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Distributed in different elevations of the intertidal zone, mangrove plants suffer
different periods of flooding, and with varied adaptability to waterlogging from
the physiological structure to the metabolic mechanism. Associated with
species distribution, transcriptome sequencing was performed to explore the
interspecific differences of molecular response mechanisms among Avicennia
marina, Aegiceras corniculatum, and Bruguiera gymnorrhiza under
waterlogging stress. Results showed that the counts of differentially
expressed genes (DEGs) in A. marina were the highest after stress, followed
by Ae. corniculatum and B. gymnorrhiza. It was found that the functions of
genes with high differential expression folds (more than eight folds) in the three
plants could be classified into four categories: structural regulation, transport,
biosynthesis, and protection. It was also found that A. marina has strong
regulation ability in the metabolic process, which can guarantee energy
supply and maintain active biosynthesis under waterlogging conditions. In
addition, A. marina was activated in the ethylene synthesis pathway to
promote aerenchyma formation and to avoid root tissue hypoxia. Being
different from A. marina and B. gymnorrhiza, Ae. corniculatum down-
regulated the XET, SAMS, and ACCO genes, which were involved in the cell
wall regulation or ethylene formation that might indicate a different adaptive
mechanism. Alcohol dehydrogenase (ADH) and lactate dehydrogenase (LDH)
were cloned from A. marina, Ae. corniculatum, and B. gymnorrhiza. The cloned
genes were named as AMADH, AmLDH, AcADH, AcLDH, BgADH, and BgLDH,
respectively. gRT-PCR detection verified that LDHs and ADHs were involved in
the response of mangrove plants to waterlogging stress, and interspecific
difference was observed. The expressions of AcCADH and AcLDH were the
most prominent. Combined with transcriptome, it was considered that Ae.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.929649/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929649/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929649/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929649/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929649/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929649/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929649/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.929649&domain=pdf&date_stamp=2022-12-21
mailto:yswang@scsio.ac.cn
mailto:scuici@scsio.ac.cn
https://doi.org/10.3389/fmars.2022.929649
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.929649
https://www.frontiersin.org/journals/marine-science

Su et al.

10.3389/fmars.2022.929649

corniculatum was more dependent on the expression of ACADH and AcLDH
that might compensate the weakness of cell wall regulation, whereas A. marina
was more dependent on the regulation of cell structure reversely.

KEYWORDS

mangrove plants, waterlogging stress, response mechanism, transcriptome,

gene expression

1 Introduction

Mangrove forests appear in tropical and subtropical
interfaces between land and ocean and offer multiple
ecosystem services (Wang, 2019; Wang and Gu, 2021). The
remarkable adaption ability of mangrove plants to tolerate
inundation enables them to inhabit intertidal zones where they
tend to be periodically submerged by tide. Species distribution
research of mangrove ecosystems demonstrated that zonal and
mosaic-pattern distributions existed in mangrove ecosystems
from different regions (Wen et al., 2002; Liu et al,, 2012).
Bruguiera gymnorrhiza commonly locates in the upper tidal
flat, whereas the Aegiceras corniculatum is in the middle or low
zone. Avicennia marina, as the pioneer, can well adapt to a wider
range of tidal zones and always distributes in the area closest to
the sea (Figure 1) (Zhang et al., 2001; Almahasheer et al., 2016;
Al-Khayat and Alatalo, 2021). Different distributions of
mangrove plants mirror their varied adaption abilities to
intertidal environmental factors. Water conditions, such as
elevation and duration of submergence, can be the critical
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factors impacting their location. Because of global climate
issues, changes in precipitation patterns and sea level rise
might break the balance of the mangrove ecosystem and result
in unexpected disturbance of water conditions and waterlogging
(Allen et al,, 2010). Therefore, the interaction between mangrove
plants and waterlogging need to be focused.

As gas diffusion rate in water is low, hypoxia or anaerobic
metabolism is commonly seen as the main adverse effect
resulting from waterlogging (Vartapetian, 2005; Vartapetian,
2006). Common response mechanisms of plants to low-oxygen
stress have been plotted by previous research. Avoidance of and
survival from anoxia are the two main strategies of plants to cope
with waterlogging (Geigenberger, 2003). The structural changes
are important to alleviate hypoxia. Aerenchyma is the tissue that
provides gases the channel and facilitates gas diffusion between
the aerial and submerged tissues (Maricle and Lee, 2002; Evans,
2004; Takahashi et al., 2014). The formation of aerenchyma and
elongation contribute to the transportation of O, from the
aerobic tissue to the submerged tissue. As for metabolism,
energy shortage is a vital challenge facing hypoxic plants

Abnormal
precipitation

Avicennia marina

FIGURE 1

Aegiceras corniculatum

Diagram of the mangroves’ intertidal distribution and climatic problems.
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(Blokhina et al., 2001; Dolferus et al., 2001). To decrease oxygen
and energy consumption, plants tend to restrict a series of
biosynthetic processes (Geigenberger, 2003). Genes involved in
pathways of glycolysis and anaerobic fermentation would be
induced and then function in metabolism maintenance under
low-oxygen condition (Paul and Ferl, 1991; Dolferus et al,
2001). Alcohol dehydrogenase (ADH) and lactate
dehydrogenase (LDH), involved in alcoholic and lactic acid
fermentation, are proven to be significant and functional in
different submerged plants by generating the necessary NAD"
and ATP (Good and Paetkau, 1992; Dolferus et al., 2001;
Dolferus et al., 2008; Zhou et al., 2017; Shen et al., 2021).

