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SUMMARY

Adaptation to new environments is a key evolutionary process which presumably involves complex geno-
mic changes. Mangroves, a collection of approximately 80 woody plants that have independently invaded
intertidal zones >20 times, are ideal for studying this process. We assembled near-chromosome-scale gen-
omes of three Xylocarpus species as well as an outgroup species using single-molecule real-time sequenc-
ing. Phylogenomic analysis reveals two separate lineages, one with the mangrove Xylocarpus granatum
and the other comprising a mangrove Xylocarpus moluccensis and a terrestrial Xylocarpus rumphii. In con-
junction with previous studies, we identified several genomic features associated with mangroves: (i) sig-
nals of positive selection in genes related to salt tolerance and root development; (ii) genome-wide elevated
ratios of non-synonymous to synonymous substitution relative to terrestrial relatives; and (iii) active elimi-
nation of long terminal repeats. These features are found in the terrestrial X. rumphii in addition to the two
mangroves. These genomic features, not being strictly mangrove-specific, are hence considered pre-
adaptive. We infer that the coastal but non-intertidal habitat of X. rumphii may have predisposed the com-
mon ancestor to invasion of true mangrove habitats. Other features including the preferential retention of
duplicated genes and intolerance to pseudogenization are not found in X. rumphii and are likely true adap-
tive features in mangroves. In conclusion, by studying adaptive shift and partial shifts among closely related
species, we set up a framework to study genomic features that are acquired at different stages of the pre-
adaptation and adaptation to new environments.

Keywords: comparative genomics, intertidal zone, mangrove, new environment, pre-adaptation, Xylocar-
pus.

INTRODUCTION Mangroves are woody plants inhabiting intertidal zones.

These environments are at the interface of land and sea
question in biological evolution. It is usually a long and and, therefore, are extremely harsh for woody plants, with
complex process involving multiple genetic changes. One high salinity, daily fluctuating tides, strong ultra-violet (UV)
important yet unresolved question is how such a complex light, and muddy anaerobic soils (Tomlinson, 2016).

Adaptation to a new environment is a most challenging

process can be completed. This is akin to the blind watch-
maker scenario whereby each step of the complex process
has to be adaptive (Dawkins, 1996; Wu, Wen, et al., 2021).
We shall now use mangroves’ adaptation to the tropical
intertidal zones as a window to investigate the adaptation
to new environments.

Although different from seagrasses, the angiosperms that
have adapted to the submarine environments (Olsen
et al., 2016), mangrove species have also adapted to many
marine environmental conditions. Despite the wide geo-
graphical distribution of their habitats, there are fewer than
80 mangrove species scattered across the vascular plant
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phylogeny (Duke, 2017). The general view is that it is extre-
mely difficult for woody plants to invade these intertidal
habitats. Nevertheless, the few that succeeded have been
highly successful.

Many of the mangrove species have evolved highly spe-
cialized characters such as salt tolerance, aerial roots, and
viviparous embryonic development (Tomlinson, 2016).
Several mangrove lineages show convergent genomic fea-
tures, including more frequent non-synonymous nucleo-
tide substitutions in mangroves than in their relatives,
elimination of transposable elements, and unusual amino
acid usage and substitutions (Xu, He, Zhang, et al., 2017;
Xu, He, Guo, et al., 2017; Lyu et al., 2018; He et al., 2020).
A few other features appear to be mangrove-specific but
the signals are not strong enough to be conclusive, such
as positive selection in genes related to viviparity and the
red bark (Xu, He, Zhang, et al., 2017). These patterns
require extensive modifications of the genome, rather than
a few point mutations in a specific site or gene. It is
unclear how these genomic adaptations have occurred.

In this context, we wish to bring in the concept of pre-
adaptation. Historically, pre-adaptation referred to evolu-
tion of structures that are not immediately beneficial, but
would become useful in a new environment (Bock, 1958;
Cadotte et al, 2018). In the modern literature, pre-
adaptation has come to mean a process that involves step-
wise changes that are useful in intermediate habitats that
only partially resemble the eventual new environment
(Dieterich & Sommer, 2009). Hence, extant species inhabit-
ing these intermediate environments may appear ‘pre-
adapted’ to a new habitat conquered by their relatives. By
this narrower definition, pre-adaptive characters are mech-
anistically connected to the eventual adaptation, while
according to the classical definition pre-adaptive traits sim-
ply happen to be adaptive by chance (see also Supplemen-
tary Note S1 in the supporting information).

In this study, we adopt the modern definition of pre-
adaptation. Applied to mangrove evolution, this process
would involve initial invasions of aquatic environments or
coastal areas close to the intertidal zones. Adaptation dur-
ing these intermediate steps would then be crucial for final
adaptation to the true mangrove habitats. Traits beneficial
in these intermediate environments would appear ‘pre-
adapted’ to the intertidal habitats. Alternatively, mangrove
species may have evolved directly from completely terres-
trial ancestors, with the traits adapted to the intertidal life-
style having evolved de novo directly from terrestrial
plants. Previous studies could not distinguish between
these scenarios because they compared monophyletic
mangrove clades with terrestrial relatives. In those cases,
all evolutionary changes are interpreted as adaptation (He
et al., 2020; Lyu et al., 2018; Xu, He, Zhang, et al., 2017;
Xu, He, Guo, et al., 2017; Xu et al., 2020). Testing these
hypotheses would require multiple species of mangroves

and non-mangroves within a clade that have indepen-
dently colonized the new environment. The Xylocarpus
genus uniquely provides such an opportunity.

The genus Xylocarpus comprises two mangrove species,
Xylocarpus granatum and Xylocarpus moluccensis, and
one non-mangrove species, Xylocarpus rumphii. The two
mangroves occupy intertidal environments, whereas X.
rumphii only occurs on cliffs, rocks, and sandy lands on
coasts, beyond the high levels of sea tides (Figures 1b and
S1). Furthermore, X. granatum and X. moluccensis have
developed special root systems (Figure 1a), while X. rum-
phii has not (Duke, 2006; Duke, 2014). Most importantly,
we have previously shown that X. rumphii is phylogeneti-
cally nested with X. moluccensis, with X. granatum repre-
senting the outer branch (Guo, Guo, et al., 2018). This
unique phylogenetic pattern permits the identification of
shared, potentially pre-adaptive, characters between man-
groves and non-mangroves. We generated single-molecule
real-time (SMRT) long reads and assembled high-quality
genomes of the three Xylocarpus species, together with a
close relative, Swietenia macrophylla. Genomic analyses
were performed to address (i) whether an intermediate
stage of pre-adaptation has been involved in mangroves’
transition from the terrestrial to the mangrove lifestyle and
(ii) what genomic changes underlie the lifestyle shift of the
two mangroves.

