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1 | INTRODUCTION

Potato (Solanum tuberosum L.) is one of the most important food crops

and economic crops in China, and the amounts of its area and yield
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Abstract

Lipid transfer proteins (LTPs) are widely distributed in plants and play an important
role in the response to stress. Potato (Solanum tuberosum L.) is sensitive to a lack of
water, and drought stress is one of the limiting factors for its yield. Therefore, mining
candidate functional genes for drought stress and creating new types of potato
germplasm for drought resistance is an effective way to solve this problem. There are
few reports on the LTP family in potato. In this study, 39 members of the potato LTP
family were identified. They were located on seven chromosomes, and the amino
acid sequences encoded ranged from 101 to 345 aa. All 39 family members con-
tained introns and had exons that ranged from one to four. Conserved motif analysis
of potato LTP transcription factors showed that 34 transcription factors contained
Motif 2 and Motif 4, suggesting that they were conserved motifs of potato LTP.
Compared with the LTP genes of homologous crops, the potato and tomato (Solanum
lycopersicum L.) LTPs were the mostly closely related. The StLTP1 and StLTP7 genes
were screened by quantitative reverse transcription PCR combined with potato tran-
scriptome data to study their expression in tissues and the characteristics of their
responses to drought stress. The results showed that StLTP1 and StLTP7 were upre-
gulated in the roots, stems, and leaves after PEG 6000 stress. Taken together, our
study provides comprehensive information on the potato LTP family that will help to

develop a framework for further functional studies.

KEYWORDS
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rank first in the world. Inner Mongolia is one of the primary bases for
the production of potato seed and commercial potatoes in China. The
annual rainfall is approximately 200-350 mm, and the region is arid
and semiarid (du et al., 2013; Zhang, Li, et al., 2022). Drought stress is
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by far the most complex abiotic stress that affects plant development,
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survival, and crop productivity on a global scale (Ahuja et al., 2010).
Thus, studies on drought resistance in potato have always been major
issues of concern. Currently, researchers have conducted extensive
research on the physiological, biochemical, and morphological indica-
tors related to potato drought resistance, but less research has been
conducted on the molecular mechanisms used by potato to respond
to drought stress and the mining of drought resistance genes (Chen
et al.,, 2022; Wang & Qin, 2021). When potato plants are subjected to
drought stress, they produce a series of complex signal pathway acti-
vation responses, which induce the expression of drought resistance-
related genes, and then cause changes in the levels of proteins and
metabolites to resist the deleterious effects of disease and drought.
The continuous improvement in potato transcriptome data and the
rapid development of bioinformatics provide effective means and new
research ideas to analyze the mechanism of potato drought
resistance.

Lipid transfer proteins (LTPs) are basic small proteins that are 7 to
10 kDa. They are composed of a folded peptide chain that is formed
by an a-helix that is connected by four disulfide bonds, and they are
members of the class of small molecular weight antimicrobial peptides
(Salminen et al., 2016). LTPs were first observed in spinach (Spinacea
oleracea L.) leaves, maize (Zea mays L.) coleoptiles, and barley (Hor-
deum vulgare L.) aleurone (Wei & Zhong, 2014). It was reported that
the LTP genes were highly adaptable to stress in maize (Noonan
et al., 2017), rice (Oryza sativa L.) (Lin et al., 2017), cotton (Gossypium
hirsutum L.) (Zhang, Zhao, et al., 2022), wheat (Triticum aestivum L.)
(Fang et al., 2020), potato (Shang et al., 2022), Arabidopsis (Arabidopsis
thaliana [L.] Henyh.) (Zou et al., 2013), and other crops. LTP genes can
induce the expression of lipid transporter genes when the plants
adapt to or resist stress environments, such as drought, cold, high salt
stress, and pathogen infection, and participate in plant growth, seed
germination, and pollen development (Duo et al., 2021; Vangelisti
et al., 2022). Highland barley and maize can induce the production of
multiple LTP genes under drought stress (Fang et al., 2023; Wei &
Zhong, 2014). LTP3 in wheat has antifungal functions (Kirubakaran
et al., 2008), and the expression of VrLTPs in mung bean (Vigna radiata
[L.] Wilezek) increases under water stress (Liang et al., 2020). Various
tertiary structures of lipid transporters that form lipid complexes are
the primary substances that regulate the resistance of plants to
drought (Edstam et al., 2011; Salminen et al., 2016). Studies have
shown that the primary protein in cabbage (Brassica oleracea L. var.
capitata) epidermal wax is a lipid transporter, and wax can decrease
the loss of water on the epidermal surface. This affects the ability of
plants to show resistance to drought stress (Ji et al., 2018). Gao et al.
(2008) introduced the LTP gene into potato plants and found that the
gene functions in the resistance to salt and drought. Moraes et al.
(2015) studied the tolerance and disease resistance genotypes of
11 genetic isoforms of rice LTP1 proteins, and Wang et al. (2014)
found that LTP3 could be overexpressed in transgenic Arabidopsis

