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Abstract

Although gene loss is common in evolution, it remains unclear whether it is an adaptive process. In a survey of seven
major mangrove clades that are woody plants in the intertidal zones of daily environmental perturbations, we no-
ticed that they generally evolved reduced gene numbers. We then focused on the largest clade of Rhizophoreae and
observed the continual gene set reduction in each of the eight species. A great majority of gene losses are concen-
trated on environmental interaction processes, presumably to cope with the constant fluctuations in the tidal en-
vironments. Genes of the general processes for woody plants are largely retained. In particular, fewer gene losses
are found in physiological traits such as viviparous seeds, high salinity, and high tannin content. Given the broad
and continual genome reductions, we propose the May—Wigner theory (MWT) of system stability as a possible mech-
anism. In MWT, the most effective solution for buffering continual perturbations is to reduce the size of the system
(or to weaken the total genic interactions). Mangroves are unique as immovable inhabitants of the compound en-
vironments in the land-sea interface, where environmental gradients (such as salinity) fluctuate constantly, often
drastically. Extending MWT to gene regulatory network (GRN), computer simulations and transcriptome analyses
support the stabilizing effects of smaller gene sets in mangroves vis-a-vis inland plants. In summary, we show the
adaptive significance of gene losses in mangrove plants, including the specific role of promoting phenotype innov-
ation and a general role in stabilizing GRN in unstable environments as predicted by MWT.

Key words: gene loss, mangrove, unstable environment, adaptive evolution, genome, network stability.

Introduction (Ibarra-Laclette et al. 2013; Carretero-Paulet et al. 2015;
Palfalvi et al. 2020).

In recent years, the frequently occurring gene losses in
evolution have been increasingly paid attention. Many cases
have shown that gene loss, as a type of gene copy number
variation that changes genic dosage, has great potential in
adaptive evolution, known as the hypothesis of “less is

Identifying genetic changes underlying environmental
adaptation is one of the central topics of evolution. A
widely acknowledged genetic modification is the increase
of genetic materials via gene duplication or even whole-
genome duplication (WGD), which may promote adapta-

tion by increasing gene expression or evolving new func- more” (Albalat and Cafiestro 2016; Xu et al. 2019). For ex-
tions (Van de Peer et al. 2017; Ren et al. 2018; Wu et al. ample, losses of specific genes are associated with adapta-
2019; Xu et al. 2023; Feng et al. 2024). In contrast, gene tion to pollinator changes, agronomic trait evolution,
losses are perceived as a process of devolution, the disuse environmental adaptation, and the transfer from outcross-
of specific genes and traits that are costly to maintain. The ing to selfing (Hoballah et al. 2007; Sas et al. 2016; Wu et al.
examples include parasitic and domesticated plants, which 2017; Helsen et al. 2020; Monroe et al. 2021).

experienced extensive gene number reductions involved in Increasing studies have found much more gene loss
noncarnivorous nutrient acquisition and photosynthesis than has been documented as adaptive. Whether the
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large-scale gene losses during evolution are neutral or
adaptive is still debated. What may be difficult to explain
is that the generalized gene losses do not appear likely
to be associated with environments. The examples include
the thousands of gene losses in metazoan and bacteria and
the extensive gene losses in plants after experiencing
WGDs (Wolf et al. 2012; Albalat and Cafiestro 2016; Van
de Peer et al. 2017). Then, what might explain the adaptive
potential of extensive gene loss?

Here, we note a hint of general gene loss of mangroves.
Mangroves are woody plants that inhabit intertidal envir-
onments. As the dynamic land-sea interface, the intertidal
zone is one of the most unstable environments exhibiting
fluctuating salinity, water flooding, etc. (Lin et al. 1993;
Tomlinson 2016). While unstable environments are fairly
common in nature, intertidal zones, being compound en-
vironments between the land and sea, are almost unique.
Environmental variables in compound environments can
fluctuate more widely than in other habitats, particularly
in the variance and kurtosis (tailedness) of many environ-
mental gradients.

Since mangrove plants have tolerated a wide range of
environmental stresses, it is tempting to assume that deal-
ing with multiple stresses and innovation of phenotypic
traits are accomplished by increasing genomic complexity
(Duke 1992; Shi et al. 2005; Liang et al. 2008). However, pre-
vious studies indicated both genome sizes and gene sets
have been simplified (Lyu et al. 2018; He et al. 2020; Xu
et al. 2020). Using mangroves as models, we plan to inves-
tigate the possible driving forces explaining large-scale
gene losses. Based on previous studies, the number of
gene losses associated with phenotypic trait evolution
should be small. Therefore, we hypothesize that the
most unstable environments inhabited by mangroves
could be a primary driving force. Maintaining gene regula-
tory network (GRN) stability under continuous perturb-
ation may be the primary challenge in highly fluctuating
intertidal habitats.

With multiple stressors and high fluctuation in inter-
tidal zones, the perturbation of mangroves’ GRN is more
significant than in inland plants (Liang et al. 2012; Cruz
et al. 2020; Feng et al. 2020; Su et al. 2022; Xu et al. 2023;
see Discussion). We explore whether the extensive gene
loss has contributed to GRN stabilization, defined as every
node’s ability to return to equilibrium after perturbation.
A classical theory describing ecological network stability
is the May-Wigner theory (MWT), which suggests large
and highly connected networks such as the food webs
are unstable (May 1972; Allesina and Tang 2012). As net-
work connectivity interaction strength or the number of
variables increases, instability also tends to increase.
Interestingly, although food webs are the first biological
systems treated with MWT, it has been suggested that
GRNs, as well as many nonbiological systems like electric
grids and international banking, fit the theory much
more closely (Chen et al. 2019). The gene loss, correspond-
ing to smaller networks, can potentially increase GRN
stability.
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In this study, we conduct a comparative genomic ana-
lysis in Rhizophoreae mangroves, as part of a large world-
wide mangrove genome sequencing project (He et al.
2022). We describe four de novo assembled mangrove gen-
omes and one inland species. Rhizophoreae is a typical
mangrove clade that comprises 18 or ~26% of the total
mangrove species (Shi et al. 2005; Tomlinson 2016; Xu
et al. 2017). Having this many species allows for robust in-
ference of gene number evolution and enhanced power to
identify adaptive gene losses. We also found a common
trend of gene number reduction in seven independent
mangrove clades. The phenomenon enables us to explore
the adaptive role of gene loss, first identifying gene losses
that appear to be associated with key adaptive traits,
then testing whether the extensive gene loss could be ex-
plained by increased GRN stability.

Results

The Genome and Phylogeny of Rhizophoreae
Mangroves

We sequenced the genomes of four Rhizophoreae man-
grove species (Ceriops tagal, Ceriops zippeliana, Kandelia
candel, and Rhizophora mangle) and a closely related in-
land species Carallia pectinifolia using a combination of
PacBio Single-Molecule Real-Time (SMRT) sequencing,
10x Genomics, and high-throughput chromosome con-
formation capture (Hi-C) technology (supplementary
table S1, Supplementary Material online; Materials and
Methods). The genomes are of high quality and complete
and were conducted with functional annotation (Table 1;
supplementary tables S2 to S6 and figs. S1 to S8,
Supplementary Material online).

