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Transcriptome analysis of Populus X g
canadensis'Zhongliao1’in response to low
temperature stress

Chengchao Yang"", Xiaoyu Li', Yan Zhang' and Hua Jin?

Abstract

Background Low temperatures are known to limit the growth and geographical distribution of poplars. Although
some transcriptomic studies have been conducted to explore the response of poplar leaves to cold stress, only a few
have comprehensively analyzed the effects of low temperature on the transcriptome of poplars and identified genes
related to cold stress response and repair of freeze—thaw injury.

Results We exposed the Euramerican poplar Zhongliao1 to low temperatures; after stems were exposed to —40°C,
4°C, and 20°C, the mixture of phloem and cambium was collected for transcriptome sequencing and bioinformatics
analysis. A total of 29,060 genes were detected, including 28,739 known genes and 321 novel genes. Several
differentially expressed genes (n=236) were found to be involved in the Ca’* signaling pathway, starch-sucrose
metabolism pathway, abscisic acid signaling pathway, and DNA repair. They were functionally annotated; glucan
endo-1,3-beta-glucosidase and UDP-glucuronosyltransferase genes, for instance, showed a close relationship with
cold resistance. The expression of 11 differentially expressed genes was verified by gRT-PCR; RNA-Seq and gRT-PCR
data were found to be consistent, which validated the robustness of our RNA-Seq findings. Finally, multiple sequence
alignment and evolutionary analysis were performed, the results of which suggested a close association between
several novel genes and cold resistance in ZhongliaoT.

Conclusion We believe that the cold resistance and freeze—thaw injury repair genes identified in this study are of
great significance for cold tolerance breeding.

Keywords Poplar, Freeze—thaw injury, Overwintering, Low temperature stress, Cold stress response

*Correspondence:

Chengchao Yang

woodbreeding@126.com

'Liaoning Provincial Institute of Poplar, 115213 Gaizhou, China
%College of Environment and Bioresources, Dalian Minzu University,
116600 Dalian, China

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-023-09187-7&domain=pdf&date_stamp=2023-2-16

Yang et al. BMC Genomics (2023) 24:77

Background

Temperature is the main limiting factor that determines
the geographical distribution of plants. The global eco-
nomic losses caused upon exposure of plants to low
temperatures are substantial each year. Yang et al. [1]
investigated the mechanism underlying overwintering
death in poplar; in regions such as Liaoning Province of
China, overwintering death can be attributed to the accu-
mulation of freeze—thaw damage beyond the limits of
freeze—thaw resistance.

On exposure to low temperature stress, the response
of plants involves several steps, including signal percep-
tion, transduction, and amplification, involving a series of
primary and secondary messengers. The mechanisms of
cold signal perception and transduction have been widely
explored. It is generally believed that the cell membrane
first senses changes in ambient temperature [2] and then
transmits the signal to the cell. Protein kinase, Ca** chan-
nels, and phospholipase appear to play the role of sec-
ondary temperature receptors [3—6]. The phytochrome
phyB and phototropin2 not only act as photoreceptors
but also can sense changes in ambient temperature [7, 8].

There have been no recent breakthroughs in research
on the antifreeze mechanism of plants. Damage to the
cell membrane structure and oxidative damage caused
by reactive oxygen species are known to be largely
involved. In poplars, freeze—thaw injury can be classi-
fied into reversible and irreversible freeze—thaw injury.
The cumulative effect of effective freeze—thaw injury is
the main cause of poplar death during overwintering [1,
9]. To ensure survival during harsh winters, the ability to
recover from reversible freeze—thaw injury is essential.
At present, most studies have focused on elucidating the
molecular mechanisms underlying the response of plants
to cold and subzero temperatures. For example, single-
molecule real-time (SMRT) and Illumina RNA sequenc-
ing were performed for P. ussuriensis after chilling (3 °C)
and freezing (-3 °C) stresses [10]. Chen et al. [11] per-
formed deep-sequencing transcriptome analyses of low
temperature (4 °C and —4 °C) perception in a desert tree.
P euphratica, providing a global transcriptome picture
of P euphratica under low temperature stress. Besides,
Yang et al. [12] conducted transcriptome profiling of P
tomentosa leaves under cold stress(4 °C). In P euphra-
tica, abscisic acid(ABA) and Ca?* signaling components
play a key role in adaptation to cold stress [6], while in
P tomentosa [12], cold response candidate genes are
mainly associated with glucose metabolism, antioxidant
defense system, hormone signal transduction, and pho-
tosynthesis (e.g., genes encoding sucrose synthase, super-
oxide dismutase, brassinosteroid-signaling kinase, and
ferredoxin). Wang et al. [13] performed high-throughput
sequencing to generate global transcriptome profiles of
Pinus koraiensis under cold stress(—20 °C), enhancing
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our understanding of cold response-related molecular
mechanisms and providing the basis for the molecu-
lar breeding of conifers. To date, however, not much is
known regarding the molecular mechanisms used by
poplars to recover from freeze—thaw injury.

Herein Populus x euramericana exposed to different
temperatures was subjected to RNA-Seq; genes involved
in freeze—thaw resistance were identified, and real-time
PCR (qRT-PCR) verification and pathway analysis were
conducted.