under thermotolerance. It was reported that the cis-regulatory

elements of the NtLTP genes in Nicotiana sylvestris promoters were
involved in abiotic stress and phytohormone responsiveness (Yang
et al., 2022). The study found that abscisic acid (ABA) and ethylene
significantly upregulated the ZmLTP63 gene, whereas gibberellin
downregulated the ZmLTP63 gene. The ZmLTP63 gene has various
stress response elements, such as drought and low temperature (Sun
et al, 2014).

Rainfall is infrequent in northern China, and the growth and
development of potatoes are often hindered, and the yield reduced,
owing to a lack of water during the critical period of potato growth.
LTP is not only involved in the transport of glycolipids, fatty acids,
and phospholipids between biofilms but also effectively resists abi-
otic stresses, such as drought (Missaoui et al., 2022). However, few
studies have reported on the function of the potato LTP gene fam-
ily. Therefore, mining genes related to potato drought resistance to
improve this parameter is valuable for research and application pros-
pects. The gene sequence of maize ZmLTPL63 was compared with
that of the potato LTP gene, and the potato gene was found to be
98% homologous with the maize gene. In this study, the method of
bioinformatics combined with quantitative reverse transcription PCR
(RT-gPCR) was used to identify the potato LTP gene family. These
methods were combined with transcriptome data to screen the
highly expressed LTP drought resistance genes to explore their level
of expression after induction by PEG 6000 stress. Mechanistic stud-
ies provide reliable information to advance the process of creating

transgenic potatoes.

2 | MATERIALS AND METHODS

21 | Test materials

Tissue culture seedlings of potato variety “Kexin No.1” were used as
experimental materials and provided by the Potato Genetics and
Breeding Research Group of the School of Life Science and Technol-
ogy, Jining Normal University (Jining, China).

2.2 | Identification of LTP members in potato

The potato LTP sequence was searched in the Phytozome database
using the keyword PF00234, and the protein sequence with the LTP
conserved domain in the potato genome was searched in the HMMER
software. Pfam (http://pfam.xfam.org/search) was used to analyze
whether it was conserved. The LTP domain was deleted, and the LTP
sequences whose conserved domains were less than 50% were
deleted. Finally, the potato LTP family members were obtained by
screening. The corresponding nucleic acid sequences were down-
loaded, and the genes were annotated on the identification result.
The amino acid composition, isoelectric point, molecular weight, and

hydropathic index of the potato LTPs were analyzed using the
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ProtParam tool (https://web.expasy.org/protparam/). PSORT Predic-
tion (http://psort1.hgc.jp/form.html) was used to predict their subcel-
lular localization.

23 |
analysis

Potato LTP gene structure and phylogenetic

The amino acid sequences of the potato LTP family members were
aligned by Muscle in MEGA 6.0 software (parameter default), and a
developmental tree was constructed by the neighbor-joining
(NJ) method in phylogeny. The bootstrap parameter was set to 1000,
and the gaps processing method was used. The pairs were deleted.
The potato LTP genome sequence and coding sequence (CDS) were
downloaded from the JGI official website. ClustalX was used to
align the 39 LTP sequences, and the alignment results were saved in
the NWK format. The LTP gene structure map was drawn using
the sequence (FASTA) format of GSDS 2.0. The conservation of
39 potato LTP transcription factors (TFs) was analyzed using
WebLogo (http://weblogo.berkeley.edu/logo.cgi), which revealed the
characteristic sequences of the LTP domain. InterPro database
(http://www.ebi.ac.uk/interpro/) was used to predict the protein
domains of StLTP1 and StLTP7.

