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Abstract
Soil salinity is a major abiotic stress that affects crop productivity. Garden asparagus (Asparagus officinalis L.) is a perennial
plant with some salt tolerance. However, little is known about its response mechanism to salinity stress. In this study, we
conducted transcriptome analysis in the leaves of A. officinalis seedlings treated with NaCl solution for 0 h, 1 h, 24 h, and
72 h using the Illumina HiSeq™ 2500 sequencing platform. Compared with the control (0 h), 1027, 3387, and 3358 differentially
expressed genes (DEGs) were identified at 1 h, 24 h, and 72 h, respectively. The Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses revealed that these DEGs were highly enriched in carbon metabolism, ion transport,
and reactive oxygen species (ROS) metabolism functional categories, suggesting their key positions in salinity stress responses.
Moreover, k-means clustering categorized these DEGs into five kinds of expression patterns at four time points. Of these, DEGs
involved in carbon metabolism, ion transport, and ROS metabolism and the groups which they belonged to were identified,
which demonstrated their time-dependent response mechanisms. Overall, the transcriptome analysis shed light on the salinity
stress response mechanisms in A. officinalis and provided a basis for future studies on salt-tolerance molecular improvement.
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Introduction

Soil salinization is a worldwide problem that limits plant
growth and development and reduces crop yield; thus, soil
salinity is one of the most important environmental factors

influencing crop production today (Gruber et al. 2017; Van
Zelm et al. 2020). According to statistics, more than 6% of the
world’s land and nearly 20% of irrigated land have been af-
fected by salinity, which may increase year by year (Yuan
et al. 2016). Therefore, salt-tolerant crops are becoming in-
creasingly important in the exploitation and utilization of sa-
line soil. Importantly, a detailed understanding of their salt
tolerance mechanisms may be required for the breeding of
more salt-tolerant plants.

Plant salinity stress can be subdivided into osmotic and
ionic stress phases, with sodium ions around the root rapidly
reducing water availability and a slow accumulation of sodi-
um in the shoot inhibiting photosynthesis, respectively
(Munns and Tester 2008; Parihar et al. 2015). Many studies
on the signaling pathways and growth adaptations to salinity
stress have been conducted in plants (Thalmann and Santelia
2017; Feng et al. 2018; Manishankar et al. 2018; Jiang et al.
2019). It is likely no single sodium sensor exists, rather that
different aspects of salt stress are sensed and integrated
through different signaling routes (Van Zelm et al. 2020).
Then, the early signaling, including Ca2+ and reactive oxygen
species (ROS), and downstream signaling, including
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phytohormone and gene expression levels, are induced.
Finally, the salt-induced signaling cascade results in adaptive
responses, such as ion transport, modulation of growth and
development, and production of compatible solutes. A multi-
tude of transporters and H+ pumps contribute to Na+/K+ ho-
meostasis during salinity stress, such as Na+/H+ antiporters,
high-affinity potassium transporters, and P-type ATPases,
which have demonstrated relevance for salt tolerance
(Almeida et al. 2017; Roy et al. 2014; Mansour 2014). Salt
stress usually limits crops growth, which coincides with
changes in cellular water and solute management, photosyn-
thesis, cell division, and cell elongation (Van Zelm et al.
2020). For example, redirecting energy sources to the produc-
tion of organic solutes for osmotic adjustment is one of the
major salt tolerance mechanisms (Flowers et al. 2015), while it
may reduce the resources available to maintain growth
(Munns and Gilliham 2015). Importantly, a decrease in pho-
tosynthesis by salinity stress reduces available resources and
therefore growth in response to salt (Karami and Sepehri
2018). While in salt-tolerant crops, they could keep relatively
high photosynthetic efficiency under salinity stress by main-
taining photosynthetic system stability and enhancing CO2

fixation efficiency (Yang et al. 2020). The alterations in
photosynthesis-related genes are mostly associated with pho-
tosynthesis recovery (Zhou et al. 2007; Sui et al. 2015). In
addition, ion transporters may play a potential role in main-
taining chloroplast function during salinity stress (Bose et al.
2017). Further, in order to sustain local tissue growth and cope
with salt stress, plants are responsive in the distribution of
photosynthesis-fixed carbon, such as remobilizing their starch
reserve to release energy, sugars, and derived metabolites to
help mitigate the stress (Thalmann and Santelia 2017). In the
signaling pathways and growth adaptations to salinity stress,
every step plays a role in mounting an adequate response to
salinity and survival on saline soils, finally. Depending on the
crop, it will be desirable to optimize different salt responses in
order to increase yield.

Garden asparagus (Asparagus officinalis L.) is a perennial
herb in the genus Asparagus (Liliaceae) with important eco-
nomic and pharmacological values. It has strong salt toler-
ance, which can grow normally in saline-alkali soil below
about 50 mM, while whose production will be decreased in
heavy saline-alkali soil (Cao et al. 2014). Thus, understanding
A. officinalis’s responses to salinity stress is favorable for elu-
cidating plant adaptation mechanisms and subsequent plant
breeding for stable yield in saline soil. However, little effort
has been made to elucidate the response mechanisms of
A. officinalis to salinity stress, which has seriously limited its
further application. In our previous reports, we have studied
its physiological adaptation to salinity stress (Cao et al. 2014,
2017), but the molecular mechanisms remain unclear. In re-
cent years, RNA sequencing (RNA-Seq) has become an ideal
method to study gene expression profiles for shedding light on

molecular mechanisms underlying different stresses (Zhu
et al. 2015; Wang et al. 2019), and a number of transcriptome
studies have been done on salinity stress with different species
(Yang et al. 2017; Shao et al. 2018; Sui et al. 2018). Therefore,
a detailed analysis on the dynamic transcriptome profiling of
A. officinalis under salinity stress may be required, which
could help elucidate the genetic basis of A. officinalis’ re-
sponse to a salt environment and develop stress-tolerant crops.

