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A B S T R A C T

Sweetpotato (Ipomoea batatas L.) is a globally important economic food crop. It belongs to Convolvulaceae
family and origins in the tropics; however, sweetpotato is sensitive to cold stress during storage. In this study, we
performed transcriptome sequencing to investigate the sweetpotato response to chilling stress during storage. A
total of 110,110 unigenes were generated via high-throughput sequencing. Differentially expressed genes (DEGs)
analysis showed that 18,681 genes were up-regulated and 21,983 genes were down-regulated in low tempera-
ture condition. Many DEGs were related to the cell membrane system, antioxidant enzymes, carbohydrate
metabolism, and hormone metabolism, which are potentially associated with sweetpotato resistance to low
temperature. The existence of DEGs suggests a molecular basis for the biochemical and physiological con-
sequences of sweetpotato in low temperature storage conditions. Our analysis will provide a new target for
enhancement of sweetpotato cold stress tolerance in postharvest storage through genetic manipulation.

1. Introduction

Sweetpotato (Ipomoea batatas Lam.) is an important economic food
crop that is globally cultivated due to its high nutrient content, stable
and high yield, and adaptability under a variety of environmental
conditions. In 2014, the annual global production of sweetpotato
reached to 106,601,602 tons, with a plantation area of 8,352,323 ha
(Food and Agriculture Organization of the United Nations; http://www.
fao.org). Because sweetpotato is harvested within a relatively short
time period but consumed over a long time, high postharvest loss be-
comes a major limiting factor for widening the range of applications of
sweetpotato. Proper storage of sweetpotato to reduce postharvest losses
is thus critical to solve this problem. Fresh tuberous roots of sweet-
potato are large in size, have high moisture content, high respiration
rate, and relatively thin and delicate skin. All these attributes make
them highly sensitive to storage temperature [1]. As a tropical crop,
sweetpotato is susceptible to chilling injury [2]. In temperate and
subtropical regions, low temperature stress is a main restricting factor
for the storage of sweetpotato. The optimal storage temperature varies

among different sweetpotato cultivars, but it is generally accepted that
12 °C–15 °C is optimal. Storage at temperatures< 9 °C will cause chil-
ling injury in sweetpotato. Chilling injury is characterized by a dis-
ruption in the metabolism of nutrient content as well as susceptibility to
pathogen and pest stress. Formation of hard areas also occurs. Other
signs of chilling injury in sweetpotato include soft rot disease caused by
Rhizopus stolonifer, production of pectinases, destruction of tuberous
root cell wall, and generalized softening. The present study aimed to
compare the transcriptome profiles of sweetpotato subjected to dif-
ferent storage temperatures, which include 14 °C [appropriate tem-
perature condition (ATC)] and 4 °C [low temperature condition (LTC)],
while keeping other storage conditions the same.

Transcriptome analysis measures the mRNA expression of genes of
an organism during a specific biological process or disease, which
consequently reveals the molecular mechanisms underlying such pro-
cesses. It is important to analyze the functions of stress-inducible genes
at the transcriptome level not only to understand the molecular me-
chanisms of stress tolerance and plant responses to this stress but also to
improve stress tolerance in crops by genetic manipulation. Recently
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advancements and applications in transcriptome analysis have allowed
numerous investigations on the responses of plants to cold stress.
Imbibition chilling injury causes delayed seed germination and poor
seedling growth in maize. Using RNA sequencing technology, differ-
entially expressed genes (DEGs) were identified in chilling-imbibed
maize embryos, which provided new insights into early seed imbibition
at the transcriptional level [3]. Low-temperature condition of peach
fruit (pre-storage at 8 °C for 5 days) alleviates fruit chilling injury.
Transcriptomic analysis has revealed that the regulation of ethylene
response factors (ERFs) and lipid metabolism genes at the transcrip-
tional level promotes softening, regulates lipid composition and desa-
turation, and modulates cell membrane stability, which eventually re-
duces browning and alleviates peach fruit CI [4]. Transcriptome
sequencing of seedlings of Dianthus spiculifolius identified DEGs re-
sponsive to both cold and simulated drought stress. The DEGs and as-
sociated metabolic pathways may also play important roles in the re-
sponses of D. spiculifolius to combined stress. These genes and pathways
may serve as new targets for enhancement of plant stress tolerance [5].
Longer rinsing combined with chilling of seeds affect the germination
rate of the ornamental peach cultivar Yaguchi. Transcriptome analysis
identified potential candidate genes responsible for dormancy pro-
gression in seeds of Yaguchi peach [6]. To date, transcriptome analysis
has been used to investigate CI during plant storage. For example, in
mango fruits, two days of chilling stress upregulated the expression of
genes involved in the plant stress response, including those encoding
transmembrane receptors, calcium-mediated signal transduction, nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidases, mitogen-
activated protein (MAP) kinases, and WRKYs, which can lead to cell
death [7]. Cold storage can also induce CI in nectarine fruits. Post-
harvest treatment such as controlled atmosphere with specified CO2

and O2 content have been used under cold conditions to avoid CI.
Transcriptomic analysis showed that when stored at a low temperature
for 21 days, several transcripts related to ethylene production were
down-regulated in nectarine fruits that had been stored under con-
trolled conditions compared to those under uncontrolled settings [8].