We then examined the species divergence of the
Rhizophoreae clade into four genera: Rhizophora (six spe-
cies), Bruguiera (five species), Ceriops (five species), and
Kandelia (two species; Rivera-Monroy et al. 2017). The
phylogenetic tree was reconstructed using sequences of
single-copy gene families, and the divergence time was ca-
librated with fossils (supplementary fig. S9, Supplementary
Material online; Materials and Methods; Yang 2007). The
invasion of the intertidal zone is inferred to have occurred
50.8 to 47.8 million years ago (Ma), in agreement with
previous conclusions (Fig. 1; Xu et al. 2017; He et al.
2020). This period coincides with early Eocene hyperther-
mal events of 55 to 51 Ma (Zachos et al. 2008), when the
rising sea levels may force the Rhizophoreae inland ances-
tors to invade intertidal zones. Then species divergence of
Rhizophoreae takes place in two hot spots both correlated
with climatic optimum events: the among-genus divergence
coincides with the Mid-Eocene Climatic Optimum (MECO:
~42 Ma) and the speciation within the genus happened dur-
ing a Mid-Miocene Climatic Optimum (MMCO: ~15 Ma).
Sea-level elevation during these events may have promoted
Rhizophoreae mangrove dispersal and expanded their habi-
tats. Subsequent temperature drops lowered sea levels and
isolated the surviving populations, promoting their evolu-
tion into distinct species. The results also indicated the
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Table 1 Genome assembly statistics of six Rhizophoraceae species

Carallia Kandelia Ceriops Ceriops tagal Rhizophora Rhizophora

pectinifolia candel zippeliana mangle apiculata
Sequencing strategy SMRT + Hi-C SMRT SMRT 10x Genomics + Hi-C SMRT Hi-C
Estimated genome size (k-mer; Mb) 355 278 324 283 380 274
Total assembly length (Mb) 324.51 213.51 320.06 229.80 281.00 232.00
Number of scaffolds 111 474 2,436 5,177 2,379 244
N50 (Mb) 29.47 9.45 3.46 11.73 193 13.31
BUSCO completeness (%) 96.3 97.5 95.2 95.3 96.5 97.8
GC content (%) 35.41 35.57 34.15 37.00 33.50 35.03
Repeats (%) 39.69 31.86 56.23 32.77 46.62 34.63
Number of genes 31,896 24,295 23,158 21,450 25,466 23,565
Annotated genes (%) 89.85 97.58 96.12 99.28 93.52 98.71

high fluctuation of intertidal zones and their extensive influ-
ence on mangroves’ survival and divergence.

Accelerated Gene Loss and Depressed Gene
Duplication in Rhizophoreae Mangroves

We found Rhizophoreae mangrove genomes contained
21,450 to 25,466 protein-coding genes, many fewer
than the 31,221 to 42,950 in their inland relatives
(Fig. 1; supplementary tables S7 and S8, Supplementary
Material online). In a wide-ranging comparison with 82
core eudicot plants, the eight Rhizophoreae mangroves are
among the most gene poor (supplementary fig. S10,
Supplementary Material online). Compared to their inland
relative C. pectinifolia that shares the exact WGD event,
Rhizophoreae mangroves have about 8,400 fewer genes on
average.

A decrease in gene number can result from accelerated
gene loss or slowed origination. We assessed the gene du-
plication rate by examining tandem gene duplications. On
average, 5,101 (3,550 to 6,394) tandem duplications were
identified in four inland species of Malpighiales, but only
1,603 (919 to 2,326) in the eight Rhizophoreae mangroves.
Since tandem gene duplications usually occurred recently,
their rareness indicated a lower gene duplication rate. We
roughly assessed gene loss by identifying gene loss after
WGDs. Rhizophoreae mangroves (an average of 9,919) re-
tained fewer gene duplications than C. pectinifolia (13,357)
that shared the same WGD event, indicating a higher
gene loss rate. Therefore, accelerated gene loss and de-
pressed gene duplication reduced the gene number in
Rhizophoreae mangroves.

The Common Trend of Extensive Gene Number
Reduction among Multiple Mangrove Clades

We surveyed the gene content of six other independent
mangrove clades in the Rosids in addition to
Rhizophoreae (supplementary table S7, Supplementary
Material online). In the analyzed 20 mangrove genomes
from the seven clades, 19 have fewer gene numbers than
inland relatives. The only exception is the mangrove
Pemphis acidula, which experienced a recent species-
specific WGD event. In total, we found a significant trend
of gene number decrease in these independent mangrove

clades (Fig. 2; Wilcoxon signed-rank test; P = 1.04 X 107”).
The trend is conserved among mangroves in the same
clade and is unaffected by the different evolutionary
scenarios among mangrove clades. Rhizophoreae and
Sonneratia have experienced the same WGD events
with their inland relatives; Laguncularia racemosa and
Lumnitzera genus have no recent WGDs. They all have fewer
genes than their inland relatives. Furthermore, the six man-
grove clades have lower tandem gene duplication rates
(supplementary fig. S11, Supplementary Material online;
Wilcoxon signed-rank test; P = 1.47 x 10~*). We found all
the genomes surveyed have similarly high gene annotation
completeness, and the examination of expressed genes in
the leaf again showed smaller gene numbers in mangroves
(supplementary figs. S12 and S$13, Supplementary Material
online). It confirmed the common trend of gene number re-
duction in mangrove clades. The common trend makes it
reasonable to hypothesize that gene number reduction is
an adaptive strategy in environmental evolution.

We examined whether the theories explaining previous-
ly reported large-scale gene losses in plants could also ex-
plain the phenomenon in mangroves. The simplest way to
make such distinct differences in gene numbers is
large-scale gene duplication, such as WGDs. However,
mangroves did not experience fewer WGD events than
their inland relatives (He et al. 2020; Hu et al. 2023). The
most dramatic gene loss reported is in parasitic plants
and aquatic plants, among which the extensive gene losses,
including the essential ones, are explained by regressive
evolution that refers to the loss of useless characteristics
over time. However, the phenomenon in mangroves
does not fit the theory since the essential genes are usually
retained in mangroves (see sections The Genome and
Phylogeny of Rhizophoreae Mangroves and The Patterns
of Gene Number Reduction). Another possible benefit of
decreasing gene numbers is a lower energy cost, leading
to smaller genome sizes (Kang et al. 2015). However, the
mangroves of Combretaceae have fewer genes but com-
parable genome sizes to inland relatives (Xie et al. 2023;
Zhu et al. 2023). It indicated that the constraint of energy
cost might not be the primary driving force, though the
intertidal zones are usually nutritionally deficient (Reef
et al. 2010). Since none of the above theories could explain
the phenomenon in mangroves, we take advantage of the
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Fig. 1. Origination and gene family reduction of Rhizophoreae mangroves. The origination, among-genera divergence, and within-genus diver-
gence of Rhizophoreae mangroves coincided with three climatic optimum events in the upper left panel. The estimated divergence times are
displayed near the nodes, with bars representing 95% confidence intervals. The WGD event shared by Rhizophoreae is marked with a star. The
gray dot represents the lower time boundary of the earliest fossil of the common ancestor of Rhizophoreae mangroves (47.8 Ma). Rhizophoreae
mangroves are indicated with red font. De novo assembled genomes in this study are marked with asterisks. The upper left panel shows historical
temperature changes over 65 Myr (modified from Zachos et al. 2008). Three climate warming events are highlighted. The right panel shows fewer

duplicated genes in Rhizophoreae mangroves than in nonmangroves.

largest mangrove clade, Rhizophoreae, to explore the evo-
lutionary forces driving the extensive gene losses.

Gene Loss and Trait Innovation

We first tested whether the extensive gene losses could be
explained by adaptive trait evolution, known as the “less is
more” hypothesis (Albalat and Cafiestro 2016; Xu et al.
2019). Rhizophoreae mangroves have acquired specialized
phenotypic traits such as viviparous seeds, high salinity tol-
erance, and high tannin content, greatly improving the
survivability in the intertidal zone (Tomlinson 2016).

Gene Loss and Vivipary

The viviparous seed that germinates before abscission
from mother plants is one of the most significant trait in-
novations of Rhizophoreae mangroves (Fig. 3a). It increases
seed survival by isolating them from stressful environ-
ments and promotes long-distance dispersal by prolonging
seed flooding time (Shi et al. 2005; Liang et al. 2008). We
found fewer gene copies reported to participate in seed
dormancy and maturation in Rhizophoreae mangroves
than in their inland relatives (supplementary fig. S14,
Supplementary Material online; Berardini et al. 2015).
Overall, we found 66 reduced, but only nine expanded
gene families in Rhizophoreae (supplementary table S9,
Supplementary Material online).