To better understand the molecular mechanisms of the re-
sponse of A. officinalis to salinity stress, the global gene tran-
scription changes over 72 h (0 h, 1 h, 24 h, and 72 h) in leaf
tissues were examined using the Illumina HiSeq™ 2500 se-
quencing platform (Illumina Inc., San Diego, CA, USA).
Through the analysis of RNA-Seq data, we aimed to identify
the transcription dynamics of A. officinalis in response to sa-
linity stress and the key biological process andmetabolic path-
way. The results shed light on the mechanism of salinity tol-
erance in A. officinalis and provide a useful foundation for
future genetic improvement to enhance other A. officinalis
varieties’ salt tolerance.

Materials and Methods

Plant Materials, Physiological Parameter
Measurements, and Library Preparation

Seeds of A. officinalis L. cv. No. 08-2, which was a salt-
tolerant cultivar and retrieved from the Institute of Cash
Crops, Hebei Academy of Agriculture and Forestry
Sciences, were germinated on three layers of wetted filter in
Petri dishes at 26 °C in the dark for 4 days. Then, healthy
seedlings were selected for sowing in plastic pots (10 cm di-
ameter, one seedling/pot) with garden soil, vermiculite, and
peat (4/3/3, v/v/v) in an artificial weather room at an ambient
temperature of 28 °C/19 °C (day/night). After about 60 days,
the seedlings were treated with 200 ml NaCl solution
(100 mM) to ensure that the electrical conductivity (EC) of
substrate, which reflects the concentration of soluble salt con-
tent, reached roughly 4 mS/cm. Physiological parameters, in-
cluding superoxide dismutase (SOD) activity, peroxidase
(POD) activity, the proline content, and K+/Na+ ratio, were
measured with three biological replicates based on the fresh
leaves collected at 0 h, 1 h, 12 h, 24 h, and 72 h, respectively,
after salt treatments at the same time to determine the key
point of the A. officinalis response to salt stress. All measure-
ments were performed using Yang’s methods (Yang et al.
2017) with modifications and according to the manufacturers’
instructions. Additionally, the leaves were also harvested at
0 h, 1 h, 24 h, and 72 h after treatment and kept at − 80 °C after
they were frozen in liquid nitrogen for high-throughput se-
quencing. In total, 12 samples, three biological replicates for
each time point, were collected.
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Total RNAs were isolated from leaves according to the
instructions of the RNAprep Pure Plant Kit (Tiangen
Biotech Co., Ltd., Beijing, China). Construction of the 12
libraries and RNA-Seq assay were performed by the
Biomarker Biotechnology Corporation (Beijing, China) on
the Illumina HiSeq™ 2500 platform. The sequencing data
were deposited into the Sequence Read Archive (SRA),
National Center for Biotechnology Information (NCBI), un-
der accession number SRP218413.

Mapping and Detection of Differentially Expressed
Genes

After removing the reads containing adapter, poly-N, and
low-quality reads, the clean reads were filtered from the
raw reads and were then mapped to the garden asparagus
reference genome (GCA_001876935.1, 2017) using
HISAT2. Mapped reads were assembled and quantita-
tively analyzed as fragments per kilobase of exon per
million fragments mapped (FPKM) values using
StringTie software. Based on the FPKM value, differen-
tially expressed gene (DEG) analysis in pairwise compar-
isons between control (0 h) and treatment groups (1 vs.
0 h, 24 vs. 0 h, and 72 vs. 0 h) was conducted using the
DESeq software. Here, a fold change (FC) with an abso-
lute value of log2FC > 1 and a false discovery rate (FDR)
< 0.01 were used as the thresholds for determining sig-
nificant DEGs in pairwise comparisons.

Functional Analysis of DEGs

For functional analysis of DEGs, all DEG sets that were
identified in each pairwise comparison were mapped to
terms or metabolic pathways in the Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes
(KEGG), and significantly enriched terms or metabolic
pathways were identified with the genome background.
GO terms associated with DEGs with KS values less than
0.05 were considered significantly enriched. KEGG path-
ways with q values ≤ 0.05 were defined as those signifi-
cantly enriched.

Gene Expression Pattern Analysis Based on Clustering

To analyze the time course expression pattern of DEGs, k-
means clustering based on FPKM values, obtained as de-
scribed above, was performed using the R package. In the k-
means clustering, we used the Hartigan-Wong algorithm, and
the maximum number of allowed iterations was set to 10.
Finally, all the DEGs were classified into multiple modules
with different time course expression patterns.

