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Temporal transcriptome analysis
reveals several key pathways
involve in cadmium stress
response in Nicotiana tabacum L.
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Huina Zhou1, Liangtao Xu3, Long Wang2* and Guoyun Xu1*

1China Tobacco Gene Research Center, Zhengzhou Tobacco Research Institute of China National
Tobacco Corporation, Zhengzhou, China, 2College of Biology, State Key Laboratory of Chemo/
Biosensing and Chemometrics, and Hunan Province Key Laboratory of Plant Functional Genomics
and Developmental Regulation, Hunan University, Changsha, China, 3Technology Center, China
Tobacco Jiangsu Industrial Co. Ltd., Nanjing, China, 4Yuxi Zhongyan Tobacco Seed Co., Ltd., Yuxi,
Yunnan, China
Tobacco has a strong cadmium (Cd) enrichment capacity, meaning that it can

absorb large quantities from the environment, but too much Cd will cause

damage to the plant. It is not yet clear how the plant can dynamically respond to

Cd stress. Here, we performed a temporal transcriptome analysis of tobacco

roots under Cd treatment from 0 to 48 h. The number of differentially expressed

genes (DEGs) was found to change significantly at 3 h of Cd treatment, which we

used to define the early and middle stages of the Cd stress response. The gene

ontology (GO) term analysis indicates that genes related to photosynthesis and

fatty acid synthesis were enriched during the early phases of the stress response,

and in the middle phase biological process related to metal ion transport, DNA

damage repair, and metabolism were enriched. It was also found that plants use

precursor mRNA (pre-mRNA) processes to first resist Cd stress, and with the

increasing of Cd treatment time, the overlapped genes number of DEGs and DAS

increased, suggesting the transcriptional levels and post-transcriptional level

might influence each other. This study allowed us to better understand how

plants dynamically respond to cadmium stress at the transcriptional and post-

transcriptional levels and provided a reference for the screening of Cd-tolerant

genes in the future.
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1 Introduction

In recent years, heavy metal pollution of farmland soil has

become a prominent environmental problem (Yang et al., 2018; Qin

et al., 2021). China alone loses roughly 10 million tons of grain every

year due to this heavy metal pollution (Shibao et al., 2019).

According to the national survey bulletin on soil pollution, more

than 19.4% of the cultivated soil was contaminated, with Cd-

contaminated soil accounting for 7.0% (Yang et al., 2022). The

accumulation of high levels of cadmium in a plant can result in

significant toxicity, leading to a range of disruptions that can

damage the plant. These disruptions may include impacts on cell

division, decreased growth rate, disruption of photosynthesis,

alteration of plant enzyme activity and membrane integrity, and

an increase in lipid peroxidation (Haider et al., 2021).

As a very important cash economic in China and the world, the

Cd enrichment capacity of tobacco (Nicotiana tabacum) is of great

interest. Excessive accumulation of Cd reduces the quality and yield

of tobacco. At present, research on the mechanisms of how Cd

affects tobacco growth and development has made some processes,

however, most of this research focuses on the antioxidant effects of

Cd on tobacco (Borgo et al., 2022). There are very few studies

analyzing how tobacco responds to Cd stress and which genes

participate in Cd response at pre-mRNA and mRNA levels (Fu

et al., 2019). In recent years, the continuous development of high-

throughput sequencing technology has increased the ability to study

how plants respond to heavy metal pollution. Temporal

transcriptome sequencing in particular has proven to be an

effective way to study the response of plants to external

environmental signals. This method could dynamically monitor

plant responses to different stages of stimuli exposure at the gene

expression level. For example, it has previously been used to reveal

how wheat can coordinate the expression of homologous genes to

cope with various environmental constraints at the genome-wide

level (Hao et al., 2021); how candidate genes regulate

flower opening and closing in Iris, leading to an improved

understanding of the regulatory network of flowering (Liu

et al., 2022).

Alternative splicing (AS) is a typical post-transcriptional

regulation. It is a molecular mechanism that produces multiple

mRNA transcripts from a single gene locus via the alternative

selection of splicing sites during pre-mRNA processing (Lee and

Rio, 2015). Studies have shown that AS plays an important role in

plant responses to a variety of abiotic stresses, such as salt (Jian et al.,

2022), droughts (Ding et al., 2022), and temperature stress (Weng

et al., 2021), but there are still few studies on the response to Cd stress.

Therefore, it is of great significance to understand the mechanism of

plant response to Cd by using technologies such as differential

expression genes (DEGs) and alternative splicing analysis.