RESULTS
l. Genome assemblies and phylogenomic analyses

Using PacBio SMRT sequencing technology, we obtained
77.27 Gb of long reads for X. granatum (resulting draft
genome size of 300.0 Mb), 148.69 Gb for X. moluccensis
(assembled size 280.9 Mb), 84.03 Gb for X. rumphii
(assembled size 218.3 Mb), and 139.27 Gb for S. macro-
phylla (assembled size 210.8 Mb; we refer to them as ‘the
four species’ hereafter; Tables 1, S1, and S2). All four
genomes were assembled with high quality and com-
pleteness, as indicated by the low number of assembled
contigs (Table 1), high N50 values (Table 1), high frac-
tions of lllumina reads mapped to the assemblies (Lang-
mead & Salzberg, 2012) (Table S3), and high rates of
benchmarking universal single-copy orthologs mapped
(Table S4). The assemblies of all three Xylocarpus species
are in good synteny with that of S. macrophylla (Fig-
ure S2). We predicted 31 704, 30 130, 27 968, and 33 069
protein-coding genes in the four genomes. The total
length of mRNA, the total length of coding sequence, and
the exon length are comparable in the four species, but
X. rumphii has a larger average number of exons per
gene (6.14 relative to 5.33-5.53) and average mRNA
length (Figure S3, Tables S5 and S6). Repeats accounted
for 54.34%, 41.69%, 22.34%, and 27.98% of the four gen-
omes (Table S7).
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Figure 1. Phylogeny and habitat differentiation of Xylocarpus species.
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(a) Dated phylogeny of 14 Sapindales species, with Arabidopsis thaliana as the outgroup. Numbers on nodes indicate node age, while white error bars are 95%
posterior probability ranges. Branch color indicates the ratio of non-synonymous to synonymous amino acid substitutions (evolutionary rate). Species names in
red indicate mangroves. Geological periods are indicated by the alternative background coloring. ‘P’ is short for ‘Pleistocene’ and ‘Q’ is short for ‘Quaternary’.
Photos show the root systems of the three Xylocarpus species on the right. Photos are from the Mangrove iD (Duke, 2014). (b) Habitats of Xylocarpus species
and Swietenia macrophylla from inland to intertidal zones. The dashed line indicates low tide levels. The illustrations of trees in the bottom panel are con-
tributed by the IAN Image Library (https://ian.umces.edu/media-library/).

Table 1 Features of the assembled genomes

Statistics X. granatum X. moluccensis X. rumphii S. macrophylla
Assembled genome size (bp) 300 049 238 280 868 920 218 264 657 270 800 498
Number of contigs 498 2982 1433 1364

Longest contig (bp) 9 335 078 6 078 191 6 097 399 7 877 045
Contig N50 (bp) (i-th contig) 3428 067 (33) 1396 120 (58) 2 631781 (31) 2 418 160 (34)
Contig N90 (bp) (i-th contig) 328 928 (124) 29 173 (1064) 107 396 (145) 152 978 (157)
Shortest contig (bp) 4698 364 1058 456

GC content 38.5% 37.6% 36.2% 32.9%
Number of gene models 31704 30 130 27 968 33 068
Number of pseudogenes 6282 6627 8873 7954
Retro-pseudogenes 962 917 1324 1131
Duplicated pseudogenes 1820 1933 2291 2380
Fragments of pseudogenes 3500 3777 5258 4443

Genomic phylogenies constructed using several meth-
ods consistently show that Xylocarpus is separated into
two lineages: (i) the mangrove X. granatum and (ii) the

other lineage consisting of the terrestrial species X. rum-
phii and the mangrove X. moluccensis (Figure 1a). We also
constructed phylogenies for each of the 2582 groups of
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orthologs using both maximum likelihood and Bayesian
inference methods, and then we inferred consensus species
trees from these gene trees. The consensus species trees
given by both methods are exactly consistent with the pre-
vious phylogeny constructed from concatenated sequences
(Figure 2a). When constructing gene trees for the orthologs
identified for the four Meliaceae species, we found that
95.8% of these single-copy genes (2249) showed three of
the 15 possible topologies (I, Il, and lll) with the three Xylo-
carpus species forming a monophyletic group (Figure 2b).
In particular, 62.8% (1473) of the genes showed topology |,
which is consistent with the species tree (Figure 2b). These
findings strongly support X. rumphii grouping with
X. moluccensis. We estimated that Xylocarpus diverged
from S. macrophylla at approximately 25.22 million years
ago (Mya) (95% highest posterior density [HPD]: 21.97-
29.39), X. granatum diverged from the other two sister spe-
cies at approximately 8.93 Mya (95% HPD: 7.42-10.35), and
X. moluccensis diverged from X. rumphii at approximately
6.84 Mya (95% HPD: 5.63-7.80) (Figure 1a).

Having determined the phylogeny, we can now ask how
the two mangroves became mangroves. They might have

de novo adapted to the intertidal environment in parallel
from an ancestor completely living on land without
encountering intertidal environments (de novo adaptation
model, Figure 3a). Under this model, the genomic features
associated with intertidal adaptations should be private to
X. granatum and X. moluccensis. Alternatively, before the
final adaptation to intertidal environments, the ancestors
might have evolved in an intermediate habitat such as
coastal areas close to the intertidal zone or aquatic fresh-
water habitats (Figure 3a). These adaptations in the inter-
mediate habitats might have pre-adapted the ancestor to
invade the true intertidal environments. In this case, some
genomic features associated with mangroves may be com-
mon among all three Xylocarpus species. We may distin-
guish the two hypotheses by uncovering genomic changes
of the species complex.

