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Abstract

Feralization is an important evolutionary process, but the mechanisms behind it remain
poorly understood. Here, we use the ancient fiber crop, ramie (Boehmeria nivea (L.)
Gaudich.) as a model to investigate genomic changes associated with both
domestication and fertilization. We first produced a chromosome-scale de novo genome
assembly of feral ramie and investigated structural variations between feral and
domesticated ramie genomes. Next, 915 accessions from 20 countries were gathered,
comprising cultivars, major landraces, feral populations and wild progenitor. Based on
whole genome resequencing of these accessions, the most comprehensive ramie
genomic variation map to date was constructed. Phylogenetic, demographic, and
admixture signal detection analyses indicate that feral ramie is of exoferal or exo-endo
origin, i.e., descended from hybridization between domesticated ramie and wild
progenitor or ancient landraces. Feral ramie has greater genetic diversity than wild or
domesticated ramie, and genomic regions affected by natural selection during
feralization are different from those under selection during domestication. Ecological
analyses showed that feral and domesticated ramie have similar ecological niches which
are substantially different from the niche of the wild progenitor, and three
environmental variables were associated with habitat-specific adaptation in feral ramie.
Our findings advance our understanding of feralization, providing a scientific basis for
the excavation of new crop germplasm resources and offering novel insights into the

evolution of feralization in nature.

Teaser

We investigated the genomic, morphological and ecological factors underlying

feralization of the fiber crop ramie. We elucidated where and when the crop was
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domesticated and how it has been distributed and traded. We revealed the genetic and
ecological differences between wild, crop, and feral ramie and identify candidate genes
that could underlie their divergence. Importantly we determine that the feral ramie is
derived from hybridization between domesticated and wild ramie and reveal that
feralization involved different genes from domestication, therefore is not a simple

reversal of that process.

Introduction

Feralization is the evolutionary process by which domesticated crops or livestock re-
acquire some wild-like traits and escape from intensive management to form
independent reproducing populations (Wu et al., 2021). Feralization has interested
biologists since Darwin (1868), not only because of the implications for evolution but
also because feral populations can become invasive and have severe ecological
(Ellstrand et al., 2010; Qiu et al., 2017; Wu et al., 2021) or agricultural impacts
(Vigueira et al., 2013). On the other hand, feral populations might be significant
reservoirs of genetic diversity for crop breeding (Farrant and Hilhorst, 2022; Gutaker et
al., 2022; Mabry et al., 2023; Pisias et al., 2022). A better understanding of feral
populations at the genetic level might therefore help to both mitigate their impacts as
weeds (Qiu et al., 2020) and evaluate them as potential genetic reservoirs (Li et al.,
2017). Three pathways to feralization have been recognized (Ellstrand et al., 2010;
Pisias et al., 2022). Endoferalization involves spontaneous genetic mutations that
influence key traits or selection favoring specific standing genetic variation in an
ancestral crop population; exo-endoferalization occurs through natural hybridization
between cultivated landraces or varieties with divergent genotypes, leading to novel
genotypes that escape into the wild; finally, exoferalization occurs by hybridization or
introgression between crops and wild relatives (Martin Cerezo et al., 2023; Wu ef al.,
2021). The genetic signatures of these three modes can be difficult to distinguish (Zhang

et al., 2020) which may contribute to the observation that, despite increasing attention,
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the evolutionary mechanisms underlying feralization remain poorly understood (Gering
et al., 2019; Mabry et al., 2021a; Wu et al., 2021). Genomic studies have been
conducted on grasses, such as weedy rice (Qiu et al., 2017; Wedger et al., 2022), wheat
(Guo et al., 2020) and barley (Zeng et al., 2018), but at least 14 feralization events in
crops have been suggested (Wu et al., 2021), and only one non-grass crop, Brassica
oleracea, has so far been investigated at the genomic level (Mabry et al., 2021b).