In this study, we analyzed the response of tobacco roots to Cd

stress by using a temporal transcriptome analysis. It was found

that the number of DEGs increase significantly after 3 hours of Cd

treatment. In addition, the main signal pathways were found to

differ at various time points of the Cd stress response and plants

employed pre-mRNA process to initially resist Cd stress.
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Therefore, this study provides data to support a dynamic

understanding of plant Cd stress responses at transcriptional

and post-transcriptional levels.
2 Materials and methods

2.1 Plant materials and cadmium
stress treatment

The experimental material was the roots of tobacco cukltivar

K326, which was bred by Northup King Seed Company by crossing

McNair30 and NC95. Tobacco seeds were germinated in sterile,

moist vermiculite. Uniformly healthy 5-leaf stage seedlings were

transplanted into 1/2 MS medium (100 mL pyridoxine flask

containing 50 mL Murashige and Skoog medium liquid medium,

with vitamins and sugar), and containers were randomly placed in a

greenhouse under natural light irradiation at a controlled

greenhouse temperature of 25 ± 3°C. Plants were treated with 50

mM CdCl2 for 5 min, 15 min, 30 min, 1 h, 3 h, 6 h, 12 h, 24 h, and

48 h. At the end of the 48 h Cd treatment, tobacco roots, rinsed

three times with deionized water and dried, and stored at -80°C.

Samples without Cd treatment were labeled as T0 and samples

under Cd treatment were labeled as T1-T9 depending on

the treatment.
2.2 RNA-seq library construction

Samples from the different treatments were powdered in liquid

nitrogen to extract RNA, and RNA-seq library was constructed as

described previously (Wang et al., 2020). To perform RNA-seq,

total RNA was first extracted from cells using a TRIzol reagent and

treated with DNase to eliminate any genomic DNA contamination.

The mRNA was then selectively captured using Oligo(dT) magnetic

beads and fragmented using an interrupt reagent in a Thermomixer

(Eppendorf, Hamburg, Germany). cDNA synthesis was carried out

using the fragmented mRNA as template. Double-stranded cDNA

was generated using a double-stranded cDNA synthesis reaction

system and purified using a purification kit. The purified cDNA was

then subjected to cohesive end repair, followed by the addition of an

“A” base to the 3’ end and ligation of a linker. cDNA fragments of

the desired size were selected, and PCR amplification was

performed. The resulting libraries were sequenced using paired-

end sequencing on an Illumina Hiseq4000 (BGI, Shenzhen, China)

following the manufacturer’s protocol. In this study, thirty RNA

libraries were generated, including three control libraries and

twenty-seven treatment libraries, to investigate the effect of

treatment on gene expression.
2.3 Bioinformatics analysis

Raw reads were analyzed us ing FastQC (https : / /

www.bioinformatics.babraham.ac.uk/projects/fastqc/) prior to

assembly. Trimmomatic v0.36 (http://usadellab.org/cms/?
frontiersin.org
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page=trimmomatic), parameter “CROP:150 ILLUMINACLIP :

TruSeq3-PE-2.fa:2:30:10:8:true LEADING:3 TRAILING:3

SLIDINGWINDOW:4:15 MINLEN:4” is used to remove low

quality sequences. Cutadapt (Martin, 2011) software was used to

remove low quality reads, including those with sequencing adapters,

sequencing primers and nucleotides with mass fractions below 20.

At the same time, Q20, Q30 and GC content were also calculated for

clean data. All downstream analyses were based on high quality

clean data. The raw sequence data was submitted to the NCBI

database under the registration number PRJNA93401.

Reference genome and gene model annotation files were

downloaded from the Nicotiana tabacum K326 Flue-cured

(https://solgenomics.net/organism/Nicotiana_tabacum/genome).

The index of the reference genome was built using Hisat2 (v2.2.1)

(Kim et al., 2019) and paired-end clean reads were aligned to the

reference genome using Hisat2 (v2.2.1). Gene expression analyses

were constructed as described previously (Wang et al., 2020). We

used DEGseq2 R package (1.36.0) (Love et al., 2014) and using the

normalization method of quantiles with fold change ≥2, and q-value

< 0.05 as the threshold for determining whether the gene was

differentially expressed to obtain DEGs, normalization of data using

Z-score.

Alternative splicing events were identified using rMATS v4.1.1

(Shen et al., 2014) with parameters “-t paired –len 150 –c 0.0001 –

analysis U –libType fr-firststrand –novelSS 1” and with the updated

GTF file. Five types of AS events were then classified, including ES,

A5SS, A3SS, MXE, and IR. Inclusion level (y) was a quantitative

measurement of AS. With exon skipping as an example, inclusion

level is estimated by the proportion of exon-exon junction counts

supporting the exon-inclusion isoform. Inclusion level can be

applied to all AS categories (exon skipping, intron retention,

alternative 5′/3′ splice site, mutually exclusive exons), with minor

changes made when defining “inclusion”. Parameters FDR < 0.05

and DPSI ≥ 0.1 were used to identify differential alternate splicing

(DAS) events between the control and cadmium treatment groups.
2.4 Gene annotation and metabolic
pathway analysis

Gene Ontology (GO) enrichment analysis of differentially

expressed genes was implemented by the clusterProfiler (4.4.4) R

package (Wu et al., 2021). GO terms with corrected p-value less

than 0.05 were considered significantly enriched by differentially

expressed genes. The clusterProfiler (4.4.4) R package was used to

test the statistical enrichment analysis of differentially expressed

genes in the KEGG pathway.
3 Results

3.1 Response of genes expression to
cadmium stress in tobacco roots

To analyze how tobacco roots dynamically respond to cadmium

stress, we treated 5-leaf stage Nicotiana tobacco with 50 mM
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cadmium ions and collected samples at different time points (0,

5 min, 30 min, 1 h, 3 h, 6 h, 24 h, and 48 h) for RNA-seq

(Figure 1A). We conducted three biological replicates per sample.

