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Abstract

Ecological restoration of mangrove ecosystems that became susceptible to recent
habitat perturbations is crucial for tropical coast conservation. The white mangrove
Laguncularia racemosa, a pioneer species inhabiting intertidal environments of the
Atlantic East Pacific (AEP) region, has been used for reforestation in China for dec-
ades. However, the molecular mechanisms underlying its fast growth and high adap-
tive potential remain unknown. Using PacBio single-molecule real-time sequencing,
we completed a high-quality L.racemosa genome assembly covering 1105Mb with
scaffold N50 of 3.46 Mb. Genomic phylogeny shows that L.racemosa invaded inter-
tidal zones during a period of global warming. Multi-level genomic convergence analy-
ses between L.racemosa and three native dominant mangrove clades show that they
experienced convergent changes in genes involved in nutrient absorption and high
salinity tolerance. This may explain successful L.racemosa adaptation to stressful in-
tertidal environments after introduction. Without recent whole-genome duplications
or activated transposable elements, L.racemosa has retained many tandem gene du-
plications. Some of them are involved in auxin biosynthesis, intense light stress and
cold stress response pathways, associated with L.racemosa's ability to grow fast under
high light or cold conditions when used for reforestation. In summary, our study iden-
tifies shared mechanisms of intertidal environmental adaptation and unique genetic
changes underlying fast growth in mangrove-unfavourable conditions and sheds light

on the molecular mechanisms of the white mangrove utility in ecological restoration.
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1 | INTRODUCTION

Mangrove ecosystems are found at tropical and subtropical
land-ocean boundaries and play essential roles in ecology and
economy by providing carbon sequestration, blue carbon stor-
age, protection against coastal disasters and ecological system
balance maintenance (Menéndez et al., 2020). However, man-
grove ecosystems are vulnerable to global climate change and
human activity (Goldberg et al., 2020; Guo et al., 2018). Mangrove
forests, major components of the ecosystems, are critical habitats
that act as nurseries for many coastal species but have declined
globally by 20%-35% over the past 50years, leading to severe
ecological and economic consequences (Goldberg et al., 2020;
Zhao et al., 2022). Therefore, mangrove ecosystem restoration is
urgently needed.

Selecting suitable plants for restoration of mangrove ecosys-
tems is fundamentally important. Reforestation requires species
that can adapt well to the area of introduction and grow and repro-
duce quickly to establish a stable population in a short time (Paul
et al., 2010). However, mangrove habitats are affected by many
stressors such as saline seawater, hypoxia and nutrition deficiency
(Giri et al., 2011). These environmental factors vary greatly because
of tidal inundation, rainfall, soil type and topography. Therefore,
mangrove species used for reforestation must tolerate the most
extreme intertidal conditions. Furthermore, reforestation is usually
conducted in mudflats and sometimes in high-latitude areas. Mud-
flats are exposed to high light intensity, while low temperatures at

high latitudes are a major factor limiting mangrove distribution (Kao
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et al., 2004; Lang et al., 2022). Species used for reforestation must
overcome these environmental factors.

Laguncularia racemosa (L.) Gaertn, known as the white man-
grove, is one of the most successful species used for mangrove
reforestation in China. It is a dominant pioneer mangrove in its
endemic of the Atlantic-East Pacific (AEP). It is the only member of
the monotypic genus Laguncularia, belonging to the family Com-
bretaceae of the Order Myrtales. The mangrove genus Lumnitzera,
naturally found in Indian-western Pacific (IWP), is proposed to
be its closest relative (Tan et al., 2002). This mangrove clade and
Conocarpus erectus are the only mangroves among the >500 Com-
bretaceae species.

After its introduction to Hainan, China, in 1999, L.racemosa has
exhibited faster growth and higher reproductive capacity than the
Chinese native species (Figure 1a-c; Figure S1; Berger et al., 2006;
Zhong et al., 2011). It also adapts well to the environments where
it has been introduced and tolerates a wide range of stress condi-
tions found in intertidal habitats. While sensitivity to salinity change
varies among mangrove species, L.racemosa tolerates a wide range
of salinity and nitrogen levels in both its original and new habitats
(Rodriguez- Rodriguez et al., 2018; Zhong et al., 2011). L.racemosa
also does well when planted on exposed mudflats or high latitudes
with low temperatures, performing better than other mangrove re-
forestation species (Feng et al., 2021; Li et al., 2020). These abilities
make L.racemosa a prime candidate for use in mangrove reforesta-
tion in varying conditions.

The outstanding reforestation characteristics mentioned above

coupled with frequent human introductions lead to widespread
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FIGURE 1 Lagunculariaracemosa plant images and field survey statistics. (a-c) Fruit, roots and a large group of L.racemosa seedlings.

(d) Community importance value index of the mangrove forest in Yalong Bay (introduction area) and Tielu Harbour (diffusion area). (e) The
height and diameter distribution of Ceriops tagal in communities with or without L.racemosa at Yalong Bay. p-values were estimated using the
t-test. “NS” means not significantly different, asterisks represent p-values <.001.
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presence of L.racemosa along the Southeast coast of China (Lang
et al., 2022). However, these encouraging characteristics engender a
risk that these species will become invasive. Field surveys show L.rac-
emosa expanding in all areas of introduction, even becoming the main
constituent of Hainan's secondary artificial mangrove forest (Fang
et al., 2022; Zhong et al., 2011). Despite the abundance of ecological
and physiological studies, we still do not understand the molecular
mechanisms underlying these properties associated with mangrove re-
forestation in L.racemosa. This is a crucial missing piece that is needed
if we are going to take full advantage of this species as a reforestation
mangrove meanwhile preventing it from becoming invasive.

In this study, we sequenced and assembled a high-quality reference
L.racemosa genome as part of a large worldwide mangrove genome
sequencing project (He et al., 2022). With this de novo sequenced ge-
nome, we started by inferring its origin and divergence time from rel-
atives. We then focused on the light this genome sequence can shed
on mangrove reforestation and explored this issue in two aspects: (i)
the genetic changes that contributed to L.racemosa's tolerance to ex-
tremely high salinity and low nutrition levels; (ii) the molecular mech-
anisms underlying L.racemosa's rapid growth, extreme light intensity
and cold tolerance. The exploration of these issues would elucidate
the advantages of L.racemosa as a reforestation species and provides a
reference for assessing its invasive potential.

2 | MATERIALS AND METHODS
2.1 | Fieldsurvey

We performed a field survey of mangrove vegetation in the areas of
Hainan Island where L.racemosa has been introduced (Yalong Bay,
18°22'N, 109°61' E) and spread (Tielu Harbour, 18°25'N, 109°70'E)
on April 15, 2023. We sampled five 10m by 10m and one 5m by 5m
(525m? in total) of the initial introduction area and three 10m by
10m (300m? in total) plots at location where L.racemosa has sub-
sequently spread. We recorded the number of individuals of each
species, stem diameter at breast height (DBH) and tree height within
each plot. We then estimated relative density, relative frequency and
relative dominance of each species according to Greig-Smith (1983).
The importance value index (V1) of each species was calculated as
the arithmetic mean of the three parameters, reflecting the species’
dominance in a community.

