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Comparative transcriptome
analysis unveiling reactive
oxygen species scavenging
system of Sonneratia caseolaris

under salinity stress

Yan Zhou, Lizhen Wen, Lixian Liao, Shuangmei Lin,

Enting Zheng, Yin Li and Ying Zhang*

Mangrove Institute, Lingnan Normal University, Zhanjiang, China

Many mangrove forests have undergone major changes as a result of human

activity and global climate change. Sonneratia caseolaris is a common

tree located in inner mangroves, and its range extends inland along tidal

creeks, as far as the influence of salinity extends. This study investigated

the physiological and molecular response mechanisms of S. caseolaris by

analyzing its antioxidant defense capacity, including its differentially expressed

genes (DEGs) under similar salt stress conditions. Salt treatment significantly

affected the osmoprotectants and lipid peroxidation in S. caseolaris seedlings,

which increased proline (Pro) content by 31.01–54.90% during all sample

periods and decreased malonaldehyde (MDA) content by 12.81 and 18.17%

at 25 and 40 days under 3.0% NaCl treatment. Antioxidant enzyme activities

increased significantly following 3.0% NaCl treatment. Transcriptome analysis

following De novo assembly showed 26,498 matched unigenes. The results

showed that 1,263 DEGs responded to transcription factors (TFs) and plant

phytohormones and mediated oxidoreductase activity to scavenge reactive

oxygen species (ROS) in the control vs. 3.0% NaCl comparison. In addition,

the transcription levels of genes associated with auxin and ethylene signal

transduction also changed. Under salt stress, ROS scavenging genes (POD,

CAT, and APX) and part of AP2, MYB, NAC, C2C2, bHLH, and WRKY TFs were

upregulated. This study identified important pathways and candidate genes

involved in S. caseolaris salinity tolerance and provided suggestions for further

research into the mechanisms of salt tolerance in S. caseolaris.
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Introduction

Soil salinization has had severe impacts on both

agricultural production systems and sensitive ecosystems.

More than 6% of the world’s land area, including

approximately 20% of all irrigated land, is increasingly

being affected by salt accumulation (Munns and Tester,

2008). Salt stress severely damages plant development,

resulting in agricultural losses and serious deterioration

of plant ecosystems (Ismail and Horie, 2017). High

concentrations of sodium in the soil limit water uptake

and nutrient absorption (Gong, 2021). Salt stress, caused

by this highly saline soil, is one of the most harmful

environmental stressors and simultaneously causes ionic

toxicity, osmotic stress, and oxidative stress (Tanveer

and Yousaf, 2020). These stressors damage cellular

membranes, proteins, and nucleic acids, obstruct the

photosynthetic system and metabolic function, and

inhibit plant growth (Zelm et al., 2020). These studies

contribute to the understanding of plant responses to soil

salinity stress, which will assist in improving crop stress

resistance and yield.

Plants have developed specialized strategies to cope with

salt stress, including the accumulation of osmoregulatory

substances, such as proline, amino acids, polyamines,

quaternary ammonium compounds, and sugars synthesized

by certain metabolic pathways to alleviate hyperosmotic

stress damage (Zulfiqar et al., 2020). Osmotic stress and

subsequent ionic stress are induced by high salinity,

resulting in oxidative damage to plant cells due to the

excessive accumulation of reactive oxygen species (ROS)

(Hasanuzzaman et al., 2021).

Plants are protected from oxidative stress damage by their

antioxidant system that detoxifies ROS and maintains the

balance of ROS formation under salt stress (Sachdev et al.,

2021). In plants, this system includes both enzymatic and

non-enzymatic systems. The major antioxidant enzymes are

superoxide dismutase (SOD), peroxidase (POD), catalase

(CAT), ascorbate peroxidase (APX), and glutathione

reductase (GR). The non-enzymatic components include

glutathione, ascorbic acid (AsA), tocopherols, thiols, and

carotenoids (Sies et al., 1992; El-Shabrawi et al., 2010). Previous

studies have reported that there are a separate set of plant

hormones and genes involved in ROS scavenging systems

that protect plants against salt stress (Hasanuzzaman et al.,

2021). By modulating ROS production and metabolism,

ethylene functions as a signaling molecule and a key

modulator of plant stress responses (Jahan et al., 2021).

During abiotic stress adaptation, major ethylene signaling

factors such as the gene family AP2/ERF have complex

regulatory roles in plants (Tao et al., 2015). Transcription

factors, such as AP2/ERF, MYB, WRKY, bZIP, bHLH,

C2H2, and NAC, improve salt tolerance by regulating

the antioxidant defense mechanism to scavenge ROS

(Guo et al., 2014; Xie et al., 2018; Agarwal et al., 2019;

Li et al., 2019, 2021a; Zhang et al., 2020a, 2021, 2022;

Liu et al., 2021a).

In recent years, the molecular foundation of plant

responses to abiotic stress have been extensively studied

using high-throughput sequencing technologies, particularly

RNA sequencing (RNA-seq) (Li et al., 2021b,c). Recently,

RNA-seq has been used to determine dynamic response

mechanisms in mangrove plants, such as Sonneratia alba

(Chen et al., 2011), Millettia pinnata (Huang et al., 2012),

and Ceriops tagal (Xiao et al., 2016) under abiotic stress.