Il. Pre-adaptation indicated by genomic changes

Inhabiting a coastal environment usually adjacent to man-
grove forests, X. rumphii does not show morphological
characters typical for mangroves, such as the plank roots
of X. granatum or pneumatophores of X. moluccensis

@) (b) Topology | Abu  Topology IV Abu  Topology X Abu
Dimocarpus longan / Sma )S(gr / Xru
Xgr ma Xgr
. Xmo / Xmo Xmo
Acer Yangbiense ~ X' ~ Xru ~ sma
o Topology Il Abu  Topology V Abu  Topology XI Abu
Xanthoceras sorbifolium Sma Xgr Xru
/ Xru Xru / o
Pistacia vera / Xgr / Sma / Xgr
_ { Xmo Xmo Xmo
Sclerocarya birrea Topol n AbU  Tonology VI Abu Abu
0poogy/ Sma poley Xer TOPOIOgVXH/ Xru
X Xmo
Atalantia buxifolia me Xmo
Xgr Sma Xgr
] ) S Xru Xru = Sma
| Citrus medica Topology VII Abu Topology Xl Abu
Xmo Sma
Citrus grandis Xer / Xer
§ Sma Xmo
Fortunella hindsii — < Xru S Xru
Topology Vil Abu  Topology XIV Abu
Citrus reticulata ° §m° /< Sma
0 =} ru Xru
g g / Xgr Xgr
o0 = Sma Xmo
o
o Abu Abu
g g Topology IX xmo  Topology XV S
£ 3 Sma / Xmo
=
z 387 389 — Xgr Xer
S Xru = Xru
L— Swietenia macrophylla §
18 1 5
L— Aradopsis thaliana o .3 9 1011 8 9 9 12 2 2

2.0

Figure 2. Phylogenomic analyses of Xylocarpus and their related species.
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(a) Consensus species tree based on 2582 gene trees. (b) Fifteen possible topologies and the number of genes showing each topology. Abu, Sma, Xgr, Xmo,
and Xru are short for Atalantia buxifolia, Swietenia macrophylla, Xylocarpus granatum, Xylocarpus moluccensis, and Xylocarpus rumphii, respectively.
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(Figure 1a). It appears that these morphological characters
have de novo originated in the two mangroves. However,
some genomic features previously found to have conver-
gently evolved in mangrove species suggest a different
history.

High evolutionary rates. Mangrove adaptation is accom-
panied by elevated ratios of non-synonymous to synony-
mous amino acid substitutions (dN/dS) (Xu, He, Zhang,
et al.,, 2017). We observed a dN/dS ratio that is higher in
the whole Xylocarpus clade (0.291-0.318) than on other
branches (0.108-0.267), likely related to the transition to an
intertidal environment (Figures 1a and S4). Notably, the
dN/dS ratio on the X. rumphii branch was even higher than
that of the two mangroves (0.318 versus 0.291/0.299). The
higher dN/dS values in the Xylocarpus clade than in other
terrestrial species indicate that their genomes have pre-
served more radical amino acid substitutions, providing a
molecular basis for functional or character innovation.

Active elimination of transposons. Plant genomes feature
high proportions of transposable elements. In particular,
long terminal repeat retrotransposons (LTR-RTs) are usu-
ally the most dominant. However, mangrove species typi-
cally carry a reduced transposable element load, which is
considered a burden (Lyu et al., 2018). LTRs occupy
14.51% of the genome in X. rumphii and 15.73% in S.
macrophylla, falling in the second-smallest quartile among
angiosperms (Lyu et al., 2018). The LTR-RT proportion is
31.54% in X. granatum and 28.18% in X. moluccensis. We
identified 4372, 1832, 796, and 1456 LTR-RTs with LTRs on
both ends for the four species. Interestingly, X. rumphii
and S. macrophylla carry fewer LTR-RTs than the other
two taxa.

Solo LTRs or truncated LTR-RTs are usually relics of
eliminated intact transposons. The rate of LTR elimination
can thus be estimated by comparing the number of intact
LTR-RTs to that of solo LTRs and truncated LTR-RTs. We
identified 389, 222, 115, and 381 intact LTRs in the four
species. All three Xylocarpus species show much higher
solo LTR/intact LTR (S/I) ratios than S. macrophylla (5.00,
4.15, and 3.51 versus 0.79), indicating that elimination of
LTRs was much more active in the Xylocarpus ancestors
than in S. macrophylla (Figure 3c). Similarly, the ratios of
truncated to intact LTR-RTs (T/I) are higher in Xylocarpus
species (1.02, 1.73, and 2.21 versus 0.87) than in S. macro-
phylla (Figure 3d).

We identified many LTR-RTs as old as approximately
27-30 Mya preserved in the four genomes. However, X.
granatum harbors an excess of LTR-RTs younger than 20
My (Figure 3b) compared to the other species in this study.
Many of these X. granatum LTR-RTs are older than the
divergence of X. granatum from the other two Xylocarpus
taxa (approximately 9 Mya, Figure 1a). Hence, LTR-RTs

have been actively inserted into the genome of the Xylo-
carpus ancestor. However, higher proportions of the
inserted LTR-RTs have been eliminated from the genomes
of X. moluccensis and X. rumphii, resulting in the absence
of old LTR-RTs in these two species. In addition, an
increase in LTR-RT number was observed in both X. grana-
tum and X. moluccensis very recently (Figure 3b).

Many of the genes involved in salinity tolerance and root
development are under positive selection. Mangrove spe-
cies were shown to exhibit pan-exome modifications of
amino acid usage and unusual amino acid substitutions
(He et al., 2020; Xu, He, Zhang, et al., 2017). Among the
2582 orthologs identified in 15 species, 116 were deter-
mined to be under positive selection in X. granatum, 75 in
X. moluccensis, and 146 in X. rumphii (Figure 3e). Genes
positively selected in X. granatum are enriched for 10
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways, including steroid biosynthesis, glycerophospholipid
metabolism, and carotenoid biosynthesis (Table S8). Caro-
tenoids function as antioxidants (Tomasek et al., 2016).
Similarly, the four most enriched KEGG pathways of X.
moluccensis include betalain biosynthesis (Table S8). Beta-
lain is also an antioxidant (Kanner et al., 2001).