Methods

Poplar culture, collection, and processing

Zhongliaol (Populus X canadensis ‘Zhongliaol’) obtained
a superior seed certificate from Liaoning Province For-
est Quality Examination and Approval Committee, cer-
tified seed code: Liao S-SC-PC-001-2011. Zhongliaol
was deposited in the National Center for Forestry and
Grassland Genetic Resources (http://www.nfgrp.cn/data/
list/resource_detaillist.html), platform resource number:
1111C0003911000007.

In late April, Zhongliaol was cultured using the
hardwood cutting method in a sandy loam nursery
(N41°12’8.66”, E121°24'1.20”, altitude of 16.85 m) in
Linghai City, Liaoning Province, China. In mid-Novem-
ber, 1-year-old lignified stems were collected, cut into
50-cm-long segments, and exposed to —40 °C for 24 h,
4 °C for 24 h, and 20 °C for 24 h (45 stems per treat-
ment pattern). The samples treated at —40°C, 4 °C, and
20 °C were collected at 20 °C and the collection of sam-
ples treated at each temperature was completed within
10 min. Before sampling, the epidermis of the stem seg-
ment was removed, and cambium and phloem were
scraped with a stainless-steel blade; the samples were
then transferred into a cryopreservation tube, immedi-
ately frozen in liquid nitrogen, and stored at —80°C until
needed.

Determination of physiological parameters

Relative electrical conductivity (REC), malondialdehyde
(MDA), proline, and soluble sugar contents were mea-
sured as previously described by Li et al. [14].

RNA extraction, cDNA library construction, and RNA-Seq
The samples were ground into a fine powder in liquid
nitrogen. RNA was extracted using TRIzol (Invitrogen,
USA), according to manufacturer instructions. RNA con-
centration, RIN value, 28 S/18S ratio, and fragment size
of total RNA were measured using Agilent RNA 6000
Nano Kit on an Agilent 2100 Bioanalyzer. RNA sample
purity was determined by measuring absorbance with a
NanoDrop™ spectrophotometer.

mRNA was isolated from total RNA using mag-
netic beads with oligo(dT). To fragment mRNA, an
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Table 1 Primer pairs used for gRT-PCR

Sequence (5'-3') Gene name Size
TAGGCTGTTGGAAAGGTTCTGCCA GAPDH 171

TGCCTTCTTCTCAAGCCTGACAGT

GTTGTGGTTGCCAATATCCCTA Potri.013G154000. v3.0 86
CCATCTTCATTACCTTCCCTGT

TAGCAGTGGCGTGACAGCAGAA Potri.T011400.v3.0 82
TTGACATGGAAGACCAATAGAG

AATGGATTCTATCTGTGCTGGT Potri.001G313000.v3.0 134
CTTCGTCTCTTTTCACGTTGTT

TTAGATAAAAGGTCGACGCGG BGI_novel _G000247 119
CGAAAGTTGATAGGGCAGAAA

TCAAAGAATCATCGAAGAAGGA Potri.011G113000.v3.0 128
GCTGTAGAACGGAATAAGTGCC

ATATGTCCTGCTTATGGTCTA Potri.T079300.v3.0 135

CATCACTACTGTGAATTCTTC

GGGGTTCGAGCCCTGGTGTTA Potri.019G003400.v3.0 127
AAATGGGGGTGAGCTTGTGAG

ATCAAGCCATATTATCCGCAA Potri.008G055900.v3.0 97
GAACGAGACGAGAAATCCACT

ACACAAAGGGCTAATAACCAG Potri.001G036900.v3.0 103
GAACATAGGCAACACACACAA

AGTGGAACTAAACCCAGGAAA Potri.002G019300.v3.0 99
TGAGCAGCCCAGACAACGATA

ATCTGTTTCTTTCTATCCCGT Potri.019G020700.v3.0 125

TGATTTCATTACCCTCTTTCA

appropriate amount of interrupting reagent was added to
the obtained mRNA sample under high temperature; this
fragmented mRNA was then used as a template to syn-
thesize double-stranded cDNA, which was purified using
a kit. The cohesive ends were repaired and the base “A”
was added to the 3’-end of cDNA to ligate the adaptor.
Fragment sizes were then selected and amplified by PCR.
The constructed library was subsequently analyzed by an
Agilent 2100 Bioanalyzer (Agilent DNA 1000 Reagents)
and ABI StepOnePlus Real-Time PCR System (TaqgMan
Probe). On passing the test, DNA was sequenced on an
[lumina HiSeq 3000 platform by Beijing Genomics Insti-
tute (BGI), China.

Bioinformatics analysis

SOAPnuke v1.5.2 was used to filter sequencing data [15].
The methods applied were as follows: (1) reads contain-
ing sequencing adaptors were eliminated; (2) reads with
base ratio (base mass<5)>20% were removed; (3) reads
with unknown base (Nbase) ratio>5% were deleted.
The filtered clean reads were then stored in FASTQ for-
mat. The reads were subsequently mapped to a refer-
ence genome (https://phytozome.jgi.doe.gov/pz/portal.
html#!info?alias=Org_Ptrichocarpa)  using  HISAT2
(v2.0.4) [16]. Bowtie2 v2.2.5 [17] was used to align the
clean reads to the reference coding gene set, and gene
expression levels were calculated by RSEM v1.2.12 [18].
Based on gene expression levels in different samples, a
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heatmap was drawn using pheatmap (v1.0.8). Differential
expression analyses were performed with DESeq2(v1.4.5)
with Q value<0.05. To further understand physiologi-
cal changes, gene ontology (GO)(http://www.geneontol-
ogy.org/) and Kyoto encyclopedia of genes and genomes
(KEGG) (https://www.kegg.jp/) pathway enrichment
analyses [19-21] were performed with differentially
expressed genes (DEGs) using the R “Phyper” function
(https://en.wikipedia.org/wiki/Hypergeometric_Distri-
bution) based on the hypergeometric test. The signifi-
cance levels of terms and pathways were assessed with Q
value<0.05 via Bonferroni correction [22].

