA_1 group genes
(Figure 3). DoLEA13, -17, -36, -4 and -5 from the D. o�cinale LEA_4 group were highly expressed in seeds,
but expression was absent in all vegetative organs (Figure 3). LEA_1 and LEA_4 displayed a similar
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expression pattern, suggesting that they might have a similar function, whereas the other groups had
diverse expression patterns.

 

Expression of LEA genes from D. o�cinale at different developmental stages

PLBs are a speci�c developmental stage in orchids, and are regarded as somatic embryos as a result of
their similar macroscopic and microscopic features [27]. We used four developmental stage samples
namely PLBs, multiple shoots from PLBs, and two developmental stage plantlets of D. o�cinale (see
details in the materials and methods section), to survey the changes of LEA genes during development.
Very interestingly, most genes in LEA_1 and LEA_4 groups showed high expression at the PLB stage (T1),
while their expression became lower as PLBs developed to plantlets in the two detection methods (Figure
4). For example, DoLEA4, -13, -17, -36 and -45 from the LEA_4 group, and DoLEA9, -11, -27, -43 and -48
from LEA_1 were only strongly detected at the PLB stage but were signi�cantly down-regulated or absent
at the other three developmental stages namely T2, T3 and T4 (Figure 4). The LEA_2 group has a close
phylogenetic relationship with the LEA_1 and LEA_4 groups, and most genes in this clade also displayed
a similar expression pattern with genes from LEA_1 and LEA_4 groups. For instance, DoLEA2, -19 and
DoLEA55 from the LEA_2 group were highly expressed at the PLB stage after semi-quantitative RT-PCR
analysis (Figure 4). However, the genes from NG1-3 groups displayed diverse expression patterns in the
four developmental stages.

 

The localization of DoLEA36 and DoLEA43

To further analysis the function of the LEA_1 and LEA_4 group genes, the DoLEA36 gene from LEA_4 and
DoLEA43 from LEA_1 were selected to explore their localization and further function analysis based on
their expression patterns. The empty vector of pCAMBIA1302 transformed into Arabidopsis plants was
used as the positive control. The green �uorescent signals of the seedlings harboring an empty vector
observed in the cytoplasm, plasma membrane and nucleus were strong (Figure 5A). In 35S::DoLEA36-GFP
seedlings, green �uorescence �lled cells, which suggests that the DoLEA36-GFP fusion protein is located
in the cytoplasm (Figure 5A). In contrast, the 35S::DoLEA43-GFP lines showed green �uorescent signals in
the cytoplasm and nucleus (Figure 5A). To further verify the localization of the two proteins, the
cytoplasm proteins and nucleus proteins were isolated from both 35S::DoLEA36-GFP and 35S::DoLEA43-
GFP transgenic plants. Western blot analysis showed that the GFP of 35S::DoLEA36-GFP plants was only
detected in the cytoplasm (Figure 5B). However, the GFP of 35S::DoLEA43-GFP plants was detected in the
cytoplasm and nucleus (Figure 5B). This result indicates that DoLEA36 localized in the cytoplasm while
DoLEA43 localized in the cytoplasm and nucleus. DoLEA36 and DoLEA43 had different localization
although they shared a similar expression pattern.
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DoLEA36 and DoLEA43 have different roles in stimulating callus formation

Both DoLEA36 and DoLEA43 were strongly detected in seeds and PLBs of D. o�cinale, but displayed
different localization. Hence, the callus formation rate in the transgenic lines of DoLEA36 and DoLEA43
driven by a 35S promoter were analyzed. The RT-PCR result (Figure 6A) and the western blot analysis
(Figure 6B) revealed that both DoLEA36 and DoLEA43 genes were transcribed and expressed successfully
in transgenic lines. The hypocotyl without a cotyledon and roots was planted to plant growth regulators
(PGR)-free half-strength MS medium and cultured in the dark for two days, then transferred to a 16-h
photoperiod. Callus formed at the wounding site in a small number of explants. The WT plants and
transgenic lines displayed a different callus induction rate (Figure 6C-F). The callus induction rate of
35S::DoLEA36 lines was about two-fold higher than WT plants (Figure 6C and D) while the callus
induction rate of 35S::DoLEA43 lines was three-fold higher than WT plants 14 d after wounding (Figure 6E
and F). The callus initiation of all transgenic lines exceeded 15%, while that of WT plants was only about
6% (Figure 6).