2.2 | Genome sequencing

We collected fresh L.racemosa leaf tissues from Dongzhai Harbor, to
extract genomic DNA using the cetyl trimethyl ammonium bromide
(CTAB) method (Doyle & Doyle, 1987). Genomic DNA was sequenced
using the single-molecule real-time (SMRT) procedure on the PacBio
sequel Il platform (Pacific Biosciences). First, the extracted genomic
DNA was sheared to ~25kb on average and the fragments less than
7kb were discarded using BluePipin (Sage Science). Then, the retained
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DNA fragments were used to construct an SMRTbell library using the
Pacbio DNA template preparation kit (PacBio). Finally, SMRT sequenc-
ing was conducted on a PacBio Sequel Il sequencing platform with the
V3.0 sequencing reagent and SMRT Cell (8 M, V3).

We also performed DNA short-read sequencing to correct SMRT
sequencing errors. Pair-end (PE) libraries (with 500bp insert size) were
constructed with the lllumina library preparation kit instructions and
sequenced on the Illumina platform. To facilitate protein-coding gene
prediction, we constructed RNA-seq libraries and sequenced them on
the lllumina platform. RNA samples were extracted from leaf tissues
using the TRIzol universal reagent. RNA-Seq libraries were constructed
using a NEBNext Ultra RNA Library Prep Kit (lllumina) following the

manufacturer's instructions and sequenced on an lllumina platform.

2.3 | De novo genome assembly

De novo assembly of the L.racemosa genome using PacBio long
reads was conducted using FALCON with default parameters (Chin
et al., 2016). The assembly was polished using Quiver (SMRT Analy-
sis v2.3.0). To improve the assembly accuracy, we performed several
rounds of iterative error correction based on lllumina short reads.

We further used Hi-C sequencing to improve genome assem-
bly. To maintain DNA interactions, we fixed fresh leaf tissues using
formaldehyde. The cross-linked DNA was digested with the Mbol
restriction endonuclease, and the resulting restriction fragment
ends were biotinylated and ligated. Interaction among DNA frag-
ments was used to construct a Hi-C library, which was then se-
quenced on the BGISEQ-500 platform. Raw reads were processed
using SOAPnuke (V1.5.2) to remove adaptor sequences (match ratio
>0.2) and low-quality reads (quality threshold <10, quality rate
>0.1; parameters: ~A 0.2 -1 10 -q 0.1; Chen et al., 2018). Clean Hi-C
reads were then mapped L.racemosa assemblies following the Hic-
Pro protocol to obtain valid reads and Hi-C interaction information
(Servant et al., 2015). Hi-C maps were generated using Juicer (Du-
rand et al., 2016). The scaffolds were roughly split by Juicebox and
anchored to chromosomes as far as possible using 3D-DNA (Dud-
chenko et al., 2017; Robinson et al., 2018).

We used two widely used methods to evaluate genome assembly
completeness (He et al., 2022; Wang et al., 2021; Xu et al., 2022).
First, we mapped the clean short reads that used to correct SMRT
sequencing errors to the genome assembly using BWA (V 0.7.17) (Li
& Durbin, 2009). The high mapping rate would indicate high accu-
racy and completeness of the genome assembly. Second, we mapped
the genomes to conserved eudicot core genes by benchmarking uni-
versal single-copy orthologues (eudicots_odb10 of BUSCO) using
BUSCO (V5.0.0) (Manni et al., 2021).

2.4 | Genome annotation

We identified repetitive sequences using RepeatMasker with Rep-
Base TE library (http://repeatmasker.org/). To ensure gene integrity
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for subsequent analyses, we retained low complexity and simple re-
peats because they could be found in genes.

After repetitive sequences were masked, we predicted protein-
coding genes with a combination of transcriptome-based, homology-
based and ab initio methods. For transcriptome-based prediction, we
mapped the clean RNA reads to the assembled genome using HISAT2
(V2.1.0) and assembled transcripts to gene models using Cufflinks
(V2.2.1) (Kim et al., 2019; Trapnell et al., 2012). For homology-based
prediction, we aligned the assembled genome to homologous pro-
teins of several plants (Arabidopsis thaliana, Eucalyptus grandis, Mim-
ulus michiganensis, Oryza sativa and Sesamum indicum) downloaded
from NCBI or Phytozome (https://phytozome-next.jgi.doe.gov/).
We then constructed gene structures based on the homology align-
ments using EXONERATE (V2.2.0) (Slater & Birney, 2005). We pre-
dicted coding genes ab initio using Augustus (V2.5.5) and GeneMark
(V4.32) (Besemer et al., 2001; Stanke et al., 2006). All the gene mod-
els from the three methods were integrated using EvidenceModeler
(EVM) into a non-redundant gene set (Haas et al., 2008).

Biological functions of the predicted genes were annotated
by searching against the NCBI-NR (https://www.ncbi.nlm.nih.
gov/), SwissProt (https://www.uniprot.org/) and TrEMBL in Uni-
prot (https://www.uniprot.org/) using BLASTP (E-value < 107°). We
compared our gene models using eggNOG-mapper (V2.1.4) to the
eggNOG (V5.0.2) database to obtain gene ontology (GO) and KEGG
pathway annotations (Cantalapiedra et al., 2021; Huerta-Cepas
et al., 2019). Transcription factors were identified using iTAK (v1.7)
(Zheng et al., 2016).

2.5 | Repetitive element evolution

To explore whether repetitive elements have played roles in L.rac-
emosa environmental adaptation, we calculated TE (transposable
element) activity and inferred its influence on functional genes by
measuring their distance since TEs can alter the activity of nearby
genes (Muszewska et al., 2019). Therefore, we calculated the pro-
portion of TEs that fall within a 1000bp flanking region of genes in
the L.racemosa genome and compared it with other mangroves and
their inland relatives.

TE activity was then estimated by inferring LTR-RT (long termi-
nal repeat retrotransposon) insertion times and the abundance of
retro-transposed pseudogenes. We performed the identification
of LTR-RTs using LTR_FINDER_parallel and LTRharvest that was
implemented in genome tools based on the LTR-RT structure fea-
tures (Gremme et al., 2013). LTR_retriever was then used to estimate
the insertion time of LTRs based on sequence divergence between
flanking long terminal repeat sequences (these sequences are iden-
tical at insertion time; Ou & Jiang, 2018). The LTR mutation rate was
assumed to be twice the synonymous substitution rate in protein-
coding genes (6.23x 1077 per bp per year) as calculated using PAML
with the free-ratio model (Yang, 2007).

