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SUMMARY

Mangrove plants, originating from inland ancestors, have independently adapted to extreme intertidal
zones characterized by salt and hypoxia stress. While typical mangroves exhibit specialized phenotypes, like
viviparous seeds and salt secretion, atypical clades that have thrived without such traits are particularly
suitable for exploring the molecular and physiological basis underlying plant adaptation to intertidal zones.
We assembled a chromosome-level genome of an atypical mangrove, Scyphiphora hydrophylacea, the only
mangrove species in Gentianales. Similar to other mangroves, S. hydrophylacea colonized intertidal zones
during climatic optimum periods of sea-level rise. Despite lacking recent whole-genome duplications
(WGDs), its genome acquired extensive tandem gene duplications (TDs), leading to the rapid expansion of
key salt- and hypoxia-related genes. Transcriptome data further corroborated that TD-driven gene expan-
sions contribute to stress tolerance. Specifically, the expansion of genes involved in cation transmembrane
transport, osmotic regulation, and oxidative stress response may enhance salinity tolerance, and the expan-
sion of signal transduction and energy metabolism genes in hypoxia-response pathways may confer water-
logging tolerance. Therefore, in the absence of large-scale gene duplication, the rapid expansion of core
genes involved in salt and hypoxia tolerance through tandem duplication may represent a key force driving
the adaptation of atypical mangroves. These findings also provide valuable insights for crop improvement
strategies aimed at enhancing environmental resilience while maintaining phenotypic stability.

Keywords: Scyphiphora hydrophylacea, atypical mangrove, genome evolution, tandem gene duplication,
salt tolerance, hypoxia tolerance.

INTRODUCTION . . . .
traits such as viviparous seeds, salt secretion, aerial roots,

Identifying key genetic changes responsible for plant
stress adaptation is crucial for understanding how plants
cope with their environments. However, adaptations that
occurred millions of years ago are often difficult to trace,
as they are masked by extensive genetic changes unrelated
to environmental pressures. Additionally, plants usually
exhibit diverse adaptations to the same environmental
stresses. Despite this diversity in phenotypic and genetic
responses, identifying fundamental molecular mechanisms
driving these adaptations is essential for evolutionary biol-
ogy and practical applications.

Mangrove plants exemplify this challenge, as they
have independently colonized stressful intertidal zones
while evolving diverse strategies to cope with high salinity
and waterlogging (He et al., 2022). Most previous research
has focused on typical mangroves exhibiting phenotypic
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and high tannin content (Ball, 1988; Mimura et al., 2003;
Parida & Jha, 2010; Sudhir et al., 2022; Tomlinson, 2016)
(Figure 1). Although these phenotypic traits play crucial
roles in environmental adaptation, they are usually distrib-
uted in only a subset of mangrove clades (Tomlin-
son, 2016). For example, viviparous seeds have evolved in
only six (Rhizophoreae, Avicennia, Aegiceras, Aegialitis,
Pelliciera, and Nypa) of over 20 mangrove clades, while
salt glands are present in only five (EImqvist & Cox, 1996;
Shi et al., 2005; Srikanth et al., 2016; Tomlinson, 2016).
Despite the possible large selective advantage, the evolu-
tion of phenotypic traits is usually complex and involves
the long-term evolution of a large number of genes (Hago-
lani et al., 2021; Medina-Gomez et al., 2017; Plata
et al., 2015). The variety and difficulty in evolution suggest
that adaptive phenotypes may not be the fundamental
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Figure 1. Typical phenotypic traits of representative mangrove clades.
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(a) Presence or absence of specialized phenotypic traits across eight mangrove clades. Red dots on the phylogenetic tree indicate independent origins of man-
grove lineages. Whole-genome duplication and triplication (WGD and WGT) events identified in previous studies are marked with stars.
(b) Comparison of phenotypic characteristics between Scyphiphora hydrophylacea and typical mangrove traits.

molecular mechanisms essential for intertidal environment
adaptation.

Meanwhile, many mangrove species, such as Scyphi-
phora hydrophylacea and Conocarpus erectus, lack such
specialized traits yet still thrive in intertidal environments
(Duke, 2013; Tomlinson, 2016). Without the evolution of
complex phenotypic traits, these “atypical” mangroves
are likely to have targetedly modified stress-response
pathways at molecular and physiological levels. It makes
them excellent models for exploring the fundamental
adaptation mechanisms of intertidal environments, espe-
cially the high salinity and waterlogging. Despite their
ecological significance, genomic studies on atypical man-
groves remain scarce, limiting our understanding of how
they achieve such adaptations without typical morpholog-
ical traits. Expanding genomic investigations into these
species will be crucial for identifying fundamental mecha-
nisms underlying intertidal adaptation and complement-
ing existing knowledge derived primarily from typical
mangroves.

We also noticed that many typical mangrove clades
have experienced whole-genome duplications (WGDs),
which duplicate the entire genomic DNA and provide

abundant material for environmental adaptation and trait
innovation in plants (Almeida-Silva & Van de Peer, 2023;
Wu et al., 2020). Previous studies have found that the WGD
events of typical mangroves contributed to functional
divergence, genetic redundancy, and evolution of novel
traits (Figure 1) (Adams & Wendel, 2005; Conant &
Wolfe, 2008; Feng et al., 2021; Feng et al., 2024; Wu
et al., 2020; Xu et al., 2017; Xu et al., 2021). But there are
also mangrove clades without WGDs, such as the man-
groves in Combretaceae (Xie et al., 2023; Zhu et al., 2023).
The molecular mechanisms underlying the environmental
tolerance of these atypical mangroves remain poorly
understood. Tandem gene duplications (TDs) play a signifi-
cant role in adaptive responses to environmental stimuli
by rapidly and selectively expanding crucial genes, thereby
enabling fine-tuned adjustments to the genetic makeup
(Hanada et al., 2008). For instance, in salt cress and desert
poplar, TDs of HKT1 and NHX are thought to enhance
salinity tolerance (Ma et al., 2013; Oh et al., 2014;
Wu et al., 2012). Similarly, TD-mediated expansion of
stress-responsive genes may provide a fundamental
genetic basis for the adaptation of atypical mangroves to
intertidal environments.
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Scyphiphora hydrophylacea C. F. Gaertner is an atypi-
cal mangrove species widely distributed across the
Indo-West Pacific (IWP) region (Duke, 2013). Despite lack-
ing above specialized traits, S. hydrophylacea exhibits high
salt and hypoxia tolerance (Giesen et al.,, 2007; Guo
et al., 2018; Wang et al., 2011). Based on our field investi-
gation, S. hydrophylacea individuals are capable of with-
standing tidal inundation with seawater salinity of 309, for
up to 6 h during high tide cycles (Figure S1). As a
non-secretor species, it copes with excess salt by trans-
porting it into leaf vacuoles, which are later shed as the
leaves senesce (Wang et al., 2011). Notably, S. hydrophyla-
cea is the only mangrove species within the order Gentia-
nales, which contains over 23,000 species (https:/
wfoplantlist.org/). As the sole mangrove representative of
such a diverse clade, it is likely in the early stage of tidal
zone colonization, making it an ideal model for studying
the molecular basis of intertidal environmental adaptation.