To further explore callus induction, 6 d-old seedlings after strati�cation were dissected and the upper end
of hypocotyls were removed, while the hypocotyl containing roots were incubated on PGR-free half-
strength MS medium in the dark. The 35S::DoLEA36 lines and WT did not have statistically signi�cantly
different callus induction 12 d after wounding (Figure 7A and B). In contrast, the callus induction rate of
all 35S::DoLEA43 lines was higher than WT plants 12 d after wounding (Figure 7C). The 35S::DoLEA43
lines showed increased callus initiation compared with WT plants (Figure 7D). These results suggest that
DoLEA36 and DoLEA43 play a role in callus formation, while DoLEA43 is more effective in callus
induction than DoLEA36.

 

The expression patterns of DoLEA36 and DoLEA43 under wounding stress

Increasing data proved that wounding triggers callus formation [28, 29]. Hence, the expression of
DoLEA36 and DoLEA43, which played a role in callus formation, was explored under wounding stress.
Total RNA at 0, 2, 5, 10 and 25 h after wounding were applied to qRT-PCR analysis. As expected, DoLEA36
and DoLEA43 genes were up-regulated in these time points (Figure 8A). DoLEA36 displayed an increasing
trend at 2, 5, 10 and 25 h after wounding, while DoLEA43 initially increased within 10 h then maintained
its transcriptional level (Figure 8A). Both DoLEA36 and DoLEA43 showed about 3.5-fold higher expression
2 h after wounding, while became about 15- and 52-fold higher at 10 h after wounding, respectively
(Figure 8A). This indicates that both genes were modulated by wounding.

No wounding responsive element (WUN-motif, AAATTACTA) was found in the putative promoter of
DoLEEA36, while one WUN-motif was present at the -453 bp site of the DoLEA43 promoter (Figure 8B). In
addition, two WUSATAg motifs (TTAATGG) were found at -1014 and -1440 bp sites of the DoLEA43
promoter (Figure 8B). These results thus establish that both DoLEA36 and DoLEA43 could be induced by
wounding and might help explants generate callus.
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Discussion
Classi�cation of LEA gene family in plants

LEA genes exist widely in plants, including in chlorophyte, liverwort, lycophyte, gymnosperm, and
angiosperm plant lineages [30]. In many higher plants, the LEA genes were classed into eight conserved
groups namely LEA_1-5, PvLEA18, dehydrin and SMP. These eight groups were found in eudicot species
such as Chinese plum (Prunus mume Siebold & Zucc.) [31] and rapeseed (Brassica napus L.) [32]. The
monocotyledonous plant sorghum (Sorghum bicolor (L.) Moench) contains LEA_1-5, PvLEA18, dehydrin
and SMP groups in its genome [33]. Moreover, seven groups, including LEA_1-5, dehydrin and SMP, were
detected in genome of a gymnosperm, Manchurian red pine (Pinus tabuliformis Carr.) [34]. These �ndings
suggest that the evolution of LEA genes are conserved and present in angiosperm and gymnosperm
lineages, indicating that most LEA groups existed before the split between monocotyledonous and
dicotyledonous plants. In this study, the monocotyledonous plants P. equestris and D. o�cinale contain
�ve (LEA_1-4 and PvLEA18) and six (LEA-4, PvLEA18 and SMP) groups of the eight conserved groups in
their genomes (Figure 1). NG1-3 groups were only found in the two orchids, but AtM, LEA_5 and dehydrin
were absent in both P. equestris and D. o�cinale when classi�ed with Arabidopsis LEA proteins by
phylogenetic analysis (Figure 1). These results suggest that AtM, LEA_5 and dehydrin might have been
lost and that new groups were generated during the evolution of orchids. The loss of gene families is
common in orchids. For example, the FLC, AGL12 and AGL15 subfamilies of the MADS-box superfamily
was absent in both P. equestris and D. o�cinale [35, 36]. The loss or gain of LEA groups has also been
observed in other higher plants. For example, no PvLEA18 gene was detected in tea (Camellia sinensis
(L.) Kuntze), LEA_5 and SMP genes were found in moso bamboo (Phyllostachys edulis (Carrière)
J.Houz.), while other atypical LEA genes were found in cucumber (Cucumis sativus L.) and stiff brome
(Brachypodium distachyon (L.) P.Beauv.) [37].

