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A B S T R A C T   

Due to the stronger ability to grow in extreme abiotic stress conditions, common vetch (Vicia sativa L.) has been 
generally cultivated worldwide and commonly utilized in methane biofuel production and health-promoting 
foods, and considered as an important protein source to feed livestock and human consumption. Nevertheless, 
the comprehensive molecular mechanisms on how the aboveground and underground tissues of common vetch 
response to various abiotic stresses, especially in cold stress, remain largely elusive and unknown. In this study, a 
total of 30,525 non-redundant full-length transcripts were identified in common vetch, with an average length of 
2,291.56 bp and N50 of 3,130 bp. Among these transcripts, 7,689 and 3,415 differentially expressed genes 
(DEGs) were identified in leaves and roots, respectively, and 1,560 DEGs were induced in both tissues. The Gene 
Ontology (GO) enrichment results displayed that the DEGs were significantly enriched in the photosynthetic 
related categories in leaves. Correspondingly, the “response to cold” category was significantly enriched in roots, 
and most of them were upregulated. The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment showed 
that Ca2+, redox, hormonal signalling, circadian clock, and photosynthesis-antenna proteins might play crucial 
roles through CBF dependent or independent transcriptional pathways to respond cold stress in common vetch. 
Besides, a total of 36 DEGs involved in ICE-CBF-COR signalling cascade and cold stress were identified. 
Furthermore, three cold response-related DEGs and three upregulated transcription factors were overexpressed in 
yeast and indicated their biological functions to confer the tolerance to cold. This work will advance the un-
derstanding of common and distinct intrinsic molecular mechanisms beneath the cold response in common vetch 
leaf and root tissues. The further investigation of the promising potential candidate genes identified in this study 
will serve as a valuable resource for next step functional genomics research and raise the possibility to improve 
the cold tolerance through a transgenic approach in common vetch.   

1. Introduction 

In nature, diverse and variable environmental stresses, such as 
drought, extreme temperatures, and high salt concentration, can 
severely limit the development, growth, and geographical distribution 
of plants (Krasensky and Jonak, 2012). Among these environmental 
stresses, cold is one of the widespread stresses in high-altitude and 
temperate regions which adversely affects crop survival and produc-
tivity (Kazemi-Shahandashti and Maali-Amiri, 2018; Sanghera et al., 
2011). Chilling stress alone can cause about $2 billion lost in 

agricultural productivity globally each year, and in South and Southeast 
Asia, nearly 15 million ha cropping areas are adversely affected by low 
temperature per year (Jha et al., 2017). To be survival, plants have 
developed various cellular responses and molecular strategies to cope 
with cold stress through natural selection (Krasensky and Jonak, 2012; 
Mickelbart et al., 2015). So, the identification and characterization of 
these regulatory strategies is the key point in developing cold resistance 
enhanced crops and maintaining crop productivity to solve the serious 
food shortages in the future (Rosenzweig and Parry, 1994). 

In general, cold stress can be classified as chilling (0~15 ◦C) and 
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freezing (<0 ◦C) temperatures. In temperate regions, a period of expo-
sure to chilling temperatures can enhance plants’ freezing hardiness to 
subsequent freezing conditions by adjusting their gene expression and 
metabolic profiles. Two classic regulatory networks could be activated 
by triggering cold acclimation processes to overcome low temperatures, 
which are C-repeat/dehydration-responsive element binding (DREB) 
factor (CBF)-dependent and CBF-independent transcriptional pathways 
(Shi et al., 2018; Yahia et al., 2018). CBFs have identified as key tran-
scription factors (TFs) function in cold acclimation through genetic and 
molecular analyses. When plants under low-temperature conditions, 
CBFs are rapidly induced, and the downstream target cold responsive 
(COR) genes, which known as the CBF regulon, were then activated 
(Medina et al., 1999; Vogel et al., 2005; Zhou et al., 2011). Phylogenetic 
analysis showed that CBF protein composition is very conserved among 
diverse plant species (Shi et al., 2018). In Arabidopsis, the biological 
functions of three CBF family members, known as CBF1, CBF2, and CBF3 
have been well verified by using overexpressing, CRISPR/Cas9, or RNA 
interference technology (Jia et al., 2016; Novillo et al., 2007; Zhao et al., 
2016). Recent researches indicated some protein kinases and TFs also 
involved in CBF-dependent cold signal transduction from perception to 
downstream gene expression events (Liu et al., 2019; Xie et al., 2018). 
Arabidopsis CBF-overexpressing lines and single, double, or triple cbf 
mutants showed that not all COR genes are regulated by CBFs, although 
some transcriptional activators, such as heat shock transcription factor C 
1 (HSFC1), C2H2 zinc finger protein (ZAT12), LONG HYPOCOTYL 5 
(HY5), and CCCH-type zinc finger 1 (CZF1), can play parallel functions 
with CBFs through regulating COR genes, their expression profiles are 
not affected by CBFs (Park et al., 2015; Vogel et al., 2005). These results 
suggested that CBF-independent TFs also involved in the regulation of 
COR genes during cold stress. 

During cold stress, the plasma membrane undergoes phase transi-
tions, thus the perception mainly through plasma membrane rigidifi-
cation. The previous studies have identified that mechano-sensitive 
Ca2+-influx channels were activated through the cold stress-induced 
rapid calcium oscillations and actin cytoskeletal rearrangement (Jeon 
and Kim, 2013b; Örvar et al., 2000). The increased cytosolic Ca2+ levels 
inducing the expression of COR genes, which can be sensed by some 
kinases like Ca2+-dependent protein kinases (CDPK) and 
mitogen-activated protein kinase (MAPK), and transduce the signals to 
activate the cold-responsive signalling pathways (Boudsocq and Sheen, 
2013; Thakur and Nayyar, 2013). Ca2+ also linked to reactive oxygen 
species (ROS) signalling process, which triggered ROS and/or abscisic 
acid (ABA) directly activates MAPK cascade (Jaspers and Kangasjärvi, 
2010). As well, ABA-responsive elements are presented in many 
cold-induced TF genes, such as ABA-responsive element-binding protein 
(AREB)/ABRE binding factors (ABF), myeloblastosis (MYBs), basic 
region/leucine zipper motif (bZIP), MYCs, and NAC. After activated by 
ABA, these TFs then interacted with the specific cis-elements (ABA-res-
ponsive element, MYC and MYB recognition site) in the promoter region 
of their targeted genes and activated the downstream signal trans-
ductions (Abe et al., 2003; Banerjee and Roychoudhury, 2017; Fujita 
et al., 2004; Hyungin et al., 2000; Verma et al., 2016). 

In plants, the aboveground and underground parts are among the 
most dynamic and important components to perceive the change of 
environment. Although plants have developed distinct developmental 
trajectories between these two components, the biological processes are 
also highly coordinated between them to respond to abiotic stress (Geng 
et al., 2014; Kaplan et al., 2008; Shabala et al., 2016; Zhu, 2016). 
However, the cold-responsive genes identified recently in many plant 
species, such as rice (Oryza sativa), Ipomoea batatas [L.] Lam, Pisum 
sativum, Brassica rapa, and Populus tomentosa, only focused on leaves or 
whole plant tissues using RNA sequencing method (Bahrman et al., 
2019; Bai et al., 2015; Ji et al., 2019; Ma et al., 2019; Yang et al., 2019). 
The specific and common molecular networks and cold stress-response 
candidate genes on a whole-transcriptome level between plant above-
ground and underground tissues have not been reported. Furthermore, 

compared with the RNA-seq, the recently developed single-molecule 
real-time (SMRT) sequencing is fundamentally different and has more 
advantages, including offers long read lengths, direct RNA sequencing, 
unbiased sequences, and high consensus accuracies. Recently, the SMRT 
sequencing has become a useful tool for reference genome generating, 
novel gene annotation, and gene structure identification in plants, 
especially for those without genome sequenced (Chen et al., 2020b; Feng 
et al., 2019; Hestand and Ameur, 2019). Besides, the SMRT sequencing 
has also been widely used in crop improvement by identifying functional 
genes resistant to various biotic and abiotic stresses (Luo et al., 2019; 
Min et al., 2020; Yubang et al., 2019; Zhu et al., 2018). Thus, combing 
the SMRT sequencing technology with the aboveground and under-
ground tissues as research subjects will help elucidate the comprehen-
sive molecular mechanisms to cold stress in plants, especially those 
without reference genomes (Ameur et al., 2019; Zimin et al., 2017). 