A time-series differential expression analyses were performed to

explore the global temporal patterns of transcriptomic changes. We

generated at least 10 Gb of clean bases for each sample, and more

than 85% of the sequencing reads could be uniquely mapped to the

N. tabacum K326 genome, indicating the high quality of the RNA-

seq data (Table S1). Correlation analyses were used to estimate the

relationships between the 30 transcriptome samples. Our results

showed that all replicated data was generally well correlated within

the same time point (T1-T9; Figure 1B).

We then identified the DEGs occurring in the root of K326

following exposure to Cd stress treatment. We monitored how these

changes occurred over different time and compared them with the

untreated control (T0). Our results identified a total of 64,472 DEGs

by using the edgeR package with q-value < 0.05, fold change ≥2.

Compared with the T0 group, within 5 minutes there were 601 up-

regulated genes in the Cd stress-treated group, while 916 DEGs

were down-regulated in the T1 vs T0 Cd stress-treated group

(Figure 1B). The number of DEGs increased rapidly, as T1 vs T0

group contained almost 1/3 of those in the T2 vs T0 group

(Figure 1B). This degree of variation suggests that the mRNA

response strategy has achieved a certain scale after 15 min of Cd

treatment. The number of DEGs responding to Cd stress increased

significantly after 3 h compared to 1 h (Figure 1C), and the highest

number of DEGs were detected in the 48 h samples. Based on these

results, the treatment time points were divided into early (T0 to T4)

and mid-term (T5 to T9) responses to Cd stress. Additionally, we

detected 274 overlapped genes in the Venny analysis of the early

stage of Cd stress, which reached 5.5-18% of the total DEGs

(Figure 1D). We also detected 2,051 overlapped genes in the

Venny analysis of the mid-term stage of Cd stress, which reached

15-22% of total DEGs (Figure 1E). In summary, the number of

DEGs in the middle stages of Cd treatment was significantly

increased compared with that in the early stage of treatment. The

proportion of overlapping genes is significantly higher in the mid-

stage compared to the early stage, indicating that more common

genes are synergistically involved in the cadmium response in the

mid-stage.
3.2 GO term and KEGG analysis in the early
stage of Cd treatment

To investigate the response mechanisms in plants at the early

stage of Cd stress treatment, we analyzed the DEGs from T0 to T4.

The DEGs heatmap show that the number of up- and down-

regulated genes from the 274 overlapped genes is similar between

T1-T4 samples (Figure 2A). During our experiment, a gene

ontology enrichment analysis revealed that the 274 overlapped

genes were mainly involved in the rhythmic process, response to

abiotic stimulus, metal ion transport, circadian rhythm, and cation

transport et al. (Figure 2B). Circadian rhythms are essential for

normal gene expression, indicating that Cd treatment could induce

a disorder in the expression of rhythm-related genes. KEGG
frontiersin.org
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analysis indicated that in response to the early stage of Cd exposure,

the overlapped DEGs enriched photosynthesis, MAPK signaling

pathway, TCA cycle, and carbon metabolism (Figure 2C). These

results demonstrate that Cd stress affects the photosynthesis of

plants, leading to a decline in the overall photosynthetic rate.

Moreover, other corresponding energy metabolism processes

must also be affected. Therefore, the continuously changing,

overlapping genes are mostly related to energy metabolism, metal

ion transport, and abiotic stimulus response.

Next, we analyzed the GO term of all multiple specific response

pathways at each time point in the early stage. The results showed

that the photosynthesis, lipid biosynthetic process, and fatty acid

biosynthetic processes were enriched after 5 minutes of Cd
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treatment (Figures 2D, E). After 15 minutes of Cd treatment, the

