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Multi‑omics analyses on Kandelia obovata 
reveal its response to transplanting and genetic 
differentiation among populations
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Abstract 

Background:  Restoration through planting is the dominant strategy to conserve mangrove ecosystems. However, 
many of the plantations fail to survive. Site and seeding selection matters for planting.

The process of afforestation, where individuals were planted in a novel environment, is essentially human-controlled 
transplanting events. Trying to deepen and expand the understanding of the effects of transplanting on plants, we 
have performed a seven-year-long reciprocal transplant experiment on Kandelia obovata along a latitudinal gradient.

Results:  Combined phenotypic analyses and next-generation sequencing, we found phenotypic discrepancies 
among individuals from different populations in the common garden and genetic differentiation among populations. 
The central population with abundant genetic diversity and high phenotypic plasticity had a wide plantable range. 
But its biomass was reduced after being transferred to other latitudes. The suppressed expression of lignin biosynthe‑
sis genes revealed by RNA-seq was responsible for the biomass reduction. Moreover, using whole-genome bisulfite 
sequencing, we observed modification of DNA methylation in MADS-box genes that involved in the regulation of 
flowering time, which might contribute to the adaptation to new environments.

Conclusions:  Taking advantage of classical ecological experiments as well as multi-omics analyses, our work 
observed morphology differences and genetic differentiation among different populations of K. obovata, offering 
scientific advice for the development of restoration strategy with long-term efficacy, also explored phenotypic, tran‑
script, and epigenetic responses of plants to transplanting events between latitudes.
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Background
Mangroves are woody plants growing in the interface 
between land and sea in tropical and sub-tropical areas 
[1]. They have morphological and physiological char-
acteristics to adapt to stressful conditions such as high 

salinity, strong winds, and tides, high temperatures, 
anaerobic soils, etc. [1]. Mangrove forests play important 
roles in protecting and stabilizing coastlines, produc-
ing commercial forest products, and supporting coastal 
fisheries, having enormous ecological values [2]. As one 
of the most productive ecosystems, mangrove forests 
are outstanding in producing organic carbon and con-
tribute significantly to the global carbon cycle [3]. How-
ever, the unprecedented loss of mangrove ecosystems 
all over the world has aroused many concerns from the 
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scientific community [4]. In the 1980s and 1990s, it was 
suggested 35% of the world’s mangrove forests had been 
lost because of deforestation [5]. Hamilton and Casey’s 
estimation showed annual mangrove forest loss average 
0.26–0.66% globally between 2000 and 2012 [6]. Accord-
ing to a survey by the State Forestry Administration of 
China, only 44% of original mangrove forests of the 1950s 
in China remained in 2002 [7]. Although 12% of China’s 
mangrove forests have been recovered from 2000 to 2015 
[8], mangrove protection and restoration still face many 
challenges [9, 10].

Kandelia obovata is one of the most widely distributed 
and cold-resistance mangrove species in China [11]. Pre-
vious studies observed vegetative morphology variations 
of K. obovata with different latitudes [12]; and a dwarf 
phenotype was found at high latitude [13]. The force of 
natural selection, resulting in interactions of genotype 
and environment for Darwinian fitness, should cause 
the local population to evolve traits that give advan-
tages under its local environmental conditions [14]. 
In the absence of other forces and constraints, resident 
genotypes in each local population would show on aver-
age a higher relative fitness in their local habitat than 
genotypes originating from other habitats. This pattern, 
including the process leading to it, is local adaptation 
[14]. Using reciprocal transplants experiments, the ‘gold 
standard’ for detecting local adaptation, reciprocal adap-
tation has been found in 45% of studies in plants [15]. In 
research on Arabidopsis, transplanted individuals have 
a lower survival rate and lower fecundity in addition to 
changes in flowering time [16].

Plants can also acclimatize and respond rapidly to envi-
ronmental changes. Phenotypic changes involve modifi-
cations in gene expression. DNA methylation, which is a 
process that adding a methyl group to a cytosine base, is 
an epigenetic modification that constitutes an additional 
level of regulation of gene expression without affecting 
the underlying DNA sequences [17]. There is emerg-
ing evidence that DNA methylation plays an important 
role in regulating plant development and morphology 
[18–22]. Epigenetic regulation of rapid responses to envi-
ronmental fluctuation and phenotypic variation has also 
been observed in many organisms, such as reef corals 
[23] and alligator weed [24]. Early studies on responses to 
abiotic stresses showed stress-induced DNA methylation 
and/or demethylation patterns either genome-wide or at 
specific loci [25]. DNA methylation changes may also be 
associated with transcriptional regulation [26–29]. These 
results all indicate that epigenetic modifications are 
responsible for environmental sensitivity and flexibility of 
plants.

