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As a source of edible oil and protein, soybean is a major globally important economic crop; Improving its
production has been an important objective of soybean breeding. Acid rain has been shown to inﬂuence soybean
growth and productivity, with consequent adverse impacts on its production for use by human populations. In
this study, RNA sequencing technology was utilized to examine changes in gene expression when soybean was
exposed to simulated acid rain (SAR). We sampled soybean leaves at ﬁve time intervals (0, 6, 30, 54, 78, and
102 h), and built the cDNA library. In total, 54,175 expression genes were found, including 2016 genes with
diﬀerential expression. A total of 416 genes were considered, as they were closely related to the response to SAR.
Genes related to the regulation of sulfur and nitrogen metabolism, carbohydrate metabolism, photosynthesis,
and reactive oxygen species were among those diﬀerentially expressed in response to SAR. In this study, we
examined the response mechanisms of soybean under SAR exposure. Our ﬁndings will improve our understanding of the molecular mechanisms employed by soybean in responding to abiotic stress, and therefore
provides important information in developing soybean breeding to improve tolerance to these stresses.

1. Introduction
In recent decades, acid rain, ozone depletion, and global warming
(the greenhouse eﬀect) have emerged as three major global environmental problems (Abbasi et al., 2013). Public attention has increasingly
focused on acid rain, due to the increasing degradation it causes and
low solubility. The term ‘acid rain’ was ﬁrst used by Smith in 1872, in
his book Air and Rain: The Beginnings of Chemical Climatology, published in that year (Smith, 1872). With the development of global industry, the occurrence of acid rain has been aggravated by overconsumption of fossil fuel. After Europe and North America, China is
considered to be the third largest area aﬀected by acid rain in the world
(Hogan, 1998; Larssen et al., 1999). The damage caused by acid rain
has wide-ranging and serious impacts on the natural world, including
various ecosystems and human populations, as well as on buildings
(BÄCk et al., 1994; Grantz et al., 2003; Liu and Liu, 2011). Plant respond both directly and indirectly to acid rain. There have been numerous academic studies which have found the eﬀects of acid rain-related damage on plants to be multiple and complex, including
inhibiting seed germination, inducing leaf necrosis, altering respiration
and photosynthesis, and decreasing crop yield (Dise and Verry, 2001;
Dolatabadian et al., 2013; Evans, 1982; Gabara et al., 2003; Jagels
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et al., 2002; Neves et al., 2009; Velikova et al., 1998). However, previous studies exploring the eﬀect of acid rain on plants have to date
mainly focused on the physiological and biochemical levels, while gene
expression patterns under acid rain stress have merely been reported for
Arabidopsis (Lee et al., 2006; Liu et al., 2012). It is therefore little
understanding of the molecular mechanisms involved in the eﬀects of
acid rain on crops.
Multiple technologies have been developed in the past few years
that are eﬀective in unveiling the molecular basis of many biological
processes in living organisms. These include microarrays, cDNA or expressed sequence tag (EST) sequencing, and serial analysis of gene expression (SAGE), approaches which have provided huge gene datasets
at the transcriptome level (Ward et al., 2012). These sequencing technologies exhibit some common drawbacks, such as low throughput,
high cost, low sensitivity, high background signal, and cloning bias
(Bellin et al., 2009; Wang et al., 2016). However, the introduction of
next-generation high-throughput RNA sequencing technology (RNASeq) has remedied these disadvantages; its sequencing depth and sufﬁcient sensitivity makes it more suitable and powerful in discovering
new gene expression proﬁles than previously developed technologies
(Li et al., 2014; Wang et al., 2009). RNA-Seq has been making a signiﬁcant contribution to the understanding of molecular mechanisms in
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system (Beckman Coulter, Beverly, USA), and library quality was assessed on the Agilent Bioanalyzer 2100 System. Cluster ampliﬁcation
was conducted with a cBot Cluster Generation System using a TruSeq
PE Cluster Kit v3-cBot-HS (Illumina2500, CA, USA), according to the
manufacturer's instructions. Finally, 12 cDNA libraries of six samples
(two replicates) at the diﬀerent stages of SAR treatment were sequenced
on the Illumina Hiseq. 2500 platform, and 125 bp/150 bp paired-end
reads were generated.

