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Abstract 

The environment in Antarctica is characterized by low temperature, intense UVB and few vegetation types. The Pohlia 
nutans M211 are bryophytes, which are the primary plants in Antarctica and can thrive well in the Antarctic harsh 
environment. The transcriptional profiling of Pohlia nutans M211 under low temperature and high UVB conditions 
was analyzed to explore their polar adaptation mechanism in the extreme Antarctic environment by third-generation 
sequencing and second-generation sequencing. In comparison to earlier second-generation sequencing tech-
niques, a total of 43,101 non-redundant transcripts and 10,532 lncRNA transcripts were obtained, which were longer 
and more accurate. The analysis results of GO, KEGG, AS (alternative splicing), and WGCNA (weighted gene co-expres-
sion network analysis) of DEGs (differentially expressed genes), combined with the biochemical kits revealed that anti-
oxidant, secondary metabolites pathways and photosynthesis were the key adaptive pathways for Pohlia nutans 
M211 to the Antarctic extreme environment. Furthermore, the low temperature and strong UVB are closely linked 
for the first time by the gene HY5 (hlongated hypocotyl 5) to form a protein interaction network through the PPI 
(protein–protein interaction networks) analysis method. The UVR8 module, photosynthetic module, secondary 
metabolites synthesis module, and temperature response module were the key components of the PPI network. In 
conclusion, this study will help to further explore the polar adaptation mechanism of Antarctic plants represented 
by bryophytes and to enrich the polar gene resources.
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Introduction
The growth of plants is restricted in the Antarctic envi-
ronment due to its lack of water, cold, high salt, and 
intense ultraviolet (UV) radiation. The bryophyte is one 
of the few terrestrial vegetation types in the Antarctic 
continent, which has existed on land for more than 400 
million years and is considered the ancestor of land plants 
[1]. Bryophytes play an indispensable role in the survival 
of Antarctic microorganisms and invertebrates through 
the complex food network and are closely related to the 
circulation of the Antarctic land and sea. They regulate 
carbon and nitrogen fixation and biological degradation, 
etc. [2, 3]. Therefore, the reason bryophytes can adapt to 
the extreme environment in Antarctica must be that they 
have formed a unique and effective mechanism to cope 
with biotic and abiotic stress in the long-term evolution-
ary process.

Although UVA (315–400 nm) and UVB (280–315 nm) 
are partially absorbed after being absorbed by the ozone 
layer, the amount that reaches the earth is still very large. 
So UVB is easily absorbed by biomolecules, causing reac-
tive oxygen species (ROS) to attack protein and DNA 
structure, resulting in biological function damage. UVB 
has increased obviously due to the depletion and hole 
of the ozone layer in Antarctica since 1980 [4]. Though 
the Antarctic ozone hole reached its peak value of about 
24 × 106 km2 in early October 2020, UVB irradiance will 
decrease by up to 40% in the spring of 2100 as the ozone 
layer continues to recover. However, it was reported that 
the area of the Antarctic ozone hole was higher than the 
average of the past decade, and the recovery of Antarc-
tic ozone to pro-1980 levels may be significantly delayed 
[5]. Antarctic plant self-protection mechanisms have 
been continuously improved in three aspects, including 
physical avoidance, synthesis of sunscreen substances, 
and DNA light repair substances. The rapid response 
of bryophytes establishes potential UVB protection to 
increase the synthesis of various antioxidants and sec-
ondary metabolites under low doses of UVB stress, 
which is mainly similar to that of vascular plants [6, 7]. 
Studies have shown that the bryophytes lineage is the 
earliest embryonic plant to be exposed to terrestrial UVB 
radiation [8], so mosses (Physcomitrella patens) are more 
resistant to UVB stress than higher plants (Arabidopsis 
thalian) [9].

UVR8 (UV resistance locus 8) is the only discovered 
specific receptor that can receive UVB signals to regu-
late growth and development in plants. The amino acid 
sequences encoded by green algae, mosses, and other 
plants are very similar to those of angiosperms with con-
servative amino acid sequences [8, 10]. Therefore, it is 
speculated that the function and sequence of UVR8 are 
conservative in the evolution process over hundreds of 

millions of years. In response to UVB signals, the HY5 
gene produces light morphological reactions and down-
stream secondary metabolites, such as inhibiting hypoco-
tyl elongation and anthocyanin accumulation [11]. UVR8 
plays an indispensable role in the resistance of mosses 
to UVB stress, because the different reflection patterns 
of UVR8 may also determine the accumulation of com-
pounds related to the UVB reaction in plants [7].

The adaptability to the low-temperature environment 
of plans in the Antarctic continent is mainly attributed 
to their resistance to rapid cell dehydration caused by 
drought [12]. Some studies also speculate that the sur-
vival of Antarctic mosses in this cold environment may 
be dependent on their ability to maximize photosynthesis 
in a short period in the summer and minimize respira-
tory carbon loss under cold conditions [13]. The contents 
of extracellular soluble sugar are increased with the 
decrease in temperature [14], improving the cold resist-
ance of plants. Low temperatures cause plants to produce 
more oxygen free radicals, which destroy the membrane 
structure, damage plant tissues, and cause metabolic 
disorders [15]. The active substances (flavonoids, ter-
penoids, and polyphenols) can scavenge free radicals in 
time, improving plants’ antioxidant capacity in low-tem-
perature environments. UVB and low temperature can be 
closely linked through the core gene HY5 [16, 17]. UVR8 
can negatively regulate the E3 ubiquitin lipase activity of 
the COP1-SPAs complex to reduce the degradation of 
HY5. The HY5 regulates the synthesis of hormones, solu-
ble sugars, polyphenols, flavonoids, terpenes, and other 
substances in plants after receiving the UVB signal to 
further improve their cold resistance [18]. So, the HY5 is 
chosen as the core gene to explore the adaptation mecha-
nism of bryophytes to extreme environments.

The Pohlia nutans belongs to a species of Pohlia (Bry-
ophyta, Mniaceae) and is mainly distributed in Xin-
jiang (China), however, the Pohlia nutans M211 was 
obtained on land in Antarctica in 2014. Although the 
second-generation transcriptome of Pohlia nutans has 
been sequenced, the full-length transcriptome of Pohlia 
nutans M211 was based on the third-generation sequenc-
ing platform of PacBio Sequel. The complete gene con-
taining the 5’, 3’UTR and polyA tail can be directly 
obtained without destroying the splicing sequence. 
Simultaneously, second-generation sequencing data can 
be used to analyze the transcription-specific expression 
and obtain more comprehensive annotation information. 
Therefore, we gained the full-length transcriptomes of 
Pohlia nutans M211 under different levels of low-tem-
perature and UVB stress by a combination of third-gen-
eration and second-generation sequencing. Important 
core genes were explored in depth by WGDNA, AS, and 
PPI analysis methods, which laid a foundation for further 
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exploring the gene resources of Antarctic bryophytes and 
obtaining their polar adaptation mechanism.

