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Abstract
Background: Potato (Solanum tuberosum) is the fourth most important food crop in the world and plays
an important role in food security. However, drought stress has a signi�cantly negative impact on potato
growth and production. Little information about the coordinated response in potato to drought stress has
been obtained. The purpose of our research is to fully analyze the potato's response to drought stress.

Results: In this study, next-generation sequencing (NGS) and single-molecule real-time (SMRT)
sequencing technology were used to study the transcription pro�les in potato in response to drought
stress. The leaves of the variety “Desiree” at the seedling stage after drought stress at six time points
from 0 to 48 hours were used to perform NGS and SMRT sequencing. According to the sequencing data,
a total of 12,798 differentially expressed genes (DEGs) were identi�ed in six time points. The real-time
(RT)-PCR results are signi�cantly correlated with the sequencing data, con�rming the accuracy of the
sequencing data. Gene ontology and KEGG analysis show that these DEGs participate in response to
drought stress through galactose metabolism, fatty acid metabolism, plant-pathogen interaction,
glutathione metabolism and other pathways. Through the analysis of alternative splicing of 66,888
transcripts, the functional pathways of these transcripts were enriched, and 51,098 transcripts were newly
discovered from alternative splicing events and 47,994 transcripts were functionally annotated. Moreover,
3,445 lncRNAs were predicted and enrichment analysis of corresponding target genes was also
performed. Additionally, Alternative polyadenylation was analyzed by TADIS, and 26,153 poly (A) sites
from 13,010 genes were detected in the Iso-Seq data.

Conclusion: Our research greatly enhanced potato drought-induced gene annotations and provides
transcriptome-wide insights into the molecular basis of potato drought resistance.

Introduction
Drought is the most important environmental factor affecting crop yield. Studies have shown that
drought can cause up to 50% of crop yield loss. As global warming intensi�es the intensity, frequency and
range of drought, resulting in more serious yield loss (Gong, Xiong et al. 2020). Therefore, breeding
drought tolerant materials is an important goal of current breeding. Although lots of work on drought
stress have been conducted in model plants, the molecular mechanism of drought response in potato, the
fourth largest food crop, still needs to be further explored. The yield of potato is far from its physiological
potential. Due to the drought-sensitivity of potato varieties, the yield is greatly reduced due to the lack of
irrigation facilities or arid areas in the world. Drought stress leads to biochemical, molecular,
physiological and morphological changes and signi�cantly affects plant growth and yield (Salehi-Lisar
and Bakhshayeshan-Agdam 2016). Materials with strong drought tolerance can reduce the impact of
water shortage on plants. Therefore, screening and utilizing candidate drought stress response genes can
stabilize potato yield in water-shortage area.
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Plants have evolved very complex regulatory mechanisms to cope with the adverse environments (Blum
1996, Zhu 2016, Nejat and Mantri 2017). Many studies have been conducted to explore the impact of
drought stress on physiological, molecular, and biochemical levels in various crops (Lamaoui, Jemo et al.
2018). Plants resist drought stress by reducing water loss (such as decreased leaf area, reduced stomata
number and its conductance) and increasing water uptake (enhanced root formation, increased leaf
thickness, and leaf rolling) in morphological aspect (Sicher, Timlin et al. 2012). There have been many
reports on the rapid identi�cation of the molecular mechanisms of drought response at the whole-
genome level using next-generation sequencing (NGS) platforms or gene microarrays in different species.
Based on these data, key genes, proteins or pathways were identi�ed. Genes encoding proteins which are
involved in water transport (aquaporin) (Alexandersson, Fraysse et al. 2005, Alexandersson, Danielson et
al. 2010), scavenging of free oxygen radicals (superoxide dismutase, catalase, and peroxidase),
maintaining cellular membrane integrity (proline, mannitol, glycine, and betaine), and protecting
macromolecules (chaperones and late embryogenesis abundant proteins) (Shinozaki and Yamaguchi-
Shinozaki 2007, Golldack, Li et al. 2014) directly protects plants against drought stress. The other genes
involved in signal perception or transduction may also play critical roles in response to drought stress.
Key transcription factors (TFs) such as MYB, WRKY, bZIPs, kinases such as SnRK2 and small molecules
such as abscisic acid (ABA) have been functionally proved to play key roles in plant drought tolerance
(Shinozaki, Yamaguchi-Shinozaki et al. 2003, Golldack, Li et al. 2014). Some key TFs such as ABA-
dependent MYC/MYB, AREB/ABF (ABA-responsive element binding/ABA-binding factor), DREB (ABA-
independent dehydration-responsive element-binding proteins), CRT/DRE (C-repeat/drought-responsive
element) have been proved in many crops in response to drought stress (Yamaguchi-Shinozaki and
Shinozaki 2006, Shin, Moon et al. 2011, Hu and Xiong 2014).