Sweetpotato is hexaploid, with a genome size of about 4.4 Gb.
Although several research groups have attempted to directly sequence
the sweetpotato genome, details relating to its genome structure and
organization remain unclear. However, recently two closed-related
sweetpotato wild species (I. trifida and I. triloba) were sequenced
(http://sweetpotato.plantbiology.msu.edu/index.shtml). Currently,
high-throughput sequencing has been used in investigating various
molecular regulatory mechanisms in sweetpotato. Transcriptome se-
quencing of the sweetpotato progenitor [I. trifida (H.B.K.) G. Don.]
identified a potential drought tolerance protein, ItWRKY1 [9]. In an-
other study, the transcriptomes of the salt-sensitive cultivar Lizixiang
and the salt-tolerant cultivar ND98 were compared to identify genes
and pathways involved in salt stress responses. The results showed that
jasmonic acid biosynthesis and signaling pathways, as well as ion
transport-related genes play important roles in the response of sweet-
potato to salinity stress [10]. In addition, transcriptome sequencing has
been employed to investigate sweetpotato genes related to carotenoid
biosynthesis and anthocyanin biosynthesis, as well as flowering reg-
ulatory genes [11–13]. Phylogenetic analysis of homologous chromo-
some regions indicates that 30 out of 90 chromosomes of modern cul-
tivated I. batatas may have originated from a diploid progenitor,
whereas the other 60 chromosomes may have been derived from a
tetraploid progenitor [14].

However, studies on the mechanisms underlying CI during sweet-
potato storage are limited. In present study, we first measured the nu-
trient content in sweetpotato stored at ATC or LTC, and investigated the
changes in nutrient content in chilling-injured sweetpotato. Meanwhile,
transcriptomic analysis was performed to identify CI-related genes and
to investigate the molecular mechanism underlying CI in sweetpotato.
The aim of this study was to provide valuable information for the future
genetic modification of sweetpotato.

2. Materials and methods

2.1. Plant materials and storage

Sweetpotato cultivar Xushu 18 (I. batatas L. cv. Xushu 18) was
kindly provided by the Chinese Academy of Agricultural Science. Xushu
18 was developed in the 1970s and won the First Class Award of the
National Technological Invention Award in China. Xushu 18 is resistant
to root rot disease, easily adapts to a wide range of conditions, and has
high yield. It is a widely grown cultivar in China. We selected Xushu 18
in this study because it well represents various sweetpotato cultivars
and the results generated in this study have numerous practical appli-
cations.

Sweetpotato tuberous roots at same growing stage, with similar size
and shape, and no pests or pathogenic infections were used in the
present study. To further minimize the potential impact from microbial
infections, the tuberous roots were cleaned, soaked in thiabendazole
[500mg/L; Shennong Chemicals Co., Ltd. (Xuzhou, Jiangsu, China)] for
3min, and air-dried. The tuberous roots were then cured at 35 °C and a
relative humidity of 85% for 3 days.

The sweetpotato were randomly divided into two groups, which
were stored at 4 °C (LTC) or 14 °C (ATC) and with a relative humidity of
85%, respectively. Each group had the same number of samples.
Sweetpotato not stored at the abovementioned specific conditions were
considered members of the not stored condition group [15]. Sample
tissues were collected every other week while in storage, immediately
frozen in liquid nitrogen, and then stored at −80 °C prior to analysis.
To minimize variations, seven sweetpotato tuberous roots were pooled
into one biological replicate, and three biological replicates were as-
sessed at each time point.

2.2. Changes in nutrient contents in sweetpotato stored at different
temperatures

The moisture content in sweetpotato during storage was determined
according to GB 5497-85 (Inspection of grain and oilseeds: Methods for
determination of moisture content, Standards Administration of China).
Three biological replicates were assessed.

The starch, sucrose, glucose, and fructose content in sweetpotato
during storage was measured using near-infrared spectroscopy (NIRS).
Three biological replicates were assessed.

Total protein content in sweetpotato during storage was measured
using the BCA microplate method, according to manufacturer's in-
struction (Nanjing Jiancheng Bioengineering Institute). Three biolo-
gical replicates were assessed.