A comparative transcriptome study of S. alba treated with

0, 250, and 500 mM NaCl has recently been reported (Feng

et al., 2020; Wang et al., 2022). Sonneratia is a typical

mangrove genus with six species and four hybrid taxa

that are widely dispersed over the Indo-West Pacific (Yang

et al., 2016a; Zhong et al., 2020). Sonneratia caseolaris is

a medium to large evergreen tree with simple elliptic to

narrowly ovate or obovate leaves and a highly specialized root

system with multiple root types (Tomlinson, 1994; Zhong

et al., 2020). It is common in inner mangroves and extends

inland along tidal creeks as far as the influence of salinity

extends and occurs naturally in upstream estuary zones in

lower saline areas with deep muddy soil, which allow this

species to grow in brackish to freshwater environments

(Tatongjai et al., 2021). Globally, it has a distribution

throughout Southeast Asia, the Malay Archipelago, and

the Philippines, China Hainan, Solomon Islands, NewHebrides,

and Australia (Tomlinson, 1994). In China, S. caseolaris is

naturally distributed on Hainan Island and was introduced

to northern, colder areas such as Shenzhen and Leizhou

in Guangdong Province and Qinzhou and Fangchenggang

in Guangxin Province. The species played an important

role in mangrove conservation and afforestation in China

(Yang et al., 2021). Previous studies on S. caseolaris have

focused on the biological chemistry (Ebrahim et al., 2012),

genetic diversity (Yang et al., 2016a), molecular mechanisms

under chilling stress (Yang et al., 2021), photosynthetic

characteristics and energetic cost (Li et al., 2016), and

comparative anatomy under salt stress (Tatongjai et al.,

2021). However, few studies have been reported on the

physiology and molecular mechanisms of S. caseolaris

under abiotic stress.

In this study, we evaluated the soil salt tolerance

of S. caseolaris and investigated its physiological

response to salinity stress. A high-quality De novo

transcriptome of S. caseolaris was used to study

gene expression under the same level of salt stress.

The results of this study elucidates the mechanisms

underlying S. caseolaris salt tolerance and provide

a valuable genetic resource for further research on

mangrove plants.
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Materials and methods

Plant materials and salt treatments

Seeds of S. caseolaris were harvested from mature fruits,

collected from populations in Wanlu Park, Hainan, China

(110.313766◦E, 20.033727◦N). The seeds were sown in trays

filled with a 2:1 peat and vermiculite (v/v) mixture, 2 months

after germination. Once the second true leaves were fully

developed, the seedlings were transplanted into full-strength

Hoagland’s solution (Hoagland and Arnon, 1950) containing

NaCl at final concentrations of 0, 1.0, 2.0, and 3.0%.

The seedlings were pre-cultured in a full-strength

Hoagland’s solution with varying salt percentages for 7

days before treatment and then planted in containers. The four

treatments in this experiment were as follows: (1) No NaCl

(control); (2) 1.0% NaCl; (3) 2.0% NaCl; and (4) 3.0% NaCl.

NaCl was added to the water nutrient solution. Each treatment

consisted of three containers arranged in a randomized

block (six seedlings per container). The nutrient solution was

replaced every 3 days. Growth and biochemical indicators were

examined at 5, 25, and 40 d after treatment. After 40 days, the

transcriptomic analysis samples were analyzed. Liquid nitrogen

was used to freeze the plant material, which was then stored

at –80◦C for downstream analysis. Three biological replicates

were prepared for each sample.

Determinations of growth, electrolyte
leakage, and root activity

Growth indexes were measured using a ruler, and the

increment in growth indexes was calculated using the value of

every sampling day from 0 day treatment. Using the method

described by Biswas et al. (2012), electrolyte leakage was

determined. Amethod described by Yang et al. (2016b) was used

to determine root activity.

Determinations of proline,
malonaldehyde, antioxidant enzyme
activities, and chlorophyll content

Proline and MDA contents were determined according to

a previous study (Ali et al., 2019). To assay SOD (EC 1.15.1.1)

activity, the inhibition of photochemical reduction of nitro-

blue tetrazolium was monitored as described by a previous

study (El-Shabrawi et al., 2010). According to a previous

description, POD (EC1.11.1.7.) (Zhou et al., 2017) and CAT (EC

1.11.1.6.) activity (Hasanuzzaman et al., 2011) were measured.

Chlorophyll content was measured using methods described in

a previous study (Lichtenthaler, 1987).

RNA extraction

Total RNA was extracted from leaf and flower tissues using

TRIzol R© Life Reagent (Invitrogen, Carlsbad, CA, United States)

according to manufacturer’s instructions. Following the

extraction, remaining genomic DNA was removed using

DNase I (TaKara, United States). RNA quality was assessed

using a 2100 Bioanalyzer (Agilent Technologies Inc., Santa

Clara, CA, United States). RNA was quantified using a

ND-2000 spectrophotometer (NanoDrop Thermo Scientific,

Wilmington, DE, United States). Only high-quality RNA

samples (OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, RIN ≥ 8.0,

and 28S:18S ≥ 1.0, > 1 µg) were used to construct the

sequencing library.