The S. tuberosum group Phureja clone DM1-3 516 R 44 (doubled monoploid) and the S. tuberosum group
Tuberosum RH89-039-16 (heterozygous diploid) have been sequenced and released via the Potato
Genome Sequence Consortium (PGSC) in 2011 (Xu, Pan et al. 2011). This provides a very good genomic
reference information for transcriptome sequencing (Massa, Childs et al. 2011, Massa, Childs et al. 2013,
Gong, Zhang et al. 2015, Galvez, Tai et al. 2016). For drought stress in potato, several studies have been
conducted using RNA-Seq (Zhang, Liu et al. 2014, Moon, Ahn et al. 2018, Sprenger, Erban et al. 2018,
Chen, Li et al. 2020). However, the completed genome information is still lack because most potato
cultivars are the autotetraploid.

Although the NGS technology has many advantages, such as high throughput, high sensitivity, high
accuracy and low cost, it has a major disadvantage, that is, the reading length is short, and it is di�cult to
ensure the accuracy of reconstructed transcripts in the assembly process, which brings severe challenges
to eukaryotic transcriptome sequencing with many homologous genes (Steijger, Abril et al. 2013). In order
to break the barrier, the third generation sequencing technology came into being. The third generation
sequencing technology is a single molecule sequencing technology. In the process of sequencing, each
RNA molecule is directly sequenced without PCR ampli�cation. It has the characteristics of super long
reading length and can cover the complete transcripts. The single molecular real time (SMRT) sequencing
technology introduced by Paci�c Bioscience (pacbio) was most widely used (Gupta and Verma 2019).
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Through this sequencing technology, information such as variable splicing, fusion gene, gene family and
lncRNA can be accurately identi�ed, which is widely used in genome research, transcriptome sequencing
and epigenetic analysis (Rhoads and Au 2015). However, the main problem in SMRT is the high error rate
(mainly re�ected in insertion or deletion errors) (Rhoads and Au 2015). In order to solve this problem, the
NGS with high quality and high coverage sequencing data was used to correct SMRT data, so "SMRT + 
NGS" sequencing joint analysis is more and more widely used (Chao, Gao et al. 2019, Yan, Gao et al.
2019, Yao, Liang et al. 2020).

In previous studies on potato drought stress transcriptome sequencing, although many differentially
expressed genes were identi�ed and screened, clustered and functionally annotated, their analysis was
not comprehensive and detailed (Evers, Lefevre et al. 2010, Zhang, Liu et al. 2014, Gong, Zhang et al.
2015). In our study, the leaves of the variety “Desiree” at the seedling stage after drought stress at six
time points from 0 to 48 hours were used to perform NGS and SMRT sequencing. Our research will
provide a valuable supplement to the potato genome and a broader regulatory mechanism in response to
drought stress in potato.

Materials And Methods
Plant materials and drought stress treatments

A drought tolerant tetraploid potato “Desiree”, provided by Southwest University, was used in this study.
After transplanting about 10 cm tube seedlings into hydroponic solution (1/4 Hoagland nutrient solution)
for one week at 22/18℃ (16 h light / 8 h dark), the materials were divided into two parts, one for control
and the other for drought stress treatment, which were treated with 20% polyethylene glycol (PEG)-6000.
The aboveground tissues were taken at 0, 1, 3, 6, 12, 24 and 48 hours after drought stress treatment and
immediately frozen at least 30 min in liquid nitrogen and kept at −80°C until use. The samples were
collected for three biological replicates.

Library construction for Illumina and PacBio sequencing

Total RNA of all samples was extracted using EZ-10 DNA away RNA Mini-Preps Kit (Sangon Biotech,
Shanghai, China) and the quality of total RNAs was evaluated using an Agilent 2100 Bio-analyzer (SA
Pathology, Adelaide, SA, Australia). High-quality RNAs (RIN> 8.0) were used for the following cDNA
synthesis and library construction. For Illumina RNA sequencing, 1.0 μg RNA per sample was used for
cDNA synthesis with the NEBNext ® Ultra ™ II RNA Library Prep Kit for Illumina (NEB, USA) and sent to
Biomarker Technologies Corporation (Beijing, China) for Illumina sequencing. For SMRT sequencing,
equal amount of the total RNA of all samples were pooled together as the template for cDNA synthesis
with the SMARTer PCR cDNA Synthesis Kit (Clontech, USA) in Biomarker Technologies Corporation
(Beijing, China).