As far as we know, there has been no experiment 
performed to study the association of the epigenetic 

regulations and local adaptation in mangrove plants yet. 
Here, we sampled seedings of K. obovata from three 
populations along latitude gradients in China and per-
formed seven-year reciprocal transplant experiments 
combined with common garden experiments in the field. 
Phenotypes, including height, crown width, and basal 
stem diameter, were measured. Taking advantage of the 
whole genome re-sequencing (WGRS), the transcrip-
tome sequencing (RNA-seq), and the whole-genome 
bisulfite sequencing (WGBS), our research aims to 
explore whether there is adaptive differentiation in the 
three K. obovata populations and to study how K. obo-
vata responded to the environmental changes induced by 
transplantation.

Results
Morphology differences among K. obovata from different 
populations and their phenotypic plasticity
We conducted seven-year-long common garden experi-
ments and reciprocal transplant experiments in our 
study. In South and Central gardens, significant mor-
phological differences among individuals that from dif-
ferent populations were observed (Fig.  1a-f ): the plants 
from the central populations grew faster than plants from 
the other two populations, showing obvious advantages 
in height (Fig. 1a, d), crown width (Fig. 1b, e) and basal 
stem diameter (Fig.  1c, f ). While in the North garden, 
the plants from the south population did not survive 
and plants from the central population showed signifi-
cant growth inhibition (Fig.  1i). In the Central garden, 
the local individuals showed significant dominance of 
height, crown width, and basal stem diameter (Fig. 1d-f ). 
Besides, the central population displayed growth inhi-
bition after transplantation (Fig.  2d-f ), also indicating 
local adaptation. While in the South garden, plants from 
the south population did not show any local advantages 
(Fig. 1a-c). Furthermore, the growth rate of plants from 
the south populations increased after transplanted into 
the Central garden (Fig. 2a-c).

For K. obovata from each population mentioned above, 
changes in morphology were observed after being trans-
planted to other latitudes (Fig. 2). Populations differed in 
their phenotypic plasticity (Table  1): central population 
in height, north population in crown width, as well as 
basal stem diameter, had the greatest phenotypic plastic-
ity. The greatest mean phenotypic plasticity was found in 
the plants from the central population.

Genetic differentiation of K. obovata populations
Observing morphology differentiation among K. obo-
vata populations from three latitudes, we further 
explored its genetic basis by taking advantage of whole-
genome re-sequencing of K. obovata from those three 
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populations. Single nucleotide polymorphism sites 
(SNPs) were summarized after mapping the trimmed 
high-quality reads to the reference genome (Table S1). 
For a single individual, 84,264 to 112,414 SNPs were 
identified from at least 61 million cleaned reads. The 
most abundant SNPs were identified in south-popu-
lation samples, while the minimum numbers of SNPs 
were found in north-population samples. On average 
over 60% of SNPs identified in the north-population 
samples were homozygous. There were only ~ 36% 
and ~ 42% homozygous SNPs in central- population 
ones and south-population ones, separately (Fig. 3a).

In terms of the numbers of SNPs only, bigger differ-
ences among populations than planting environments 
were observed (Fig.  3a). Therefore, we expected there 
is genetic differentiations among K. obovata popula-
tions from different latitudes. The maximum-likelihood 
genome genealogy of twenty-two individuals confirmed 
our hypothesis (Fig.  3b). Phylogenetic analysis clus-
tered K. obovata individuals into three classes and the 
distribution correspond to their populations. Addition-
ally, individuals of the north population clustered more 

closely with each other, indicating that there is less 
diversity among the north population.

We further performed population structure analysis 
using ADMIXTURE, which estimates individual ancestry 
and admixture proportions assuming K ancestral popu-
lations (Fig. 3c). At K = 2, the north population emerged 
as a single cluster. The ADMIXTURE analysis at K = 3 
grouped populations by their provenances. With increas-
ing K values, a substantial proportion of other ancestry 
was observed in the central population, reflecting histori-
cal gene flow among these populations.