Common vetch is an important self-pollinating annual forage legume 
with excellent suitability for cultivation in very cold and dry alpine 
environments (Dong et al., 2017; Huang et al., 2017; Nan et al., 2006), 
and has been commonly utilized in methane biofuel production and 
health-promoting foods, and also can provide a protein source to feed 
livestock (Bet et al., 2016; Lehtomäki et al., 2008; Magalhaes et al., 
2017; Molinuevo-Salces et al., 2013). Additionally, its production area is 
nearly 573,769 ha globally with other vetches, equating to a crop pro-
duction yield of 926,982 tons/year (Huang et al., 2017). However, the 
detailed changes of the cold sensing and signalling, and cold-responsive 
transcriptomes in common vetch between leaves and roots remain 
obscure, which is a significant obstacle to exploring genetic and mo-
lecular mechanisms underlying cold adaptation in common vetch. This 
is the first comprehensive investigation on the coordinated molecular 
mechanisms of cold adaptations between leaves and roots in common 
vetch by combining RNA-seq and SMRT sequencing. The present study 
lays the groundwork for understanding the molecular regulatory 
mechanisms between leaves and roots, and further providing reference 
transcriptome for studying the function of genes participating in cold 
response in common vetch. 

2. Materials and methods 

2.1. Sample collection and physiological indices measurement 

Seeds from common vetch cultivar “Lanjian No.1” were surface 
sterilized in 1.0% (v/v) sodium hypochlorite for five minutes and 
washed clearly with distilled water, and then germinated at 25 ◦C for 4 
days under darkness. The germinated seeds were cultivated in a growth 
chamber [(25 ◦C, 16 h/8 h (light/dark) and 50% relative humidity)] 
with a hydroponic culture in half strength of medium solution (1/2 MS, 
pH = 5.8). After 7 days, the uniform growth seedlings were chosen and 
classified them into two groups equally: one was cultivated under a 
normal conditional (25 ◦C) as control, and the other one was subjected 
to 4 ◦C treatment. for 2, 12, 24, and 48 h. Except for the temperature, 
other environmental factors keeping the same as control. The expanded 
leaves (third and fourth from the top of the plant) and root tips 
(approximately 1.5 cm in length) of four plants were harvested and 
pooled for each treatment group at 0, 2, 12, 24, and 48 h for physio-
logical analysis. The leaves and roots treated with 4 ◦C for 0 h and 24 h 
were harvested for sequencing analysis. Each collection was repeated 
three times as biological replicates. To reduce the circadian rhythm ef-
fects, leaf and root samples from the control and cold conditions were 
grown in parallel and harvested at the same time after 48 h. 

All 40 samples [five treatments (0 h, 2 h, 12 h, 24 h and 48 h under 
4 ◦C) × two tissues (leaves and roots) × four biological replications] 
were immediately harvested using four physiological indices, including 
malondialdehyde (MDA), soluble sugar, superoxide dismutase (SOD) 
and catalase (CAT). These four physiological indices were determined 
using Suzhou Comin Biochemical Test Kits (MDA-2-Y, KT-2-Y, SOD-2-Y, 
CAT-2-W, respectively; Cominbio, Suzhou, China) according to the 
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manufacturer’s instructions. 

2.2. RNA Isolation, library construction, and sequencing 

2.2.1. RNA isolation 
A total of 12 samples [two treatments (control and 4 ◦C/24 h) × two 

tissues (leaves and roots) × three biological replications] were used for 
further analysis. Total RNA of the above-mentioned samples was iso-
lated using the Trizol (Invitrogen, USA) according to the manufacturer’s 
instructions, and RNase-free DNase I was used to eliminating the re-
sidual genomic DNA. One percent of agarose gels were used to assessed 
RNA degradation and contamination. The total RNAs were quantified 
using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). For 
PacBio sequencing (Pacifc Bioscience, Menlo Park, USA), equal amounts 
of total RNA from each sample (28S/18S ratio ≥ 1.0, RNA integrity 
number ≥ 7.0) was pooled together. For Illumina sequencing (Illumina, 
San Diego, USA), an indexed library of 12 internodal RNA samples were 
prepared and sequenced. 

2.2.2. PacBio library construction and sequencing 
The official protocol of Pacific Biosciences’s Iso-Seq sequencing was 

used to prepare a sequencing library. The Clontech SMARTer cDNA li-
brary construction kit (Clontech, USA) was applied to synthesize the 
first-strand cDNA from 4 μg mixed total RNA. After 23 cycles of PCR 
amplification, the BluePippin™ Size Selection System (Sage Science, 
Beverly, MA, USA) was used for size fractionation and selection, and 
then three Iso-Seq libraries (1~2, 2~3 and 3~6 kb) were produced 
using the Clontech SMARTer PCR cDNA Synthesis Kit. After size selec-
tion, the amplified products were subjected to the SMRTbell Template to 
create PacBio libraries according to the Iso-Seq protocol. A total of 7 
SMRT cells were used for SMRT sequencing on the Pacific Bioscience RS 
II platform. The three size libraries named 1~2, 2~3, and 3~6 kb were 
sequenced using 3, 2, and 3 SMRT cells, respectively. 

2.2.3. PacBio sequencing analysis: quality filtering and error correction 
The sequenced PacBio reads of insert (ROIs) were selected using the 

ToFu pipeline with full pass ≥0, predicted accuracy ＞0.75, and 
sequence length ≥300 bp. Non-full-length (nFL) and full-length non- 
chemiric (FL) transcripts were determined based on the presence of 
sequencing adapters or not in ROIs. The Iterative Clustering for Error 
Correction was applied to obtain consensus isoforms, and consensus 
isoforms were further polished with nFL reads using Quiver (post- 
correction accuracy ≥99 %) to obtain high-quality isoforms. The low- 
quality transcripts (post-correction accuracy < 99 %) were further cor-
rected with the RNA-seq clean data using proofread software (Hackl 
et al., 2014). The CD-HIT (identity >0.99) was applied to remove the 
redundant transcripts of FL and corrected low-quality transcripts (Fu 
et al., 2012). 

2.2.4. Illumina RNA-Seq library construction and sequencing 
The NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB) was 

used to generate sequencing libraries with a total of 1 μg RNA per 
sample. The cDNA library was sequenced using Illumina Hiseq X Ten 
platform and each sample yielded >6 Gb of clean data. Fastq raw data 
were processed using in-house Perl to obtain clean reads by removing 
reads containing adapter, reads with > 10 % of unknown bases, and low- 
quality reads. Meanwhile, the Q30 (1 error in 1000 bases) and GC- 
content were calculated to evaluate the clean data quality. The clean 
reads were mapped back onto the reference transcript sequences using 
Bowtie2 (Hatem et al., 2013), and the count of reads for each transcript 
was acquired from the mapping results. 