Analysis of the Illumina and SMRT sequencing data
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The raw Illumina data was �ltered to generate clean reads using FastQC tool
(http://www.bioinformatics.babraham.ac.uk/projects /fastqc/) (v0.11.5) and remove the adaptor
contamination and low-quality reads using Trimmomatic (v0.35) (Bolger, Lohse et al. 2014). The high-
quality clean reads were then mapped to the reference genome database
(http://solanaceae.plantbiology.msu.edu/rh_potato_download.shtml) using HISAT2 version 2.1.0 using
the default parameters (Kim, Landmead et al. 2015). For SMRT sequencing data, the circular consensus
sequences (CCS) were generated from the PacBio Iso-Seq raw reads using smrtanalysis_2.3.0
(http://www.pacb.com/) and then processed into error corrected reads of insert (ROIs) with a minimum
full pass of > 3 and minimum accuracy of > 0.9. These ROIs were classi�ed as full-length, non-chemiric
(FLNC) transcripts using smrtanalysis_2.3.0 based on the presence and location of the 5’ and 3’ cDNA
primers and poly (A) tail. All full-length reads were aligned to the S. tuberosum group Tuberosum RH89-
039-16 reference genome (http://solanaceae.plantbiology.msu.edu/rh_potato_download.shtml) using
GMAP software (Wu and Watanabe 2005). Finally, all mapped reads were collapsed using a Python script
in the ToFU package (https://github.com/Paci�cBiosciences/cDNA_primer/) with min-coverage=85% and
min-identity=90%. All raw data was deposited in the National Center for Biotechnology Information (NCBI)
sequence read archive with accession no. PRJNA728834.

Gene functional annotation, enrichment analysis, and weighted gene co-expression network (WGCNA)
analysis

Gene functions was predicted using the following databases: NR (NCBI non-redundant protein
sequences), Pfam (protein family), Swiss-Prot, KEGG (Kyoto Encyclopedia of Genes and Genomes), and
GO (gene ontology). The GOseq package in R (version 3.4.3) and the KOBAS software were used to
perform the GO and KEGG pathway enrichment, respectively. The gene expression levels were calculated
using FPKM (fragments per kilobase of exon per million fragments mapped). Genes with FPKM values >
1 in each sample were used for WGCNA analysis using the R package WGCNA (v1.42).

Differential expression analysis and candidate gene determination

Differentially expressed genes (DEGs) were analyzed by DESeq and detected with the parameter FDR
< 0.01 & |Log2Ratio| > 1. The plant transcription factors were predicted by iTAK software, and the
differentially expressed transcription factors were screened by mapping to the DEGs database and the
genes related to plant hormones in DEGs were screened based on Gene Ontology (GO) functional
annotation. Twenty-nine DEGs were randomly selected and veri�ed using the real-time (RT)-PCR to detect
the accuracy of transcriptome data. Toolbox for Biologists v1.087 (Chen, Chen et al. 2020) was used to
construct the heatmap.

Identi�cation of lncRNAs and AS events

In order to analyze the coding potential in the transcripts, four most widely used computational
approaches including coding potential calculator (CPC) (Li, Zhang et al. 2014), coding-non-coding Index
(CNCI) (Altschul, Madden et al. 1997), coding potential assessment tool (CPAT) (Deng, Li et al. 2006), and

http://www.bioinformatics.babraham.ac.uk/projects%20/fastqc/
http://solanaceae.plantbiology.msu.edu/rh_potato_download.shtml
http://www.pacb.com/
http://solanaceae.plantbiology.msu.edu/rh_potato_download.shtml
https://github.com/PacificBiosciences/cDNA_primer/
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pfam protein structure domain analysis were combined. Transcripts were regarded as lncRNA candidates
using the parameter: lengths > 200 nt & > 2 exons.

To identify the AS events, the AS talavista algorithm (Foissac and Sammeth 2007) based on the
assembled GTF �le from the PacBio Iso-Seq and Illumina data was conducted and �ve types of AS
events including IR, ES, AD, AA and MEE were classi�ed with the default settings.