Using phylogenetic and ADMIXTURE analyses, we 
observed a clear genetic differentiation among south, 
central and north populations, which may lead to pre-
viously observed morphology differentiation. We also 
noticed that genetic diversity is highest within the central 
population and lowest within the north population.

Transplant‑induced inhibition of lignin biosynthesis 
and reduction of biomass
Transplant-induced reduction of biomass was observed 
in both northward and southward transplantation 

Fig. 1  Phenotypic differences among populations. Means for height ((a), (d), (g)), crown width ((b), (e), (h)) and basal stem diameter ((c), (f), (i)) of 
plants that collected from north, central and south populations while be planted in South garden (bule box), Central garden (red box) and North 
garden (green box). Bars indicate standard errors. Significant differences are shown * (P < 0.05) or ** (P < 0.01)
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(Fig.  4a). The average biomass of a single individual 
decreased from 2.26 kg to 0.16 kg after the northward 
transplantation. Transcriptome sequencing was carried 
out on leaves of those nine central-population sam-
ples, including three that transplanted to South garden 
(Sc), three to North garden (Nc), and three in Central 
garden (Cc). Principal component analysis (PCA) of 
expression data showed clear separation correspond-
ing to the locations where the plants were planted 
(Fig. S2), indicating that transcriptomic profiles were 
affected by transplanting. Relative to Cc, 611 and 2,376 

differentially expressed genes (DEGs) were revealed 
in Sc and Nc separately (Fig.  4b). Genes expressed 
unconventionally after northward transplanted, it is 
probably because of greater environmental differences 
between Central garden and North garden. Circadian 
rhythm, flavonoid, and phenylpropanoid biosynthesis-
related genes prevailed at the top of the KEGG path-
way enrichment of DEGs (Fig.  S3-S4). Phenylalanine 
ammonia-lyase (PAL), which catalyzes the first step in 
the phenylpropanoid pathway, was down-regulated sig-
nificantly both in Sc and Nc (Table S2, Fig. S5). Lignin 
is synthesized from phenylpropanoid compounds. 
Moreover, 4-coumarate:CoA ligase (4CL) and ferulate-
5-hydroxylase (F5H), as the important lignin biosyn-
thesis enzymes, were also significantly down-regulated 
(Table S2). Consistent with previous studies, our tran-
scriptome analysis revealed lignin biosynthesis inhibi-
tion and biomass reduction might cause by reducing 
the expression of PAL, 4CL, and F5H.

Fig. 2  Phenotypic changes after transplantation. Transplant-induced phenotypic changes of individuals from the south population (blue line), the 
central population (red line), and the north population (green line). Bars indicate standard errors. Significant differences are shown * (P < 0.05) or ** 
(P < 0.01)

Table 1  Index of phenotypic plasticity

Population Height Crown Width Stem Diameter Average

south 44.44% 14.95% 22.33% 27.24%

central 56.29% 30.80% 58.48% 48.52%

north 24.34% 47.62% 64.44% 45.47%



Page 5 of 14Zhao et al. BMC Plant Biol          (2021) 21:341 	

Fig. 3  Genetic variations of the twenty-two K. obovata individuals. (a) Bar chart showing differences of SNP numbers among and within south 
(blue), central (red), and north (green) population. Mosaic: heterozygous SNP, solid: homozygous SNP. Bars indicate standard errors. (b) Phylogenetic 
tree of twenty-two individuals from the south (blue), central (red), and north (green) populations. (c) Population structure inferred with admixture 
from the same data set for a different number of ancestral clusters (K = 2 to 4). The best partition was obtained for K = 2 ancestral clusters. Each of 
the twenty-two individuals was represented by a vertical bar
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DNA methylome of K. obovata kept robust 
after transplanting and local modification involved 
transcription and translation regulation
We sequenced about 700 million pair-end 150-bp 
reads(~ 112  Gb)of bisulfite-converted DNA (conver-
sion rate > 99.8%), which yielded an average depth 
of ~ 30 × per strand. At the whole genome level, we found 
DNA methylation levels of CG, CHG, and CHH (where 
H is adenine, thymine, or cytosine) were 20.70%, 10.17%, 
and 3.07%, respectively. DNA methylation sites are not 
evenly spread and methylated cytosines tend to locate in 
the transposon enriched regions. In the gene enriched 
regions with less transposon, only methylated cytosines 
in CG are observed (Fig. 5b). We further investigated the 
methylation level in genic regions and transposable ele-
ment (TE) regions. TEs are extensively methylated as 
expected (Fig. 5d), whereas only cytosines in the CG are 
highly methylated, while CHG and CHH methylation are 
almost depleted in the gene body (Fig. 5c).