Library preparation and Illumina
NovaSeq 6000 sequencing

RNA purification, reverse transcription, and library

construction and sequencing experiments were performed

at Shanghai Majorbio Bio-Pharm Biotechnology Co.,

Ltd. (Shanghai, China). Each of these analyses followed

manufacturer’s instructions (Illumina, San Diego, CA,

United States). The RNA-seq libraries for each sample

(Control_1, Control_2, Control_3, 3.0% NaCl_1, 3.0% NaCl_2,

and 3.0% NaCl_3) were prepared using the Illumina TruSeq

RNA sample preparation kit. Purified poly (A) mRNA

was obtained using oligo-dT-attached magnetic beads and

a fragmentation buffer. These short fragments were used

as templates for the synthesis of double-stranded cDNA

with the SuperScript Double-stranded cDNA Synthesis kit

(Invitrogen) and random hexamer primers (Illumina). End

repair was performed on the synthesized cDNA, followed by

phosphorylation and the addition of “A” bases as per Illumina’s

library construction protocol. cDNA target fragments of 200–

300 bp were selected for using 2% Low Range Ultra Agarose and

PCR amplification (15 cycles) with Phusion DNA polymerase

(New England Biolabs, Boston, MA, United States). After

quantification by TBS380, six RNA-seq libraries were sequenced

using an Illumina NovaSeq 6000 sequencer using one lane and

2 × 150 bp paired-end reads. The raw reads generated for this

study were deposited in the NCBI database under the accession

number PRJNA842495.

De novo assembly and annotation

De novo assembly was performed on the cleaned data

using Trinity (Grabherr et al., 2011). BLASTX with an

e-value of lower than 1.0 × 10−5 was used to predict the

unigenes from the protein non-redundant (NR), Clusters of

Orthologous Groups (COG), Kyoto Encyclopedia of Genes
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and Genomes (KEGG), and NCBI databases. The BLAST2GO

program was used to obtain gene ontology (GO) annotations

of uniquely assembled transcripts to describe potentially

associated biological processes, molecular functions, and cellular

components (Conesa et al., 2005). The KEGG was used for the

metabolic pathway analysis (Ogata et al., 1999).

Differentially expressed genes
identification and functional
enrichment

DEGs of two different samples were identified by calculating

the expression levels of each transcript using the transcripts per

million reads method. Gene abundance was calculated using

RSEM (Li and Dewey, 2011). EdgeR (Robinson et al., 2010) was

used to analyze gene expression and DEGs with a | log2FC| > 1

and Q-value ≤ 0.05. GO and KEGG analyses were enriched in

DEGs to identify relevant pathways and functions (Xie et al.,

2011). A Bonferroni-corrected P-value ≤ 0.05 was used to

compare the background comprising the whole transcriptome.

Quantitative real-time PCR analysis

Quantitative real-time PCR analysis was performed as

previously described by Zhang et al. (2020b). Primer Premier

5.0 was used to create the primers (Supplementary Table 1).

The length of the amplified PCR products ranged from 80 to

400 bp. The relative expression levels of the genes in various

samples were estimated using the 2−11Ct method (Livak and

Schmittgen, 2001), using actin as a reference to calculate the

relative expression of the DEGs.

Statistical analysis

Data from each groupwere analyzed individually using SPSS

software (version 19.0). Tukey’s test value of P < 0.05 indicated

statistical significance, and significant differences are indicated

by different letters above bars.

Results

Effects of salt stress on morphological
and physiological responses

The increments in plant height, stem diameter, leaf length,

and leaf width were higher in the 1.0, 2.0, and 3.0% NaCl

treatment groups than in the 0% NaCl treatment group on

days 10, 25, and 40 (Table 1). The increase in plant height,

stem diameter, leaf length, and leaf width reached a maximum

under the 2.0% NaCl treatment on days 10 and 25. The

electrolyte leakage was significantly increased by 9.41–73.49%,

17.60–97.58%, and 20.61–44.15% under 1.0, 2.0, and 3.0%

NaCl treatment groups, respectively, compared with that in

the control, except on day 25 under 3.0% NaCl treatment

(Figure 1A). The electrolyte leakage reached a maximum under

the 2.0% NaCl treatment on days 10, 25, and 40. Root activity

was significantly increased and reached a maximum (1.17–1.36-

fold) under 3.0% NaCl treatment, compared with that under

the 1.0 and 2.0% NaCl treatments (Figure 1B). Compared with

the control, the 1.0 and 2.0% NaCl treatments significantly

decreased root activity on day 10. These results indicated that

3.0% NaCl treatment increased electrolyte leakage and root

activity to maintain plant growth in S. caseolaris seedling leaves.