In this study, we assembled a high-quality reference
genome for the atypical mangrove Scyphiphora hydrophy-
lacea. Using comparative genomics and transcriptome
analyses, we investigated the molecular mechanisms
underlying its adaptation to the primary stressors of inter-
tidal zones. Our findings suggest that extensive tandem
gene duplications play a key role in facilitating the adapta-
tion of atypical mangroves to intertidal habitats by dupli-
cating essential genes involved in salt and hypoxia
tolerance. These results highlight the importance of TDs as
a significant genetic mechanism driving adaptation to
extreme intertidal environments.

RESULTS
A high-quality genome assembly of S. hydrophylacea

To conduct genome assembly of Scyphiphora hydrophyla-
cea, we obtained approximately 161.9 Gb of 10x Genomics
linked reads (~140-fold coverage), 34.8 Gb of paired-end
short reads (~40-fold coverage), and 153.9 Gb of Hi-C reads
(~160-fold coverage) (Table S1). The assembly was
1234 Mb, covering 90.6% of the estimated genome size,
with a scaffold N50 length of 99.2 Mb (Table 1; Table S3;
Figure S2). We could anchor 1129.5 Mb (91.5%) of the
genome assembly onto 11 pseudo-chromosomes, ranging
from 80.5 to 144.5 Mb (Table S2; Figure 2a; Figure S4a). In
this assembly, 99.4% of short reads were adequately
mapped, and 96.3% of BUSCO eudicot markers were
detected with complete structure (Table 1; Figure S3).
These results indicate a high level of completeness and
accuracy in the S. hydrophylacea genome assembly.

Using a combination of database-based annotation
and de novo prediction, we identified 65.0% (816 Mb) of
repetitive sequences on the genome assembly (Table S4).
After masking the repetitive sequences, we predicted a
total of 30,380 protein-coding genes, representing 7.5%
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Table 1 Summary statistics of Scyphiphora hydrophylacea
genome assembly and annotation

Statistics Assessment
Assembly feature
Estimated genome size 1362 Mb
Assembled genome size 1234 Mb
No. of chromosomes 11
N50 length 99.2 Mb
L50 count 6
GC content 33.7%
Completeness assessment
Complete BUSCOs 96.3%
Raw reads mapping rate 99.4%
Genome annotation
Protein-coding genes 30380

Repetitive sequence 65.0% (816 Mb)

(92.2 Mb) of the genome assembly. Among these pre-
dicted genes, 27,348 (90.0%) were located on the 11
pseudo-chromosomes, and 29,109 (95.8%) were function-
ally annotated using a combination of NR, Swiss-Prot,
KEGG, KOG, TrEMBL, InterPro, and GO databases
(Figures S4 and S5).

S. hydrophylacea originated during global warming

By clustering homologous genes across species, a total of
1262 single-copy orthologous genes were obtained for
phylogeny reconstruction and divergence time estimation.
The stem age and crown age of Gentianales were esti-
mated to be 79.5 million years ago (Mya) and 60.4 Mya,
respectively. S. hydrophylacea was found to diverge with
Coffea canephora at approximately 18.1 Mya. Considering
that Scyphiphora fossils have been reported at the Mio-
cene—around 16 Mya from Japan (Tsuda et al., 1984), the
differentiation time was finally determined to be between
18.1 and 16 Mya (Figure 2b). This period corresponds to
the mid-Miocene climatic optimum (MMCO), which
occurred between 17 and 15 Mya (Zachos et al., 2001). The
MMCO was characterized by reduced ice volumes, a signif-
icantly warmer global mean annual temperature of
18-18.4°C, and a notable rise in global sea level of up to
~60 m compared with the previous period (Goldner
et al.,, 2014; Miller et al., 2020; Reuter et al., 2021;
You et al., 2009). The rising sea levels may have
facilitated the transition of land-based species into coastal
habitats.

Lack of recent whole-genome duplication (WGD) event in
S. hydrophylacea

Utilizing gene family clustering, we categorized the
protein-coding genes in S. hydrophylacea into 18,887
orthogroups, of which 8145 were shared across all nine
species. Gene family evolution analysis, based on the phy-
logenetic tree and gene family clusters, identified 318
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Figure 2. Genome feature and phylogeny of Scyphiphora hydrophylacea.

(a) Circos diagram of the genome assembly (window size = 1 Mb, 0.1% of genome size). From outer to inner rings: (1) Chromosomal structure; (2) Repetitive
sequence density (42.57-92.89%, mean: 64.57% =+ 9.00%); (3) Gene density (24 + 10 genes per Mb); (4) GC content (27.04-39.90%, mean: 31.56% + 1.42%); (5)
Collinearity within S. hydrophylacea. Each line represents a collinear gene pair, and each cluster of lines corresponds to a collinear block.

(b) Divergence time estimation and gene family expansion/contraction in S. hydrophylacea and related species. Gray bars represent the 95% highest posterior
density (HPD) intervals, and the red dots indicate fossil calibration points. Numbers below species names represent rapidly expanded and contracted gene fami-
lies. MMCO is the abbreviation for the mid-Miocene climatic optimum. The photo of Ophiorrhiza pumila is sourced from iNaturalist (https://www.inaturalist.org/)
and credited to Chigian Fan. The photos of Morinda officinalis and Arabidopsis thaliana are from the Plant Photo Bank of China (PPBC, https://ppbc.iplant.cn/)
and credited to Youpai Zeng and Xinxin Zhu, respectively. The inset on the top left showing historical climate change is adapted from Zachos et al., 2008.