Transcriptome sequencing research on waterlogging
adaptability has been carried out gradually in recent years.
Experiment on maize, Sesbania cannabina and Populus x
canescens uncovered a series of gene regulations in plant
response to waterlogging (Kreuzwieser et al., 2009; Juntawong
et al., 2014; Arora et al.,, 2017). Previous studies explored the
waterlogging effects of mangroves by researching their growth,
physiological responses, survival rates, and biochemical indexes
(Ye et al., 2003; Srikanth et al., 2016; Cheng et al., 2020). Using
transcriptome technology to study the adaptability of plants to
waterlogging has become a research trend. However, there are
few transcriptome studies on the waterlogging response
mechanism of mangrove plants. As a special plant subject to
periodic tidal waterlogging stress, studies at the transcriptome
level can help us further understand its response mechanism.
Further, a systematic interpretation of the waterlogging
tolerance mechanism in mangrove plants is worth exploring at
the molecular level. Free transcriptomes can provide a view of
species-specific metabolic activity patterns under certain
exposure (Lipaeva et al., 2021).

In this paper, transcriptome sequencing was performed to
elucidate the response mechanism of the three mangroves
exposed to waterlogging. The diversity of their distribution at the
molecular level and the association between their regulation at the
molecular level and their natural distribution were also discussed.

2 Materials and methods
2.1 Plant materials and treatment

One-year mangrove plant seedlings were planted in clean sand
(watered with 1/2 Hoagland solution every 3 days) and placed in a
growth chamber for 1-week domestication (25°C, 75% humidity,
14h light/10h dark cycle). Seedlings in good and similar condition
with the other species were selected for waterlogging treatment. To
focus on waterlogging as a single impact factor, the chosen
mangrove seedlings were transferred in planting pots filled with
fresh water and 1/2 Hoagland solution. To better model long-term
inundation due to climate change, the treatment was set as
continuous waterlogging. Water reached the bottom leaves of the
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seedlings. After treatment with the corresponding time for 0, 1, 3, 5,
7, and 14 days, the root tips of each seeding were collected and
frozen in liquid nitrogen immediately. There were three replicates
with three plants in each treatment. All the tissues were stored at
—80°C temporarily before use.

2.2 RNA isolation, preparation,
and sequencing

Tissues of the three species treated for 0, 3, and 14 days were
chosen for transcriptome sequencing. TRIZOL RNA extraction
method was used to extract total RNA. The concentration and
integrity of RNA were detected by Bioanalyzer 2100 system
(Agilent Technologies, CA, USA) and gel electrophoresis. Purity
(OD260/280) was tested by Nanodrop (IMPLEN, USA). The
quality of each RNA sample was well controlled and guaranteed.

Transcriptome sequencing and database construction were
completed by NovoGene (Beijing, China). Sequencing libraries
were generated using NEBNext® UltraTM RNA Library Prep Kit
for Mlumina® (NEB, Massachusetts USA) and index codes were
added to attribute sequences to each sample (Parkhomchuk et al,,
2009). mRNA was purified from total RNA by poly-T oligo-
attached magnetic beads. Fragmentation was carried out in
NEBNext First Strand Synthesis Reaction Buffer (5X). First strand
cDNA was synthesized by random hexamer primer and M-MuLV
Reverse Transcriptase (RNase H -). Second strand cDNA synthesis
was subsequently performed using DNA polymerase I and RNase
H. Remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of 3’ ends of
DNA fragments, NEBNext adaptor with a hairpin loop structure
was ligated to prepare for hybridization. To select cDNA fragments
of preferentially 250-300 bp in length, the library fragments were
purified with AMPure XP system (Beckman Coulter, Beverly,
Indianapolis USA). Then, USER Enzyme (NEB) was used with
size-selected, adaptor-ligated cDNA before PCR. PCR was
performed with Phusion High-Fidelity DNA polymerase,
Universal PCR primers, and Index (X) Primer. PCR products
were purified (AMPure XP system) and library quality was
assessed on the Agilent Bioanalyzer 2100 system.

The Ilumina NovaSeq 6000 system was used to sequence
and generate the end read. The sequence data were obtained by
CASAVA-based recognition. The raw data were cleaned by
removing reads containing adapter, reads containing N base,
and low-quality reads. The Q20, Q30, and GC contents of the
clean data were calculated. The data analysis that followed was
based on the clean data.

2.3 Data analysis

The DESeq2 R package (1.20.0) was used to analyze the
differential expression of the two groups. The false discovery rate
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of p-values was controlled by Benjamini and Hochberg’s
approach (Benjamini and Hochberg, 1995). Significant
differential expression satisfied the conditions of p,q; < 0.05
and [log,(fold change)| > 1.