pathways related to cell wall organization and response to biotic

stimulus were affected, and after an hour, the plant began to

respond to oxidative stress (Figures 2D, E). A similar conclusion

was found by analyzing the KEGG pathway which affected the

photosynthesis and fatty acid elongation after just 5 minutes of

treatment. After 15 min of treatment, plant hormone signal

transduction, MAPK signaling pathway, and phenylpropanoid

biosynthesis were also enriched (Figure S1A). In summary, the

main pathways involved in Cd stress response occur at different

stages. Several signal pathways are continuously affected after Cd

treatment such as photosynthesis and lipid biosynthesis. However,

more signal pathways have a spatio-temporal specific response.
A

B

D E

C

FIGURE 1

Experiment overview and effect of Cd stress response in tobacco root. (A).Seedlings were incubated in a growth chamber until they grew to the
five-leaf stage, then the roots of seedings were treated with 50 mM CdCl2 for different times. Three biological replicates of Nicotiana tabacum
ecotype K326 were harvested. (B). Heatmap depicting pairwise Pearson correlation of gene expression values of all samples. (C). Bar graph showing
the total number of differentially upregulated (orange) and downregulated (blue) genes in T1vsT0, T2vsT0, T3vsT0, T4vsT0, T5vsT0, T6vsT0, T7vsT0,
T8vsT0, and T9vsT0 samples. (D). Venn diagram showing common and unique genes in T1vsT0, T2vsT0, T3vsT0, and T4vsT0 samples. The number
of genes intersecting all time points was 274. (E). Venn diagrams showing differential gene statistics for T5vsT0, T6vsT0, T7vsT0, T8vsT0, and T9vsT0
samples. The number of genes intersecting all time points was 2,051.
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3.3 GO term and KEGG analysis in the
middle stage of Cd treatment

To investigate the response mechanisms at the middle stage of

the Cd stress response, we analyzed the RNA-seq transcriptomic

data of tobacco under Cd treatment from T5 to T9. The results

displayed in the DEGs heatmap showed that the number of up-

regulated genes is about three times that of down-regulated genes in
Frontiers in Plant Science 05
the 2,051 overlapped genes (Figure 3A). Among these genes, GO

enrichment analysis showed that cell wall modification, DNA

integration, cell wall organization, polysaccharide biosynthetic

process, and metal ion transport were enriched (Figure 3B).

Likewise, the KEGG analysis showed that the RNA transport,

nucleotide excision repair, MAPK signaling pathway, and

endocytosis pathway were also enriched (Figure 3C). Moreover,

the GO term analysis revealed that nuclear division, chromosome
A B

D

E

C

FIGURE 2

Differential gene expression in the early stage of Cd treatment. (A). Hierarchical clustering heat map showing the gene expressions of a total of 15
samples at each time point during the early phase of Cd stress treatment (T0-T4). (B). GO term enrichment analysis of common DEGs after
cadmium treatment (T1vsT0, T2vsT0, T3vsT0, and T4vsT0). The top 5 entries were selected for shown. (C). KEGG analysis of common DEGs after
cadmium treatment (T1vsT0, T2vsT0, T3vsT0, and T4vsT0). The top 5 entries were selected for statistical analysis. (D). GO enrichment results of
differentially expressed genes at each time point (T1-T4) in the early phase of the Cd stress response. The top 3 entries for each time significance
were selected for statistical analysis. (E). The heat map shows the gene expression in photosynthesis, response to oxidative stress, cell wall
organization or biogenesis, fatty acid biosynthetic process, and metal ion transport at the early stage of cadmium stress (T0-T4).
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segregation, and cell wall organization or biogenesis were enriched

at T5 vs T0. The GO term related to DNA metabolic processes and

DNA integration were enriched in T6 vs T0 (Figures 3D, E).

Similarly, signal pathways changed as time continued, especially

at 48h of Cd treatment where it was noted that the main enrichment

pathway becomes more involved in reproductive processes and cell
Frontiers in Plant Science 06
recognition (Figures 3D, E). This led to a significant difference

between the main KEGG pathways after 48 h and all other time

points (Figure S1B). These results indicate that cell walls are

disrupted by continuous Cd stress and that the early responses to

exogenous Cd and abiotic stimuli are gradually converted into

pathways related to DNA damage and cell well repair.
A B

D

E

C

FIGURE 3

Differential gene expression in the middle stage of Cd treatment. (A). Hierarchical clustering heat map showing the gene expression of a total of 18
samples at each time point during the middle phase of Cd stress treatment (T0 and T5-T9). (B). GO term enrichment analysis of common DEGs after
Cd treatment (T5vsT0, T6vsT0, T7vsT0, T8vsT0, and T9vsT0). The top 5 entries for each time significance were selected for statistical analysis. (C).
KEGG analysis of common DEGs after cadmium treatment (T5vsT0, T6vsT0, T7vsT0, T8vsT0, and T9vsT0). The top 5 entries for each time
significance were selected for statistical analysis. (D). GO enrichment results of differentially expressed genes at each time point (T5-T9) in the
middle phase of the Cd stress response. The top 3 entries for each time significance were selected for statistical analysis. (E). The heat map shows
the gene expression in DNA metabolic process, metal ion transport, cell wall organization or biogenesis, and polysaccharide metabolic process at
the middle stage of cadmium stress (T5-T9).
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3.4 Transcriptional dynamics of cadmium
stress response in tobacco roots

To analyze gene expression patterns, a time-course analysis was

conducted by clustering all genes from different time points to

investigate their expression dynamics. Thousands of Cd-response

genes were classified into 8 different expression patterns based on

their response to the Cd treatment (Figures 4A–H). The expression

of genes in cluster 1 was the highest at T1 and gradually decreased
Frontiers in Plant Science 07
over time. GO analysis indicated that these genes are involved in

photosynthesis, multicellular organism development, and

development processes. This indicates that Cd stress first destroys

a plant’s photosynthesis which leads to an effect on plant growth.