many plant species (Duhoux et al., 2015; Xu et al., 2013; Yuan et al.,
2016).
As a source of edible oil and protein, soybean is a globally important
economic crop; improving its production has been an important objective of soybean breeding (Yang et al., 2011). Acid rain has been
shown to inﬂuence soybean growth and productivity, with consequent
adverse impacts on its production for use by human populations. A
large number of studies on soybean cultivars were undertaken in the
1980s, especially in the USA and Japan, which provide a comprehensive analysis of soybean growth parameters, agronomic traits, yield
components, and seed quality after exposure to acid rain (Evans et al.,
1984, 1983, 1985, 1986; Kohno and Kobayashi, 1989; Porter et al.,
1989; Smith et al., 1991). However, the response to acid rain stress in
soybean is still poorly understood at the transcriptome level. In the
present study, we used RNA-seq to illuminate the transcriptomic responses to acid rain in soybean. In the transcriptomes of leaf samples
from plants treated with simulated acid rain (SAR) or (untreated)
control plants, a total of 385 unigenes were found to be highly relevant
to SAR response and tolerance. Moreover, the ﬁndings were further
explicated, and a putative model was proposed for the regulatory network under conditions of SAR stress. These results could expand the
horizons of our understanding of the molecular mechanisms that operate under conditions of SAR stress, and provide information useful to
enhancing stress tolerance in soybean seeding strategies.

2.3. Sequencing data analysis
2.3.1. Quality control
Raw data in fastq format were ﬁrstly processed. In this step, clean
data were obtained from raw data by removing low-quality data (reads
with ambiguous bases (N) and fragments of less than 40 bp in length),
and rRNA reads using the FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/). At the same time, the guanine-cytosine (GC) content and
quality scores (Q20, Q30) of the clean data were calculated. All the
downstream analyses were based on clean data with high quality.
2.3.2. Diﬀerential expression analysis
Paired-end clean reads were aligned to the reference soybean
genome (Schmutz et al., 2010b) using TopHat v2.0.12, and diﬀerential
gene expression was calculated with the software program Cuﬄinks
(Trapnell et al., 2012) using RPKM (reads per kilo base of the exon
model per million mapped reads). Filter criteria of fold change ≥ 2.0
and a false discovery rate (FDR) of ≤ 0.001 were adopted to determine
the signiﬁcance of the diﬀerential gene expression. All unigenes were
analyzed via sequence alignment with the NR (NCBI Non-redundant
Protein), GO (Gene Ontology), COG (Clusters of Orthologous Groups),
and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases,
using BLAST2GO (Conesa et al., 2005).

2. Materials and methods
2.1. Plant materials and SAR treatment
Soybean (Glycine max cv. Nannong 1138-2) plants were grown at
Shandong Agricultural University under normal soybean cultivation
conditions. Four-week-old soybean seedlings were treated with SAR. In
our pre-experiments, the growth of soybean seedlings was obviously
inhibited by SAR with a pH of 2.5. Therefore, the SAR solutions used in
the experiment were adjusted to pH 2.5 using a mixture of HNO3 and
H2SO4 in the ratio of 5:1, and prepared at the following concentrations
(mg L-1): CaCl2, 3.1; NH4Cl, 2.8; NaCl, 0.91; KCl, 0.75. Once they had
grown for 25 days (the third true leaf was developed), soybean plants
were sprayed evenly for six days (at 9:00 a.m. each day) with 10 ml SAR
per plant. The leaf samples were collected at stages of 0, 6, 30, 54, 78,
and 102 h, and immediately frozen in liquid nitrogen for RNA extraction.

2.4. Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was isolated from diﬀerent soybean samples using the
RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA). The PrimeScript RT
reagent kit with gDNA Eraser (Takara, Dalian, China) was used to
synthesize the ﬁrst-strand cDNA for qRT-PCR analysis. In order to verify
the expression proﬁles, qRT-PCR analysis of 11 cDNA samples was
performed using SYBR Premix Ex Taq (Takara). The qRT-PCR mixture
consisted of 10 μL Realtime PCR Master Mix, 0.8 μL cDNA sample, 1 μL
gene-speciﬁc forward and reverse primers (Supplementary Tables S1),
and 8.2 μL nuclease-free water. The tubulin housekeeping gene was
used as the internal control (Supplementary Table S1). The thermal
cycling protocol comprised an initial heating step at 95 °C for 10 min,
followed by 39 cycles of three-step reactions (95 °C for 20 s, 56 °C for
50 s, and 72 °C for 30 s), and a ﬁnal extension at 72 °C for 10 min. Three
replicates of each reaction were carried out, and the relative expression
levels were calculated from cycle threshold values using the 2−ΔΔCT
method.