qRT-PCR verification
RNA was extracted from the aforementioned samples
and reverse transcribed into cDNA. Eleven DEGs were
randomly selected for data verification by qRT-PCR.
qRT-PCR was performed with SYBR Premix Ex Taq
II (Takara) on a StepOnePlus Applied Biosystems Real-
Time Instrument (Thermo Fisher Scientific, USA). The
cycling conditions were as follows: denaturation at 95 °C
for 3 min, followed by 40 cycles of 95 °C for 10 s, 60 °C
for 20 s, and 72 °C for 10 s, and final extension at 72 °C
for 3 min. Table 1 shows the primers used for qRT-PCR.
GAPDH served as the internal control. Three indepen-
dent replicates were assessed. Relative gene expression
was calculated using the 2722t method.

Multiple sequence alignment and evolutionary analysis
Highly homologous sequences of different species were
queried systematically against NCBI using BlastX, and
amino acid sequences were aligned by ClusterX. A phylo-
genetic tree was constructed by MEGA7 with the neigh-
bor joining method.

We confirm that all methods of experimental research
and field studies, including the collection of plant mate-
rial, were performed in accordance with relevant institu-
tional and international guidelines and legislation.

Results

Assessing physiological indices

Electrolyte leakage and MDA, proline, and soluble sugar
contents were measured. We found that proline, MDA,
and soluble sugar contents slightly increased between
20 °C and 4 °C, but electrolyte leakage was significantly
different (p<0.01) at 20 °C and 4 °C. At —40 °C, these
physiological indices showed a significant increase; elec-
trolyte leakage and proline content reached a very sig-
nificant level (p<0.01), while soluble sugar and MDA
contents reached a significant level (p<0.05) (Fig. 1).
These findings indicated that with a decrease in tem-
perature, the damage to the cell membrane increased;
moreover, accumulation of membrane lipid peroxidation
products was observed, resulting in gradual aggravation
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Fig. 1 Effects of different temperatures on four physiological indices. Note: Letters on the columns of the same physiological index represent results of
multiple comparisons. Different letters indicate that there was a significant difference between different temperatures, and same letters indicate that

there was no significant difference

Table 2 Basic information and splicing analysis of RNA-Seq data

Sample Total raw Total clean Total clean Clean Clean Total map- Total gene Known gene Novel
reads (Mb) reads (Mb) bases (Gb) reads Q20 readsratio pingratio number number gene
(%) (%) num-
ber
CK1 52.58 44.41 6.66 98.27 84.46 69.51 23,621 23413 208
CK3 55.77 4527 6.79 98.50 81.18 72.19 23411 23,194 217
T201 55.2 448 6.72 98.47 81.16 71.73 25,503 25,276 227
T203 54.17 4466 6.7 98.51 8244 745 25,247 25,025 222
TN402 55.16 44.69 6.7 98.34 81.01 71.62 23,057 22,856 201
TN403 54.17 4447 6.67 9837 82.09 69.97 23,829 23,612 217
of cell membrane damage. Proline and soluble sugar Table3 Statistical results of DEGs
contents were increased, indicating that the contents CK vs. T20 CK vs. TN40 T20 vs. TN40
of osmotic adjustment were increased. This increase in  p 9606 1097 2910
osmotic potential seems to contribute to improving cold  Down 2750 1816 10,105

resistance.

RNA-Seq
The collected poplar samples were treated at —40 °C,
4 °C, and 20 °C. Each treatment was repeated thrice (n=9
samples).

Six samples were assessed on the Illumina HiSeq plat-
form, and each sample produced 6.71 Gb data on aver-
age. Further, on average, each sample generated 54.51 Mb
raw reads and 44.72 Mb clean reads. The clean data were
deposited in the NCBI Sequence Read Archive (SRA)
under accession number PRJNA891633. One abnor-
mal dataset was removed from each treatment, and the
remaining two biological repetitions, i.e., data of six
samples, were analyzed. Herein abnormal data indicate a
group of data that could not be clustered with the other
two groups of data in cluster analyses; i.e., it showed low
correlation with the other two groups of data. The aver-
age comparison rate of the sample genome was 72.40%,

and the average comparison rate of the gene set was
71.59%. A total of 29,060 genes were detected, includ-
ing 28,739 known genes and 321 predicted novel genes
(Table 2).

HISAT?2 was used to compare clean reads to the refer-
ence genome sequence. The average comparison rate of
each sample was 72.40%.