Genes in clusters 2 and 3 showed similar expression patterns

(Figures 4B, C), exhibiting a rapid response to Cd stress at

30 min and 1h, respectively. The GO analysis indicates that these

genes are involved in sucrose metabolic processes, amino acid

activation, reactive oxygen species, the generation of precursor
A

B

D

E

F

G

H

C

FIGURE 4

Time-course analysis of dynamic gene expression changes during Cd treatment. (A–H). From left to right, gene expression is divided into 8
significant clusters based on the similarity of gene expression in each sample. The right side is a heat map of the expression of the top 1,000 genes
most relevant to each cluster in each sample, graphically showing the top 5 significant GO terms.
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metabolites, and energy, meaning that a plant likely produces

energy to resist Cd stress after exposure.

Genes in clusters 5 and 6 also followed this expression pattern.

At 3 h after Cd treatment, both the protein ubiquitination and

response to endogenous stimulus were enriched. GO analysis

indicated that genes enriched DNA metabolic process, DNA

integration, DNA repair, and the cellular response to DNA

damage stimulus at 6 h (T6) following Cd treatment (Figures 4D–

F). It has been reported that in response to Cd stress, many genes

with repair functions become active to mend the damaged parts. A

similar function was observed at the T7 time point, where many

genes with repair functions became active due to the altered cell

structure (Figure 4G). Due to the persistence of cadmium stress,

genes related to cell growth and defense response continued to be

active at the T9 time point (Figure 4H). Collectively, these

expression patterns illustrate the relationship similarities and

differences between the early and middle stages of the Cd

stress response.
3.5 Identification of different alternative
splicing events in response to Cd stress

To identify the different alternative splicing (DAS) events that

were sensitive to cadmium stress, AS analysis was performed using

rMATS. A total of 3,367 DAS events from 1,883 genes were

identified in tobacco roots. We found that similar to the sharp

increase of DEGs in T5 vs. T0, the number of genes with AS

increased significantly during this time point (Figure 5A). Among

the DAS types between T1-T4, retained intron (RI) was the most

abundant (38.40%), followed by alternative 3’SS (26.55%),

alternative 5’SS (16.87%), exon skipping (15.24%), and mutually

exclusive exons (2.94%) (Figure 5B). We identified 4,291 AS events

from 3,519 genes over a total of five time periods from 3 h to 48 h.

Among the AS types, RI was the most abundant (46.03%), followed

by A3SS (19.70%), SE (15.68%), A5SS (14.29%), and MXE (4.31%).

In addition, we identified 58 and 235 overlapped AS events in the

early and middle stages of Cd stress, respectively (Figures 5C, D).

Similar enrichment analysis was performed for differential AS

events in the early stage of cadmium stress treatment. It showed that

cellular responses to stimulus were enriched in the T1 time point,

which indicates that plants begin to respond to Cd stress by

regulating the AS of stimulus-response genes 5 min after

treatment. In addition, the AS events were also involved in RNA

processing, RNAmodification, DNA repair, and dephosphorylation

processes in the early stage of Cd treatment (Figure 5E). Meanwhile,

GO analysis showed enrichment in cellular responses to stress,

DNA damage, and RNA modification in the T8 and T9 time points

(Figure 5F). The same enrichment results are reflected in the KEGG

pathway analysis, where the differential AS genes were mostly

expressed in rhythm-related pathways and various amino acid

synthesis pathways in the early stage of the stress response

(Figure S2A). In the middle stage of the stress response, there was

an enrichment of the mRNA surveillance pathway, N-Glycan

biosynthesis, and spliceosome (Figure S2B).
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To analyze the relationship between DEGs and DAS, we

conducted a combined analysis. For the early stage (T0-T4) Cd

stress response, DE and DAS genes differed greatly, with very few

intersections. 77 intersecting genes were present in the middle phase

(T5-T9). GO terms such as cellular response to stimulus, signal

transduction, single organism signaling, and cell communication as

well as some terms related to signaling and modifications were

common to both DE and DAS genes. The two time points (T5 and

T6) with the highest percentage of RI events were analyzed (Figures

S3A, B). At 3 h of Cd stress treatment, the GO term showed gene

enrichment in dephosphorylation which was associated with

nucleotide anabolism (Figure S3C). After 6 h, the GO term

showed genes associated with amino acid activation,

polysaccharide synthesis, and tRNA anabolism (Figure S3D). In

summary, we found that the response of AS to Cd stress is faster

than that at transcriptional levels due to AS event that response to

stimulus appears in the process of pre-mRNA processing within 5

min, and the transcriptional levels and post-transcriptional level

might influence each other.
4 Discussion

To cope with the various environmental stresses that adversely

affect normal plant growth and development, plants usually employ

a variety of different strategies to respond to different durations of

exposure (Chaturvedi et al., 2021). In this study, we chose to analyze

the root response, since they are one of the main organs that sense

environmental cadmium concentration and absorb it. To this end,

we used a multi-time-point transcriptome analysis of tobacco from

5 min to 48 h of cadmium stress treatment. We observed changes in

the number of differentially expressed genes in the root

transcriptome at different stages of the treatment. A significant

increase in the number of DEGs was observed in the T5 time point

compared with T4 time point, and we used this as a boundary to

classify 0 minutes to 1 hour as the early-stress response and 3 hours

to 48 hours as the mid-stress response. Therefore, the effect of

cadmium treatment on different genes expression varies at early and

mid-stages.