Results
Analysis of transcriptome data
To obtain the gene regulation mechanism of Pohlia 
nutans M211 in Antarctic extreme environment, the 
RNA sequence was sequenced on the PacBio Sequel 
platform and a large number of long reads were shown 
in Table S1. The SMRT (Single-Molecular Real-Time) 
sequencing method produced 1,074,872 polymerase 
reads (Mean length: 53,947, and N50: 111,535) and 
29,661,756 subreads (Mean length: 1881, and N50: 2247). 
Then 1,074,872 CCS (circular consensus sequence, mean 
length: 2409: N50 2584) were obtained by self-correction 
of subreads sequence, 831,751 FLNCS (Full-length non-
chimera, mean length: 2204, N50: 2409) were identified 
by detecting whether CCS contains 5’-primer, 3’-primer 
and polyA. Finally, cluster consensus was obtained by 
clustering the FLNC sequence of the same transcript 
with a hierarchical n*log(n) algorithm and the polished 
consensus was achieved by correcting the cluster con-
sensus sequence with arrow software. The 78,059 pol-
ished consensus sequences (Mean length: 2217, N50: 
2431) were obtained by LoRDEC software using Illu-
mina sequencing data (Table S2) for subsequent analysis. 
The CD-HIT software was used to cluster the corrected 
transcript sequences through sequence alignment, and 
43,101 transcripts (Mean length: 2,268, N50: 2,487) after 
redundancy were got according to the 95% similarity 
between the sequences.

Transcription factors, lncRNA, and gene expression 
correlation analysis
Transcription factor (TF) is a group of protein mole-
cules that can specifically bind to the specific sequence 
upstream of the 5 ’end of a gene, so as to ensure that the 
target gene is expressed. The top 10 types of predicted 
transcription factors were predicted by iTAK software as 
followed, AP2/ERF-ERF (186), BHLH (169), C3H (137), 
C2C2-dof (134), bZIP (126), MYB—related (111), B3 
(95), GARP-G2-like (93), NAC (93) and GRAS (87) (Fig-
ure S1a). The specific up-regulation and down-regulation 
of TFs (AP2/ERF, WRKY, bHLH, bZIP, MYB, NAC, and 
C2H2) under different experimental conditions were 
shown in Figure S1b-f.

The lncRNA (long-chain non-coding RNA) is a kind 
of RNA molecule that has a transcript length of more 
than 200nt but does not code for proteins. The length 
distribution density map of the predicted lncRNA was 
predicted through CNCI, PLEK, CPC2 software, and 
the Pfam database (Figure S2a), and 10,532 lncRNA 
sequences were ultimately acquired. The clustering heat 

map of the differential lncRNA expression can be used 
to determine the expression of lncRNA under various 
treatment settings, as illustrated in Fig.  1a. It was cru-
cial that 4 lncRNAs were found under low-temperature 
and UVB conditions to regulate metabolism, photo-
synthesis, and UVB radiation injury repair, respectively 
(Fig.  1b-e), which were of great significance for Pohlia 
nutans M211 to adapt to the harsh environment in Ant-
arctica. The transcript_HQ_TX_pn_transcript72377/
f3p0/1058 (lncRNA1058) can participate in regulat-
ing adenylate kinase ( ADK), which is associated with 
plant metabolism and is found in many organisms to 
help maintain energy homeostasis [19]. The transcript_
HQ_TX_pn_transcript72619/f2p0/1038 (lncRNA1038) 
and transcript_HQ_TX_pn_transcript77452/f2p0/355 
(lncRNA355) regulate photosystem II protein D2 
(PSBD) and photosystem II N protein (PSBN), both of 
which belong to photosystem II protein (PSII). PSII is a 
membrane protein complex that catalyzes light-induced 
water oxidation in oxygen-containing photosynthe-
sis and performs the initial reaction of photosynthesis 
in higher plants, algae, and cyanobacteria [20]. Com-
pared with no UVB treatment, UVB stress enhanced 
the photosynthetic capacity of Pohlia nutans M211. 
The transcript_HQ_TX_pn_transcript75272/f3p0/793 
(lncRNA793) helps to regulate the stress-induced pro-
tein UVI31 + , which is activated by UV radiation and 
is involved in DNA repair [21]. As a result, lncRNAs 
play an important role in various biological processes of 
plant development in harsh environments.

The correlation coefficients within and between groups 
of samples were calculated according to the FPKM val-
ues of all genes in each sample in Figure S2b. It was con-
sidered that this experiment had good repeatability and 
reasonable experimental treatment because of R2 > 0.8 in 
each treatment group [22].

Identification and cluster analysis of DEGs
The differential genes of all groups were combined as a 
volcano map in Figure S3a-e. And 12,751 (0 ℃ vs 15 ℃), 
10,069 (7.5 ℃ vs 15), 4136 (UVB 40  μW/cm2 vs 0  μW/
cm2), and 4069 (UVB 80  μW/cm2 vs 0  μW/cm2), 2649 
(UVB160 μW/cm2 vs 0 μW/cm2) DEGs were identified by 
BH method with |log2 (Fold Change)|> 1 & Padj < 0.005. 
The overlap of differential genes among various compari-
son combinations can be seen using a Venn diagram, and 
some common or distinctive differential genes of com-
parison combinations can be screened out. As shown 
in the Figure S4a, a total of 1,460 differential genes (0 
℃ vs 7.5 ℃) and 2220 differential genes (0 ℃ vs 15 ℃) 
were found, so the variation degree of differential genes 
increased with the temperature. Compared with the dif-
ferential genes of middle UVB treatment (80 μW/cm2 VS 
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Fig. 1  The lncRNA expression under differential treatments. (The a is the hierarchical clustering heat map of differential lncRNA expression, 
where red represents highly expressed genes and blue represents lowly expressed genes. The b-e are expression levels of lncRNA1058, lncRNA1038, 
lncRNA355 and lncRNA793 respectively under different conditions, with different colors representing different experimental treatments. Results 
were expressed as the mean ± SD, n = 3)
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0 μW/cm2, 1375) and high UVB treatment (160 μW/cm2 
VS 0 μW/cm2, 1456), it was found that low UVB radia-
tion could induce more gene changes (UVB 40 μW/cm2 
VS 0 μW/cm2, 1461) in Figure S4b.