Climate change is expected to have a strong impact on crop spread and adaptation
(Gutaker and Purugganan, 2024; Zsdgon et al., 2022), and the feral environment may
differ from the ancestral wild range in many ways. Therefore, feralization should not
be seen as simply a reversal of domestication, but rather as an adaptation to a new wild
environment that applies novel selection pressures, including under a changing climate.
Hence investigation of feralization offers opportunities to understand crop adaptation
to a changing environment, and thus inform future crop improvements for climate
resilience. However, the basis of adaptation and ecological niche range in plants
escaping cultivation have yet to be investigated.

Ramie or China grass (Boehmeria nivea (L.) Gaudich.), is a subshrub grown for its
fibers which are the longest, toughest, and most silky of all known plant fibers, and is
an excellent model for studying the evolutionary mechanism of feralization. It was one
of the first fiber crops to be domesticated; used since at least 6000 BC in China, where
it has long been a symbol of status (Chen, 2007; Liao and Yang, 2016). Today, it is still
widely cultivated for textiles and cordage products in tropical and subtropical regions
around the world (Sen and Reddy, 2011). However, following the introduction of cotton
to China around 1300 AD, many ramie landraces were gradually abandoned by farmers
in favor of the new, more easily processed crop, removing the constraints of artificial
selection, and permitting feralization. Moreover, the tiny, wind-dispersed seeds of ramie
provide ample opportunity for regular escapes from cultivation, and feral populations
are now widespread. Feral ramie populations have likely existed in China for centuries
or even millennia, but almost nothing is known about their origins and adaptations, or

how the plants changed during feralization.
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Broad sampling of both wild and cultivated material is needed to understand
evolution of feralization (Ellstrand et al., 2010). Boehmeria nivea is separated into three
morphologically distinct varieties: var. nivea, only known from cultivated or
naturalized populations, var. fenacissima and var. strigosa (Zhao et al., 2024), which
both occur in apparently natural populations. Previous attempts to understand ramie
domestication used limited numbers of molecular markers (Liao et al., 2014; Liu et al.,
2009) and narrow population sampling, giving an incomplete picture of the location
and timing of domestication. To overcome these shortcomings, here we de novo
assembled a chromosome-scale genome for a feral ramie accession and then analyzed
resequencing data of 915 ramie accessions from 23 countries, covering the wild
progenitor, feral populations, major landraces and cultivars. We then combined
evidence from morphology, ecology, and genomics to determine the pathway leading
to the origin of feral ramie and investigate how adaptation occurred in the feral

populations.

Results

Chromosome-level genome of feral ramie and comparative analysis with

domesticated ramie

Previous studies of feral plants have predominantly focused on the population genomics
of SNPs, and the absence of a framework for studying genomic structural variants (SVs)
has hampered progress towards a comprehensive understanding of the evolutionary
mechanisms underlying feralization. A high-quality feral ramie genome was assembled
(Fig. 1A) from a total of 19.74 Gb of PacBio long reads, with approximately 73-fold
high-quality sequence coverage. The contig N50 length was 3.42 Mb, the final scaffold
N50 was 21.64 Mb, and the final assembled genome size was 294 Mb (Figs. 1A & S1;
Tables S1 & S2), considerably smaller than the estimated genome size of ~380 Mb
determined by the k-mer method and flow cytometry (Fig. S2). Accurate genome size
estimates are notoriously difficult to achieve for highly repetitive and heterozygous

diploid genomes (Helmkampf et al., 2019; Pflug et al., 2020): for example, flow
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cytometry may overestimate size due to effects from different plant compounds that
affect binding of the stains (Mgwatyu et al., 2020), whereas higher levels of
heterozygosity and repetitive sequences may cause inaccurate estimation when using
the k-mer method (Pflug et al., 2020). After genome annotation, we obtained 22,312
annotated protein-coding genes, plus 2164 noncoding RNA genes, and determined that
more than half (54.85%) of the feral ramie genome was composed of repetitive
elements (Table S1). Over 95% of the predicted genes showed homology to genes with
known functional annotation in public databases (Table S3) and the BUSCO analysis
revealed 1546 out of 1614 (95.8%) complete BUSCOs, 22 (1.4%) of which were
duplicated (Table S4). These two results indicate that the newly assembled genome is
of high quality and we are confident that our genome is well-assembled.