Both the Gene Ontology (GO) function and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were computed by GOseq (1.10.0) and
KOBAS (v2.0.12). The analyzed gene sets were those genes
with significant differences and annotations to the GO or
KEGG database. Heatmaps were piloted by the pheatmap R
package (1.0.12).

2.4 Cloning and quantitative expression
of ADH and LDH

The degenerate pair of primers dF and dR (Table 1) used for
the ADH and LDH gene fragment cloning from three species
were designed by the j-CODEHOP tool of Base-By-Base (https://
4virology.net/). The PrimeScriptTM RT reagent Kit with gDNA
Eraser (Takara, Beijing China) was used for the fragmentary
cDNA synthesis. After initial denaturation for 5 min at 94°C,
then 35 cycles of 94°C denaturation for 30 s, 50°C annealing for
30 s, 72°C extension for 1 min, and a final extension step of 72°C
for 10 min, the ADH fragments of approximately 588 bp in
length and the LDH fragments of approximately 333 bp were
amplified. PCR products were purified from 1% agarose gel
electrophoresis. The samples with more than 20 pg/mol were
sent for sequencing by the Beijing Genomics Institute
(BGI, China).

The full-length cDNA sequence was obtained by using the
SMARTer® RACE 5/3 Kit (Clontech, USA) according to the
manufacturer’s instructions. The primary PCR reaction was
performed using gene-specific primers (GSPs) (Table 1) and a
universal primer mix (UPM). The nested PCR reaction was
performed using nested gene-specific primers (NGSPs) and a
UPM short. The primers mentioned above were designed based
on the obtained fragments by Primer (Version 5.0). PCR and

nested PCR were performed in Mastercycler®

nexus (Eppendorf,
Germany) with the following three-step program: 25 cycles of
94°C for 30 s, 69°C for 30 s, and 72°C for 3 min. The PCR
products were gel purified by NucleoSpin Gel and PCR Clean-
Up Kit (Clontech, USA). Then, the instruction was followed to
obtain the full-length cDNA.

The phylogenetic tree was computed by the neighbor-
joining algorithm and drawn by MEGA -X (https://www.
megasoftware.net/). The SWISS-MODEL (http://swissmodel.
expasy.org/) generated the homology modeling structure of the
AcADH and AcLDHs.

qPCR was performed in Applied Biosystems StepOnePlusTM
Real-Time System with the kit of SYBR Premix Ex TaqTM II
reagents (Takara, Japan). The primers of ADHs and LDHs listed
in Table 2 were designed based on the results of the full-length
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TABLE 1 Primers for alcohol dehydrogenase (ADH) and lactate
dehydrogenase (LDH) fragments and full-length cDNA clone.

Primer Sequence (5'—3")

ADH-F  ACTTCTGGGAGGCNAARGG

ADH-R  CCTTAGGGTTCACRAAYTCNGT

LDH-F ACCGTGATCGGCGTCGGCAAYGTNGGNAT

LDH-R GGCCACGTAGGTCAGCACRTCNACNGGRTT

ADH- GATTACGCCAAGCTT CCAACAGCACCCAATCCGAACA
GSP-5'

ADH- GATTACGCCAAGCIT GCACGAGGCAGGAGGGATTGT
GSP-3'

ADH- GATTACGCCAAGCTT GCCACATTCACAGTAGGTCCAAAGC
NGSP-5'

ADH- GATTACGCCAAGCTT

NGSP-3'  GGGGAAGAAGTGACTGATCTAGCGCC

LDH- GATTACGCCAAGCTTGGAGACAACCATCAGCACCGCCTCC
GSP-5'

LDH-GSP- GATTACGCCAAGCTTACTCCTTGATGCCAACCCTAAGAAA
3 CTCCG

LDH- GATTACGCCAAGCTTCACAATGCCCCTGAACAAGGCTACA
NGSP-5'

LDH- GATTACGCCAAGCTTCACTATCTTGGCGGCAACAGACTACG
NGSP-3'

cDNA and transcriptome. The 18S rRNA was used as the internal
reference gene of Ae. corniculatum and B. gymnorrhiza, and the
Actin gene was the internal reference gene of A. marina. The PCR
procedure was as follows: 95°C for 10 min, 40 cycles at 95°C for 10
s, 60°C for 60 s, and 72°C for 30 s. Each qRT-PCR reaction was
performed with three replicates. The expressions of ADHs and
LDHs were quantified by the 2 AACT method.

TABLE 2 Primers for qPCR.