2.4 | Phylogenetic analysis of the LTP members
among different crops

A phylogenetic analysis was constructed to further explore the evolu-
tionary relationships among the four plant species, including potato,
soybean (Glycine max L.), tomato, and A. thaliana. The LTP member
protein sequences of soybean, tomato, and A. thaliana were down-
loaded from the Phytozome database. The LTP sequences of the four
species were completely aligned by Muscle in MEGA 6.0 software to

construct a phylogenetic tree.

2.5 | Gene mapping

The potato genome data was downloaded from the NCBI (https://
www.ncbi.nlm.nih.gov/) database, and the location information of the
potato LTP family members and their chromosomal location were
determined from the JGI (Setaria italica v2.2) database. The distribu-
tion of LTP genes on 10 potato chromosomes was drawn using Map

Gene 2 Chromosome.

2.6 | Promoter analysis

The promoters of the potato LTP family members were analyzed using
Plantscare. The whole potato genome sequence and the GFF3 file
were downloaded in Phytozome, and the LTP sequence was then

extracted by the FASTA Extractor of TBtools software. The promoter
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that was located 2000 bp upstream of the start codon of the LTP

member coding region was analyzed.

2.7 | Stress treatment analysis

The tissue culture seedlings were placed in a light incubator for 15-
20 days under 16 h of light and 8 h of dark conditions. When the
seedlings had grown to 10-12 cm, a solution of 20% PEG 6000 was
used to stress the tissue culture seedlings at O, 4, 8, 12, 18, and 24 h.
The roots, stems, and leaves of the tissue culture seedlings were
quickly frozen in liquid nitrogen, stored at —80 C, and the RNA was
extracted in the next step.

2.8 | RNA extraction and reverse transcription

The roots, stems, and leaves treated with different times of stress
were fully ground, and the RNA was extracted using an OminiPlant
RNA Kit (DNase 1) (CWBIO, Inc., Beijing, China). The integrity of RNA
was detected by 1.5% agarose gel electrophoresis. The total amount
of complete RNA was uniformly set at 1000 ng, and the total RNA
was reverse transcribed using a HiScript Q RT SuperMix for qPCR
(+gDNA wiper) kit (Vazyme, Nanjing, China). Three biological repli-

cates and three technical replicates were performed.

29 | RT-gPCR analysis

According to the potato transcriptome data, two LTP genes that were
closely related to drought resistance were screened and numbered
StLTP1 and StLTP7. Premier5.0 software was used to design fluores-
cent quantitative primers. Actin was used as the internal reference
gene, and a LineGene 9600 plus type fluorescence quantitative PCR
instrument (Hangzhou Bioer Technology, Co., Ltd., Hangzhou, China)
was used for the PCR analysis. ChamQ SYBR COLOR gPCR Master
Mix 2X reagent (Vazyme) was used for the RT-gPCR analysis of
StLTP1 and StLTP7 in the roots, stems, and leaves after stress treat-
ments. The reaction program was as follows: 95°C for 5 min (95°C for
30s, 56°C for 30s, 72°C for 40s) x 40 cycles; and 72°C for 40 s.
The reaction system is shown in Table S1, and the primer sequences
are shown Table S2.

3 | RESULTS AND ANALYSIS
3.1 | Phylogenetic analysis of the LTP families in
different crops

To explore the phylogenetic relationship of the LTP families in differ-
ent crops, the NJ method of MEGA 6.0 was used to analyze the LTP
structures of soybean (23), tomato (19), Arabidopsis (23), and potato
(39). The amino acid sequences of the domains were aligned, and a
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FIGURE 1 Phylogenetic tree of the
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phylogenetic tree was constructed (Figure 1). The results showed that
the 104 LTP genes were divided into approximately eight branches,
and the 39 LTP genes of potato were distributed in six branches.
Among them, there were 20 LTPs genes in branch Il and seven LTPs
genes in branch lll. In general, the LTP genes of potato are closely
related to those of tomato.