Aligning our new feral and existing cultivated reference genomes revealed high
collinearity (Fig. 1B & S3), plus a considerable number of genomic variants between
them (Fig. 1 C-D; Table S5). The distribution of variants was not uniform along the
chromosomes. Among all classes of structural variants (SVs) examined, Highly
Diverged Regions (HDRs) affected the greatest amount of the feral ramie genome (2780
events, 30.9 Mb), followed by inversions (INV), copy number variants (CNV),
translocations, insertions (INS), SNPs, and deletions (DEL) (Fig. 1C, Table S5).

Genome-wide variation and population structure

We sequenced 915 ramie individuals (Figs. 2A & S4), with an average sequencing depth
of 31.4x (Table S6). Reads were mapped to the ramie reference genome, with an
average mapping rate of 92.2%. Through variant detection and filtering, we identified
8,035,826 high-quality SNPs and 796,139 InDels (Table S7). After filtering (see
Methods), 1,260,336 SNPs were retained.

Maximum-likelihood (ML) and neighbor-joining (NJ) approaches produced
similar topologies (Fig. 2B; Figs. S5 & S6). Considering the habitats of the individual
accessions and the results of the admixture analysis (see below), we separated the ramie

accessions into three groups, with Group I (all naturally wild accessions) forming a



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

monophyletic clade sister to all other accessions. This clade was comprised of three
subclades: the first included all accessions of B. nivea var. strigosa from southern
Yunnan, northern Vietnam, and Thailand; the second included all accessions of B. nivea
var. strigosa from southwest Guangxi; and the third included only two accessions, one
each from Guangxi and Jiangxi (Fig. S5). These two accessions were morphologically
similar to Archiboehmeria, a monotypic genus dubiously distinct from Boehmeria
(Chen, 1980), so we removed them from the subsequent analyses. Group II comprised
accessions genetically more similar to domesticated than wild accessions, but with clear
admixture in the genome. This group included the bulk of the feral accessions, including
all feral accessions from China, plus nine domesticated accessions. Group III comprised
all other domesticated accessions examined, plus eleven feral accessions from around
the world. Group II was paraphyletic with respect to Group III (Figs. 2B & S5).

Two-dimensional principal component analysis (PCA) based on genomic data
clearly separated group I from groups II/IIl along PC1, with groups II and III largely
separated along PC2 (Fig. 2C). These results were concordant with the phylogenetic
results and indicate a relatively deep divergence between wild ramie and the others,
whereas feral and domesticated ramie grade into one another.

In admixture analysis, the cross-validation error decreased continuously as the
number of subpopulations, K, increased, with no clear optimal K (up to K = 10; Fig.
S7). We therefore discuss only the biologically meaningful groupings of the accessions.
At K = 2, the wild and domesticated accessions formed groupings distinct from one
another, and the feral accessions were mostly admixed with domesticated accessions.
At K = 3, the wild material was clearly distinct, whereas the feral and domesticated
accessions formed groups that graded into one another (Fig. 2B).