Primer Sequence (5'—3")
AmActin-F AGATGGCAGAAGCTGAGGA
AmActin-R CCATGCCAACCATCACACC
AmADH-F ATTACTGCTTACGCACAAACC
AmADH-R TCTGGAATCTGATCTTCTGGAT
AmLDH-F ATGCCAACCCCGAGAAAC
AmLDH-R GCCCCTGAACAAGGCTACA
Bgl8s-F CGGGGGCATTCGTATTTC
Bgl8s-R CCTGGTCGGCATCGTTTAT
BgADH-F GTGTTCGGATTGGGTGCTGT
BgADH-R GTTGTGGTCTTTGGGGTTCA
BgLDH-F ACCATTACCACAATTAAAAGCC 102
BgLDH-R TAGTCCATGAGTGCATGTAACAT
Acl8s-F ACCATAAACGATGCCGACCAG
Acl8s-R TTCAGCCTTGCGACCATACTC
AcADH-F GTTCGGATTGGGTGCTGT
AcADH-R TGTTGTGGTCTTTAGGGTTCA
AcLDH-F TGCCAACCCTAAGAAACTCC
AcLDH-R GCCCCTGAACAAGGCTACA
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3 Results

3.1 Quality, annotation, enrichment, and
differentially expressed genes (DEGs)

Transcriptome sequencing of all the samples yielded 187.58
G of raw reads and 184.51 G of clean reads (removed the
adapter, unrecognized bases, and low-quality reads). Q30 of all
samples reached more than 93; the average value was 93.86. The
average GC content value was about 45%, and the transcriptome
sequencing data results were accurate and the data were credible,
which met the requirements for subsequent analysis.

Comprehensive gene function information of each unigene
were annotated by comparing with seven databases, including
NCBI’s non-redundant protein sequences (Nr), NCBI’s
nucleotide sequences (Nt), Protein family (Pfam), Clusters of
Orthologous Groups of proteins/euKaryotic Ortholog Groups
(KOG/COG), Swiss-Prot, Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Gene Ontology (GO). There were
112,614 unigenes (68.74%) successfully annotated in at least
one database but only 16,768 unigenes (10.23%) annotated in all
seven databases (Table 3). Successful annotation rate in the NR
database was the highest (59.79%), the annotation rates of GO
(Gene Ontology) and KO (KEGG Ontology) databases, which
are commonly used for metabolic pathway analysis were 48.34%
and 27.17%, respectively.

Genes annotated by GO can be classified into cellular
component, molecular function, and biological process
(Figure 2). It was observed that the cellular process, metabolic
process, binding, catalytic activity, cellular anatomical entity,
and intracellular were highly enriched in the three mangrove
plants. The KEGG enrichment shows that “Translation” and
“Folding, sorting and degradation” pathways enriched 7,408 and
3,560 genes, respectively. It meant an intensive regulation on the
protein synthesis and processing in mangrove root tissues under
waterlogging. In addition, “Signal transduction (551 genes)”,

TABLE 3 Annotation rate in each database.

Database Number of Percentage
unigenes (%)
Annotated in NR 97,955 59.79
Annotated in NT 70,186 42.84
Annotated in KO 44,512 27.17
Annotated in SwissProt 81,900 49.99
Annotated in PFAM 79,205 48.34
Annotated in GO 79,200 48.34
Annotated in KOG 36,891 22.51
Annotated in all databases 16,768 10.23
Annotated in at least one 112,614 68.74
database
Total unigenes 163,819 100
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“Transport and catabolism (3550 genes)”, and “Cell growth and
death (1848 genes)” enriched significantly, reflecting the
regulation of the root tissues under stress to a certain extent.

The total amount of DEGs in each species under 3- and 14-
day waterlogging treatments compared to 0 day was counted,
and the results are shown in Figure 3. The number of DEGs in A.
marina was the highest: 3,143 and 6,450 after 3- and 14-day
stress exposure, respectively. Among them, 2,611 genes were
upregulated and 532 genes were downregulated after 3 days, and
5,102 genes were upregulated and 1,348 genes were
downregulated after 14 days. The counts of DEGs in Ae.
corniculatum root tissues treated for 3 and 14 days were 3,255
and 1,283, respectively. A total of 1,456 genes were upregulated
and 1,799 genes were downregulated after 3 days; 807 genes were
upregulated and 476 genes were downregulated after 14 days.
There were 1,460 and 1,220 genes differentially expressed in B.
gymnorrhiza root tissues treated for 3 and 14 days. There were
592 genes upregulated and 868 genes downregulated in 3-day-
treated root tissues. There were 678 genes upregulated and 542
genes downregulated in 14-day-treated tissues.

3.2 DEGs with high change folds

To better explore the regulatory mechanisms in three
mangroves, DEGs with obvious changes (more than eightfold)
were filtered (Table 4). The results (log, [FPKFM]) are
illustrated by the heat map in Figure 4.

The selected DEGs of A. marina exhibited mainly two
patterns of regulation, namely, up and down and their
functions could be summarized as biosynthesis, cell wall
structure regulation, transportation, and stress protection. To
be specific, the upregulated genes and their functions were as
follows: xyloglucan endotransglucosylase/hydrolase32,
participates in cell wall construction of growing tissues;
glycerol-3-phosphate 2-O-acyltransferase 4, involved in lipid
poly-esters biosynthesis (Yang et al., 2010); metal transporter
Nramp5, involved in iron uptake; ethylene-responsive
transcription factor (ERF), involved in the regulation of
metabolism and response to stimuli; leucine-rich repeat
extensin-like protein 6, modulates cell morphogenesis by
regulating cell wall formation and assembly (Herger et al,
2019); NRTI, nitrate and auxin transporter; Hsp70, protects
plant cells from increased stress conditions; and CYP450,
important in development and defense. The downregulated
genes are glutamate receptor 3.4 that acts as a negative
regulator of lateral root initiation and development (Vincill
et al,, 2013) and NAC domain-containing protein 53 that is
involved in in reactive oxygen species accumulation.