Identification of cold stress response genes

Based on gene expression levels, we identified DEGs that
were induced in response to cold stress (Table 3). There
were 10,105 cold-induced genes, 2,910 cold-repressed
genes, and 12,544 non-DEGs. Overall, 36 DEGs showed
significantly up- or downregulated expression levels
(Fig. 2).
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GenelD Kegg Orthology
Potri.015G134600.v3.0 K05282
Potri.001G233400.v3.0 KO01537 1
Potri.011G113000.v3.0 K00799 I
Potri.004G207300.v3.0 K13412
Potri.004G105300.v3.0 KO01180 0
Potri.019G020700.v3.0 KO08900 I'O'S
Potri.001G222200.v3.0 K02183
Potri.019G003400.v3.0 K00480 -1
Potri.005G215600.v3.0 KO01537
Potri.004G034100.v3.0 [EC:1.6.5.9]
Potri.008G055900.v3.0 K19891
Potri.008G159100.v3.0 KO01537
Potri.002G019300.v3.0 K04733
Potri.001G036900.v3.0 K01904
Potri.005G214000.v3.0 K06890
Potri.003G121400.v3.0 K03327
Potri.010G081100.v3.0 KO01537
Potri.016G125400.v3.0 K14496
Potri. T079300.v3.0 K07409
Potri.012G048200.v3.0 K13448
Potri.001G101300.v3.0 K10843
Potri.001G313000.v3.0 K00699
Potri. T011400.v3.0 K09422
Potri.013G154000.v3.0 K14794
Potri.015G136900.v3.0 K13412
Potri.009G153800.v3.0 K09842
Potri.009G098800.v3.0 K18801
Potri.017G087200.v3.0 K13448
Potri.018G139800.v3.0 KO01537
Potri.001G097400.v3.0 K13412
Potri.013G147200.v3.0 [EC:1.6.5.9]
Potri.016G057600.v3.0 K19893
Potri.005G109500.v3.0 K14432
BGI novel G000247 NA
Potri.005G206700.v3.0 K02717
Potri.007G040400.v3.0 K16815

0.5

T20 TN40 CK4

Fig. 2 Heatmaps and annotations of 36 DEGs
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Fig.3 Comparison of changes in DEGs detected by RNA-Seq and gRT-PCR

Verification of the reliability of RNA-Seq data by qRT-PCR
To verify the accuracy of RNA-Seq data, we verified the
expression levels of 11 randomly selected DEGs by qRT-
PCR. A good correlation was found between RNA-Seq
and qRT-PCR data (Fig. 3), validating the robustness of
our RNA-Seq data.

Functional annotation

GO annotation of cold stress response genes

All up- and downregulated genes were subjected to GO
analysis (Fig. 4). DEGs were functionally classified into
molecular function, cellular component, and biologi-
cal process categories. The molecular function category
mainly included 14 items, with catalytic activity, binding,
transporter activity, structural molecule activity, nuclear
acid binding transcription factor activity, and signal
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transducer activity being the top 6 items. In the cellular
component category, cell, cell part, membrane, organelle,
and membrane part were the top 5 items. Finally, the bio-
logical process category mainly included 23 items, such
as metabolic process, cellular process, single organization
process, localization, biological regulation, response to
stimulus, and reproduction.

Pathway analysis of cold stress response genes

KEGG pathway classification results were divided into
five categories, with a total of 19 items. The most notable
features were transport and catabolism, signal transduc-
tion, membrane transport, translation, and replication
and repair.

Figure 5 shows the total functional enrichment results
of DEGs of the top 20 KEGG pathways for TN40-
vs-T20, and Fig. 6 shows a volcano plot of DEGs for
TN40-vs-T20.

Discussion

Multiple sequence alignment and evolutionary analysis of
new target genes

For novel gene mining, amino acid sequences of the
novel gene BGIG00247 were used for BLAST analysis,
and six genes with a relatively high similarity score from
BLAST results were screened and further analyzed. A
phylogenetic tree was constructed with MEGA?7, and
amino acid sequences of these seven genes were used
for multiple sequence alignment (Fig. 7). BGIG00247
showed high similarities to the hypothetical protein
POPTR005G132600 (PNT36528) from P trichocarpa
and KAF9678711 from Salix dunnii, suggestive of a
close genetic relationship among them (Fig. 8). Another
novel gene showed the highest BLAST score with a cold
adaptation-related gene in silver poplars (TKS17494.1).
Therefore, these novel genes seem to be closely associ-
ated with cold resistance in Zhongliaol.

Relationship between DEGs and the Ca®* signaling
pathway

The cell membrane is the primary target of low tempera-
ture damage. Low temperatures cause the cell membrane
to turn into the gel phase, leading to depolymerization
and rearrangement of microtubules and microfilaments
in the cell; in addition, the ion channels on the membrane
are activated, which causes an instantaneous increase in
cytosolic concentrations of Ca**. As a second messenger,
Ca”* has been found to activate the low temperature sig-
naling pathway, enabling plants to respond to low tem-
peratures [23].

Intracellular Ca* ions play a key role in transducing
cold signals by interacting with calmodulin (CAM), calci-
neurin B-like proteins, calcineurin B-like interacting pro-
tein kinases, and Ca**-dependent protein kinases.
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TKS17494.1 Ca?* ATPase homologs are found in all membrane sys-
tems, including plasma membrane, vacuolar membrane,

TKS05969.1 endoplasmic reticulum membrane, mitochondrial mem-
brane, and chloroplast envelope. Because Ca*" acts as

TKS17488.1 a second messenger in plant signal transduction, Ca®*
ATPase, as a membrane Ca*" pump, plays a vital role in

TKS01547.1 P . . .
the transmission and amplification of extracellular envi-
ronmental signals.
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PNT36528.1

BGI novel G000247
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Fig. 8 Evolutionary tree of seven genes

Low temperature response genes include those encod-
ing Ca®" ATPase, aspartate protease, CAM-like (CML)
proteins, fructan exohydrolase, glucuronosyltransferase,
and glyceraldehyde-3-phosphate dehydrogenase.