Nucleotide diversity (6x) differed between the three groups and was greatest for
group II (predominantly feral), slightly lower for group III (predominantly
domesticated), and lowest for group I (wild) (Fig. 2D). Genetic differentiation (£st)
was greatest between the wild and domesticated groups, intermediate between the feral

and wild groups, and least between the domesticated and feral groups (Fig. 2D).
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Demographic and divergence histories

We used a supervised machine learning algorithm (DIYABC Random Forest) (see
Materials and Methods) to test different hypotheses concerning the origin of feral ramie.
Whether we consider feral ramie as a whole (Table S8) or treat the two largest
monophyletic subclades of feral ramie as discrete populations (Table S9), under the best
scenarios, feral ramie is shown to be product of hybridization between wild and
domesticated ramie (Figs. 3A-B, S8). We describe the results here entirely based on
three groups division (Fig. 3A, Table S10). Groups I and III are estimated to have
diverged 8,678 years before present (YBP) (95% quantile: 4181-10,800), indicating the
initial stages of ramie domestication. Group Il is estimated to have originated as a
product of admixture between groups I and III (Fig. 3, Table S10), 5095 YBP (95%
quantile: 1677-8967), with a smaller portion of the admixture being from group | (the
wild group; 0.24; 95% quantile: 0.03-0.88) than group Il (the domesticated group;
0.76).

To infer the demographic history of the three genetic groups and trace potential
historical fluctuations in population size, we used two analyses (MSMC2 and SMC++)
to examine this over a longer timescale. Both produced similar results (Figs. 3C & S9a),
so only those for MSMC?2 are described here. The ancestors of the three ramie groups
experienced similar, continual increases of effective population size (Ne) until 48 ka
(thousand years before present) (Fig. 3C). For group I (wild ramie), Ne continued to
decline from 48 ka to 16 ka, but expanded to a peak at around 5.5 ka, which was
followed by a precipitous decline to ca. 4 ka. Group III (the domesticated ramie lineage)
experienced a continual reduction of Ne starting 48 ka until its lowest point ca. 4.2 ka
to 3 ka, which likely corresponds to an associated severe domestication bottleneck.
Group II (primarily feral accessions) resembles the wild lineage in having a bottleneck
ca. 13 ka to 9 ka, in this case Ne then increased considerably at 2.8 ka before a slight
reduction at ~1.2 ka (Fig. 3C).

We further used ‘GONE’ to examine very recent demographic history and obtained

very different demographic trajectories for group III (domesticated) and II (feral)
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lineages, but a relatively stable trend for group I (wild) populations (Fig. S9B). The
population sizes of the domesticated and feral lineages started to decline ~150
generations ago, with the feral lineage exhibiting a very gradual decline, whereas for
the domesticated lineage this was sharp and in two steps. This is probably related to the

continuous reduction of ramie cultivation over this period, especially in China.

Admixture signal detection

Admixture signal detection analysis for each ramie group detected a strong signal
of admixture in group Il (feral) arising from both groups | and Il (i.e., wild and
domesticated). Signals of admixture were not recorded for any other combination of
populations (Table S11).

To assess the ancestry of feral ramie compared to the ancestral populations
(domesticated and wild ramie), we identified SNPs that were present in one or more
accessions of domesticated ramie but not detected in wild ramie (crop-specific private
SNPs) or vice versa (wild-specific private SNPs). Among all feral SNPs that matched
one of these categories, 90.7% were shared with domesticated material, compared to
9.3% with the wild accessions. This pattern was evident across all 14 chromosomes
(Fig. 3D; Table S12), apart from one genome region that had more wild than
domesticated SNPs. Thus, both the DIYABC analysis and the admixture analysis
support that the feral group was derived through admixture and is genetically more

similar to the domesticated group.

Selection associated with domestication and feralization

Signatures of selection were detected in 728 and 605 putative regions within feral and
domesticated ramie, respectively (Fig. 3E & 3F; Tables S13 & S14). We further
performed GO and KEGG enrichment analysis for the genes in these putative regions.
In feral ramie, GO enrichment analysis showed 72 enriched terms, including terms
related to metabolic processes, cellular processes, and binding (Table S15), whereas

KEGG enrichment analysis identified 17 terms (Table S16). Most of these items have

9
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relationships with stress tolerance. For example, ABC transporters (ko02010) is related
to resistance to heavy metal pollution (Wang et al., 2015; Xu et al., 2020). In
domesticated ramie, GO enrichment analysis showed 97 enriched terms (Table S17),
and 12 significant terms were found in KEGG enrichment analysis (Table S18), most
of these terms also related to stress resistance, for example genes involved in Vitamin
B6 metabolism (ko00750) may be associated with shade tolerance (Jiang et al., 2023),
whereas Benzoxazinoid biosynthesis (ko00402) could be related to cold tolerance in
wheat (L1 et al., 2023). Regions affected by natural selection during feralization are
different from those under selection during domestication (Fig. 3E &3F), and hence

that feralization is not a simple reversal of domestication.