Confirmation of DEGs by Quantitative Real-Time PCR

The expression profiles of eight A. officinalis DEGs identified
through transcriptome analysis were again confirmed by quanti-
tative real-time PCR (qRT-PCR) analysis with three biological
replicates. These DEGs were selected based on their putative
functions involved in scavenging ROS, ion homeostasis, and
photosynthesis. First, single-stranded complementary DNA
(cDNA) was synthesized from total RNA using the
TransScript II All-in-One First-Strand cDNA Synthesis
SuperMix for qPCR (TransGen Biotech, Beijing, China), ac-
cording to the manufacturer’s protocol. The specific primers
for A. officinalis were designed using Primer Premier v5.0
(Premier Biosoft, Palo Alto, CA, USA) (Table S1). Then, the
qRT-PCRs were analyzed using a Bio-Rad CFX96 real-time
PCR detection system (Bio-Rad, USA) with the TransStart Tip
Green qPCR SuperMix (TransGen Biotech, Beijing, China) and
were amplified with a 2 μL cDNA sample, 10 μL 2× TransStart
Top Green qPCR SuperMix, and 0.2 μM gene-specific primers
with a final volume of 20μL by adding water. The amplification
program consisted of 1 cycle at 94 °C for 2 min, followed by
45 cycles at 94 °C for 5 s, 60 °C for 15 s, and 72 °C for 10 s. To
quantify the relative expression level of the target genes, the
A. officinalis reference gene ubiquitin-long tail fusion
(GenBank: X66875.1) was used as the internal control. Then,
according to the output data, relative expression levels of the
mRNA of each sample were produced using the comparative
Ct (2−ΔΔCt) method (Livak and Schmittgen 2001).

Results

Physiological Parameters

The four physiological parameters of A. officinalis seedlings
tended to differ in their variation under 0 h, 1 h, 12 h, 24 h,
and 72 h of salt stress (Fig. 1). The activity of SOD was signif-
icantly inhibited by salt stress, which continually decreased dur-
ing the first 24 h of stress andwas at rock bottom at 24 h, but then
recovered weakly at 72 h, while the activity of POD was signif-
icantly increased and exhibited an opposite trend of variation
compared with SOD. Additionally, the proline content was also
significantly increased by salt stress, which increased rapidly at
1 h and 12 h and then remained stable at high expression levels.
Regarding the K+/Na+ ratio, the value declined with prolonged
stress. The ratio remained at a relatively high level during the first
12 h of stress, which was greater than that at 24 h and 72 h.

Overview of Transcriptome Data by RNA-Seq Analysis

We generated RNA-Seq data from leaves at four time points
with three biological replicates. After removing adapters, low-
quality regions, and all possible contamination, 12 pair-end
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libraries with more than 88.93 Gb of clean data were obtained
in total, attaining an average of 297 million high-quality reads
per library with Q30 > 93.64% and a GC percentage between
47.51 and 48.69% (Table 1). The average mapping rate per
library reached 83.09% (81.58–84.55%). These results indi-
cate that the throughput and sequencing quality were high
enough to warrant further analysis.

Pairwise Comparisons of the Transcriptome Between
Control and Salt-Treated Leaves

To determine the response of gene expression to salt treat-
ment, DEGs in the pairwise comparisons between each group

of salt-treated samples (1 h, 24 h, 72 h) and control samples
(0 h) were identified using the combined criteria of at least a
twofold change and an FDR < 0.01 (Table 2). In total, we
identified 4803 DEGs in all three pairwise comparisons.
Compared with the control (0 h), 482, 1373, and 1289 genes
were upregulated, and 545, 2014, and 2069 genes were down-
regulated after salt treatment for 1 h, 24 h, and 72 h, respec-
tively. In terms of quantity, it was obvious that there were
much fewer DEGs at 1 h than at later time points, which
indicated that the molecular responses of A. officinalis to sa-
linity stress were time-dependent. In order to further explore
the relationships among DEGs from three pairwise compari-
sons, Venn diagrams were constructed to detect both unique

Table 1 Summary of sequence
analysis of 12 libraries Samples Number of clean reads Number of clean bases GC content (%) Q30 (%)

0 h (1) 24,092,922 7,204,250,660 48.69 93.64

0 h (2) 20,600,209 6,159,570,306 48.40 93.84

0 h (3) 23,819,921 7,122,154,880 48.43 93.97

1 h (1) 27,415,848 8,209,408,228 47.57 93.78

1 h (2) 27,890,197 8,351,776,836 47.51 93.75

1 h (3) 27,064,919 8,101,602,856 47.53 93.59

24 h (1) 24,264,486 7,251,906,506 48.23 94.13

24 h (2) 25,968,598 7,766,768,726 47.98 94.01

24 h (3) 24,092,332 7,210,974,494 47.87 94.11

72 h (1) 24,518,941 7,338,453,402 48.11 94.10

72 h (2) 24,040,799 7,201,658,790 48.30 93.94

72 h (3) 23,433,610 7,013,421,218 48.04 94.17

Fig. 1 Changes in the
physiological parameters of
A. officinalis leaves during NaCl
stress. Values with different
letters indicate a significant
difference (Duncan’s multiple
comparison test, P < 0.05)
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and overlapping sets of the DEGs in different comparisons
(Fig. 2). Among them, 357 DEGs were simultaneously detect-
ed in all three comparisons. In addition, there were some
DEGs common to any two comparisons and the most (2015
DEGs) were in comparisons between 24 and 72 h against the
control (0 h). Moreover, compared with 0 h, there were 430,
895, and 866 specific DEGs at 1 h, 24 h, and 72 h, respective-
ly. These results indicate that the molecular responses of
A. officinalis to salinity stress among different periods had
continuity, especially between 24 and 72 h, and particularity,
suggesting that the function of corresponding DEG sets could
be studied further for a deeper understanding of the response
mechanisms to salt.