2.3. RNA extraction, library preparation, and transcriptional sequencing

Total RNA was extracted from sweetpotato using TRIzol
(Invitrogen). Each sample consisted of three biological replicates. RNA
quality control and purification was conducted using a Bioanalyzer
2100 system and an RNA 6000 Nano LabChip Kit (Agilent, CA, USA),
respectively. RNA samples with RNA integrity number (RIN) values ≥7
and rRNA 28S/18S ratios ≥0.7 were used in the subsequent experi-
ments. Poly(A) mRNA was isolated and purified using 5 μg of total RNA
and oligo(dT) magnetic beads (Invitrogen). After purification, the
mRNA was randomly fragmented with RNA fragmentation reagents,
dephosphorylated, 5′ phosphorylated, 3′ hydroxylated, and sequentially
ligated to the adenylated 3’ RNA adapter then to the 5’ RNA adapter
using T4 RNA ligase 2 (truncated). Reverse transcription [16] primers
were mixed with the RNA ligation products. The adaptor-ligated frag-
ments were then screened for 400-bp (± 50 bp) products, which were
then PCR amplified for a total of 15 cycles. We sequenced the library
using an Illumina Hiseq2500 platform (Illumina) as paired-end reads
(2×150 bp) (LC Science, USA).
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2.4. Data analysis, annotation, and differential expression analysis

De novo sweetpotato transcriptome assembly without a reference
genome was conducted using the short reads assembling program,
Trinity. The transcript sequences generated through Trinity were called
unigenes. All assembled unigenes were first integrated with the pub-
lished sweetpotato transcriptome data (ERP003402, SRP003171,
SRP007758, SRP007846, SRP007847, and SRP007852), and then used
in a basic local alignment search tool (BLAST) search and annotated
against various databases, including the NCBI non-redundant protein
(Nr) (http://www.ncbi.nlm.nih.gov), Cluster of Orthologous Groups
(COG) (http://www.ncbi.nlm.nih.gov/COG), UniProtKB/Swiss-Prot
(http://www.ebi.ac.uk/swissprot/), and Kyoto Encyclopedia of Genes
and Genomes Ortholog (KEGG) (http://www.genome.jp/kegg). In ad-
dition, using Blast2GO and WEGO software [2,17], the unigenes were
assigned into gene ontology [1] functional groups. Finally, the results of
GO and KEGG pathway enrichment analysis were visualized as dot plot
using ggplot2 (http://ggplot2.org). GENScan program (http://genes.
mit.edu/GENSCAN.html) was then employed to predict the coding se-
quence (CDS) using the transcripts. RSEM software package [18] was
used in the quantification of gene abundances using the RNA-Seq data.
LTC and ATC samples were compared, an absolute value of log2-
ratio > 1, P < 0.05, and FDR < 0.05 were used as filtering thresh-
olds to identify differentially expressed genes (DEGs) in response to CI.

2.5. Quantitative reverse transcription PCR (qPCR) validation

Thirty representative DEGs identified by RNA-Seq were randomly
selected for experimental validation by qRT-PCR. The gene-specific
primers were designed and synthesized by Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd. The reaction was per-
formed using a Takara PrimeScriptTM RT reagent Kit with a gDNA
Eraser and the One Step SYBR® PrimeScriptTM RT-PCR Kit II. All re-
actions were performed in triplicate, and the results were expressed
relative to the expression levels of beta-tubulin. To validate the RNA-
Seq data, Pearson correlation analysis between the RNA Seq data and
the qPCR data was performed using the linear regression function of
Excel.

3. Results

3.1. Sweetpotato characteristics and nutrient content

The sweetpotato tuberous roots stored at 4 °C showed softening and
shriveling (Fig. 1A). At day 28 of LTC storage, its internal flesh ex-
hibited a darker colour (Fig. 1B). In contrast, such symptoms were not
observed in the sweetpotato tuberous roots stored at ATC. These results
indicate the CI occurred at day 28 under LTC. In a previous study,
sweetpotato cultivar Yulmi did not exhibit CI symptoms when stored at
4 °C for 28 days [19], thereby suggesting that different sweetpotato
cultivars may have different tolerance to chill stress.

Moisture content is an important quality indicator during sweet-
potato storage. Fig. 1C shows that the moisture content in stored
sweetpotato decreased over time. At LTC, the moisture content de-
creased to a stable state at day 28. In contrast, the moisture content in
sweetpotato decreased faster at ATC. The moisture content in sweet-
potato stored under LTC and ATC significantly differed at day 35. These
results suggest that LTC facilitates moisture retention in sweetpotato.

Starch is the most abundant nutrient and an important parameter
for quality control in sweetpotato. Fig. 1D shows that starch content
fluctuates but shows an overall decline during storage. However, the
decrease in starch content varied with storage temperature. At LTC,
starch content decreased, whereas at ATC, the starch content fluctuated
and then later stabilized. Furthermore, starch content decreased faster
in LTC than in ATC. Starch content in sweetpotato stored under LTC and
ATC significantly differed at day 14. Therefore, LTC accelerates the loss

of starch in sweetpotato.
Protein content is an important nutritional indicator in sweetpotato.

Fig. 1E shows that the total protein content in sweetpotato increased at
both temperatures. Protein content of sweetpotato stored under ATC
was significantly higher than that under LTC at day 35. These findings
indicate that LTC inhibits the increase in total protein content in
sweetpotato.