We defined the sites that have a minimum of five 
methylated cytosine reads as methylation site (mC site). 
In total, near two million mC sites were detected in the 
whole genome, which covered 2.52% of cytosines in the 
K. obovata genome. In these mC sites, ~ 9% of them were 
located in genes, but almost 88% were found in transpo-
sons especially in the LTR retrotransposons (Table S2 
and Fig.  5e). As for context bias, more than half of mC 
sites were detected in the CHH contexts, with about 29% 
of CG and ~ 17% CHG (Fig. 5f ).

Wondering how DNA methylation response to trans-
plantation, we compared methylomes of the nine 

central-population samples (Sc, Nc, and Cc). Principal 
component analysis (PCA) results based on methyla-
tion profiles showed a clear separation according to the 
latitudes (Fig.  6a). The methylation profile of Cc had a 
higher similarity with Sc than Nc (Fig.  6b), suggesting 
that the methylation profile might be determined by the 
planted environment. The genome-wide methylation 
levels at mCGs, mCHGs, mCHHs were similar across 
samples, except for a drop in CG context after north-
ward transplanting (Fig.  6c), indicating that a complete 
and pancellular reprogramming of DNA methylation did 
not happen after transplanting. There is a negative cor-
relation between latitude and the number of mC sites, 
where fewer mC sites were detected in samples planted 
at higher latitude (Fig. 6d).

To examine the extent of dynamic regulations of DNA 
methylation that occurred locally in response to the 
planted environment, differentially methylated cytosines 
(DMCs) and differentially methylated regions (DMRs) 
were further identified. We found northward-transplant-
ing (Nc) induced more DMC than southward-transplant-
ing (Sc) (Fig. 6e). DMCs in Nc were largely composed of 
cytosines in the CHH sequence context, whereas DMCs 
in the CG sequence context were the most abundant in 
the Sc samples (Fig. 6e). We observed hyper- and hypo-
methylation of DMRs in all sequence contexts (Fig.  6f ). 
In addition, we found that DMRs in CHG and CHH 
sequence contexts were strongly enriched in intergenic 
regions (Fig. 6g), whereas DMRs in the CG sequence con-
text occurred predominantly in the gene bodies (exons 
and introns).

Fig. 4  Changes of biomass and gene expression induced by transplantation. (a) Biomass of central population individuals, including the 
southward-transplant (Sc, blue), the local (Cc, red), the northward-transplant (Nc, green). (b) DEG numbers of Sc (blue circle) and Nc (green circle) 
relative to Cc
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After annotating transplant-induced DMRs (Fig.  6e) 
to their genetic location, we obtained 3,368 and 2,824 
DMR genes in Nc and Sc, separately (Fig. 6h). To explore 
the biological roles of those differentially methylated 
genes, KEGG enrichment analyses were performed. 
For DMR-genes, the pathways ‘spliceosome’ and ‘RNA 
transport’ were significantly enriched both in Nc and 
Sc (Fig. S6-S7), suggesting that transplant-induced local 

modification of DNA methylation in K. obovata involved 
in the regulation of transcription and translation.

Correlation between expression changes and DNA 
methylation modification in transplanted K. obovata.
In all 23,683 genes in the K. obovata genome, the 
highly methylated genes were rarely expressed; 
and the genes with high expression were usually 

Fig. 5  DNA methylation level and distribution in K. obovata. (a) Average methylation level in CG (orange), CHG (purple), CHH (blue) sequence 
context of K. obovata, A. thaliana, P. euphratica, M. domestica. (b) Integrative Genomics Viewer depicts methylation level and distribution of 
mC in Contig64. (c) Integrative Genomics Viewer depicts methylation level and distribution of mC on a gene. (d) Integrative Genomics Viewer 
depicts methylation level and distribution of mC on a transposable element. (e) The pie chart showing a preference of mC for different types of 
transposons. (f) The pie chart showing a preference of mC for different sequence contexts
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with very low methylation level (Fig.  7a). The tran-
script profile of transplant-induced DMR genes was 
changed (Fig. 7b, c). Moreover, we noticed that more 
than 80% of DEGs were with extremely low methyla-
tion levels (Fig.  S8-S9), indicating the role of DNA 

methylation in maintaining the stability of gene 
expression. Among the 2,759 transplant-induced 
DEGs, there were only 347 genes where DMRs were 
detected. No strong overlap of DMRs and DEGs were 
observed in this study (Fig. 7d), suggesting that DNA 