Niche differentiation among wild, feral and domesticated ramies

We used several ecological analyses to reveal differences in the niche of each group
and to identify candidate ecological factors associated with habitat-specific adaptation
during feralization. Empirically observed values for Hellinger’s / and Schoener’s D
were significantly lower than those expected from pseudoreplicated datasets in paired
analyses between Groups I and Group II (wild and feral), and between Groups I and III
(wild and domesticated) (Fig. 4 A-B), indicating niche differentiation between these
pairs. However, observed values for / and D were close to 1 between Groups II and II1
(feral and domesticated), indicating only slight differentiation (Fig. 4C). Niche overlap
between the Groups II and III was greatest (D = 0.63), with niches shared between
groups accounting for 86.8%, while overlap between Groups I and III was the lowest
(D = 0.38), with shared niches accounting for only 37% (Fig. 4 D-F; Table S19). In the
PCA analysis, the first two axes explained 43.16% (PCA1: 24.44%; PCA2: 18.72%) of
the variation in environmental variables. PCA1 was positively correlated with soil
properties (including total nitrogen and organic carbon stocks) and topographic
variables (including slope), while PCA2 was correlated with precipitation variables
including the precipitation of driest month (biol4) and warmest quarter (biol8), and

precipitation seasonality (biol5) (Fig. 4G). ANOVA showed that Group II differed

10
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significantly from Groups I and III in PCA1 and the mean value of PCA2 in Group I
was significantly larger than for Group II or III (Table S20). All 12 environmental
variables investigated had a statistically significant phylogenetic signal (Table S21),
with K values less than 1, indicating that closely related populations are more likely to
share niches than populations drawn at random.

To identify loci associated with local ecological adaptation in feral ramie, we
carried out genome-environment association (GEA) analysis (Grummer et al., 2019;
Manel et al., 2018). The result identified 8 regions (at —logio(p)>7.83) significantly
associated with 3 of the 12 environmental variables in feral ramie, i.e., mean
temperature of wettest quarter (biol6), precipitation of driest month (bio14), and total
nitrogen (tn) (Figs. SA & S10; Table S22). In total, 13 genes were recognized, and the
largest number were related to temperature (bio8) (Table S22), e.g., Bnt01G001074 on
chromosome 1 was involved in blue light signaling pathway (GO:0009785) and
circadian rhythm of plant (KEGG: ko04712), which is proposed to be associated with
temperature adaptation (Ben Michael et al, 2020). Other examples include
Bnt12G017285 on chromosome 12 with transmembrane transporter activity (GO:
G0:0022857), which is thought to be related to drought stress tolerance in maize (Jiao
et al., 2022) and Bnt04G005975 with ATP binding activity (GO:0005524), which is

involved in low nitrogen (Borah et al., 2018).