2.3. Functional annotation of transcripts 

The transcripts were annotated based on the BLASTX search against 
eight public databases, including NCBI non-redundant protein database 

(Nr), Swiss-Prot (A manually annotated and reviewed protein sequence 
database), Protein Family (Pfam), Gene Ontology (GO), the Clusters of 
Orthologous Groups of proteins (KOG/COG/eggNOG) and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG), with the threshold of E≤
10− 5. The GO and KEGG pathway enrichment analyses were imple-
mented using the GOseq R package and KOBAS software (P < 0.05), 
respectively (Kanehisa et al., 2007; Mao et al., 2005). The potential TFs 
were identified by the PlantTFDB database with default parameters 
(http://planttfdb.gao-lab.org/blast.php). 

2.4. Abundance estimation and qRT-PCR analysis 

The fragments per kilobase of gene per million mapped reads (FPKM) 
method was used in estimating the expression levels of each transcript. 
Differential expression analysis between the control/cold conditions 
was conducted using the DESeq R package (1.10.1) (Anders and Huber, 
2010). Genes identified by DESeq with false discovery rate (FDR) <
0.01, adjusted P-value < 0.05, and fold change (FC) ≥2 were defined as 
DEGs (Yang et al., 2019). 

The transcript specific primers used in this study were designed by 
using Premier 5 (Table S1) and then synthesized by Sangon Biotech 
(Shanghai China). The qRT-PCR reactions were performed with the 
2xSG Fast qPCR Master Mix (Sangon Biotech) on CFX96 Touch™ Real- 
Time PCR Detection System (Bio-Rad, USA). The PCR amplification 
parameters were programmed as follows: 95 ◦C for 3 min, 39 cycles of 
95 ◦C for 3 s, and 60 ◦C for 30 s. The Unigene 68614 was selected as an 
internal standard to calculate the relative expression levels following: 
FC = 2− △△CT (Dong et al., 2017). 

2.5. Statistical analysis 

Pearson correlation of the expression level among 12 samples was 
calculated via R function cor.test () in the package stats (http://www. 
r-project.org). Statistical significance was calculated with Duncan’s 
multiple range test at 0.05 level. Cluster analysis and expression pattern 
assessment of DEGs were conducted using TBtools with a hierarchical 
clustering algorithm (Chen et al., 2020a). Venn diagrams were gener-
ated using Venny 2.1 tool (https://bioinfogp.cnb.csic.es/tools/venny/in 
dex.html). 

2.6. Cold tolerance tests in transgenic yeast 

The full-length cDNA sequences of six transcripts were obtained by 
gene-specific primers as shown in Table S2. The PCR products of six 
transcripts were cloned in pGEM®-T Easy Vector (Promega), trans-
formed into E.coli DH5α separately, and sequenced using M13 universal 
primers. Subsequently, the transcripts were cloned into the yeast 
expression pYES2 vector (Invitrogen, Carlsbad, USA), and an empty 
pYES2 control plasmid and expression vector were transformed in yeast 
strain INVSc1 through the lithium acetate method (Gietz and Woods, 
2002). The transformants were incubated in Synthetic Complete (SC) 
medium devoid of uracil with 2% (w/v) glucose at 30 ◦C for 36 h at 
220 rpm. The detailed methods of the transformant were performed 
according to that previously described (Kawai et al., 2010). The freezing 
stress evaluation was performed in SC-Ura medium, and yeast cells were 
grown in a refrigerator at -20 ◦C for 36 h. Then the serial dilutions were 
spotted onto SC-ura agar plates at 30 ◦C for 48 h and carried out in 
triplicate. 

3. Results 

3.1. Physiology assay 

When common vetch seedlings were grown under cold stress, the 
time-dependent MDA, soluble sugar, SOD, and CAT content in both 
leaves and roots were assayed (Fig. 1). The content of MDA showed 
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similar patterns in both leaves and roots, which increased significantly 
from 12 h to 48 h under cold stress, and the changes became more 
evident with time increasing (Fig. 1A and B). Besides, the soluble sugar 
content showed a significant increase in leaves at all treated time in-
tervals and peaked at 12 h (Fig. 1C). Compared with leaves, the root 
showed significantly increased at 2 h and slightly decreased at 12 h and 
24 h, and it decreased significantly at 48 h (Fig. 1D). To study whether 
the oxygen metabolism system was patriated in cold stress response, the 
content of two key antioxidant enzymes SOD and CAT were tested. As 
shown in Fig. 1E and F, the SOD content was significantly increased at 
2 h and 48 h compared with the control treatments in leaves and roots. 
In contrast, the cold stress caused a significant decrease in SOD content 
in leaves at 12 h and 24 h compared with roots. Similar to the SOD 
change pattern, the CAT content also significantly increased at 2 h in 
both tissues. While, the CAT content level maintained steady in leaves 
from 12 h to 48 h, but showed a significant increase at 48 h in roots 
(Fig. 1G and H). 

3.2. Illumina sequencing and mapping 

To deeply understand how the common vetch responses to cold stress 
at the transcriptome level, a total of 12 cDNA libraries were designed for 
Illumina sequencing, including leaves and roots exposed to cold condi-
tionals for 24 h (LT1, LT2, LT3, RT1, RT2, RT3) and normal conditionals 
(LC1, LC2, LC3, RC1, RC2, RC3). In total, 308.91 million high-quality 
clean reads were generated from 12 RNA samples. Among them, 
162.40 (leaves) and 146.5 (roots) million clean reads were obtained. 
The average GC content and base of each sample were 43 % and 
7694.35 M, respectively. The percentage of Q30 ranged from 89.90 % to 
93.92 %, and with an average of 91.92 % (Table 1). Furthermore, the 
Pearson’s correlation coefficient (r) was used to estimate the quality of 
the three biological replicates, and the correlation values of the three 
replicates ranged from 0.73 to 0.99 with an average of 0.95, indicating a 
highly positive correlation between these replicates (Fig. S1). 

The equal amounts of total RNA from 12 samples were pooled 
together to obtain an informative reference transcriptome with SMRT 

Fig. 1. Analyses of dynamic physiological responses under continuous cold stress. A and B: malondialdehyde; C and D: soluble sugar; E and F: superoxide dismutase; 
G and F: catalase. *P < 0.05 and **P < 0.01. 

Table 1 
Summary of Illumina sequencing data and assembled results.  

Libraries pair-end reads (M) 
Clean data  Mapped reads (M) 

Base sum (M) GC (%) Q30 (%)  Total reads (M) Mapped reads (%) Uniq mapped reads (%) Multi mapped reads (%) 

LC a1 25.65 7672.36 42.65 92.32  26.92 79.42 26.51 73.49 
LC2 27.02 8079.60 42.69 92.62  26.57 79.72 26.62 73.38 
LC3 28.01 8374.75 42.77 91.78  25.31 79.45 26.01 73.99 
RC b1 26.92 7914.69 42.93 90.68  25.65 76.02 30.23 69.77 
RC2 26.57 8381.92 42.69 90.77  27.02 76.75 30.79 69.21 
RC3 25.31 8132.91 42.79 90.35  28.01 76.09 30.89 69.11 
LT c1 26.47 8045.47 43.25 93.56  26.47 77.45 24.10 75.90 
LT2 28.02 7930.05 44.21 93.10  28.03 78.41 21.18 78.82 
LT3 27.21 7551.30 42.96 93.92  27.21 79.44 24.12 75.88 
RT d1 25.47 7627.48 42.14 89.90  25.47 73.50 30.38 69.62 
RT2 21.13 6315.50 43.85 91.97  21.13 75.70 28.23 71.77 
RT3 21.11 6306.16 43.08 92.10  21.11 73.93 29.10 70.90 
Mean 25.74 7694.35 43.00 91.92  25.74 77.16 27.35 72.65 

Note: 
a Leaf control (LC). 
b Root control (RC). 
c Leaf cold stressed (LT). 
d Root cold stressed (RT). 