2.2. RNA preparation, library construction, and sequencing
Total RNA for transcriptome sequencing was isolated from each
sample using TRIzol (Invitrogen, CA, USA) according to the manufacturer's instructions. The purity of the total RNA was checked using a
NanoPhotometer® spectrophotometer (Implen, CA, USA), and RNA integrity and concentration were evaluated using an RNA Nano 6000
Assay Kit, which is part of the Bioanalyzer 2100 System (Agilent
Technologies, Palo Alto, CA, USA). Brieﬂy, 3 μg RNA per sample was
used to prepare the RNA samples.
The RNA samples for sequencing library construction were generated using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina®
(New England Biolabs (NEB), MA, USA) according to the manufacturer's recommendations, and index codes were added in order to attribute sequences to each sample. Brieﬂy, mRNA was puriﬁed from total
RNA using poly-T oligo attached magnetic beads, and then broken into
small fragments using divalent cations under conditions of elevated
temperature in a NEB Next First Strand Synthesis reaction buﬀer (5 ×)
(NEB). First-strand cDNA was synthesized using a random hexamer
primer and M-MuLV Reverse Transcriptase (NEB), followed by secondstrand cDNA synthesis using buﬀer, deoxyribonucleotide triphosphates
(dNTPs), DNA polymerase I, and Ribonuclease H (RNase H). Suitable
fragments (150–200 bp in length) were puriﬁed with the AMPure XP

3. Results and discussion
3.1. RNA-sequencing and analysis of six developmental stages under SAR
We sequenced 12 cDNA libraries of six samples with two repeats
under SAR treatment at diﬀerent stages; a total of 32.66 Gb bases were
sequenced using the Hiseq. 2500 platform (Illumina). Approximately
29.44 G reads with 87.38% Q30 bases and a GC content of 48.00% were
obtained after stringent quality checking and data cleansing, based on
109 million paired-end raw reads (Table 1). The saturation sequencing
was deemed suﬃcient for quantitative analysis of gene expression. On
average, 77.31% clean reads were aligned to the soybean reference
genome (Schmutz et al., 2010a), and matched either unique or multiple
genomic locations. A total of 54,175 gene expression were mapped to
19
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Table 1
Statistic of data for 12 cDNA libraries at 6 stages under SAR treatment.
Sample

0-A

0-B

6-A

6-B

30-A

30-B

54-A

54-B

78-A

78-B

102-A

102-B

Raw Reads (pair)
Clean reads(pair)
Average length(bp)
Raw data
Clean data
Read 1 Q30
Read 1 GC content
Read 2 Q30
Read 2 GC content

11535432
10290876
2 * 150
3.46 G
3.09 G
90.75%
49.30%
88.34%
49.15%

8526862
7597396
2 * 150
2.56 G
2.28 G
90.74%
48.01%
88.64%
48.05%

9723586
8878668
2 * 150
2.92 G
2.66 G
90.67%
49.53%
88.69%
49.40%

9117335
8437985
2 * 150
2.74 G
2.53 G
88.69%
46.48%
86.76%
46.41%

11144556
9647411
2 * 150
3.34 G
2.89 G
88.08%
46.03%
87.16%
45.93%

7201978
6579990
2 * 150
2.16 G
1.97 G
92.34%
50.00%
90.30%
49.92%

7973015
7262167
2 * 150
2.39 G
2.18 G
88.65%
45.19%
86.65%
45.17%

8934465
7775003
2 * 150
2.68 G
2.33 G
88.29%
45.03%
86.66%
44.96%

7983253
7261923
2 * 150
2.39 G
2.18 G
92.13%
47.66%
90.14%
47.48%

9207539
8298296
2 * 150
2.76 G
2.49 G
88.07%
50.24%
85.20%
50.01%

8072855
7394578
2 * 150
2.42 G
2.22 G
88.42%
49.03%
84.56%
48.72%

9481630
8740852
2 * 150
2.84 G
2.62 G
88.19%
50.27%
85.45%
49.96%

in sulfur metabolism (11%), 38 genes in carbohydrate metabolism
(6%), 24 genes in the Calvin cycle (3%), 18 genes in calcium signal
pathways (4%), and 6 genes in nitrogen metabolism (1%).