Potential geographic distribution and ecological drivers of feral ramie

To predict changes in the areas potentially suitable for feral ramie under past and future
climate change, we carried out ecological niche modeling (ENM). Results showed both
wild and feral ramies had an area under the receiver operating characteristic curve
(AUC) value of >0.9 (Table S23), indicating a better than random prediction. The
suitable area was greatly influenced by climate change (Fig. 5 B-E). The potential
suitable area for wild ramie was greater in the Last Interglacial (LIG) than the Last
Glacial Maximum (LGM) and the present, and is predicted to increase in the future

(2090). The area suitable for feral ramie is predicted to remain stable to 2090 (Fig. 5 F-
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Discussion

All samples of B. nivea var. strigosa formed a well-supported, monophyletic group,
clearly distinct from both the feral and domesticated accessions. This strongly suggests
that var. strigosa is either the direct progenitor of domesticated ramie, or at least a close
relative of the wild progenitor if that is now extinct. B. nivea var. strigosa is distributed
in southern Yunnan, southwest Guangxi, and the Indo-Chinese Peninsula. These are all
places where ramie is cultivated, so it seems likely that it was domesticated within this
native range, although we were unable to sample all reported wild populations, and
some may have become extinct during the agricultural expansion over the last few
millennia (He et al., 2023; Xie et al., 2021). This might explain why wild ramie has
lower genetic diversity that the other two groups. Our data shows that wild ramie is
genetically distinct from feral and domestic ramies, and therefore is likely to possess
novel genetic diversity that could be useful in future breeding.

Feral and domesticated ramie together form a monophyletic group (Groups II+11I)
(Figs. 2B & S5). Most feral accessions fall into Group II and comprise a phylogenetic
grade, with most cultivated accessions forming a single derived lineage. Accessions
identified morphologically as B. nivea var. nivea exist among both cultivated and
naturalized feral material (Fig. S5). B. nivea var. tenacissima has previously been
suggested as the original wild form of ramie (Chen et al., 2003), but our results indicate
that individuals with this morphology are feral and derived from, and not the ancestor
of, domesticated ramie (Fig. S5).

If we assume that feral populations generally occur close to where they originated,
then this allows us to infer the origin and subsequent routes of spread for cultivated
ramie across the world. Following this, it appears that basal populations in Group II
(Fig. S5), which are mainly from Jiangxi, Guangdong, and Guangxi provinces, and

form a subgroup at K=5 (Figs. 2B & S7), may represent the earliest ramie feralization
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events. This suggests that these are the first places where ramie was cultivated, and the
likely region of its domestication, largely consistent with a previous study, based on
nuclear SSR marker analysis, suggesting that ramie domestication began in the Yangtze
River Valley of China (Liao et al., 2014). Southern China is an important hotspot of
domestication for several crop species, including rice, apricot, and peach (Groppi et al.,
2021; Larson et al., 2014; Li et al., 2019), and our results further highlight the
importance of this region for crop domestication. Starting from Jiangxi, the putative
cradle of domestication, ramie cultivars followed a predominantly westward pattern of
dispersal within China to Hunan (which contains the basal individuals within the mainly
cultivated Group III), and from there across the rest of China, especially along the
Yangtze River Valley (e.g., Chongqing, Zhejiang) and Fujian in southeastern China (Fig.
S5).

All feral accessions from Japan and Korea were grouped with feral populations
from Zhejiang, Anhui and northern Jiangxi (Fig. S5), suggesting that these locations
were the source of the Japanese and Korean accessions, likely driven by human
migration and maritime trade. This disjunctive grouping contains no domesticated
material, suggesting that these individuals might be all that remains of lineages no
longer in cultivation. In Japan and the Philippines, concentrated efforts were made to
produce ramie during the Second World War so there was probably a large amount of
recent trade between these regions around that time (Roy and Lutfar, 2012). Taiwanese
indigenous people have used ramie fiber for thousands of years until the period of
Japanese colonial rule (1895—1945), when the availability of other types of clothing
caused ramie cultivation there to gradually peter out (Taru and Watan, 2020).
Considering the sister grouping of an accession from the Philippines (W531) with ones
from Taiwan (Fig. S5), ramie material now in Taiwan most probably originated from
the Philippines. African ramie accessions were closely related to Chinese cultivated
material, and two accessions from the USA (B344 and W160) were nested among the
cultivated individuals of Guangdong and Jiangxi. Despite the fiber’s use for a wide

variety of products, it was little known in North American markets or widely traded
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until the 1980s (Hester and Yuen, 1989), but our data indicate at least two introductions
of Chinese material into the USA.