(c) Distribution of synonymous substitution rates (Ks) among collinear genes within and between species. The absence of a recent Ks peak for S. hydrophylacea
suggests no recent WGD event.

significantly expanded and 48 significantly contracted gene
families (Figure 2b). The expanded gene families were
significantly enriched in functions related to cation

transmembrane transport, calcium transport and signaling,
S-glycoside metabolism, and brassinosteroid metabolism
(P-adj <0.05; Figures S6 and S7).
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We first investigated whether the gene expansions
were produced by WGDs. We totally identified 1067 collin-
ear gene pairs (including 1994 genes, 6.6% of the total
genes) distributed across 103 collinear blocks in the S.
hydrophylacea genome (Figure 2a). The relatively low
number of collinear gene pairs suggests that this lineage
may not have undergone a substantial recent WGD event.
The distribution of synonymous substitution per synony-
mous site (Ks) for these collinear homologous genes
showed a peak at 1.76, corresponding to the well-known
paleo-hexaploidization event (y event) at the last common
ancestor of eudicots (Figure 2c). Similarly, none of the
other four Gentianales species (Coffea canephora, Morinda
officinalis, Catharanthus roseus and Ophiorrhiza pumila)
exhibited recent Ks peaks. We further confirmed these find-
ings by identifying a 1:1 collinear relationship between S.
hydrophylacea and Coffea canephora (Figure S8). Thus, Ks
distributions and collinearity patterns for paralogous genes
indicate no recent WGD event in S. hydrophylacea.

Evolution and function of tandem gene duplications

In the absence of recent WGD or large-scale gene duplica-
tions, we observed that TDs contributed to 56.1% of the
gene family expansion in S. hydrophylacea (Figure 3a). We
further compared the proportion of TDs across published
mangrove genomes and found that mangroves without
recent WGD had 18.2% of genes as TDs, significantly
higher than the 8.4% in those with WGD (Mann-Whitney
U test, P-value =2.0 x 1073 (Figure 3a). Among signifi-
cantly expanded gene families, TDs accounted for an aver-
age of 63.5% in mangroves lacking recent WGD,
significantly higher than the 49.8% in those with WGDs
(Mann-Whitney U test, P-value =3.6 x 107 Figure 3a;
Table S5). These findings suggested that TDs may serve as
an important mechanism driving gene family rapid expan-
sion in mangroves, regardless of the presence of WGDs.

We calculated the Ks between tandemly duplicated
gene pairs and found that the peak period of the duplica-
tion events occurred shortly after the divergence between
S. hydrophylacea and Coffea canephora (Figure 3b). GO
enrichment analysis further revealed that tandemly dupli-
cated genes were significantly enriched in functional cate-
gories such as cation transmembrane transport, response
to hypoxia and decreased oxygen levels, reactive oxygen
species (ROS) response, hormone regulation, and
calcium-mediated signaling (Figure 3c; Figure S9). The
enrichment of these functions suggests that TDs may facili-
tate mangrove adaptation by enhancing stress tolerance,
ion regulation, calcium signaling, oxygen sensing, and oxi-
dative stress management for mangrove survival in inter-
tidal environments.

We further validated this hypothesis using RNA-seq
data collected under different salinity or waterlogging con-
ditions (Materials and methods). In three salinity
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conditions, differentially expressed genes (DEGs) were
identified when salt concentration increased from low to
medium (Salty__m)) and from medium to high (Saltj_mn)).
Similarly, for waterlogging treatments, DEGs were identi-
fied between 0 and 3 h (Water(_3n) and between 3 and
6 h of waterlogging (Waterz_en)). In total, we identified
2165, 3198, and 4137 salt-responsive DEGs in leaf, root,
and stem tissues, respectively, and 3745, 1313, and 1046
waterlogging-responsive DEGs in the corresponding tis-
sues. We then found that during the Salt .\ phase, DEGs
in both leaf and root tissues were significantly enriched for
TDs (P-values: 6.27 x 1077 and 3.49 x 1072, respectively),
whereas in Saltyy_p phase, such enrichment was
observed in root tissue (P-value =4.13 x 107%%), When
facing waterlogging stress, DEGs in leaf tissue showed sig-
nificant TD enrichment during the Waterp,_3n phase
(P-value = 3.10 x 1073), while in the Watersn_gn phase,
enrichment occurred in root tissue (P-value = 5.44 x 10~'%)
(Figure 3d; Table S6). The overrepresentation of TDs
among salt- and waterlogging-responsive genes supports
the notion that TDs play a critical role in stress adaptation.

Tandem gene duplication and mechanisms of salt
tolerance in S. hydrophylacea

Function annotation of TDs suggests that they are widely
responsive to salt stress. We identified a series of gene
family expansions potentially linked to high-salinity toler-
ance in S. hydrophylacea, which were further confirmed by
transcriptome data across different salt conditions
(Figures S10 and S11). The salt-responsive DEGs are
enriched in biological processes such as “response to salt
stress”, “response to abscisic acid” and “response to
water deprivation” (Figure S11). Similar GO term enrich-
ments have been reported in other halophytes such as
Spartina alterniflora (Huang et al., 2024) and Tamarix chi-
nensis (Zhang et al., 2025).

One primary strategy for salt accumulation in S.
hydrophylacea involves selective ion uptake and transport,
mediated by transporters, such as HKT1, SOS, and NHX
proteins. These transporters regulate sodium (Na'), potas-
sium (K"), and chloride (CI~) ions to maintain ionic homeo-
stasis. Excess ions are often sequestered into vacuoles via
tonoplast-localized antiporters, such as NHX-type trans-
porters, reducing cytoplasmic toxicity while maintaining
osmotic balance. Notable expansions and differential gene
expression were concentrated in cation and transmem-
brane transport (Figure 4; Figure S12). For instance, the
High-Affinity K Transporter 1 (HKT1), a gene encoding
K*/Na* transmembrane transporter, expanded to eight cop-
ies in S. hydrophylacea. This is notably higher than the 1-3
copies found in inland relatives and some halophytes
(Figure 4a). These expanded copies maintain the complete
cation transport domain and exhibit comparable Ka/Ks
ratios to homologs in other species, indicating preserved
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Figure 3. Evolution and function of tandem gene duplications.

Proportion of tandemly duplicated genes

(a) Contribution of tandem gene duplications to gene family expansion in mangroves with or without WGD events. The central pie chart shows the proportion
of rapidly expanding gene families driven by TD, while the bar chart displays the proportion of tandemly duplicated genes in each mangrove clade.

(b) Ks distributions for tandemly duplicated paralogs in S. hydrophylacea and orthologs between S. hydrophylacea and Coffea canephora.

(c) Overrepresented GO terms for biological processes among tandemly duplicated gene families in S. hydrophylacea. Bubble size and color indicate gene num-
bers and false discovery rate (FDR), respectively (Fisher’s exact test, Benjamini-Hochberg correction).