the genome.
3.2. Sequence annotation and functional classiﬁcation

3.4. Signiﬁcant disturbance of primary metabolism by SAR in soybean

Searches were made for sequence annotations of all genes in the GO,
COG, KEGG, and Eukaryotic Orthologous Groups of Proteins (KOG)
databases using BLAST (Basic Local Alignment Search Tool), with a cutoﬀ E-value of 10−5. As a result, 44,578 (82.29%) expressed genes were
predicted.
In order to classify the functions of genes, GO analysis was performed. Based on GO annotation, a total of 20,996 genes were assigned
to one or more terms. All the GO terms were categorized into 51
functional groups in the three categories of biological processes, cellular components, and molecular function (Supplementary Fig. S1). In
the molecular function group, the 18,394 (33.34%) matched genes
were clustered into 14 classes; highly encoded proteins in this category
were those involved in the binding and catalytic activity processes. In
the cellular components group, the 17,506 (32.3%) genes were grouped
into 11 classes, of which cell part, cell, and organelle were the most
abundant. The biological process group (18,222 genes; 33.64%) was
divided into 26 classes, the two largest of which were cellular and
metabolic processes.
Genes were aligned to the KOG database to ﬁnd homologous genes,
in order to further annotate their functions. Overall, 22,074 genes were
clustered into 25 functional categories (Supplementary Fig. S2). The
largest category was signal transduction mechanisms (3231; 14.63%),
followed by: general function prediction only (2609; 11.82%); posttranslational modiﬁcation, protein turnover, and chaperones (2188;
9.91%); translation, ribosomal structure, and biogenesis (1215; 5.50%);
and carbohydrate transport and metabolism (1140; 5.16%).
Moreover, to identify the biological pathways activated in soybean
under SAR treatment, all genes were mapped in the KEGG database and
7561 genes were assigned to 271 KEGG pathways (Supplementary Fig.
S3). Among these, signal transduction (1885), carbohydrate metabolism (1822), and translation (1272) were the three most representative
pathways.

Previous studies provide evidence that SAR can be the cause of
hazardous and complex eﬀects in soybean, through aﬀecting metabolic
processes at the physiological level. In this research, RNA-Seq analysis
was performed in order to obtain new insights into the molecular mechanisms of SAR responses in soybean. In agreement with the observed
physiological changes, diﬀerentially expressed genes were detected to
play a role in many metabolic processes essential to plant growth and
development, including sulfur and nitrogen metabolism, carbohydrate
metabolism, photosynthesis, and the response to reactive oxygen species.
3.5. Carbohydrate metabolism
The results of previous studies suggest that carbohydrate metabolism shows remarkable changes at the physiological level under SAR
treatment (Fan and Wang, 2000). In accordance with these physiological changes, a large number of DEGs involved in carbohydrate metabolism were observed, most of which were downregulated, including
the pectin methylesterase inhibitor gene (Glyma05g34830.1), fructosebisphosphate aldolase genes (Glyma04g01020.1, Glyma11g11870.1,
Glyma11g11900.1, Glyma12g04150.1), glyceraldehyde 3-phosphate
dehydrogenase
genes
(Glyma19g28240.1,
Glyma16g04940.1,
Glyma06g01850.1,
Glyma04g01750.1,
Glyma04g36870.3,
Glyma04g36860.1),
aldehyde
dehydrogenase
genes
(Glyma05g01770.1,
Glyma17g08310.1,
Glyma02g36370.1,
Glyma06g19560.1, Glyma08g00490.1, Glyma18g22820.1)), and
glyoxalase genes (Glyma07g39120.6, Glyma08g03970.1). Interestingly, three key enzymes involved in glycolysis showed a similar expression trend (Fig. 2A); of these, fructose-bisphosphate aldolase catalyzed the reversible aldol condensation reaction of dihydroxy acetone
phosphate and 3-phosphate glyceraldehyde, yielding fructose-1,6-diphosphate. Glyceraldehyde 3-phosphate dehydrogenase played a key
role in catalyzing glyceraldehyde 3-phosphate to 1,3-diphosphoglyceraldehyde, with the production of adenosine triphosphate
(ATP) and nicotinamide adenine dinucleotide (NADH). Aldehyde dehydrogenase was involved in the NAD(P)+-dependent conversion of
various aldehydes to their corresponding carboxylic acids. It has been
reported that the modiﬁed expression of these enzymes could enhance
tolerance to abiotic stress in several plants (Huang et al., 2008; Jiang
et al., 2007; Sunkar et al., 2003; Vescovi et al., 2013; Yamada et al.,
2000).
In contrast, several genes related to the citrate cycle were upregulated in our study, including phosphoenolpyruvate carboxylase genes
(Glyma12g33820.1, Glyma18g53760.1), NADP-malic enzyme genes
(Glyma15g02230.1, Glyma01g01180.1), and the phenylalanine ammonia-lyase gene (Glyma10g06600.1). The related enzymes were