Photosynthesis is an important component of plant

metabolism and its integrity is crucial for normal plant growth

and development (Dubey, 2018). Photosynthesis was affected

after only 5 min of stress due to the massive translocation of

metal cat ions into the plant . There were also many

differentially expressed genes that were enriched, causing an

effect on many functions related to photosynthesis. This is

consistent with the reported toxic effect of the heavy metal Cd

on plant photosynthesis (Dias et al., 2012). Changes in the

photosynthetic capacity also affect primary carbon metabolism

processes, which in turn causes an effect on the tricarboxylic acid

cycle (Heyneke and Fernie, 2018).

In the early-response period, fatty acid synthesis-related

pathways are enriched. Fatty acids play an important role in land

plant responses to abiotic stress. They serve as reserves of carbon

and energy and provide extracellular barrier components, and stress
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signal regulators (He and Ding, 2020). The plant cell wall is one of

the most important physical factors for resisting abiotic stress, the

accumulation of lignin or corkiness in the primary cell wall prevents

the entry of foreign substances (Keegstra, 2010). It has been shown

that cadmium causes some degree of damage to the cell wall in
Frontiers in Plant Science 09
plants (Gutsch et al., 2018), and genes associated with cell wall

repair are active under the continuation of the stress process.

Cadmium can cause RNA single-strand breaks that line into

DNA base modification products affecting DNA repair (Zhang

et al., 2019). As cadmium continues to accumulate in the middle
frontiersin.o
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FIGURE 5

Distribution of AS types. (A). Bar graph showing the number of AS events at each time point from T1 to T9. (B). Five different types of AS events and
their frequency. The first column is the AS event category, the second column is the corresponding early stage of the stress with its proportion, and
the third column is the corresponding mid-stress event with its proportion. (C, D). From left to right, the Venn diagram shows the DAS gene
differences at each time point in the pre-response (T1-T4) and mid-response (T5-T9) periods to Cd stress. In the pre-response period, there were
58 intersecting genes. In the mid-response period, there were 235 intersecting genes. (E, F). From top to bottom, the results of GO enrichment
analysis of DAS genes in each time point in early (T1-T4), as well as mid-response (T5-T9) are shown. The top 3 entries for each time significance
were selected for statistical analysis.
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the stress response, apoptosis and DNA damage occur, and in

response, the genes related to DNA repair are enriched.

It has been shown that alternative splicing may be associated

with transcriptional regulation in response to environmental stress

in plant. This association is related to different species or different

stress (Staiger and Brown, 2013). In rice (Dong et al., 2018), there

was little overlap between DASs and DEGs under different mineral-

deficient conditions, whereas there was a strong overlapping

relationship between the two under drought stress in tea tree

(Ding et al., 2020). In wheat samples heat-treated for one-hour,

pre-mRNA processing was significantly associated with

transcriptional regulation (Liu et al., 2018). Early in the stress

response, differentially expressed genes rarely intersected with

differentially AS genes. As the treatment time of cadmium stress

prolonged, the overlapped genes number of DEGs and DAS

increased gradually. One possibility is that Cd stress might affect

the relationship between transcription and post-transcriptional

level, which needs to be further explored in the future.

Additionally, we found that several receptor kinases are

induced to express in response to stress, such as gene_84425,

and receptor kinases are widely involved in the process of plant

stress resistance (Zhao et al., 2021), therefore this kind of genes

may be used.
5 Conclusions

In this study, we investigated the transcriptome of tobacco in

response to Cd stress using RNA-seq. Based on the results, we

identified stage-specific differences in tobacco during prolonged

treatment and divided samples into two response periods. The early

phase of the stress response was characterized by a large

translocation of metallic cadmium ions which affected the

rhythm-related pathways, while in the middle phase of the stress

response there was a shift from receiving stimuli toward repairing

damage. We found that plants tend to change and increase the

number of splicing patterns in response to long-term Cd stress, and

alternative splicing regulation of stimulus response occurs prior to

and influences transcriptional regulation.
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and Santos, C. (2012). Cadmium toxicity affects photosynthesis and plant growth at
different levels. Acta Physiologiae Plantarum 351281– 1289. doi: 10.1007/s11738-012-
1167-8