The 19,306 genes with similar expression patterns 
were clustered into FPKM hierarchical clustering map 
by clustering analysis of different genes, which changed 
significantly after low-temperature and UVB treatment 
(Fig. 2a). Next, we clustered the relative expression levels 
log2 (ratios) of different genes by the H-cluster method 
and divided the different genes into 6 categories by dif-
ferent clustering algorithms (Fig.  2b). There were 724 

differential genes related to the metabolic process, 671 
differential genes related to the oxidation process, and 
30 differential genes related to the fatty acid biosynthesis 
process among those in cluster 1 (1631, Additional file 1), 
which share a temperature change pattern with cluster 2 
(5655, Additional file 2) and exhibit a positive correlation 
with temperature. The temperature patterns of cluster 3 
(2581, Additional file  3) and cluster 6 (2157, Additional 
file 6) both showed a downward pattern with increasing 
temperature, among which there were 253 differential 
genes related to the metabolic process, 534 differential 
genes related to the metabolic process, and 54 differential 
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Fig. 2  The overall FPKM hierarchical clustering map and cluster clustering result graph. (Where log10 (FPKM + 1) values are normalized transformed 
(scale number) and clustered, with red indicating highly expressed genes and blue indicating lowly expressed genes, and the color ranges from red 
to blue indicating log10 (FPKM + 1) from high to low. The cluster clustering result graph, where the gray lines in each subgraph represent the relative 
expression levels of genes in a cluster under different experimental conditions (taking the expression level of the first sample as the benchmark, 
as shown by the red lines), and the blue lines represent the average relative expression levels of all genes in this cluster under different experimental 
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genes related to the fatty acid biosynthetic process. Clus-
ter 4 (5958, Additional file 4) and cluster 5 (1324, Addi-
tional file  5) were positively and negatively correlated 
with the intensity of UVB respectively, among which 
there were 485 genes related to oxidoreductase and 94 
genes related to DNA repair.

Differential gene KEGG analysis
The scatter diagram is a graphical display of KEGG 
enrichment analysis results, which are measured by the 
rich factor, value, and the number of genes enriched. 
We selected the 20 pathway entries with the most sig-
nificant enrichment to display in the diagram (Fig. 3a-e). 
The main enrichment-related pathways of DEGs under 
low-temperature treatment were photosynthesis, phenyl-
propanoid biosynthesis, carotenoid biosynthesis, arachi-
donic acid metabolism, flavonoid biosynthesis, fructose 
and mannose metabolism, porphyrin and chlorophyll 
metabolism and ubiquinone and other terpenoid qui-
none biosynthesis, etc. Those under UVB treatment were 
flavonoid biosynthesis, photosynthesis, arachidonic acid 
metabolism, taurine and hypotaurine metabolism, phe-
nylalanine metabolism, carotenoid biosynthesis, glycine, 
serine, and threonine metabolism, fructose and mannose 
metabolism, base excision repair, stilbenoid, diarylhep-
tanoid and gingerol biosynthesis, plant hormone signal 
transduction, vitamin b6 metabolism, and steroid biosyn-
thesis, etc.

WGCNA analysis
WGCNA is a commonly systematic method to study the 
construction of gene co-expression networks, which is 
widely used in the international biomedical field for min-
ing core genes from multi-sample transcriptome data. 
To investigate the Pohlia nutans M211 adaption mecha-
nism in the polar environment, a total of 43,104 genes 
were screened by co-expressions with the soft threshold 
of β = 5, which were similar to greater than 75% of the 
WGCNA (Figure S5a, b). The final structures were com-
bined and constructed 12 co-expression modules that 
were black module (number of genes, 907), blue mod-
ule (number of genes, 2673), brown module (number of 
genes, 2554), green module (number of genes, 1905), yel-
low module (number of genes, 78), grey module (number 
of genes, 283), magenta module (number of genes, 159), 
pink module (number of genes, 195), the purple module 
(number of genes, 115), red module (number of genes, 
1094), turquoise module (number of genes, 9448) and 
yellow module (number of genes, 2113), among which 
turquoise, brown and blue modules have more than 2500 
genes (Fig. 4a and Figure S6a-c). They were merged and 
fused according to the correlation of 75% in the modules 

obtained in the previous step. In combination with the 
different conditions of samples (0 ℃, 7.5 ℃, 15 ℃, 0 μW/
cm2, 40 μW/cm2, 80 μW/cm2, and 160 μW/cm2), which 
were represented by different colors in Fig.  4b, c. The 
modules MEbrown and MEturqoise showed a significant 
positive correlation at 15 ℃ (r = 0.5151, P < 0.05; r = 0.462, 
p = 0.05), and MEpurple module under the condition 
of 40  μW/cm2 was a significantly positive correlation 
(r = 0.4680, P = 0.05), therefore we performed in-depth 
mining of the three modules.

The low-temperature related GO pathways of 
MEbrown and MEturqoise were shown in Table  1, and 
the pathways related to antioxidants were GO: 0055114 
oxidation–reduction process, related to secondary 
metabolites were GO: 0016114 terpenoid biosynthetic 
process, GO: 0006694 steroid biosynthetic process, GO: 
0005992 trehalose biosynthetic process and GO: 0006000 
fructose metabolic process, related to DNA repair were 
GO: 0006310 DNA repair and GO: 0006310 DNA recom-
bination, related to photosynthesis were GO: 0010207 
photosystem II assembly and GO: 0015979 photosyn-
thesis, in addition, related to ion transport were GO: 
0006814 sodium ion transport and GO: 0006813 potas-
sium ion transport. Table  2 displays the GO pathways 
of MEpurple that are related to UVB, these pathways 
include the gene repair pathway (GO: 0006281 DNA 
repair), lipid metabolism (GO: 0006629 lipid metabolic 
process), antioxidant pathway (GO: 0055114 oxidation–
reduction process), secondary metabolites pathway (GO: 
0008299 isoprenoid biosynthetic process), and pathways 
related to lipid metabolism and oxidative stress (GO: 
0006629 lipid metabolic process). The co-expression net-
work diagrams of each module were shown respectively 
in Fig. 5, and the top core ten genes and their functions 
were listed in Table S4. The ten top core genes selected by 
the degree in MEbrown and MEturqoise modules were 
closely related to antioxidant and ion transport through 
the comparison of the NCBI database. Most of the top 
ten core genes of the MEpurple module screened by the 
above strategy were related to drying. UVB radiation 
regulates stomatal behavior and affects water metabo-
lism of plants by affecting signal molecules such as H2O2, 
Ca2+, ABA and NO. Although there has been limited 
research on drought response under UVB stress, studies 
have shown that UVB radiation can reduce water content 
of plants [23]. So, these results provided insight into the 
mechanism of plant resistance to UVB.

Alternative splicing analysis of genes
The extensive changes of AS in regulating the biosynthe-
sis of secondary metabolites under the stimulus of harsh 
environment, is considered to be a method for plants 
to resist biological and non-biological stresses [24]. The 



Page 7 of 20Zhang et al. BMC Plant Biology          (2023) 23:399 	

a b

c

e

d

Fig. 3  The KEGG enrichment scatter diagram of differential genes. (The horizontal axis represents the rich factor, the size of the dot represents 
the number of differentially expressed genes in this pathway, and the color of the dot corresponds to different value ranges. The a and b are 0 ℃, 
and 7.5 ℃ compared with 15 ℃, respectively. The d, e, and f are 40 μW/cm2, 80 μW/cm2, and 160 μW/cm2 compared with 0 μW/cm.2 respectively)
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7 kinds of alternative splicing types with 1538 recon-
structed genes were followed in Fig.  6a, skipping exon 
(SE, accounting for 0.59%), mutually exclusive exons 
(MX, accounting for 0.0%), retained intron (RI, account-
ing for 10.86%), alternative 5’ splice sites (A5, accounted 
for 11.51%), alternative 3’ splice sites (A3, accounting for 
3.19%), alternative first exons (AF, accounting for 0.46%), 
and alternative last exons (AL, accounting for 0.0%). 
The pathways enriched to KEGG were divided into five 
classes (cellular processes, environmental information 
processing, genetic information processing, metabolic 
metabolism, and organismal systems). The analysis of 
KEGG pathways of AS genes was closely related to the 
Antarctic extreme environment adaptation mechanism 
of Pohlia nutans M211 including replication and repair, 
lipid metabolism, metabolism of cofactors and vitamins, 
metabolism of terpenoids and polyketides, amino acid 
metabolism and environmental adaptation (Fig.  6b). AS 
can regulate the diversity of its transcriptome and protein 
to affect the expression of stress-related pathways and 
code shear genes with the changes in the environment 
[24]. Therefore, the response of plants to stress is also 
closely related to the changes of AS in plants.