Fig. 6  Transplant-induced changes of DNA methylation profiles. (a) PCA of DNA methylation profiles of nine individuals from the central 
population, including the southward-transplant (Sc, blue), the local (Cc, red), the northward-transplant (Nc, green). (b) Correlation of the 
methylation profiles of the transplanted and un-transplanted. (c) Bar chart showing average methylation level differences induced by 
transplantation. (d) Methylated cytosine number of the transplanted and un-transplanted. (e) The total number and sequence context breakdown 
of DMCs induced by transplantation. (f) The number and direction of methylation changes at CG, CHG, CHH. (g) Stacked bar graph showing the 
percentage of the DMRs overlapping with various annotated genic regions, including promoter, UTRs, exon, intron, and distal intergenic region, 
relative to the total numbers of DMRs associated with these genic features in each sequence context at Nc or Sc. (h) DMR-gene number of Sc (blue 
circle) and Nc (green circle)
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methylation may precede transcriptional changes in 
a rather complicated way.

Among the 347 differentially expressed as well as dif-
ferentially methylated genes, 27 of them were presumed 
as transcription factors (Table. S3). It is noteworthy that 
transcription factors of the MADS-box family, which 
function in the formation of flowers and the control 
of flowering time, are most abundant in the list. All of 
these five MADS-box genes were significantly down-
regulated after northward-transplantation. Moreover, 
demethylation in the CG context was observed in the 
intron of these five genes (Table S4, Fig. 7e).

Discussion
K. obovata is one of the most widely distributed man-
grove species in China. The center of K. obovata’s geo-
graphic distribution in China is located near Yunxiao. 

Plants with the south (Leizhou) and central (Yunxiao) 
population grew faster in the Central garden (Yunxiao) 
than in the South garden (Leizhou) (Fig.  2a-f ). For the 
north population, the individuals planted in North gar-
den have higher biomass than those in Central garden 
(Fig.  2g-i). In addition, the north population showed 
advantages in the north garden, which suggests their 
better abilities in cold tolerance of K. obovata from the 
north population. Genetic differentiation was found 
among south, central and north populations (Fig.  3), 
which might be responsible for the different preferences 
of these three populations for different latitudes. Moreo-
ver, relatively low genetic diversity of the north popula-
tion was observed. According to the World Conservation 
Union, genetic diversity is one of the biodiversity that 
deserving conservation [30]. In addition, mangrove spe-
cies with low genetic diversity were more vulnerable to 

Fig. 7  Correlation of DNA methylation and gene expression. (a) The DNA methylation level and expression level of all the genes in K. obovata. 
(b) Density curve of the expression level of DMR-genes in Nc (green line), relative to Cc (red line). (c) Density curve of the expression level of 
DMR-genes in Sc (blue line), relative to Cc (red line). (d) Correlation of DEGs and DNA methylation modification. (e) Visualization of expression level 
and methylation level of SOC1 in Cc and Nc. Orange: methylation level in CG context. Blue box: hypo-methylation regions. Green peak: RNA-seq 
reads coverage in Nc. Red peak: RNA-seq reads coverage in Cc
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destruction [31]. Effective protection needs to be carried 
on to the north population, which also had a small popu-
lation size and remarkable cold resistance.

The process of K. obovata afforestation, where indi-
viduals were transplanted to a novel environment, are 
essentially human-controlled migration events. Phe-
notypic plasticity offers plants a mechanism to tolerate 
wide environmental variations [32]. Genetic variations 
can contribute to a higher survival rate [32]. There were 
many pieces of research showed that genetic diversity 
and phenotypic plasticity helped plants survive in the 
novel environment [32–34]. High genetic diversity and 
phenotypic plasticity (Fig. 2d-f, Fig. 3) make the seedings 
from the central (Yunxiao) population the best choice for 
plantation. Nevertheless, the north (Ningde) population, 
with strong cold tolerance, might be more suitable to be 
planted in the higher latitudes.