We also calculated the abundance of retro-transposed
pseudogenes that are typically created by active TEs. Pseudogenes

were first identified using PseudoPipe according to the pipeline of
Xie et al. (2019) and the candidates were filtered using the follow-
ing cut-offs: (1) amino acid sequence identity >40%; (2) BLAST e-
value lower than 1e-10; (3) the pseudogenes cover 70% of the parent
gene and (4) pseudogenes longer than 150bp. The retro-transposed
pseudogenes were then identified using a combination of three fea-
tures: lacking introns, small flanking direct repeats and a 3’ polyade-
nine tail (Zhang et al., 2006).

2.6 | Phylogenetic analysis and divergence
time estimation

We reconstructed the phylogenetic relationship between L.rac-
emosa and additional closely related 11 species with available
whole-genome sequences, including Combretum micranthum, Cono-
carpus erectus, Lumnitzera racemosa and Lumnitzera littorea from
Combretaceae, Punica granatum, Eucalyptus grandis and Melastoma
dodecandrum from other Myrtales families, Arabidopsis thaliana
from Brassicales, Rhizophora apiculata and Carallia pectinifolia from
Malpighiales and Vitis vinifera from Vitales (Hao et al., 2022; He
et al., 2022; Luo et al., 2020; Myburg et al., 2014; Xie et al., 2022).
We inferred highly conserved single-copy genes using Or-
thoFinder and employed MUSCLE to align orthologous proteins
and PAL2NAL to generate codon sequences against aligned protein
sequences (Edgar, 2004; Emms & Kelly, 2019; Suyama et al., 2006).
After discarding sequences shorter than 150bp and removing gaps
using Gblocks, high-confidence orthologous single-copy genes were
used for phylogenetic tree reconstruction (Castresana, 2000). Based
on 938 high-confidence orthologs, we reconstructed the phyloge-
netic tree using RAXML with the GTR + GAMMA model, 1000 boot-
strap replicates and V. vinifera as the outgroup (Stamatakis, 2014).
Based on the phylogenetic relationship, we used MCMCTREE
from the PAML package to estimate species divergence times
(Yang, 2007). HKY85 + gamma nucleotide substitution and indepen-
dent rates clock models were employed. Four known time points
were set for calibration. The divergence of Combretaceae from their
sibling family is between 93 and 112 Mya (million years ago) (Man-
chester & O'Leary, 2010). The common ancestor of P.granatum and
E.grandis was placed at ~81 Mya (Grimsson et al., 2011). The com-
mon ancestor of C.micranthum and C.erectus was placed at ~53 Mya
(Singh et al., 2010). The common ancestor of R.apiculata and C. pec-
tinifolia was placed at ~47.8 Mya (Graham, 2006). We used Figtree
for tree visualization (http://tree.bio.ed.ac.uk/software/figtree/).
To refine our estimates of L.racemosa origin, we reconstructed
a higher resolution phylogenetic tree of Combretaceae using fewer
genes, enabling us to include species without whole-genome se-
quences. Macropteranthes kekwickii from Australia were proposed
to be Laguncularia's close relatives. Therefore, three chloroplast
gene sequences (ndhf, psaA and rbcl) of M. kekwickii and Strepho-
nema pseudocola that are usually used as the Combretaceae out-
group were downloaded from the NCBI database and used for
phylogenetic tree reconstruction. The orthologous sequences of
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the three genes were found using BLAT from the complete chloro-
plast genome of Combretum kraussii, Combretum indicum, Quisqua-
lis littorea, Terminalia catappa, Anogeissus acuminata, Laguncularia
racemosa, Lumnitzera racemosa, Combretum micranthum and Cono-
carpus erectus (Table S4). We then employed MAFFT for sequence
alignment and Gblocks to remove gaps (Katoh et al., 2002). Finally,
we reconstructed the phylogenetic tree using RAXML with the
GTR+GAMMA model, 1000 bootstrap replicates and Strepho-

nema pseudocola as the outgroup.

2.7 | Genome synteny and whole-genome
duplication

We tested for whole-genome duplication (WGD) events in L.rac-
emosa by looking at the linear arrangement of homologous genes.
We selected four additional Myrtales species (C.erectus, Lumnitzera
racemosa, E.grandis and P.granatum) and V.vinifera for the analysis.
Collinear genes and syntenic blocks within each genome and be-
tween genomes were inferred using MCScanX (Wang et al., 2012).
We used identity 230% and E-value <1e-10 cut-offs to identify col-
linear homologous genes. Regions with 25 collinear homologous
genes arranged in the same order were identified as syntenic blocks.
Synonymous substitution rates (Ks) between homologous genes
in syntenic blocks were calculated using KaKs_Calculator with the
YN substitution model (Wang et al., 2010). Representative syntenic
blocks were visualized using JCVI (Tang et al., 2008).

2.8 | Gene family evolution

We performed gene family clustering using the OrthoFinder pipe-
line. Based on the inferred gene family statistics, we quantified gene
family copy number evolution using a random birth and death model
in CAFE (Mendes et al., 2020). Expansions or contractions were con-
sidered significant if p-vValues <.01.

Ignoring WGD events, we explored the role of tandem (copies lo-
cated next to each other) gene duplication. Specifically, tandem du-
plications were identified if two homologous genes (belonging to the
same gene family) were in neighbouring regions of a chromosome
(with fewer than 10 genes between them). We identified tandemly
duplicated genes in eight plant genomes including two mangroves
with recent WGD (Avicennia marina and Rhizophora apiculata), two
mangroves without recent WGD (Lumnitzera racemosa and C.erec-
tus), three non-mangroves (C. micranthum, E. grandis and P.granatum)
and L.racemosa. We then performed gene functional annotations
using eggNOG mapper (Cantalapiedra et al., 2021). Functional en-
richment analyses, including GO and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment, were complemented by Cluster-
Profiler (Yu et al., 2012).

We examined evolution of gene families involved in intense
light tolerance, auxin biosynthesis and cold tolerance pathways.
The genes involved in these pathways were identified by assigning
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A.thaliana homologues whose annotations were obtained from the
TAIR10 database. The presence of tandem duplications in these
pathways was examined in L.racemosa and the close relative Lum-
nitzera racemosa.

C-repeat-binding factors, key transcription factors in cold toler-
ance, experienced extensive tandem duplication in L.racemosa (see
below). We examined these homologues' expression profiles under
cold treatment using the transcriptome data of Zhang et al. (2023).
Clean sequences from each sample were aligned to the reference
genome using HISAT2 (v2.2.1) (Kim et al., 2019). Then, the generated
SAM files were sorted and converted to BAM files using SAMtools
(v1.9) (Li & Durbin, 2009). Transcriptome assembly was conducted
using the simplified StringTie workflow (v2.1.4), which directly es-
timates and analyses the expression of a given transcript in the ref-
erence genome annotation file. Gene expression fold change was
estimated using the R package ‘DESeq2’ (Anders & Huber, 2010).
We further normalized gene expression using z-scores and used the
R package ‘pheatmap’ to draw expression heatmaps.