To explore the functions of DEGs among different com-
parisons, GO and KEGG pathway enrichment analyses were
applied (Table S2). GO annotation suggested that there were
many biological processes and molecular function terms relat-
ed to functional categories, including light response, sugar
metabolism, oxidoreductase activity, and ATP metabolism,
which were significantly enriched among the DEGs at three
time points (e.g., “phototropism,” “glucose transport,” “su-
crose alpha-glucosidase activity,” “oxidoreductase activity,
acting on a sulfur group of donors, disulfide as acceptor,”

“ATP metabolic process,” “ATPase activity, coupled to trans-
membrane movement of ions”) (Figs. 3 and 4). The number of
DEGs in most of the above significantly enriched terms oc-
curred during the last two time points of salt treatment for
more than 1 h, except that a few terms that belonged to the
functional categories of light response, sugar metabolism, and
ATP metabolism were only significantly enriched at 1 h. The
term “chlorophyll binding” was also significantly enriched,
specifically at 1 h (Fig. 4). However, both biological processes
and molecular function terms related to the functional catego-
ry of ion transmembrane transport were only significantly
enriched with DEGs at 24 h and 72 h, for example “hydrogen
ion transmembrane transport,” “calcium ion homeostasis,”
“cation transmembrane transporter activity,” and “extracellu-
lar ligand-gated ion channel activity” (Figs. 3 and 4). Overall,
these results indicated that carbon metabolism, ion transmem-
brane transport, and ROS metabolism played crucial roles in
A. officinalis’s response to salinity stress and displayed tem-
poral continuity and particularity in this response process.

For the KEGG pathway enrichment analysis, 103, 115, and
118 pathways were categorized from three pairwise compari-
sons. Among them, the top 30 enriched pathways (based on q
values) in each comparison were highlighted, which were also
identified to be closely related to carbon metabolism, ion
transmembrane transport, and ROS metabolism. Further, we
calculated the DEG numbers of pathways that belonged to
these functional categories in each comparison (Fig. 5). It is
remarkable that the top five pathways from comparison at 1 h,
including “photosynthesis-antenna proteins,” “photosynthe-
sis,” and “galactose metabolism,”were enriched significantly.
Coincidentally, we observed that except that the DEG num-
bers in these three pathways at 1 h were obviously higher than
those at the later two time points, those DEGs in other relevant
pathways increased in the later period of salt treatment. These
results also demonstrate that salt treatment significantly in-
duced the time-dependent response of genes related to carbon
metabolism, ion transmembrane transport, and ROS
metabolism.

Analysis of the Gene Temporal Expression Pattern

To further explore the concrete time course expression pattern
of each DEG, k-means clustering was used for categorizing
the groups of 4803 DEGs. They were categorized into five
groups with various temporal expression patterns (Fig. 6;
Table S3). Genes in group 1 (1407 genes), group 2 (421
genes), and group 3 (338 genes) were characterized as upreg-
ulated by salt treatment. The expression levels of group 1
genes were gradually upregulated during 0–24 h and then
remained almost stable at high expression levels. Genes in
group 2 were subtly downregulated at 1 h and rapidly upreg-
ulated at 24 h, and then recovered weakly at 72 h. The expres-
sion levels of group 3 genes increased rapidly at 1 h and

Fig. 2 Venn diagrams showing specific and common DEGs in three
comparisons

Table 2 The number of upregulated and downregulated DEGs in three
comparisons

Treatments All DEG Upregulated DEG Downregulated DEG

1 h 1027 482 545

24 h 3387 1373 2014

72 h 3358 1289 2069
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decreased obviously at 24 h but were still higher than those in
the control (0 h), and then remained almost stable. The other
two groups, group 4 (1853 genes) and group 5 (1054 genes),
comprised genes that were downregulated by salt treatment.
Genes in group 4 were continuously downregulated at 1 h and
24 h, while group 5 genes were mainly downregulated at 24 h,
and then both groups remained stable at low expression levels.
The k-means clustering revealed the different response mech-
anisms of each group to salinity stress.

DEGs Involved in Ion Transport and ROS Scavenging

When plants are subjected to salinity stress, salinity perception
may occur by changing the components of ionic stress signal-
ing and regulatory pathways (Fig. 7; Table S4). In our study,
several genes involved in ionic stress signaling pathways, in-
cluding the Ca2+-dependent SOS pathway and mitogen-
activated protein kinase (MAPK) cascades, were significantly
regulated, showing different response sets and patterns at dif-
ferent time points. For example, 14 genes in the SOS pathway
were identified as DEGs, including those encoding calcium
sensors such as calcineurin B-like (SOS3/CBL) and their in-
teractive elements CBL-interacting protein kinases
(SOS2/CIPK). Most of the relevant DEGs identified at 24 h

and 72 h were significantly induced, whereas those at 1 h were
totally inhibited. By contrast, three MAP kinase genes in the
MAPK cascades at 1 h were totally enhanced; however, more
MAP kinase genes at 24 h and 72 h were downregulated than
upregulated. As the downstream performer of the salinity
stress signaling pathway for ionic homeostasis, transporters
and channel proteins associated with Na+ (HKT; NHX), K+

(KUP; KEA; KAT; KOR; AKT), H+ (H+-ATPase; H+-PPase),
and H2O (NIP; TIP; PIP; SIP) were widely co-upregulated,
especially at 24 h and 72 h. Specifically, the expression of an
H+-PPase was increased up to 6 (log2FC value) at 24 h com-
pared with its level at 0 h. In addition, 47 ABC transporters
were found to be differentially regulated under salinity stress,
among which more were upregulated than downregulated at
all the time points, and three of them increased with a log2FC
value higher than 3 at 72 h. Several other transporters related
to various cations and anions were found to be specifically
upregulated, among which an S-type anion channel SLAH3
gene increased with a log2FC value higher than 5 at 1 h. These
results suggest that the key components of ionic stress signal-
ing and regulatory pathways actively responded to salinity
stress, especially at the last two time points.