Of the 36 DEGs identified in this study, 12 were involved
in Ca®* signaling pathways [e.g., Ca**-dependent protein
kinases (K13412, EC2.7.11.1),Ca*"/CAM-dependent
protein kinase II (K04515, EC2.7.11.17), Ca**-binding
protein CML (K13448), and P-type Ca’' transporter
(K01537, EC7.2.2.10)].

CAM (Ca**-binding protein), an important component
of the second messenger system, plays a key role in Ca?*
signal transduction. CML proteins are the main Ca?*
receptor in cells [24], serving as an intermediary in vari-
ous cellular reactions mediated by Ca?*. CAM was highly
induced at low temperatures.

Ca?*-dependent protein kinases are a type of Ser/Thr
protein kinases unique to plants. Their kinase activity is
directly regulated by Ca* rather than by CAM. They play
important roles in plant Ca®>" signal transduction and
participate in the diverse physiological process, such as
abiotic stress resistance.

Ca/CAM is the most conserved signal transduction
cascade system in organisms, playing a regulatory role
in various cell activities, such as stress response and cell
proliferation.

Collectively, our findings provide insights into how
poplars tackle low temperatures from a molecular biol-
ogy perspective.

Relationship between DEGs and the ABA signaling
pathway

ABA, a stress response hormone, plays a key role in abi-
otic stress defense [25, 26]. PYR/PYL and RCAR family
members represent the main receptors of ABA; on bind-
ing to ABA, their conformation changes [27]. Previous
studies [28, 29] have reported that when plants encounter
adverse environmental conditions, cellular ABA content
increases. ABA binds to PYR/PYL/RCAR, and this ABA-
PYR/PYL/RCAR complex then binds to PP2C to inhibit
protein phosphatase activity. In its phosphorylated active
state, SnRK2 activates the downstream transcription fac-
tor ABF/AREB, positively regulating the expression of
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ABA signal response genes [30-32] to improve plant cold
resistance.

Herein three key genes in the ABA metabolic pathway
(Fig. 9) were identified. First, the ABA signaling pathway-
related K14496 (ABA receptor PYR/PYL family), which
detects ABA signals and initiates the initial process of
signal transduction. Second, the ABA responsive element
binding factor K14432 (Potri.005G109500), is involved
in the response to moderate low temperature stress and
ABA signal transduction in poplars. Finally, the abscisic-
aldehyde oxidase K09842 (EC1.2.3.14, Potri.009g153800)
oxidizes ABA aldehyde to ABA, which represents the last
and an important step in ABA biosynthesis [33].

ABA is a critical carotenoid-derived phytohormone;
in recent years, its biosynthetic pathway in higher plants
has been comprehensively investigated. ABA biosyn-
thesis reportedly involves zeaxanthin epoxidase and
9-cis-epoxycarotenoid dioxygenase. ABA2 belongs to a
cytosolic short-chain dehydrogenase/reductase that con-
verts xanthoxin into abscisic aldehyde [33], which is an
important step in the ABA synthesis pathway. The last
step in this pathway is ABA aldehyde oxidation to ABA
by abscisic-aldehyde oxidase.

Relationship between DEGs and the starch-sucrose
metabolism pathway

ABA and Ca** signaling components underlie a rapid,
flexible cold response mechanism in P euphratica [11].
Further, in Camellia sinensis, the carbohydrate metabo-
lism and Ca?* signaling pathways play a major role in cold
stress response [34]. In this study, several key genes in
the starch—sucrose metabolism pathway and the pentose
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and glucuronic acid conversion pathway were identified:
endo-1,3(4)-beta-glucanase (K01180, EC3.2.1.6), glu-
can endo-1,3-beta-glucosidase 5/6 (K19893, EC3.2.1.39),
glucan  endo-1,3-beta-glucosidase 1/2/3  (K19891,
EC3.2.1.39), glucuronoxylan 4-O-methyltransferase
(K18801, EC2.1.1.112), cyanohydrin beta-glucosyltrans-
ferase (K13030, EC2.4.1.85), and glucuronosyltransferase
(K00699, EC2.4.1.17). Glucan endo-1,3-beta-glucosidase
and UDP-glucuronosyltransferase were differentially
expressed in this study; they thus seem to be closely asso-
ciated with cold resistance of poplars.

Endoglucanase and exocellobiohydrolase can degrade
cellulose into cellobiose, which is then converted to glu-
cose by P-glucosidase. For the effective degradation of
cellulose, B-glucosidase is thus pivotal.

UDP-glucuronosyltransferase (UGT, EC 2.4.1.17), an
endoplasmic reticulum membrane protein, plays a cata-
lytic role in the transfer of glucuronic acid from UDP-
glucuronic acid to hydrophobic molecules. Most UGTs
are located in the cytoplasm [35, 36]; in addition, accord-
ing to some studies, they are located in the endoplasmic
reticulum membrane cavity [37] and vacuoles [38], or
anchored to the plasma membrane [39] and endoplasmic
reticulum membrane [40].