Mangrove species tolerate high salinity of intertidal
zones. Genes likely involved in salt tolerance were found
to be positively selected not only in the two Xylocarpus
mangroves but also in X. rumphii (Tables S9-S11). Some
examples are described below. Gene function annotations
were extracted from TAIR (https://www.arabidopsis.org/
index.jsp). Site-1 Protease (S1P) selected in X. granatum
helps protect seedlings against salt and osmotic stress.
The roots of the s7p-3 mutant are hypersensitive to NaCl,
KCI, LiCl, and mannitol. The Tetratricopeptide-repeat
Thioredoxin-Like 1 (TTL1) gene encodes one of the 36 car-
boxylate clamp (CC)-tetratricopeptide repeat proteins
which are required for osmotic stress tolerance. The genes
under selection in X. moluccensis also respond to salt
stress (e.g., CEST and S6K2). Expression of the Serine/
Threonine Protein Kinase 2 (S6K2) gene, which encodes a
ribosomal-protein S6 kinase, is induced by cold and salt.
Notably, many genes positively selected in X. rumphii are
involved in salt tolerance. The Defense No Death 1 (DND1)
gene encodes a mutated cyclic nucleotide-gated cation
channel that conducts K" and other monovalent cations
but excludes Na'. The Plant U-Box 19 (PUB19) gene is
involved in salt inhibition of germination. Salt Induced Zinc
finger protein 1(SIZ1) encodes a C2H2-type zinc finger pro-
tein that is involved in salt tolerance. Salt Tolerance Zinc
Finger (ST2) increases salt tolerance in a manner partially
dependent on ENA1/PMR2, a P-type ATPase required for
Li* and Na" efflux. Hal2-Like (HL) also encodes a 3'-
phosphoadenosine-5'-phosphate (PAP) phosphatase that is
sensitive to physiological concentrations of Na*. Similarly,
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Figure 3. Genomic signals of pre-adaptation to mangrove habitats in the Xylocarpus ancestor.

(a) Schematic diagrams of the hypothetical Xylocarpus evolutionary histories. The shade from black to red indicates the transition from a terrestrial to a man-
grove lifestyle, while orange represents an intermediate stage of pre-adaptation. (b) Age distribution of LTR insertions. (c) Ratios of solo LTR to intact LTR (S/1)
of the four species with different scaffold size cut-offs. (d) Ratios of truncated LTR-RT to intact LTR (T/I) of the four species with different scaffold size cut-offs.
(e) Genes under positive selection in each of the three Xylocarpus species. The x-axis shows log values of 2x(L; — Lo), where L, and L, are the likelihoods of the
alternative and the null model of the branch-site method. The y-axis shows the o values.

seagrasses have regained full salinity tolerance, likely
through the strong expression of a gene encoding a salt-
tolerant H'-ATPase in vegetative tissue (Olsen et al., 2016).

The three Xylocarpus species can be distinguished by
their root systems. Plank roots help X. granatum trees set-
tle on the hard mudflats of intertidal zones and pneu-
matophores help X. moluccensis exchange oxygen under
tidal inundation. Genes likely involved in root development
were also identified as adaptively evolving (Tables S9-S11)
in all three Xylocarpus species. The Arg1-Like 1 (ARL1)
gene is positively selected in X. granatum and X. rumphii.
It encodes a DnaJ-like protein similar to ARG1 and ARL2,
which are involved in root and hypocotyl gravitropism

responses. The AGCVIII Kinase 1-12 (AGC1-12) gene under
selection in X. moluccensis is also involved in first positive
phototropism and gravitropism. Genes encoding MIZU-
KUSSEI-like proteins (one gene in X. moluccensis and two
in X. rumphii) are under positive selection and play a role
in lateral root development by negatively regulating cytoki-
nin sensitivity during root development and positively reg-
ulating hydrotropism in roots. A gene encoding shoot
gravitropism 9, which modulates the interaction between
statoliths and F-actin in gravity sensing, and a gene encod-
ing a GRAS transcription factor, which regulates root and
shoot development, are both adaptively evolving in X.
rumphii.
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lll. Genomic evolution likely underlies true adaptation of
Xylocarpus mangroves

The genomic changes featured in mangrove species
described in the last section are common in all Xylocarpus
species, regardless of their being mangroves or not. These
genomic adaptations are interpreted as pre-adaptations
since the ancestors had not been adapted to the true man-
grove environment yet. In the following section, we
attempt to identify genomic changes underlying the paral-
lel adaptation to intertidal zones of the two mangroves in
our study.

Preferential retention of duplicated genes involved in man-
grove adaptation. Gene gain and loss play essential roles
in plant environmental adaptations (Wang, Wang, & Pater-
son, 2012; Xu et al., 2021). Whole genome duplication
(WGD) doubles all genes at once, with many genes lost
during the subsequent re-diploidization process. These
drastic gene copy number changes may result in adapta-
tions to new environments. We examined the presence of
WGD and the subsequent gene family evolution in Xylo-
carpus species.

By ascertaining collinear genomic blocks and analyzing
the Ks distribution of genes that reside in them (Wang
et al., 2010), we identified a WGD that occurred before
Xylocarpus diverged from Swietenia (Figures 4a and S5-
S9, Table S12). The WGD event was further dated at
approximately 63.05 Mya (95% HPD: 54.93-73.48). The age
of this WGD is close to that of the Cretaceous-Tertiary
Extinction Event (K/T event) and that of the crown node of
the Meliaceae family (Koenen et al., 2015). The WGD may
have helped the Meliaceae ancestor survive in the K/T
event and subsequently diversify.