3.2 | Identification of the LTPs gene family
members

The potato LTP sequence was searched by the keyword PF00234 in
the Phytozome database, and the protein sequence with the LTP con-
served domain in the potato genome was searched in the HMMER
software. Pfam was used to remove the redundancy. Finally, 39 LTP
family members (StLTP1-StLTP39) were identified. The structural
domains of the potato LTP family were analyzed by Conserved
Domain Database (CDD) (Table S3). The results showed that there
were between 52 and 103 amino acid residues in the conserved
domains of the members of the StLTP family, and the total number of
amino acids was between 101 and 345. The isoelectric points were
between 4.23 and 9.53, and the molecular weights were between
10.71 and 26.19 kDa. The protein hydrophilicity index indicated that
the StLTP4, StLTP9, StLTP10, StLTP11, StLTP15, and StLTP16 family

members were hydrophilic proteins, and the proteins encoded by
StLTP15 were the most hydrophilic. The StLTP9 protein was predicted
to be located in the mitochondrial matrix, and the StLTP12 protein
was located in the chloroplast thylakoid space and endoplasmic reticu-
lum membrane. The StLTP13 and StLTP39 proteins were located in
the cytoplasm, and the StLTP21 protein was located in the endoplas-
mic reticulum. The rest were detected extracellularly, and some were
located in the vacuole.

3.3 | Analysis of the phylogeny, gene structure,
and protein domain of the StLTPs

A phylogenetic tree was constructed to explore the phylogenetic rela-
tionship of the 39 LTP family members in potato using the NJ method
with 1000 bootstrap values. The results showed that the 39 LTP fam-
ily members can be divided into seven branches (Figure 2). The first
branch includes 21 family members. The second subfamily includes
five family members, and the third includes three. The fourth subfam-
ily includes five family members. The fifth subfamily includes only
StLTP4, and the sixth subfamily and the seventh subfamily each
include two family members. A structural diagram of the potato LTP
gene family (Figure 2) indicates that StLTP10 and StLTP11 contain
three introns. StLTP9, StLTP16, and StLTP17 contain one intron, and
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FIGURE 2 Phylogenetic relationships and gene structure of the potato LTPs genes: The phylogenetic tree was generated using a MEGA 6.0
program with the full-length amino acid sequences of the potato LTPs proteins obtained by a neighbor-joining (NJ) method, including 1000 boot-
strap replications. Exon/intro organization of the LTPs genes is also shown as follows: The introns and exons are represented by black lines and
yellow boxes, respectively, and the upstream and downstream regions are represented by blue boxes. The lengths of introns and exons of each
gene can be estimated using the scale detailed at the bottom. Subfamilies of LTPs genes (A-G) are highlighted with different colored backgrounds.

the rest of the genes have no introns. A total of 16 LTP family mem-
bers only contained CDS sequences, whereas 15 LTP family members
contained upstream, downstream, and CDS sequences. StLTP39 con-
tained downstream and CDS sequences; StLTP30 and StLTP31 con-
tained upstream and CDS sequences; and StLTP17 contained 5" UTR,
3’ UTR, intron, and CDS sequences.

A conserved motif analysis of the potato LTP TFs revealed
16 motifs (Figure 3), and the amino acid sequences of 39 LTP TFs
showed conserved motifs. Among the motif-containing sequences,
35 LTP TFs contained Motif 4; 34 LTP TFs contained Motif 2; 19 LTP
TFs contained Motif 1; 19 LTP TFs contained Motif 3; 15 LTP TFs

contained Motif 5; 13 LTP TFs contained Motif 6; and the remaining
motifs were contained in the LTP TFs. There were few motifs in the
LTP TFs, and they ranged from two to six. A total of 34 TFs contained
Motif 2 and Motif 4, which appeared the most frequently. They con-
stitute the domain characteristic sequence of LTP and are usually in a
series. Thus, it was hypothesized that Motif 2 and Motif 4 are con-
served motifs of the potato LTP (Figure 4). The conservation of
39 potato LTP TFs was analyzed using WebLogo, which revealed the
characteristic sequences of the LTP domain (Figure 5).

We used the InterPro database to predict the protein domains of
StLTP1 and StLTP7. The results showed that StLTP1 encodes a
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FIGURE 3 Conserved motifs in the lipid transfer proteins (LTPs): Each colored box represents a motif in each of the LTPs, with the motif's
name indicated in the box on the right. The length of each protein can be estimated using the scale at the bottom.