4

The most significant reduction occurred in families that
participated in seed reserve accumulation and desiccation
tolerance, which are essential for seed maturation and dor-
mancy. Four gene families that play roles in storage were
almost completely lost or significantly reduced in
Rhizophoreae mangroves (Fig. 3b and ¢; supplementary
figs. S15 to S17, Supplementary Material online; Wan
et al. 2007; Lopez-Ribera et al. 2014; Miquel et al. 2014;
Lunn et al. 2018). The genes coding LATE
EMBRYOGENESIS ABUNDANT (LEA) proteins that are im-
plicated in desiccation tolerance, such as SEED
MATURATION PROTEIN 1 (SMP1), have significantly fewer
genes in Rhizophoreae mangroves (Fig. 3b; supplementary
fig. S18 and table S9, Supplementary Material online;
Hoekstra et al. 2001; Kushwaha et al. 2012). Other reduced
gene families involved in seed maturation are summarized
in the Supplementary Material (supplementary table S9
and fig. S19A, Supplementary Material online).

Pathways that regulate seed maturation and dormancy
have also experienced gene loss in Rhizophoreae man-
groves. The LAFL network is the critical component in
the seed maturity regulation process and comprises
LEAFY COTYLEDON 1 (LEC1)/LEC1-LIKE (L1L), LEC2,
FUS3, and ABA-insensitive 3 (ABI3; Jia et al. 2013; Chen
et al. 2020). Reduced LECT1/2 in Rhizophoreae mangroves
may have altered the network, causing seeds to stop
accumulating storage materials and germination earlier
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Fig. 2. Extensive gene reduc-
tion in independent mangrove
clades. The red circles on the
phylogenetic tree represent in-
dependent origin events of se-
ven mangrove clades, with
mangrove plants marked in
red. The right panel showed
the total gene number of each
species. The mangrove clade
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(Chen et al. 2020). Abscisic acid (ABA) is the major phyto-
hormone controlling seed dormancy. And we found genes
that regulate ABA signaling, such as DELAY OF
GERMINATION 1 (DOG1) and EARLY METHIONINE-
LABELLED 6 (GEAG), are absent in Rhizophoreae man-
groves (Fig. 3b and ¢ supplementary figs. S20 and S21
and table S10, Supplementary Material online). The
DOGT1 protein binds to AHG1 and releases SnRK2 to posi-
tive regulate ABA signaling and seed dormancy (Fig. 3¢
Nishimura et al. 2018). The GEAG6 protein protects the em-
bryo at the drying stage (Carles et al. 2002). The gene loss
in these pathways may block seed dormancy and result in
viviparous seeds. Although a few genes such as CYP707A1
that mediates ABA metabolism have expanded, gene
family size reduction has generally played a more critical
role than expansion in viviparous seed evolution
of Rhizophoreae mangroves (Okamoto et al. 2006;
supplementary fig. S19B, Supplementary Material online).

Gene Loss and High Salinity Tolerance

The gene loss also contributes to the tolerance of high sal-
inity, one of the main challenges in intertidal zones.
Among 540 gene families reported to respond to high sal-
inity (Berardini et al. 2015), we found only six expanded
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such as the HIGH-AFFINITY K+ TRANSPORTER 1 (HKTT)
gene, and 43 shrunk families in Rhizophoreae mangroves
(supplementary table S11, Supplementary Material online).
The most significant reduction occurred in gene families
that negatively regulate the ABA signaling pathway and
hypertonic salinity response. For example, the RESPONSE
TO ABA AND SALT 1 (RAST) gene, an ABA sensitivity enhan-
cing negative regulator of salt tolerance during seed germin-
ation and early seedling growth (Ren et al. 2010), was lost in
six Rhizophoreae mangroves.

Gene Loss and High Tannin Content

Tannins are common flavonoid polymers of plants. Its anti-
oxidant activity is a major mechanism for dealing with oxi-
dative stress in intertidal environments (Xu et al. 2017).
We found that the leaves and stems of Rhizophoreae man-
groves are significantly richer in tannins than inland rela-
tive: 168.8 and 302.4 mg/g in mangroves, and 82.5 and
185.3 mg/g in C. pectinifolia (Fig. 4b). Compared with in-
land relatives, we did not find significant copy number
change of genes leading to tannin biosynthesis. At the ex-
pression level, we found that the expression of most key
genes in the tannin synthesis pathway is much higher in
Rhizophoreae mangroves, such as the LAR and ANR genes
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(Fig. 4c; supplementary table S12, Supplementary Material
online).

We identified significantly fewer copies of genes con-
suming tannins in Rhizophoreae mangroves (Fig. 4a;
supplementary table S13 and fig. S22A and B,
Supplementary Material online). The copy number reduc-
tions include genes encoding FLAVONE SYNTHASE Il (FNS
I1) and FLAVONOL SYNTHASE (FLS), which consume pre-
cursors of condensed tannins to synthesize flavone and fla-
vonol. Another significant reduction occurred in the
TRANSPARENT TESTA 10 (TT10 or LAC15) that promotes
oxidative polymerization of flavonoids. It amplified to 3 to
12 copies mainly by tandem duplication in inland relatives
and retained only a single copy in Rhizophoreae man-
groves (Fig. 4a; supplementary fig. S22C, Supplementary
Material online). Reducing the TT10 family may decelerate
the oxidization of colorless tannins and contribute to ac-
cumulating more epicatechin monomers and soluble tan-
nins (Pourcel et al. 2005). At the same time, expression
levels of the FNS Il gene in both leaves and stems and
TT10 in stems are significantly lower in Rhizophoreae man-
groves than in C. pectinifolia (Fig. 4c). Therefore, high ex-
pression of tannin synthesis genes, low expression, and
copy number reduction of genes that consume tannins
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or their precursors contribute to the high tannin content
of Rhizophoreae mangroves.

The Patterns of Gene Number Reduction

Although the previous section confirmed the crucial role
of gene loss in the innovation of phenotypic traits, most
gene losses are not associated with these processes. To ex-
plain the extensive gene loss in mangroves, we examined
what these gene losses are and when they occurred.

Gene Loss Minimizes Influence on Essential Processes

Dramatic gene number reductions have been reported in
parasitic and carnivorous plants and seagrasses due to trait
degeneration, including core loci conserved across most in-
land plants (Lee et al. 2018; Sun et al. 2018; Palfalvi et al.
2020; Cai et al. 2021). However, in Rhizophoreae mangroves,
the majority (95.2% to 97.8%) of core eudicot genes can still
be found with complete structure despite the small number
of genes. Constrained by dosage balance, gene families in-
volved in central processes and housekeeping functions
are highly conserved in copy number and sequence, while
large families are more likely to harbor redundant genes
(Wang et al. 2018; Xu et al. 2019). We measured copy

920z Asenuer g uo 1sanb Agq 0¥92£9//6508BSW/{/ | 7/3]91e/aqW/Wwod dno"dlwapeoe//:sdiy Wolj papeojumo(]


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae059#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae059#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae059#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae059#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae059#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae059#supplementary-data

Adaptation in Unstable Environments and Global Gene Losses - https://doi.org/10.1093/molbev/msae059

MBE

@) _ (b)
. Condensed Tannins
Shikimate pathway (Proantohcyanidins) 40
oxidized )
: 2
. : LAC15 =
Phenylalanine H <
: £ 20
PAL Condensed Tannins S
(Proantohcyanidins) c
Cinnamic acid colorless g 10
©
'_
C4H condensatior/ \ condensation
4-coumaric acid Flavan-3-ols  Epi-flavan-3-ols
4CL t ANR
4-coumaroyl-CoA LAR 3-OH-anthocyanidins
CHS t LDOX
Chalcone Leucoanthocyanidins  isssssss>  Anthocyanins
BZ1 or UFGT
CHI DFR
F3H
F3'H or q F3'Hor
—
F3'5H Flavanones Dihydroflavanol F35H