Genes duplicated during a WGD can retain two, one, or
no copies in their current genomes (Table S13). With S.
macrophylla as control, we found that the two mangroves
are similar to each other in their gene retention patterns
and distinct from X. rumphii (Figure 4b). Particularly, the
mangrove taxa have preferentially retained more genes
with 2:2 and 1:1 ratios (for example, X. granatum:S. macro-
phylla = 2:2), while X. rumphii has more genes with a 2:0
ratio (Figure 4b, Table S13). Xylocarpus granatum retained
24 128 genes following the WGD event (including the loci
retained with all ratios), X. moluccensis retained 24 013
genes, and X. rumphii retained 23 048 genes, implying that
X. rumphii lost approximately 1000 more genes
(Table S13) than the other two taxa. The excess genes
retained in the two mangroves with ratios 2:2 and 1:1 are
enriched in many Gene Ontology (GO) terms including oxi-
doreductase activity, response to light intensity, response
to stress, and DNA mismatch repair (Tables S14 and S15).
Retention of these genes likely reflects adaptations to inter-
tidal environments with strong UV and high salinity. In

Adaptation to a new environment with preadaptions 1417

contrast, the GO terms related to macromolecule metabolic
processes and phosphorylation are overrepresented in the
excess genes retained in X. rumphii (Xru:Sma = 2:0,
Table S16).

We further compared X. moluccensis and X. rumphii to
X. granatum. We found that more genes are retained in X.
moluccensis in parallel with X. granatum (2:2 and 1:1, Fig-
ure 4c) than in X. rumphii. Many of these genes are func-
tionally enriched in response to stress, DNA mismatch
repair, and hydrolase activity (Table S17). However, X.
rumphii preferentially retained more genes completely lost
in X. granatum (2:0, Figure 4c), and these genes are func-
tionally enriched in macromolecule biosynthetic processes
(Table S17).

We also found that gene family contraction over-
whelmed expansion in the Xylocarpus genus, with X. rum-
phii showing the most drastic contraction (Figure S10).
Comparing the four species, we found that the number of
unique gene families (present only in one species) is lar-
gest in X. rumphii (2301) and the number of absent gene
families (absent in one species but present in all other spe-
cies) is also largest in X. rumphii (1434) (Figure 4e). These
genes absent in X. rumphii were enriched in 68 to 81 GO
terms (P < 0.01), many of which are related to mangrove
adaptation to the salty, rhythmically flooded intertidal
zone, indicated by GO terms such as response to water
deprivation, regulation of circadian rhythm, cell wall
macromolecule biosynthetic process, and xylan biosyn-
thetic process (Figure 4d, Table S18). Since rhythmical
tides are unique to intertidal zones, these genes may have
been important for the two mangroves to adjust to this
new circadian rhythm. The cell walls of the two mangroves
living in seawater may be distinct. Likewise, the seagrass
Zostera marina has re-evolved new combinations of struc-
tural traits related to cell walls by regaining the ability to
produce sulfated polysaccharides and low-methylated zos-
terin in cell walls (Olsen et al., 2016). In contrast, genes
unique to X. rumphii are enriched in only one GO term (ox-
idation-reduction process; P < 0.01). These genes are
enriched in 10 KEGG (Kanehisa & Goto, 2000) pathways (P
< 0.05), including sesquiterpenoid and triterpenoid biosyn-
thesis (Table S19).

Fewer genes are pseudogenized in the mangroves. Xylo-
carpus granatum has 3738 and X. moluccensis has 2162
more functional genes than X. rumphii (Table 1). In addi-
tion to gene loss during the post-WGD re-diploidization, X.
rumphii may have lost genes through pseudogenization.
We predicted 6282, 6627, 8873, and 7954 pseudogenes in
the four species. Consistently, X. rumphii indeed has 2591
more pseudogenes than X. granatum and 2246 more than
X. moluccensis. The increase in X. rumphii is significant,
using all genes of each species as control (Fisher exact
test, P <22x107'® in both comparisons with X
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Figure 4. Genomic changes underlying ecological differentiation between Xylocarpus rumphii and the two mangroves.

(a) Distribution of Ks values of collinear genes between blocks within the genome and between orthologous genes of closely related species or paralogs within
the same species. ‘Xgr.paralog’ indicates paralogs of Xylocarpus granatum, and the others indicate pairs of species. (b) Retention ratios inferred from compar-
isons of each Xylocarpus species against Swietenia macrophylla. (c) Retention ratios inferred from comparing Xylocarpus moluccensis or X. rumphii against X.
granatum. Asterisks above bar plots indicate P < 0.01. Notably, the P-value for “1:1" is 0.06. (d) Genes that are lost in X. rumphii but retained in the other three
species are enriched for GO terms related to mangrove adaptation. Bonferroni correction was used for multiple testing correction. (e) Venn diagram showing
gene clustering of the four species. (f) Numbers of simple sequence repeats with various lengths in the four species. (g) Enriched GO terms of X. granatum
pseudogenes. (h) Enriched GO terms of X. rumphii pseudogenes. The abbreviations for species names are: ‘Xgr' = X. granatum, ‘Xmo’ = X. moluccensis,
‘Xru" = X. rumphii, ‘Sma’ = S. macrophylla, 'Ath’ = Arabidopsis thaliana, ‘Dlo’ = Dimocarpus longan, ‘Shi’ = Sclerocarya birrea, and ‘Abu’ = Atalantia buxifolia.

granatum and X. moluccensis). Interestingly, the total
gene loss from both preferential WGD retention and
pseudogenization matches well with the shortage in
functional genes in X. rumphii (3671 versus 3738 in
comparison with X. granatum, and 3211 versus 2162 in
comparison with X. moluccensis). The pseudogenes are
classified into retro- and duplicated pseudogenes. The
former originated from WGD while the latter originated
from LTR activities. Both retro-pseudogenes (1933 and
1820 versus 2291) and duplicated pseudogenes (962 and
917 versus 1324) have occurred at a higher rate in X.
rumphii than in the two mangroves (Table 1). Notably,
retro-pseudogenes have higher GC content than

duplicated genes did (Table S20), because retrogenes
usually lack introns (Kaessmann et al., 2009). The GC
content of pseudogene fragments in X. rumphii was
higher than that in the other three species, indicating
that fragments of X. rumphii probably contain more
retro-pseudogene relicts (Table S20). GC content in
pseudo- and functional genes is usually higher than in
the whole genome (Tables S20 and 21). In short, the
two mangroves minimized the rate of pseudogenization
(pseudogene/functional gene ratios are 0.20 and 0.22,
compared with 0.32 in X. rumphii).