FIGURE 4 The conserved Motif

2 and Motif 4 of lipid transfer protein
(LTP) transcription factors in potato. The
height of amino acid letters at different
positions represents the level of
conservation. The conserved Motif 2 and
Motif 4 was analyzed using WebLogo
(http://weblogo.berkeley.edu/logo.cgi).
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FIGURE 5 The domains of 39 lipid transfer protein (LTP) transcription factors (TFs) family in potato. The height of amino acid letters at
different positions represents the level of conservation. The conservation of 39 potato LTP TFs was analyzed using WebLogo (http://weblogo.

berkeley.edu/logo.cgi).

protein of 121 amino acid residues, and the conserved domain is
85 amino acids. The starting position of the protein domain is 33-117
(Figure 6a). Its protein structure represents a structural domain that
consists of four helices with a folded leaf topology, which forms a
right-handed superhelix. The prediction of StLTP1 protein structure
revealed a Signal Peptide N Region, SignalP-TM, TMhelix, Signal Pep-
tide H Region, Non Cytoplasmic Domain, Signal Peptide, SignalP-
noTM, and Signal Peptide N Region. StLTP7 encodes a protein of
101 amino acid residues with a conserved domain of 86 amino acids.
The starting position of the protein domain is 14-99 (Figure 6b). The
protein structure of StLTP7 is the same as that of StLTP1.

3.4 | Potato LTP gene family promoter analysis
An analysis of the cis-acting elements of 39 StLTP family members
showed that the cis-acting elements involved in the promoter region
of potato LTP family included low temperature, drought, dehydration,
salt stress, defense and wound response elements, light response ele-
ments, and plant hormone (auxin, ABA, and gibberellin) response ele-
ments (Table S4). The response elements included in the promoter
regions of the 39 StLTP genes were the TATA-box and CAAT-box.
Chromosomal location analysis of the potato LTP gene family.
The Map Gene 2 Chromosome tool was used to draw the distri-
bution map of 39 LTP genes on the potato chromosome (Figure 7).
The results showed that all 39 LTP members were located on the
potato chromosome, and they were uneven. Twenty were distributed
on Chromosome 10. The LTP genes were concentrated in the proxi-
mal end of chromosomes, and only one LTP gene was distributed on
Chromosome 2, which is located at the end of chromosomes. The rest
were scattered on Chromosomes 1, 6, 7, 8, and 9. StLTP9, StLTP10,
StLTP16, and StLTP17 were located at the end, and the rest were con-

centrated at the proximal end.

3.5 | Analysis of the expression of potato LTP gene
family
StLTP1 (Soltu.DM.01G028720.1)  and  StLTP7  (Soltu.

DM.06G016150.1) have strong anti-stress functions in the

transcriptome data published by the Phytozome potato genome. This
study examined the drought resistance functions of the StLTP1 and
StLTP7 genes that were identified following stress induction by treat-
ment with PEG 6000. The results showed that the expression of
StLTP1 in potato roots (Figure 8a) and stems (Figure 8b) showed a
trend of upregulation first and then downregulation. The leaves
(Figure 8c) showed a trend of upregulation and then downregulation
followed by upregulation. StLTP7 was expressed the most highly in
the potato roots at 12 h (Figure 8d), which was nearly 180-fold
greater than that of the unstressed roots. The overall expression was
upregulated first. The trend of downregulation and then upregulation
resulted in the highest level of expression in the stems at 18 h
(Figure 8e), which was nearly 50-fold that of the unstressed time. The
overall trend included upregulation and then downregulation. The leaf
genes were expressed the most at 24 h (Figure 8f), which was nearly
110-fold that of the non-stressed state and trended upward. In con-
clusion, the levels of expression of these two StLTP genes were upre-
gulated to varying degrees under drought stress, indicating that they
were regulated by StLTP1 and StLTP7 under abiotic stress.

4 | DISCUSSION

When plants are under stress, they will re-mobilize the defense sys-
tem in their tissues, which prompts a series of physiological and bio-
chemical reactions (Jacqg et al., 2017). Some TFs related to stress
resistance begin to be synthesized and expressed, so that some func-
tional genes are regulated. These functional genes are used to com-
plete various physiological functions, such as protein synthesis,
activation, inhibition, degradation, and physiological metabolism.
These defensive proteins in plants play a very important role in adapt-
ing to and resisting external stresses (Wang et al., 2009). Previous
studies have found that the tertiary structure of lipid transporters can
form various lipid complexes, which are the primary substances that
regulate plant drought resistance. They participate in the formation of
cuticle and constitute epidermal wax, whereas lipid transporters exist
between the cuticle and cell wall interface. The hydrophobic waxy
moiety can be transported into the epidermal cells through the hydro-
philic cell wall matrix, and studies suggest that LTPs are involved in

this process, thereby enabling the plants to exhibit drought resistance
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FIGURE 6 Prediction of the StLTP1 and StLTP7 protein domains. The protein domains of StLTP1 and StLTP7 were predicted by InterPro
database (http://www.ebi.ac.uk/interpro/). (a) is the domain prediction of StLTP1 protein, and (b) is the domain prediction of StLTP7 protein.