Gene number
I12
LAC15 " 10
8
FNS 18
4
L2
2 [ |
0
Y
< . o Q 2 :
2, e ) L. ) (e © 73
D % B G o T R By % e %
7o) Z. 2> 2 (o4 5y =3 < 8,
By G, Ry A, 2 T B, G o By % B
£3 A TS RS > %
% %5
Non-mangroves Mangroves

0

0

0

=}

Stem Leaf
250
200
150
100
" .
0
< Sc; QQJ’% R e Scg;, P, R &,
Tty T, o, % Ty s, o, %
(c) Stem Leaf
PAL  Zscore PAL  Zscore
can Ty caH T
05 05
4CcL 0 4CL 0
cHs  3° cHs | 13°
i
CHI 7CHI
F3'H F3'H
F3'5H F3'5H
F3H . F3H
DFR . DFR
LAR LAR
LDOX LDOX
ANR ANR
Bz1 BzZ1
UFGT UFGT
B LACT5  Pacrs
FSN Il FSN Il
FLS FLS
c & o & e & q
Sy, %, Qg W s, D Vo, Uy
’/"/fb//;"% ’ep.;%’s 0&0%2000}2@9;%/9

Fig. 4. Molecular mechanisms of high tannin content in Rhizophoreae mangroves. a) Gene copy number evolution in the flavonoid biosynthesis
pathway. The upper panel is a sketch map of the pathway. Genes that oxidize tannin or consume their precursors have fewer copies in
Rhizophoreae mangroves and are highlighted in bold font. The bottom panel shows the copy number of LAC15, FNS Il, and FLS genes in
Rhizophoreae mangroves and nonmangroves. b) There is a higher tannin content in the stems and leaves of three Rhizophoreae mangroves
than in C. pectinifolia. c) Expression of genes in the flavonoid biosynthesis pathway. The gene expression was first measured by TPM. TPM values
of each species were then normalized to make a between-species comparison (Materials and Methods). Heatmap showing the normalized TPM
values transformed into a Z-score. The gene grouping is consistent with the pathway in a).

number variability across species using the coefficient of
variation (CV) among four inland plants. Duplicate gene
loss was estimated using the fold change of mean copy
number between mangroves and their inland relatives.
The gene families with the most variable copy numbers
among inland plants were likelier to lose duplicate genes
in Rhizophoreae mangroves (Fig. 5a). Large gene families
were more likely to experience gene loss (supplementary
figs. S23 and S24, Supplementary Material online). We con-
clude that the Rhizophoreae mangroves are likelier to lose
nonessential genes but maintain essential processes.

Genes Involved in Environmental Interaction Are
Disproportionately Lost

We then checked the molecular functions and biological
pathways involved in the gene losses. We identified 2,670
gene families that contain more than twofold fewer genes

in Rhizophoreae mangroves than the four inland relatives.
Six biological processes are found among the reduced gene
families more often than expected from the genome aver-
age: biotic stimulus response, hypoxia response, hormone
response, secondary metabolic process, cell wall organiza-
tion, and cell death (Fig. 5b; supplementary table S14,
Supplementary Material online). If we focus on the 165
gene families with the most significant reduction in
tandem duplication rates on the mangrove lineages, we
still see enrichment in genes involved in biotic stress
(supplementary table S15 and fig. S25, Supplementary
Material online). Gene families lost in Rhizophoreae but re-
tained in C. pectinifolia are disproportionally involved in
hypoxia response (supplementary table S16 and fig. S26,
Supplementary Material online).

The most significant reduction occurs in genes in re-
sponse to biotic stimulus, which includes “response to
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Fig. 5. Patterns of gene family reduction in Rhizophoreae mangroves. a) A decrease in gene numbers in Rhizophoreae mangroves positively cor-
relates with gene number variability among inland plants. Copy number variability is measured using the CV (standard deviation/mean). b) GO
term enrichments (in the Biological Process category) for gene families with fewer genes in Rhizophoreae mangroves. The GO terms with false dis-
covery rates (FDRs) less than 0.05 are displayed. FDRs are calibrated using the Benjamini and Hochberg method. The Jaccard coefficient measures
similarity between gene sets and is defined as the size of the intersection divided by the size of the union of gene sets. If the Jaccard similarity co-
efficient > 0.2 between two GO terms, an edge would be drawn to connect the GO terms. Thicker edges indicate stronger similarities. c)
Comparison of gene loss between Rhizophoreae mangroves and C. pectinifolia. The numbers and colors of the branches represent the inferred
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bacterium,” “response to oomycetes,” and “defense re-
sponse.” In addition, disease resistance genes (R genes)
containing nucleotide-binding site (NBS) domains are dis-
proportionately lost in Rhizophoreae mangroves: 56 (30 to
74) remain compared to 317 (156 to 544) retained in non-
mangroves (supplementary table S17, Supplementary
Material online). Such loss of genes underlying the re-
sponses to biotic stress may be beneficial because there
are relatively few pathogens in these stressful and fluctuat-
ing environments (Wang et al. 2012). Furthermore, abiotic
stresses often induce genes in biotic stress response, result-
ing in unnecessary expression fluctuation (Huot et al.
2014). Indeed, disease gene loss has been observed in di-
verse plants inhabiting extreme environments (Zhang
et al. 2019; Liu et al. 2021). Although mangroves suffer
varying abiotic stresses in intertidal habitats, many genes
involved in stress response have been lost. ABA and salicyl-
ic acid are involved in multiple stress processes, and genes

8

responding to these hormones have also been lost (Huot
et al. 2014). Furthermore, genes involved in programmed
cell death, cell wall organization, and secondary metabolic
processes are also easily influenced by abiotic stresses
(Le Gall et al. 2015; Isah 2019). These results indicated
that gene loss concentrates on processes closely related
to environmental interaction.

Gene Losses Occurred Continuously during Mangrove
Evolution

The Rhizophoreae mangroves originated ~50 Ma and sub-
sequently diverged into 18 species. We explored whether
the extensive gene losses are associated with the inhabit-
ation of intertidal zones or continuously occur during
mangrove evolution. Compared with inland relatives,
gene loss in Rhizophoreae mangroves could be the re-
pressed gene duplication or the accelerated gene nonfunc-
tionalization. The gene duplication rate was inferred in the
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tandem gene duplications. Phylogenetic inference suggests
that tandem duplications mainly occurred after species di-
vergence (supplementary fig. S27, Supplementary Material
online). Therefore, the small number of tandem duplica-
tions in Rhizophoreae mangroves resulted from decreased
duplication rates in this clade. We infer gene loss events
based on gene presence/absence information on the
gene family trees (Materials and Methods). Among
17,352 gene families, we see an average of 5,968 loss events
in Rhizophoreae mangrove plants, higher than the 4,536 in
C. pectinifolia (Fig. 5¢). The inferred gene loss rate of the
common ancestor branch of Rhizophoreae mangrove is
112.9 per million years (Myr), only slightly higher than
the 91.7/Myr of C. pectinifolia. At the stage of differenti-
ation into four genera, the loss rate increased sharply,
reaching a maximum of 524.2/Myr. The gene losses con-
tinuously occurred at high rates during the following spe-
cies divergence. Correspondingly, we found the gene losses
are different among Rhizophoreae mangroves. Only 30% of
the total loss events are shared by species from four genera
(Fig. 5d). Therefore, the large-scale gene loss of
Rhizophoreae mangrove was not a single event that oc-
curred in the common ancestor, but has continued during
mangrove evolution.

Gene Losses and GRN Stability in the May—-Wigner
Framework

The results above suggest that the continuous gene losses
are concentrated on environmental interactions but avoid
essential genes. Since no previous theories could explain
the broad gene losses across multiple taxa of mangroves,
we postulate a mechanism associated with the specific
mangrove habitats. In other words, constantly fluctuating
intertidal environments may demand the stability of GRN.
In the following sections, we will use the largest mangrove
clade, Rhizophoreae, to suggest that GRN stability could be
explained by the MWT.