Sweetpotato contains soluble sugars such as sucrose, glucose, and
fructose. Sucrose is a major type of sugar [20] and is also an important
indicator in evaluating the taste and commercial quality of sweetpotato.
Fig. 2 shows that the soluble sugar content in sweetpotato increased
with storage. In LTC, the sugar content was relatively stable during the
first 14 days. Then, the content of soluble sugar, particularly sucrose,
rapidly increased. By day 21, glucose and sucrose content slightly de-
creased. In ATC, the sugar content in sweetpotato fluctuated but
showed an overall increasing trend. At day 14, sucrose content peaked,
which was then followed by a sharp drop and a gradual increase.
Glucose content was lowest at day 14, followed by a rapid increase and
a subsequent decrease. Fructose content was relatively stable but gra-
dually increased.

3.2. Transcriptome sequencing

The transcriptome is the set of all RNA molecules in a given or-
ganism at a given developmental stage or functional status.
Transcriptome analysis is the basis and starting point of investigations
on gene function and structure. Understanding the transcriptome is thus
essential to the interpretation of genomic functional components as
well as in investigating the molecular composition of cells and tissues.
Because the sweetpotato genome has not been sequenced to date, this
study conducted transcriptome analysis, which does not require a re-
ference genome, to investigate mRNA changes in response to cold ex-
posure.

Sweetpotato that had been stored at NSC, LTC, or ATC for 28 days
were evaluated. Biological triplicates were used for each treatment
group. From nine libraries, a total of 874,967,752 raw reads were ob-
tained. After a stringent-filtering process of raw sequence reads, ap-
proximately 110,110 clean transcripts reads were obtained. The mean
size of the unigenes was 781 bp, with an N50 length of 1227 bp, and
mean GC% of 42.09.

To determine the transcript abundance of the identified genes, the
reads per kilobase of exon model per million mapped reads (RPKM)
method was used, which was computed using the RNA-seq data with
the expectation maximization (RSEM) tool (Table S1). The average
value reflecting their expression levels for NSC, LTS or ATS was 10.37,
9.15, or 9.20, respectively.

Pearson correlation analysis was performed to validate the gene
expression profiles of transcripts from nine different samples (Fig. 3A).
The results showed that biological replicates from the same treatment
group were highly correlated. In particular, ATC and NSC were highly
correlated, whereas LTC and NSC were less correlated. The results of
principle component analysis (PCA) (Fig. 3B) coincided with our cor-
relation analysis findings. Additionally, we observed that ATC and NSC
were highly correlated. These results show that the gene expression
profile in sweetpotato stored at ATC was closes to that observed in NSC
at day 28. However, the gene expression profile of sweetpotato in LTC
and NSC showed more significant differences.

Out of 110,110 unigenes, 41,801 (37.96%) unigenes were anno-
tated to known proteins in the Swiss-Prot database, 67,740 (61.52%) to
the Nr database, 49,092 (44.58%) to the Pfam database, 23,716
(21.54%) to the KEGG database, 55,575 (50.47%) to the COG database,
and 36,911 (33.52%) to the GO database. To evaluate the function of
the assembled unigenes, we searched the annotated unigenes that were
involved in COG. The cluster for “general function prediction” re-
presented the largest group (7961 unigenes), followed by “signal
transduction mechanisms” (5274 unigenes), and “post-translational
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modification, protein turnover, molecular chaperones” (4160 unigenes)
(Fig. 4). For GO classification, genes were annotated to three categories,
namely, molecular function, biological process, and cellular compo-
nent. GO terms related to “ATP binding,” “regulation of transcription,
DNA dependent”, and “integral to membrane” from each category was
significantly enriched, with approximately 10,209, 2370, and 8648
genes, respectively (Fig. 5). For KEGG classification, genes were an-
notated to five categories. In the category of “metabolism,” KEGG terms
related to “carbohydrates metabolism,” “amino acid metabolism,” and
“energy metabolism” was significantly enriched, with 2251, 1806, and
1233 genes, respectively (Fig. 6).

3.3. Identification of DEGs responsive to CI in sweetpotato

Compare LTC and ATC transcriptome, DEGs related to CI were
identified. The distribution of significant changes in expression is illu-
strated as a volcano plot (Fig. 7). Non-DEGs are shown with blue dots,
and DEGs are indicated by red dots. Compared to ATS, there were
18,681 transcripts that were significantly upregulated and 21,983
transcripts that were significantly downregulated in the LTS samples.