Different domains are represented by different colors.

(Jin et al., 2015). Studies have shown that lipid transporters can
induce multiple genes in plants, including mung bean and wheat,
under drought conditions (Boutrot et al., 2007; Li et al., 2006).

LTP is a TF that is closely related to stress, which can combine
with various cis-acting elements in the promoter region to regulate
gene expression. The number of LTP genes also varies among differ-
ent species. For example, Arabidopsis has 15 LTPs; pepper (Capsicum
annuum L.) has six LTPs, and rice has 53 LTPs, which could be related
to genome-wide duplication (Maximiano & Franco, 2021). There are
substantial differences in the number of amino acids, isoelectric
points, and molecular weights contained in the LTPs, which could be
owing to the different functions of each family member in the growth
and development of different species. The molecular weight and total

number of amino acid residues indicate that LTP can be divided into
two categories, which include LTP | and LTP Il. The molecular weight
of LTP | is approximately 10 kDa, and it is composed of approximately
90 amino acid residues, which are primarily distributed in the aerial
parts of plants. The molecular weight of LTP Il is approximately 7 kDa,
and it has approximately 70 amino acid residues that are primarily dis-
tributed in the root (Li et al., 2006; Maximiano & Franco, 2021). In this
study, the physicochemical properties of the potato LTPs were ana-
lyzed, and the results showed that there were between 52 and
103 amino acid residues in the 39 LTP members of potato; there were
between 101 and 345 amino acids in total; the isoelectric point was
between 4.23 and 9.53, and the molecular weight was between 10.71
and 26.19 kDa. It is hypothesized that StLTP11 and StLTP12 could be
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FIGURE 7 Chromosomal distribution of 39 lipid transfer protein (LTP) genes in potato. The scale bar on the left indicates the size of

chromosomes. The 39 LTP genes were located on the seven potato chromosomes, and the concrete positions of 39 LTP genes were labeled on
chromosomes using linea nigra and gene name. The size of each LTP gene can be estimated using the scale at the left.

members of LTP I, and the rest are members of LTP Il. Related studies
have shown that there is an independent hydrophobic cavity in the
tertiary structure of LTP, which can complete transmembrane trans-
port. The hydrophilicity prediction of PdbLTP indicated that the LTPs
of Chinese pistache (Pistacia chinensis) are all hydrophobic proteins
and have certain functions in transmembrane transport and hydropho-
bic interactions as described by Sun et al. (2022). Except for StLTP4,
StLTP9, StLTP10, StLTP11, StLTP15, and StLTP16, the 39 potato LTP
members in this study are all hydrophobic proteins and can participate
in transmembrane transport.

It was reported that nsLTPs are associated with stress resistance,
including increased cold tolerance and drought resistance and salt tol-
erance (Hincha, 2002). A total of 19 tomato LTP genes were down-
loaded in this study. The phylogenetic tree of 104 LTP genes from
different crops showed the following: 39 LTP genes of potato were
distributed in six branches, and branch Il had 20 StLTP genes and two
SILTP tomato genes. There were seven StLTP genes and nine SILTP
tomato genes in the third branch. Compared with A. thaliana and soy-
bean, these two have the closest relationship. Research by Sun et al.
(2014) on maize found that some hormones can significantly upregu-
late the level of expression of the ZmLTP63 gene, and the ZmLTP63
gene promoter contains a variety of abiotic stress response and hor-
mone response elements.