Protein–protein interaction networks
The PPI is a network composed of interacting proteins 
and conducive to in-depth understanding and excavation 
of the functional protein. HY5 regulates transcription 
factors of a large number of genes by directly binding 
cis-regulatory elements to regulate hormone, nutri-
tion, abiotic stress (abscisic acid, salt, cold, ultraviolet), 
and reactive oxygen signal pathways at the central posi-
tion of the transcription network hub [11]. In this study, 
Cytoscape software (v3.9.0) was used to create a PPI 
network with 64 nodes and 171 DEGs using 5344 DEGs 
with HY5 as the central gene. As shown in Fig.  7a, the 
results showed that the classification of interacting pro-
tein with HY5 as the core was mainly related to photo-
synthesis, temperature, and the synthesis of secondary 
metabolites (terpenes and flavonoids). The key genes 
and expression levels in each taxon selected from PPI 
were shown in Table S6. To verify the accuracy of the 
transcriptome, we selected the gene similarity with the 
same function in Arabidopsis thaliana and analyzed the 
mRNA relative expression by RT-qPCR (UVR8, HY5, 
COP1, PDS, PSY, FBP, CHS, and CHL). As shown in 
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Fig. 7 b-q, the changing trend was similar to that of the 
transcriptome, suggesting the transcriptome results were 
credible. In low-temperature, the expression of key genes 
in PPI interaction modules was up-regulated. Although 
the expression of secondary metabolites synthesis genes 
(PSY, PDS, CHS and FBP) was down-regulated after UVB 
treatment compared with that without UVB treatment, 
their expression increased with the increase of UVB 
intensity. In the UVB environment, the expression levels 
of UVR8 and HY5 increased significantly at 40 μW/cm2 

Table 1  The description of the pathway related to low-temperature tolerance in the MEbrown and MEturqoise modules

Module type Biological Pathway Description Gene Ontology Biological Pathway Number of genes

MEbrown response to stress GO: 0006950 20

metabolic process GO: 0008152 274

terpenoid biosynthetic process GO: 0016114 8

oxidation–reduction process GO: 0055114 283

photosynthesis GO: 0015979 74

fatty acid metabolic process GO: 0006631 19

steroid biosynthetic process GO: 0006694 26

DNA repair GO: 0006281 18

cell redox homeostasis GO: 0045454 29

response to auxin GO: 0009733 3

proton transport GO: 0015992 29

potassium ion transport GO: 0006813 20

biosynthetic process GO: 0015991 185

cell redox homeostasis GO: 0045454 29

photosystem II assembly GO: 0010207 5

trehalose biosynthetic process GO: 0005992 4

MEturqoise trehalose biosynthetic process GO: 0005992 13

terpenoid biosynthetic process GO: 0016114 26

steroid biosynthetic process GO: 0006694 48

sodium ion transport GO: 0006814 14

secondary metabolic process GO: 0019748 6

riboflavin biosynthetic process GO: 0009231 18

response to stress GO: 0006950 46

response to oxidative stress GO: 0006979 15

response to biotic stimulus GO: 0009607 24

response to auxin GO: 0009733 7

potassium ion transport GO: 0006813 40

oxidation–reduction process GO: 0055114 698

photosystem II assembly GO: 0015979 9

phospholipid biosynthetic process GO: 0008654 14

nucleotide-excision repair GO: 0006289 17

heme biosynthetic process GO: 0006783 31

fructose metabolic process GO: 0006000 10

fatty acid biosynthetic process GO: 0006633 56

DNA recombination GO: 0006310 72

DNA repair GO: 0006310 86

Table 2  The description of pathway related to UVB tolerance in 
the MEpurple

Biological Pathway Description Gene Ontology 
Biological Pathway

Number 
of genes

DNA repair GO: 0006281 1

isoprenoid biosynthetic process GO: 0008299 1

lipid metabolic process GO: 0006629 3

oxidation–reduction process GO: 0055114 13

response to stress GO: 0006950 6
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Fig. 5  Gene co-expression network of hub genes in MEbrown (a), MEturqoise (b), and MEpurple (c) modules. (the colored squares represent 
the selected core genes)
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Fig. 7  The PPI network with HY5 as the core and relative expression level of key genes. (The name of the measured indicator + UVB 
represents the change in the gene under UVB conditions, and the name of the measured indicator + T represents the change in the gene 
under -low-temperature conditions. Results were expressed as the mean ± SD, n = 3)
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UVB, while HY5 increased significantly at 80  μW/cm2 
and 160 μW/cm2 intense UVB. The expression levels of 
COP1 were extremely significantly decreased under UVB 
stress, which helped to accumulate HY5 and better-regu-
lated downstream genes to resist UVB and low-temper-
ature environments. Under 40  μW/cm2 UVB stress, the 
expression of one of the three copies of photosynthesis-
related genes (phytochrome b, PHYB, and light-harvest-
ing chlorophyll a/b binding protein, LHCB2) increased, 
which may improve the photosynthesis of moss in the 
presence of low UVB radiation. The expression of trip-
eptide-repeat thioredoxin-like 1 (TTL1) increased sig-
nificantly under UVB treatment, which regulates the 
transcription level of many dehydration-responsive genes 
to improve early dehydration.