Isoform identi�cation and reverse transcription (RT)-PCR

To distinguish AS events, the reverse transcription (RT)-PCR was performed. Brie�y, the RNA used for Iso-
Seq was isolated using EZ-10 DNA away RNA Mini-Preps Kit (Sangon, https://www.sangon.com) and
synthesized to complementary DNA using the Hifair®  1st Strand cDNA Synthesis SuperMix for qPCR
gDNA digester plus (Yeasen). Isoform-speci�c primers were designed using Vector NTI software
(Supplementary Table S1). PCR ampli�cation was performed using 2×Taq PCR Master Mix (K1034,
https://www.apexbt.com/) and the PCR products were showed in agarose gel stained with GoodViewTM

Nucleic Acid Stain (Apr-13-2021, HGV- , https://www.sbsbio.com).

BlazeTaqTM SYBR® Green qPCR Mix 2.0 (GeneCopoeia, USA) was used for RT-qPCR reactions on a CFX96
Real-time System (BIO-RAD, USA). The ampli�cation program was brie�y described in previous study
(Wagner 2013). To ensure the precise and reproducible results, each sample was replicated three times
and Ef1α in potato were used for each sample as an endogenous control (Supplementary Table S1). The
formula F = 2 –ΔΔCt was used to calculate the relative expression levels of selected genes.

Alternative polyadenylation analysis

Alternative splicing and alternative polyadenylation (APA) of pre-mRNAs greatly contribute to
transcriptome diversity, coding capacity of a genome and gene regulatory mechanisms in eukaryotes.
TADIS pipeline (Transcriptome Analysis Pipeline for Isoform Sequencing) was used to further analyze the
full-length non-chimeric sequence (FLNC) to identify APA (Abdel-Ghany, Hamilton et al. 2016) and MEME
analysis was also performed to identify poly (A) sequence signals in our data.

Results
Illumina and PacBio sequencing data analysis

To construct a comprehensive regulation network in response to drought stress, control and treated
samples were performed SMRT sequencing on the PacBio platform and next-generation sequencing
(NGS) on the Illumina Hi-Seq platform. High-quality RNA was extracted from above tissues of “Desiree”
after PEG-6000 treatments (0 h, 1 h, 3 h, 6 h, 12 h, 24 h and 48 h) for Illumina Hi-Seq and pool together for
construction of Iso-Seq librariy. After removing low-quality reads and adapter sequences, 38,347,790-
46,349,352 reads were obtained and more than 80% sequences were mapped the reference genome
(Table 1). The Pearson’s correlation coe�cient showed that all correlation values between the three

https://www.sangon.com/
https://www.apexbt.com/
https://www.sbsbio.com/
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replicates ranged from 0.734 to 0.925, indicating a perfect positive correlation and that the sequencing
results could be used for further analysis (Fig. 1). For Iso-Seq, the PacBio platform generated 33.24 Gb
clean data. Among these data, 464,332 circular consensus (CCS) read were obtained using Iso-seq
pipeline with min full pass >3 and min predicted accuracy > 0.9. Then, 375,387 full length non chimeric
(FLNC) sequences were determined by searching for the polyA tail signal and the 5’ and 3’ cDNA primers
and 121,434 high-quality consensus sequences were obtained by clustering the FLNC sequences. SMRT
sequencing can offer better transcript integrity (up to 50 kb in length) than NGS and has greatly
contributed in maize (Wang, Tseng et al. 2016), populous (Chao, Gao et al. 2019) oilseed rape (Yao, Liang
et al. 2020) and sorghum (Mace, Tai et al. 2013, Abdel-Ghany, Hamilton et al. 2016), but no literature has
been reported in potato. Signi�cantly longer isoforms were detected by SMRT than by NGS assembly,
demonstrating better isoform integrity (Fig. 2a). In addition, the overall expression levels of transcripts
detected by SMRT were higher than those detected by NGS, indicating better quanti�cation accuracy (Fig.
2b).