(d) Preferential expression patterns of tandemly duplicated genes in response to increasing stress intensity. Significance was assessed using Fisher’s exact test.
The red bars represent the proportion of tandemly duplicated genes (TDs) among differentially expressed genes (DEGs) in each tissue under defined phases.
The cyan bars represent the proportion of TDs among all expressed genes in each tissue under the same phase. The numbers on the right side of the bars indi-

cate the significance P-values.

biological function (Table S7). Phylogenetic analysis of the
HKT1 gene family revealed two duplication events: one at
the most recent common ancestor (MRCA) of Gentianales
and Solanales, and another at the MRCA of Rubiaceae
(Figure S12). The duplicated copies exhibited functional

divergence, with four copies mainly induced in root and
the other four copies induced in leaf or stem (Figure 4b).
The Auto-Inhibited Ca?'-ATPase 12 (ACA12) gene fam-
ily, which regulates cytosolic Ca®" levels as a key second
messenger in abiotic stress responses, has expanded to 13
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copies in S. hydrophylacea, whereas inland relatives have
only 0-6 copies (Figure 4a). ACA12 was significantly upre-
gulated under high salt conditions (Figure 4b). Genes
involved in Na* transport from cytoplasm to vacuole, such
as H-ATPase and NHX, were also upregulated with
increasing salt concentration (Figure 4c). This upregulation
may enhance salt transport efficiency from the cytoplasm
to the vacuole in mesophyll cells (Figure 4c).

High salinity also disrupts osmotic balance, leading to
denaturation and inactivation of intracellular proteins. In S.
hydrophylacea, the Polyol/Monosaccharide Transporter 1/2
(PMT1/2) gene, which is involved in polyol transport, has
expanded to 10 copies, compared with 1-3 copies in inland
relatives (Figure 4a). Additionally, HSP20 Class Cl (HSP20-
Cl) gene and Osmotin 34 (OSM34) gene, which act as
molecular chaperones to protect protein folding under
stress, have expanded to 17 and 16 copies in S. hydrophy-
lacea, in contrast to 11 and 7 copies in C. canephora, and 6
and 1 copies in Arabidopsis thaliana. OSM34, PMT1/2, and
HSP20-CI genes were all upregulated under high salt con-
ditions, highlighting their roles in stress adaptation
(Figure 4b,c).

High salinity often induces reactive oxygen species
(ROS) accumulation, leading to cellular damage. To miti-
gate ROS toxicity, plants activate antioxidant defense
mechanisms, including key enzymes such as superoxide
dismutase (SOD), catalase, and peroxidases (PER). Addi-
tionally, secondary metabolites, such as glutathione, flavo-
noids, anthocyanins, polyphenolics, and carotenoids are
accumulated. In S. hydrophylacea, several ROS-scavenging
gene families have undergone expansions, with Glutathi-
one S-transferases (GSTs) expanding to 19 copies, com-
pared with seven in A. thaliana; Rare Cold Inducible Gene
3 (RCI3) expanding to four copies, compared with only one
copy in most mangrove species, three in A. thaliana, and
1-2 in other Gentianales species; and Laccase 14/15
(LAC14/15) expanding to 13 copies, compared with two in
A. thaliana and 3-6 in other Gentianales species
(Figure 4a). Consistent with the extensive tandem gene
duplication, genes involved in antioxidant biosynthesis,
including glutathione, flavonoid, SOD, and PER, were sig-
nificantly upregulated, contributing to ROS scavenging
and mitigation of secondary oxidation stress induced by
salt (Figure 4c). Transcription factors such as WRKY and
AP2/ERF, which regulate flavonoid biosynthesis and gluta-
thione metabolism (Mizoi et al., 2012; Jiang et al., 2017),
were also significantly upregulated (Figure 4b,c).

Tandem gene duplications contribute to hypoxia tolerance
in S. hydrophylacea

Waterlogging is another major challenge for mangroves,
causing hypoxia in roots. Despite lacking specialized aerial
roots for gas exchange, S. hydrophylacea exhibits notable
waterlogging tolerance (Figures S1 and S2). Transcriptome

Tandem duplication and mangrove adaptation 7 of 17

sequencing revealed that waterlogging-responsive DEGs
are enriched in biological processes such as “carbohydrate
metabolic process”, “cell wall organization or biogenesis”
and “response to oxidative stress” (Figure 5a). These
expression patterns are consistent with responses
observed in other wetland or aquatic species, such as bald-
cypress Taxodium distichum (Yang et al., 2025) and Nym-
phoides peltata (Wu et al., 2017).

To survive under hypoxic or anoxic conditions, plants
shift from aerobic respiration to fermentation to generate
ATP and recycle NAD. In S. hydrophylacea, genes involved
in sucrose metabolism, glycolysis, and fermentation under-
went TDs and were upregulated under waterlogging condi-
tions. Under anoxic conditions, sucrose is cleaved
principally by sucrose synthase rather than invertase to
produce more ATP. The Sucrose Synthase (SUSs) and
UDP-glucose Pyrophosphorylase (UGP) in this process are
upregulated. Nearly, all glycolysis-related genes were
upregulated, except Phosphoglucomutase (PGM) and Trio-
sephosphate Isomerase (TPl), which maintained consis-
tently high expression levels (Figure 5c). Pyruvate, the final
product of glycolysis, then enters the ethanol fermentation
pathway. Genes encoding key enzymes in this pathway,
including Alcohol Dehydrogenase 1 (ADH1), Pyruvate
Decarboxylase (PDC) and Alanine Aminotransferase
(AlaAT), are upregulated in waterlogging conditions
(Figure 5c). Especially, ADH1 has undergone TDs, and all
copies resulting from the duplication have shown signifi-
cant upregulation in expression.

Hypoxia signal transduction and activation of down-
stream responses need the ethylene response factor 7
(ERF7) transcription factors. In S. hydrophylacea, the ERF7
gene family expanded to eight copies through TDs, com-
pared with 1-3 copies in inland relatives (Figure 5c). These
duplications occurred 18-10 Mya and coincided with the
period of inhabiting intertidal zones of S. hydrophylacea
(Figure S13). [Correction added on 05 September 2025,
after first online publication: In the above sentence the time
period “18-100 Mya’' has been corrected to ‘18-10 Mya'.]
Sequence evolution analyses, protein domain annotations,
and expression profiles confirm that all eight copies retain
biological functions (Figure 5b; Table S8). These eight ERF7
genes are mainly functionally active in root tissues. Addi-
tionally, increased expression of PGB inhibited ERF7 degra-
dation, enabling greater accumulation of ERF7 in the
cytoplasm and its subsequent nuclear translocation. Genes
encoding plant cysteine oxidases (PCOs) enzymes that oxi-
dize the penultimate cysteine of ERF7 also experienced
duplication and exhibited increased expression (Figure 5c).