After transplanted to other latitudes, the individu-
als from the Yunxiao population declined in biomass 
(Fig. 4a). A research of Populus observed negative corre-
lation (r =  − 0.48; P value < 0.0001) between biomass and 
lignin content [35]. A mutant of aspen (Populus tremu-
loides) with 45% less lignin, showing down-regulated of 
4-coumarate:coenzyme A ligase (4CL) genes. Lignin is 
produced by the plant phenylpropanoid pathway. In our 
case, phenylalanine ammonia-lyase (PAL), which cata-
lyzes the first step of the phenylpropanoid pathway [36], 
was significantly decreased after being planted outside 
of its native habitats. Besides, the expressions of mon-
olignol biosynthetic enzymes, 4CL and F5H, were both 
reduced significantly. Inhibition of PAL, 4CL, or F5H 
leads to reduced lignin content in plants [37–40]; and 
pal knockout mutants were stunted and sterile [36]. In 
plants, lignin was a component of the secondary cell wall 
[41]. A substantial fraction of weight of trees is made up 
by lignin, as the wood of trees is composed mainly of sec-
ondary cell walls of vascular tissue and accompanying 
fibers [42]. We speculate that transplant-induced biomass 
reduction was correlated to inhibition of the expression 
of lignin biosynthesis genes, like PAL, 4CL, and F5H.

DNA methylation is a conserved epigenetic modifi-
cation that plays an important role in gene regulation 
[25]. DNA methylation patterns could broadly reflect 
the evolutionary and life histories of plant species [43]. 
There are extensive variations throughout angiosperms 
in DNA methylation [43]. K. obovata has a relatively 
lower methylation level (21%, 10%, 3%) compared with 
these in other woody plants, eg. popular (37%, 26%, 14%) 
[44] or apple (49%, 39%, 12%) [45], but the level is similar 
as observed in Arabidopsis (24%, 7%, 2%) [46]. Previous 
research has shown that genomic methylation is related 
to genome size, that is angiosperms with larger genome 
size methylate a higher proportion of their genomes [47, 

48]. Both the genome size of apple (651 Mb) [45] and the 
populus (485 Mb) [49] are larger than the genome of K. 
obovata (278 Mb), which might explain the relatively low 
methylation level of K. obovata (Fig. 5a). Accumulating 
evidence has demonstrated the environment-respond 
altering of plant DNA methylation at individual loci 
or across the entire genome, but DNA methylation 
modification only accounted for limited gene expres-
sion variations [50–52]. The associations between DNA 
methylation and gene expression are complex and con-
text-dependent [53]. The role of DNA methylation in 
plants depends upon the underlying sequence and the 
location in the genome, instead of being simply on or 
off [54]. We observed CG demethylation in those trans-
plant-induced down-regulated MADS-box genes, and 
the demethylation all occurred in the introns (Table S4). 
DNA methylation is found to be essential in the pro-
cess of vernalization and flowering [55–58]. MADS-box 
genes, like FUL, SVP, and SOC1, are reported to involve 
in regulating flowering time [59–64]. In the lifetime of 
a plant, flowering is a critical developmental stage that 
is very vulnerable to environmental stresses. Adjust-
ing flowering time is an evolutionary strategy adopted 
by plants [65]. In addition, SOC1 has been shown to 
account for the cross-talk between cold response and 
flowering. The soc1 mutants showed increased cold tol-
erance and delayed flowering time [66]. The seasonal 
periods conducive to growth and reproduction are geo-
graphically variable. Generally, flowering time follows a 
latitudinal gradient. For example, Arabidopsis thaliana 
tended to flower later in the North and earlier in the 
South [67]. When transplanted to other latitudes, DNA 
methylation modification may help K. obovata adapt to 
the new environment by adjusting flowering time. We 
did notice that K. obovata plants flowered earlier in the 
southern common gardens in some cases. However, we 
usually visit the gardens on a monthly basis, the time 
span is too long to accurately determine the actual flow-
ering times of plants in three gardens. Further research 
and experimental verification are still needed to explore 
the specific regulatory mechanisms.