Feral organisms usually revert to the wild-like morphology of their ancestors, and
such restoration of ancestral phenotypes can involve novel genetic mechanisms
(Dwivedi et al., 2023; Thurber et al., 2010). Feral ramie contains accessions referable
to both var. tenacissima and var. nivea, but the var. tenacissima accessions are closer to
the base of the phylogeny (Fig. S5). B. nivea var. tenacissima shares with var. strigosa
a branched stem, a partly connate stipule, and mostly green abaxial surfaces of the leaf
blades (Fig. 6), so these characteristics in var. fenacissima might be atavistic and/or due
to crossing with var. strigosa. Other features, for example an assurgent or appressed
strigose stem, differentiate var. tenacissima from var. strigosa. Most accessions in
Group II identified as var. nivea are more similar to the domesticated accessions and
appear to contain a smaller proportion of the wild genome.

Nucleotide diversity () was greater in feral than domesticated ramie, whereas, in
contrast, some feral populations of both corn and rice were found to have lower genetic
diversity than crop populations (Qiu et al., 2017; Vigueira et al., 2013). Our observation
is best explained by feral ramie populations expanding their gene pools via
hybridization from wild material and/or landraces. Admixture signal detection showed
a strong signal for admixture of wild and domesticated populations, and DIYABC
Random Forest analysis showed that hybridization between wild and domesticated
ramie gave rise to feral ramie (Fig. 3).

However, there is little overlap between the geographical ranges of var. strigosa
and feral material (Fig. S4), indicating that gene flow from the former into the latter is
unlikely. One possible explanation for the observed admixture is that var. strigosa was
previously more widespread. Given the geographical and climatic differences between
the ranges of the varieties (Fig. 4), this seems unlikely. Alternatively, gene flow may
have come from now extinct (or undetected) landraces, derived independently from var.
strigosa and closer to it genetically than existing var. nivea.

Together, our findings support the idea that feral ramie resulted from hybridization
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between domesticated ramie and wild progenitor or landrace material, probably
growing in close proximity on the edges of farms, so feral ramie is most probably of
exoferal or exo-endoferal origin (Wu et al., 2021). Crucially, feral ramie may contain
genetic diversity which may be of use in ramie breeding going forward.

Demographic analysis reveals that the ancestors of wild, feral, and domesticated
ramie lineages all exhibited a parallel reduction in Ne from 48-16 ka, with the recent
end roughly coinciding with the LGM (19-26.5 ka) (Clark et al., 2009). The prolonged
decrease in Ne of domesticated material may have resulted from a protracted period of
low-intensity cultivation and/or management before full domestication 4.2 ka, similar
to the situation in grapes (Li ef al., 2017) and African rice (Meyer et al., 2016), and
some archaeological evidence suggests that humans had already used fibers from ramie
at least 30,000 years ago (Kvavadze et al., 2009). More recent changes in the population
dynamics of the ancestors of domesticated ramies might, in turn, have been linked to
human expansion as the Holocene (11.7 ka) began. The timing of a recent bottleneck in
wild ramie, from 4 ka onwards, is consistent with anthropogenic destruction of its
habitat (Xiao et al., 2018; Xie et al, 2021). The dramatic reduction in Ne for
domesticated ramie ~4.2 ka to 3 ka likely represents a domestication bottleneck.

Crop domestication was realized through niche construction (Purugganan, 2022),
but little is known about niche change and ecological adaptation of feral plants after
they return to the natural environment (Gering ef al., 2019). All niche differentiation
analyses (Fig. 4) indicated that the niche of feral ramie is substantially different from
that of wild ramie, but similar to that of domesticated ramie. Temperature and
precipitation-related variables and total nitrogen in the soil were identified as candidate
ecological factors associated with habitat-specific adaptation in feral ramie.