3.3. Diﬀerentially expressed genes (DEGs) among the diﬀerent stages of
SAR treatment
In order to study the gene expression response to SAR, signiﬁcantly
diﬀerentially expressed genes were obtained for the ﬁve stages (6, 30,
54, 78, and 102 h) of SAR treatment compared to the control group,
with the ﬁlter criteria of fold change set at ≥ 2.0 and FDR at ≤ 0.001.
As a result, 301, 1242, 752, 1371, and 1136 diﬀerentially expressed
genes were obtained from the 6, 30, 54, 78, and 102 h stages, respectively (Fig. 1A). A total of 2016 diﬀerentially expressed genes were
related to the response to SAR (Supplementary Table S2). Among them,
416 DEGs were selected that are closely related to the metabolisms
involved in responding to SAR (Supplementary Table S3). As shown in
Fig. 1B, 130 genes were involved in photosynthesis (43%), 100 genes in
other stress (14%), 66 genes in reactive oxygen species (12%), 34 genes
20
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Fig. 1. Analysis of diﬀerently expressed genes at six stages. A. Diﬀerentially expressed genes in soybean leaves under simulated acid rain (SAR) treatment at ﬁve
intervals (0, 6, 30, 54, 78, and 102 h). B. Functional classiﬁcation of diﬀerentially expressed genes in soybean leaves under SAR treatment.

Glyma03g16563.1, and Glyma02g44460.1) belonging to the GST Tau
class, and only one downregulated gene (Glyma01g04710.1) belonging
to the Phi class. Plant GST is a large and diverse group of enzymes
catalyzing the addition of reduced GSH to the electrophilic center of
various non-polar compounds (Hayes et al., 2005). Although the gene
encoding glutamine synthetase showed an undiﬀerentiated expression,
it is feasible to speculate that GSH synthesis and content were induced
under conditions of SAR stress.
Nitrogen metabolism is one of the basic processes in plant physiology, and been proven to play an important role in plant responses to
various stressors (Mesnard and Ratcliﬀe, 2005). Here, we identiﬁed a
number of diﬀerently expressed genes involved in nitrogen metabolism,
including ﬁve genes (Glyma13g02510.1, Glyma06g11430.1,
Glyma07g33570.1, Glyma02g14910.1, and Glyma14g33480.1) that
encoded nitrite reductase, one PHE ammonia-lyase gene
(Glyma10g06600.1),
and
three
genes
(Glyma15g10890.5,
Glyma13g28180.4, and Glyma11g33560.1) involved in glutamine
synthetase. Among these, the nitrite reductase genes that catalyze NO2reducted to NH4+ were induced under conditions of excess nitrogen.
Glutamine synthetase is thought to be the key enzyme in N assimilation
(Seger et al., 2015). Compared to sulfur metabolism, the response of
nitrogen metabolism to SAR stress was slightly stronger. This might be
because the nitrogen content was higher than that of sulfur in the SAR
used in our study.
A correlation analysis of the expression data at the six stages was
conducted using the R software package (https://cran.r-project.org/
web/packages/). The results implied that genes related to GSH and
reduced S-glutathione (R-S-GSH) were upregulated, and genes related
to the degradation of GSH and R-S-GSH were downregulated
(Supplementary Fig. S3). GST genes (Glyma07g34820.15,
Glyma08g41960.1,
Glyma15g40190.1,
Glyma08g18640.1,
Glyma07g16910.1, Glyma03g16563.1,
Glyma02g44460.1, and
Glyma01g04710.1) were positively correlated with the ATP sulfurylase
gene (Glyma10g38760.1), nitrate reductase genes (Glyma13g02510.1,
Glyma06g11430.1, Glyma07g33570.1, and Glyma02g14910.1), glutamine synthase gene (Glyma11g33560.1), adenosylmethionine decarboxylase genes (Glyma18g51380.3, Glyma15g21890.1, and
Glyma01g10081.1), and were negatively correlated with glutamine
synthetase genes (Glyma15g10890.5 and Glyma13g28180.4), and
glutamine amidotransferase gene (Glyma18g05220.1). GSH functions
as a source of sulfur and nitrogen (Meister and Anderson, 1983;
Penninckx, 2002). It also plays important roles in iron metabolism, free
radical scavenging, detoxiﬁcation of metal ions and xenobiotics, and in
regulating the activity of many proteins through glutathionylation