Analysis of gene expression and transcriptomic changes in response to drought treatment

DESeq was used for differential expression analysis between biologically duplicated sample groups.
False Discovery Rate (FDR) was used as key indicators for differential expression gene screening. Fold
Change≥2 and FDR<0.01 were used as screening criteria. In total, 31,637 genes were detected in the
library of six samples drought treated at different times, with common genes and unique genes between
six libraries and the number of DEGs in D24h samples was the highest (Fig. 3a and Supplementary Table
S4). Moreover, almost all of DEGs in the libraries showed moderate expression levels with only a small
percentage of the genes expressed in high levels (Fig. 3b). As shown in Fig. 3c, more than 88% of the
DEGs had a -3 fold change ≤3. Transcription factors (TFs) play important roles in plant abiotic stress
responses (Jian, Ma et al. 2018). To further analyze the function of the DEGs, we used iTAK software to
predict transcription factors in DEGs. In total, 664 DEGs belonging to 28 TF families were identi�ed. The
TF family members were unevenly distributed. Seven TF families, bHLH (69), MYB (60), ERF (53), bZIP
(46), NAC (43) WRKY (35) and HD-ZIP (33) accounted for more than 51% (339/664) of all TFs (Fig. 3d).
Plant hormones, such abscisic acid (ABA), auxin (IAA), and cytokinin (CK), play vital roles in abiotic
stresses (Verma, Ravindran et al. 2016). In total, 919 DEGs belonging to eight classi�cations of plant
hormones, and ABA, IAA and CK-related genes accounted for the majority, accounting for about 94% of all
hormone-related genes (Fig. 3e). To combine the hormone pro�ling data with the expression pro�les of
genes involved in hormone metabolism and signaling, we analyzed 231 genes involved in plant hormone
metabolism and visualized them as heat maps after functional classi�cation (Fig. 4). Heat map results
showed that DEGs were most involved in plant hormone signaling.

Gene pro�ling in response to drought stress in potato

To explore drought stress response mechanisms in potato, the expression patterns were calculated (Fig.
5a). Moreover, 98,624 genes were conducted using the K-means algorithm. Fourteen clusters were
obtained and sixty-three pathways were enriched, such as carbon metabolism, carbon �xation in
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photosynthetic organisms, porphyrin and chlorophyll metabolism, protein processing in endoplasmic
reticulum and oxidative phosphorylation (Fig. 5b and Fig. 5c). Furthermore, WGCNA was also performed
to screen genes response to drought stress by detecting molecular modules. Thirteen modules were
generated and more than one module was signi�cantly correlated with each sample. Blue, darkred,
midnightblue, orange, cyan, lightgreen, and darkgreen were signi�cantly correlated with DCK, D1h, D3h,
D6h, D12h, D24h and D48h, respectively (Fig. 5d and Fig. 5e). Then, KEGG enrichment analysis were
conducted to explore the enriched pathways in each module correlated to each sample (Fig. 5f). Two
pathways, galactose metabolism (ko00052) and fatty acid metabolism (ko01212), were enriched in more
than two treated samples. Plant-pathogen interaction (ko04626) and glutathione metabolism (ko00480)
were enriched in early stages after drought stress. In addition, through the comparative analysis of the
control group and the other six samples processed in different periods, a total of 12,798 differentially
expressed genes after deduplication were found (Fig. S1, Supplementary Table S2 and S3). The
functional enrichment of these DEGs during the six drought treatment period was conducted (Fig. 6a) and
twenty-nine DEGs were selected to con�rm the transcriptome sequencing data using the real-time (RT)-
PCR (Fig. 6b).

Putative roles of AS for drought stress regulation in potato

AS plays critical roles in abiotic stress response by increasing genetic diversity in plants (Ling, Alshareef
et al. 2017, Laloum, Martin et al. 2018). However, little information about AS involved in drought stress
response has been obtained in potato. In this study, 21,756 AS events were categorized into �ve patterns,
including 12,453 retained intron (RI), 2,493 skipping exon (SE), 236 mutually exclusive exons (MX), 4,481
alternative 3′ splicing sites (A3), and 2,093 alternative 5′ splicing sites (A5) using Isoform sequencing
technology, which yields long reads without assembly (Fig. 7a). Among these AS events, IR events
predominated, accounting for 57.2%, followed by A3, SE, A5 and MX (Fig. 7b), which was consistent with
�ndings of previous reports in other plant species (Yan, Gao et al. 2019). Four random selected genes
with AS events were successfully validated by reverse transcription (RT)-PCR (Fig. 7c).

To identify the co-expression network of genes involved in AS events, the WGCNA package was used and
three signi�cant modules were identi�ed (brown, blue and turquoise). The CK sample correlated to the
brown module (r=0.79, P=2e-5), whereas the turquoise (r=0.71, P=3e-4) and blue (r=0.77, P=5e-5) modules
were signi�cantly correlated with samples after 6 and 24 h treatments, respectively (Fig. 7d). KEGG
enrichment of the signi�cant modules was also performed. Six, eleven and four pathways were
signi�cantly enriched in brown, turquoise and blue modules. The galactose metabolism (ko00052) was
signi�cantly enriched in turquoise and blue modules, which were treated with PEG-6000 after 6 and 24 h,
respectively (Fig. 7e).