2.9 | Detection of convergence in amino acid
substitution and gene family evolution

After its introduction to China, L.racemosa, like widespread native
mangrove species, adapted well to stressful and fluctuating inter-
tidal environments. To explore the underlying mechanisms, we
looked for molecular convergence between L.racemosa and three
other phylogenetically independent native mangroves - Avicennia
marina, Rhizophora apiculata and Aegiceras corniculatum. The three
mangrove clades are widely distributed in the IWP region and have
adapted well to varying intertidal conditions.

We first detected convergent amino acid (AA) substitutions
using the CCS (Convergence at Conservative Sites) framework (Xu
et al., 2017). For each independent mangrove species, we chose an
inland relative with a good genome assembly as the ingroup control.
In this case, we considered four mangrove:non-mangrove pairs: La-
guncularia racemosa (Combretaceae, Myrtales) and Punica granatum
(Lythraceae, Myrtales), A.marina (Acanthaceae, Lamiales) and Mim-
ulus guttatus (Phrymaceae, Lamiales), R. apiculata (Rhizophoraceae,
Malpighiales) and Carallia pectinifolia (Rhizophoraceae, Malpighiales),
A. corniculatum (Primulaceae, Ericales) and Primula veris (Primula-
ceae, Ericales). Oryza sativa was used as the outgroup to infer the
AA ancestral states. Phylogeny of the nine species was constructed
according to the APG IV system.

Protein-coding genes were clustered into gene families using Or-
thoFinder. Within a gene family, we first identified orthologs in each
mangrove:non-mangrove species pair by choosing the gene pair with
the highest BLAST score. We then chose the O.sativa gene with
the highest BLAST score to each gene pair as the outgroup. Can-
didates with sequence identity <50% or match lengths <40% were
discarded. After aligning using MUSCLE and PAL2NAL, and filtering
genes shorter than 50 AAs, we retained high-confidence orthologs
(Edgar, 2004; Suyama et al., 2006).
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We next identified conservative sites as those where the out-
group (O) shared the same AA with all four inland species (N), i.e.,
O=N,;=N,=N;=N,. Conservative sites with all four mangrove
species (M) sharing a different AA were considered to have ex-
perienced convergent substitutions in all four mangroves, i.e.,
M,;=M,=M;=M,#0. As a control, we reversed the procedure and
counted sites where all mangroves shared the ancestral state, but all
non-mangroves had an alternative AA.

We also detected convergent gene copy number evolution in
salt-response pathways. In addition to the four mangrove:non-
mangrove pairs used above, we added three other inland spe-
cies (E.grandis, Populus trichocarpa and A.thaliana) to control for
the direction of expansion or reduction. Gene families in the
salt-response pathway were annotated looking for orthologs of
A.thaliana genes annotated as “response to salt stress” in the
TAIR database. We used the average gene copy numbers among
E.grandis, P.trichocarpa and A.thaliana as within-family controls.
We considered gene copy number expansion in mangroves as con-
vergently occurring only if (1) there were at least as many copies
in mangroves as in the corresponding non-mangroves in all pairs;
(2) the mangrove genomes contained more copies than the corre-
sponding non-mangrove in at least three pairs and (3) mangroves
had at least one more copy on average compared to the control
group. The same criteria were applied to infer convergent expan-
sion in non-mangroves. Similar criteria were used to infer conver-

gent contraction.

3 | RESULTS

3.1 | The current reforestation practice using
Laguncularia racemosa

We performed field surveys of mangrove vegetation on Hainan Is-
land, the areas where L.racemosa was originally introduced (Yalong
Bay) and subsequently expanded (Tielu Harbour). Mangrove forest
in Yalong Bay was previously dominated by Ceriops tagal and expe-
rienced large-scale dieback caused by flooding in 2011. L.racemosa,
therefore, was introduced for mangrove ecosystem restoration in
2012. After 10years of growth, we observed that L.racemosa has
established itself as the dominant species in both introduction and
diffusion areas (Figure 1d).

To investigate the influence of L.racemosa on native mangroves
specifically, we measured growth status of Ceriops tagal, a domi-
nant native mangrove, in the community with or without introduced
L.racemosa. C.tagal tree heights are similar on average in both com-
munities but have a greater variance when L.racemosa is present
(Figure 1e). Furthermore, C.tagal DBH levels are significantly lower
in the community with L.racemosa (Figure 1e). The planted L.rac-
emosa individuals grew to over 10 m and dominated the available
sunlight where it was originally introduced. Fierce interspecific
competition pushes other species to prioritize vertical growth over
physical strength as a means of accessing sunlight. As a fast-growing

mangrove, L.racemosa has exerted a significant influence on native

mangrove life history and habit.

3.2 | High-quality Laguncularia racemosa genome

We sequenced the genome of L.racemosa by incorporating PacBio
single-molecule real-time (SMRT) long reads and lllumina short
reads. We obtained 124 Gb (approximately 108-fold coverage) of
long reads with an average length of 12.45 Kb (Table S1; Figure S2).
We also generated 143 Gb of short reads (approximately 124-fold
coverage) with an average insertion size of 269 bp (Table S1).

We assembled the SMRT long reads into contigs and used the
short reads to correct sequencing errors. The final L.racemosa as-
sembly is 1105Mb, covering 90.4% of the genome (1221 Mb, esti-
mated using flow cytometry; Table 1; Figure S3). The longest scaffold
is 17.58 Mb, and the N50 length is 3.46 Mb (Figure 2a). The GC con-
tent of the assembly is 34.54% and the estimated heterozygosity
is ~1.96 sites per Kb. Genome validation revealed that 93.39% of
short reads could be uniquely mapped to the genome assembly. We
found complete structures for 96.0% of eudicot core genes listed in
the BUSCO database in the genome assembly (Table S2). Together,
these numbers indicate that our assembly is nearly complete and
accurately reflects the L.racemosa genome.

Using a homology-based search using RepeatMasker (v4.1.1) and
RepeatModeler (v2.0.1), we estimate that 66.96% (740Mb) of the
L.racemosa genome consists of repetitive sequences (Table S3). The
most abundant repetitive sequences are LTR-RTs, accounting for
44.60% of the genome. With repetitive sequences masked, we pre-
dicted 21,070 protein-coding genes, and the completeness assessed
by BUSCO is comparable to that of other high-quality genomes
(Table 1; Table S2; Hu et al., 2022; Xu et al., 2022). There are 1724

TABLE 1 Statistics of Laguncularia racemosa genome assembly.