In plants, there are numerous substrates for glycosi-
dation, which is catalyzed by UGT, including plant hor-
mones and secondary metabolites [41]. Under the action
of UDP-glycosyltransferase, ABA in plants can exist in
the endoplasmic reticulum and vacuoles in the inactive
form of glycosides. When plants require ABA, this inac-
tive form is hydrolyzed by the p-glucosidase homologs
AtBG1 and AtBG2 to produce ABA [42, 43].

Relationship between DEGs and DNA repair
One of the basic requirements of poplar, a perennial
woody plant, is to survive cold temperatures. Its capabil-
ity to reversibly repair freeze—thaw injury is the key to its
survival in repeated freeze—thaw environments. In pop-
lar, the key genes involved in DNA repair play an impor-
tant role in the repair of freeze—thaw injury. The global
genome repair process mainly includes damage recogni-
tion, DNA unwinding, excision, and DNA synthesis. Fig-
ure 10 shows the gene repair pathway in eukaryotes.
Nucleotide excision repair is one of the repair pathways
employed by plants to protect their genome. Xeroderma
pigmentosum group B (XPB) helicase (also known as
Ercc3/RepB/XPB/Rad25/Ssl2/haywire) is a core sub-
unit of the eukaryotic basal transcription factor com-
plex TFIIH which plays a dual role in transcription and
DNA repair [44]. XPB was found to be a single copy gene
in eukaryotes, but found as a tandem duplication in the
plant Arabidopsis thaliana, AtXPB1 and AtXPB2. Results
[45] suggest a functional specialization for the AtXPB
paralogs: while the AtXPB2 paralog may have a role in
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cell proliferation and repair as for XPB in other eukary-
otes, Raikwar et al. [46] verified a repair function of heli-
case XPB2 when tobacco was subjected to abiotic stress,
including cold stress. DNA repair has not been studied in
trees.

Potri.014G050200.v3.0 from the pathway of DNA
repair and recombination protein RAD54 and RAD54-
like protein (K10875, EC 3.6.4.-) and Potri.001G101300.
v3.0 from the pathway of DNA excision repair protein
ERCC-3 (K10843, EC 3.6.4.12) were significantly induced
at —40 °C, suggesting their importance in DNA repair.
By analysis using the NCBI BLAST tool (https://blast.
ncbi.nlm.nih.gov/Blast.cgi), it was found that protein
Potri.001G101300.v3.0 had the highest similarity with
protein PdeHOE87 (KAHS8522005.1; 95.64% sequence
similarity). The online subcellular positioning tool Cell-
PLoc-2 (www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2) pre-
dicted that this protein is located in the nucleus. DNA
repair genes will be the focus of molecular mechanism
analysis of poplar resistance to freeze—thaw stress in the
future.

Conclusion

Poplar is an economically and ecologically important
plant species. Low temperatures are known to restrict
its growth and geographical distribution. Herein we
analyzed the transcriptome of the Euramerican poplar
Zhongliaol to elucidate molecular mechanisms under-
lying cold stress response. A total of 29,060 genes were
detected; furthermore, several key genes related to low
temperature stress were identified, which were involved
in diverse pathways, including Ca®>* and ABA signal-
ing pathways, starch—sucrose metabolism pathway, and
DNA repair. Our findings enhance our understanding of
the gene expression pattern of Zhongliaol at normal and
low temperatures, and also lay a foundation for cold tol-
erance breeding.

Abbreviations
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MDA Malondialdehyde

REC Relative electric conductivity

UGT UDP-glucuronosyltransferase

XPB Xeroderma pigmentosum group B

Acknowledgements
We thank all the people who participated in this research.

Author contributions

Chengchao Yang conceived and planned the experiments, analyzed the
datasets and wrote the manuscript. Xiaoyu Li and Yan Zhang performed the
experiments and helped to interpret the datasets. Hua Jin contributed to its
conception and in drafting of the manuscript. All authors read and approved
the final manuscript.

Page 11 of 12

Funding

This work was supported by grants from the Dean’s Founds for Liaoning
Academy of Agricultural Sciences [grant number 2020MS0504], the Liaoning
Provincial Key Research Project for Agriculture [grant number 2015103002,
and the Applied Basic Research Program of Liaoning Province (Project name:
miRNA-INCRNA synergistically regulates the major gene mining and functional
analysis of reversible freezing-thawing injury repair in poplar).

Data availability

The datasets used and/or analyzed during the current study are available from
the in the US National Library of Medicine, https://www.ncbi.nlm.nih.gov/
bioproject/PRINA891633.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 31 October 2022 / Accepted: 14 February 2023
Published online: 17 February 2023

References

1. Yang C PengJ, Li X, Liang D, Yang Z, Zhang Y. The mechanism underlying
overwintering death in poplar: the cumulative effect of effective freeze-thaw
damage. J For Res. 2020;31:219-29.

2. Dexter ST, Tottingham WE, Graber LF. Investigations of the hardiness of plants
by measurement of electrical conductivity. Plant Physiol. 1932;7(1):63-78.

3. DingY, ShiY,Yang S. Molecular regulation of plant responses to environmen-
tal temperatures. Mol Plant. 2020;13(4):544-64.