proven to play an important role in the citrate cycle, which is a central
integrative pathway in carbohydrate metabolism (Chollet et al., 1996;
Sánchez et al., 2006; Shi et al., 2015). It is possible that the induced
expression of genes related to the citrate cycle leads to chemical energy
being produced in order to maintain plant survival under conditions of
SAR exposure.
3.6. Sulfur and nitrogen metabolism
According to our transcriptomic data, numerous DEGs related to
both sulfur and nitrogen metabolism were observed under conditions of
SAR stress (Fig. 2B). The principle reactions related to sulfur metabolism were sulfur assimilation and the synthesis of two sulfur-containing
amino acids, cysteine, and methionine (Met) (Liu et al., 2012). During
cysteine synthesis pathway, a gene (Glyma10g38760.1) encoding ATP
sulfurylase, which is activated by SO42- through consumption of ATP,
was
upregulated,
and
three
genes
(Glyma03g40490.1,
Glyma07g32790.1, and Glyma02g15640.1) encoding O-acetylserine
(thiol) lyase (OAS) were downregulated. Additionally, D-cysteine desulfhydrase (Glyma05g33540.1), which decomposes D-cysteine into
pyruvate, H2S, and NH3 (Riemenschneider et al., 2005), was downregulated. Due to the high sulfur content in SAR, we presumed that the
above altered expression proﬁles promote the synthesis of cysteine in
response to sulfur stress.
Together with the accumulation of cysteine, the biosynthesis of Met,
glutathione (GSH), and a variety of other S-containing metabolites was
subsequently aﬀected. In the S-methylmethionine cycle, six downregulated
genes
(Glyma02g00440.2,
Glyma04g05690.1,
Glyma16g06200.2,
Glyma12g14360.1, Glyma17g18800.1, and
Glyma09g34640.2) were determined to be homologous with S-adenosyl-L-methionine-dependent methyltransferases. This gene family is
related to the synthesis of S-adenosyl-L-homocysteine (Dalhoﬀ et al.,
2006). Although three genes (Glyma18g51380.3, Glyma15g21890.1,
and Glyma01g10081.1) encoding adenosylmethionine decarboxylase
and one gene (Glyma02g14175.1) in S-adenosylmethionine synthetase
showed an intensive expression, the S-methylmethionine cycle was
generally disturbed by SAR, in agreement with results for Arabidopsis
(Liu et al., 2012). In the GSH synthesis pathway, two genes
(Glyma18g05220.1 and Glyma13g32920.1) from the glutamine amidotransferase-like superfamily were downregulated, and played an
important role in GSH degradation (Kaur et al., 2012). Eight genes
related to glutathione S-transferase (GST) were detected, including
seven upregulated genes (Glyma07g34820.15, Glyma08g41960.1,
Glyma15g40190.1,
Glyma08g18640.1,
Glyma07g16910.1,
21
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Fig. 2. Expression changes in genes involved in carbohydrate metabolism, and sulfur and nitrogen metabolism. The heatmap represents diﬀerent gene expression
level at six stages under simulated acid rain treatment. The red squares indicate upregulation; green squares indicate downregulation. A. Carbohydrate metabolism
pathways. B. Sulfur and nitrogen metabolism pathways (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.).