The levels of antioxidants, secondary metabolites, 
and chlorophyll
In order to further verify that the mechanism of Pohlia 
nutans M211 adapting to low temperature and UVB 
conditions mainly activates antioxidant activity, stim-
ulates the production of functional metabolites and 
improves photosynthetic capacity. The levels of anti-
oxidant enzymes (POD, SOD, GSH and GSSG), oxida-
tion products (H2O2 and MDA), secondary metabolites 
(flavonoids, polyphenols, soluble sugar, and carotenoid) 
and chlorophyll (chlorophyll a, chlorophyll b and total 
chlorophyll) were measured through the method of bio-
chemical kits. POD is a common oxidase in plants and 
works together with SOD to remove excess free radicals, 
thus improving the stress resistance of plants. POD activ-
ity was significantly increased compared with 0 μW/cm2 
at 1 h and 2 h when UVB was 40 μW/cm2 (P < 0.01 and 
P < 0.05), and SOD activity was significantly increased 
compared with 0  μW/cm2 when UVB was 80  μW/cm2 
and 160  μW/cm2 (P < 0.01) in Fig.  8a, c. The activity of 
POD was significantly increased in the first 4  h under 
low-temperature of 7.5 ℃ (P < 0.01), and was significantly 
increased in the 8th and 12th hours under low-temper-
ature of 0 ℃ (P < 0.05) (Fig. 8b). The activity of SOD was 
significantly increased in the first 2 h and the 12th hour 
under 7.5 ℃ (P < 0.01and P < 0.05), and was significantly 
increased at 0 ℃ (P < 0.01 and P < 0.05) (Fig.  8d). The 
aforementioned findings indicated that Pohlia nutans 
M211 could boost the antioxidant enzyme activity to 
increase the antioxidant capacity at low-temperature and 
UVB. GSH can reduce H2O2 produced in cells to H2O, 
while GSH is oxidized to GSSG. When the antioxidant 
mechanism in plants cannot remove reactive oxygen spe-
cies in time, too many reactive oxygen species will lead 
to membrane lipid peroxidation. The MDA is one of the 
products of membrane lipid peroxidation in plants under 
adverse conditions. Compared with 0 μW/cm2, the GSH 

level of the 40 μW/cm2 group was significantly increased 
from 8 to 12  h (P < 0.05), the GSSG was extremely sig-
nificantly reduced under different UVB treatments, 
the H2O2 content was significantly reduced in the first 
2  h and the 8th hour under the 40  μW/cm2 condition 
(P < 0.05 and P < 0.01), and the MDA content decreased 
at the 12th hour under UVB treatment of 40  μW/cm2 
and 160  μW/cm2 (Fig.  8e, g, i, k), which indicated that 
the lipid peroxidation level was relieved with time. How-
ever, the content of GSH decreased, and the contents of 
GSSG, H2O2, and MDA also increased at low-tempera-
ture (Fig. 8f, h, j, l), which speculated that the antioxidant 
pathway of glutathione was not used to reduce ROS and 
alleviate lipid peroxidation at low-temperature, but the 
low-temperature environment with UVB treatment had 
certain activation effect on this pathway. Under adverse 
conditions, plants not only scavenge free radicals by pro-
ducing antioxidant enzymes but also produce secondary 
functional metabolites to maintain their redox balance. 
Flavonoids, polyphenols, and carotenoids can scavenge 
ROS produced by UVB stimulation through hydroxyl 
groups or conjugated structures in their structure. The 
contents of flavonoids and polyphenols were signifi-
cantly increased after the 7th and 21st days under the 
UVB condition, respectively (P < 0.05 and P < 0.01), and 
carotenoids were significantly increased after the 35th 
day under the 40 μW/cm2 condition (P < 0.05) (Fig. 8s, t, 
v). As a result of the findings, the secondary metabolites 
gradually accumulated with the prolongation of UVB 
treatment, which were critical for the survival of Pohlia 
nutans M211 in the UVB environment. The cell mem-
brane of plants will harden due to the difference in low 
temperature, reducing the permeability and destroying 
the cell function. Non-polar carotenoids tend to be ran-
domly distributed in the hydrophobic interior of the lipid 
bilayer to improve the fluidity of the membranes [25]. 
Additionally, soluble sugars in plants can also reduce cell 
dehydration by improving the intracellular osmotic pres-
sure. At low-temperature of 7.5 ℃, the content of carote-
noids increased significantly after 21 to 35 days (P < 0.01), 
and the content of soluble sugar increased significantly at 
low-temperature (P < 0.01), which indicated that Pohlia 
nutans M211 could improve the freezing resistance of 
Pohlia nutans M211 by increasing the content of carote-
noids and soluble sugar in low-temperature environment 
(Fig.  8u, w). It is well known that photosynthesis is the 
foundation of plant survival and will be seriously dam-
aged in low-temperature and strong UVB environments. 
The chlorophyll content is positively correlated with the 
photosynthetic capacity of plants. The results in Fig.  8, 
m, o, q showed that chlorophyll b content presented an 
extremely significant increase on the 1st day under the 
condition of 40 μW/cm2 (P < 0.01), and total chlorophyll 
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Fig. 8  Measurement of levels of antioxidants (a-l), chlorophyll (m-r), and secondary metabolites (s-w). (The name of the measured index + UVB 
represents that the sample was obtained under UVB conditions, and the name of the measured index + T represents that the sample was obtained 
under low-temperature conditions. Results were expressed as the mean ± SD, n = 3)



Page 14 of 20Zhang et al. BMC Plant Biology          (2023) 23:399 

content significantly increased on the 1st day under the 
conditions of 40 μW/cm2, 80 μW/cm2, and 160 μW/cm2 
(P < 0.01and P < 0.05). The changes were increased sig-
nificantly on the 1st and 21st days (P < 0.05) at 7.5 and 0 
℃, respectively, and chlorophyll b and total chlorophyll 
content were significantly increased under low-tempera-
ture (P < 0.05 and P < 0.01) (Fig. 8 n, p, r). The biochemi-
cal tests listed above match the transcriptome analysis 
results. In a word, the reason Pohlia nutans M211 has 
been able to adapt to the harsh Antarctic environment 
for a long time was closely related to the improvement 
of its antioxidant system, the production of secondary 
metabolites and enhancement photosynthesis.

Discussion
The bryophytes, which are typical terrestrial plants in 
Antarctica, have aroused great interest in the processes 
behind their long-term survival and evolution under 
the harsh conditions of the Antarctic low-temperature 
and extreme ultraviolet radiation environment. The 
gametophytes of Pohlia nutans M211 were collected 
and sequenced at low-temperature and UVB treatment. 
There were 7 transcription factors related to low temper-
ature and UVB adaptation, which were AP2/ERF, WRKY, 
bHLH, bZIP, MYB, NAC, and C2H2, respectively. The 
AP2/ERF family factors play important regulatory roles 
in many biological and physiological processes, such as 
plant morphogenesis, response mechanisms to various 
stresses, hormone signal transduction, and metabolite 
regulation [26]. For example, AP2/ERF is involved in the 
biosynthesis of sesquiterpene and also regulates the accu-
mulation of carotenoids. The RD29A and COR47 factors 
are regulated by the WRKY transcription factor, a crucial 
node in the ABA response signaling network, which has 
an advantageous impact on drought and stomatal clo-
sure [27]. In addition, the WRKY transcription factor 
can not only scavenge reactive oxygen species but also 
enhance the adaptability of plants to drought stress and 
low-temperature stress. MYB and bHLH play a regula-
tory role in the synthesis of flavonoids, and MYB, bHLH, 
and NAC are also highly correlated with the content of 
anthocyanins [28]. C2H2 has also made important pro-
gress in the regulation of abiotic stress and has positive 
mediating effects on salt stress, low-temperature stress, 
and drought stress [29]. For instance, the expression 
of antioxidant enzyme genes (ascorbic acid peroxidase 
1, Apx 1) can be regulated by C2H2 zinc finger protein 
under abiotic stress, which can scavenge H2O2 in plants. 
Therefore, it was projected that the AP2/ERF, WRKY, 
bHLH, bZIP, MYB, NAC, and C2H2 would increase sur-
vivability in the Antarctic. Hierarchical clustering analy-
sis of differential lncRNA expression levels revealed 1 
lncRNA related to low-temperature (ADK), 2 lncRNA 