Additionally, 46 DEGs were identified to encode enzymes
related to ROS scavenging systems (Fig. 8; Table S4). There

Fig. 3 Significantly enriched
biological process GO terms in
A. officinalis under salt treatment.
The x-axis indicates the
percentage of DEG numbers vs.
background gene numbers in each
GO term
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were 11, 2, 13, and 19 DEGs categorized into the glutathione
peroxidase (GPX) pathway, the catalase (CAT) pathway, the
glutathione-ascorbate (GSH-AsA) cycle, and the
peroxiredoxin/thioredoxin (PrxR/Trx) pathway, respectively.
Concretely, the DEGs in the GSH-AsA cycle consisted of

three monodehydroascorbate reductase (MDHAR) genes,
two ascorbate peroxidase (APX) genes, four glutathione S-
transferase (GST) genes, three glutaredoxin (GLR) genes,
and one glutathione reductase (GR) gene, and most of them
were upregulated at different time points. Moreover, one GLR

Fig. 4 Significantly enriched
molecular function GO terms in
A. officinalis under salt treatment.
The x-axis indicates the
percentage of DEG numbers vs.
background gene numbers in each
GO term

Fig. 5 Key KEGG pathways
from the top 30 enriched at three
time points after salt treatment.
The x-axis indicates the
percentage of DEG numbers vs.
background gene numbers in each
KEGG pathway
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gene reached a higher expression with a log2FC value higher
than 4 at 72 h. In the PrxR/Trx pathway, approximately half of
DEGs related to PrxRs and Trxs at all the time points were
either upregulated or downregulated. In the GPX pathway, the
DEGs at 1 h were totally upregulated, instead of totally down-
regulated at 72 h; however, half were either upregulated or
downregulated at 24 h. As for CATs and SODs, only two
members and one member were affected under salinity stress,
respectively. These results suggest that the enzymatic path-
ways of GSH-AsA, PrxR/Trx, and GPXmay play particularly
important roles in protecting A. officinalis against oxidative
damage under salinity stress.

We conducted the clustering group identification of DEGs
involved in ion transport and ROS scavenging (Table S4), and
we found that the identified expression patterns were closely
related to the quantity distribution of upregulated and down-
regulated genes at different time points mentioned above. For

instance, most of DEGs encoding transporters and channel
proteins associated with K+, H+, and H2O belong to groups
1 and 2, from which genes were rapidly upregulated at 24 h
and then remained stable or recovered weakly, indicating the
consistence with their wide co-upregulation at the last two
time points. In the GSH-AsA cycle, nearly 70% DEGs
belonged to two upregulated groups (groups 1 and 3), which
resulted in more upregulated than downregulated genes at the
three treated time points. These results provide a good under-
standing of the response mechanisms of A. officinalis to salin-
ity stress.

DEGs Involved in Carbon Metabolism Associated
Pathways

To systematically examine the effect of salinity stress on car-
bon assimilation and catabolism, the seven related KEGG

Fig. 6 k-means clustering of
DEGs in A. officinalis under salt
treatment. Blue lines show the
average values for standardized
FPKM in each group; gray lines
represent the standardized FPKM
values of each gene in each group
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pathways (photosynthesis-antenna proteins, photosynthesis,
carbon fixation in photosynthetic organisms, starch and su-
crose metabolism, glycolysis/gluconeogenesis, tricarboxylic
acid (TCA) cycle, and galactose metabolism) were further
examined (Fig. 9; Table S4). Most of the DEGs in carbon
fixation, glycolysis/gluconeogenesis, TCA cycle, and galac-
tose metabolism pathways showed an increased expression,
while all the DEGs in the photosynthesis-antenna proteins
pathway showed a decreased expression. In addition, DEGs
involved in photosynthesis and starch and sucrose metabolism
pathways did not show a uniform expression trend at different
time points. The expression patterns in clustering also reflect
the diverse response mechanisms of carbon metabolism path-
ways (Fig. 6; Table S4).

To understand how photosynthetic carbon assimilation
responded to salinity stress, we extracted the expression infor-
mation on genes encoding the proteins involved in the photo-
synthetic processes. First, 10 genes in the photosynthesis-

antenna proteins pathway were identified as DEGs. All of
them were downregulated at different time points after salt
treatment, while the number of DEGs decreased with the in-
crease in treatment time. Similarly, the DEGs mapped to the
photosynthesis pathway at 1 h, including PSII subunits, PSI
subunits, ATPase, ferredoxin-NADP+ reductase, and ferre-
doxin, were mainly downregulated, while more were upregu-
lated than downregulated at subsequent time points. These
results indicate that A. officinalis had an obvious response to
salinity stress in the light reaction of photosynthesis and
showed a trend of recovery and enhancement at the last two
time points. Moreover, carbon fixation in the dark reaction of
photosynthesis was induced by salinity stress, which was

Fig. 9 DEGs involved in carbon metabolism pathways in A. officinalis
under salt treatment

Fig. 8 DEGs involved in ROS scavenging pathways in A. officinalis
under salt treatment

Fig. 7 DEGs involved in ionic
stress signaling and regulatory
pathways in A. officinalis under
salt treatment. Red, green, and
blue dots represent the values of
log2FC for each DEG at 1 h, 24 h,
and 72 h after salt treatment (the
same below)
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characterized by the induced expression levels of genes
encoding enzymes in the carbon fixation pathway, especially
at 24 h and 72 h.