Damage to light reactions in the photosystem meant that the expression of numerous genes involved in the Calvin cycle was also
greatly changed in response to SAR. These genes included one phosphoesterase gene (Glyma06g33080.1), two 2-phosphoglycolate phosphatase genes (Glyma09g38340.3 and Glyma18g48010.2), two D-ribulose-5-phosphate-3-epimerase
genes
(Glyma05g00910.6
and
Glyma17g10990.6),
two
phosphoribulokinase
genes
(Glyma01g01370.1, and Glyma09g34410.1), three ribulose bisphosphate
carboxylase
(small
chain)
protein
family
genes
(Glyma13g07610.1, Glyma19g06340.1, and Glyma19g06370.1), one
ribulose-bisphosphate carboxylase gene (Glyma12g06606.1), four
phosphate translocator genes (Glyma07g32190.1, Glyma13g24360.1,
Glyma19g00270.1, and Glyma10g33030.1), six glyceraldehyde 3phosphate
dehydrogenase
genes
(Glyma16g04940.1,
Glyma19g28240.1,
Glyma04g01750.1,
Glyma06g01850.1,
Glyma04g36870.3, and Glyma04g36860.1) and three carbonic anhydrase
genes
(Glyma05g08590.1,
Glyma19g01050.1,
and
Glyma01g03720.1) (Fig. 3).
In summary, plant leaves were directly damaged by disturbing the
components of photosynthetic apparatus and membrane integrity.

(Kaur et al., 2012). The maintenance of glutathione homeostasis is
crucial to proper cell functioning.
3.7. Suppression of photosynthesis by SAR
Photosynthesis is a fundamental metabolic process in plant growth
and development, and is very sensitive to multiple abiotic stresses
(Zheng et al., 2009). Acid rain is a comparatively recent abiotic stress,
and has been observed to cause damage to photosynthesis and low
photosynthetic eﬃciency in many plant species (Shan, 1998). In the
present study, 130 DEGs were found to be related to photosynthesis
(Fig. 3). According to the gene annotation, DEGs were classiﬁed as
being involved in photosynthesis, including 21 genes involved in the
light harvesting complex of photosystem II, 14 in the photosystem II
reaction center, seven in the photosystem II subunit, six in the NAD(P)H
dehydrogenase subunit, seven in NADH-ubiquinone oxidoreductase,
eight in the 2Fe-2S ferredoxin-like protein superfamily, 10 in the light
harvesting complex of photosystem I, 25 in the photosystem I subunit,
ﬁve in PsaA/PsaB in photosystem I, three in ferredoxin NADP(+) oxidoreductase, and three in photosynthetic electron transfer.
22
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Fig. 3. Most of the photosynthesis-related genes were downregulated under simulated acid rain (SAR) treatment. The red squares indicate upregulation; green
squares indicate downregulation (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).

2016).
Many genes encoding proteins involved in ROS-related pathway
processes were induced (Fig. 4). As typical antioxidant defense enzymes, four superoxide dismutase genes (SOD; Glyma03g40280.3,
Glyma11g19840.1, Glyma12g08650.1, and Glyma12g30260.1), two
catalase genes (CAT; Glyma06g02040.1 and Glyma04g01920.1), four
peroxidase genes (POD; Glyma07g39020.1, Glyma08g19170.1,
Glyma04g06295.1, and Glyma13g27710.1), and six ascorbate peroxidase
genes
(APX;
Glyma11g15680.5,
Glyma12g07780.3,
Glyma11g11460.1, Glyma12g03610.1,
Glyma14g35440.2, and
Glyma02g37160.1), were diﬀerentially expressed under SAR treatment.
In addition, a series of enzymes which play important roles in protecting plant cells against various stresses also showed expression alteration, including monodehydroascorbate reductase, cysteine peroxiredoxin, oxidoreductases, and glutathione peroxidase genes. Notably,
the expression of 27 thioredoxin-related genes was highly induced after

Hence, the metabolic activities of light reactions were remarkably inhibited under SAR. As the second set of reaction in photosynthesis, the
eﬃciency of Calvin cycle depends on light reactions. The decreasing
expression of key genes repressed the Calvin cycle under SAR, which
ﬁnally lead to the reduction of plant photosynthesis eﬃciency.

3.8. Response of reactive oxygen species (ROS) to SAR
As a group of free radicals, reactive molecules, and ions, reactive
oxygen species (ROS) are usually produced in living plants under various stress conditions. The excess formation of ROS leads to oxidative
damage to cellular components, such as lipids, proteins, and nucleic
acids, and even causes cell death (Foreman et al., 2003; Miller et al.,
2010). Accordingly, it has been known that the antioxidant defense
system plays an important role in scavenging ROS in order to protect
plant cells against oxidative stress (Bose et al., 2014; Zhang et al.,
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Fig. 4. Most of the genes involved in reactive oxygen species (ROS) were upregulated under SAR treatment. The red squares indicate upregulation; green squares
indicate downregulation (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).

the expression of almost all of these genes behaved in accordance with a
suppressed-recovered-suppressed-recovered process under conditions
of SAR stress, which implied that it's a complex way for plant responding to abiotic stress. (Supplementary Fig. S4).