The dehydrin genes known to protect plants against abiotic stresses [38]. However, no dehydrin gene was
found in these two orchids, indicating that the response to abiotic stresses mediated by these genes in
both orchids might be different from plants containing dehydrin genes. The generation of NG1-3 in both
orchids might attain new functions and help them cope with variable environments or other physiological
mechanisms. Functional characterization is needed to determine the importance of these genes. No AtM
gene was found in both orchids, which is consistent with other higher plants such as Prunus mume [31]
and Sorghum bicolor [33]. AtM is regarded as a Brassicaceae-speci�c group that is found exclusively in
Brassicaceae species [13].

 

The LEA_1 and LEA_4 group genes were abundant in seeds and PLBs

The plant LEA protein was �st isolated from cotton (Gossypium hirsutum), and showed extremely
abundant expression in seeds [39]. The LEA gene got its name from cotton Late Embryogenesis
Abundant [40]. Plant LEA proteins mainly accumulate in zygotic embryos [21, 39]. In Arabidopsis, more



Page 9/27

than 50% (28 of 51) of LEA genes showed abundant expression in seeds, especially genes from the SMP,
LEA_1 and LEA_4 groups [13]. PsLEAm from pea (Pisum sativum L.) is a LEA_4 group member and was
detected during late seed development and was strongly expressed in the desiccation period, but could
still be observed during germination, but no signal was detected 44 h after imbibition [5]. Most of these
two group genes in P. equestris and D. o�cinale show pronounced expression in seeds. This indicates
that LEA_1 and LEA_4 members are seed-speci�c genes in plants and might play a conserved and
important role in seed development.

PLBs are regarded as somatic embryos in orchids [27, 41]. Shoots can regenerate from the PLBs followed
by the regeneration of roots to form a plantlet [42]. This developmental stages are similar with plants
regenerated from embryonic callus. Most of the LEA_1 group genes (DoLEA9, -11, -29, -43 and DoLEA48)
and LEA_4 group genes (DoLEA4, -13, -17, -36 and DoLEA45) were highly expressed at the PLB stage, but
were not observed or only slightly detected in multiple shoots and plantlets of D. o�cinale. Similarly, in
sweet orange (Citrus sinensis L. Osb.), most of the genes from the LEA_1 and LEA_4 groups showed
preferential expression in fruit and embryogenic callus [43]. These results indicate that the LEA_1 and
LEA_4 genes are highly expressed in embryogenic tissues such as PLBs and embryonic callus, and may
play a positive role in plant somatic embryogenesis. The expression of these genes further forti�es the
notion that PLBs are somatic embryos and provides the �rst molecular evidence to support this concept.