Assembly feature Statistics
Genome size (Mb; flow cytometry) 1221
Total length (Mb) 1105
N50 (Mb) 3.46
Counts of N50 84
Counts of Contigs 6513
Longest (Mb) 17.58
Gene number 21,070
Annotated gene number 20,926
Average gene length (Kb) 6.1

TE content (%) 66.96
TE length (Mb) 740.07
Heterozygosity (sites/Kb) 1.96
GC content (%) 34.54
BUSCO completeness (%) 96

Abbreviation: GC, guanine/cytosine; TE, transposable element.
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Kb), repeat sequences (17.93%-98.55% per 200 Kb), LTRs (0%-80.12% per 200 Kb), gene number (0-21 per 200 Kb) and scaffold length.
The calibration tails are 5Mb apart. The plot was generated using Circos (http://www.circos.ca/). (b) Phylogenetic tree of L.racemosa and

its relatives. Estimated divergence times of Combretaceae species are shown beside the nodes. The blue node bars are 95% confidence
intervals. Red dots indicate the four fossil calibration nodes (see Section 2). Mangrove species are marked in red. The inset on the top left
shows that historical climate change was adapted from Zachos et al. (2008). (c) Low TE activity of L.racemosa and other mangroves. The left
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genes annotated as transcription factors, classified into 73 families
(Table S5). Among them, MYB, C2H2, AP2, BHLH and NAC are the
dominant classes.

3.3 | Intertidal zone invasion during global
warming events

Using the whole-genome sequences, we first inferred the L. racemosa
origin time. Its invasion of intertidal zones from inland ancestors can
be constrained since it must have occurred after divergence from in-

land species and before separation from closely related mangroves.

The Combretaceae mangrove genus Lumnitzera, considered to be
the closest Laguncularia relative, the inland plant C. micranthum and
another mangrove species C.erectus were used for the inference.
With an additional seven plant genomes, we identified 938 highly
conserved single-copy orthologs to reconstruct a phylogenetic tree
using RAXML (Stamatakis, 2014). Consistent with previous studies,
the closest L.racemosa relative is the Lumnitzera genus compris-
ing mangrove species Lumnitzera racemosa and Lumnitzera littorea.
Combretum micranthum and Conocarpus erectus form a sister group
(Figure 2b; Figure S4; Tan et al., 2002).

This phylogeny, particularly the fact that the Laguncularia and
Lumnitzera genera include only mangrove species, suggests that the
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mangrove genera diverged in a single event from inland ancestors.
However, their relationship with the inland plant genus Macropteran-
thes, not included in our analysis because no full genome sequences
are available, is in an unclear relationship with the two mangrove
genera (Berger et al., 2016). We, thus, expanded our taxonomic sam-
pling and reconstructed a phylogeny containing the three genera
already used and eight additional Combretaceae species. The ex-
panded sampling could only be accomplished by considering a small
subset of genes. We used ndhf, psaA and rbcl loci (Figure S5). The
expanded phylogeny still supports Laguncularia and Lumnitzera as
the most closely related genera, indicating a single mangrove origin.

We then inferred divergence times using a Bayesian approach
that takes advantage of four known fossils for calibration, imple-
mented in MCMCTREE (Figure 2b; Yang, 2007). Since Laguncularia
and Lumnitzera share the same ancestor, we treated their diver-
gence as the lower limit on the origin time. Divergence from the
Combretum-Conocarpus ancestor is then the upper limit. We esti-
mate the lower limit of the Laguncularia-Lumnitzera mangrove origin
at 34.5 Mya and the upper limit at 38.5 Mya. Just before that period,
the Middle Eocene Climate Optimum (MECO, ~40 Mya) resulted
in global warming of over 4°C, resulting in drastic sea level eleva-
tion (Zachos et al., 2008). The rapid sea level rise caused by global
warming may have forced the ancestors to adapt to intertidal envi-
ronments. The subsequent cooling may have led to the divergence
between Laguncularia and Lumnitzera, whose natural distributions

are mutually exclusive.

3.4 | Norecent TE activation or WGD events in
L.racemosa genome

Activation of transposable elements (TEs) introduces many genetic
changes and has been proposed to play important roles in rapid en-
vironmental adaptation of introduced species (Stapley et al., 2015).
66.96% (740Mb) of the L.racemosa genome consists of repetitive se-
quences, with long terminal repeat retrotransposons (LTRs) account-
ing for 44.60% (492Mb) of the genome (Table S3; Figure Sé). This
contrasts with previous studies of three independent mangrove clades
that found small genomes and few transposable elements in each case
(3.14%-8.16% of the genome consisting of TEs; Lyu et al., 2018).
Despite the high TE incidence, we found that TE activity is low
in L.racemosa. Our estimates of LTR retrotransposon insertion rates
are lower in L.racemosa and other mangroves than in non-mangroves
over the past 5million years (Figure 2c). Insertion of TEs in or near
genes usually represses gene expression by interrupting promoter
regions (Lerat & Sémon, 2007). We found fewer transposable ele-
ments 500bp or closer to genes in L.racemosa and other mangroves
than in non-mangroves (Figure 2c), suggesting little influence on
overall gene expression. Furthermore, there are 1942 processed
pseudogenes that originate from TE-dependent reverse transcrip-
tion events in L. racemosa, fewer than the 3179 in its relatives
(Table Sé). This evidence strongly suggests that TE activity is re-
pressed in the L. racemosa genome despite high extant transposable

element abundance. This is in line with observations from all man-
grove genomes available to date (Lyu et al., 2018). TEs do not appear
to have played a role in L.racemosa's rapid environmental adaptation
after it invaded intertidal zones.

Whole-genome duplications (WGDs) that produce many gene
duplications are also major driving forces of rapid environmental
adaptation (Feng et al., 2023; Magadum et al., 2013; Van de Peer
et al,, 2017; Xu et al., 2023). We identified 181 syntenic block pairs
(>five homologous gene pairs) in the L.racemosa genome, compris-
ing 2981 (14.12%) protein-coding genes. While such syntenic blocks
often indicate a past WGD event, the between-homologue Ks
(synonymous substitution rate) distribution across syntenic blocks
has a peak of around 1.3-1.7, larger than the divergence between
L.racemosa and E.grandis (Figure 2d). Thus, we find no evidence of
recent large-scale gene duplications in L.racemosa. To confirm the
results, we performed a syntenic analysis between L.racemosa and
V.vinifera, which experienced no WGD after the ancient y event. We
estimated that 66% and 45% of genes in the two species show collin-
earity with the other species. Among them, 1864 V. vinifera genes are
in two or more syntenic blocks in L.racemosa, but only 51 L.racemosa
genes are in two or more such blocks in V.vinifera (Figure S7). These
results are consistent with the previously identified lineage-specific
WGD event in the ancestor of Myrtales and indicate no recent WGD
events in L.racemosa (Hao et al., 2022; Myburg et al., 2014).

3.5 | Evolution of gene families and fast growth,
intense light and cold tolerance

3.5.1 | Gene family clustering and tandem gene
duplication identification

In addition to TEs and WGDs, individual (e.g. tandem) gene dupli-
cations result in gene copy number variation that often contributes
to environmental adaptation (Hu et al., 2023; Wang et al., 2021).
To identify tandem duplications, we first performed gene family
clustering in species used for phylogeny reconstruction described
above. The 21,070L.racemosa protein-coding genes were clustered
into 15,183 gene families, 56 of which significantly expanded and
142 contracted (Table S7).