The cis-regulatory elements in the promoter sequence can regu-

late the level of transcription of genes. This study found that the

potato LTP gene promoter has stress response elements, such as
drought and low temperature, and hormone response elements, such
as methyl jasmonate (MeJA). Among them, MYB-binding sites (MBS)
and dehydration-responsive element (DRE) are cis-acting elements
responsible for drought response, and the TC-rich repeats are
cis-acting elements responsible for defense and stress responses.
They were detected in StLTP1 and StLTP7, indicating that the potato
StLTP1 and StLTP7 are key genes related to stress. We analyzed the
cis-acting elements in the LTP promoter sequence to better under-
stand how the LTP gene performs biological functions under environ-
mental stress. Plant hormones are secondary metabolites that play an
important role in chemical signal transduction and the response to
biotic or abiotic stresses. Different plants can induce the expression
of a large number of defense-related genes after the application of
MelA. Different organs of plants synthesize ABA to initiate defense
mechanisms, which results in the expression of a large number of
defense-related genes, thereby helping the plants to resist stress and
survive periods that are not conducive to growth. Most LTP genes
have more than one cis-acting element in response to MeJA and
ABA, indicating that the LTP genes may be among the important
genes related to secondary metabolism that plays an important role
in response to various stress conditions. The published transcriptome
data of potato showed that StLTP1 and StLTP7 were significantly
expressed under drought stress. To further analyze the function of
StLTP1 and StLTP7, we also studied the expression of StLTP1 and



10 of 12 WI LEY

WANG ET AL

American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

(b)

»
-

StLTP1

= — 2.5-
2 200 T g
o 2
= - 20{ T :
S S 3
S 150 S 22
¢ @ 1.5 7
= )
£ 1001 3 i
o o i
2 504 2 250
% ® 057 i
0 T PZ77) exmn 0.0- 222222
0 4 8 12 18 24 0 4

FIGURE 8 Relative level of
expression of the StLTP genes following
treatment with PEG 6000. (a-f) are the
levels of expression of StLTP1 and StLTP7
under the process of PEG 6000 drought
in the roots, stems, and leaves for 0, 4,
8, 12, 18 and 24 h. (a) expression of
StLTP1 in the root volume. (b) expression
of StLTP1 in the stems. (c) expression of
StLTP1 in the leaves. (d) expression of
StLTP7 in the root volume. (e) expression

SiLTP1

8 12 138 24

Time oftreatment /h Time of treatment /h of StLTP7 in the stems. (f) expression of
StLTP7 in the leaves. The x-axes show the
duration of treatment, and the y-axes
() StLTP1 (d) SILTP7

depict the relative level of expression.

- - 250+ Error bars indicate the SD. The data are
3 3 300 shown as means of three experiments
_§ '5 and three biological repeats +SD. SD,
& & 150 standard deviation.
@ e
Q. Q.
3 & 1004
Q [+
2 2
8 k] 50+
& &
0-
Time of treatment /h Time of treatment /h

(e) StLTP7 ®) StLTP7
— 801 - 1254
[ [
3 2
- — 1004
§ ] E
g g
H s "]
2 204 2
g § 257
& &

0- 0-

0 4 8 12 18 24
Time of treatment /h

Time of treatment /h

StLTP7 in different tissues. In this study, the levels of expression of
StLTP1 and StLTP7 in the roots, stems, and leaves of potato differed
to varying degrees after stress was induced by treatment with 20%
PEG 6000. The level of expression of StLTP1 was high in potato
roots but very low in the stems and leaves. StLTP7 was more highly
expressed in the potato roots and leaves, indicating that StLTP1 is
specifically expressed in particular tissues, and StLTP7 is expressed in
one or more tissues. This indicates that the LTPs may be involved in
the growth and development process. It also shows that StLTP1 and
StLTP7 may be closely related to plant hormone signaling pathways
and are key genes for the response to drought stress in potato. The
study lays a foundation to reveal the function of the potato LTP
family and discover genes related to potato stress resistance, but it
has not verified the important functions of the remaining members.
Further research is merited to provide the basis for potato stress
resistance breeding and new drought resistant varieties. Other

studies provide a theoretical basis.

5 | CONCLUSIONS

A bioinformatics analysis of the potato LTP genes and their level of
expression following stress identified 39 members of the potato
LTP family, which were distributed on six chromosomes. They are
hydrophobic proteins. The response elements of the promoter
regions of these 39 LTP family members include response elements,
such as dehydration, low temperature, salt stress, and drought, and
hormone response elements, such as MeJA. Most LTPs can be
detected in the extracellular milieu and in vacuoles. Signal and phy-
logenetic tree results indicated that the 39 proteins were distrib-
uted on six points. After induction by 20% PEG 6000 stress, the
levels of expression of the potato StLTP1 and StLTP7 genes were
upregulated to varying degrees in the roots, stems, and leaves, indi-
cating that the LTP genes play an important role in regulating the
response to stress. The results of this study provide a basis to

reveal the function of potato LTPs and discover the resistance
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genes of potato, and simultaneously, it can provide excellent engi-
neering materials for the subsequent development of new potato

varieties.
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