The Basic Theory and the Observations
If a random network contains n nodes and with probability
C the nodes are connected with an average interaction
strength o, May (1972) suggested the network would be
almost certainly unstable if a(nC)"/*> 1. That is, the cen-
tral point of the MWT s that a large and complex system
would be unstable. We applied the theory to GRNs based
on the work of Chen et al. (2019). Briefly, in a GRN with n
genes, the perturbations of gene i with mRNA concerztra-
Xi —

tion x; could be denoted as Fi(xi, xp ...X,) =%/=

n
bi+ Y ajx;—Dixi. The b; is the basal transcription
=T j#
rate, D; is the decay rate, and aj; is the regulatory strength
of gene j on gene i. Then the Jacobian matrix A describing
interactions among genes could be calculated as g—g" (X). As

a result, the matrix elements are A;=—D; and A; = aj,
where A;; and Aj; represent the diagonal and off-diagonal
elements, respectively (Materials and Methods). Then
the GRN stability could be evaluated by the leading

eigenvalue (the eigenvalue with the largest real part) of
the matrix A. The leading eigenvalue with a negative real
part indicates the stability of the network (May 1972).

We test the prediction that small networks are more
stable using simulation. The topology of GRNs was repre-
sented by scale-free networks, whereby a small number of
nodes have a high level of connectivity with the rest having
very few connections (Guelzim et al. 2002). The connectiv-
ity, mean, and variation of interaction strength of the real
GRN were set according to the estimation by Chen et al.
(2019). The diagonal element A;; was set as —1, according
to May (1972). In the simulation, we changed the gene
number and complexity of the network. We simulated
1,000 times for each condition to calculate the probability
of being stable. Consisting with our hypothesis, we found a
trend that the GRN stability decreases with gene number
or network complexity increase (Fig. 6a). We also set a
nonlinear model and calculated gene mRNA concentra-
tion fluctuations using iterative simulation (Materials
and Methods). We again found that the GRN stability de-
creases with the increase in gene numbers (supplementary
figs. S28 and S29, Supplementary Material online).

Indeed, the observed patterns of gene loss in
Rhizophoreae mangroves are consistent with the model
predictions. The concentration of environmental interac-
tions of gene losses may moderate the influence of envir-
onmental fluctuations on GRN stability. The gene losses
avoid essential genes while simplifying GRNs. When map-
ping the mangrove gene losses to Arabidopsis thaliana, we
found that 2,624 of the 10,480 loss events could be as-
signed to the reliably connected gene network that con-
tains 6,411 of the 27,416 total genes (Burks et al. 2022;
Fisher’s exact test; P=2.1x10""). The gene losses are
also enriched on large gene families. More than half of
the multicopy gene families (copy number > 3) experi-
enced gene loss (926 of 1,803). Constrained by the criteria
that all the family’s genes are reliably linked, the concentra-
tion increased to 52 of 71 (Fisher’s exact test; P = 1.0 X 10™%).
Therefore, it may minimize the effects on growth and de-
velopment and cause subnetwork simplification instead of
a complete loss. More importantly, gene losses continu-
ously occurred from the inhabitation of intertidal zones
to recent species divergence. It suggested that gene loss
may be mainly driven by fluctuating environments instead
of associated with phenotypic traits.

Reduced GRN Sizes and the Enhanced Stability under
Salinity Changes
We then directly test whether the GRN of mangroves is
more stable after gene loss. Pervasive transposable element
(TE) loss was also observed (Lyu et al. 2018). TE activation
by short-term environmental insults induces stress-
responsive transcripts and instability in GRN (Pfeiffer
et al. 2000; Schuermann et al. 2005; Argueso et al. 2008).
Therefore, TE and gene loss may have promoted GRN sta-
bility under environmental change.

To test this hypothesis, we examined TE and gene ex-
pression under various salinity conditions. Rhizophoreae
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mangroves have smaller genomes that contain fewer TEs
(supplementary tables S18 and S19, Supplementary
Material online) than most plant taxa. The numbers of in-
tact long terminal repeat retrotransposons (LTR-RTs)
inserted into Rhizophoreae genomes range from 96 to
665, significantly fewer than 1,025 in C pectinifolia
(supplementary fig. S30, Supplementary Material online;
Wilcoxon signed-rank test; P =0.004). We treated
C. pectinifolia and Rhizophora apiculata with 0 and
250 mM NaCl, examined gene expression alteration be-
tween the two salt concentrations (supplementary table
S20, Supplementary Material online; Materials and
Methods). Relatively stable GRNs in R. apiculata are ex-
pected to change the expression of fewer genes than the
inland species. TE expression in C. pectinifolia significantly
changed after 250 mM NaCl treatment (as seen in other
plants), with 69.05% of TE copies’ expression changing
more than twofold (Fig. 6b; supplementary fig. S31,
Supplementary Material online). In contrast, the expres-
sion of only 41.39% of R. apiculata TEs changed more
than twofold (Kolmogorov-Smirnov test; P <107 "°).
Differences in expression plasticity of protein-coding genes
are even more pronounced: 38.47% C. pectinifolia tran-
scripts changed at least twofold, in sharp contrast to
only 7.79% in R. apiculata (Fig. 6¢; supplementary fig.
$32, Supplementary Material online; Kolmogorov—
Smirnov test; P < 10™ '°). We further examined the expres-
sion levels of 2,670 gene families with an average gene
number of mangroves less than half that of four inland re-
latives. In these most significant gene reductions in
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tested using the Kolmogorov—

Log2 (FC) of genes Smirnov test (P < 107 "),

Rhizophoreae  mangroves, their  homologs in
C. pectinifolia are the most labile and show a significantly
higher expression alteration than other genes (Fig. 6d;
Kolmogorov—Smirnov test; P < 10~ '*). These results indi-
cate that Rhizophoreae mangroves maintain GRN stability
under salinity change, probably due to the simplification of
GRNs.

Discussion

Whether the frequently occurring large-scale gene loss
could be a significant player in adaptative evolution is
unknown. Although the prevalence of gene loss events
has been uncovered during evolution, only a few specific
cases have shown that gene losses are essential sources of
adaptive genetic variation (Albalat and Carestro 2016;
Monroe et al. 2018; Sharma et al. 2018; Huelsmann
et al. 2019; Helsen et al. 2020). This study identified a
shared trend of extensive gene loss in independent man-
grove clades that inhabited unstable intertidal environ-
ments. We then deeply investigate the gene loss events
in the largest mangrove clade Rhizophoreae. A small sub-
set of gene losses has dominated the innovation of adap-
tive traits, while most of the gene loss may have
contributed to the GRN stability in highly fluctuating
environments.

Small gene losses have participated in the evolution of
three examined phenotypic traits. The loss of DOG1 essen-
tial in seed dormancy and a set of genes related to seed
desiccation tolerance and reserve accumulation may
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contribute to the formation of viviparous seeds (Feng et al.
2021). Similar gene losses were identified in high salinity re-
sponse and tannin biosynthesis pathways, in which genes
negatively regulate the processes that are extensively
lost. It is consistent with the “less is more” hypothesis,
which suggests gene loss altered dosage balance of macro-
molecular complexes or biological pathways could ultim-
ately affect the phenotype and evolutionary fitness
(Edger and Pires 2009; Birchler and Veitia 2012).

However, gene losses related to phenotype evolution
account for only a small percentage. Instead, the gene
loss is concentrated in large and highly variable gene fam-
ilies, which are mainly involved in stress response and
metabolic processes easily induced by environmental fluc-
tuations. We thus speculated that the extensive gene
losses in mangroves may be driven by the unique habitats
of extremely unstable intertidal environments. Multiple
explanations exist for the associations between gene set re-
duction and environmental instability. However, few of
these explanations seem to have the power to account
for the broad and consistent reduction in mangrove gen-
omes. For example, intertidal environments seem to
have fewer pathogens than inland habitats, which may al-
low mangroves to shed some genes from their genomes.
The extensive gene losses may also decrease energy con-
sumption, benefiting mangroves’ growth in nutrient-
deficient intertidal zones (Wagner 2005; Strickler et al.
2006; Reef et al. 2010). However, the gene number of car-
nivorous plants inhabiting nutrient-deficient environ-
ments is larger than that of mangroves, so the benefits
should be weak (Fukushima et al. 2017).