Waterlogging-induced hypoxia also leads to ROS
accumulation and protein misfolding. To mitigate oxidative
stress, S. hydrophylacea exhibited TDs and upregulation of
antioxidant-related genes, including Glutathione S-
transferases (GSTs), Glutathione Peroxidase (GPX), and
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Peroxidase (PER), which function in ROS scavenging
(Figure 5c). Heat Shock Proteins (HSPs) were also strongly
upregulated, ensuring proper protein folding under stress

conditions. Additionally, several hypoxia-responsive genes
classified as Hypoxia Response Unknown Proteins (HUPs)
underwent TDs and were upregulated. Among them,
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Figure 4. Tandem gene duplication and salt response in S. hydrophylacea.

Tandem duplication and mangrove adaptation 9 of 17

(a) Expansion of salt-responsive genes in S. hydrophylacea. Bubble size indicates gene copy numbers.

(b) Expression profiles of salt-related tandemly duplicated genes (red names) under varying salinity conditions (LS: low salinity, MS: medium salinity, HS: high
salinity). Gene TPM expressions are normalized using the Z-score among three tissues.

(c) Proposed salt accumulation pathway in S. hydrophylacea (adapted from Tiirkan & Demiral, 2009). Red upward arrows indicate genes upregulated under high
salinity, while red outlines highlight genes expanded via tandem duplication. ACA12, auto-inhibited Ca?* ATPase 12; BGLU, beta-glucosidase; CAD, cinnamyl
alcohol dehydrogenase; CHIA, chitinase A; ERF7, ethylene response factor 7; GLR2, glutamate receptor Clade Il; GST, glutathione S-transferase; HKT1, high-
affinity K* transporter; HSPs, heat shock proteins; LAC14/15, Laccase 14/15; LEA, late embryogenesis abundant protein; NDHH, NAD(P)H dehydrogenase subunit
H; OSM34, Osmotin 34; PMT1/2, polyol/monosaccharide transporter 1/2; UGTs, UDP-glycosyltransferases; WIPs, wound-induced polypeptides.

Wound-Induced Polypeptides (WIPs), encoding a zinc fin-
ger transcription factor involved in photomorphogenesis,
flavonoid biosynthesis, and root development, expanded
to 11 copies in S. hydrophylacea, compared with 1-8 cop-
ies in terrestrial species (Figure 4a). Overall, the extensive
TD and upregulation of genes involved in fermentation
metabolism, transcriptional regulation, ROS scavenging,
and protein stability likely contribute to the enhanced hyp-
oxia tolerance of S. hydrophylacea, supporting its adapta-
tion to waterlogged intertidal environments.

DISCUSSION

Mangrove plants have repeatedly evolved from inland
ancestors and acquired unique adaptations to the intertidal
zone, an environment marked by high salinity and low oxy-
gen availability. However, S. hydrophylacea represents an
atypical case, exhibiting strong environmental tolerance
without apparent morphological specializations. Our
genome-wide analyses revealed that this adaptation is not
associated with recent WGDs but is instead primarily driven
by tandem gene duplications (TDs). The TDs predominantly
occurred during the species’ occupation of intertidal habi-
tats and led to significant expansion of gene families
directly involved in salt and hypoxia tolerance. The results
suggest that the targeted expansion of functional gene fam-
ilies via TDs may represent an efficient strategy for rapid
adaptation to extreme environments in this atypical man-
grove. Overall, our findings highlight the evolutionary flexi-
bility of TDs as a mechanism of niche adaptation.

Climate optimum promoted the mangrove origination

S. hydrophylacea originated ~18.1 Mya, coinciding with the
Mid-Miocene Climatic Optimum (MMCO), a period from
approximately 17 to 15 Mya characterized by significant
increases in temperature and sea levels. Indeed, the origina-
tion during climatic optimum periods appears to be a uni-
versal phenomenon among mangroves. During the
Paleocene-Eocene Thermal Maximum (PETM), another
period of dramatic sea-level rise, three major mangrove
clades—Rhizophoraceae, Avicennia, and Sonneratia—
inhabited the intertidal zones (He et al., 2020; Xu
et al., 2017). [Correction added on 05 September 2025, after
first online publication: In the above sentence the word
‘inhabited’ was wrongly spelt and has been corrected in this
version.] Furthermore, the divergence events within the

largest mangrove clade, Rhizophoraceae, correlate with cli-
mate optimum events, specifically around 42 Mya and
15 Mya (He et al., 2022; Xu et al., 2024). These results sug-
gest that the origin and spread of mangroves, including the
atypical mangrove S. hydrophylacea, were largely driven
by historical dramatic sea-level changes, which provided
new ecological niches and opportunities for colonization.

Molecular mechanisms of salt and hypoxia tolerance of
S. hydrophylacea

The most significant niche differences for mangroves that
live in the intertidal zones are high salinity and periodic
flooding compared with the terrestrial plants (Ball, 1988).
Mangrove plants have developed several strategies to man-
age high salinity, including salt exclusion at root systems,
salt secretion through specialized glands, salt translocation,
and shedding of salt-saturated organs (Popp et al., 1993).
Comparison analyses under salt stress suggested that S.
hydrophylacea is a non-secretor and employs a strategy of
transferring excess salt to leaves and storing it in vacuoles
and later removing it through leaf drop (Cram et al., 2002;
Wang et al., 2011). This process first requires transporting
salt from the xylem into cells and accumulating it in vacu-
oles. Meanwhile, the vacuoles storing salt have relatively
high osmotic pressure, so the plant needs to synthesize
osmotic regulators such as betaine, prolines, and polyols,
which balance cellular osmotic pressure and stabilize mac-
romolecular structures under stress (Bhardwaj et al., 2013;
Bose et al., 2014; Nouman et al., 2018; Singh et al., 2015).
Additionally, the accumulated ROS and ions may affect pro-
tein conformation. Correspondingly, we observed a series
of genes involved in these processes exhibited copy num-
ber expansion and upregulated expression in S. hydrophy-
lacea. For example, a crucial step in Na' transport is
unloading Na* from the xylem into cells, a process facili-
tated by the HKT1 gene (Deinlein et al., 2014). In S. hydro-
phylacea, HKT1 has expanded to eight copies, primarily
due to TD. Most of these copies exhibit upregulated expres-
sion under increased salinity, potentially enhancing Na*
unloading. The duplicated HKT1 genes dominate different
tissues, suggesting functional differentiation that allows
more efficient and tissue-specific adaptation. Additionally,
HSP20-Cl shows significant upregulation in stems and
leaves as salinity increases, which may help ensure proper
protein folding and functionality during Na“ accumulation.
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Figure 5. Tandem gene duplication and hypoxia tolerance in S. hydrophylacea.

(a) Overrepresented GO terms of differentially expressed genes under waterlogging treatment. Bubble size and color indicate gene numbers and FDR, respec-
tively (Fisher's exact test, Benjamini-Hochberg correction). Up_DEGs and Down_DEGs refer to the upregulated and downregulated differentially expressed
genes, respectively.