4. LiuQ,DingY, ShiY,Ma L, Wang, Song C, et al. The calcium transporter
ANNEXINT mediates cold-induced calcium signaling and freezing tolerance
in plants. EMBO J. 2021;40(2):e104559.

5. YeK,LiH,DingY,ShiY, Song C, Gong Z, et al. BRASSINOSTEROID-INSEN-
SITIVE2 negatively regulates the stability of transcription factor ICET in
response to cold stress in Arabidopsis. Plant Cell. 2019;31(11):2682-96.

6. LiH, DingY,ShiY, Zhang X, Zhang S, Gong Z, et al. MPK3- and MPK6-Medi-
ated ICE1 phosphorylation negatively regulates ICE1 stability and freezing
tolerance in Arabidopsis. Dev Cell. 2017;43(5):630-42. e4.

7. FujiiY, Tanaka H, Konno N, Ogasawara Y, Hamashima N, Tamura S, et al. Pho-
totropin perceives temperature based on the lifetime of its photoactivated
state. Proc Natl Acad Sci U S A. 2017;114(34):9206-11.

8. Legris M, Klose C, Burgie ES, Rojas CC, Neme M, Hiltbrunner A, et al. Phyto-
chrome B integrates light and temperature signals in Arabidopsis. Science.
2016;354(6314):897-900.

9. Yang C. Model construction and application of effective freeze-thaw injury in
poplar. J Beijing Forestry Univ. 2021;43(12):47-54.

10. LiW,FuY,LvW, Zhao S, Feng H, Shao L, et al. Characterization of the early
gene expression profile in Populus ussuriensis under cold stress using
PacBio SMRT sequencing integrated with RNA-seq reads. Tree Physiol.
2022,42(3):646-63.

11. Chen J, Tian Q Pang T, Jiang L, Wu R, Xia X, et al. Deep-sequencing tran-
scriptome analysis of low temperature perception in a desert tree, Populus
euphratica. BMC Genomics. 2014;15(1):326.

12. Yang X, Zhao T, Rao P, Gao K, Yang X, Chen Z, et al. Transcriptome profiling of
Populus tomentosa under cold stress. Ind Crop Prod. 2019;135:283-93.

13. WangF, Chen S, Liang D, Qu GZ, Chen S, Zhao X. Transcriptomic analyses of
Pinus koraiensis under different cold stresses. BMC Genomics. 2020;21(1):10.

14. Li X,Yang C, Peng J, Yang Z, Zhang Y. Establishment of an integrated assess-
ment system on cold resistance of poplars at the seedling stage. Sci Silvae
Sin. 2014;,50(7):44-51.

15. LiR, LiY, Kristiansen K, Wang J. SOAP: short oligonucleotide alignment pro-
gram. Bioinformatics. 2008;24(5):713-4.


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA891633
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA891633

Yang et al. BMC Genomics

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2023) 24:77

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12(4):357-60.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9(4):357-9.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinformatics. 2011;12:323.
Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27-30.

Kanehisa M. Toward understanding the origin and evolution of cellular
organisms. Protein Sci. 2019;28(11):1947-51.

Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M.

KEGG: integrating viruses and cellular organisms. Nucleic Acids Res.
2021,49(D1):D545-51.

Abdi H. The Bonferonni and Sidak corrections for multiple comparisons. In:
Salkind N, editor. Encyclopedia of measurement and statistics. Thousand
Oaks, CA: Sage; 2007. pp. 1-9.

Catala R, Santos E, Alonso JM, Ecker JR, Martinez-Zapater JM, Salinas J. Muta-
tions in the Ca2+/H + transporter CAX1 increase CBF/DREB1 expression and

the cold-acclimation response in Arabidopsis. Plant Cell. 2003;15(12):2940-51.

Liu LL, Ren HM, Chen LQ, Wang Y, Wu WH. A protein kinase, calcineurin B-like
protein-interacting protein Kinase9, interacts with calcium sensor calcineurin
B-like Protein3 and regulates potassium homeostasis under low-potassium
stress in Arabidopsis. Plant Physiol. 2013;161(1):266-77.

Xing W, Pi Z, Liu J, Li X, Zou Y, Wang M, et al. Comparative transcriptome
analysis reveals an ABA-responsive regulation network associated with cell
wall organization and oxidation reduction in sugar beet. Plant Growth Regul.
2020;91:127-41.

Wang H, Blakeslee JJ, Jones ML, Chapin LJ, Dami IE. Exogenous abscisic acid
enhances physiological, metabolic, and transcriptional cold acclimation
responses in greenhouse-grown grapevines. Plant Sci. 2020;293:110437.
Danquah A, de Zelicourt A, Colcombet J, Hirt H. The role of ABA and MAPK
signaling pathways in plant abiotic stress responses. Biotechnol Adv.
2014;32(1):40-52.

Umezawa T, Sugiyama N, Mizoguchi M, Hayashi S, Myouga F, Yamaguchi-
Shinozaki K, et al. Type 2 C protein phosphatases directly regulate abscisic
acid-activated protein kinases in Arabidopsis. Proc Natl Acad Sci U S A.
2009;106(41):17588-93.

Vlad F, Rubio S, Rodrigues A, Sirichandra C, Belin C, Robert N, et al. Protein
phosphatases 2 C regulate the activation of the Snfi-related kinase OST1 by
abscisic acid in Arabidopsis. Plant Cell. 2009;21(10):3170-84.