In Ae. corniculatum, there were two major regulation modes:
upregulation first and then recovery and downregulation first and
then recovery. The upregulated genes with more than eightfold
changes were as follows: FabG, catalyzes the first reductive step in
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Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway classification. A: Cellular Processes,
B: Environmental Information Processing, C: Geneticlnformation Processing,D: Metabolism, E: Organismal Systems.

the elongation cycle of fatty acid biosynthesis; polygalacturonase
(PG), depolymerizes glycosidic bonds of pectic acid (Yahia and
Carrillo-Lopez, 2018); fatty acid desaturase (FAD), maintains the
proper structure and functioning of biological membranes;
CYP707A1, involved in the oxidative degradation of abscisic acid;
and ERFIB and Hsp70. Other genes were downregulated:
palmitoyl-acyl carrier protein thioesterase (FATB) that plays an
important role in the synthesis of saturated fatty acids and also
regulates cell growth (Bonaventure et al., 2003); transcription factor
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PRE6; dehydration responsive element binding proteins that
strengthen tolerance to environmental stresses (Huang and Liu,
2006); alpha carbonic anhydrase 7 that reverses the hydration of
carbon dioxide; cytokinin dehydrogenase 1 that catalyzes the
oxidation of cytokinin; and iron-regulated transporter 2. Structure
regulation, stress adaptability, and biosynthesis were also regulated
by Ae. corniculatum. However, compared with A. marina, there
were fewer upregulated genes that can contribute to
plant adaptability.
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FIGURE 3
Differentially expressed genes (DEGs) statistics of the treated
groups (3 and 14 days) compared with the 0-day group.

As for B. gymnorrhiza, there are only thioredoxin-like
protein CXXS1, which was downregulated (Serrato et al.,
2008). Among the upregulated genes, aldehyde dehydrogenase
is a kind of NAD(P)+-dependent enzyme; catalase is an
antioxidant enzyme; ferritin-4, chloroplastic, is important for
iron homeostasis; iron deficiency-induced transcription factor is
essential for the regulation of iron uptake in roots; GT7 is a
broad spectrum multifunctional glucosyltransferase; GA2 is
involved in the biosynthesis of gibberellin phytohormones; and
glyoxal oxidase can catalyze the oxidation of aldehydes to the
corresponding carboxylate (Phan et al., 2011). In addition, NRT,
ERF, and XTH also appeared in the heatmap of B. gymnorrhiza.
The functions of upregulated genes in B. gymnorrhiza were
similar to those in A. marina and Ae. corniculatum, that could be
summarized as transport, structural regulation, and homeostasis
under stress.

3.3 Glucose supply and glycolysis

Metabolic regulation plays an important role in the survival
of waterlogging plants. Hence, KEGG pathways of the starch and
sucrose metabolism (KO00500)” and glycolysis/gluconeogenesis
(KO00010) were chosen for further discussion.

In the starch and sucrose metabolism pathway (Figure 5),
the activity of gene regulation was related to natural distribution,
which meant the closer to the sea, the more active gene
regulation appeared. It was observed that beta-glucosidase
(blgX), beta-fructofuranosidase (sacA), glycogen phosphorylase
(GP), hexokinase (HK), pectinesterase (PE), and UDPglucose 6-
dehydrogenase (UDGH) were upregulated in A. marina. Ae.
corniculatum downregulated UDGH, PE, and bgIB but increased
malQ. B. gymnorrhiza increased PE, blgX, and blgB,
among others.

The glycolysis/gluconeogenesis (KO00010) pathway was
downstream of the starch and sucrose metabolism (KO00500)
pathway and the correlation between distribution and gene
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regulation also appeared. It could be observed that there were
many genes with increased expression in A. marina, for example,
fructose-1, 6-bisphosphatase I (FBPI), glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), fructose-bisphosphate
aldolase (ALDO), 2,3-bisphosphoglycerate-dependent
phosphoglycerate mutase, and PDC (Figure 6). The results
showed that A. marina could maintain the activity of starch
and sucrose metabolism pathway and glycolysis pathway after
waterlogging stress, to better cope with hypoxia and energy
deficiency. As for Ae. corniculatum, ALDO, PDC, and ADH were
upregulated at 3 days, and GAPDH and phosphoglycerate kinase
(PGK) were upregulated at both 3 and 14 days. In B.
gymnorrhiza, HK, aldose l-epimeras, and FBPI were
downregulated on both 3 and 14 days. In addition, GAPDH,
PGK, and PGM were downregulated after 3-day stress exposure.