We identified 1199 tandemly duplicated gene clusters in the
L.racemosa genome, involving 3166 genes. The proportion of tan-
dem duplications is higher than in mangrove clades that experienced
WGDs (Avicennia, Rhizophora; Table S8). Among mangroves, ge-
nomes of species without recent WGD (C.erectus, L.racemosa and
Lumnitzeraracemosa) have more functional GO terms and KEGG
pathways overrepresented among tandemly duplicated genes than
genomes that show strong signals of recent whole-genome duplica-
tions (A.marina and R. apiculata; Figures S8-510). This suggests that
tandem gene duplications are an important source of raw material
for evolution. We see an overrepresentation of GO terms describing
secondary metabolic and defence response processes, suggesting
the role of tandem gene duplication in local environment adaptation.
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3.5.2 | Tandem gene duplications and mangrove
reforestation

One of the overrepresented GO terms is cation transport which
plays key roles in a wide range of physiological functions in plants.
There are 36L.racemosa gene families that are involved in cation
transmembrane transport, contributing to pollen development,
metal ion transport and high salt stress tolerance (Figure 3a;
Table S9). Specifically, natural resistance-associated macrophage
protein (NRAMP) and zinc transporter (ZIP) families contribute to
preventing heavy metal toxicity and maintaining the absorption
of trace elements (Gao et al., 2018; Milner et al., 2013). Amino
acid permease (AAP) and multidrug and toxic compound extrusion
(MATE) gene families contribute to high salt damage protection
(Covarrubias et al., 2017; Pereira et al., 2019). Phosphor-base N-
methyltransferases (PMT) 1 and 2 are transcriptionally induced by
Pi starvation to maintain leaf growth (Ngo et al., 2022). Plasma
membrane-localized calcium ATPases (ACA) 12 and 13 proteins
are induced by UVB and osmotic stress and are involved in inflo-
rescence and vegetative growth (Figure S11; Limonta et al., 2014;
Yu et al., 2018). The species-specific tandem duplication of these
genes in L.racemosa may have promoted fast growth and adapta-
tion to stressful intertidal environments.

One of the most noticeable traits distinguishing L.racemosa from
other mangrove plants is its fast growth (Berger et al., 2006). Cor-
respondingly, tandem gene duplications in L. racemosa are uniquely
enriched in GO terms describing auxin biosynthesis processes (Fig-
ure 3a,b). Ten gene families are involved in this process and all of
them have undergone tandem duplications in L. racemosa, while in
the close relative Lumnitzera racemosa, six of 10 such gene families
did not show any tandem duplication (Figure 3b; Table $10). Among
those gene families, the cytochrome P450 CYP79B, aldehyde oxi-
dase (AAO), nitrilases (NIT) and acylamidohydrolase (AMI1) gene fam-
ilies belong to indole-3-acetic acid (IAA) biosynthesis pathways (Di
et al., 2016). Interestingly, Eucalyptus grandis, another fast-growing
species, also harbours gene duplications disproportionally involved
in hormone metabolic processes.

In addition to fast growth, another feature of L.racemosa is its
tolerance of high light intensity, making it suitable for forest resto-
ration in mudflats as a pioneer species. We examined the plant's “re-
sponse to high light intensity” pathway and found a conserved gene
copy number among species. However, we still found that the eth-
ylene response factor ERF5/6 gene family involved in high light in-
tensity tolerance experienced species-specific tandem duplications
in L. racemosa (four in L.racemosa and one in Lumnitzera racemosa).
The EFR6 gene family protein is a positive antioxidant regulator that
can rapidly respond to intense light (Figure 3e,f). It promotes stress
defence via transcriptional activation of WRKY33, STZ and MYB51
when exposed to osmosis (Dubois et al., 2013; Vogel et al., 2014).
Phylogenetic analysis shows that the ERF5/6 gene family forms two
clades in Combretaceae (Figure 3e). Tandem duplication in L.race-
mosa after its divergence from Lumnitzera racemosa created three
extra ERF5/6 copies.

MOLECULAR ECOLOGY | 9016
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Low temperature at high latitudes is a major factor constrain-
ing mangrove distribution. However, L.racemosa can tolerate low
temperatures and grow well when planted in high-latitude inter-
tidal zones (Li et al., 2020; Zhang et al., 2023). Among the genes
involved in plant cold tolerance pathways, we found that the C-
repeat-binding factor (CBF) coding gene has a species-specific tan-
dem duplication from two copies in Lumnitzera racemosa to 11 copies
in L.racemosa (see Section 2; Figure 3c; Figure 512). CBFs bind to
promoter sequences and regulate 10%-15% of cold-responsive
genes (Gong et al., 2020). Overexpression of CBF genes can increase
freezing tolerance without a low-temperature stimulus (Wisniewski
et al., 2015). All the tandemly duplicated copies retained conserved
functional domains, indicating functionality.

All the L.racemosa CBF copies show low expression in normal
conditions and can be activated by cold treatment, indicating the
involvement in cold response of all duplicated copies. Interestingly,
some of the copies were activated rapidly within 3h, while others
were activated later or even in the recovery stage (Figure 3d). Such
differential response CBF may facilitate the survival of L.racemosa
under cold stress and promote its recovery to normal physiological

function upon returning to optimal temperature.

3.6 | Convergent evolution with locally
dominant mangroves

When used for reforestation, L.racemosa tolerates a wide range of
salt levels and is resistant to low nutrition stress found in intertidal
zones. To explore potential molecular mechanisms underlying these
phenotypes, we chose three dominant native mangroves and tested

their genomes for convergent evolution with L.racemosa.

3.6.1 | Convergent amino acid substitutions and
tolerance to low nutrition

We identified 6266 high-confidence orthologs among L.racemosa,
three native mangrove species (A. marina, R. apiculata and A. cornicu-
latum) and their inland relatives. Of these, 15 genes carry conver-
gent AA substitutions in all four mangroves, while no such pattern
was found in the control non-mangrove group (p-value=3.0x 1073,
Fisher's exact test; Figure 4a; Table S11).

Genes harbouring these convergent AA substitutions are ho-
mologous to loci involved in nutrient transport and stress tolerance
(Table S11). Specifically, copper amine oxidase (CuAO) helps cell walls
strengthen under wound healing and pathogen attack (Fraudentali
et al., 2021). Alpha-amylases 3 (AMY3) are chloroplast-localized
endo-acting enzymes that can accelerate starch degradation con-
tributing to osmotic balance and protecting the photosynthetic ap-
paratus from oxidative stress (Thalmann et al., 2016).