X. Min et al.                                                                                                                                                                                                                                     



Industrial Crops & Products 158 (2020) 112949

5

sequencing. Ultimately, 30,525 non-redundant transcripts were identi-
fied, and the average length of each unique full-length transcript was 
2291.56 bp and N50 of 3,130 bp (Fig. 2A). The Bowtie2 software was 
used to map the clean reads onto the full-length transcripts. Overall, the 
average mapped reads, uniquely mapped reads, and multi mapped reads 
ratio were 77.16 %, 27.35 %, and 72.65 % of all libraries, respectively 
(Table 1). 

3.3. Transcripts annotation and classification in public databases 

To predict the annotation of the assembled transcripts comprehen-
sively, all full-length transcripts were aligned to eight commonly used 
public databases: NR, Swiss-Prot, Pfam, eggNOG, COG, KOG, GO, and 
KEGG. There was a 98.32 % annotation rate in at least one database 
mentioned above for the 30,013 transcripts from SMRT. Among them, 
10,265 (33.63 %) transcripts were annotated in all databases, and 512 
(1.68 %) transcripts had no annotation in all databases (Table S3). Based 
on homology comparison with different species, a total of 29,468 tran-
scripts were annotated into 335 species and the top 15 mostly annotated 
plants all belong to legume species (Fig. 2B). Among them, 13,414 
(43.94 %) transcripts showed the most matches to Medicago truncatula, 
and 6658 (21.82 %) sequences had significant hits for Cicer arietinum, 
followed by Trifolium subterraneum (5661, 18.55 %), Pisum sativum (740, 
2.42 %), and Glycine max (435, 1.43 %). 

3.4. DEGs identification and analysis in leaves and roots 

The expression level of transcripts was calculated by the FPKM 
method between the control and cold treatments. A total of 7,689 (leaf) 
and 3,415 (root) DEGs were identified, among them, 4,166 and 1,639 
DEGs were upregulated in leaves and roots, respectively, while 3,525 
and 1,776 DEGs were downregulated under cold stress in leaves and 
roots, respectively, when compared with control (Fig. 3A). Out of these 
DEGs, 1560 (16.3 %) were found to be common between the leaves and 
roots, while 6129 (64.2 %) and 1885 (19.4 %) were leaf-specific and 
root-specific, respectively (Fig. 3B). During cold stress, 562 (5.9 %) co- 
induced and 903 (9.5 %) co-repressed DEGs were identified between 
leaves and roots, and 95 (0.9 %) were oppositely expressed in both 

tissues (Fig. 3C and D). Among these 95 oppositely expressed DEGs, 
more upregulated genes were enriched in root tissues. 

Sequence homology based on GO classification summarized all DEGs 
into three main GO categories including 48 functional groups (Fig. S2). 
A total of 4,182 and 1,970 DEGs were assigned to the biological process 
(BP) category in leaves and roots, respectively, of these, 2,789 (leaf, 55.7 
% upregulated) and 1582 (root, 47.35 % upregulated) DEGs comprised 
the largest category of “metabolic process”, followed by “cellular pro-
cess” including 2,775 (leaf, 55.86 % upregulated) and 1,282 (root, 
49.38% upregulated) DEGs, and “single-organism process” including 
2,288 (leaf, 55.6% upregulated) and 1,067 (root, 49.01% upregulated) 
DEGs. It is worth noting that the “response to stimulus” is the fifth most 
category, including leaves (830, 58.7% upregulated) and roots (400, 
52.25% upregulated). In the molecular function (MF) category, the 
DEGs belong to “catalytic activity” including 2,774 (leaves, 55.19% 
upregulated) and 1,302 (roots, 48.31% upregulated), followed by 
“binding” including 2,702 (leaves, 57.03% upregulated) and 1,227 
(roots, 48.4% upregulated) and “transporter activity” including 375 
(leaves, 59.47% upregulated) and 156 (roots, 55.77% upregulated) were 
characterized as the most abundant groups. The top three GO terms in 
the cellular component (CC) category were “cell” including 1,651 
(leaves, 56.45% upregulated) and 799 (roots, 51.31% upregulated), 
“membrane” 1,247 (leaves, 56.70% upregulated) and 801 (roots, 
51.43% upregulated), and “cell part” in leaves (1,653, 56.38% upre-
gulated) and “organelle” in roots (600, 47.83% upregulated). 

3.5. Verification of the expression pattern of DEGs 

To confirm the cold-induced transcriptional changes, 13 DEGs were 
selected for qRT-PCR analysis in leaves and roots (Fig. S3). Nine 
differently expressed TFs encoding MYB (3), AP2 (2), NAC (1), BHLH 
(1), WRKY (1) and bZIP (1), and another four DEGs were enriched in the 
“response to cold” category was selected to verify the expression pro-
files. qRT-PCR results for 13 DEGs in both tissues displayed similar 
expression profiles with the RNA-seq. The highly consistent between 
qRT-PCR and RNA-seq results indicated the reliability of RNA-seq data. 

Fig. 2. Characteristics of common vetch transcripts. (A) Length frequency distribution of the transcripts; (B) The top 15 species distribution of transcripts that were 
annotated on the basis of homology. 
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3.6. Novel transcripts analysis 

In the present study, a total of 512 transcripts were not annotated in 
eight public databases and defined as novel transcripts. The average 
length of these novel transcripts is 1,688.82 bp, which is shorter than 
those annotated transcripts. Among these 512 transcripts, 42, 105, 276, 
and 98 transcripts were classified as upregulated, downregulated, nor-
mally expressed, and not detected in leaves, respectively. Nineteen, 32, 
404, and 57 transcripts were classified as upregulated, downregulated, 
normally expressed, and not detected in roots, respectively (Fig. S4A). 
During cold stress, both eight co-induced and co-repressed DEGs were 
identified in two tissues. Compared with the expression level of the 
novel transcripts between leaves and roots, there were more DEGs were 
identified in leaves, and most of them were downregulated (Fig. S4B). 

3.7. GO enrichment analysis 

To further characterize the differentiation and coordination of the 
cold response mechanisms in these two tissues, the GO enrichment (top 
25) analysis was performed on leaves and roots, as well as the co- 
induced DEGs between two tissues (Fig. 4). Among the GO enrichment 
results between leaves and co-induced DEGs, roots, and co-induced 
DEGs, three and six enriched categories are the same (Fig. 4D). In the 
leaf tissue, the most significantly enriched categories were “photosystem 

I”, “photosystem II”, “integral component of membrane” and “chloro-
phyll binding”, suggesting that photosystem and cell membrane proteins 
play crucial roles in leaves response to cold stress in common vetch 
(Fig. 4A). Seventy-eight, 82, and 80 DEGs were assigned to “photo-
system I”, “photosystem II” and “chlorophyll binding” categories, 
respectively. Totally, 84 upregulated (six were upregulated in both tis-
sues) and 2 downregulated DEGs were identified in above mentioned 
three categories in leaves (Fig. S5A). Furthermore, 76 DEGs were shared 
between them, while, four, two, and two were specifically expressed in 
“photosystem II”, “chlorophyll bindin” and “photosystem I” categories 
respectively (Fig. S5B). Correspondingly, 13 BPs, three CCs, and nine 
MFs categories were enriched in the roots (Fig. 4B). The “CTP synthase 
activity (11 DEGs)” and “pyrimidine nucleotide biosynthetic process (12 
DEGs)” were the most enriched terms for the molecular function and 
biological process in the root, respectively. It is worth noting that all the 
12 DEGs enriched in the “pyrimidine nucleotide biosynthetic process” 
category were upregulated in roots, and six of them were upregulated in 
both tissues. Eleven of them were annotated as “CTP synthase N-ter-
minus” and one was “alcohol dehydrogenase transcription factor” 
(Fig. S5C). The “response to cold” category was also significantly 
enriched in roots, and most of them were upregulated. For instance, the 
DEGs annotated as “Cysteine proteinase inhibitor”, “Hydrophobic pro-
tein RCI2B” and “Protein GIGANTEA” were all upregulated in both tis-
sues. Furthermore, ten root-specific DEGs were identified, and most of 