Ding, Y. Q., Fan, K., Wang, Y., Fang, W. P., Zhu, X. J., Chen, L., et al. (2022).
[Drought and heat stress-mediated modulation of alternative splicing in the genes
involved in biosynthesis of metabolites related to tea quality]. Mol. Biol. (Mosk) 56 (2),
321–322. doi: 10.31857/s0026898422020057

Ding, Y., Wang, Y., Qiu, C., Qian, W., Xie, H., and Ding, Z. (2020). Alternative
splicing in tea plants was extensively triggered by drought, heat and their combined
stresses. PeerJ 8, e8258. doi: 10.7717/peerj.8258

Dong, C., He, F., Berkowitz, O., Liu, J., Cao, P., Tang, M., et al. (2018). Alternative
splicing plays a critical role in maintaining mineral nutrient homeostasis in rice (Oryza
sativa). Plant Cell 30 (10), 2267–2285. doi: 10.1105/tpc.18.00051

Dubey, R. S. (2018). “Photosynthesis in plants under stressful conditions,” in
Handbook of photosynthesis (CRC Press), 629–649.

Fu, Y., Mason, A. S., Zhang, Y., Lin, B., Xiao, M., Fu, D., et al. (2019). MicroRNA-
mRNA expression profiles and their potential role in cadmium stress response in
brassica napus. BMC Plant Biol. 19 (1), 570. doi: 10.1186/s12870-019-2189-9

Gutsch, A., Keunen, E., Guerriero, G., Renaut, J., Cuypers, A., Hausman, J. F., et al.
(2018). Long-term cadmium exposure influences the abundance of proteins that impact
the cell wall structure in medicago sativa stems. Plant Biol. (Stuttg) 20 (6), 1023–1035.
doi: 10.1111/plb.12865

Haider, F. U., Liqun, C., Coulter, J. A., Cheema, S. A., Wu, J., Zhang, R., et al. (2021).
Cadmium toxicity in plants: Impacts and remediation strategies. Ecotoxicol Environ.
Saf. 211, 111887. doi: 10.1016/j.ecoenv.2020.111887

Hao, X., Wang, Q., Hou, J., Liu, K., Feng, B., and Shao, C. (2021). Temporal
transcriptome analysis reveals dynamic expression profiles of gametes and embryonic
development in Japanese flounder (Paralichthys olivaceus). Genes (Basel) 12 (10):1561.
doi: 10.3390/genes12101561

He, M., and Ding, N. Z. (2020). Plant unsaturated fatty acids: Multiple roles in stress
response. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.562785

Heyneke, E., and Fernie, A. R. (2018). Metabolic regulation of photosynthesis.
Biochem. Soc. Trans. 46 (2), 321–328. doi: 10.1042/bst20170296

Jian, G., Mo, Y., Hu, Y., Huang, Y., Ren, L., Zhang, Y., et al. (2022). Variety-specific
transcriptional and alternative splicing regulations modulate salt tolerance in rice from
early stage of stress. Rice (N Y) 15 (1), 56. doi: 10.1186/s12284-022-00599-9

Keegstra, K. (2010). Plant cell walls. Plant Physiol. 154 (2), 483–486. doi: 10.1104/
pp.110.161240

Kim, D., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based
genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat.
Biotechnol. 37 (8), 907–915. doi: 10.1038/s41587-019-0201-4
Frontiers in Plant Science 11
Lee, Y., and Rio, D. C. (2015). Mechanisms and regulation of alternative pre-mRNA
splicing. Annu. Rev. Biochem. 84, 291–323. doi: 10.1146/annurev-biochem-060614-
034316

Liu, R., Gao, Y., Guan, C., Ding, L., Fan, Z., and Zhang, Q. (2022). The comparison of
temporal transcriptome changes between morning-opening and afternoon-opening iris
flowers reveals the candidate genes regulating flower opening and closing. J. Plant Biol.
1–19. doi: 10.1007/s12374-022-09363-4

Liu, Z., Qin, J., Tian, X., Xu, S., Wang, Y., Li, H., et al. (2018). Global profiling of
alternative splicing landscape responsive to drought, heat and their combination in wheat
(Triticum aestivum l.). Plant Biotechnol. J. 16 (3), 714–726. doi: 10.1111/pbi.12822

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550. doi: 10.1186/
s13059-014-0550-8

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.journal 17, 10–12. doi: 10.14806/ej.17.1.200

Qin, G., Niu, Z., Yu, J., Li, Z., Ma, J., and Xiang, P. (2021). Soil heavy metal pollution
and food safety in China: Effects, sources and removing technology. Chemosphere 267,
129205. doi: 10.1016/j.chemosphere.2020.129205

Shen, S., Park, J. W., Lu, Z. X., Lin, L., Henry, M. D., Wu, Y. N., et al. (2014). rMATS:
robust and flexible detection of differential alternative splicing from replicate RNA-seq
data. Proc. Natl. Acad. Sci. U.S.A. 111 (51), E5593–E5601. doi: 10.1073/pnas.1419161111