related to photosynthesis (PSBD, PSBN), and 1 lncRNA 
related to ultraviolet radiation (UVI31 +). ATP can main-
tain cell activity under dehydration stress, and its biosyn-
thesis is related to ADK [30]. Studies have also revealed 
that some enzymes (ADK and catalase) in tomatoes are 
stimulated under the special environment of dehydration 
and drying [31], which indicated that ADK was involved 
in the stress responses of plants and was the key gene 
for studying the polar adaptation mechanism of Pohlia 
nutans M211. The PSBD and PSBN genes, which encode 
the D2 protein of the photosystem II action center, are 
important in photosynthesis [32]. PSBN is necessary for 
assembling the reaction center of photosystem II, and 
its inactivation leads to the strong destruction of photo-
synthesis [33]. Therefore, improving the photosynthetic 
capacity under low-temperature and UVB stress is one 
of the mechanisms of adapting to extreme environments. 
UVI31 + possesses a common BolA domain and increases 
the UV resistance of E. coli expressing UVI31 + by 1000 
times [21]. UVI31 + is activated in a specific response to 
DNA damage and may play a controlling role in the cell 
cycle process after DNA damage (ultraviolet radiation) 
[34]. Accordingly, our transcription found that lncRNA 
involved in the regulation of UVI31 + was up-regulated 
under UVB treatment, indicating that UVI31 + played an 
important role in gene repair under UVB radiation.

Through KEGG analysis, Pohlia nutans M211 activated 
antioxidant pathway, fatty acid synthesis pathway, pho-
tosynthesis pathway and secondary metabolite pathways 
in extreme conditions. Environmental stress will destroy 
the plant’s ability to photosynthesis and change the gene 
expression of PSII reaction center protein synthesis and 
D1/D2 reaction center protein and other components 
[35]. The carotenoids can improve the nutritional com-
position and production of the plant and are important 
for the photoprotective action of photosynthesis [36]. 
Thus, Pohlia nutans M211 can enhance photosynthe-
sis by activating the carotenoid synthesis pathway. The 
activation of flavonoid metabolic pathways can produce 
flavonoid substances (anthocyanins, flavonoids and chal-
cones), assisting Pohlia nutans M211 to remove oxygen 
free radicals and improve the repair ability of self-injury 
under the low-temperature and UVB conditions [37]. The 
synthesis of fructose and mannose is helpful to improve 
the osmotic pressure of Pohlia nutans M211 in low-tem-
perature environment. The production of unsaturated 
fatty acids (arachidonic acid and carotenoid) can increase 
the membrane fluidity of Pohlia nutans M211 to reduce 
low-temperature damage. The DNA in tissues is espe-
cially sensitive to damage under UVB conditions. The 
activation of the base excision repair pathway ensures 
normal cell metabolism and the stability of genetic mate-
rial [38]. Therefore, Pohlia nutans M211 can adapt to 
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low-temperature and UVB environments by activat-
ing antioxidant pathways, improving its photosynthetic 
capacity, promoting the production of secondary metab-
olites, and repairing base damage, which was consistent 
with the results measured by the biochemical kit.

The MEbrown and MEturqoise modules were shown to 
be related to low temperature by WGCNA analysis, and 
the top ten core gene functions of these modules were 
mostly related to antioxidant and ion transport. Under 
adverse environments, various reactive oxygen species 
(H2O2, -OH and O2-) attack the cell membrane structure 
and biomolecules, resulting in metabolic disorder. The 
activation of the antioxidant function helps to scavenge 
ROS and achieves the purpose of survival of the plant 
by directly acting on the oxygen free radicals and indi-
rectly consuming the free radical-producing intermediate 
substances [39, 40]. Ion transport is the basis of plants’ 
nutrient absorption, mediates the circulation of various 
ions in plants, and is the precursor of the Ca2+ signal-
ing pathway, which ultimately participates in antifreeze 
pathways in plants [41]. Most of the top ten core genes 
screened by the MEpurple module in UVB were related 
to dryness. The high-intensity UVB radiation is a com-
plex abiotic stress factor that causes excessive light, heat, 
and dehydration to affect plant growth [42]. Severe plant 
dehydration will lead to changes in the structure of the 
plant photosynthetic system. The core gene of dehydra-
tion stress protein DSP-22 has long been found to par-
ticipate in the protection of photosynthesis under plant 
drying stress [43]. Therefore, it was found that Pohlia 
nutans M211 formed a gene regulatory network with 
antioxidant, ion transport, and drought resistance as the 
core under the low-temperature and UVB conditions, 
respectively.

Plants can tolerate environmental changes by modify-
ing the protein through AS mode under adverse condi-
tions. The mutants lacking splicing elements or related 
components were less vulnerable to abiotic stresses [44]. 
According to KEGG analysis of AS genes, replication 
and repair, lipid metabolism, metabolism of cofactors 
and vitamins, metabolism of terpenoids and polyketides, 
amino acid metabolism, and environmental adaptation 
played important roles in Pohlia nutans M211 adaptation 
to low-temperature and intense UVB in Antarctica. As 
a result of the formation of oxygen free radicals caused 
by low-temperature and UV stress, the stability of plant 
genetic components is affected. AS genes of replication 
and repair can repair the damaged genetic material in 
time. In addition, the related AS genes of the metabo-
lism of terpenoids and polyketides can produce more 
functional active substances to eliminate the free radicals 
produced in plants, protecting and repairing the damages 
caused by plant stress at the fastest speed. There 59 genes 

related to lipid metabolism were identified in peanut cold 
tolerance research, which indicates that lipid metabo-
lism is an important strategy to cope with temperature 
stress [45]. Metabolic adaptation is the key pathway for 
the plant to resist abiotic stress because the accumulation 
of specific amino acids is related to the increase of plant 
tolerance under environmental conditions. For example, 
proline can increase the osmotic pressure of plant cells 
and is positively correlated with salt stress and low-tem-
perature stress [46]. As a result, the key functional genes 
found along the pathways that are rich in AS genes may 
be useful for understanding how plants withstand stress.