Pseudogenes of X. rumphii are enriched in GO terms
such as iron ion binding, photosystem, and responses to
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various signals (such as auxin, chemical, endogenous
stimulus, hormone, and organic substance; P < 0.05) (Fig-
ure 4g). These genes may be important in the two man-
groves and thus were retained in these species. Compared
to the highly dynamic intertidal habitats, environmental
conditions on the cliffs, rocks, and sandy land habitats of
X. rumphii may be more stable. Xylocarpus granatum
pseudogenes are preferentially associated with GO terms
related to pollination, DNA recombination, terpene syn-
thase, response to auxin, and response to stress (P < 0.05,
Figure 4h). The pseudogenes of both X. moluccensis and
S. macrophylla are enriched in GO terms hydrolase activity
and iron ion binding (Figures S11 and 12). Notably, X.
moluccensis pseudogenes are also enriched in potassium
ion transmembrane transporter activity (Figure S11).

Intolerance of simple sequence repeats. In addition to
the changes in functional genes and pseudogenes, repeat
sequences may have also evolved differently as the Xylo-
carpus species invaded different environments. As
described above, LTR insertions and eliminations were
active in all three species in ancient times, but the inser-
tions were repressed in X. rumphii recently (Figure 3b). In
contrast, the occurrence of simple sequence repeats in
the X. rumphii genome is twofold more frequent than in
the other two species (2.66% against 1.06% and 1.68%,
Table S7). As long simple sequence repeats are more
likely to have an evolutionary influence on the genome,
we compared the number of simple repeats of various
lengths among the four species. The two mangroves
have many fewer simple repeats with lengths from 20 to
1000 bp than X. rumphii (Figure 4f, Table S22). In particu-
lar, the two mangroves have nearly no (0 in X. granatum
and five in X. moluccensis) long simple repeats
(>1000 bp), but X. rumphii has 36 in its genome (Fig-
ure 4f, Table S22). However, the majority of these simple
sequence repeats are inserted in intergenic regions and
intronic regions, and very few of them occur in exons
(Table S23).

DISCUSSION

How a species adapts to a new environment is one of the
most intriguing questions in evolutionary biology. We
used mangrove plants, which have adapted to the extreme
conditions of intertidal zones, to disentangle the complex
processes of genomic adaptation underlying the shift from
a terrestrial to an intertidal lifestyle. By investigating the
genomes of three Xylocarpus species and their close rela-
tive S. macrophylla, we show that the two mangroves have
shifted from a terrestrial to an intertidal lifestyle through a
long and gradual process, with stages of pre-adaptation
and final adaptation.

The ancestor of Xylocarpus had adapted to intermediate
habitats before the final shift to true intertidal habitats.

Adaptation to a new environment with preadaptions 1419

Xylocarpus ancestors might have lived close to coasts,
with a preliminary ability to tolerate salinity and primitive
root systems. Some genomic features, such as high dN/dS
ratios, active elimination of LTRs, and positive selection on
genes related to adaptive morphological and physiological
traits, have pre-adapted the genomes for the final shift to
the true intertidal habitats. From such pre-adapted ances-
tors, the two mangroves subsequently adapted to the true
intertidal habitat, facilitated by genomic changes including
preferential retention of duplicated genes and intolerance
of pseudogenization. It is notable that the so-called man-
grove associate species, which are plants inhabiting both
intertidal and terrestrial environments, have been consid-
ered somewhat preliminary mangroves (Ricklefs
et al., 2006). There are more than 20 species of mangrove
associates, belonging to various plant families (Duke, 2014;
Mao et al., 2021). The ancestors of Xylocarpus mangroves
and other true mangrove taxa have perhaps had life histo-
ries similar to the current mangrove associate species. One
may also hypothesize that all three Xylocarpus taxa lived
in intertidal zones but X. rumphii changed to its current
habitat later, assuming the Xylocarpus common ancestor
adapted to the intertidal environments and X. rumphii
reverted to living along terrestrial coasts. However, this
hypothesis is much less likely, because (i) this assumption
is much more complicated than our ‘pre-adaption hypothe-
sis’ and (ii) the genomic changes of X. rumphii (intensified
pseudogenization and simple sequence repeat insertion)
do not appear to be beneficial for living in coastal rock and
cliff habitats.

Using the mangroves as a model, we set up a frame-
work for distinguishing the stages of the complex adap-
tive process to a new environment. Genome-wide
adaptations to lifestyle shifts have long been investigated.
Several genomic mechanisms were proposed to have
played essential roles in many taxa returning to the seas,
such as coding gene expansion, rapid evolution of
protein-coding genes, and evolution of transposon ele-
ments in sea snakes (Peng et al., 2020), positive selection
on specific genes and pseudogenization in sea otters
(Beichman et al., 2019), and genomic gain and loss of
specific genes in seagrasses (Olsen et al., 2016). Interest-
ingly, streptophyte green algae developed multiple traits
that represent the first step on the long road of plant ter-
restrialization (Wang et al., 2020). Although these geno-
mic changes presumably accrued gradually during long-
term processes, the previous studies have not attempted
to distinguish stages of evolution. By investigating the
mangrove transition to intertidal environments, we made
one more step toward understanding the details of adap-
tation to a new environment.

Our study identified evolutions on multiple levels during
the mangrove transition to intertidal environments. These
evolutionary mechanisms are also generally found in other

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 111, 1411-1424

85UB017 SUOWLOD SAIRS.D 3|qeatjdde ays Aq peusencd a1e S3fo e YO ‘88N JO S3INJ 10} ARIq1T BUIUO AB]IM UO (SUO BIPUOD-PUR-SLLBY WD A8 | 1M Afe1q 1 [pulUO//SARY) SUOIIPUOD PUe SWB | 8U3 89S *[9202/T0/ST] uo AreigiTauliuo A|Im ‘Aiseaun ueysbuoyz Aq 668ST [dYTTTT OT/I0p/wW00" A8 | 1M AReiq iUl uo//SdnY W01} poPeoUMOq ‘G ‘Z20C ‘XETESIET