 

Different roles of DoLEA36 and DoLEA43 genes in triggering callus formation

LEA_1 and LEA_4 are closely related, as per a phylogenetic analysis (Figure 1). The DoLEA36 gene from
the LEA_4 group and DoLEA43 from the LEA_1 group showed similar expression in different organs and
different developmental stages (Figure 3 and 4, respectively). Both genes were strongly induced after
wounding, especially the DoLEA43 gene (Figure 8). This is similar to the expression pattern of a LEA gene
from Papaver somniferum that displayed 4-fold higher expression than the control after wounding
treatment for 5 h in the whole seedlings [44]. In addition, one WUN-motif was found in the promoter of
DoLEA43, but none in the DoLEA36 promoter (Figure 8B). This suggests that the regulation of expression
in wounding by transcription factors might differ for the two genes. Two WUSATAg motifs were found in
the DoLEA43 promoter, but no WUSATAg motif in the DoLEA36 promoter. WUSCHEL homeodomain
transcription factors are required to maintain stem cells in the shoot apical meristem and prevent
premature cell differentiation, and can recognize and bind to WUSATAg motifs [45-48]. The callus
induction rate increased signi�cantly in both callus induction methods when DoLEA43 was over-
expressed in Arabidopsis. The callus induction rate of 35S::DoLEA36 plants was higher than WT plants,
but lower than 35S::DoLEA43 plants during callus induction. Taken together, these results indicate that
DoLEA36 and DoLEA43 genes play different roles in triggering callus formation, and might be required for
the maintenance or proliferation of PLBs in orchids.

Conclusions
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In this study, a total of 57 and 59 the LEA genes from P. equestris and D. o�cinale were identi�ed at the
genome-wide scale, and these could be divided in 8 and 9 groups, respectively. The expression of LEA in
different organs and different developmental stages were explored and showed a conserved expression
pattern in some groups. Genes from the LEA_1 and LEA_4 groups were abundantly expressed in seeds
and PLBs. Two LEA genes, DoLEA36 and DoLEA43, shared similar expression patterns but different
localization. These two genes stimulate callus formation but displayed different roles in callus induction
in transgenic Arabidopsis. Our study provides insight into the mechanism of maintenance of PLBs in
orchids and plant regeneration.

Methods
Plant materials

D. o�cinale was collected from the Guangxi Zhuang Autonomous Region in China and was identi�ed by
professor Jun Duan. All authors comply with the Convention on the Trade in Endangered Species of Wild
Fauna and Flora. The D. o�cinale plants at the reproductive stage were grown in a greenhouse at South
China Botanical Garden (Guangzhou, China) in The roots, stems, leaves, �owers and seeds (120 days
after pollination) from at least six potted plants were harvested and used for gene expression analysis.
Protocorm-like bodies (PLBs, T1 stage), multiple shoots from PLBs (T2 stage) and plantlets (T3, about 2
cm in height; T4, about 8 cm in height) were cultured on half-strength Murashige and Skoog (MS) [49]
medium supplemented with 0.5 mg l-1 1-naphthalene acetic acid (NAA), 1 g l-1 activated carbon, 20 g l-1

sucrose and 6 g l-1 agar at pH 5.4, were grown in a growth chamber under 40 µmol m-2 s-1 light intensity
and a 12-h photoperiod. All samples were collected, frozen in liquid nitrogen, then RNA was extracted
immediately or placed rapidly at -80 °C.

A. thaliana (Columbia ecotype) obtained from professor Keqiang Wu (South China Botanical Garden,
Chinese Academy of Sciences) was used as the wild type (WT) and. Arabidopsis plants were cultivated in
a mixture of topsoil and vermiculite (1:3, v/v) under a 16-h photoperiod, 100 µmol m-2 s-1 light intensity,
and at 22 °C in a growth chamber. Arabidopsis seeds were sown on half-strength MS medium [49]
containing 15 g l-1 sucrose and 8 g l-1 agar and grown in the same conditions as the Arabidopsis plants.