3.4. GO enrichment and KEGG analyses of DEGs

Twenty genes with the smallest p values from the GO and KEGG
analyses of DEGs were used in generating a scatterplot using ggplot2

Fig. 1. Sweetpotato chilling injury symptoms and nutrient production at different storage temperatures. (A) Sweetpotato tuberous roots stored at 14 °C or 4 °C for
6 weeks. (B). Transverse section of sweetpotato tuberous roots stored at 14 °C or 4 °C for 28 days. (C) Water content of sweetpotato at different storage temperatures.
(D) Starch content of sweetpotato at different storage temperatures. (E) Total protein content of sweetpotato at different storage temperatures. All data were assessed
by ANOVA and the results are expressed as the mean ± SD. *p < .05, **p < .01.
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software (Fig. 8). Rich factor is defined as the ratio of the number of
DEGs in a GO pathway to the total number of genes in the GO pathway.
Based on the GO categories, 3916 DEGs were categorized into “mem-
brane composition,” and 2480 DEGs were categorized into “plasma
membranee.” Notably, “nutrient reservoir activity” and “starch bio-
synthesis process” were significantly enriched with DEGs. KEGG
pathway analysis of DEGs showed significant enrichment in the cate-
gories relating to the synthesis, metabolism, and degradation of mac-
romolecules. Top pathways that were significantly enriched with DEGs
were “starch and sugar metabolism” (388 DEGs). In particular, among
the 189 transcripts enriched in phenylalanine metabolism, 150 DEGs
showed significant differential expression, which results in a high rich
factor.

3.5. Validation of RNA-seq results

To validate the expression profile, qPCR was performed using 30
randomly selected genes. Fig. 9A shows that the qPCR expression pro-
file was in agreement with the RNA-seq data for all genes evaluated.
Linear regression analysis confirmed that the RNA-seq data was posi-
tively correlated with the qPCR results, with an r2 value of 0.8122
(Fig. 9B). Overall, the miRNA and transcript expression profiles ob-
tained from qPCR were in complete agreement with those from RNA-
seq. Similar expression profiles and the observed high correlation
confirmed the reliability of our RNA-seq results.

Fig. 2. Reducing sugar content of sweetpotato at different storage temperatures. (A) Glucose content of sweetpotato in LTC. (B) Fructose content of sweetpotato in
LTC. (C) Sucrose content of sweetpotato in LTC. (D) Glucose content of sweetpotato in ATC. (E) Fructose content of sweetpotato in ATC. (F) Sucrose content of
sweetpotato in ATC. All data were assessed by ANOVA and the results are expressed as the mean ± SD. *p < .05, **p < .01.
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4. Discussion

4.1. Membrane-associated genes

Biological membranes participate in transport, signal transduction,
metabolic regulation, energy conversion, and other physiological ac-
tivities. Membranes are thought to be the primary sites for the devel-
opment of CI. Membrane integrity is first affected by CI [21]; mean-
while, rapid cooling activates calcium-permeable channels in plant
plasma membranes [22]. The membranes of chilled tissues undergo a
phase transition from a flexible liquid-crystalline to a solid-gel struc-
ture, which significantly increases the risk of loss of cell membrane

semi-permeability [23]. In the present study, GO analysis determined
that 42.4% of the DEGs are associated with the categories of “integral to
membrane” and “plasma membrane.” Mahajan et al. believed that the
major malicious effect of low temperature is mechanical constraint, as
well as consequent damage to cell wall and lipid membrane. In addi-
tion, membrane lipid peroxidation and membrane protein destruction
also contribute to membrane damage [24].

When plant membranes are exposed to CI, lipid metabolism un-
dergoes a series of changes to improve their resistance to cold stress by
increasing unsaturated fatty acid content [25,26]. Lipid metabolism in
sweetpotato may also change at low temperature in response to cold
stress. Among the COG annotation categories, a total of 616 DEGs were

Fig. 3. Sweetpotato global transcriptomic response to cold storage (4 °C and 14 °C) at harvest (0 t) and after 21 days of cold storage. (A) 2D hierarchical clustering,
white indicates high correlation, red represents low correlation. (B) Principal component analysis (PCA) at different time points and storage temperatures.
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associated with lipid metabolism, and an increase in unsaturated fatty
acids could improve resistance to cold stress in plants. In the present
study, the transcript level of fatty acid desaturase (FAD7) was sig-
nificantly upregulated in the LTC. Moreover, multiple transcripts of
four genes encoding phospholipase D significantly differed between two
groups. These results were consistent with the findings of previous re-
ports [19]. Fatty acid synthesis in plants requires acyl carrier protein
[27], which is a key component of fatty acid synthetase (FAS) [28]. A
candidate gene encoding acyl carrier protein 1 (mitochondrial),
MTACP1 (comp101566_c2), was upregulated 186.11-fold. The candi-
date gene encoding probable acyl-activating enzyme 1, AAE1

(comp91405_c2), was upregulated 537.45-fold. Plant plasma mem-
branes have proteins involved in transportation channels, signal
transduction, membrane trafficking, and stress responses [29]. Among
these membrane proteins, aquaporin (AQP) enhances the permeability
of biological membranes to water and plays important roles in re-
sponses to osmotic stress [16]. Plasma membrane intrinsic protein (PIP)
is one of the AQPs on the plasma membrane. In the present study, genes
PIP2-1 (comp98752_c1) and PIP2-4 (comp82443_c1) were upregulated
694.58- and 604.67-fold, respectively. In addition, the PIP1-1, PIP1-2,
and PIP2-2 genes were downregulated. Differences in the effects of cold
stress on mitochondrial or plasma membranes during sweetpotato

Fig. 4. COG functional categories.