(b) Key hypoxia-tolerance pathway genes that underwent TD (red names) and responded to waterlogging (WOh: pre-waterlog, W3h: 3-h waterlog, W6h: 6-h
waterlog). Gene TPM expressions are normalized using the Z-score among three tissues.

(c) Proposed hypoxia-response pathway in S. hydrophylacea. Red upward arrow indicates gene upregulated under hypoxia, while red outline highlights gene
expanded via tandem duplication. ACO, ACC oxidase; ACS, ACC synthase; ADH1, alcohol dehydrogenase 1; AlaAT, alanine aminotransferase; APX, ascorbate
peroxidase; CAT, catalase; CIF, cell wall/vacuolar inhibitor of fructosidase; EIN2, ethylene insensitive 2; ERF7, ethylene response factor 7; FRK, fructokinase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GBF, G-Box binding factor; GPX, glutathione peroxidase; GSTs, glutathione S-transferase Tau; HRGs,
hypoxia-response genes; HSP, heat shock protein; HUP, hypoxia response unknown protein; HXK, hexokinase; LDH, lactate dehydrogenase; LST8, lethal with
Sec 13; MPK, mitogen-activated protein kinase; MPSR, misfolded protein aensing ring E3 ligase; PCOs, plant cysteine oxidases; PDC, pyruvate decarboxylase;
PER, peroxidase; PFK, phosphofructokinase; PGAM, phosphoglycerate mutase; PGB, phytoglobin; PG, phosphoglucose isomerase; PGK, phosphoglycerate
kinase; PGM, phosphoglucomutase; PK, pyruvate kinase; RbohD, respiratory burst oxidase homolog D; SnRK, SNF1-related protein kinase; SOD, superoxide dis-
mutase; SUS, sucrose synthase; TOR, target of rapamycin; TP, triosephosphate isomerase; UBC, ubiquitin-conjugating enzyme; UGP, UDP-glucose pyropho-

sphorylase; WIPs, wound-induced polypeptides; WRKY, WRKY DNA-binding protein.

Waterlogging represents another major challenge for
mangroves, leading to hypoxia in the root zones. S. hydro-
phylacea exhibits notable waterlogging tolerance (Guo
et al., 2018; Wang, 2012). Our study suggests that S. hydro-
phylacea may have enhanced its response to hypoxia
through tandem gene duplication. For instance, the tran-
scription factor ERF7, which perceives hypoxia signals and
activates downstream response genes, has undergone sig-
nificant expansion through TD. These copies are highly
expressed in roots, potentially strengthening the activation
of hypoxia-response genes. Additionally, the key enzyme
ADH1 in the anaerobic respiration pathway has expanded
and is upregulated under waterlogging conditions. There-
fore, the enhanced induction of responsive pathways by
tandem expansion and upregulated expression may confer
hypoxia tolerance to S. hydrophylacea.

The gene duplications identified in S. hydrophylacea
are also observed in other mangroves (Figure 6). For exam-
ple, the genes HKT1 and ERF7 exhibit increased copy num-
bers across nine independent mangrove clades compared
with their inland relatives. The HKT1 genes encode pro-
teins that transport Na' into cells, and the ERF7 genes
encode transcription factors that mediate hypoxia signal
transduction into the nucleus. These genes act as key hub
genes in responses to high salinity and waterlogging,
respectively (Deinlein et al., 2014; Mizoi et al., 2012; Wang
et al., 2025; Yao et al., 2017). The gene OSM34 and HSP20-
Cl that protect protein folding under stressful conditions
have expanded exclusively in atypical mangroves that lack
WGD events. This may be because the atypical mangroves
have not evolved specialized traits to avoid adverse condi-
tions and thus rely more heavily on these protective pro-
teins. Additionally, genes such as ADH1, ACA12, GLR2,
and WIPs show copy number expansion in at least two
mangrove clades.

When examining other salt- and waterlogging-tolerant
plants, we found that the expansions of HKT7 and ERF7
repeatedly occur. In halophytes Thellungiella parvula (Das-
sanayake et al., 2011), Populus euphratica (Ma et al., 2013),

and Cakile maritima (Thomas et al., 2024), similar copy
number expansion has been observed in HKT1. Seagrasses,
including Posidonia oceanica, Cymodocea nodosa, Zostera
marina, and Thalassia testudinum, have expanded the ERF7
to 12-16 copies (Ma et al., 2024). In bald cypress that thrives
in wetlands, ERF7 has expanded to 24 copies (Yang
et al., 2025). Notably, both genes have been mapped within
salt- or waterlogging-related quantitative trait loci (QTLs) in
various crops, including barley, wheat, maize, and rice
(Chen et al., 2020; Houston et al., 2020; Hussain et al., 2017;
Xu et al., 2006; Zhou et al., 2022), highlighting their potential
as molecular targets for improving stress tolerance through
breeding. These findings suggest that expansions of certain
key stress-related genes may constitute a common strategy
across multiple plants for coping with salt or hypoxia stress.

Tandem gene duplications dominate stress-responsive
pathway modification

In S. hydrophylacea, the rapid expansion of genes related
to salt and hypoxia tolerance has been achieved primarily
through TDs. Indeed, many of the commonly observed
gene duplications mentioned above experienced TDs, such
as the ERF7 in seagrasses and bald cypress. The expan-
sions of HKT71 in Thellungiella parvula and Populus
euphratica are also achieved through TD. The TDs in S.
hydrophylacea did not occur randomly, but are
concentrated on processes related to stress response, such
as cation transmembrane transport, ROS response,
calcium-mediated signaling, immune response, and detec-
tion of oxygen/hypoxia. Although TDs may be generated
continuously, the retained ones in S. hydrophylacea are
mainly produced during the inhabitation of intertidal
zones. Furthermore, without specialized traits to avoid the
adverse conditions, atypical mangroves without WGDs
could extensively duplicate the OSM34 and HSP20-CI gene
that protect protein folding through TDs (Figure 6). It sup-
ported the idea that TDs often target stress-responsive
gene families, enabling more focused and flexible adapta-
tion (Panchy et al., 2016).
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Figure 6. Contribution of tandem gene duplications to salt/hypoxia-responsive gene expansions in mangroves with or without WGD events.

The species names are highlighted with green, red, and gray backgrounds, representing mangroves without recent WGD, mangroves with recent WGD, and
inland relatives, respectively. In the bar plots, cyan and red are used to indicate tandem gene copies and non-tandem gene copies, respectively. ACA12, auto-
inhibited Ca?" ATPase 12; ADH1, alcohol dehydrogenase 1; ERF7, ethylene response factor 7; GLRZ, glutamate receptor Clade Il; HKT1, high-affinity K* trans-
porter 1; HSP20-CI, HSP20 Class Cl chaperone families; OSM34, Osmotin 34; WIPs, wound-induced polypeptides.