Exploring the key PPI protein molecules and their 
interaction networks provides important clues for plant 
development regulation. The Antarctic environment is 
exceedingly severe, with low temperatures and intense 
radiation. HY5 regulates a large number of genes by 
directly combining with cis-regulatory elements, such 
as hormones, nutrients, abiotic stress (abscisic acid, 
salt, cold), and reactive oxygen species signaling path-
way, which is one of the centers of the transcription 
network adapting to environmental stress [11]. In this 
study, the interaction network with HY5 as the core 
mainly included UVB, photosynthesis, secondary 
metabolites, temperature response, etc., and the func-
tional genes were identified and discussed respectively. 
UVB radiation is the intrinsic part of sunlight and has 
important biological effects on the growth and develop-
ment of plants. UVR8 is a UVB photoreceptor dissoci-
ated into monomers through tryptophan residues, and 
this monomer combines with COP1 to initiate signal 
transmission. COP1 is an inhibitor of photomorpho-
genesis, promoter of photosensitive pigment B reaction, 
and signal transducer mediated by UVB [47, 48]. The 
UVR8-COP1 complex recombines with the SPA pro-
tein and promotes transcription accumulation of down-
stream transcription factors (HY5, HYH and MYB12) to 
regulate the expression of downstream genes, including 
functional secondary metabolites flavonoid synthesis-
related enzymes (CHS) and terpene synthesis-related 
enzymes (PDS and PSY) [49]. The secondary metabo-
lites produced subsequently can absorb UVB and 
improve plant antioxidant levels. HY5 plays an impor-
tant role in plant temperature morphogenesis except 
for regulating light morphogenesis. It can activate the 
pathway of DET1—COP1—HY5, PIF4 and other sub-
stances to exert their antifreeze activities [50]. B-box 
domain proteins 7 (BBX7) and 8 (BBX8) are direct tar-
gets of HY5 and actively regulate frost resistance by 
regulating the expression of a group of cold response 
genes, which are mainly independent of the C- repeat 
binding factor pathway [51]. To better withstand UVB 
stress and raise its level of frost tolerance, Pohlia nutans 
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M211 upregulated the expression of UVR8 and HY5, 
while downregulating the expression of COP1. PHYB 
is a stable photoreceptor and is involved in the biosyn-
thesis of photosynthetic pigments, chloroplast develop-
ment, and many other processes [52]. The enhancement 
of plant resistance to UVB radiation via PHYB might be 
related to the increase of chlorophyll, carotenoid and 
flavonoid in leaves [53]. In addition, the CHS, HY5, and 
antioxidant enzymes APX1 and GPX were positively 
correlated PHYB [54]. PHYB regulates plant growth by 
sensing not only light signals but also environmental 
temperature signals. For example, studies have found 
that CBFs-PIF3-PHYB played an important regulatory 
role in modulating plant responses to low-temperature 
stress. Our findings that the expression level of at least 
one of the three PHYB copy genes was increased under 
low-temperature and UVB conditions, indicating the 
important position of PHYB in the stress resistance 
process. The increase of ABA content in plant cells is 
a signal for plants to sense and acclimate to the exter-
nal environment [55]. LHCB is an apolipoprotein of the 
photosystem II light-harvesting complex that exhibits 
increased production of high-level ABA under stress 
conditions so that the low-temperature and UV light 
stress can make ABA increase rapidly in plants and 
enhance resistance. CHL catalyzes the terminal reac-
tion in the biosynthesis pathway, causing the phytol or 
geraniol to combine with the C17 propionic acid of chlo-
rophyll [56]. Increasing the expression of CHL in Pohlia 
nutans M211 to improve its photosynthetic capability 
is also one of the adaptation strategies to the Antarctic 
environment. TTL1 is related to osmotic stress and reg-
ulates the transcription levels of various dehydration-
responsive genes (transcription factor DREB2A, ERD1, 
ERD3, and COR15a) and positive regulators of ABA 
signals in the presence of environmental stress [57]. The 
intense UVB environment is easy to cause plant dehy-
dration and induces early dehydration reaction, there-
fore, high expression of TTL1 is helpful to improve the 
tolerance of plants to low-temperature and drought. 
Numerous research have demonstrated that increas-
ing soluble sugars (fructose, sucrose and glucose) are 
beneficial to improving the cold resistance of plants 
[58]. Fructose-1, 6-bisphosphate (FBP) converts fruc-
tose-1,6- bisphosphate to glucose -6- phosphate and is 
involved in the Calvin cycle. Therefore, plants promote 
carbon metabolism by enhancing the activity of FBP at 
low temperatures [59]. In a word, PPI network interac-
tion analysis with HY5 as the core discovered essential 
genes in photosynthesis, UVR8, secondary metabolites, 
and temperature response modules, laying a theoretical 
foundation for further investigation of the adaptation 
mechanism of Pohlia nutans M211.

Conclusions
In this study, 43,101 full-length non-redundant sequences 
of Pohlia nutans M211 transcriptome were obtained by 
PacBio SMRT technique. The polar adaptation mecha-
nisms of Pohlia nutans M211 mainly include an antioxi-
dant system, secondary metabolites, photosynthesis, and 
gene repair through TF, KEGG, AS, WGCNA, and PPI 
analysis methods, combined with the results of the tran-
scriptome, RT-qPCR, and biochemical detection kits.

Materials and methods
Plant materials
The moss Pohlia nutans M211 from the Antarctic was 
collected from the land near the Great Wall Station of 
China in Antarctica (62°13.233ʹS, 58°57.304ʹW) during 
the 33th Antarctic Expedition of China in 2017. The con-
ditions of cultivation were performed on the soil media 
in an illumination incubator at 15 ± 1  °C with a relative 
humidity of 60%, under a white light density of 80 μmol 
photons m −2 s −1 with a diurnal cycle of 16 h light with 
8 h dark.

Temperature treatments
It is reported that the daytime temperature in the Ant-
arctic continent ranges from -5 to 13  °C in summer 
[60], which is the main breeding and growth period of 
Antarctic bryophytes [61]. In addition, Pohlia nutans 
M211 have been cultured in an artificial climate box 
at 15  °C for rapid propagation since they were col-
lected from the Antarctic, Therefore, the temperature 
of experiment was set at 0  °C, 7.5  °C and 15  °C after 
comprehensive consideration. The Pohlia nutans M211 
seedlings were exposed to temperature levels (0 and 
7.5 °C) at four-time points (2 h, 4 h, 8 h, 12 h and 24 h). 
The green gametophytes were cut off and frozen in liq-
uid nitrogen immediately, and three biological replica-
tions were realized. The 15  °C was the temperature of 
the control treatment.

UVB treatments
UVB lamps (280-320  nm, Huaqiang Nanjing, China) 
were used as the source of UVB irradiation [62], and 
the temperature during UVB radiation was set to 0 ℃ 
to simulate the Antarctic low-temperature environ-
ment. The UVB intensity of the Antarctic continent 
changes with the day sequence, and the UVB intensity 
varies from 0 to 160 µW/cm2 after detection [63]. The 
Pohlia nutans M211 seedlings were treated with UVB 
irradiance at UVB irradiation levels for 0  h (control), 
2 h, 4 h, 8 h, 12 h and 24 h. The green gametophyte was 
frozen in liquid nitrogen immediately after cutting off 
and was analyzed in triplicate.
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Total RNA isolation
Total RNA was extracted using Trizol (Invitrogen, 
USA) by following the user manual. RNA degradation 
and purity (OD260/280) were measured using 1% aga-
rose gel and Nanodrop (IMPLEN, Germany). Accu-
rate quantification of RNA concentration and accurate 
detection of RNA integrity was performed using Qubit 
(Invitrogen Life Technologies, USA) and Agilent 2100 
(Agilent Technologies, USA), respectively.