As major end products of photosynthesis, the metabolism
pathway of sucrose and starch was also apparently affected by
salt treatments, in which 69 DEGs were detected. Among them,
sucrose phosphate synthetase (SPS) is considered to be a key
rate-limiting enzyme in sucrose synthesis, while sucrose synthe-
tase (SS) and invertase (INV) play important roles in the decom-
position of sucrose to hexose. We found increased expression
levels in 2 SPS DEGs at 24 h and 72 h, 3 out of 4 SS DEGs at
24 h, and 6 out of 10 INV DEGs, mainly at 1 h and 24 h.
Moreover, two INV genes maintained continuous high expres-
sion, which peaked at 24 h with a log2FC value higher than 5.
These results indicate that both the synthesis and decomposition
of sucrosemay bemarkedly induced after salt treatments, where-
as the effects of salinity stress on starch metabolism are compli-
cated. Among the two DEGs for starch synthesis, one encoding
AGPase was induced, but the other encoding branching enzyme
(SBE) was repressed at 24 h and 72 h. Similarly, three DEGs
involved in starch degradation displayed different expression
patterns. Among them, one amylase gene was upregulated, but
two starch phosphorylase (SP) genes were downregulated at
24 h and 72 h.

We next investigated carbon catabolic pathways that are im-
portant for generating metabolic energy by breaking down
sugars. In the process, glucose is enzymatically broken down
to pyruvate in glycolysis, which, in turn, enters the mitochondria
for oxidation in the TCA cycle. In the present study, 39 DEGs
encoding glycolysis key enzymes were detected, mainly includ-
ing hexokinase (HK; four genes), phosphoglucomutase (PGMP;
two genes), phosphofructokinase (PFK; three genes), fructose-
bisphosphate aldolase (FBA; three genes), glyceraldehyde 3-
phosphate dehydrogenase (GAPC; two genes), phosphoglycer-
ate mutase (PGM; three genes), enolase (ENO; two genes), and
pyruvate kinase (PK; five genes). Most of them were upregulat-
ed at different time points, especially the last two time points
after salt treatment. Moreover, the expression of PFK, participat-
ing in the first committing step of glycolysis, increased with a
log2FC value of nearly 4 at the last two time points. Additionally,
all DEGs mapped to the TCA cycle were induced, especially at
the last two time points. Our results suggest intensified carbon
catabolism via glycolysis and the TCA cycle, especially at the
last two time points.

In our study, the galactose metabolism pathway was also
significantly enriched. In total, 30 DEGs involved in galactose
metabolism were detected, and most of them were upregulat-
ed. Among them, several components of raffinose family ol-
igosaccharide (RFO) metabolism, which is widely believed to
function in plant stress tolerance, were detected, including
galactinol synthase (GOLS), raffinose synthase (RFS), and
beta-fructofuranosidase (BFLUCT). Of these, 2 GOLS genes
were upregulated at 24 h and 72 h, respectively; 1 out of 2

RFS genes was upregulated at 24 h and 72 h; and 6 out of 10
BFLUCT genes were upregulated, mainly at 1 h and 24 h.
Moreover, two BFLUCT genes maintained continuous high
expression especially at 24 h and 72 h, which peaked at 24 h
with a log2FC value higher than 5. These results indicate that
RFOsmay play an important role in response to salinity stress.

qRT-PCR Validation

In order to validate the differential expression analysis by RNA-
Seq, eight DEGs were selected for qRT-PCR analysis. The ex-
pression tendency of these eight genes by qRT-PCR was found
to be highly consistent with the RNA-Seq results (Fig. 10),
which suggested the DEG analyses were highly reliable.

Discussion

It is important to identify major stress response mechanisms in
plants for formulating crop improvement strategies. To this end,
we tracked the transcriptome reprogramming in A. officinalis
seedlings under salinity stress conditions over a period of 72 h
(0 h, 1 h, 24 h, and 72 h). As a result, we identified 4803 DEGs
in total. Through GO enrichment analysis, we found that terms
related to photosynthesis were significantly enriched, specifi-
cally at 1 h; however, those related to ion transport were only
significantly enriched with DEGs at 24 h and 72 h. In general,
several other terms related to carbon metabolism and ROS
scavenging were significantly enriched at all the time points.
These results suggest the key roles of carbon metabolism, ion
transmembrane transport, and ROS metabolism in salinity
stress responses, which were also given importance in plant
responses to abiotic stress in other related studies (Kong et al.
2014; Skorupa et al. 2016). Further, along with the identifica-
tion of the key genes, k-means clustering analysis revealed their
diverse expression patterns during salt treatment probably in
relation to corresponding adaptive mechanisms. Clearly, nu-
merous key genes were induced especially at the last two time
points, whichmay give us hints on the major recovery period of
A. officinalis after salt treatment. Taking a further look at each
key pathway resulted in more insights into the relationship be-
tween transcriptome reprogramming and biological processes
(Figs. 7, 8, and 9; Table S4).