 

Identi�cation of LEA gene family in two orchids, and exon-intron prediction

The peptide and General Feature Format (GFF) �les of P. equestris and D. o�cinale were obtained from
the National Center of Biotechnology Information (NCBI) provided by Zhang et al. [35-36], respectively.
The proteins in the peptide �les were annotation using NCBI non-redundant (NR), Gene Ontology (GO),
Pfam [50], Swissprot and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. The genes were
annotated as the LEA genes were considered as candidate LEA genes, then rechecked in NCBI BLASTP
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).
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For the prediction of gene structure, the GFF annotation of LEA genes was obtained from GFF �les of P.
equestris and D. o�cinale and submitted to the Gene Structure Display Server (GSDS) 2.0
(http://gsds.cbi.pku.edu.cn/) [51] to generate a diagram of gene structure.

 

Multiple sequence alignments and phylogenetic analysis

The LEA proteins were aligned using MAFFT version 7 software [52] to generate a FASTA alignment �le.
The alignment �le was uploaded into MEGA version 7 [53] to construct a phylogenetic tree by the
neighbor-joining (NJ) method.

 

Construction of the 35S::LEA-GFP vector and generation of transgenic lines

The coding sequences of LEA36 and DoLEA43 without a termination codon were ampli�ed by KOD-Plus
DNA polymerase kit (Toyobo Co., Ltd., Osaka, Japan) and inserted in the NcoI site of the pCAMBIA 1302
vector using the In-Fusion HD Cloning Kit (Takara Bio Inc., Dalian, China) according to the manufacturer’s
instructions. The transformation of Agrobacterium tumefaciens strain EHA105 with the correct construct
was performed using the freeze and thaw method [54]. Thereafter, A. tumefaciens harboring the construct
was transformed into Arabidopsis by the �oral dip method [55] to generated the overexpression
transgenic lines.

 

Subcellular localization

The transgenic seeds of 35S::DoLEA36 and 35S::DoLEA43 were surface-sterilized in 1% NaClO for 10 min,
washed in sterile distilled water six times, then sown on half-strength MS medium in Petri dishes
containing 1.5% sucrose and 0.8% agar (pH 5.7). Plates were incubated at 4 °C in the dark for 2 d for
strati�cation, then cultured in a growth chamber. After strati�cation, 4 day-old seedlings were used to
survey GFP �uorescence and photographed with a Zeiss LSM 510 confocal microscope (Zeiss, Jena,
Germany). Transgenic plants that only contained pCAMBIA 1302 were used as the positive control.

 

Protein extraction from Arabidopsis

Total protein was extracted according to He et al. [56]. Brie�y, one week old seedlings were harvested,
cleaned and ground into a �ne powder in liquid nitrogen. Thereafter, an extraction buffer [50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 2 mM MgCl2, 1 mM DTT, 20% glycerol, 1% NP-40 and containing a protease
inhibitor cocktail (Roche, Mannheim, Germany)] was added then centrifuged at 14,000 g for 20 min. The

http://gsds.cbi.pku.edu.cn/
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supernatant containing total proteins was transferred into a proteinase-free 1.5 ml Eppendorf tube and
used for Western blot analysis immediately or frozen in liquid nitrogen for 2 min then stored at -80 °C.

One week old seedlings (200 mg) were also used to extract the cytoplasmic proteins. The Cytoplasmic
Protein Extraction Kit (BestBio Inc., Shanghai, China) was used to extracted cytoplasmic proteins
according to the manufacturer’s protocol. For the extraction of nuclear proteins, 4 g of seedlings were
ground in liquid nitrogen into a �ne powder, then 20 ml of lysis buffer [20 mM Tris-HCl (pH 7.4), 25%
glycerol, 20 mM KCl, 2 mM EDTA, 2.5 mM MgCl2, 250 mM sucrose, 1 mM DTT and 1 mM PMSF] was
added, washed six times with a washing buffer [20 mM Tris-HCl (pH 7.4), 25% glycerol, 2.5 mM MgCl2
and 0.2% Triton X-100], and washed once with nuclei resuspension buffer [20 mM Tris-HCl (pH 7.4), 25%
glycerol and 2.5 mM MgCl2]. The nuclei storage buffer (200 μL) containing the Roche protease inhibitor
cocktail was used to suspend the nuclear proteins. The cytoplasmic and nuclear proteins were used for
Western blot analysis immediately or frozen in liquid nitrogen for 2 min then stored at -80 °C within 1
month.