Conclusions
Based on our study, we observed morphology differences 
and genetic differentiation among K. obovata from differ-
ent populations and call for more attention on the pro-
tection of K. obovata especially from the north (Ningde) 
population, which had low genetic diversity and small 
population size but outstanding cold resistance. In addi-
tion, this study could offer a scientific basis to choose 
the proper seeding for plantation to efficiently restore. 
By exploring phenotypic, transcript, and epigenetic 
responses to transplanting events, our work shed light 
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on revealing the molecular mechanism of K. obovata 
responding to environmental changes.

Methods
Plant growth and phenotypic measurement
The study was conducted on open mudflats on the south-
ern coast of China. Three planting sites were chosen 
along a latitudinal gradient, Leizhou (20°91′N), Yunx-
iao (23°93′N), and Yueqing (28°34′N). Hypocotyls of K. 
obovata were collected from natural mangrove forests 
in Leizhou (20°91′N), Yunxiao (23°93′N) and Ningde 
(27°28′N), the northern boundary of naturally grown 
mangroves in China, in Spring of 2011 and then were 
reciprocally transplanted in the common gardens located 
in intertidal mudflats in chosen planting sites respectively 
(Fig. S1). The samples in our study were obtained from 
the wild and no permission was necessary. Prof. Yihui 
Zhang undertook the formal identification of the samples 
and provide details of any voucher specimens deposited. 
Our experiments on plants comply with institutional, 
national, or international guidelines. Our field studies 
were conducted in accordance with local legislation. All 
necessary permits for planting were obtained from Xia-
men University, China.

From late March to early April of 2018, in each site, 
we selected individuals randomly from three differ-
ent latitudes, with three biological duplications each. 
Due to mislabeling and deaths from natural disasters, 
twenty-two individuals were obtained (Table S1), includ-
ing three Cs (individuals collected from south popula-
tion and planted in Central garden), two Ss (individuals 
collected from south population and planted in South 
garden), four Sc (individuals collected from central 
population and planted in South garden), three Cc (indi-
viduals collected from central population and planted 
in Central garden), three Nc (individuals collected from 
central population and planted in North garden), three 
Sn (individuals collected from north population and 
planted in South garden), three Cn (individuals col-
lected from north population and planted in Central 
garden), one Nn (individuals collected from north pop-
ulation and planted in North garden). In each garden, 
fresh leaves were collected and quickly frozen in dry ice 
between 9:00 and 11:00. Phenotypes were measured on 
the spot, including plant height, basal stem diameter 
(30  cm above the soil surface), and crown width (the 
lengths of the major and the minor axes of the canopy). 
To compare the extent of phenotypic changes induced 
by transplantation, an index of phenotypic plasticity was 
calculated for each population and variables as the dif-
ference between the maximum and the minimum mean 
values among the three planting environments divided 
by the maximum mean value.

To study the mechanism of phenotypic changes 
induced by transplantation, we focused on the nine cen-
tral-population individuals (yellow ones in Table S1) and 
the aboveground biomass (wT) of each individual was 
predicted based on tree height (H) and stem diameter (D) 
[68]:

Library preparation and sequencing
For each sample, DNAs and RNAs were obtained from 
the same piece of leaf. Total RNAs were extracted by 
RNAprep Pure Plant Plus Kit (TIANGEN, Beijing, China, 
DP441). Total genomic DNAs were extracted through 
DNAquick Plant System (TIANGEN, Beijing, China, 
DP321).

For RNA-seq, the libraries were constructed using 
NEBNext® UltraTM RNA Library Prep Kit for Illumina® 
(NEB, USA) following the manufacturer’s recommenda-
tions, and index codes were added to attribute sequences 
to each sample. Briefly, mRNA was purified from total 
RNA using poly-T oligo-attached magnetic beads. Frag-
mentation was carried out using divalent cations under 
elevated temperature in NEBNext First Strand Synthesis 
Reaction Buffer (5X). First-strand cDNA was synthesized 
using random hexamer primer and M-MuLV Reverse 
Transcriptase (RNase H). Second strand cDNA synthe-
sis was subsequently performed using DNA Polymerase 
I and RNase H. Remaining overhangs were converted 
into blunt ends via exonuclease/polymerase activities. 
After adenylation of 3’ends of DNA fragments, NEBNext 
Adaptor with hairpin loop structure was ligated to pre-
pare for hybridization. 250 ~ 300 bp fragments were puri-
fied with AMPure XP system (Beckman Coulter, Beverly, 
USA). Then 3  μl USER Enzyme (NEB, USA) was used 
with size-selected, adaptor-ligated cDNA at 37  °C for 
15 min followed by 5 min at 95 °C before PCR. Then PCR 
was performed with Phusion High-Fidelity DNA poly-
merase, Universal PCR primers, and Index (X) Primer. At 
last, PCR products were purified (AMPure XP system), 
and library quality was assessed on the Agilent Bioana-
lyzer 2100 system.