SAR treatment. Thioredoxin is a class of small redox proteins that act as
antioxidants by facilitating the reduction of other proteins through
cysteine thiol-disulﬁde exchange. In plants, thioredoxins have been
shown to play critical functions in many important biological processes,
especially in redox signaling (Meng et al., 2010; Nordberg and Arnér,
2001).
Through previous research, it has long been known that the production of ROS increases at the physiological level under various stress
conditions (Xia et al., 2015; Zhang et al., 2016), as well as under SAR
treatment (Wyrwicka and Skłodowska, 2006). According to our transcriptomic analysis, the antioxidant defense system-related genes were
diﬀerentially expressed in soybean exposed to SAR treatment. This indicated that the presence of SAR caused damage to plant cells due to
elevated ROS levels. The antioxidant defense systems, including nonenzymatic antioxidants and enzymatic antioxidants, scavenged the redundant ROS to achieve appropriate levels of ROS in a plant cell. The
balance between ROS production and scavenging is crucial for plants if
they are to accommodate to diﬀerent growing environments (Bose
et al., 2014).

3.10. Expression analysis of DEGs through RT-qPCR
In order to further determine the accuracy of the RNA-seq data, an
qRT-PCR analysis was carried out on the six samples for each experimental condition, targeting 10 randomly selected genes. Similar expression patterns were obtained by both the qRT-PCR and RNA-seq
results, indicating that the RNAseq data were reliable (Fig. 6). Variability may exist in treatment/conditions as the RNA was extracted from
six diﬀerent biological processes.

4. Conclusions
In this study, six transcriptomes of soybean subject to SAR treatment
were sequenced, and 54,175 unigenes were generated, and 44,578
unigenes annotated. A total of 2016 DEGs were detected. Of these, 416
were found to be closely related to responses to the SAR treatment. As
shown in Fig. 5f, most of the genes associated with the photosynthesis
and carbohydrate metabolism processes were repressed. The genes related to ROS, calcium signaling, and abiotic stress were induced. It is
worth noting that the genes related to GSH and MT were in a high
expression level; GSH and metallothionein genes may play an important
role in responding to SAR stress. MTs are a family of cysteine (Cys)-rich,
low-molecular-weight, cytoplasmic metal-binding proteins. Current
research is mainly focused on the expression proﬁles of plant MT genes
under heavy metal stress. MTs have been proposed as an alternative
means by which plants protect themselves from oxidative damage, and
several reports indicate that MTs play important roles in abiotic stress
tolerance as ROS scavengers. Overall, comparative transcription at six
stages provided valuable information about SAR resistance in soybean.
This will improve our understanding of the molecular mechanisms
employed by soybean in responding to abiotic stress, and therefore
provides important information in developing soybean breeding to
improve tolerance to these stresses.

3.9. Changes in soybean DEGs at diﬀerent stages of SAR exposure
The changing tendencies of the DEGs in relation to various parameters at the ﬁve stages (6, 30, 54, 78, and 102 h) of SAR treatment
were analyzed (Supplementary Fig. S5). We focused on DEGs in the six
groups that were enriched in the primary and stress-related metabolisms. In order to analyze the variation trends more clearly, we separated the DEGs into two groups using log2 (fold change) in the ﬁrst
stage (6–30 h). According to the second stage (6–54 h), almost all genes
involved in primary metabolism were inhibited at 6 h after treatment by
SAR. One gene involved in metallothionein (MT), two genes in ROS,
and two genes in the GST pathways were promoted (Fig. 5a). In the
second stage (6–54 h), genes related to MT, GST, ROS, and transport
and catabolism were induced (Fig. 5b); there was less eﬀect on inhibition of primary metabolism processes. At 78 h, the genes involved
in primary metabolism were reduced, perhaps because of the accumulated damage caused by SAR exposure (Fig. 5d). After 102 h, the genes
related to MT, ROS, transport and catabolism, xenobiotics biodegradation, cofactors, and vitamins were induced (Fig. 5e). In general,
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Fig. 5. Diﬀerentially expressed genes at ﬁve stages under simulated acid rain treatment. a, b, c, d, and e represent 6, 30, 54, 78, and 102 h, respectively.
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