Putative roles of lncRNA involved in drought stress regulation in potato

LncRNA is a major component in transcriptome sequencing, and plays important roles in the regulation
process after transcription (Rinn, Chang et al. 2012, Kwenda, Birch et al. 2016, Muret, Klopp et al. 2017, Li,
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Liu et al. 2021). However, few information about lncRNA in potato has been obtained. In this study, 3,345
lncRNAs with various lengths were identi�ed using composite computational algorithm based on the
PacBio sequencing data (Fig. 8a, b). More than 54% of lncRNAs were located in the intergenic region
while less than 7% were located in the antisense region according to reference annotations (Fig. 8c). To
identify the co-expression network of target genes of lncRNAs, the WGCNA package was used and yellow
and brown modules were signi�cantly enriched (Fig. 8d). KEGG analysis indicated that the spliceosome
(ko03040) and ubiquitin mediated proteolysis (ko04120) pathway were most enriched in CK and drought
stress after 6 h samples, respectively.

Alternative polyadenylation analysis

In eukaryotes, polyadenylation is an important transcriptional modi�cation in mRNAs (Elkon et al., 2013;
Bentley, 2014). Alternative polyadenylation can easily increase the transcripts variety and regulate gene
expression by producing different transcripts (Shen et al. 2011; Sherstnev et al., 2012; Fu et al., 2016).
The iso-seq data allowed us to detect polyadenylation sites in potato using the program TAPIS (Abdel-
Ghany, Hamilton et al. 2016). In this study, 26,153 poly (A) sites from 13,010 genes detected in the Iso-
Seq data were identi�ed (Supplementary Table S6). On average, 2.01 poly (A) sites per gene were found
and 856 genes had at least �ve poly (A) sites (Fig. 9a). In addition, a clear nucleotide bias of the �anking
region of all poly (A) sites was found. To con�rm this phenomenon, we investigated the motifs of 50
nucleotides upstream of predominant sites using MEME analysis. Furthermore, three conserved
polyadenylation signals, i.e. TTTTGT, GCCCCC and GGGGCG were overrepresented in upstream of poly
(A) cleavage sites (Fig. 9b).

Discussion
Potato has important economic value, while they are vulnerable to drought stress. Therefore, it is
important to understand the drought resistance mechanism of potatoes. Transcriptome research is one
of the indispensable tools for understanding life processes. However, RNA-Seq technology based on the
second-generation high-throughput sequencing platform often cannot accurately obtain or assemble
complete transcripts, and cannot identify Isoform, homologous genes. Full-length transcriptome
sequencing based on PacBio SMRT does not need to interrupt RNA fragments, and directly reverse
transcribes the full-length cDNA, which enables the feasible determination of the whole transcriptome at
the isoform level (Abdel-Ghany, Hamilton et al. 2016). Previous studies on potato drought stress only
analyzed the DEGs based on the second-generation sequencing technology. In our research, NGS and
SMRT sequencing technologies were used to study the transcription pro�le of potato in response to
drought stress. The seedling leaves of the variety "Desiree" after drought stress were used for NGS and
SMRT sequencing at six time points from 0 to 48 hours. Statistical analysis of sequencing data revealed
the important roles of DEGs, alternative splicing, LncRNA and APA in potato under drought stress.

DEGs involved in drought stress response
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In this study, SMRT and NGS technologies were combined to conduct a global survey of drought-
treatment potato transcriptome. With the intensi�cation of drought stress, the number of DEGs were
increased. The number reached the highest at 24h after drought stress treatment (Fig. S1 and
Supplementary Table S2). which was consistent with the �ndings previously reported in potato (Chen, Li
et al. 2020). Transcription factors and plant hormone-related genes in differentially expressed genes were
analyzed, and found that drought stress-related transcription factors such as bZIP and plant hormone-
related genes such as ABA-related genes may played a dominant role. The functional annotation of
differentially expressed genes con�rmed their important role in drought stress, and 29 DEGs we veri�ed
using real-time (RT)-PCR (Supplementary Table S1 and Fig. 6b). Moreover, the WGCNA screening and
KEGG enrichment analysis of drought stress response genes suggested that plant-pathogen interactions
and glutathione metabolism pathways were enriched in the early stage of drought stress, and galactose
metabolism and fatty acid metabolism pathways were enriched in at least two treatment samples, which
indicated these pathways play an important role in the potato drought response process. Previous
researches reported that galactose is involved in response to drought, high salt and low temperature
tolerance (Taji, Ohsumi et al. 2002), and transgenic studies demonstrated that glutathione helped Tortula
ruralis adapt to rehydration following rapid desiccation (Dhindsa 1991).