Fujita'Y, Nakashima K, Yoshida T, Katagiri T, Kidokoro S, Kanamori N, et al.
Three SnRK2 protein kinases are the main positive regulators of abscisic

acid signaling in response to water stress in Arabidopsis. Plant Cell Physiol.
2009,50(12):2123-32.

Sirichandra C, Davanture M, Turk BE, Zivy M, Valot B, Leung J, et al. The Ara-
bidopsis ABA-activated kinase OST1 phosphorylates the bZIP transcription
factor ABF3 and creates a 14-3-3 binding site involved in its turnover. PLoS
ONE. 2010;5(11):e13935.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 12 of 12

Yoshida T, Fujita Y, Sayama H, Kidokoro S, Maruyama K, Mizoi J, et al. AREBT,
AREB2, and ABF3 are master transcription factors that cooperatively regulate
ABRE-dependent ABA signaling involved in drought stress tolerance and
require ABA for full activation. Plant J. 2010;61(4):672-85.

Tao J, Li L. Abscisic acid biosynthesis regulated by some key enzymes in
higher plants. Chin Bull Bot. 2002;19(6):675-83.

Wang XC, Zhao QY, Ma CL, Zhang ZH, Cao HL, Kong YM, et al. Global tran-
scriptome profiles of Camellia sinensis during cold acclimation. BMC Genom-
ics. 2013;14:415.

Jones P, Vogt T. Glycosyltransferases in secondary plant metabolism: tranquil-
izers and stimulant controllers. Planta. 2001;213(2):164-74.

Lim EK, Bowles DJ. A class of plant glycosyltransferases involved in cellular
homeostasis. EMBO J. 2004;23(15):2915-22.

Ullmann P, Ury A, Rimmele D, Benveniste P, Bouvier-Nave P. UDP-glucose
sterol beta-D-glucosyltransferase, a plasma membrane-bound enzyme

of plants: enzymatic properties and lipid dependence. Biochimie.
1993;75(8):713-23.

Yazaki K, Inushima K, Kataoka M, Tabata M. Intracellular localization of UDPG:
p-Hydroxybenzoate glucosyltransferase and its reaction product in Lithosper-
mum cell cultures. Phytochemistry. 1995,38(5):1127-30.

Wagner GJ, Hrazdina G. Endoplasmic reticulum as a site of phenylpropanoid
and flavonoid metabolism in hippeastrum. Plant Physiol. 1984;74(4):901-6.
Ullmann P, Bouvier-Nave P, Benveniste P. Regulation by phospholipids and
kinetic studies of plant membrane-bound UDP-Glucose sterol beta-d-Gluco-
syl transferase. Plant Physiol. 1987;85(1):51-5.

Vogt T, Jones P. Glycosyltransferases in plant natural product synthesis: char-
acterization of a supergene family. Trends Plant Sci. 2000;5(9):380-6.

Dong T, Hwang I. Contribution of ABA UDP-glucosyltransferases in coordina-
tion of ABA biosynthesis and catabolism for ABA homeostasis. Plant Signal
Behav. 2014;9(7):e28888.

Xu ZY, Lee KH, Dong T, Jeong JC, Jin JB, Kanno Y, et al. A vacuolar beta-gluco-
sidase homolog that possesses glucose-conjugated abscisic acid hydrolyzing
activity plays an important role in osmotic stress responses in Arabidopsis.
Plant Cell. 2012,24(5):2184-99.

Fan L, DuPrez KT. XPB: an unconventional SF2 DNA helicase. Prog Biophys
Mol Biol. 2015;117(2-3):174-81.

Masuda HP, Nakabashi M, Morgante PG, Kajihara D, de Setta N, Menck CFM, et
al. Evidence for sub-functionalization of tandemly duplicated XPB nucleotide
excision repair genes in Arabidopsis thaliana. Gene. 2020,754:144818.
Raikwar S, Srivastava VK, Gill SS, Tuteja R, Tuteja N. Emerging importance of
helicases in plant stress tolerance: characterization of Oryza sativa repair heli-
case XPB2 promoter and its functional validation in Tobacco under multiple
stresses. Front Plant Sci. 2015;6:1094.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Transcriptome analysis of ﻿Populus﻿ × ﻿canadensis﻿ ‘Zhongliao1’ in response to low temperature stress
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Poplar culture, collection, and processing
	﻿Determination of physiological parameters
	﻿RNA extraction, cDNA library construction, and RNA-Seq
	﻿Bioinformatics analysis
	﻿qRT-PCR verification
	﻿Multiple sequence alignment and evolutionary analysis

	﻿Results
	﻿Assessing physiological indices
	﻿RNA-Seq
	﻿Identification of cold stress response genes
	﻿Verification of the reliability of RNA-Seq data by qRT-PCR
	﻿Functional annotation
	﻿GO annotation of cold stress response genes
	﻿Pathway analysis of cold stress response genes


	﻿Discussion
	﻿Multiple sequence alignment and evolutionary analysis of new target genes
	﻿Relationship between DEGs and the Ca﻿2+﻿ signaling pathway
	﻿Relationship between DEGs and the ABA signaling pathway
	﻿Relationship between DEGs and the starch–sucrose metabolism pathway
	﻿Relationship between DEGs and DNA repair

	﻿Conclusion
	﻿References