Through their ability to introduce key regulatory or
functional modifications with relatively small genomic
changes, TD offers a powerful mechanism for generating

genetic diversity and stress resilience traits critical for
molecular breeding. Indeed, some of these TD-derived
genes have already been mapped to key QTLs associated
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with agronomic traits. In rice (Oryza sativa ssp. indica culti-
var FR13A), Sub1A, a tandemly duplicated member of the
ERF family, results in strong gene induction under submer-
gence and significantly improved flooding tolerance (Xu
et al., 2006). In the Solanum genus, TDs of the CLV3 gene
family generated redundant paralogs that fine-tune fruit
development through dosage-sensitive interactions (Benoit
et al., 2025). Similarly, in tomato, the fruit weight QTL
fw3.2 is linked to a TD of a Cytochrome P450 gene,
highlighting the role of TD-derived gene copies in regulat-
ing fruit size (Alonge et al., 2020). These TD-derived genes
often maintain cis-regulatory conservation despite protein
sequence divergence, suggesting a mechanism for rapid
functional diversification under environmental pressures.

In summary, we explored the molecular basis required
for plant intertidal adaptation with a high-quality genome
assembly of an atypical mangrove S. hydrophylacea.
Through comparative genomics and transcriptome analyses,
we found that widespread tandem gene duplications signifi-
cantly contribute to the adaptation of atypical mangroves by
expanding essential genes associated with salt and hypoxia
tolerance. These results underscore the crucial role of TDs as
a primary genetic mechanism driving adaptation to extreme
intertidal environments. The identified genetic variation in S.
hydrophylacea, which specifically enhanced salt and hypoxia
responses without changing phenotypes, may also serve as
potential targets for crop breeding.

MATERIALS AND METHODS
Sampling and sequencing

Fresh and healthy leaves from a mature Scyphiphora hydrophyla-
cea individual were collected in the Bamenwan Mangrove Nature
Reserve in Wenchang, Hainan, China. The samples were immedi-
ately frozen in liquid nitrogen and stored at —80°C in the laboratory.
Genomic DNA for sequencing was then extracted using a modified
CTAB method. To obtain a high-quality genome assembly, a multi-
platform sequencing strategy integrating 10x Genomics linked
reads, paired-end short-read sequencing, and Hi-C technology was
employed. For 10x Genomics sequencing, the DNA integrity was
first assessed via agarose gel electrophoresis and Thermo
Nanodrop™ 1000 Spectrophotometer (Thermo Fisher Scientific,
https://www.thermofisher.com/). Then long DNA fragments
(>50 kb) were collected through PippinHT size selection for 10x
Genomics library preparation. The prepared sequencing library
was sequenced across two lanes using PE150 paired-end reads on
a BGISEQ-500 platform (BGlI, https://en.genomics.cn/). SOAPnuke
v2.1.6 (Chen et al., 2018) was employed to filter out low-quality,
adapter, N-containing, and polyA sequences. The paired-end reads
using a small insert fragment library (200-400 bp) were sequenced
for gap closing. To further improve the assembly, a Hi-C library
was prepared from DNA extracted from leaf tissues following in
situ cross-linking. The Hi-C library was sequenced using the
BGISEQ-500 platform, and the reads were filtered with SOAPnuke.
Genome size was estimated based on K-mer distribution analysis
using lllumina short reads. K-mers were generated with a 21-nt
length using Jellyfish v2.3.0 (Margais & Kingsford, 2011), and the
genome size was estimated with GCE v1.0.2 (Liu et al., 2013).
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Genome assembly

Clean reads were assembled and scaffolded using Supernova
v2.0.1 (Weisenfeld et al., 2017). The gaps in the initial genome
assembly were closed using TGS-GapCloser v1.12 (Xu et al., 2020)
with default parameters. HiC-Pro v3.0.0 (Servant et al., 2015) was
employed to map the Hi-C clean reads to the gap-closed assem-
bly, providing valid reads with contact information between
sequences. Juicer v1.6 (Durand, Shamim, et al., 2016) was then
used to map these valid reads back to the gap-closed assembly,
generating a comparison file suitable for a 3D-DNA input format.
A 3D-DNA de novo genome assembly pipeline (Dudchenko
et al., 2017) was executed using the results from Juicer as input.
This process resulted in a patched genome assembled at the
pseudochromosome level. The Hi-C file generated by 3D-DNA and
the scaffold coordinate file were imported into JuiceBox v1.8.0
(Durand, Robinson, et al., 2016) to visualize fragmentation results.
Based on the strength of the relationship between scaffolds, the
positions and orientations of specific chromosome sequences
were manually adjusted. The manually corrected scaffold coordi-
nate file was re-imported into the 3D-DNA process. It rearranged
the genome according to the updated coordinate file and con-
nected it to the chromosome-level scaffolds, producing the final
genome assembly. To evaluate the completeness of the genome
assembly, we examined the existence of core eudicot gene sets
using BUSCO v5.7.1 (Manni et al., 2021) and calculated the map-
ping rate of sequencing reads to genome assembly using BWA
v0.7.17 (Li & Durbin, 2009).

Genome annotation

We annotated repetitive elements in the S. hydrophylacea
genome using a combined de novo and homology-based
approach. First, we generated a de novo predicted repeat library
using RepeatModeler v2.0.1 (https:/www.repeatmasker.org/),
which integrated the library Dfam v3.2 (https://www.dfam.org/)
and library RepBase (v2018-10-26, https://www.girinst.org/). The
resulting consensus library from RepeatModeler was then used
with RepeatMasker v4.1.5 (A.F.A. Smit, R. Hubley & P. Green at
https://repeatmasker.org/) to annotate and classify repetitive ele-
ments throughout the genome. With repetitive sequences masked,
structures of protein-coding genes were predicted using a multi-
faceted approach that integrated homology-based prediction, de
novo prediction, and transcriptome-based prediction. Augustus
v3.3.1 (Hoff & Stanke, 2019) and GlimmerHMM v3.0.4c (Majoros
et al., 2004) were employed for de novo gene prediction.
Homology-based prediction was performed using Coffea cane-
phora and Arabidopsis thaliana as reference species, while
transcriptome-based prediction was supported by RNA-seq data
derived from root, stem, and leaf tissues of S. hydrophylacea.