Proline content significantly increased with increasing NaCl

concentration on days 10 and 40 (Figure 1C). Compared with

that in the control, proline content in the 3.0% NaCl treated

seedlings was significantly increased by 31.01–54.90% on days

10–40. Compared with the 1.0% NaCl treatment groups, the

2.0 and 3.0% NaCl treatments significantly increased proline

content by 19.36–47.38% and 15.32–47.38%, respectively,

during all sample dates. Compared with the control, 1.0 and

2.0% NaCl treatment significantly decreased MDA content by

10.34 and 7.32% and 3.45 and 18.59% in leaves on days 10

and 40, respectively, while 3.0% NaCl treatment significantly

decreased MDA content by 12.81 and 18.17% on days 25 and

40, respectively (Figure 1D). Compared with that in the control,

the chlorophyll content was significantly decreased by 9.75% on

day 10 and 6.81% on day 25 under 1.0% NaCl treatments and

by 7.61% on day 10 under 2.0% NaCl treatments (Figure 1E).

The chlorophyll content in the 3.0% NaCl treatment groups

was significantly increased by 25.34–36.36% than in the control

during all sample dates and was higher in the 3.0% NaCl-

treated seedlings than that in other treated seedlings. These

results indicate that 3.0% NaCl treatment can maintain higher

proline and chlorophyll contents and lower MDA content in

S. caseolaris seedling leaves.

Antioxidant enzyme activities in
response to salt stress

Different NaCl treatments were used to determine the

activities of SOD, POD, and CAT in the leaves (Figures 2A–

C). Compared with the control, the 1.0% NaCl-treated seedlings

showed a 31.15% increase in SOD activity at day 10 and a

48.54 and 34.73% decrease at days 25 and 40, respectively.

Compared with the control, 2.0% NaCl -treated seedlings

showed a 62.59% increase in SOD activity at day 10 and a 32.84%

decrease at day 40, whereas 3.0% NaCl treatment significantly

increased SOD activity by 26.00 and 28.77% at days 10 and

25, respectively.
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FIGURE 1

Effects of different concentrations of NaCl on electrolyte leakage (A), root activity (B), proline content (C), MDA content (D), and chlorophyll

content (E) of S. caseolaris seedlings. Values are means ± SD (n = 3). Values with a different letter within a sampling date are significantly

different (P < 0.05).

FIGURE 2

(A–C) Effects of 0, 1.0, 2.0, and 3.0% NaCl on antioxidant enzyme activities of S. caseolaris seedlings. Values are means ± SD (n = 3). Values with

a different letter within a sampling date are significantly different (P < 0.05).

TABLE 1 Effects of different concentration salt stress on the increment in growth indexes of S. caseolaris seedlings.

Treatment Time Plant height (cm) Stem diameter (cm) Leaf length (cm) Leaf width (cm)

Control 10 days 2.37 ± 0.06d 0.89 ± 0.01c 0.82 ± 0.03c 0.32 ± 0.03c

1.0% NaCl 3.27 ± 0.12b 1.48 ± 0.09ab 1.22 ± 0.03b 0.53 ± 0.04b

2.0% NaCl 4.00 ± 0.10a 1.56 ± 0.08a 1.32 ± 0.03a 0.62 ± 0.03a

3.0% NaCl 2.70 ± 0.20c 1.37 ± 0.01b 0.62 ± 0.03d 0.28 ± 0.03c

Control 25 days 6.28 ± 0.11ab 1.12 ± 0.01a 1.05 ± 0.01c 0.22 ± 0.03b

1.0% NaCl 7.05 ± 0.63a 1.60 ± 0.14a 1.00 ± 0.01d 0.78 ± 0.04a

2.0% NaCl 7.60 ± 0.57a 1.63 ± 0.02a 1.15 ± 0.01a 0.83 ± 0.04a

3.0% NaCl 5.40 ± 0.57b 1.14 ± 0.37a 1.10 ± 0.01b 0.18 ± 0.03b

Control 40 days 7.37 ± 0.15c 1.56 ± 0.05c 0.23 ± 0.04c 0.22 ± 0.03c

1.0% NaCl 9.25 ± 0.07b 1.75 ± 0.03b 1.03 ± 0.03b 0.30 ± 0.01b

2.0% NaCl 10.50 ± 0.01a 2.11 ± 0.04a 1.10 ± 0.01a 0.73 ± 0.03a

3.0% NaCl 7.33 ± 0.35c 1.55 ± 0.03c 1.02 ± 0.03b 0.20 ± 0.01c

Values are means ± SD (n = 3). Values with a different letter within a sampling date are significantly different (P < 0.05).

Compared with that in the control, POD activity was

significantly increased by 44.23 and 43.47% at 10 days and

27.13 and 38.39% at 40 d under 1.0 and 2.0% NaCl treatments,

respectively (Figure 2B). POD activity in 3.0% NaCl-treated

seedlings compared with that in the control was increased by

13.63–73.52% on all sample days.
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CAT activity was significantly increased by 29.58% at 10

days and 24.04% at 25 days and decreased by 23.34% at 40 days

under 1.0% NaCl treatment compared with that in the control

(Figure 2C). CAT activity in the 2.0% NaCl treated seedlings,

compared with that in the control, was significantly increased

by 14.81% at 25 days and decreased by 212.14% at 10 days.

CAT activity was increased by 103.27% at 25 days and 24.08%

at 40 days and decreased by 9.31% at 10 days under 3.0% NaCl

treatment compared with that under no treatment.

The activity of antioxidant enzymes was increased in

different sample periods to scavenge ROS; moreover, higher

SOD, POD, and CAT activities in S. caseolaris seedling leaves

were found at the end (40 days) of the sample dates under 3.0%

NaCl treatment compared with that under other treatments.