AS events involved in drought stress response

One of the advantages of PacBio sequencing is its ability to detect AS events. (Wang, Wang et al. 2018,
Zhu, Li et al. 2018). For different biological responses, AS is an effective mechanism to increase the
complexity and �exibility of the transcriptome. (Li, Dai et al. 2017). Previous studies have con�rmed that
AS events play critical roles in potato growth and abiotic stress response (Lu, Tian et al. 2008, Nicolas,
Rodriguez-Buey et al. 2015). AS events identi�ed during the potato drought stress response process were
analyzed in this study. The proportion of different AS events was consistent with the �ndings previously
reported in other plant species (Yan, Gao et al. 2019, Xie, Teng et al. 2020). Our experiment veri�ed the AS
events detected above, and the results showed that the size of the gel band fragments was consistent
with the splice isoforms identi�ed from the Iso-Seq data (Supplementary Table S1 and Fig. 7c) and the
functional annotations of these genes also indicated that they were involved in drought stress response.
In summary, we have veri�ed that the four randomly selected genes undergo alternative splicing under
drought stress, and their functional annotations are also related to plant stress tolerance. Our
experiments results and sequencing data indicated that potatoes may increase their protein diversity
under drought stress through alternative splicing, and thereby improve their environmental adaptability.

LncRNA plays an important role in drought stress response

As a type of non-coding RNA, lncRNA act as regulators in a series of biological processes (Heo, Lee et al.
2013). Previous researches suggested that lncRNA has potential functions in potato defense response
and development (Kwenda, Birch et al. 2016, Ramirez Gonzales, Shi et al. 2021). In this study, a total of
3,445 lncRNAs of different lengths were identi�ed through four methods: CPC analysis, CNCI analysis,
pfam protein domain analysis, and CPAT analysis (Fig. 8a and Fig. 8b). The WGCNA and KEGG analysis
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results of lncRNA target genes show the term ‘ubiquitin mediated proteolysis’ was enriched in the brown
module, indicating that lncRNAs may be involved in the ubiquitination regulation in response to drought
stress and it also provided additional effective candidate genes for future functional characterization
(Fig. 8c).

APA is essential for drought resistance of potato

Polyadenylation refers to the covalent linkage of polyadenylic acid to messenger RNA (mRNA) molecules.
In the process of protein biosynthesis, this is part of the way to produce mature mRNA ready for
translation. In eukaryotes, polyadenylation is a mechanism that interrupts mRNA molecules at their
3'ends. The polyadenylic acid tail (or poly A tail) protects mRNA from exonuclease attack, and is very
important for the termination of transcription, export of mRNA from the nucleus, and translation. A
comprehensive genome-wide APA map draft consisting of 26,153 poly (A) sites from 13,030 genes was
constructed in this study (Supplementary Table S6). The nucleotide bias was evaluated and obvious
nucleotide bias in the �anking regions of all poly (A) sites were found (Fig. 9b). These �ndings are
consistent with those of previous studies in Brassica napus (Yao, Liang et al. 2020). Two conserved
polyadenylation motifs in B. napus were identi�ed , while three conserved polyadenylation motifs in
potato were identi�ed, indicating that the polyadenylation motifs are species-speci�c (Li and Du 2014).
Previous studies have shown that alternative polyadenylation of RNA is critical for gene function by
increasing the complexity of the transcriptome and regulating gene expression (Wu, Liu et al. 2011). The
APA locus found in our study may protect its transcription products through post-transcriptional
modi�cation of drought stress-related transcription factors and structural genes, and thereby regulate the
drought resistance of potatoes.
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Figures

Figure 1

Pearson correlation evaluation among twenty-one samples. DCK represents control groups; D1h
represents drought treatment after 1 h; D3h represents drought treatment after 3 h; D6h represents
Drought treatment 6h; D12h represents Drought treatment 12h; D24h represents Drought treatment 24h;
D48h represents Drought treatment 48h. Each sample has three biological replicates.