Two convergently evolving genes are involved in nutrient up-
take. The PHT4;2, encoding a plastid-localized phosphate trans-
porter, contributes to Pi transport in roots (Fabianska et al., 2019).
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FIGURE 3 Tandem gene duplication and properties related to reforestation. (a) GO terms are overrepresented among tandem duplicated
gene families. The size and colour of bubbles represent gene numbers; p-values were calculated using Fisher's exact test. The red and
blue labels indicate hormone and ion transport-related GO terms. (b) Gene families involved in auxin biosynthesis are overrepresented

in Lagunculariaracemosa. The pink and blue represent L.racemosa and

Lumnitzera racemosa respectively. Bar heights reflect gene family

sizes. Dot sizes represent numbers of tandem duplicated genes in each family and crosses-mark families with no tandem duplication. (c)

Phylogenetic analysis of the CBF gene family in Arabidopsisthaliana, L.

racemosa and Lumnitzera racemosa. The green, pink and blue represent

A.thaliana, L.racemosa and Lumnitzera racemosa respectively. The numbers represent CBF gene copies in Laguncularia racemosa and
Lumnitzera racemosa. (d) Heatmap of the CBF gene expression in L. racemosa during experimental cold treatment. Each column represents a
different treatment stage. Each row represents a gene copy. Gene expression among stages is normalized using z-scores. (e) Phylogenetic

analysis of the ERF5/6 gene family in A.thaliana, L.racemosa and Lumn

itzera racemosa. The red names represent L.racemosa, and black marks

the other species. (f) The ERFé signalling pathway. Solid and dotted arrows represent direct and indirect interactions respectively.

NRT2.5, encoding a plasma membrane-localized high-affinity nitrate
transporter, improves NO, transport efficiency (Figure 4b; Ruffel
2021). The A149S convergent substitution in NRT2.5 exists
in only six of more than 200 orthologs from inland plants found

et al,,

in the UniProt database (Figure 4c; Table S12). We further found
that the same derived amino acid is shared by all sister species in
multi-species mangrove clades Avicennia (four species), Rhizopho-
raceae (nine species) and Lumnitzera (two species; sister species

85U8017 SUOWIWIOD BAEaID 3|qeoljdde aup Aq peuenob afe sejonie VO ‘8sn Jo se|ni Joj Areiq18ulluO A8]1/M UO (SUOTPUOD-PLE-SULBY/W0D A8 | 1M AlRIq | U [UO//:SdNY) SUORIPUOD pue swe L 8y} 88s *[9202/T0/62] Uo AriqiTauliuo Ao M ‘AseAlun veysBuoyz Aq £98€T'8660-GS.LT/TTTT OT/I0P/L00" A3 |1M ARe.q 1 |puluo//:Sdny WOl pepeoiumod ‘G ‘GZ0Z ‘86605G.T



ZHU ET AL MOLECULAR ECOLOGY D e WILEY 110f16
[ RESOURCES |
( ) Non-mangrove " (
a convergence . "8NTVE - ANy3 NRT2.5 PHT4:2
Ni N convergence 1
oo™ Mi=M(eMO 389 149 363 307 :i",’gacggitrs;emosa
1 L. racemosa O Mi--- E B Theobroma cacao
P granatum N 0---v AV D Cucumis sativus
_[R. apiculata ¢} M2 - — - | Sl N E Juglans regia
C. pectinifolia N2 oO---Vv [AV D Mucuna pruriens
A. corniculatum O M3-—-—-11 'S I E Medicago truncatula
{P. veris N3 0 ---Vv AV b Rhizophora mucronata
Ancestral | O A. marina (o] M4 - — - | S ' E RhIZOPhOfa {ap'/cu'lata
character { M. guttatus Na 0 -—-v AV B Cgr'allla pectlnlfo{la
0. sativa o 0O -—-W WV B RlC/nu§ communis
Artemisia annua
b) r———-—

A ——
-CBL7 - = >|NRT2.5
|@vcy

vy l“

Intracellular |

Root § i NRT2.5[

Extracellular ,

© [ Low Nitrate

pi ~Na'/H*

Intracellular
PHT1 Leaf
_ Extracellular
NO; * Pi

©]

3

Low Nitrate/Pi

N

Davidia involucrata

| Nelumbo nucifera

Egeria densa

Anthurium amnicola
Oryza sativa
Cinnamomum micranthum

oo Nolo oo oo o oo Ko Ro oo Koo oo RoRo Ko oo Ro o)
S e i e A e e O |
OO unnnomomnmnnmmnononuoononoumomnuonuomnmonuomonuon
rrrrr—rr—rrrr~~H "~~~ ~~~-~-*-**C ;-0 K=
>>>>>>>P>P0N>>>O>>O0O>00NO>>>>>> 0N
e e e R e T e T T e e e e e s e M e M I
S O A A A e A A e |
< <<<<K<<<<K<<<<<<K<<<<K<<<<<c<c<
DDODDDDDDODDNDDDDNODDNDDNDNDNNN NN N
4>04dA 4444444444444 zZzZz 4444444

T
T

T

T

T

T

T

T

T

T

T

T

Helianthus annuus T
Avicennia marina T
Mimulus guttatus T
Dorcoceras hygrometricum T
Nicotiana tabacum T
Aegiceras corniculatum T
Primula veris T
Actinidia chinensis T
T

T

T

T

T

A

FIGURE 4 Convergent evolution at conservative sites in Lagunculariaracemosa and three dominant native mangroves. (a) Convergent

site inference. The cladogram consists of four mangrove:non-mangrove pairs as ingroup species and O.sativa as the outgroup. O indicates
the outgroup state, M, is the character in mangroves and N, is the non-mangrove state. Mangrove convergence is inferred at conservative
sites where all non-mangroves retain the same character as the outgroup, i.e., N;=N,=N,=0. Among the conservative sites, mangrove
convergence is assigned if M; =M, =M, # O. The right panel shows examples of convergently evolving mangrove genes. Positions are

aligned to O.sativa protein sequences. (b) Sketch map of the signalling pathways with convergently evolving genes NRT2.5 and PHT4;2. (c) A
convergent amino-acid change A149S in NRT2.5 shared by independent mangroves at the alignment position indicated by the red arrow. The
tree was constructed using APG IV system with red branches and names representing mangroves.

of L.racemosa), but not in the most closely related inland species
(Figure S13). It, thus, appears that the A149S substitution in NRT2.5
has occurred after divergence from inland relatives and before dif-
ferentiation among sister species. The derived amino acid sequence
in L.racemosa may improve its adaptability to nitrate starvation in
intertidal zones (Reef et al., 2010).

3.6.2 | Convergent gene copy number variation and
salt tolerance

To focus on high salt tolerance, we examined convergently derived
copy number changes between L.racemosa and the three native
mangrove species. Among 515 gene families involved in high salin-
ity tolerance, we identified more convergent changes in mangroves
than in control inland species (Figure 5a,b). Specifically, there is one
convergent expansion and six convergent contractions of gene fami-
lies in four non-mangroves, while there are three and 11 in man-
groves (Figure 5b, Table S13).

Gene families that experienced convergent expansions in man-
groves include GST30, SAP5 and ATGRP7. For example, SAP5 has

two to eight copies in mangrove species (3.75 on average), but only
two to four in non-mangroves (1.75 on average). The gene exhibits
E3 ubiquitin ligase activity and may be induced by salt stress. It im-
proves salt tolerance by up-regulating the expression of endogenous
stress-responsive genes such as AtGols2 and reducing average sto-
matal apertures, acting as a positive regulator of the stress response
(Kang et al., 2011).