RNA sequencing, De novo assembly,
and transcriptome annotation

Compared with the control, S. caseolaris seedling leaves at

40 d of the sample dates under 3.0% NaCl treatment had higher

root activity, proline and chlorophyll content, SOD, POD, and

CAT activities, and lower electrolyte leakage and MDA content.

There was higher salt adaptability in S. caseolaris seedling

under 3.0% NaCl treatment for 40 days of the treatment period

compared with the 1.0 and 2.0% NaCl treatments. Thus, we

performed a transcriptomic analysis of the leaves of S. caseolaris

seedlings following the control and 3.0% NaCl treatment at 40

days. In each 3.0% NaCl and control treatment group, three

biological replicates were sequenced, and 43.21 Gb of data from

six cDNA libraries were analyzed. After removing the low-

quality reads and adapters, 294,006,546 clean reads with a Q30

higher than 93.89% were obtained (Supplementary Table 2).

The RNA-seq reads were aligned to S. caseolaris using Trinity

software (Grabherr et al., 2011), because the reference genome

sequence was not available. There were 104,392 transcripts and

47,852 unigenes, with an average length of 1,314.53 bp and an

N50 length of 2,508 bp (Table 2). Unigenes with lengths of 200–

500, 501–1,000, 1,001–2,000, and > 2,000 bp accounted for 41,

18, 17, and 24%, respectively (Supplementary Table 3), while

19,594 unigenes had lengths > 1,000 bp.

The 26,498 unigenes (56.04%) matched at least once with

known genes at in the listed databases. Unigenes of 25,984

(54.95%) and 23,063 (48.77%) were the best hits in the NR and

COG databases, respectively, followed by 21,621 (45.72%) in

the GO database, 20,677 (43.73%) in the Swiss-port database,

20,220 (42.76%) in the Pfam database, and 12,023 (25.43%) in

the KEGG database (Table 3).

The greatest hits in the GO database were 21,621 unigenes,

which were enriched for 52 GO terms categorized as

biological processes, cellular components, and molecular

functions. In biological processes, most of the unigenes

were enriched for “cellular process” (8,520), “metabolic

process” (6,931), “biological regulation” (3,502), “localization”

(1,816), “cellular component organization or biogenesis”

(1,726), and “response in stimulus” (1,592) terms, which

accounted for 39.41, 32.06, 16.20, 8.40, 7.98, and 7.36%,

respectively. The other two processes were responsible for

less than 10% of the gene enrichment. For the cellular

components, the largest subcategories were “cell part” (10,242;

47.37%), “membrane part” (8,130; 37.60%), “organelle”

(6,013; 27.81%), “protein-containing complex” (2,921;

13.51%), and “membrane” (2,433; 11.25%). Regarding

molecular function, most of the unigenes were enriched

for “binding” (11,466; 53.03%) and “catalytic activity” (10,284;

47.56%) (Figure 3A).

The COG database was used to annotate 23,063 unigenes,

which were grouped into 21 categories (Figure 3B). The

following three classes with > 1,000 unigenes were identified:

(K) “Transcription” (1,725, 7.22%), (O) “Posttranslational

modification, protein turnover, chaperones” (1,631, 6.82%),

and (T) “Signal transduction mechanisms” (1,323, 5.54%),

except (S) “Function unknown.” A total of 12,023 unigenes of

S. caseolaris were assigned to 20 KEGG categories (Figure 4).

Most of the unigenes were categorized as carbohydrate

metabolism (993), translation (993), folding, sorting, and

degradation (799), energy metabolism (615), and amino acid

metabolism (612).

Analysis of differentially expressed
genes and gene co-expression clusters

RNA-seq reads from 3.0% NaCl and control were aligned

to an average mapping rate of 87.76% in S. caseolaris

(Supplementary Table 2). The Pearson’s correlation coefficient

between the three biological replicates of the 3.0% NaCl

treatment or control was approximately 0.918–1.0, which

had a strong correlation (Supplementary Figure 1). The

TABLE 2 Evaluation of the assembly result.

Type Unigene Transcript

Total number 47,852 104,392

Total base 62,902,906 183,884,555

Largest length (bp) 16,914 16,914

Smallest length (bp) 201 201

Average length (bp) 1314.53 1761.48

N50 length (bp) 2,508 2,584

E90N50 length (bp) 3,163 2,670

Fragment mapped

percent (%)

66.556 87.082

GC percent (%) 44.51 44.77

TransRate score 0.30057 0.3922

BUSCO score C:65.4% [S:61.9%; D:3.5%] C:92.2% [S:41.1%; D:51.1%]
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FIGURE 3

GO and COG classification statistics. (A) GO, (B) COG.
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TABLE 3 Statistics of annotation results.