The MWT is a hypothesis that is more generally applic-
able and testable, which suggests large and highly con-
nected GRNs are unstable (May 1972; Allesina and Tang
2012; Chen et al. 2019). If any of other explanations is
true, MWT may still contribute to the GRN stability for
small genomes that evolved for other reasons. When in-
vading the most variable intertidal environments from in-
land ancestors, the instability should be more pronounced
in mangroves (Lyu et al. 2018; Xu et al. 2023). Consistent
with the theory, we found significantly fewer genes in
Rhizophoreae mangroves due to gene duplication repres-
sion and an accelerated gene loss rate. Both simulation
and experimental data suggest that gene loss has pro-
moted the GRN stability of mangroves.

The hypothesis relies on the fact that the highly fluctu-
ating intertidal environments have greatly perturbed man-
groves’ GRNs. The intertidal zone is the area above water
level at low tide and underwater at high tide, the interface
between terrestrial and marine habitats. Being sandwiched
between two suitable environments, it is more susceptible
to extreme conditions than a single environment due to its
unique composite nature (supplementary text and fig. 33,
Supplementary Material online). The most striking feature
of intertidal zones distinguishing from other extreme en-
vironments is the high fluctuations (Tomlinson 2016;
Rivera-Monroy et al. 2017; Duke et al. 2022). Some other
extreme environments also stress plants, such as hot

springs, deep seas, or polar environments. And the envir-
onmental factors are usually much more stable compared
with intertidal zones.

The pattern is obvious in salinity and waterlogging, the
most primary stresses in intertidal zones. Many aquatic
plants, such as seagrasses, are completely submerged in
water throughout their life cycle. The submerge degree
would not change greatly. While halophytes usually
adapted to a range of salinity, the ranges are narrow and
their changes require long time spans (Gil et al. 2014). In
contrast, the salinity and waterlogging of mangrove habi-
tats vary greatly in time and space. The average daily tidal
range of the intertidal zone is 0.5 to 2 m; in some areas, it
is as high as 4 m (Wells 1983; Harrison et al. 1997).
Correspondingly, the environmental salinity could change
from < 10%o to > 30%o in a single day and fluctuate from
freshwater to higher than seawater biweekly or monthly,
superimposed on the influence of climatic factors (Lin
et al. 1993; Studer and Poulin 2013; Yang et al. 2013;
Nguyen et al. 2015). It means that a mangrove tree would
be shocked by salinity and waterlogging frequently. In
space, different individuals from one population and dif-
ferent populations from one species experience varying
salinity and waterlogging under the influence of tidal inun-
dation, rainfall, soil type, topography, and many other fac-
tors (Ball 1998; Duke et al. 1998; Nguyen et al. 2015;
Tomlinson 2016). Individuals of Kandelia obovata in one
river system experience annual mean salinity ranging
from 10%o to 30%o (Yang et al. 2013). Two populations
of R. apiculata in Thailand grow in conditions with 1%o
and 35%o salinity, respectively (Rivera-Monroy et al.
2017). Furthermore, the complex interaction of multiple
environmental factors makes environments more unpre-
dictable. Although there are reports that mangrove habi-
tats have fewer pathogens, it also reflects the extreme
environments of intertidal zones for all organisms
(Cheng et al. 2009; Wang et al. 2012).

With such highly fluctuating environments, many stud-
ies have found the altered gene expression and thus per-
turbed GRN in mangroves (Liang et al. 2012; Cruz et al.
2020; Feng et al. 2020; Su et al. 2022; Xu et al. 2023). The
environmental fluctuations, such as salinity changes,
have greatly affected mangroves’ physiology and morph-
ology (Reef and Lovelock 2015; Lechthaler et al. 2016;
Méndez-Alonzo et al. 2016; Garcia et al. 2017).
Correspondingly, the environmental fluctuations have al-
tered many genes’ expression (Wang et al. 2016; Xiao
et al. 2016). This study found that GRNs of inland plants
are highly perturbed under these environmental fluctua-
tions, but mangrove GRNs have high stability. We then
found that the GRN stability and the extensive gene loss
events uniquely found in mangroves could be linked by
the MWT. Since MWT has been proven responsible for
the stability of other kinds of networks, we suggested
that the theory may better explain the general trend of
gene family reduction among mangroves than many other
explanations. The gene number reduction may be the sim-
plest way to maintain GRN stability.
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Stability is a fundamental property of all networks. In
the case of GRNs, which are among the most important
networks governing complex biological processes, their
stability ensures the growth and reproduction of organ-
isms. Indeed, GRN stability has been investigated recently.
miRNA-mediated mRNA degradation and network top-
ology were suggested to influence GRN stability (Guo
and Amir 2021). However, size reduction may be the
most effective way to simplify and stabilize a network. In
true GRNSs, biological function constrained the size reduc-
tion process, and essential genes could not be lost. For ex-
ample, although the loss of transcription factors (TFs) that
are usually highly connected contributes more to GRN sta-
bility, it may cause functional deficiency. Therefore, only
10% of TFs are lost compared with inland relatives, while
the whole gene set has lost 25%. However, it does not
mean the large gene family reduction observed in man-
groves simply results are useless. Many genes that could
be mapped in the A. thaliana key subnetwork were unex-
pectedly lost. The biased loss in large gene families may
maximize the effect on GRN stability while minimizing
the influence on biological functions.

Indeed, the MWT could explain more general gene loss
than observed in mangroves. A similar pattern in plant
genomes is the extensive gene loss after WGDs. The losses
did not affect essential processes but limited the total
amount of gene numbers after multiple rounds of gene
number doubling. Therefore, the gene losses in mangroves
and after WGDs may be the constraint of GRN stability ex-
plained by the MWT. The gene number reductions have
often been observed in unicellular organisms, probably be-
cause of their cells’ direct contact with environments. The
streamlined and compact genomes of many marine bac-
teria, such as Prochlorococcus and Pelagibacterales, and
the eukaryotic Fabrea salina were proposed to promote
the adaptation to a wider range of stresses (Giovannoni
et al. 2014; Zhang et al. 2022). Furthermore, genomes
streamline as the optimal temperature increase in bacteria
and archaea (Sabath et al. 2013).

We note, however, that genome shrinkage may also re-
duce the adaptive potential of mangroves to the forth-
coming climate change and human activities (Guo et al.
2018). The tremendous loss of disease and drought toler-
ance genes has dramatically decreased the potential of
mangrove readaptation to terrestrial environments. In a
long period of evolution, monotone gene loss and GRN
simplification should not be the best solution for adapta-
tion to unstable environments. Indeed, a biphasic model of
punctuated genome evolution has been proposed. The short,
explosive phase with extensive gene duplications such as
WGD leads to a rapid increase in genome complexity. It is fol-
lowed by a much longer phase of genome complexity de-
crease (Wolf and Koonin 2013). Mangroves inhabiting the
most fluctuating environments may have accelerated gen-
ome reduction rates. It also indicated that habitat protec-
tion is essential for mangrove conservation.
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Materials and Methods

Plant Material and Sequencing

Mature individual tissues of the six Rhizophoraceae species
were collected from southern China, Singapore, and
Malaysia (supplementary table S1, Supplementary
Material online). Genomic DNA was extracted from leaves
using a modified CTAB method (Doyle and Doyle 1987).
Total RNA was extracted from leaves and roots using the
TRIzol reagent (Invitrogen). We have selected the most
suitable strategy for genome sequencing, assembly, and an-
notation for each species (supplementary table S1,
Supplementary Material online). SMRT (Pacific Biosciences,
Menlo Park, CA, United States) long reads were sequenced
using PacBio Sequel Il platforms. 10x Genomics linked reads
were sequenced using the BGISEQ-500 platform. DNA short-
insert paired-end reads were sequenced using lllumina
NovaSeq 6000, lllumina X-TEN, and BGISEQ-500 platforms.
RNA-seq was performed using the same platform as DNA
short reads.