3.4 Ethylene synthesis and cell wall
regulation

Ethylene is a signal factor that can stimulate aerenchyma
formation in plants. As shown in Figure 7, S-adenosylmethionine
synthetase (SAMS), 1-aminocyclopropane-1-carboxylate synthase
(ACS), and aminocyclopropanecarboxylate oxidase (ACCO)
catalyzed the biosynthesis of ethylene. The regulation on SAMS,
ACS, and ACCO in three mangroves were filtered (| logyfc | > 1).
In A. marina, SAMS, ACSs, and ACCOs were upregulated,
whereas more downregulation appeared in the other two
species. On the 14th-day of stress exposure, there were 13
SAMS upregulated in A. marina, three SAMS in B. gymnorrhiza,
but only one in Ae. corniculatum. The expression of ACCO
increased in B. gymmnorrhiza but still decreased in Ae.
corniculatum after 14-day inundation. In Figure 7, almost all the
genes enriched in the cell wall of Ae. corniculatum were
downregulated after 3 days of waterlogging. The main
downregulated genes in Ae. corniculatum were XETs
(Xyloglucan endotransglycosylases, EC 2.4.1.207), which were
the same with up-regulated genes in A. marina.

3.5 Clone and expression analysis of ADH
and LDH

For further research, ADH and LDH, as key enzymes of
anaerobic metabolism, were cloned and then qPCR was
performed (Figures 8 and 9). ADHs and LDHs in the three
mangrove plants are highly conserved. The amino acid
sequences encoded by BgADH, AcADH, and AmADH are
different only at positions 186 and 194. The amino acid
sequences encoded by BgLDH, AcLDH, and AmLDH are
different at positions 38 and 111. Due to the similarity, this
paper constructed 3D structures of AcADH and AcLDH as
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TABLE 4 List of prominent (eightfold) differentially expressed genes (DEGs).

Species

Avicennia marina

Aegiceras corniculatum

Bruguiera gymnorrhiza

Short name

GLR3.4
NAC053
CXP2-2
Srprb
XTH32
GPAT4
NRAMP5
ERF019
LRX6
XTH8
NRT1
NIA2
ERF014
ERF034
CYP450
Hsp70
FATB
PRE6
DBP
ACA7
CKX1
IRT2
FabG
ERF

PG
ERF1B
SDR
FAD
Hsp70
CYP101A1
CXXS1
FIT
XTH9
GLOX
ERF13
FER4
NRT1
Catl
GT7
PPR
ALDH
GA2

representatives. The structures of AcCADH and AcLDH are based
on the ADH template of Arabidopsis thaliana (SMTL ID:
4rqu.1) and LDH template of rabbit muscle (SMTL ID:
5ngb.1), respectively. Phylogenetic dendrograms show that

predicted ADHs and LDHs of the mangrove plants are in the

same clade, indicating similarity.
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Full name

Glutamate receptor 3.4

NAC domain-containing protein 53

Serine carboxypeptidase II-2

Signal recognition particle receptor subunit Beta
Xyloglucan endotransglucosylase/hydrolase32
Glycerol-3-phosphate 2-O-acyltransferase 4
Metal transporter Nramp5
Ethylene-responsive transcription factor019
Leucine-rich repeat extensin-like protein 6
Xyloglucan endotransglucosylase/hydrolase8
Nitrate transporter 1

Nitrate reductase [NADH] 2
Ethylene-responsive transcription factor 014
Ethylene-responsive transcription factor 034
Cytochrome P450

Heat shock protein 70

Palmitoyl-acyl carrier protein thioesterase
Transcription factor PRE6

Dehydration responsive element binding protein
Alpha carbonic anhydrase 7

Cytokinin dehydrogenase 1

Iron-regulated transporter 2
3-oxoacyl-[acyl-carrier-protein] reductase
Ethylene-responsive transcription factor
Polygalacturonase

Ethylene-responsive transcription factor 1B
Short-chain dehydrogenase/reductase

Fatty acid desaturase

Heat shock protein 70

Cytochrome P101A

Thioredoxin-like protein CXXS1

FER-like iron deficiency-induced transcription factor
Xyloglucan endotransglucosylase/hydrolase 9
Aldehyde oxidase GLOX
Ethylene-responsive transcription factor 13
Ferritin-4, chloroplastic

Nitrate transporter 1

Catalasel

Anthocyanidin 3-O-glucosyltransferase 7
Pentatricopeptide-repeat

Aldehyde dehydrogenase

Gibberellin 2

As shown in Figure 8, ADHs upregulated in three mangrove
plants; the relative expression of ADH in A. marina and Ae.
corniculatum peaked on the 3rd day, whereas the highest
expression occurred on the 1st day in B. gymnorrhiza. Being
different from the other two species, ADH of Ae. corniculatum
was maintained at a high level after 5 days of exposure. The
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expression of LDH in A. marina did not fluctuate due to 4 Discussion
waterlogging under all the sampling points of this study. The

LDH expression of Ae. corniculatum and B. gymnorrhiza was This article mainly discussed the response mechanisms of

upregulated within 1 to 7 days, and the fluctuation was more different mangrove plants to waterlogging stress by focusing on

significant in Ae. corniculatum. DEGs and regulations of related pathways. The three mangrove
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species distributed naturally at different elevations in the
intertidal zone and showed different tolerance levels to
intertidal environmental factors including water condition. In
this context, transcriptomes can reveal the specific response
mechanism of each species under waterlogging and discover
the differences of species at the molecular level.