Library preparation and sequencing
The iso-seq library was prepared according to the iso-
form sequencing protocol (iso-seq), which the clean-
tech smarter cDNA synthesis kit and the blue pippin 
size selection system protocol were described by spe-
cific biosciences (PN 100–092-800–03).

Data analysis
The raw data were processed using the SMRTlink 5.0 
software, and circular consensus sequence (CCS) was 
generated from subread BAM files (min_length 200, 
max_drop_fraction 0.8, no_polish TRUE, min_zscore 
-9999, min_passes 1, min_predicted_accuracy 0.8). 
FLNC (full-length nonchimera) and nFL (Non-Full-
Length) sequences were identified by detecting whether 
CCS contained 5’-primer, 3’-primer, and poly-A. The 
FLNC sequences of the same transcript were clus-
tered with a hierarchical n*log(n) algorithm to obtain 
a consensus sequence. Finally, the acquired full-length 
sequence was subjected to polish, and the polished 
consensus sequence was used for subsequent analysis. 
The polish consensus sequence achieved in the preced-
ing stage was corrected using the second-generation 
data, and then the CD-HIT software (cd-hit v4.6.8) was 
then used for redundancy and as reference sequences. 
The clean reads from each sample acquired by Illu-
mina sequencing were then compared to reference 
sequences.

Functional and structural annotations of transcriptome 
genes
CDS (Coding sequence) is a sequence encoding a protein 
product, and ANGEL software (ANGEL V2.4, https://​
github.​com/​Pacif​icBio​scien​ces/​ANGEL) was used for 
CDS prediction analysis. iTAK software (iTAK: 1.7a, 
https://​github.​com/​kentnf/​iTAK/) was used to predict 
plant transcription factors (TF). Simple sequence repeats 
(SSR) was analyzed with MISA software (version 1.0, 
default parameter, http://​pgrc.​ipk-​gater​sleben.​de/​misa/​
misa.​html), and the minimum repeats for each unit size 
were as follows: 1–10, 2–6, 3–5, 4–5, 5–5, 6–5. LncRNAs 
(long non-coding RNA) do not encode proteins, which 
was predicted by CNCI (CNCI v2, https://​github.​com/​

www-​bioin​fo-​org/​CNCI), PLEK(PLEK v1.2, https://​sourc​
eforge.​net/​proje​cts/​plek/), CPC2 (CPC2 v0.1, http://​
cpc2.​cbi.​pku.​edu.​cn/​downl​oad.​php) and Pfam (Pfam-
Scan V1.6, https://​www.​ebi.​ac.​uk/​seqdb/​confl​uence/​displ​
ay/​THD/​PfamS​can) database, and then analyze the final 
lncRNA.

Gene functions were annotated using the following 
databases: NCBI non-redundant protein sequences (Nr) 
(https://​www.​ncbi.​nlm.​nih.​gov/​prote​in/), NCBI nucleo-
tide sequences (Nt) (https://​www.​ncbi.​nlm.​nih.​gov/​nucle​
otide/), Protein family (Pfam) (http://​pfam.​sanger.​ac.​uk/), 
Clusters of Orthologous Groups of proteins and euKary-
otic Ortholog Groups (KOG/COG) (http://​www.​ncbi.​
nlm.​nih.​gov/​COG/), Swiss-Prot (http://​www.​ebi.​ac.​uk/​
unipr​ot/), Kyoto Encyclopedia of Genes and Genomes 
(KEGG) (http://​www.​genome.​jp/​kegg/).

Quantification of gene expression level and differential 
expression analysis
The expression level of genes was analyzed by RSEM 
software (RSEM V1.3.0, http://​dewey​lab.​github.​io/​
RSEM/) for each sample, and gene expression levels 
were estimated by fragments per kilobase of transcript 
per million fragments mapped (FPKM). Differential 
expression analysis of two groups was performed by 
using DESeq2 (DEseq v1.10.1, http://​www.​bioco​nduct​
or.​org/​packa​ges/​relea​se/​bioc/​html/​DESeq.​html), which 
used a model based on the negative binomial distribu-
tion. The p values were adjusted using Benjamini and 
Hochberg’s approach for controlling the false discov-
ery rate (FDR). Genes with FDR-adjusted p-value < 0.05 
found by DESeq were assigned as differentially 
expressed genes [64], and |log2 (Fold Change)|> 1 and 
p < 0.05 as the threshold for significantly differential 
expression.

Gene enrichment analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) was 
a database for systematic analysis of gene function and 
genomic information, which helped researchers study 
genes and expression information as a whole network. It 
was assigned to each gene based on the KOBAS software 
(KOBAS v3.0, http://​kobas.​cbi.​pku.​edu.​cn/​downl​oad.​php).

Selection of suitable reference genes and RT‑qPCR
The genes expressed in all samples with FPKM > 0, which 
were compared with the comparison combinations and 
filtered out differential genes [65]. The top 20 genes were 
then selected in Norm Finder software to enter the ref-
erence gene screen based on their expression levels. The 
two genes with the lowest stability value (60S and eIF4A) 
were used as reference genes for RT-qPCR by the nor-
malization method.

https://github.com/PacificBiosciences/ANGEL
https://github.com/PacificBiosciences/ANGEL
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The RT-qPCR was employed to validate candidate 
DEGs associated with cold tolerance and UVB resistance, 
which was performed on TransStart Green qPCR Super-
Mix (AQ101-01, TransGen Biotech Co., Ltd, Beijing, 
China) for 40 cycles (95 °C for 5 s; 58 °C for 10 s; 72 °C 
for 40 s). The primers were designed by Sangon Biotech 
Co., Ltd. (Shanghai, China) and were listed in Table  S5. 
The data was further analyzed using the comparative Ct 
(2−∆∆CT) method [62].

Determination of antioxidant, secondary metabolites, 
and chlorophyll levels
Samples (gametophytes) for antioxidant level determi-
nation were taken at 1, 2, 4, 8, 12 h at low-temperature 
and UVB treatment, with the same temperature and 
UVB intensity as for transcriptome sampling. The sam-
ples of secondary metabolites (except carotenoids) and 
chlorophyll levels were sampled at 1, 3, 7, 21, and 35 day, 
and the samples of carotenoid levels were sampled at 
21, 35 days under low-temperature and UVB treatment, 
respectively. The detection kit of POD (peroxidase), SOD 
(superoxide dismutase), MDA (malondialdehyde), H2O2, 
flavonoid, polyphenol, soluble sugar, and chlorophyll 
were purchased from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China), and the above experimental 
operations were performed according to the instructions 
repeated three times [66].

Statistical analysis
The statistical analyses employed software of SPSS 22.0 
(SPSS Inc., Chicago, USA) by using one-way analysis of 
variance (ANOVA) with Tukey. Each of the groups’ val-
ues were expressed as the means ± standard deviation 
(SD), p < 0.05 and p < 0.01 were considered to reflect a sta-
tistically significant difference and a highly significant dif-
ference, respectively.
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