 

SDS-PAGE and Western blot

The protein samples were degenerated in 1× SDS loading buffer and incubated in boiling water for 10
min, then centrifuged at 12,000 rpm for 2 min. The supernatant, which included the degenerated proteins,
was used immediately for SDS-PAGE analysis. SDS-PAGE was carried out in 12% gels, then proteins were
transferred from gels to a polyvinylidene �uoride (PVDF) membrane by a wet transfer apparatus (Bio-Rad
Laboratories, Hercules, CA, USA). After blocking with 5% skimmed milk for 1.5 h at room temperature, the
membrane was incubated with primary antibody for 1.5 h at room temperature, then washed with 1×
TBST buffer (Solarbio Science & Technology Co., Ltd., Beijing, China) three times (each wash was 10
min). The membrane was then incubated with secondary antibodies at room temperature for 1.5 h. After
washing membranes in 1× TBST buffer three times, the anti-GFP mouse monoclonal antibody (1: 5,000
dilution, Thermo Fisher Scienti�c, Waltham, MA, USA; cat#GF28R) was used as the probe to detect the
level of GFP-tagged proteins. Actin and histone H3 were probed by Anti-Plant Actin Mouse Monoclonal
Antibody (A01050; Abbkine, Wuhan, China) and a-H3 (ab1791; Abcam, Cambridge, UK) at 1: 5000,
respectively. The goat anti-rabbit IgG-HRP (catalog number sc-2301, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) and goat-anti mouse IgG HRP antibody (Thermo Fisher Scienti�c; #62-6520) were used as
the secondary antibodies depending on the primary antibody. Protein bands were visualized in a
ChemiDocTM MP Imaging system (Bio-Rad, Hercules, CA, USA). The protein marker used was EasySee®

Western Marker (DM201, TransGen Biotech, Beijing, China).

 

Semi-quantitative RT-PCR and quantitative real-time PCR (qRT-PCR) analysis
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Total RNA was isolated with an RNA extraction kit (RNAout 2.0, Tiandz Inc., Beijing, China) according to
the manufacturer’s protocol. One μg of RNA was used to synthesize cDNA by reverse transcription PCR
(RT-PCR) of each reaction using a MonScriptTM PTIII all-in-one Mix Reverse Transcriptase Kit (Monad
Biotech Co., Ltd., Suzhou, China). cDNA content was diluted to 200 ng μl-1 and 1 μl was used as template
for PCR ampli�cation using a 20 μl reaction system, then ampli�ed by 35 cycles of 98 °C for 10 s, 55 °C
for 30 s and 72 °C for 1 min. After ampli�cation, 5 μl of each reaction was surveyed by 1% agarose gel
electrophoresis and visualized using the Gel Imaging System (GenoSens1880, Shanghai Qinxiang
Scienti�c Instrument Co., Ltd., Shanghai, China). For quantitative real-time PCR (qPCR) analysis, total
RNA was extracted, cDNA was generated as indicated above, and qPCR was performed as described by
He et al. [56]. All speci�c primer pairs are listed in Additional �le 2 table 2.