4.1 Pronounced DEGs mirrored
mechanism in each mangrove plant

The pioneer species A. marina had the most numerous
DEGs, followed by Ae. corniculatum second, and B.
gymnorrhiza the least. It is worth noting that the number of
DEGs was consistent with the natural distribution of the three
mangrove species in the intertidal zone after waterlogging.
DEGs in A. marina continued increasing on the 14th day, and
there were more upregulated genes than downregulated ones,
while the number of DEGs of Ae. corniculatum and B.
gymnorrhiza decreased on the 14th day. In addition, there
were more downregulated DEGs in the other two species. The
waterlogging experiment of Gray Poplar showed that the
number of DEGs increased with duration of submergence (5,
24, and 168h), but more genes were down-regulated
(Kreuzwieser et al., 2009). From this aspect, A. marina
showed the best adaptability to waterlogging stress by
continuously upregulating abundant genes. It was considered
that plants under waterlogging might need to balance their
energy supply by limiting some biological activities
(Geigenberger, 2003). This view might account for the
downregulation on the 3rd day in Ae. corniculatum and
B. gymnorrhiza.

Although the most pronounced DEGs are varied in the three
mangrove plants, their functions or general response
mechanisms to waterlogging stress can be summed up into
four aspects, namely, structure modulation.transportation,
biosynthesis, and stress protection.

XTH is key in cell wall extension, and LRXs can coordinate
cell wall growth and formation (Herger et al., 2019). The two
genes significantly expressed in A. marina could change root
morphogenesis by regulating the cell wall. Under waterlogging
condition, the regulation of cell wall is deemed necessary in
helping the plants escape from submergence by elongation. XTH
also appeared in the list of most pronounced DEGs of A. marina
and B. gymnorrhiza. However, XTH was not observed in list of
Ae. corniculatum unexpectedly, which might indicate a
weakness. Lateral root growth was observed in Trifolium and
was considered as a positive strategy under waterlogging
condition (Gibberd et al., 2001). The expression of GLA 3.4 in
A. marina was limited, as a result, lateral root growth was
stimulated. Ae. corniculatum also emphasized the growth of
lateral roots by expressing PG. It was proved that PG particularly
contributes to lateral root outgrowth (Peretto et al., 1992).
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The metal and nutrient transporters were significantly
regulated. A previous study proved that abiotic stresses would
downregulate genes involved in nitrogen uptake (Goel and
Singh, 2015). However, NRT, as a nitrogen transporter,
increased in both A. marina and B. gymnorrhiza. The opposite
response meant a more assimilation of nitrogen in these two
species. Some studies proved that ethylene production increased
after high nitrate was exposed (Tian et al., 2009; Zheng et al.,
2013). As ethylene is the key to aerenchyma formation, the
expression of NRT was also supposed to be an indirect regulation
on the structure of root tissue. Ae. corniculatum showed
regulation in root morphology and structure by regulating PG;
however, genes relevant to aerenchyma formation did not
appear or may have been restricted, whereas those like NRT
and XTH were increased in A. marina and B. gymnorrhiza.

On the list of A. marina, Hsp70, CYP450, NACO51, and ERF
maintained the root-cell homeostasis. As for Ae. corniculatum,
stability was balanced by FAD, HSP70, ERF, and CYP707A1. The
predominant presence of these genes might indicate a timely and
effective protection when waterlogging disturbs the root cells of
mangrove plants.

4.2 Glucose supply and fermentation

Hypoxia induced by waterlogging restricts mitochondrial
respiration. Plant cells shift the principal metabolic strategy from
mitochondrial respiration to glycolysis to supply ATP. There are
enough studies on hypoxia of plants metabolic to prove that the
sugar supply is of great importance for plants to survive from
hypoxia (Loreti et al., 2005; Cho et al., 2021). The accumulation
of NADH and shortage of NAD+ are not conducive to glycolysis.
Hence, fermentation is an important way to regenerate NAD+
from NADH under hypoxia and to generate energy (Cho et al.,
2021; Kierans and Taylor, 2021).

In this study, genes working for glucose supply and
glycolysis were sorted out for a better comparison among the
three mangroves. sacA is a sucrose-hydrolyzing enzyme, and
blgX is an enzyme that acts on cellobiose to further break down
the structure into monomeric units of glucose (Bielecki and
Somiari, 1998; Lewis and Davin, 1999). Both of them were
upregulated in A. marina. In addition, GP, which can limit the
degradation of glycogen, was also upregulated in A. marina. As
for Ae. corniculatum, malQ was upregulated to better supply
glucose. The regulations not only contributed to meeting the
need for glucose but also providing substrate for energy
generation. The active genes of metabolism ensured sugar
availability in A. marina and might account for their activity
in biosynthetic pathways, as most of the plants need to restrict
biosynthesis when waterlogging happens (Gibbs and
Greenway, 2003).