Fig. 3. The expression pattern of DEGs under cold stress. (A) The volcano plot of DEGs in leaves and roots. (B) Venn diagram represents the number of overlapping 
DEGs between leaves and roots. (C) Comparison of cold induced or repressed DEGs across leaves and roots. (D) The scatter plot indicates the gene expression levels of 
DEGs that were co-induced, co-repressed, diverged and specifically regulated. 
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them were downregulated (Fig. S5D). 
Moreover, 11 BPs, 2 CCs, and 12 MFs categories (top 25) were 

significantly enriched in co-induced DEGs (Fig. 4C). The “cobalt ion 
binding” is the most enriched, followed by the “amylopectin biosyn-
thetic process” and “cysteine-type endopeptidase inhibitor activity”. 
Four DEGs clustered in the “amylopectin biosynthetic process” category, 
two of them were annotated as “Starch synthase 1”, and the other an-
notated as “Isoamylase 1” (Fig. S6A). It is worth noting that all of them 
have opposite expression patterns in both tissues. As the two most 
significantly enriched terms in MFs categories, all enriched DEGs 
involved in “cobalt ion binding” and “cysteine-type endopeptidase in-
hibitor activity” were upregulated in both tissues (Fig. S6B and C). 
“Temperature compensation of the circadian clock” as the second most 
significantly enriched terms in BPs categories, all the related DEGs were 
upregulated in both tissues (Fig. S6E). In response to low temperature, 
the plant viscosity was increased, with the permeability reducing, and 
then resulting in sugar translocation and water uptake reduced 
(Mukhopadhyay and Roychoudhury, 2018). In this study, “response to 
cold” and “response to water” were enriched (Fig. S6D and F). The DEGs 
enriched in the “response to water” category were all upregulated in 
both tissues. Among 16 DEGs enriched in the “response to cold” cate-
gory, all of them have similar expression patterns between leaves and 
roots, and 14 were upregulated and 2 were downregulated. Four genes 

were simultaneously enriched in three pathways and upregulated in 
both tissues, suggesting that these genes might play an important role in 
low-temperature stress conditions (Fig. S6G). Overall, the expression 
changes and function of enriched DEGs showed the highly coordinated 
and dynamic changes in responses to cold stress in common vetch leaves 
and roots, and most were upregulated. 

3.8. KEGG enrichment analysis 

KEGG pathway enrichment results showed that a total of 2,389, 
1,830, 984, and 425 cold-responsive DEGs were assigned to 125, 125, 
114, and 99 KEGG pathways in the whole plants (including leaves and 
roots), leaves, roots, and co-induced DEGs, respectively (Table S4). The 
top 25 pathways were screened as the most intensive response activities 
(Fig. 5). The “circadian rhythm-plant”, “cyanoamino acid metabolism”, 
“phenylpropanoid biosynthesis”, “fatty acid degradation”, “glutathione 
metabolism”, “arginine and proline metabolism” and “other glycan 
degradation” were the co-enriched pathways in whole plants (Fig. 5A), 
leaves (Fig. 5B), roots (Fig. 5C), and co-induced DEGs (Fig. 5D). Except 
for these seven co-enriched pathways, “fatty acid metabolism” and 
“henylalanine metabolism” pathways, no common pathway was detec-
ted between leaves and roots. Furthermore, there were two, six, and five 
pathways exclusively enriched in leaves, roots, and co-induced DEGs, 

Fig. 4. GO enrichment analysis of the DEGs. The DEGs obtained from leaves (A), roots (B) and the DEGs shared between two tissues (C) were assigned into cellular 
components, molecular functions, and biological processes. (D) The number of overlapping GO enrichment categories among leaves, roots and DEGs shared between 
two tissues. 
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respectively. The “Starch and sucrose metabolism” (157 DEGs), “Plant 
hormone signal transduction” (143 DEGs), and “Phenylpropanoid 
biosynthesis” (116 DEGs) pathways were the most highly represented 
terms in the whole plant. 

3.9. Identification of transcription factors in responses to cold stress 

TFs are important upstream regulators that play crucial roles in re-
sponses to various abiotic stresses. In the present study, a total of 305 
and 111 DEGs were detected as TFs in leaves and roots, which were 
classified into 48 and 39 families, respectively, and the top 20 TF fam-
ilies were displayed in Fig. 6. Among the recognized TF families, bHLH 
and AP2/ERF represented the most abundant category comprising 39 
transcripts, followed by 35 transcripts representing WRKY and 22 

transcripts representing NAC TFs in leaves and roots. Compared with 
other TF families, the WRKY, AP2/ERF, and NAC have more upregulated 
DEGs, and most of them were induced in leaves. Totally, 49 co- 
responsive TFs were identified in both tissues, which were classified 
into 30 TF families (Fig. 7). Among them, the most abundant TFs were 
bHLH (5), followed by WRKY (3), ERF (3), Dof (3), and DBB (3) families. 
There were 256 and 62 TFs specifically induced in leaves and roots, 
respectively. It is worth noting that nine TF families were specifically 
identified in leaves, including CONSTANS-like (CO-like), cystein-rich 
polycomb-like protein (CPP), GLABRA1 ENHANCER BINDING PRO-
TEIN (GeBP), NF-YA, NF-YC, M-type_MADS, YABBY, Zinc finger 
homeodomain (ZF-HD), and Whirly, maybe these TFs play a tissue- 
specific function in response to cold stress in leaves. 

Fig. 5. Scatterplot of enriched KEGG pathways for DEGs under cold stress. (A-D) represents the KEGG pathways enriched in the whole plants, leaves, roots, and co- 
induced DEGs, respectively. The red arrow represents the same enriched pathways among whole plants, leaves, roots, and co-induced DEGs. 

Fig. 6. The expression level distribution of transcription factors responsive to cold stress in common vetch.  
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3.10. The DEGs involved in the CBF pathway 

The Inducer of CBF Expression (ICE)-CBF-COR signaling cascade 
plays crucial regulatory roles in the growth and development of plants 
under cold stress (Ritonga and Chen, 2020; Wang et al., 2020). To gain 
insight into the role of genes involved in the ICE-CBF-COR signaling 
cascade under cold stress in common vetch, the related orthologues and 
their expression patterns responsive to cold stress were identified and 
compared. Among these 36 orthologues (Table S5), six were identified 
as Phenylalanine ammonia-lyase (PAL) genes. For 
Dehydration-responsive element-binding protein (DREB/CBF), cold 
acclimation protein WCOR413 (COR), C2H2-type zinc finger (ZAT), and 
pre-mRNA processing factor (RDM) gene families, five genes were 
assigned for each. MADS-box protein and Gretchen Hagen3 (GH3) have 
four members and the remaining two genes were identified as cold shock 
proteins (CSP). When compared with roots, leaves obtained more DEGs 
(32) involved in the ICE-CBF-COR pathway, and most of them (22) were 
upregulated. Some DEGs showed tissue-specific expression patterns, and 
19 of them were dramatically upregulated only in the leaves, especially 
ZAT genes, all of them were leaf specifically upregulated. In contrast, 

four genes (one GH3.6, two SVPs, and one DREB1C/CBF2) were only 
induced in the roots under cold treatment. Meanwhile, 13 (one 
DREB1C/CBF2, DREB1D/CBF4, and DREB3 for each, two RDM16s, 
PAL2s, and CSP1s each two, and four COR413PM4s) co-inducted DEGs 
were identified and displayed similar expression patterns, indicated the 
coordinated response mechanisms may also exist between leaves and 
roots in common vetch. 