The most significant convergent gene contraction occurred
in the RAS1 (Response to ABA and Salt 1) family, a negative reg-
ulator of salt tolerance (Ren et al., 2010). Gene family clustering
shows that the RAS1 was completely lost in L.racemosa and na-
tive mangroves A.marina and R.apiculata, and was fragmented in
A.corniculatum (Figure 5d). This conclusion is further supported by
homologous sequence search throughout genome assemblies, and
the microsynteny of RAS1 and its 10 neighbouring genes among
mangrove:non-mangrove pairs (Section 2; Figure 5d). This indicates
that the RAS1 gene is convergently lost in L. racemosa and the three
native mangrove species.

The abscisic acid (ABA) biosynthesis pathway is induced by
exposure to salt stress, initiating downstream gene expression via

ABA signalling, and inhibiting seed germination. RAS1 is a positive
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gene copy number changes in mangroves than in non-mangroves. (b) Convergently expanded or contracted mangrove gene families. In each
gene family, gene numbers among species are normalized using z-scores. (c) The hypothesized RAS1 signalling pathway. The dotted box
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and four mangrove: non-mangrove pairs. Diamonds represent genic regions and the RAS1 gene is highlighted in purple. The dotted lines

indicate fragmentary gene copies.

regulator of core ABA signalling, regulating the interaction between
abscisic acid insensitive 1 (ABI1) and ABA receptor pyrabactin resis-
tance 1 (PYR1) (Figure 5¢; Nakashima & Yamaguchi-Shinozaki, 2013;
Ren et al., 2010). Since the loss of RAS1 has been shown to decrease
ABA sensitivity and enhance salt tolerance in A. thaliana, the conver-
gent loss of RAS1 should result in high salt tolerance of L.racemosa

and the other mangroves.

4 | DISCUSSION

Ecological restoration of the mangrove ecosystem is receiving in-
creasing attention because this ecosystem is crucial but has experi-
enced a heavy global decline. Non-native species are often used for
restoration because of their fast growth and high adaptability, which
may also make them invasive species. In this study, we assembled a

high-quality reference genome of L.racemosa, a dominant mangrove
species in AEP that is used for ecological restoration of mangrove
2022; Tomlinson, 2016; Xie et al., 2022;
Zhong et al., 2011). We inferred the origin of this newly sequenced

forests in China (He et al.,

mangrove clade in line with a global warming event. By performing
comparative genomic analyses, we explored why L.racemosa adapts
as well to stressful intertidal environments as natively dominant
mangroves and why it grows quickly and tolerates intense light and
low temperatures. Our results point to genomic features that un-
derpin the advantages of the non-native L.racemosa as a mangrove
reforestation species, and also provide molecular insight for its po-
tential invasiveness evaluation.

Like previously reported mangrove clades, L. racemosa originated
during a global warming event (He et al., 2020; Xu et al., 2017). After
invading intertidal zones, this mangrove clade diverged into Laguncu-
laria and Lumnitzera, currently occupying Atlantic-East Pacific (AEP)
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and Indo-West Pacific (IWP) regions respectively (Figure S1; Tomlin-
son, 2016; Xie et al., 2022). Given the weak dispersal ability of their
seeds and the long distances across the Pacific Ocean, we speculate that
the ancestor invaded intertidal zones in North Africa and dispersed in
two main directions with the African continent as the boundary (Fuster-
Calvo et al., 2021). Subsequent tectonic plate movements blocked gene
flow resulting in species divergence (Potter & Szatmari, 2009).

As apioneer mangrove species used for reforestation, L. racemosa
differs from other mangroves. It grows quickly and tolerates intense
light and cold. These properties may be caused by species-specific
genetic changes such as activation of TEs, WGDs or tandem gene
duplications. However, the L. racemosa genome does not have many
active TEs and does not appear to have undergone recent WGDs
that often promote rapid environmental adaptation. Although the
L. racemosa genome is rich in transposable elements, their activity is
repressed and may contribute little to rapid environmental adapta-
tion. Instead, TE activity repression seems to be a common strategy
among mangrove species to maintain genome stability in fluctuating
intertidal zones (Lyu et al., 2018).

Despite no WGDs or activated TEs, L. racemosa genome is rich
in tandem gene duplications. Compared with its closely related man-
grove Lumnitzera racemosa, species-specific tandem duplications
have occurred in many genes involved in auxin biosynthesis. Key
transcription factors that activate downstream responsive genes in-
volved in intense light and cold tolerance also experienced tandem
duplications (e.g. ERFé and CBFs). These tandem gene duplications
may explain L. racemosa's fast growth when introduced into mudflats
or grown at high latitudes. This is consistent with previous reports
that tandem gene duplications tend to be involved in rapid environ-
mental adaptation (Myburg et al., 2014; Wang et al., 2021).

Successful reforestation of intertidal zones also requires adapta-
tion to environmental stressors such as extremely high salinity and
low nutrition. We identified convergently evolved amino acid site
substitutions and copy number variations among L. racemosa and
three dominant native mangroves. In particular, the convergent AA
substitution A149S in the NRT2.5 gene encoding a nitrogen trans-
porter likely occurred during the invasion of intertidal zones (Ruf-
fel et al., 2021). The extensive convergent expansion/reduction
of genes involved in salt stress resistance, such as the loss of the
RAS1 gene, are strong signals of adaptive evolution. The convergent
changes may be important for the wide distribution of native man-
groves and the reforestation in exposed mudflats using L. racemosa.

Our results also indicate that L. racemosa could become invasive
(Guetal., 2019; Lietal., 2020). Field surveys suggest that L. racemosa
grows quickly and has the potential to outcompete native mangrove
species. The obtained genomic changes render L. racemosa resis-
tant to high salinity and low nutrition to an extent comparable to
the widely distributed IWP mangroves. In addition, tandem gene du-
plications allow L. racemosa to produce more seedlings and tolerate
more intense light and cold than other mangroves. These may confer
on L. racemosa the potential to replace native mangrove species or
even decrease species diversity of native ecological communities.
Indeed, many ecological and physiological field surveys indicate that
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L. racemosa grows better than native mangroves and shows potential
invasiveness like Sonneratia apetala (Feng et al., 2021; Li et al., 2020).
In addition, L. racemosa's genetic diversity is higher than most IWP
region mangroves (He et al., 2022). This increased heterozygosity
may allow L.racemosa to survive in various environments where it
is introduced (Guo et al., 2018). Overall, our comparative genomic
analyses identified mechanisms of L.racemosa intertidal adaptation
that is shared with dominant native mangrove species. The identifi-
cation of the molecular mechanisms underlying fast growth, intense
light and cold tolerance also provides the basis for evaluating L.rac-
emosa's invasiveness potential and informing decisions about its use
for ecological restoration.
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