Because of the pivotal function of ADH and LDH to promote
fermentation, they were cloned from A. marina, Ae.
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corniculatum, and B. gymnorrhiza. By constructing phylogenetic
trees, we found that ADHs and LDHs from mangrove plants
were similar and different from other terrestrial plants. Multiple
sequence alignment further confirms conservation of ADHs and
LDHs in the three mangroves. However, the results of
quantitative expression are quite different in the three
mangroves. In this study, the relative expression of ADH and
LDH in A. marina fluctuated slightly, or did not even change.
The reason for the stable expression of ADH and LDH in A.
marina might be due to the rapid response in a few hours that
the study cannot capture the change. While those in Ae.
corniculatum are significant and durable. Combined with the
discussion in the next section, the study considered that the high
expression of ADH and LDH in Ae. corniculatum might
compensate the regulation deficiency of structures.

4.3 Ethylene biosynthesis and cell wall
construction

Aerenchyma is a channel for plants to transport oxygen
from airy tissues to waterlogged tissues, which forms after
submergence and could alleviate hypoxia. The formation of
aerenchyma is vital for those wetland plants to adopt to
anaerobic conditions (Purnobasuki and Suzuki, 2004). The
importance of aerenchyma to mangroves had also been
comprehensively reported (Hovenden and Allaway, 1994;
Purnobasuki and Suzuki, 2004). Ethylene is the key factor in
inducing aerenchyma formation in plant tissues. The water
flooding experiment of Jatropha root tissue showed that genes
related to ethylene synthesis, such as ACS and ACO, would
upregulate to promote ethylene synthesis (Juntawong et al,
2014). Genes related to ethylene synthesis were also regulated
in mangrove plants after waterlogging, but a differences existed.
The SAMS, ACS, and ACCO of A. marina were upregulated in 3-
and 14-day exposure periods. The ethylene synthesis efficiency
was improved, indicating that A. marina had sufficient response
and adaptability to waterlogging. The upregulated counts of
genes related to ethylene synthesis in B. gymnorrhiza was
relatively low but still higher than those in Ae. corniculatum.
There are descriptions of the difference of formation mechanism
and physiological structure, for example, lysigenous aerenchyma
formed by programmed cell death while schizogenous
aerenchyma formed by the splitting of the connected common
cell wall (Ma et al., 2016). The complexity of aerenchyma is also
reflected in this study, noting that Ae. corniculatum might be
deficient in ethylene synthesis and forming aerenchyma in a
different way.

In cell wall process (GO: 0005618, Figure 7), it was found
that there are almost no genes upregulated in Ae. corniculatum
after a 3-day exposure, and XET genes expression was inhibited.
XET is important in cell wall dynamics and plays a key role in
the assembly and modifications of cell walls under biotic and
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abiotic (environmental) stresses (Hrmova et al,, 2022). The
results demonstrated the difference of cell wall structure
regulation in Ae. corniculatum at the early stage (3 days), and
the weakness would be addressed through other pathways such
as metabolic regulation.

5 Conclusions

To our knowledge, this was the first time the waterlogging
adaptive mechanisms of A. marina, Ae. corniculatum, and B.
gymnorrhiza were explored and compared at the transcriptome
level. Genes with high differentially expressed folds indicated
that the three mangrove plants could commonly regulate from
the four aspects: structure, transportation, biosynthesis, and
stress protection. Interspecific differences of the three species
under continuous waterlogging were observed in this study. The
response intensity at transcriptome level was relevant to the
natural intertidal distribution of the population. Species
naturally distributed closer to the sea in the intertidal zone
with a stronger response at the transcriptome level. The number
of DEGs was the highest in A. marina under waterlogging stress,
followed by Ae. corniculatum and B. gymnorrhiza. As the
pioneer, A. marina could extensively and abundantly express
genes that can shift metabolic pathways and change root
morphology, to meet the challenge from submergence. B.
gymnorrhiza, which was more sensitive to the submergence,
oppositely responded to waterlogging in a gentle way. As for
related pathways, genes related to starch and sucrose metabolism
were active in A. marina to ensure glucose supply. Combined
with active glycolysis, we speculated that A. marina could
maintain ATP production under stress, which also explained
its active biosynthesis process under hypoxia. The relative
expression of AcADH and AcLDH was prominent, which
might play an important role in the adaptability of Ae.
corniculatum. Being different from A. marina and B.
gymnorrhiza, genes involved in ethylene synthesis, aerenchyma
formation, and cell wall structure were regulated in a different
way in Ae. corniculatum, indicating a specific regulation
mechanism of cell wall structure in Ae. corniculatum. The full-
length ¢cDNA of ADHs and LDHs was isolated from the three
mangrove plants and then, qRT-PCR was performed. The result
further emphasized the interspecific differences among the
three mangroves.
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