Fig. 5. GO functional categories.
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storage may be attributable to the differential expression of these en-
zyme-encoding genes.

Mitochondrial oxidative phosphorylation and electron transport
chain, also known as the mitochondrial respiratory chain, occurs in the
inner membrane of mitochondria. It consists of a multiprotein structure
containing four high-molecular weight proteins that span the inter-
membrane space, ubiquinone, and cytochrome C. DEG analysis showed
that respiratory chain electron transport-related genes and oxidative
phosphorylation-related genes were affected by CI. Among these DEGs,
the expression of the potential transcript of NAD7 (comp4524_c1) en-
coding NADH dehydrogenase (ubiquinone) Fe-S protein 2 was down-
regulated. The expression of six transcripts (comp78486_c1,

comp85541_c1, comp99446_c1, comp95837_c1, comp79676_c14, and
comp84262_c9) related to succinate dehydrogenase was all upregu-
lated. Moreover, the expression levels of Mtco1, Mtco2 (which encodes
the subunit of cytochrome C oxidase), and the potential transcript of
Mtco3 (comp107647_c1, comp107877_c1, and comp106823_c1) were
upregulated 5220.60-, 2304.12-, and 205.07-fold, respectively.

These results indicate that the genes associated with lipid metabo-
lism that are closely linked to plasma membrane phospholipid meta-
bolism, as well as the genes associated with protein structures of plasma
membrane are affected by cold stress during sweetpotato storage.
Changes in the expression of these genes consequently affect cellular
respiration and eventually lead to CI in sweetpotato.

Fig. 6. KEGG functional categories.

Fig. 7. The volcano diagram depicting the differential expression of genes. Blue represents not significant, red indicates significant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Antioxidase-related genes

When exposed to stress, the accumulation of reactive oxygen species
[30] leads to metabolic disorders in plants. Plants have developed very
efficient defense mechanisms that include the expression and activation
of genes related to intracellular and extracellular ROS scavengers to

cope with oxidative stress to protect themselves against toxic ROS. For
example, superoxide dismutase [31] converts super-oxygen ions to
H2O2, which can then be cleared by catalase (CAT). In addition, per-
oxidase (POD) can also remove the accumulated ROS, prevent mem-
brane lipid peroxidation, and therefore protect cells from injury. Sev-
eral peroxidase genes, including CuZnSOD, swAPX1, GST, APX, and

Fig. 8. The enrichment scatter diagram depicting the differential expression of genes.

Fig. 9. Validation of transcriptome sequencing results. (A) Expression patterns of selected mRNAs obtained by qRT-PCR and sequencing. (B) Coefficient analysis
between mRNA expression ratios obtained from sequencing and qRT-PCR analysis. mRNA expression levels during qRT-PCR analysis were normalized to the level of
β-tubulin. All qRT-PCRs were repeated three times for each sample and subjected to ANOVA, and the results expressed as the mean ± SD. *P < .05 or **P < .01
were considered statistically significant.
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swPAs, have been isolated and identified in sweetpotato [32–35]. The
expression of almost all the antioxidant genes can be induced under
abiotic stresses, including cold exposure. In addition, the over-
expression of these genes by transgenic techniques enhances the tol-
erance of sweetpotato to stress. These genes respond to cold-induced
oxidative stress via various signal transduction pathways. The results of
the present study were consistent with the findings of previous reports.
The gene encoding superoxide dismutase (belonging to the Fe-Mn fa-
mily) SOD (comp89000_c2) was upregulated, whereas that encoding
Cu/Zn superoxide dismutase, SODCC (comp60799_c2), was down-
regulated under cold stress. These variations in responses of SODs
under cold stress may be explained by the type, cellular location, and
mechanisms of action of these SODs. A previous study showed that
catalase (CAT)-related genes were downregulated during cold stress
[19]. However, we observed that transcripts encoding CAT were up-
regulated [e.g., CAT3 (comp89371_c1)], downregulated [CAT4
(comp47313_c3)] or remained unchanged (comp104765_c1,
comp49627_c2, and comp22026_c2). This discrepancy may be attribu-
table to the use of different sweetpotato cultivars or distinct regulatory
mechanisms in different organs of sweetpotato.

4.3. Carbohydrate metabolism-related genes

Plants enhance freezing tolerance by breaking down starch and
accumulating soluble sugars. Soluble sugars play an important role in
cold acclimation [36]. DEG analysis showed that the expression of
carbohydrate metabolism-related genes was modulated during cold
storage, which led to the breakdown of starch and the accumulation of
sucrose in response to cold stress (Fig. 10).

Sucrose is one of the main products of photosynthesis in higher
plants, which is the most common form of carbon that is transported
from the source to sink organs [37]. After storage at LTC for 14 days,
the sucrose content in the sweetpotato significantly increased compared
to those stored at ATC. During DEGs analysis, we investigated the ex-
pression levels of genes closely related to sucrose metabolism such as
sucrose synthase-, sucrose phosphate synthase-, and sucrose-converting
enzyme-encoding genes.