Genes Involved in Ionic Stress Signaling and
Regulatory Pathways Are Induced by Salinity in
Leaves of A. officinalis

Salt tolerance in plants is closely related to ion metabolism,
especially Na+, K+, and Cl− metabolism (Kong et al. 2014).
Na+ is the main ion that causes plant salt damage and produces
saline habitats. Several studies have reported the Ca2+-depen-
dent SOS pathway as an important signaling pathway to
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maintain ion homeostasis by regulating Na+ transport in the
tonoplast and plasma membrane (Zhu 2002). First, the Ca2+

signal is triggered by excessive Na+ and is transduced by
calcineurin B-like (SOS3/CBL) and CBL-interacting protein
kinases (SOS2/CIPK) (Dong et al. 2017). Then, the plasma
membrane Na+/H+ antiporter (SOS1) and vacuolar Na+/H+

exchanger (NHX1) are activated for the transport of Na+ from
the cytoplasm to the apoplast and vacuoles, a process driven
by the H+ gradient established by proton pumps (Yang and
Guo 2018). In our study, a large number of genes encoding
SOS components, including SOS3, SOS2, NHX, and the H+

pump, were found to be differentially regulated, especially
upregulated at 24 h and 72 h. This suggested putative func-
tions in response to the high Na+ concentration in
A. officinalis. Additionally, several other transporters and
channel proteins related to Na+ (HKT), K+ (KUP; KEA;
KAT; KOR; AKT), and H2O (NIP; TIP; PIP; SIP) were wide-
ly co-upregulated at 24 h and 72 h. They are important regu-
lators responding to ionic stress and osmotic stress for main-
taining the homeostasis of Na+ and K+ and the osmotic poten-
tial in plant cells, which contribute to the adaptation of plants
to high salinity stress (Kong et al. 2014; Yue et al. 2014;
Assaha et al. 2017). Moreover, as the largest transporter fam-
ily in this study, more ABC transporters were upregulated
than downregulated, modulating Na+/K+ homeostasis and
eliciting salinity stress responses (Mahajan et al. 2017). It is
noteworthy that Cl− compartmentation is also important for
salt tolerance, which is mainly performed by the Cl− channel,
including the CLC family and the SLAC family and its

homolog protein (Nakamura et al. 2006; Qiu et al. 2016).
We also identified such DEGs associated with the Cl− channel
in our study. These results show that A. officinalis may pos-
sess a complicated and comprehensive ion stress response
system under high salinity.

Expression Pattern of Antioxidant System
Components Reflects the Specific Response
Mechanism of A. officinalis to Salinity Stress

Beyond ion stress and osmotic stress, salinity further leads to
excessive accumulation of ROS, which could cause oxidative
damage in cells and ultimately cause cell death (Apel and Hirt
2004). However, it is evident that plants have developed a
series of mechanisms to maintain the homeostasis of ROS
(Sairam and Tyagi 2004; Miller et al. 2010). For instance,
plants have developed effective antioxidant systems to mini-
mize oxidative damage, including the GPX pathway, GSH-
AsA cycle, and PrxR/Trx pathway (Foyer and Noctor 2011;
Zhang et al. 2012). It has been reported that the expression of
multiple components from the above antioxidant systems of-
ten exhibit positive response to salinity stress in salt-tolerant
plants (Zheng et al. 2015; Gu et al. 2018). In our study, many
of these components were identified as DEGs and exhibited
certain induced expression at different time points, suggesting
specific mechanisms in response to salinity stress.
Additionally, only one and two members of the SOD and
CAT gene family, respectively, were detected as DEGs, al-
though these two types of enzymes are known ROS

Fig. 10 qRT-PCR confirmation of DEGs identified by transcriptome
analysis. The relative expression level of each gene was expressed as
the change fold relative to control (0 h). a CBL-interacting protein kinase
1-like. bABC transporter G family member 42-like. c Peroxidase 25-like.

d Plasma membrane ATPase-like. e Chlorophyll a-b binding protein 2. f
Photosystem I subunit O. g ATP-dependent 6-phosphofructokinase 3-
like. h Thioredoxin-like 1–2, chloroplastic
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scavengers (Gill and Tuteja 2010; Miller et al. 2010).
Moreover, SOD was inhibited at 24 h, suggesting that SOD
may not have been the main scavenger of ROS during the 3-
day salinity stress in A. officinalis. Therefore, the enzymatic
pathways of GSH-AsA, PrxR/Trx, and GPX in our study
might coordinately work to provide plant cells with highly
efficient machinery for detoxifying ROS under salinity stress
conditions.

Salinity Stress Response in Leaves of A. officinalisMay
Involve the Recovery of Carbon Assimilation and the
Enhancement of Carbon Catabolism

In plants with the general ion injury, osmotic stress, and oxi-
dative damage, saline stress also interferes with numerous
biochemical and physiological processes, including carbon
metabolism pathways such as photosynthesis, glycolysis,
and TCA cycle (Liu et al. 2018; Wang et al. 2018). These
pathways play important roles in attaining a new balance of
energy and metabolites in plants, which might be required by
the protective mechanisms under salinity stress conditions
(Chaves et al. 2009; Obata and Fernie 2012). Previous studies
have demonstrated that the biosynthetic genes for carbon as-
similation were generally repressed because of the impairment
of photosynthesis by salinity stress (Sui et al. 2015; Liu et al.
2018). In our study, impairment of photosynthesis in
A. officinaliswas found, with several genes encoding the com-
ponents of both light and dark reactions of photosynthesis
being strongly affected by salinity stress. For example,
DEGs encoding components in the photosynthesis-antenna
proteins pathway and photosynthesis pathway were obviously
repressed by salinity at 1 h, while plants exhibited control on
downregulated genes and the induction of several genes at
subsequent time points, indicating that the light energy cap-
ture and conversion were first inhibited by salinity stress and
then showed trends of recovery. These trends may result in
increased ATP and NADPH levels for further carbon fixation,
which could also provide energy to maintain ion homeostasis
and provide reducing power required for ROS scavenging
(Mittler 2002; Bernardi and Lippe 2019). Correspondingly,
carbon assimilation in the dark reaction may also be enhanced
by upregulated expression of components in the Calvin-
Benson cycle. Consistent with other studies, this control on
downregulated genes and the enhancement of particular genes
may not only counterbalance the destruction of the leaf pho-
tosynthetic system due to salinity but may also be involved in
plant defense reactions and environmental stress responses
(Sui et al. 2015; Skorupa et al. 2016).