Type Exp_unigene number (percent) Exp_transcript number (percent) All_unigene number (percent) All_transcript number (percent)

NR 25,984 (0.5495) 78,003 (0.7605)

COG 23,063 (0.4877) 70,902 (0.6913) 21,711 (0.4537) 67,543 (0.647)

GO 21,621 (0.4572) 66,379 (0.6472) 12,095 (0.2528) 39,978 (0.383)

Swiss-Prot 20,677 (0.4373) 64,630 (0.6301) 23,159 (0.484) 72,146 (0.6911)

Pfam 20,220 (0.4276) 62,538 (0.6097) 26,091 (0.5452) 79,338 (0.76)

KEGG 12,023 (0.2543) 39,207 (0.3823) 20,765 (0.4339) 65,795 (0.6303)

Total_anno 26,498 (0.5604) 78,623 (0.7666) 26,635 (0.5566) 79,989 (0.7662)

Total 47,287 (1) 102,564 (1) 47,852 (1) 104,392 (1)

FIGURE 4

KEGG classification statistics.

control and 3.0% NaCl treatment groups had distinct

transcriptome characteristics, according to the principal

component analysis (Supplementary Figure 2). This

result indicated that 3.0% NaCl stress significantly affected

transcriptome-wide gene expression in S. caseolaris. A total

of 1263 DEGs in the control vs. the 3.0% NaCl treatment

group were separated into ten clusters of gene co-expression

patterns (Supplementary Datasets 1, 2). Clusters 1, 4,

and 7 showed significantly higher gene expression in the

3.0% NaCl group compared with that in the control group,

with 184, 104, and 26 genes being upregulated, respectively

(Figure 5A and Supplementary Dataset 1). Based on the

GO analysis, the upregulated genes were associated with

the regulation of biological quality, xyloglucan metabolic

process, hydrogen peroxide catabolic process, hydrogen

peroxide metabolic process, ROS metabolic processes,

response to oxidative stress, cellular amino acid metabolic

processes, oxidoreductase activity, and signal transduction.

Compared with those in the control, the genes in Cluster 2

(308) and Cluster 3 (90) were significantly downregulated

in the 3.0% NaCl treatment (Supplementary Dataset 2).

These genes were associated with transcriptional regulation,

DNA-templated formation, cellular oxidant detoxification,

regulation of RNA metabolic processes, growth regulation,

integral membrane components, and intrinsic membrane

components (Figure 5B).
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FIGURE 5

Gene co-expression clusters and heatmap analysis of DEGs in S. caseolaris under 3.0% NaCl treatment. (A) Gene number of co-expression

clusters and these gene expression patterns, (B) heatmap and GO terms related to clusters of enriched gene co-expression.

The control and 3.0% NaCl unigenes were compared

using GO enrichment analysis. The genes (859) in the control

vs. the 3.0% NaCl were significantly upregulated and were

enriched in several processes related to microtubules, such as

microtubule-based process (GO:0007017), microtubule binding

(GO:0008017), microtubule-based movement (GO:0007018),

and microtubule motor activity (GO:0003777). Notably, many

pathways related to oxidoreductase activity were significantly

enriched, such as protein disulfide oxidoreductase activity

(GO:0015035), monooxygenase activity (GO:0004497),

oxidoreductase activity, with NAD(P)H as a donor,

incorporation of one atom of oxygen (GO:0016709), disulfide

oxidoreductase activity (GO:0015036), and oxidoreductase

activity (GO:0016491) (Figure 6A). Downregulated genes
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FIGURE 6

GO enrichment analysis of the DEGs in S. caseolaris under 3.0% NaCl treatment. (A) Upregulated genes, (B) downregulated genes.

(404) were significantly enriched in the positive regulation of

organ growth (GO:0046622), cellular oxidant detoxification

(GO:0098869), and 3-isopropylmalate dehydratase activity

(GO:0003861) (Figure 6B).

Responses of transcription factors,
plant phytohormones, and antioxidant
activity to salt stress

Eight candidate DEGs (four upregulated and four

downregulated genes) were randomly selected, and their

expression levels were measured using qRT-PCR with specific

primers to validate the reliability of the RNA-seq data of

S. caseolaris after salt stress (Supplementary Table 1). The

DEGs identified in S. caseolaris after salt stress had expression

patterns that were highly comparable with the RNA-seq data

(Supplementary Figure 3), indicating that the RNA-seq data

were extremely reliable. The result showed that the identified

DEGs were appropriate for further research on S. caseolaris

under salt stress.

Plant growth and development depend on transcription

factors (TFs) as well as plant responses to abiotic stress

(Ritonga et al., 2021). In the assembled transcriptome of

S. caseolaris, 1280 TF members were predicted. More than

60 members were identified in the MYB, AP2/ERF, C2C2,

NAC, bHLH, WRKY, and GRAS families (Supplementary

Figure 4). In the DEGs of the control vs. the 3.0% NaCl,

108 highly identified TFs were identified (70 upregulated

and 38 downregulated), including 25 AP2 TF genes (23

upregulated and two downregulated) (Figure 7A), 21 MYB

TFs (14 upregulated and 7 downregulated) (Figure 7A), 16

NAC TFs (3 upregulated and 13 downregulated), 10 C2C2

TFs (5 upregulated and 5 downregulated), 7 bHLH TFs (4

upregulated and 3 downregulated), 7 WRKY TFs (upregulated),

4 MADS-box TFs (3 upregulated and 1 downregulated), 4

GRAS TFs (3 upregulated and 1 downregulated), and other

TFs (Supplementary Dataset 3). In the leaves of S. caseolaris

after salt stress, DEGs that were associated with phytohormone

transport or synthesis, such as ethylene-response factor ERF1

and auxin-responsive protein SAURs, were also identified

(Figure 6B and Supplementary Dataset 4). One DEG related

to the ethylene response factor was upregulated, and auxin-

responsive protein SAURs were downregulated. The DEGs

related to antioxidant activity, such as CAT, POD, and APX,

were identified in S. caseolaris under salt stress (Figure 7B).