Genome collinearity analysis

WGDs produce homologous genes within the same range, form-
ing collinear blocks. Homologous genes were first identified using
BLAST v2.12.0+ (Camacho et al., 2009) (with e-value <1 x 107'°,
identity score >40%). Then, collinear blocks were defined as geno-
mic regions containing at least five homologous genes arranged
in a conserved order across other genomic regions (Wang
et al., 2012). Collinear blocks were visualized using Circos v0.69.9
and JCVI v1.4.16 (Krzywinski et al., 2009; Tang et al., 2008).
Synonymous substitution rate (Ks) between collinear gene
pairs was calculated to estimate the time of WGDs. Protein align-
ment of the collinear gene pairs was first performed using MAFFT
v7.475 (Katoh & Standley, 2013) in high-accuracy mode. Then,
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PAL2NAL v14 (Suyama et al., 2006) was employed to convert the
well-aligned protein sequences into corresponding codon align-
ments. After removing codons with gaps, the Ks for each homolo-
gous pair was calculated using KaKs_Calculator v2.0 (Wang
et al., 2010) with the YN model (Yang & Nielsen, 2000).

Phylogeny and divergence time estimation

A phylogenetic tree was reconstructed using single-copy ortholo-
gous genes from S. hydrophylacea and eight additional species,
including Coffea canephora (Denoeud et al., 2014), Morinda offici-
nalis (Wang et al., 2021), Ophiorrhiza pumila (Rai et al., 2021),
Catharanthus roseus (Franke et al., 2019), Solanum lycopersicum
(Hosmani et al., 2019), Arabidopsis thaliana (Cheng et al., 2017),
Nelumbo nucifera (Li et al., 2021), Oryza sativa (Ouyang
et al., 2007). For genes with alternative splicing, only the longest
transcript was retained. After excluding short proteins (<560 amino
acids), OrthoFinder v2.5.2 (Emms & Kelly, 2019) was used to iden-
tify single-copy orthologs among the nine species (with e-value
<1 x 107" and identity score >40%).

Protein alignments of these single-copy orthologs were first
generated using MAFFT in high-accuracy mode. The well-aligned
protein sequences were then converted into corresponding codon
alignments using PAL2NAL. Gblocks v0.91b (Castresana, 2000)
was employed with the parameters of “-t=c, -b4=10, -b5=h" to
eliminate the poorly aligned positions and divergent regions of
the alignment sequences. The best nucleotide mutation model
was selected through ModelTest-NG v0.1.7 (Darriba et al., 2020).
The maximum likelihood tree was constructed using RaxML-NG
v1.0.2 (Kozlov et al., 2019). To estimate species divergence times,
we utilized MCMCTREE of PAML v4.9j (Yang, 2007), incorporating
two reliable calibration points: the MRCA of Proteales and core
eudicots (119.6-128.63 Mya) (Morris et al., 2018), and the crown
node of the Gentianales (72.5-97.6 Mya) (Kumar et al., 2017).

Gene family evolution

We calculated the gene family counts of the nine species using
OrthoFinder v2.5.2, excluding large gene families with more than
100 gene copies in one or more species. CAFE v4.2.1 (De Bie
et al., 2006) was used to identify significantly expanded/contracted
gene families (P-value <0.01). Gene ontology (GO) enrichment and
KEGG pathway analyses on the expanded gene families were con-
ducted using the R package clusterProfiler v4.1.3 (Wu et al., 2021).

The identified gene family expansions were further validated
through domain search and phylogenetic tree construction.
Domains were identified by searching against the Pfam database
(Mistry et al., 2021) using HMMER v3.4 (Eddy, 2011). The domains
include PF00314 (Thaumatin family domain; for OSM34), PF00011
(Alpha crystallin/Hsp20 domain; for HSP20-Cl), PF00107 (Alcohol
dehydrogenase-like, C-terminal domain; for ADH1), PF08240 (Alco-
hol dehydrogenase, N-terminal domain; for ADH1), PF00122 (E1-
E2 ATPase domain; for ACA12), PF02386 (Cation transporter
domain; for HKT1), PF00847 (AP2/ERF domain; for ERF7), PF00060
(Ligand-gated ion channel domain; for GLR2), and PF12609
(Wound-induced Protein domain; for WIPs).

Tandem gene duplication identification

Tandem gene duplications (TDs) were identified as paralogous
genes in one gene family located within the same or neighboring
intergenic regions, with no more than five intervening genes. The
distribution of synonymous substitution rates (Ks) between copies
from a TD cluster was estimated using KaKs_Calculator v2.0 to
estimate the timing of TD events. GO enrichment analyses of TDs

were conducted using the R package clusterProfiler v4.1.3. Subse-
quently, the “emapplot” diagram of the R package was used to
visualize the relationships and interactions among the signifi-
cantly enriched GO terms.

Transcriptome sequencing and analyses

We conducted field sampling in the Qingmeigang Mangrove
Nature Reserve in Hainan, China to investigate the transcriptional
response of S. hydrophylacea under natural salinity and waterlog-
ging conditions. For the salinity gradient experiment, samples
were collected from three distinct field locations where the ambi-
ent soil salinity levels, measured at the time of sampling, were
naturally <109, (low-salinity group, LS), 35%,-40%, (medium-
salinity group, MS), and 459,,-509, (high-salinity group, HS). For
the waterlogging experiment, we utilized the natural tidal cycle,
during which the root systems of S. hydrophylacea were sub-
merged for approximately 6 h. Based on this ecological context,
tissue samples were collected at three time points: prior to water-
logging (WO0h), after 3 h of waterlogging (W3h), and after 6 h of
waterlogging (W6h). For each salinity or waterlogging condition,
leaf, stem, and root tissues were collected. To minimize gene
expression variation among individual plants, each sample con-
tained three biological replicates.

All samples were immediately frozen in liquid nitrogen on-
site and subsequently transported under dry ice to the laboratory
for RNA extraction. Total RNA was extracted using a modified
CTAB method for transcriptome sequencing. RNA-seq libraries
were prepared and sequenced on the lllumina NovaSeq6000 plat-
form, generating 150-bp paired-end reads. After filtering out low-
quality reads, the clean data from each sample were mapped to
the S. hydrophylacea genome using HISAT2 v2.2.1 (Kim
et al., 2019). The number of reads mapped to each gene was
quantified using the featureCounts function in the R package Rsu-
bread v2.14.2 (Liao et al., 2019).

Differential expression analyses among different salt or
waterlogging conditions were performed using the Perl script
“run_DE_analysis.p!” in Trinity v2.14.0 (Grabherr et al., 2011)
with FDR <0.05 and a fold-change >2 or <0.5 considered as
criteria for a significantly upregulated or downregulated gene.
Gene expression levels were reported as transcripts per million
(TPM). Key gene expression profiles were visualized using
the R package pheatmap v1.0.12 (https://cran.r-project.org/
package=pheatmap) with Z-score normalization applied between
different tissues.
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