1420 Zixiao Guo et al.

taxa. Evolutions of protein-coding genes, including gene
gain and loss and amino acid substitutions in coding
sequences, are at the center of adaptations to new environ-
ments. Transition from terrestrial to marine life in Shaw’s
sea snakes (Peng et al., 2020), sea colonization by sea-
grasses (Olsen et al., 2016), scorpions surviving extreme
climate changes (Cao et al., 2013), desiccation tolerance of
desert mosses (Silva et al., 2021), and Shanputao cold tol-
erance (Wang et al., 2021) are all associated with an
increase of coding gene number. Gene loss also con-
tributes to adaptation to new environments, such as pseu-
dogenization of olfactory receptor genes in sea otters
(Beichman et al., 2019) and loss of some angiosperm inno-
vations in seagrasses (Olsen et al., 2016). Evolution of
amino acid substitutions is usually interpreted as positive
selection, such as in polar bear adaptation to the high arc-
tic (Liu et al., 2014), Tibetan wild boar adaptation to high
altitudes (Li et al., 2013), and aquatic adaptation of sea
otters (Beichman et al., 2019). Evolution of transposon ele-
ments has also contributed to adaptation to a new environ-
ments, for example, in Shaw's sea snakes (Peng
et al., 2020). Our study of mangroves revealed that amino
acids (higher dN/dS ratios and genes under positive selec-
tion) and transposon element evolution seem to have
played most important roles during intermediate stage
adaptation, i.e., pre-adaptation, and gene gain (preferential
retention of duplicated genes) and loss (intolerance of
pseudogenization) likely contributed more to adaptation to
the true intertidal environments. We suggest this stepwise
evolution in a new environment is general in other taxa,
with diverse genomic mechanisms involved in the process.

Analysis of evolutionary history provides insights useful
for conservation. Mangrove plants bear the brunt of sea-
level changes as they are strictly constrained in very nar-
row intertidal habitats along seacoasts. The rising sea
levels necessitate careful conservation for mangrove
ecosystems to sustain their ecological services in protect-
ing coasts, supporting intertidal biodiversity, mitigating
the effects of typhoons, and carbon sequestration (Barbier
et al., 2011; del Valle et al., 2020; Guo, Li, et al., 2018).
Despite the many adaptive features, mangrove species are
commonly low in genetic diversity (Guo, Li, et al., 2018).
Consistently, we also found decreasing effective popula-
tion sizes in Xylocarpus species in the past 100 000 years
using the pairwise sequential Markov coalescent method
(Li & Durbin, 2011) (Figure S13). This low genetic diversity
indicates that the individuals in current mangrove popula-
tions are highly homogenous, reducing the possibility of
evolving new ecotypes from standing variations. The cur-
rent mangrove species have adapted to intertidal environ-
ments through long-term evolution, with multiple genomic
changes during the pre- and final adaptation. The pro-
jected sea-level rise can reach one meter before the end of
this century. It is unlikely that mangrove species will be

able to adjust to living in a much more flooded environ-
ment or colonize inland habitats in response to the con-
temporary sea-level rise. Therefore, slowing the rate of
sea-level elevation is essential to protect mangrove ecosys-
tems.

EXPERIMENTAL PROCEDURES
Sampling and genome sequencing

We collected X. granatum and X. moluccensis tissue samples
from the Dongzhai Harbor Mangrove Reserve, Haikou, China
(19.9°N, 110.6°E), X. rumphii samples were from Singapore
(1.4°N, 103.7°E), and S. macrophylla samples were from Sun
Yat-Sen University, Guangzhou, China (23.1°N, 113.3°E). Fresh
leaves from adult individuals were collected for DNA sequenc-
ing, while leaves, flowers, or roots were collected for RNA
sequencing. We used TIANamp Plant DNA Kits (Tiangen, Beijing,
China) and the modified CTAB method (Doyle & Doyle, 1987) to
extract DNA. TRIzol Universal Reagent (TIANGEN, Beijing, China)
was used to extract RNA from the sampled tissues. Xylocarpus
granatum, X. moluccensis, X. rumphii, and S. macrophylla gen-
omes were generated using SMRT sequencing, supplemented
with Illumina reads. Methods used for genome sequencing,
assembly, and annotation are detailed in Supplementary Note S1
in the supporting information. These genomes were sequenced
as part of a project aiming to sequence most mangrove species
worldwide (He et al., 2022).

Phylogenomic analyses

Ortholog groups were inferred for the four species together with
additional 11 closely related taxa (Table S24) using OrthoFinder
(Emms & Kelly, 2019). In the all-vs-all blast, the e-value cut-off
was set to 1.0x107%. We found 54 single-copy ortholog groups
with only one member in each of the 15 species. Coding
sequences from each single-copy ortholog group were aligned
using a combination of MAFFT (Katoh & Standley, 2013) and
PAL2NAL (Suyama et al., 2006). To reduce false-positive variants,
we further refined the alignments using GBLOCK (Talavera & Cas-
tresana, 2007) to filter out hypervariable regions. All 54 align-
ments were longer than 150 bp. We concatenated the sequences
of these 54 genes to construct the phylogeny for the 15 species.
We used maximum likelihood methods to construct this phy-
logeny with PhyML (Yang, 2007) and RAXML (Stamatakis, 2014).
The GTR + | + G model was selected using ModelTest (Posada &
Crandall, 1998). One hundred bootstrap replicates were used to
estimate posterior probabilities.

As described above, we identified only 54 strictly single-copy
ortholog groups in the 15 species, which may be attributed to the
fact that many genes in our four focal taxa retained paralogous
copies from a recent WGD. To reduce paralog bias, we used
Notung 2.9 (Chen et al., 2000) to reconcile gene trees constructed
from ortholog groups inferred by OrthoFinder (Emms &
Kelly, 2019). Facilitated by the reconciled gene trees, orthologs of
the four species were first inferred from low-copy ortholog groups
with Atalantia buxifolia as the outgroup. Using these orthologs as
seeds, we identified orthologs for each of the other 11 species by
choosing the candidate with the highest sequence similarity. As a
result, we obtained 2582 high-confidence single-copy orthologous
groups. We reconstructed the 15-species phylogeny using these
2582 orthologs following the methods described above. We also
constructed trees for each of the 2582 orthologous groups using
both RAxML (Stamatakis, 2014) and exaBayes (Aberer
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et al., 2014). The gene trees were used to generate a consensus
species tree using ASTRAL (Mirarab et al., 2014).