3.11. Six DEGs overexpression in transgenic yeast enhances cold 
tolerance 

To further investigate the involvement of the identified DEGs to cold 
stress, six DEGs (ATCYS6: F01.PB10156; CYSB: F01.PB322; RCI2B: F01. 
PB5382; ATWRKY33: F01.PB13794; BHLH130: F01.PB9425 and 
RAP2.1: F01.PB372) were overexpressed in S. cerevisiae yeast strain 
INVSc1 and their growth characteristics were surveyed. There was no 
difference was observed in the growth rate between empty and recom-
binant plasmids under normal conditions (Fig. 8). While, when the 
transgenic yeast cells were treated at -20℃ for 36 h, the recombinant 
plasmid cells showed a high growth rate compared with the empty 

Fig. 7. Heat map of the 49 co-induced transcription factors in leaves and roots. Red and green indicate a relative increase and decrease in expression (log2 FPKM), 
respectively. 
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plasmid cells. For example, the pYES2-ATCYS6, pYES2-CYSB, and 
pYES2-BHLH130 can still grow in 10− 5 dilution concentration, but the 
pYES2 transgenic yeast cells were hardly grown in a 10-4 dilution 
(Fig. 8). Compared with the pYES2 plasmids, the pYES2-RC12B, pYES2- 
ATWRKY33, and pYES2-RAP2.1 transgenic yeast cell could not grow at 
the 10-4, 10− 5 and 10− 5 dilution concentration, respectively, but the 
growth of the recombinant plasmids transgenic yeast cell was better 
than pYES2 plasmids. These results implicated the primary biological 
functions of these DEGs connected to cold stress and might be promising 
potential candidate targets for improving cold tolerance in common 
vetch through molecular breeding and genetic manipulation. 

4. Discussion 

4.1. Hybrid sequencing strategy provides more comprehensive 
information 

Although the importance of the common vetch for forage, the un-
derstanding of the molecular mechanisms of the development and 
adaptation to abiotic stresses is seriously hampered due to the lack of the 
genome sequence and transcriptomic data. In this study, we constructed 
the first full-length reference transcriptome of common vetch using 
RNA-seq and SMRT sequencing technologies. In previous studies, the 
mean length of the assembled unigenes generated with RNA-seq method 
in common vetch is no longer than 1.2 kb (0.72 ~ 1.12 kb) (Dong et al., 
2017; Kim et al., 2015; Rui et al., 2018; Zhu et al., 2019), which is 
significantly shorter than that in our study (2.3 kb average length). Be-
sides, the annotation rate of the longer transcripts in our study is up to 
98.32 %, which is much higher than previously reported in common 
vetch (the highest is 87.8 %) (De la Rosa et al., 2020). These compari-
sons further proved the great advantage of full-length transcriptome 
owned to improve the reference annotation efficiency, which will 
facilitate the identification of the regulatory networks and comprehen-
sive resistance mechanisms in common vetch under cold stress. 

4.2. Role of Ca2+ signalling in common vetch cold response 

In the current study, the GO category of “calmodulin-binding” was 
significantly enriched in leaves, and 30 DEGs were detected in this 
category, nine of them were also identified in roots (Table S6). 

Noteworthily, except only one DEG, was downregulated in both tissues, 
and two DEGs were downregulated in leaves, the remaining were all 
upregulated. In particular, the expression of 28 DEGs encoding putative 
“calcium-transporting ATPase” and “Cyclic nucleotide-gated channels 
(CNGCs)” families were significantly upregulated after cold treatment, 
especially in leaves, which are concordant with the results reported in 
Magnolia wufengensis and Passiflora edulis in response to cold stress (Deng 
et al., 2019; Liu et al., 2017). In Arabidopsis, the ACA8 (Ca2+-ATPases) 
and ACA9 enzymes were involved in the regulation of the cytoplasmic 
[Ca2+] signal under cold stress, and their expression patterns were 
oppositely regulated in stomatal guard cells (Schiøtt and Palmgren, 
2005). The previous study showed that plant CNGCs genes can be 
regulated by inside second messengers (such as Ca2+/calmodulin), and 
response to various abiotic stimuli (DeFalco et al., 2016; Pandey et al., 
2016). Among various CNGCs, CNGC2 is a Ca2+ influx channel that 
mediates Ca2+ influx into leaf cells (Wang et al., 2017). Among the 
above mentioned 30 DEGs, 13 of them were identified as ACA8, and 5 
were upregulated in both tissues, 7 were specifically upregulated in 
leaves. All CNGCs genes were specifically upregulated in leaves. Mean-
while, the crosstalk and divergence molecular networks among DEGs 
were also identified in the Ca2+ signalling cascades between the leaf and 
root tissues under cold stress. It is supposed that the keeping of the 
cellular homeostasis via Ca2+ efflux through the upregulation of 
Ca2+-ATPases and CNGCs genes might be one of the strategies for 
common vetch to adapt to cold stress. 

4.3. Redox regulation of cold stress response in common vetch 

Many findings suggest that the redox regulatory mechanism is one of 
the major mechanism’s responses to cold stress in plants (Das and 
Roychoudhury, 2014; Dreyer and Dietz, 2018; Gill and Tuteja, 2010). 
Consistent with the expected role of ROS in cold stress response, the SOD 
and CAT contents were significantly increased at 2 h compared with the 
control in common vetch leaves and roots. Meanwhile, the tran-
scriptome analysis also revealed that the antioxidant defense system was 
activated by cold stress in common vetch. The GO category “oxidore-
ductase activity, acting on the CH-NH2 group of donors, NAD or NADP 
as acceptor”, “oxidation-reduction process”, “proline catabolic process 
to glutamate” and “glutathione transferase activity”, the KEGG path-
ways “ascorbate and alternate metabolism” and “arginine and proline 

Fig. 8. Phenotypic growth assays of INVSc1 cells transformed with the pYES2 empty vector, pYES2-ATCYS6, pYES2-CYSB, pYES2-RC12B, pYES2-ATWRKY33, 
pYES2-BHLH130 and pYES2-RAP2.1 were spotted on SC-Ura medium in 2 mL aliquots of 10-fold serially diluted (1, 10− 1, 10-2, 10-3, 10-4, and 10-5) cultures under 
cold stress. 
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metabolism”, “flavonoid biosynthesis” and “glutathione metabolism” 
were significantly enriched in common vetch under cold stress. The 
balance of redox balance is maintained by these antioxidants through 
the regulation of reductants and oxidants in a balanced state. Scav-
enging of O2

.− into H2O2 by Fe-SOD, Cu/Zn-SOD, and Mn-SOD super-
oxide dismutase isoforms plays a major role in redox homeostasis (Li 
et al., 2017). In common vetch, four SOD DEGs were specifically iden-
tified in leaves, one of them was upregulated and the remaining three 
were all downregulated (Table S7). The previous study in A. thaliana 
showed that the soybean gene regulated by cold-2 (AtSRC2) plays regu-
latory roles through improving the Ca2+-dependent ROS-producing ac-
tivity of NADPH oxidase AtRbohF (Kawarazaki et al., 2013). In this 
study, four NADP-specific glutamate dehydrogenase DEGs were 
enriched in “oxidoreductase activity, acting on the CH-NH2 group of 
donors, NAD or NADP as acceptor” term in roots, two of them were 
upregulated in both tissues, and two were specifically downregulated in 
roots. Two DEGs have the highest similarity with soybean “SRC1” and 
“SRC2”, and all of them upregulated in leaves, and one was upregulated 
in roots (Table S7). Considering their different expression profiles and 
putative functions in redox regulation, these genes might be involved in 
response to the cold stress and antioxidant accumulation. Although the 
redox regulation related DEGs could be identified both in leaves and 
roots, more were found in roots, implying that different strategies might 
be adopted by above- and under-ground tissues in response to cold stress 
in common vetch. 