Shibao, C., Meng, W., Shanshan, L., Han, Z., Xiaoqin, L., Xiaoyi, S., et al. (2019).
Current status of and discussion on farmland heavy metal pollution prevention in
China. Earth Sci. Front. 26 (6), 35. doi: 10.13745/j.esf.sf.2019.8.6

Staiger, D., and Brown, J. W. (2013). Alternative splicing at the intersection of
biological timing, development, and stress responses. Plant Cell 25 (10), 3640–3656.
doi: 10.1105/tpc.113.113803

Wang, L., Yang, T., Wang, B., Lin, Q., Zhu, S., Li, C., et al. (2020). RALF1-FERONIA
complex affects splicing dynamics to modulate stress responses and growth in plants.
Sci. Adv. 6 (21), eaaz1622. doi: 10.1126/sciadv.aaz1622

Weng, X., Zhou, X., Xie, S., Gu, J., and Wang, Z. Y. (2021). Identification of cassava
alternative splicing-related genes and functional characterization of MeSCL30
involvement in drought stress. Plant Physiol. Biochem. 160, 130–142. doi: 10.1016/
j.plaphy.2021.01.016

Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., et al. (2021). clusterProfiler 4.0: A
universal enrichment tool for interpreting omics data. Innovation (Camb) 2 (3),
100141. doi: 10.1016/j.xinn.2021.100141

Yang, Q., Li, Z., Lu, X., Duan, Q., Huang, L., and Bi, J. (2018). A review of soil heavy
metal pollution from industrial and agricultural regions in China: Pollution and risk
assessment. Sci. Total Environ. 642, 690–700. doi: 10.1016/j.scitotenv.2018.06.068

Yang, W., Wang, S., Zhou, H., Zeng, M., Zhang, J., Huang, F., et al. (2022).
Combined amendment reduces soil cd availability and rice cd accumulation in three
consecutive rice planting seasons. J. Environ. Sci. (China) 111, 141–152. doi: 10.1016/
j.jes.2021.03.027

Zhang, S., Hao, S., Qiu, Z., Wang, Y., Zhao, Y., Li, Y., et al. (2019). Cadmium disrupts
the DNA damage response by destabilizing RNF168. Food Chem. Toxicol. 133, 110745.
doi: 10.1016/j.fct.2019.110745

Zhao, C., Jiang, W., Zayed, O., Liu, X., Tang, K., Nie, W., et al. (2021). The LRXs-
RALFs-FER module controls plant growth and salt stress responses by modulating
multiple plant hormones. Natl. Sci. Rev. 8 (1), nwaa149. doi: 10.1093/nsr/nwaa149
frontiersin.org

https://doi.org/10.1007/s00344-021-10480-6
https://doi.org/10.1111/nph.17380
https://doi.org/10.1007/s11738-012-1167-8
https://doi.org/10.1007/s11738-012-1167-8
https://doi.org/10.31857/s0026898422020057
https://doi.org/10.7717/peerj.8258
https://doi.org/10.1105/tpc.18.00051
https://doi.org/10.1186/s12870-019-2189-9
https://doi.org/10.1111/plb.12865
https://doi.org/10.1016/j.ecoenv.2020.111887
https://doi.org/10.3390/genes12101561
https://doi.org/10.3389/fpls.2020.562785
https://doi.org/10.1042/bst20170296
https://doi.org/10.1186/s12284-022-00599-9
https://doi.org/10.1104/pp.110.161240
https://doi.org/10.1104/pp.110.161240
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1146/annurev-biochem-060614-034316
https://doi.org/10.1146/annurev-biochem-060614-034316
https://doi.org/10.1007/s12374-022-09363-4
https://doi.org/10.1111/pbi.12822
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1016/j.chemosphere.2020.129205
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.13745/j.esf.sf.2019.8.6
https://doi.org/10.1105/tpc.113.113803
https://doi.org/10.1126/sciadv.aaz1622
https://doi.org/10.1016/j.plaphy.2021.01.016
https://doi.org/10.1016/j.plaphy.2021.01.016
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.scitotenv.2018.06.068
https://doi.org/10.1016/j.jes.2021.03.027
https://doi.org/10.1016/j.jes.2021.03.027
https://doi.org/10.1016/j.fct.2019.110745
https://doi.org/10.1093/nsr/nwaa149
https://doi.org/10.3389/fpls.2023.1143349
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Temporal transcriptome analysis reveals several key pathways involve in cadmium stress response in Nicotiana tabacum L.
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and cadmium stress treatment
	2.2 RNA-seq library construction
	2.3 Bioinformatics analysis
	2.4 Gene annotation and metabolic pathway analysis

	3 Results
	3.1 Response of genes expression to cadmium stress in tobacco roots
	3.2 GO term and KEGG analysis in the early stage of Cd treatment
	3.3 GO term and KEGG analysis in the middle stage of Cd treatment
	3.4 Transcriptional dynamics of cadmium stress response in tobacco roots
	3.5 Identification of different alternative splicing events in response to Cd stress

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