Sucrose synthase is a key enzyme in sucrose metabolism that cata-
lyzes the reversible reactions involved in the synthesis and breakdown
of sucrose [38]. In wheat, sucrose synthase activity increases at low
temperatures [39]. In the present study, 24 DEGs were related to su-
crose synthase, of which 16 DEGs were regulated and 8 DEGs were
downregulated in LTC. The upregulated DEGs included comp85494_c1

and a potential SUS6 transcript comp72027_c1, which showed 6.905-
and 3.16-fold increase in expression levels, respectively. The down-
regulated genes included the SUS3 potential transcripts comp21832_c1
and comp21833_c2, which exhibited a decrease in expression levels to
0.097 and 0.195, respectively.

Sucrose-phosphate synthase catalyzes the transfer of a hexosyl
group from uridine diphosphate glucose (UDPG) to D-fructose 6-phos-
phate to form D-sucrose-6-phosphate. It is a rate-limiting enzyme in the
synthesis of sucrose [40]. In tomato, chilling delays the circadian pat-
tern of sucrose phosphate synthase [41]. The activity of sucrose phos-
phate synthase in the leaves of chilling-tolerant and chilling-sensitive
maize seedlings increased by about 3.3-fold when temperature was
lowered from 30 °C to 10 °C [42]. Our results showed that the SPS5
transcript (comp81588_c3) was upregulated by 2.522-fold. However,
the expression levels of SPS4 transcript (comp11694_c1) and SPS1
transcript (comp22724_c2) decreased to 0.001 and 0.223, respectively.

Invertase, also known as β-fructosidase (EC 3.2.1.26), catalyzes the
hydrolysis of sucrose, yielding glucose and fructose. It was first cloned
in tomato [43]. Transgenic tomato plants expressing a constitutive
antisense invertase (TIV1) transgene have higher sucrose content [44].
Our study has shown that the expression levels of two potential tran-
scripts for TIV1, comp41186_c1 and comp9832_c1, decreased to 0.105
and 0.047, respectively.

The present study also showed that the starch content in LTC was
significantly lower than that in ATC after 14 days of storage. We then
investigated the expression levels of the enzymes closely related to
starch metabolism. Glucose-1-phosphate adenylyltransferase is an im-
portant enzyme that participates in starch metabolism [45]. Our results
showed that the potential genes encoding the large subunit of AGPS1,
comp11306_c1, comp26958_c1, and comp75210_c1, showed a decrease
in mRNA expression by 2702.35-, 652.57-, and 308.68-fold, respec-
tively. The expression levels of potential genes encoding starch synthase
SS1 (comp4181_c4) and SS4 (comp62228_c1) exhibited a 556-, and 10-
fold decrease, respectively. The expression levels of potential genes
encoding 1,4-alpha-glucan branching enzyme (SBE1), comp23075_c1,
comp107159_c1, and comp67391_c5 showed a 98.36-, 49.52-, and
32.67-fold decrease, respectively. The expression level of potential gene
encoding glycogen (starch) synthase (WAXY), comp18538_c4, was
downregulated by 40.50-fold.

4.4. Hormone-related genes

Plant hormones are vital to the generation of adaptive responses to

Fig. 10. Starch and sucrose metabolism pathways are induce in response to cold storage.
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environmental changes. Plant tolerance to abiotic stress can be en-
hanced by regulating the synthesis, signal transduction, and action
mechanisms of plant hormones using transgenic technologies [46].

Gibberellins are endogenous phytohormones that are essential for
the entire life cycle of higher plants. GA biosynthesis and response
pathways are activated during Arabidopsis thaliana seed inhibition at
low temperature [47]. GA-2 oxidase is a key multifunctional enzyme
during the third stage of GA synthesis that involves GA deactivation
[48]. The genes encoding GA-2 oxidase, which included
comp89137_c1, comp95250_c, comp45362_c1, comp73874_c1,
comp55658_c2, comp62353_c1, comp49007_c1, and comp69442_c3,
were upregulated in the present study. Some GA-responsive genes also
showed differential expression between groups. For example, the ex-
pression of LBD40 (comp107496_c1), BHLH137 (comp95431_c1,
mp83029_c1), and WRKY27 (comp46605_c1) were upregulated,
whereas MYB59 (comp100_c2, comp24798_c1, comp32006_c2), ABI5
(comp13734_c2, comp33984_c1, comp24706_c1), and EXPA1
(comp65787_c1) were downregulated.