Three peroxidase (POD) genes and one peroxiredoxin (Prx)

gene were downregulated, and two catalase (CAT) genes, two

POD (POD4 and POD 27) and one L-ascorbate peroxidase

(APX) gene were upregulated (Figures 7B, 8).

Following salt stress, DEGs identified in starch and sucrose

metabolism (ko00500), such as probable fructokinase (FRK7)

and sucrose-phosphate synthase (SPS2), were significantly

upregulated in S. caseolaris (Figures 7B, 8). Among the DEGs,

five glutathione S-transferase genes (GSTs) were found to be

involved in glutathione metabolism (ko00480). These results

indicate that redox balance is important for the salt stress

response of S. caseolaris.

Discussion

Plants respond to abiotic stresses through a series of

biological processes such as transcriptional regulation,

physiological responses, and biochemical metabolic processes.

Salinity is a major abiotic stressor that causes osmotic stress,

ion toxicity, and oxidative stress, all of which endanger plant

growth and development and can lead to plant death (Zhou

et al., 2017; Parmar et al., 2020). In model plants and staple

crops, much research has focused on the mechanisms of salt

signal perception and transcriptional regulatory pathway

(Golldack et al., 2014; Yang et al., 2016b; Yang and Guo, 2018).
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FIGURE 7

Heatmaps of salt stress-responsive genes in S. caseolaris. (A) AP2/ERF and MYB Transcription factors, (B) plant phytohormones and antioxidant

activity related genes.

To better identify candidate genes and understand the

molecular basis of salt tolerance for improving crops, it is

essential to investigate less common plants, such as mangroves

and other plants with high salt tolerance. As a mangrove plant,

S. caseolaris formed a set of salt-tolerance mechanisms that

adapt to different salinities because of long-term growth in the

intertidal zone of the marine environment (Tatongjai et al.,

2021). It is important to identify novel salt tolerance genes and

investigate the molecular mechanisms of its acclimation to salt

stress (Zafar et al., 2020).

Physiological and transcriptome level
analysis of Sonneratia caseolaris

response to salt stress

Osmotic stress and ion toxicity caused by salt stress can

cause a series of secondary stresses such as oxidative stress,

which significantly increase ROS in plants. Mangrove plants,

including S. caseolaris, have a certain adaptability to salt stress,

with high antioxidant capacity and a rapid response mechanism

to oxidative stress (Wang et al., 2014). Antioxidant capacity

confers stable adaptation to adverse environments and improves

stress resistance in mangrove plants (Sur et al., 2016). Plants

eliminate excess ROS formation by salt-induced stress by

initiating the enzymatic system (Gill and Tuteja, 2010).

When plants were exposed to salt stress, many genes were

significantly enriched in DEGs in the plant transcriptome

(Xu et al., 2021), which were also found to be associated

with oxidation-reduction and hydrogen peroxide catabolic

processes in S. caseolaris. Based on the GO enrichment

analysis, these genes were involved in various molecular

functions, including protein disulfide oxidoreductase activity,

monooxygenase activity, and oxidoreductase activity. CAT,

POD, APX, and Prx enzymes are required to maintain redox

homeostasis when plants are exposed to salt stress. The

cumulative oxidized Prxs may suggest that cellular redox

homeostasis is disrupted (Poynton and Hampton, 2014). This

study found that under salt stress, many genes encoding PODs

andAPXswere upregulated (Figure 8), and Prx was significantly

downregulated. The high expression levels of PODs and APXs

contributed to salt tolerance in S. caseolaris.

As an antioxidant, glutathione may scavenge ROS and

protect plants from oxidative stress (Zhou et al., 2018).

Overexpression of the GST gene increases tobacco development

during exposure to salt stress (Du et al., 2019). Similarly, in

this study, numerous GST genes expression levels were found

to be significantly higher after salt stress treatment. Plants

produce osmotic adjustment substances such as proline, amino

acids, and sugars via various metabolic pathways to reduce the

damage caused by oxidative and osmotic stress from increasing

salinity (Gul et al., 2022). The amount of proline significantly
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FIGURE 8

The molecular mechanism for salinity tolerance of S. caseolaris.

increased due to salt stress in S. caseolaris, which in previous

results showed that the concentration of proline progressively

increased with the time of exposure to NaCl (Naliwajski and

Skłodowska, 2021). Following salt stress, the DEGs of the

S. caseolaris transcriptome were significantly enriched in genes

involved in a variety of metabolic pathways, including ROS

metabolic process, xyloglucan metabolic process, and starch

and sucrose metabolism. In this study, salt stress was found to

induce the expression of genes that regulate metabolic processes,

thereby protecting plant cells from high salt stress. The sucrose

phosphate synthase (SPS) gene SPS2 and invertase gene INV

were found to be significantly upregulated following salt stress

conditions in this study. Similarly, previous studies showed

that SPSs enhanced tolerance of tomatoes to NaCl or H2O2

stress (Duan et al., 2021), which was further confirmed in this

study. In addition, sugar content and soluble acid invertase

activity in sugarcane are both directly and indirectly affected

by SPS overexpression (Anur et al., 2020). Collectively, at the

physiological and transcriptional levels, these results strongly

indicate that S. caseolaris can rapidly adapt to salt stress.