The previous study has shown that the MAP kinase cascade, 
including MAPK, MAP kinase kinase (MAP2K, MKK, or MMK) and MAP 
kinase kinase kinase (MAPKKK), lie downstream of second messengers 
(such as ROS and Ca2+) and hormones, and play vital roles in plant re-
sponses to cold stress (Guo et al., 2018; Jalmi and Sinha, 2015). Among 
them, MKK2 has been shown to activates MPK4 and MPK6 via phos-
phorylation in response to cold (Lissarre et al., 2010). In this study, 30 
DEGs were identified as being MAPKs after the exposure of common 
vetch to cold stress. Among these signal sensors, one MPK and two 
MAPKKK were identified in two tissues and showed similar expression 
patterns. Thirteen DEGs were announced as “MPK”, one of them was 
identified as “MPK3” and upregulated in leaves. Zhao et al. (2017) re-
ported that although MPK3 could be rapidly activated after cold treat-
ment in A. thaliana, the constitutively suppresses of this gene enhanced 
the freezing tolerance indicated that MPK3 could function as a negative 
regulator in cold response. In our study, one DEG annotated as MPK3 
also upregulated upon the cold stress and whether this MPK3 gene in 
common vetch negatively regulated the cold stress still needs further 
research. Meanwhile, a total of 13 DEGs were announced as “MAPKKK”, 
four of them were identified as “MAPKKK3” and were upregulated in 
leaves. While five MPK and four MAPKKK were specifically down-
regulated in leaves (Table S7). These results indicated that the MAP 
kinase signalling cascade could be induced by the cold stress in common 
vetch and different networks and mechanisms may be adopted by leaves 
and roots in response to cold stress. 

4.4. The hormonal signalling involved cold stress response 

Hormones signalling act as central regulators to induce expression 
changes of cold-responsive genes and aid plants to enhance low tem-
peratures tolerance (Eremina et al., 2016; Solanke and Sharma, 2008). 
Among the different plant hormones, ABA is an important intracellular 
messenger involved in mediating abiotic stress signal transduction and 
tolerance in abiotic stress (Zhu, 2016). The ABA pathway of Pyracbactin 
Resistance/Pyracbactin resistance-like/Regulatory Component of ABA 
Receptor (PYR/PYL/RCARs)-Protein Phosphatase 2Cs (PP2Cs)-Sucrose 
non-fermenting 1-related protein kinase (SnRKs) can facilitate the 
transcription of downstream effectors or upstream kinases and play an 
important role in response to abiotic stresses (Baek et al., 2019; Jeon 
et al., 2010; Zhu, 2016). In the current study, four common vetch PYL 
DEGs were detected, and all of them were specifically upregulated in 

leaves. Ten announced PP2Cs displayed tissue-specific expression pro-
files, and six of them were upregulated, one was downregulated in 
leaves, and the remaining three were upregulated in roots, suggested the 
function of these common vetch PP2C genes may have tissue specificity 
and mainly play positive roles in response to cold stress (Table S8). 
Furthermore, 14 serine/threonine (Ser/Thr)-protein kinase were iden-
tified in common vetch, two were upregulated in both tissues, ten (four 
upregulated and six downregulated) were significantly expressed in 
leaves, and two (each one for upregulated and downregulated) were 
significantly expressed in roots. These results in agreement with the 
previous findings that Ser/Thr phosphatases play as negative modula-
tors in cold stress response (País et al., 2009; Vazquez-Tello et al., 1998). 

A two-component signalling system known as RABIDOPSIS HISTI-
DINE KINASE2 (AHK2) and AHK3, and the cold-inducible A-type ARA-
BIDOPSIS RESPONSE REGULATORS (ARRs), have been established in 
Arabidopsis cytokinin (CK) signal transduction pathway, and suggested 
that type-A ARRs function as a negative regulator in response to cold 
stress (Jeon and Kim, 2013a; Jin et al., 2010; Kim and Jin, 2013). In this 
study, four common vetch DEGs were identified as ARRs, two of them 
were downregulated in leaves and one was upregulated in roots. The 
remaining one could be induced in both tissues with distinct regulation 
patterns (upregulated in roots, downregulated in leaves). Furthermore, 
15 common vetch DEGs were identified as AHK. Four announced as 
“AHK2” were all downregulated in leaves; six were announced as 
“AHK3” were all upregulated in leaves; five announced as “AHK4”, one 
was upregulated in roots, and the remaining were downregulated in 
leaves (Table S8), indicated that in common vetch, different AHK 
members may have different roles (positive or negative), and most of 
them may confer protection against cold stress in leaves. 

Cold stress alters endogenous ethylene (ET) contents in many plant 
species. Low-temperature tolerance was compromised in the ET insen-
sitive M. truncatula sickle (skl) mutant by repressing the expression of 
ethylene-insensitive3/ethylene-insensitive3-like (EIN3/EIL), and ERFs, 
and leading to the increase of freezing resistance by upregulating 
MtCBFs and MtCAS15 in M. truncatula (Zhao et al., 2014). The previous 
study demonstrates that the ET level negatively regulates cold signalling 
by suppressing CBF and type-A ARR gene expression through EIN3 in 
Arabidopsis (Shi et al., 2012). Furthermore, cold stress stabilizes EIN3 
most likely mediated by F-Box proteins EIN3-BINDING F BOX PROTEIN 
1 (EBF1) and EBF2, through a ubiquitin/proteasome pathway in an 
EIN2-dependent manner (Shi et al., 2012). In this study, the DEGs 
enriched in the ET signalling pathway appear tissue-specific, and most 
were upregulated in leaves. For example, six common vetch DEGs were 
announced as “EBF1”, five of them were specifically upregulated in 
leaves, and only one specifically downregulated in roots. Five DEGs 
were announced as “EIN3”, three of them were specifically upregulated 
in leaves, and one was downregulated in roots (Table S8). Furthermore, 
two common vetch AP2/ERF TFs announced as “ERF1B” and “ERF15” 
were all upregulated in leaves. ET could be sensed by five receptor 
families, including ETR1, ERS1, ETR2, ERS2, and EIN4 (Gamble et al., 
2002). In this study, one ETR1 and four ETR2 members were identified. 
Among these four ETR2 members, one was upregulated in roots, and the 
remaining three were specifically upregulated in leaves, indicating their 
critical roles in response to cold stress in common vetch. 

When compared with other hormone molecules, auxin (IAA) is one of 
the most major signalling molecular induced during cold in common 
vetch, a total of 31 DEGs were identified as IAA in the “plant hormone 
signal transduction” pathway, and nearly 66.7% DEGs were down-
regulated. Recently, the auxin response factor (ARF) family was found 
playing vital roles in regulating the expression of downstream target 
genes to respond to abiotic signals or development (Chandler, 2016; Li 
et al., 2016a). In this study, four ARF DEGs were identified, and all of 
them were downregulated in leaves (Table S8). Previous studies indi-
cated the downregulation of small auxin up-regulated RNA (SAUR) genes 
is taken as a compensation mechanism by plants to confer to various 
abiotic stresses (cold, drought, and salt) (Stortenbeker and Bemer, 
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2019). In the current study, two of the identified SAUR genes were 
downregulated in both tissues, two and one were specifically down-
regulated in leaves and roots, respectively, indicated that a similar 
compensation mechanism may also be adopted by common vetch under 
cold stress. However, the molecular mechanism of IAA in cold stress 
response is not dissected, although numerous IAA-regulated genes were 
identified under cold stress in Arabidopsis and rice (Eremina et al., 2016; 
Jain and Khurana, 2009). Further work is still required to establish how 
IAA function to cold stress response in common vetch. 