 

Gene expression analysis based on RNA sequencing data

For expression analysis of LEA genes from P. equestris, the transcriptome sequencing data of P.
equestris roots (SRR2080194), stems (SRR2080200), leaves (SRR2080202), �owers (SRR2080204) and
seeds (SRR3606718) were obtained from the NCBI Sequence Read Archive provided by Niu et al. [57]. The
clean reads were mapped to the P. equestris genome by TopHat version 2.0.8 (Kim et al. 2013) and gene
expression level was calculated by the fragments per kilobase of exon per million fragments mapped
(FPKM) method using HTSeq [58]. For the expression analysis of LEA genes from D. o�cinale at different
developmental stages (see plant materials section), FPKM were obtained from our D. o�cinale
developmental database, which constructed in our laboratory. This data is available upon reasonable
request.

 

Callus induction

In this study, we explored callus formation via two callus induction methods. In the �rst method,
hypocotyls from 6-day-old Arabidopsis seedlings after strati�cation were cut by disposable knives about
0.5 mm from the cotyledon-hypocotyl junction and at about 0.5 mm from the hypocotyl-root junction. The
center of hypocotyls was transferred carefully to Petri dishes containing half-strength MS medium with
1.5% sucrose and 0.8% agar (pH 5.7) with a sterile toothpick, incubated for 2 days in the dark and grown
in a growth chamber. In the second method, hypocotyls were cut once at about 2 mm from the hypocotyl-
root junction, the hypocotyl-root explants were transferred to Petri dishes containing half-strength MS
medium with 1.5% sucrose and 0.8% agar (pH 5.7) and incubated in the dark at 22 °C. Callus was
observed at the end of the cut site. Callus on an explant was considered to be induced if the callus was
visible on a Leica S8 APO stereomicroscope (Leica Microsystems Ltd., Heerbrugg, Switzerland). Callus
induction was quanti�ed as a percentage of explants forming callus. Every experiment was repeated in
triplicate. At least 50 seedlings of WT and transgenic lines from each experiment were used.
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Wounding treatment

PLBs growing on half-strength MS medium containing 2.0% sucrose, 0.5 mg/L NAA and 0.6% agar (pH
5.4) were used for the wounding treatment. The PLBs were sliced into 2 mm thick slices and placed on
the same medium. Explants at 0, 2, 5, 10, and 25 h after wounding were harvested and total RNA was
extracted using the method described above. DoLEA36 and DoLEA43 expression was detected by qPCR
analysis. Three biological replicates were performed for each sample.

 

Prediction of cis-responsive element in DoLEA36 and DoLEA43 promoters

To further explore the gene-responsive factors, 2000 bp upstream of the initiation codon from DoLEA36
and DoLEA43 were obtained from the D. o�cinale genome and used to predict the cis-responsive
elements by PLANTCARE [59] and PLACE [60].

 

Statistical analyses

All the data of induction rate was analyzed by SigmaPlot12.5 software (Systat Software Inc., San Jose,
CA, USA) using one-way analysis of variance (ANOVA) followed by Dunnett’s test. P < 0.05 was
considered to be statistically signi�cant.

Abbreviations
LEA, late embryogenesis abundant; GRAVY, grand average hydropathy; MDH, malate dehydrogenase;
FPKM, fragments per kilobase of transcript per Million fragments mapped; PGR, plant growth regulators;
qRT-PCR, quantitative real time polymerase chain reaction; PLB, protocorm-like body; GFP, green
�uorescent protein; N, Nuclear; NN, non-nuclear; PVDF, polyvinylidene �uoride
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Figure 1

Molecular phylogenetic tree of all the LEA proteins from Arabidopsis, P. equestris and D. o�cinale. The
tree was constructed using MEGA version 7 by the Neighbor–Joining method based on alignment by
MAFFT.
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Figure 2

Phylogenetic analysis and gene structures of LEA genes in P. equestris (A) and D. o�cinale (B). The
phylogenetic tree was constructed by MEGA version 7 with the Neighbor–Joining method and 1000
bootstrap replicates method based on alignments of complete LEA protein sequences by MAFFT. The
gene structure diagram was generated by Gene Structure Display Server (GSDS) 2.0 using the GFF
annotation of each LEA gene.
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Figure 3