Phytohormone and transcription
factor responses to salt stress

Phytohormones are considered the most important

endogenous compounds that regulate physiological responses

and ultimately lead to salinity adaptation (Fahad et al.,

2015). Auxin transport-related genes, such as SAURs, were

downregulated under salt stress, which is in accordance with

the results of a previous study in which auxin receptor gene

expression was downregulated in Arabidopsis under salt stress

(Jiang et al., 2016). The most important stress-responsive

hormone, ethylene, is crucial for plant response to salt stress

(Tao et al., 2015). Genes related to ethylene response and

transcription factors, such as ERFs, were upregulated under

salt stress. In Arabidopsis, overexpression of ERF96, a minor

ethylene response factor, increased salt tolerance (Wang et al.,

2017). In the leaves of S. caseolaris, the expression levels of

ERF96 were increased in response to salt stress.

Abiotic stress signaling pathways regulated by TFs are

important for salt tolerance. Salt tolerance is induced by

transcription factors that bind upstream of target genes

and regulate the expression levels of stress-responsive genes

(Fernando, 2020). Basic leucine zippers (bZIP), Apetala (AP2),

basic helix-loop-helix (bHLH) myelocytomatosis oncogenes

(MYC) TFs, Zn finger TF families to myeloblastosis (MYB),

WRKY, ABA-binding factor (ABF) families, and growth-

regulating factors (GRFs) of TFs are also involved in

phytohormone signaling pathways (Golldack et al., 2014).

Under salt stress, three GRF genes were upregulated in

S. caseolaris, indicating that stem and leaf development are

modulated by saline stress; however, in Gossypium arboreum

and G. barbadense, the decreased expression of GRF genes was

consistent with the lack of leaf withering or yellowing under salt

stress (Cao et al., 2020a). In plants, MYB transcription factors

are classified into four groups: 1R-, R2R3-, R1R2R3-, and 4R-

MYB. R2R3-MYBs are MYB TFs that are plant-specific (Dubos

et al., 2010). R2R3-MYB transcription factors play an important

role in primary and secondary metabolism, development, and

responses to biotic or abiotic stresses (Yanhui et al., 2006;

Dubos et al., 2010).MYB4 is involved in the regulation of stress

tolerance by improving the antioxidant defense system under

abiotic stress in Arabidopsis (Agarwal et al., 2020). Salt tolerance

enhancement likely result from the overexpression of MYB4,

MYB36, andMYB44-mediated resistance (Persak and Pitzschke,

2014; Agarwal et al., 2020; Liu et al., 2022). This study showed

thatMYB4,MYB36, andMYB44 are upregulated in S. caseolaris

under salt stress. However, MYB5, MYB8, MYB59, MYB61,

MYB62, MYB123, and MYB306 were downregulated and were
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primarily involved in pectin degradation, ion transport, ROS

scavenging, and secondary metabolism under abiotic stress

(Zhang et al., 2016; Wei et al., 2017; Cao et al., 2020b; Islam

et al., 2021; Liu et al., 2021b; Lv et al., 2021; Ma et al.,

2022). For example, overexpression of CaMYB306 resulted

in earlier coloration and decreased chlorophyll content in

tomatoes (Ma et al., 2022). MYB123-overexpressing increased

POD and SOD activities while decreasing H2O2, electrolyte

leakage, and MDA content under salt and drought stress

(Lv et al., 2021). These results were in accordance with the

GO enrichment of downregulated DEGs, indicating that in

S. caseolaris plants under salt stress, reactive oxygen scavenging

mechanisms were disturbed and repressed. However, the role

of these MYB-TFs in salt tolerance requires further verification

(Zafar et al., 2020).

Conclusion

Salt stress of 3.0% significantly reduced electrolyte leakage

and MDA content and significantly increased chlorophyll

content and root activity in S. caseolaris. The activities and

concentrations of antioxidant enzymes and osmotic adjustment

substances significantly increased to scavenge ROS and reduce

the damage caused by salinity-induced oxidative stress in

S. caseolaris. Auxin signaling genes were downregulated at the

transcriptome level and played a crucial role in salt tolerance

of S. caseolaris. In contrast, the general response to salt stress

is characterized by the upregulation of genes mediated by

ethylene signaling. Gene encoding antioxidant enzymes such as

PODs and Prx were downregulated, and CATs and APX were

upregulated in response to salinity. Antioxidants play a key role

in plant salt tolerance, and MYB TFs, such as MYB4, MYB36,

and MYB44, that function in ROS processes play a significant

role. This study provides a reference for the future investigation

of salt-tolerant genes and elucidates the mechanisms of salt

tolerance in S. caseolaris.
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