In addition to the above-mentioned phytohormones, brassinoste-
roids (BRs) also might play an important role in response to cold stress 
since twelve brassinosteroid-insensitive 1-associated kinase 1 (BRI1- 
BAK1) were identified in common vetch. The previous study found that 
the BR-insensitive 1 (bri1) mutant and BRI1-overexpressing transgenic 
plants showed a higher expression level of cold stress-inducible CBFs/ 
DREB1s than wild-type, and bri1 mutant displayed more tolerance to 
cold stress than both BRI1-overexpressing plants and wild type (Kim 
et al., 2010). The common vetch BRI1 involved in the BR signalling 
pathway was strongly induced in both tissues, especially in leaves, and 
most of the themes were downregulated under cold stress (Table S8), 
suggesting these DEGs corresponding to BRs signals might play negative 
roles under cold stress in common vetch. 

Summarily, most of the DEGs related to phytohormones specifically 
expressed in one tissue under cold stress in common vetch, and only 7.1 
% of DEGs expressed in both tissues. When compared with the under-
ground part, more DEGs induced in aboveground tissue, and accord-
ingly, different types of hormonal signalling were more significantly 
changed in the aboveground tissue, implying that the aboveground tis-
sue may play more crucial roles in response to cold stress in common 
vetch. 

4.5. Role of photosynthesis signalling in common vetch cold stress 
response 

Increasing lines of evidence suggest that many factors such as clock 
components, light quality, and stress responses are involved in the core 
cold-signalling pathway and function as positive regulators to low- 
temperature conditions. The canonical cold-response pathway involves 
the CBF proteins which activate COR genes by binding to the C-repeat 
(CRT)/dehydration-responsive element and then further function in 
stress protection (Thomashow, 2010; Xu et al., 2014; Zhou et al., 2011). 
The circadian clock loop including multiple inter-locking regulatory 
feedback loops, which consist of two single MYB-domain TFs, CIRCA-
DIAN CLOCK-ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPO-
COTYL (LHY), and TIMING OF CAB EXPRESSION 1 (TOC1), a 
PSEUDO-RESPONSE REGULATOR (PRR) protein (Dong et al., 2011; 
Seo and Mas, 2015). In this study, 61 DEGs were enriched in the 
pathway of “Circadian rhythm-plant”, and except for one and three 
DEGs downregulated in leaves and roots, respectively, the remaining 
were all upregulated (Table S9). Among these upregulated DEGs, 31 
were upregulated in both tissues, 25 and one specifically upregulated in 
leaves and roots, respectively. Among them, 26 PRRs, three LHYs, three 
GIs, and two ELFs were identified in common vetch. Notably, 3 LHYs 
were co-induced in leaves and roots, and all of them were upregulated. 
The cca1-11/lhy-21 double mutation greatly suppressed the expression 
level of CBF1, CBF2, and CBF3, and mostly eliminated the circadian 
regulation of CBF1 and CBF3, and resulting in impaired freezing toler-
ance in both unacclimated and cold-acclimated Arabidopsis, indicated a 
positive regulation between CCA1/LHY and CBF cold-response pathway 
(Dong et al., 2011). PRR is another clock component that has been 
identified related to cold responses, a triple PRR9, PRR7 and PRR5 
mutant (d975) displayed more tolerant to cold by mediating the 
expression of DREB1/CBF (Nakamichi et al., 2009). Among the 26 PRRs, 
five, five, and one DEGs were announced as “PRR9”, “PRR7”, “PRR5”, 
except one DEGs (PRR7) was downregulated in roots, the remaining 
were all upregulated in both tissues or specific tissue. Interestingly, the 

expression pattern of three PRRs is significantly different from other 
pseudo response regulator-related genes, which were specifically down-
regulated in roots, thus further research needed to identify whether 
these genes are functionally redundant or have tissue-specific roles. 
Oppositely, in Arabidopsis, a cold-induced clock component GIGANTEA 
(GI) positively regulates cold stress via a CBF-independent manner gi-3 
mutant (Cao et al., 2005). Three GIs were all upregulated in leaves, and 
one was upregulated in both tissues. These results suggest that the 
circadian clock may be an efficient way to increase cold resistance by 
both CBF-dependent and CBF-independent manners in common vetch. 

4.6. TFs involved in the cold-stress response 

An increasing amount of evidence indicates that many TF families, 
such as AP2/ERF, MYB, WRKY, NAC, C2H2, and bHLH are involved in 
cold-stress response (Atkinson and Urwin, 2012; Ritonga and Chen, 
2020). The CBFs (DREBs) can bind to the DRE/CRT cis-element in COR 
genes and result in the induction of the targeted genes (Akhtar et al., 
2013; Li et al., 2019; Ritonga and Chen, 2020). In common vetch, two 
CBF2s, one CBF4s, and two DREB3s were identified and all of them were 
upregulated except DREB3s. Meanwhile, five COR413PM4 genes were 
significantly induced, four of them were upregulated in both tissues, 
indicated that the ICE-CBF-COR pathway may also play critical roles in 
activating the expression of the downstream genes in response to cold 
stress in common vetch. The MfERF1, isolated from Medicago falcata, 
regulates freezing, and chilling tolerance through promoted proline 
accumulation, antioxidant protection, and polyamine turnover in 
transgenic tobacco plants (Zhuo et al., 2018). When common vetch 
under cold stress, the highest number of upregulated genes found are 
AP2/ERF family, and two of them are co-activated, and synergistically 
upregulated between leaves and roots. When overexpressed the Medi-
cago falcata NAC TF (MfNAC3) in M. truncatula, the transgenic plants 
exert a positive role in enhancing cold tolerance by regulating the 
MtCBF4 (Qu et al., 2016). Overexpression of a tomato SlNAM1 gene 
improves the chilling tolerance in transgenic tobacco (Li et al., 2016b). 
Moreover, in this study, except for one transcript (announced as 
NAC083) is downregulated in the root, the remaining NAC TFs are 
upregulated in both of the aboveground and underground tissues. Pre-
vious studies have verified that MYB TFs participated in various cold 
stress response pathways, especially through the ABA-inducible signal-
ling pathway to regulate CBF TFs in response to cold stress (Calzadilla 
et al., 2016; Chinnusamy et al., 2007). In this study, the MYB and 
MYB-related families were also identified to be induced by cold stress in 
common vetch, indicating their critical and conserved roles in cold 
tolerance in plants. 

5. Conclusions 

In this study, the similar and distinct molecular mechanisms of cold 
adaptations in common vetch leaves and roots were demonstrated by 
combining RNA-seq and SMRT sequencing, offering the first compre-
hensive cold-responsive transcriptome analysis under cold stress in 
common vetch up to now. The results obtained in this study showed that 
Ca2+, redox, hormonal signalling, circadian clock, and photosynthesis- 
antenna proteins couple with TFs play important roles through CBF- 
dependent or CBF-independent transcriptional pathways to respond to 
cold stress (Fig. 9). While compared with underground tissues, above-
ground tissues were more active under cold stress in common vetch. The 
integrated analysis revealed the differential responses and partitioned 
functions of cold signalling and sensing between common vetch leaves 
and roots, which will contribute to uncovering the underlying mecha-
nisms and new genes involved in cold stress and used for breeding 
modified cultivars that more readily adapted to cold stress in common 
vetch. 
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