De Novo Genome Assembly

PacBio long reads were used to de novo assemble the gen-
ome using two programs: Falcon (Chin et al. 2016) and
MECAT?2 (Xiao et al. 2017). The assemblies were polished
using Quiver (Chin et al. 2013) or Racon (v.1.3.1; Vaser
et al. 2017). DNA short reads were mapped to the polished
genomes to correct sequencing errors using Pilon (v1.22;
Walker et al. 2014). Assembly redundancy was removed
using Purge Haplotigs (Roach et al. 2018).

The Ceriops tagal genome was assembled using a com-
bination of 10x Genomics sequencing data and Hi-C data.
First, the 10X Genomics linked reads were used to assem-
ble the genome with Supernova (v2.0.1; Weisenfeld et al.
2017). Next, DNA short reads were used for gap filling
using GapCloser (v1.12; Luo et al. 2012). Assembly redun-
dancy was then removed using Redundans (v0.14a; Pryszcz
and Gabaldon 2016). Finally, the assemblies were mapped
to chromosomes using HiC-Pro (v3.2; Servant et al. 2015),
Juicer (Durand et al. 2016), and 3D de novo assembly
(3D-DNA) pipeline (Dudchenko et al. 2017). The same
process was used to the chromosome assembly of
C. pectinifolia and R. apiculata. The accuracy and com-
pleteness of the assembled genomes were evaluated using
the 2,326 eudicot universal single-copy orthologs from
BUSCO (v5.0.0; Seppey et al. 2019; Manni et al. 2021).

Repetitive Sequence and Protein-Coding Gene
Annotation

Homology and de novo prediction approaches were used
for repetitive sequence annotation. Homology prediction
was performed by aligning genome sequences to the
Repbase library (http://www.girinst.org/repbase; Bao et al.
2015) using RepeatMasker and RepeatProteinMask
(Tarailo-Graovac and Chen 2009). De novo prediction
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was conducted based on genome sequences and
recognition of repetitive sequence characteristics using
RepeatModeler (Flynn et al. 2020), TRF (Benson 1999),
and LTR_FINDER (Xu and Wang 2007). LTR-RTs were iden-
tified using LTRharvest (v1.6.1; Ellinghaus et al. 2008) and
LTR_FINDER_parallel (v1.1; Ou and Jiang 2019). Intact
LTR-RTs were then identified using LTR_retriever (v2.8.7;
Ou and Jiang 2018).

Based on repeat-masked genomes, we predicted
protein-coding genes using a combination of three meth-
ods: homologous sequence alignment, de novo prediction,
and gene expression. First, high-quality published genomes
were used for homology prediction with GeneWise (Birney
et al. 2004). Then, by identifying conservative transcription
sites, Augustus (v3.3.1; Stanke et al. 2006), GlimmerHMM
(Majoros et al. 2004), and GeneMark-ET (Lomsadze et al.
2014) were used for de novo predictions. TopHat2
(v2.1.1; Kim et al. 2013), Cufflinks (v2.2.1; Trapnell et al.
2012), HISAT2 (Kim et al. 2019), and StringTie (v1.3.5;
Kovaka et al. 2019) were used based on transcript predic-
tion. Finally, the genes identified by the three methods
were integrated into the final nonredundant (NR) gene
set by MAKER (v3.00; Cantarel et al. 2008) and
EVidenceModeler (Haas et al. 2008).

Gene functions were annotated by searching for the
best match in a series of function databases, including
NCBI NR, Swiss-Prot, TrEMBL, and Kyoto Encyclopedia of
Genes and Genomes (KEGG) database, using BLAST
(v2.2.6; -e 1e-5). In addition, protein domains and Gene
Ontology (GO) classifications were annotated using
InterProScan (v5.30-69.0; Jones et al. 2014).

Gene Type Analysis and Genome Feature
Visualization

To identify gene duplications, all proteins within a genome
were aligned by BLASTp (v2.11.0; e < 107'%; identity >
40%). Gene types and collinear blocks were then identified
by MCScanX (Wang et al. 2012). Collinear blocks contain-
ing at least five gene pairs were retained for subsequent
analyses. Genomic features (collinear blocks, GC content,
gene density, TE content, and scaffold length) were visua-
lized using Circos (v0.69-9; Krzywinski et al. 2009). GC con-
tent, gene density, and TE content were calculated using a
sliding window method with 200 kb.

Gene Family Clustering and Divergence Time
Estimation

Gene family analysis was performed in 14 core eudicot
plants, with Vitis vinifera as an outgroup. First, protein se-
quences of the 14 species were aligned with DIAMOND
(v0.9.24.125; -e 1e-10; identity > 40%; Buchfink et al.
2014). Gene families were clustered using OrthoFinder
(v2.3.11; -1 1.5; Emms and Kelly 2019). Next, amino acid se-
quences of single-copy orthologous were aligned with
MAFFT (v7.429; --maxiterate 1000 -localpair; Katoh and
Standley 2013) and converted into nucleotide sequences
using PAL2NAL (v14; Suyama et al. 2006). After removing

poorly aligned regions with Gblocks (v0.91; -b5=n;
Castresana 2000), genes from each species were synthe-
sized into supergenes, which were then used to draw the
species tree. Finally, the species tree was constructed using
RAXML-NG (v1.0.2; Kozlov et al. 2019) and replicated 1,000
times using the GTR + G model.

To ensure the accuracy of divergence time estimation,
we used Oryza sativa (Ouyang et al. 2007) as an outgroup
of the 14 core eudicot plants. Reliable single-copy ortholo-
gous genes were found and aligned as before. Divergence
time was inferred using the MCMCTree program from
PAML package (v4.9j; Yang 2007) with approximate likeli-
hood calculation and repeated 10,000,000 times. The pro-
gram was run twice to ensure time convergence. Several
reliable fossils were selected to calibrate: (i) The root nodes
of monocots and eudicots were limited to less than 247
Ma; (ii) the root node of core eudicots was limited to
less than 125 Ma; (iii) recent ancestors of Rhizophoreae
have appeared in early Eocene (56 to 47.8 Ma); and (iv) re-
cent ancestor of Rhizophora has appeared in late Eocene
(37.8 to 33.9 Ma; Muller 1981; Graham 2006; Morris et al.
2018).

Candidate Genes Involved in Seed Dormancy, ABA
Response, and Salt Tolerance

We first searched the TAIR database (https://www.
arabidopsis.org/; Berardini et al. 2015) for genes involved
in seed germination and dormancy, salt tolerance, ABA
biosynthesis, and signaling. Gene families containing these
genes from A. thaliana were collected as candidates. Gene
families with more than twice the number of genes in
mangroves compared to nonmangroves were marked as
expanded and those with half the number in mangroves
as reduced. The copy number expansions were further va-
lidated by checking protein sequence alignments and
phylogenetic tree reconstructions. Searching homologous
sequences in genome assemblies validated gene loss candi-
dates. If homologous sequences were found, gene struc-
ture completeness was examined by searching for
premature termination and frameshift mutations.

High Tannin Content

Materials

Three Rhizophoreae mangrove species (Bruguiera gymnor-
hiza, Ceriops tagal, and R. apiculata) were sampled from
Dongzhai Harbor, Hainan, and C. pectinifolia was sampled
from the South China Botanical Garden. Fresh leaves and
stems were sampled and stored at —80 °C for tannin con-
tent determination and RNA sequencing. For each species,
three individuals were sampled as biological replicates.

Tannin Content Determination

Tannin from leaves and stems was extracted by water and
treated with phosphomolybdic acid in an alkaline environ-
ment to form a blue compound (Kloster 1974). We used a
microplate reader to measure the content at 760 nm and
adjust it to zero with distilled water. The regression
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equation determined under standard conditions is:
y = ax+ b, (M

where x is the standard concentration (mg/mL) and y is
AA (A determination — A control).

(AMA=b)/a x V1

Tannin content (mg/g) = WX V1 V2 X D
(AA—b) X V2 X D
- axw
(2)

(V1, sample volume, mL; V2, extract volume, mL; D, sample
dilution factor, mg/mL; W, sample fresh weight, g).