The metabolism of sucrose, the major end product of photo-
synthesis, was affected apparently by salt treatments in our study.
It is known that sucrose not only is the main source of carbon
and of energy for sink tissues but can also act as a compatible
osmolyte and play a critical role in plant salinity tolerance

(Ashraf and Harris 2004). In sucrose metabolism, SPS, a key
rate-limiting enzyme in sucrose synthesis, controls the flux of
photosynthetic C into sucrose (Verma et al. 2011), while SS and
INV play important roles in the decomposition of sucrose to
hexose such as glucose (Ji et al. 2005; Verma et al. 2011). It
has been shown that their expression levels were significantly
affected to adjust sucrose accumulation as well as enhance plant
tolerance to salinity stress (Rahman et al. 2014; Skorupa et al.
2016). In our study, most DEGs encoding the above sucrose-
metabolizing enzymes were induced, suggesting the putative
increase in sucrose and glucose supply in response to salt treat-
ment, which may meet the demands of protective mechanisms
for compatible osmolytes and energy under salinity stress.

Different from the expression pattern of carbon assimila-
tion genes, carbon catabolic genes were generally induced
under salinity stress with enhanced salt tolerance (Zhong
et al. 2015; Liu et al. 2018). It is known that glycolysis and
TCA cycle are major carbon catabolic pathways. First, glu-
cose is enzymatically broken down into pyruvate in glycoly-
sis, which, in turn, enters the mitochondria for oxidation in the
TCA cycle (Fernie et al. 2004). The generated intermediate
metabolites and energy in these processes are important for
plant growth and defense under salt-induced injury (Plaxton
1996; Fernie et al. 2004; Zhong et al. 2015). It has been dem-
onstrated that the increased expression of glycolysis and TCA
cycle–related genes can accelerate glycolysis and TCA cycle
in plants to alleviate salinity stress injury (Zhong et al. 2015).
In our study, numerous genes mapped to glycolysis and the
TCA cycle were induced, especially at the later time treat-
ments of salinity stress, which may also attain a new balance
of intermediates and energy and provide a link between car-
bon catabolism and stress response in leaves.

In addition, the galactose metabolism pathway was signif-
icantly enriched in our study, which mainly included several
components of RFO metabolism that is widely believed to
function in plant stress tolerance such as salinity, drought,
cold, and oxidative stress (Taji et al. 2002; Nishizawa et al.
2008; ElSayed et al. 2014). The first RFO member, raffinose,
is synthesized from sucrose and galactinol by raffinose syn-
thase (RS) (Taji et al. 2002), in which galactinol is synthesized
from uridine diphosphate galactose and myo-inositol by
GOLS (Peterbauer et al. 2001). It was reported that galactinol
and raffinose play important roles in adaption to salinity
stresses, acting as osmo-protectants as well as antioxidants
(Nishizawa et al. 2008; George et al. 2018). When GOLS
was overexpressed, plants showed enhanced salt-stress toler-
ance due to the accumulation of galactinol and raffinose (Sun
et al. 2013).While plant RS is poorly characterized, there are a
few studies that showed several RS genes could be induced by
salinity stress (Wang et al. 2012; Kito et al. 2018). Our results
confirmed these points for the moderately salt-sensitive crop
A. officinalis: several genes encoding GOLS and RS were
induced, especially at 24 h and 72 h, suggesting galactinol
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and raffinose may also play the same role in A. officinalis
under salinity stress. Besides, some BFLUCT genes were in-
duced in our study, which hydrolyze raffinose and stachyose
to melibiose and manninotriose, respectively (Zhou et al.
2012). This result is in agreement with the findings of the
study of Zhang et al. (2018), which showed that salinity stress
resulted in the accumulation of melibiose and manninotriose,
which might result from the reaction of RFOs and stress-
produced hydroxyl radicals, suggesting a possible role of
RFOs in salinity stress defense.

Conclusion

We performed transcriptome analysis of the time course of the
response mechanism in A. officinalis to salinity stress
(100 mM NaCl within 3 days). In total, 4803 genes were
identified as differentially expressed in A. officinalis under
salinity stress by RNA-Seq. A series of molecular cues were
screened by k-means clustering analyses, GO terms, and
KEGG functional enrichment analyses and were identified
as potential mechanisms for salinity stress responses. These
mainly include maintaining ion and ROS homeostasis by reg-
ulating ionic stress signaling and regulatory pathways and
antioxidant enzyme systems, photosynthetic components be-
ing recovered for alleviating impairment of photosynthesis,
and enhancement of carbon catabolism to provide energy
and intermediates required by the protective mechanisms, es-
pecially in the late phase. Our results may help in the under-
standing of the molecular and genetic underpinnings of the
salt response in A. officinalis.
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