DNAs of each sample was divided into two parts and 
used for whole-genome re-sequencing (WGRS) and 
whole-genome bisulfite sequencing (WGBS) separately. 
WGRS libraries were obtained using Truseq Nano DNA 
HT Sample Preparation Kit (Illumina USA) following 
instructions with 1.5 μg DNA as input. Briefly, DNA was 
fragmented to 350  bp by sonication, then DNA frag-
ments were end-polished, A-tailed, and ligated with the 
full-length adapter for Illumina sequencing with further 
PCR amplification. At last, PCR products were purified 
(AMPure XP system).

wT = 0.04117(D2
H)
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As for WGBS libraries, a similar strategy with WGRS’s 
was followed. But unlike WGRS, DNA was fragmented 
to 200–300  bp and barcodes were cytosine-methylated. 
DNA fragments were treated twice with bisulfite using 
EZ DNA Methylation-GoldTM Kit (Zymo Research), 
and then these bisulfite-converted DNA fragments were 
amplified using KAPA HiFi HotStart Uracil + ReadyMix 
(2X).

All these libraries were analyzed for size distribution by 
Agilent2100 Bioanalyzer and quantified using real-time 
PCR. Subsequently, libraries were sequenced in Novo-
gene Company (Beijing, China) using Illumina Hiseq X 
platform and 150  bp paired-end reads were generated 
(Raw reads were placed in GEO under submission num-
ber SUB7839708).

Analyses of sequencing data
A quality control process was applied to reads without 
sequencing adapters and primers sequences by Trim-
momatic [69]. Low-quality nucleotides (Q < 20) were dis-
carded from both ends of reads and reads shorter than 
50  bp were removed (SLIDINGWINDOW 5:20, LEAD-
ING 5, MINLEN 50).

For each individual, trimmed reads were mapped to 
the K. obovata reference genome with Burrows-Wheeler 
Aligner (BWA v.0.7.17) [70], using default parameters. 
Duplicated reads were marked and variant calling was 
performed with GATK (v.4.0.10.1) [71]. Variants were 
then filtered using GATK, and the qualified SNPs were 
used to construct the phylogenetic relationship using 
maximum likelihood by SNPhylo [72]. Admixture in 
individuals was estimated using the qualified SNPs with 
ADMIXTURE [73].

Trimmed RNA-seq reads were mapped to the K. obo-
vata reference genome using HISAT2 [74]. Following 
mapping, RNA-Seq alignments were assembled into 
potential transcripts using StringTie [75]. Differentially 
expressed genes were determined using DEseq2 [76] 
implemented in R.

For trimmed WGBS reads, mapping and methylation 
calling were performed by Bismark (v.0.20.0) [77]. For 
each sample, reads were aligned to a sample-specific 
modified pseudo reference in which homozygous SNPs 
were inserted into the K. obovata reference genome. 
Differentially Methylated Cytosines (DMCs) and dif-
ferentially Methylated Regions (DMRs) were identified 
using methylKit (v.1.10.0) [78]. When identifying DMRs, 
the genome was tiled with windows 100  bp length and 
100  bp step-size, and the methylation information on 
those tiles was summarized. Also, for CG, CHG, and 
CHH context sequences, DMC/DMR candidates with 
the ratio of less than 40%, 20%, and 10% differences 

between maximum and minimum methylation levels 
were discarded, respectively.

qRT‑PCR validation of gene expression
The expression levels of PAL, 4CL, and F5H were con-
firmed by qRT-PCR. First-strand cDNA was synthesized 
using SMARTScribe reverse transcriptase (Clontech) 
and then used to perform qRT-PCR using SYBR Pre-
mix on Bio-Rad CFX 96 (Bio-Rad, Inc.), according to the 
manufacturer’s instructions. The relative quantification 
from three biological replications was normalized to the 
reference gene, 18S rRNA (accession no. AY289625), and 
calculated by the 2 − ΔΔCt method. All primer sequences 
are shown in Table S5.
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