Gene Expression Measurements

Total RNA from leaves and stems of the four species was
extracted using Plant RNA Kit (Omega Bio-tek). The
lllumina platform was used for sequencing. Raw sequence
reads were first processed to remove adapters, and then
fastp (v0.20.0; -q 20 -u 10 -n 5; Chen et al. 2018) was em-
ployed to remove low-quality reads. Clean sequences
from each sample were aligned to the relevant genomes
using HISAT2 (v2.2.1). SAM files were sorted and con-
verted to BAM files using SAMtools (v1.9; Li et al. 2009).
Transcriptome assembly was conducted using the simpli-
fied StringTie workflow (v2.1.4; -e), which directly esti-
mates and analyzes the expression of a given transcript
in the reference genome annotation file. Transcript expres-
sion is estimated using transcripts per kilobase of exon
model per million mapped reads (TPM). For cross-species
comparison, gene expression levels are normalized accord-
ing to the method of Brawand et al. (2011). For genes
whose expression levels are within the interquartile range,
we identified 1,000 genes with the most conservative rank-
ing among all samples. Next, the median of the expression
levels of these genes in each sample was estimated, and
these medians were adjusted to a common value through
a scaling factor. Finally, these factors were used to correct
the expression levels of all genes in the sample. We further
used the sum of the expression levels of all isoenzymes as
the expression level of the enzyme and used the R package
“pheatmap” to draw the expression heatmap.

Gene Family Dynamics and Tandem Duplication
Analysis
Gene families in mangrove species with no more than half
the genes in nonmangroves are defined as significantly re-
duced in mangroves. GO annotations of these genes were
mapped using A. thaliana genome information for corre-
sponding gene families. GO enrichment analysis was per-
formed using the R package “clusterProfiler” (Yu et al. 2012).
Homologous genes separated by no more than five
genes were defined as tandem duplications. The synonym-
ous substitution rate (Ks) between tandem duplicates was
calculated using KaKs_Calculator (v2.0; -m YN; Wang et al.
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2010). Amino acid usage bias in these duplicates was
calculated, and the results were displayed using the R pack-
age “pheatmap” (https://CRAN.R-project.org/package=
pheatmap). Fisher’s exact test was used to test whether
a gene family contains significantly more tandem duplica-
tions in eight mangroves than the four Malpighiales non-
mangroves, or vice versa (P < 0.05). These gene families
were used for GO enrichment analysis.

Gene Tree Construction, Gene Tree Species Tree
Reconciliation, and Gene Loss Identification

We reconstructed gene trees of homologous groups pro-
duced by OrthoFinder to identify gene duplication and
loss events. First, gene families with fewer than four loci
or containing genes from only one species were removed.
Then, for each of the remaining gene families, sequence
alignment and conversion of protein sequences to CDS
were performed using the method outlined above. Next,
poorly aligned regions were removed using Gblocks
(-b5 =h). Finally, gene family maximum likelihood (ML)
trees were reconstructed using RAXML-NG under the
GTR + G model with 100 bootstraps.

Notung (v2.9.1.5; Stolzer et al. 2012) was then used
to reconcile gene trees with the species tree. The software
outputs reconstructed gene trees with the most negli-
gible duplication/loss cost based on the principle of max-
imum parsimony. Briefly, the scenario with the fewest
duplication/loss events was chosen as the inferred gene evo-
lution model. For example, the simultaneous gene absence
in sister species A, B, and C would be inferred as the single
gene loss event in their ancestor. The analysis was based on
the duplication/loss model. First, the “rooting” mode was
used to establish roots for rootless gene trees. Then “recon-
cile” mode was used to reconcile each family’s gene and spe-
cies tree. Finally, the “rearrange” mode (-threshold 50%)
was used to rearrange weakly supported edges (bootstrap
< 50%). We carefully checked the rearranged trees and fur-
ther restricted the criteria for a duplication event “at least
one species exists in both subbranches,” thus removing
some untrustworthy duplication events.

Gene loss events were identified in the eight mangrove
species and C. pectinifolia. In each phylogenetic tree of a
gene family, we first identified subtrees that contain only
nine species. In each subtree, we checked whether
Notung had determined loss events. If we further found
no genes in its children nodes, the node was considered
as having experienced a gene loss event. Gene families
have more than twice the loss events in mangroves than
C. pectinifolia were retained for GO enrichment analyses.

Protein Domain ldentification

Hidden Markov model (HMM) profiles in the Pfam data-
base (34.0; Mistry et al. 2021) were prepared as an HMM
database by the hmmpress program in the HMMER suite
(3.2.1; Eddy 2011). The HMM profiles were used to identify
NBS (PF00931) and LEA (dehydrin [PF00257], LEA_1
[PFO3760], LEA_2 [PF03168], LEA_3 [PF03242], LEA_4
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[PF02987], LEA_5 [PF00477], LEA_6 [PF10714], and SMP
[PF04927]) domains in the genomes of 14 species using
PfamScan (1.6; Mistry et al. 2007).

Simulation of the Effect of Gene Loss on GRN Stability
For a GRN containing n genes, the change in the mRNA
concentration x; of gene i with time t is dx;/dt.
Perturbations near equilibrium can be approximated by
ordinary differential equations, although the system
should be nonlinear:

dx; d
F,'(X1, X2, .. .Xn) = d_t’ =b;+ Z ajXj — Dix;, (3)
J=1,

where b is the basal transcription rate, a;; is the regulatory
intensity of gene j on gene i, and D; is the degradation rate.
The interaction between genes can construct a Jacobian
matrix A and take the partial derivative of (3) and bring
it into A:

—X) —(X —(X
5 Ga0 200
oF OF oF
—X) —X) —(X)
A=]| 9 0x, o0x;, , (4)
oF, . OF, oF,
"y )y ... ZM(x
aX1( ) aXz( ) aXn( )
where A= —D; and A; = a;. The diagonal element A;; re-

presents the effect of gene i on itself or the gene decay rate,
and the off-diagonal element A represents the regulation
strength of gene j on gene i. When the real part of the max-
imum eigenvalue of matrix A < 0, the GRN reaches a stable
state. The GRN with power-law distribution is generated
by the “igraph” package (no. of edges = 0.031 x n°), A; is
set to —1, and Aj; is randomly drawn from a normal distri-
bution with mean 0 and standard deviation from 0.16 to
0.28 (Chen et al. 2019). Each condition was repeated
1,000 to statistically stabilize the probability.

A sigmoidal transfer function is added to Equation (3),
making the new equation have the necessary nonlinearity:

n
%=S<b,’+ Z a,1x1> — Dix; (5)
J=1#
where S(x) = H% The initial MRNA concentration of gene
X; is set to 1/n, b; is set to 1, and other parameters are con-
sistent with linear simulation (D’haeseleer 2000). When
the change amplitude of the mRNA concentration of all

genes < 1 1075, the GRN is stable.

Salt Treatment Experiment

Materials

We measured transcriptome profiles of mangrove species
R. apiculata and its inland relative C. pectinifolia under

salinity changes. Seedlings of each species were divided
into two groups: one was grown in pure culture solution
(0 mM NaCl) and the other with 250 mM NaCl added.
After treatment for 24 h, fresh leaves and roots were
sampled and stored at —80 °C for RNA sequencing. For
each condition, three or two individuals were sampled as
biological replicates.

Measurement of Fold Change in Gene and TE Expression

Total RNA extraction, sequencing, and transcriptome as-
sembly methods were the same as in the High Tannin
Content section. The RNA-seq was aligned to the corre-
sponding reference genomes to measure TE expression,
with the HISAT2 parameter set to --no-mixed. TE expres-
sion was measured using TEtranscripts (v2.2.1; Jin et al.
2015). Fold change of gene and TE expression were esti-
mated using the R package “DESeq2” (Love et al. 2014).

Supplementary Material

Supplementary material is available at Molecular Biology
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