Figure 2

Comparisons between NGS and SMRT. a. The difference between NGS and SMRT sequencing length. b.
The difference in FPKM of NGS and SMRT sequencing.
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Figure 3

DEGs expression pro�les of six samples treated at different periods after drought treatment. a. Venn
Diagram of genes detected in the six samples. b. Statistical analysis of gene expressions identi�ed in six
samples. c. Fold changes in the DEGs identi�ed after drought treatment. [(a) Number of DEGs with a log2
fold change ≤−9; (b) number of DEGs with −9 < log2 fold change ≤−7; (c) number of DEGs with −7 < log2
fold change ≤−5; (d) number of DEGs with −5 < log2 fold change ≤−3; (e) number of DEGs with −3 < log2
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fold change ≤−1; (f) number of DEGs with 1 < log2 fold change ≤3; (g) number of DEGs with 3 <log2 fold
change ≤5; (h) number of DEGs with 5 < log2 fold change ≤7; (i) number of DEGs with 7 < log2 fold
change ≤9; (j) number of DEGs with log2 fold change 9]. d. Statistical analysis of genes encoding TFs
identi�ed in the DEGs. e. Statistical analysis of genes encoding hormones identi�ed in the DEGs. [ABA:
abscisic acid; IAA: auxin; BR: brassinosteroids; CK: cytokinin; GA: gibberellin; JA: jasmonic acid; SA:
Salicylic acid].

Figure 4

Heat maps of DEGs associated with hormone metabolism and signal transduction in potato. Expression
of genes involved in ABA: abscisic acid, IAA: auxin, CK: cytokinin, GA: gibberellin, JA: jasmonic acid, SA:
Salicylic acid metabolism and signaling after drought treatment.
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Figure 5

Global patterns of differentially expressed genes (DEGs) under drought stress. a. Hierarchical cluster
analysis of DEGs. b. K-means clustering (C1–C14) showing transcriptome expression pro�les. c. Gene
Ontology enrichment among the fourteen clusters. Yellow to red, signi�cant enrichment; white, none. d.
Weighted gene co-expression network (WGCNA) analysis of DEGs. e. Expression levels of genes among
the modules most signi�cantly correlated with drought-treated samples. f. KEGG enrichment among the
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modules most signi�cantly correlated with drought-treated samples. The �gure shows the heat map and
KEGG enrichment of four drought-treated samples (D1h, D6h, D24h, D48h).

Figure 6

KEGG classi�cation of differentially expressed genes in drought-treated samples and RT-PCR veri�cation
of several candidate genes. a. KEGG classi�cation of differentially expressed genes in six drought-treated
samples (D1h, D3h, D6h, D12h, D24h and D48h). b. Correlation evaluation between real-time (RT) PCR
and RNA-seq.

Figure 7

Expression pro�les and functional analysis of alternative splicing (AS) events. a. Classi�cation of AS
events. Diagrams show the following AS events: retained intron (RI), alternative 3′ splicing sites (A3),
alternative 5′ splicing sites (A5), mutually exclusive exons (MX) and exon skipping (ES). The numbers of
AS events. Filled boxes represent exons, introns are represented by black lines. b. The number of
differentially expressed AS events in DCK, D1h, D3h, D6h, D12h, D24h and D48h. c. Reverse-transcription
(RT)-PCR validation of AS events. The RT-PCR validation of AS events for four genes, all of them are
intron retention. Gel bands in each �gure show DNA markers and PCR results in �ve samples (DCK, D3h,
D6h, D12h and D24h). The transcript structure of each isoform is shown in the right panel. Exons are
represented by blue �lled boxes, introns are represented by lines, and the dotted line indicates that there is
no intron corresponding to the �rst isoform in the second isoform of the same gene. Primers are designed
to span the splicing events. PCR primers (F, forward and R, reverse) are shown on the �rst isoform of each
gene. The length of each expected PCR product is shown after the transcript structure. d. WGCNA
analysis of genetic modules relating to each sample. e. Enriched KEGG pathway of AS events involved in
each module.

Figure 8

Expression pro�les and functional analysis of lncRNA. a. Venn diagram of long non-coding RNA (lncRNA)
prediction using four databases. b. LncRNA length and targeted genes. c. Distribution of different
lncRNAs. d. WGCNA analysis of genetic modules relating to each sample.

Figure 9
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Alternative polyadenylation analysis. a. Distribution of the number of poly (A) sites per gene model. b.
MEME analysis identi�ed poly (A) signals in transcripts.
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