Expression patterns of LEA genes from P. equestris (A) and D. o�cinale (B) among roots, stems, leaves,
�owers and seed. Concentration gradient heat maps generated using the gene expression level [log2
(FPKM+1)] of each organ. Red and green in concentration gradient heat maps indicate high and low gene
expression level, respectively.
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Figure 4

Expression patterns of LEA genes from D. o�cinale at different developmental stages. (A) The four
developmental stages (see details in materials and methods) of D. o�cinale using to explore the DoLEAs.
Bar = 1 cm. (B) The expression of DoLEAs in T1-T4 stages by heat map (left) and semi-quantitative RT-
PCR (right) analysis.
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Figure 5

Localization of DoLEA36 and DoLEA43 proteins. (A) Fluorescent microscopic images of GFP and
DoLEA36-GFP and DoLEA43-GFP fusion proteins in the roots of transgenic lines, respectively (bar = 25
μm). (B) Localization of DoLEA36 and DoLEA43 by Western blot analysis. Nuclear (N) and non-nuclear
(NN) proteins were extracted from 35S::DoLEA36-GFP and 35S::DoLEA43-GFP transgenic seedlings
grown for 7 d, respectively, and subjected to immunoblot analysis with anti-GFP antibody. Histone H3 and
actin were detected as nuclear and non-nuclear protein controls, respectively.
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Figure 6

The DoLEA36 and DoLEA43 genes display a positive role in callus initiation at 14 d after wounding. (A)
Analysis the expression of DoLEA36 and DoLEA43 among 35S::DoLEA36-GFP and 35S::DoLEA43-GFP
transgenic seedlings, respectively, by semi-quantitative RT-PCR. (B) Western blot analysis the DoLEA36
and DoLEA43 protein among 35S::DoLEA36-GFP and 35S::DoLEA43-GFP transgenic seedlings,
respectively. (C) The 35S::DoLEA36-GFP lines show a higher callus induction than WT plants. (D)
Representative images of callus initiation in WT and 35S::DoLEA36-GFP lines. (E) The 35S::DoLEA43-
GFP lines showed increased callus initiation phenotypes at 14 d after wounding. (F) Representative
images of callus initiation in WT and 35S::DoLEA43-GFP lines. Scale bar = 0.05 cm. Hypocotyl explants
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were cut at about 0.5 mm from the cotyledon-hypocotyl junction and at about 0.5 mm from the
hypocotyl-root junction. The middle of hypocotyls was used to analyze the callus induction. Bars
represent mean ± SD of three biological replicates. ** and * indicate P < 0.001 and P < 0.05 between WT
and transgenic lines, respectively. WT indicates wild type.

Figure 7

The different role of DoLEA36 and DoLEA43 genes in callus initiation at 12 d after wounding under dark.
(A) No signi�cant difference of callus induction in the 35S::DoLEA36-GFP lines and WT plants. (B)
Representative images of callus initiation in WT and 35S::DoLEA36-GFP lines. (C) The 35S::DoLEA43-
GFP lines showed increased callus initiation phenotypes at 12 d after wounding. (D) Representative
images of callus initiation in WT and 35S::DoLEA43-GFP lines. Scale bar = 0.05 cm. The hypocotyls were
cute once at about 2 mm from the hypocotyl-root junction, the hypocotyl-root explants were used to study
the callus induction. Bars represent mean ± SD of three biological replicates. ** indicate P < 0.001
between WT and transgenic lines, respectively.
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Figure 8

(A) The expression of DoLEA36 and DoLEA43 genes at 0, 2, 5, 10 and 25 h after wounding. (B) Prediction
of WUN-motif and WUSATAg motif in the 2-k upstream regulatory regions of DoLEA36 and DoLEA43
genes. Triangle indicates the WUSATAg motif, rectangle indicates WUN-motif.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplement1.pdf

https://assets.researchsquare.com/files/rs-3628/v1/supplement_1.pdf