Abscisic acid [49] is one of the most important signal transduction
molecules. Previous studies have shown that ABA has a significant
impact on cold resistance in wheat, maize, and other plants [50,51].
DEG analysis showed that the expression of ABA synthesis-related genes
significantly differed when sweetpotato was stored in LTC. For ex-
ample, the expression of NCED3 (comp53246_c2, comp53247_c3) and
NCED1 (comp56932_c1) were downregulated. 9-cis-epoxycarotenoid
dioxygenase participates in the early steps of ABA biosynthesis and
catalyzes the conversion from carotenoids to ABA. The expression of the
gene encoding 9-cis-epoxycarotenoid dioxygenase, NCED5
(comp85733_c1), was upregulated. In addition, xanthoxin dehy-
drogenase is an enzyme that catalyzes the conversion of xanthoxin to
ABA. The expression levels of genes encoding xanthoxin dehydrogenase
(ABA2 transcripts comp106384_c1, comp80130_c1, and
comp22404_c1) were upregulated.

Ethylene plays an important role in the storage and ripening of
fruits and vegetables. During cold storage, exogenous ethylene causes
discoloration of the flesh of avocado fruits and different plum cultivars,
prior to other symptoms of CI [30,52]. In subtropical non-climacteric
loquat fruits, modulation of the ethylene signaling pathway leads to
different responses in two cultivars during post-harvest storage [53]. In
the present study, the expression of several ethylene biosynthesis-re-
lated genes was upregulated. These genes included genes encoding
aminocyclopropanecarboxylate oxidase, ACO (comp82943_c2 and
comp83275_c4), ACO3 (comp83277_c29), and DK-ACO1
(comp83014_c1), as well as those encoding 1-aminocyclopropane-1-
carboxylate synthase, ACS1 (comp90554_c1, comp34255_c5,
comp86312_c16, and comp77565_c1). The ERF (ethylene-responsive
transcription factor), which is involved in ethylene-mediated signal
pathways, has been extensively studied. The CBF/DREB endogenous
pathway is involved in various structural, biochemical, and physiolo-
gical alterations that are associated with cold acclimation [54]. In the
present study, several genes encoding ERF were upregulated, e.g.,
ERF098 (comp96679_c3, comp94456_c2), ERF091 (comp77173_c1),
ERF1B (comp106614_c6, comp82217_c1). Similar to other plants, cold
exposure affects the biosynthesis of ethylene and ethylene-related sig-
naling pathways. However, further studies elucidating how ethylene
regulates the responses of sweetpotato against cold exposure are war-
ranted.

Salicylic acid is an important endogenous signal molecule that is
involved in the activation of plant responses against certain stresses.
Salicylic acid solution treatment of young maize plants under normal
growth conditions provides protection against subsequent low-tem-
perature stress [55]. Jasmonic acid is ubiquitous in higher plants and
has been proven to improve chilling tolerance various plant species
[56]. The treatment of tomato fruit with low concentrations of methyl
salicylic acid (MeSA) or methyl jasmonate (MeJA) induces the tran-
scription of pathogenesis-related genes, which in turn increases chilling

tolerance and pathogen resistance [57]. Similarly, postharvest treat-
ment with MeSA or MeJA significantly reduces CI symptoms and in-
creases antioxidant activities in pomegranates [49]. Salicylates and
jasmonates alleviate CI in fruits and vegetables via several mechanisms,
which include enhancement of membrane fluidity, increase in the ex-
pression and accumulation of heat shock proteins (HSPs), improvement
in antioxidant system activity, enhancement of arginine pathway, ac-
tivation of the CBP pathway, and alterations in PPO and PAL activities
[58]. The present study observed an upregulation of genes that were
related to the biosynthesis of SA biosynthesis [BAH1 gene encoding E3
ubiquitin protein ligase, (comp98381_c1)] and JA [4CLL7 gene en-
coding 4-coumaroyl-CoA synthetase (comp85751_c3, comp105927_c1),
as well as the PED1 gene that encodes acetyl-CoA acyltransferase
(comp823_c10, comp822_c5, comp77386_c12, and comp44686_c1). In
addition, putative carboxylesterase is associated with the activity of
methyl salicylate esterase and methyl jasmonate-specific methyl es-
terase. We observed the upregulation of multiple genes encoding pu-
tative carboxylesterases (CXEs) (comp82032_c1, comp102441_c4,
comp93850_c22, comp93848_c12, and comp93849_c15). Among these
genes, one transcript of CXE2 (comp82032_c1) exhibited a 180-fold
upregulation.

5. Conclusions

Refrigeration is considered one of the most effective ways of ex-
tending the postharvest life of a variety of crops. However, sweetpotato
originated from tropical areas and is thus susceptible to CI. The present
study employed transcriptome sequencing to comprehensively in-
vestigate the molecular mechanism underlying the response of sweet-
potato to CI during postharvest low temperature storage. The char-
acteristic features and nutrient content in sweetpotato changed after
storage at 4 °C for 28 days. RNA-sequencing analysis also showed sig-
nificant changes at the transcriptomic level. Changes in the expressions
levels of genes related to the cell membrane system, antioxidant en-
zymes, carbohydrate metabolism, and hormone metabolism were ob-
served, which in turn lead to the occurrence of CIs and decrease in
sweetpotato quality. Our study has revealed the molecular mechanism
underlying CI during low temperature storage, which in turn facilitates
improvements in postharvest storage of sweetpotato.
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