To further check the relationships among the four species, we
also used OrthoFinder (Emms & Kelly, 2019) to identify 2347
single-copy genes from orthologous gene groups of the three
Xylocarpus species, S. macrophylla, and Citrus grandis (out-
group). For each ortholog, we constructed a gene tree with
RAXML. We counted the number of gene trees with different
topologies.

The reconstructed phylogeny was further dated using
MCMCTREE implemented in PAML (Yang, 2007). Several reliable
pieces of fossil evidence were placed on the phylogenetic tree for
calibration (see Supplementary Note S1). We sampled one chain
every five steps, retaining 1000 000 samples. Before sampling,
1 250 000 iterations were discarded as burn-in. The ratio of non-
synonymous to synonymous amino acid substitutions (dN/dS) on
each branch of the 15-species phylogeny was estimated using
codem! implemented in PAML (Yang, 2007). Gene family (ortho-
log group) size evolution was inferred for the 15-species phy-
logeny using CAFE (De Bie et al., 2006).

LTR analyses

We used LTRharvest (Ellinghaus et al., 2008) for de novo predic-
tion of LTR-RT elements in the genomes of the four species. An
LTR-RT was identified if it has an internal domain of 1 to 15 kb
flanked by a pair of putative LTRs with lengths 100 to 1000 bp and
sequence similarity over 90%. We estimated the ages of the LTR-
RT insertions based on the divergence between the 5'- and 3'-
LTRs within each LTR-RT (SanMiguel et al., 1998). We aligned the
sequences of each pair of LTRs with MUSCLE and calculated
genetic distances using the Kimura two-parameter method
(Kimura, 1980). Insertion times were calculated by scaling genetic
distances by LTR mutation rates, which were assumed to be twice
the genomic average (Ma & Bennetzen, 2004). We estimated aver-
age genomic mutation rates as 5.02x107°, 4.18x107°, 4.54x10°°,
and 3.79x107° per site per year in each of the four species
(Table S25).

Next, LTRdigest (Steinbiss et al., 2009) was used to annotate
the internal sequences of candidate LTR-RTs. The candidates with
complete Gag-Pol were retained as intact LTR-RTs. We identified
unpaired LTRs (solo LTRs and truncated LTR-RTs) by identifying
sequences with high sequence similarity to the LTRs of intact LTR-
RTs. The intact LTR-RTs from all four species were pooled and
blasted against each genome. We saved the paralogous
sequences (blast hits) with >90% overlap, >90% identity, and e-
value < 1x107'° with any intact LTR-RTs as candidate paralogs.
We then searched the flanking 3000-bp sequences (both upstream
and downstream) of each candidate paralog against the GyDB2.0
(Llorens et al., 2011) database with tblastn. A candidate paralog
was accepted as a truncated LTR-RT if its flanking sequences cov-
ered >560% of any Gal-Pol sequence with identity > 30% and e-
value < 1x1078, Candidate paralogs that were not accepted were
identified as solo LTRs.

We followed Lyu et al. (2018) to estimate the removal rates of
LTR-RTs in each species. SiLiX (Miele et al., 2011) was used to
assign LTR-RTs into a cluster if their 5’-LTR sequences overlapped
with coverage > 70% and identity > 60%. Each of the solo LTRs
and truncated LTR-RTs identified above was assigned to the clus-
ter with its most similar intact LTR-RT. In each LTR cluster, we
counted the number of solo LTRs (S), truncated LTR-RTs (T), and
intact LTR-RTs (I), allowing us to estimate T:I and S:I ratios. We
repeated the estimation process with increasing scaffold size cut-
offs to avoid false-positive findings of solo LTRs and truncated

LTR-RTs due to the discontinuous assembly of scaffolds. Once val-
ues stopped changing with scaffold size, we retained the final esti-
mates.

Gene evolution analyses

Using the method detailed in Supplementary Note S1 in the sup-
porting information, we inferred that the common ancestor of the
four species had doubled its whole genome (Figures S5-S9). We
then explored the gain and loss of genes duplicated in the WGD
by comparing the four species in pairs. For each species pair, we
identified collinear genes within species and between species
using MCScanX (Wang, Tang, et al., 2012). Gene pairs with Ks val-
ues significantly deviating from the WGD peak, which are less
likely to have originated from the WGD event, were removed. We
used the package igraph (https://igraph.org/redirect.html) to infer
retained gene ratios (specifically 1:1, 2:2, 1:2, 2:1, 2:0, and 0:2) in
the two compared species.

We predicted pseudogenes in each species using PseudoPipe
(Zhang et al., 2006) with default parameters. We removed pre-
dicted pseudogenes that overlapped with functional genes. We
conducted GO enrichment analysis using the R package clus-
terProfiler 4.0 (Wu, Hu, et al., 2021).

The branch-site model implemented in PAML (Yang, 2007)
was used to detect genes under positive selection. This method
allows dN/dS (w) to vary among both branches of the phy-
logeny and sites in the protein, aiming to detect positive selec-
tion affecting a few sites on particular lineages (foreground
branches). We compared the two models with fixed (null model)
or variable o (alternative model) using a likelihood ratio test.
Low-copy orthologs in the 15 species mentioned above were
used for this analysis. Protein sequences of these orthologs
were aligned using MUSCLE (Edgar, 2004) and transformed to
codon matrices using PAL2NAL after excluding proteins with
fewer than 50 amino acids. We obtained 2582 alignments of
orthologs for subsequent analysis. For comparison, X. grana-
tum, X. moluccensis, and X. rumphii were in turn set as the
foreground branch. The likelihood ratio test was used to com-
pare the likelihoods of the two models, and the P-values were
transformed to Q-values using Benjamini-Hochberg correction
(Benjamini & Hochberg, 1995) for multiple tests. Functional
annotation of the positively selected genes was obtained from
TAIR (https://www.arabidopsis.org/).

GO terms enriched among genes on different lists, including
positively selected genes, species-specific genes, and WGD
retained genes, were inferred using the R package topGO (Alexa &
Rahnenfuhrer, 2020). We also identified enriched KEGG terms and
used Fisher's exact test to estimate significance levels.
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