Investigations identifying loci involved in domestication and their significance for
feralization have been carried out in many animal taxa, but this is limited in plants.
Genome scans have become routine and offer potential to investigate adaptive variation
(Grummer et al., 2019). We found the feral and domesticated genomes to be largely

collinear. Small SVs were mostly located in intergenic regions or introns. Further work
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could identify whether any of these SVs demonstrated fixed differences between wild,
feral and/or domesticated populations. Selective sweeps analysis revealed that the
genomic regions targeted by the domestication and the feralization processes were
largely non-overlapping, suggesting that feralization is determined by novel genetic
mechanisms, distinct from those involved in domestication.

In short, in this study, the largest genomic resource for ramie to date has been
generated and explored, unveiling the domestication and feralization history, and the
genetic basis of environmental adaptation for feral ramie. Our results not only support
that feral ramie can be a source material for improving current domesticates and even
de novo domestication (Yu and Li, 2022), but also provide many important scientific
insights into the feralization process. However, feralization is a complex biological
process, so more work is needed that examines the molecular genetic basis of fitness-
related phenotypes in feral settings, and the universality of the evolutionary

mechanisms during feralization needs to be examined in more plants.

Materials and Methods

Sample collection

A total of 915 ramie accessions were sampled from 23 ramie-producing countries across
Asia, Europe, Africa, and the Americas. China, where the cultivation history is most
ancient, was extensively sampled from all 19 provinces or autonomous regions where
ramie is currently cultivated. Our sampling covered all major ramie production areas
and the full spectrum of wild, feral, and domesticated (including landrace and cultivar)
material, so all three varieties of B. nivea (vars. nivea, tenacissima, and strigosa) were
comprehensively sampled (Figs. 2A & S4). Among sampled material, the term ‘wild’
is used exclusively to refer to wild progenitor that appears to have no history of
domestication, and the term ‘feral’ to refer to plants that have escaped cultivation and
evolved independently, typically adapting to their local environments (Ellstrand et al.,

2010; Pisias et al., 2022). Because feralization can occur at both landrace and cultivar
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stages (Wu et al., 2021), all ramie referable to var. tenacissima or var. nivea growing in
the wild without human control are considered as feral in our study. Moreover, the term
“landrace” encompasses a range of different concepts that have varied over time
(Casafias et al., 2017); our study followed the landrace definition of Villa et al. (2005),
Zeven (1998), and Dwivedi et al. (2016), i.e., as a dynamic population of a cultivated
species that has a historic origin and distinct identity and lacks formal crop
improvement, as well as often being genetically diverse, locally adapted and associated
with traditional farming systems or a low input agriculture system. Because most
farmers in China have given up growing ramie (see Introduction), there is hardly any
domesticated ramie in the farms, samples of all cultivars and most landraces were
acquired from National Infrastructure for Bast Fiber Crop Germplasm Resources of
China (Table S6).

No feral ramie genome has yet been reported to date, although three whole
genomes of cultivated ramie have been reported (Chen et al., 2023; Wang et al., 2021).
In this study, we collected for this purpose fresh material from a feral adult (lab No. is
HZS10, Table S6) in Shennong Valley National Forest Park, Hunan Province, China (N
26.503°, E 114.001°). Living collections and seeds of this individual are preserved in

the Germplasm Bank of Wild Species, Kunming Institute of Botany, CAS.

Genomic DNA extraction and sequencing

Genomic DNA was extracted from the leaves of feral ramie HZS10 using a modified
CTAB method. The quality of the extracted DNA was examined using a NanoDrop
2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and its
quantity determined by electrophoresis on a 0.8% agarose gel. Illumina sequencing
libraries were generated using the VAHTS Universal DNA Library Prep Kit for MGI
(Vazyme, Nanjing, China) following the manufacturer’s recommendations, and index
codes were added to attribute sequences to each sample. The library was quantified
using a Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and
Bioanalyzer 2100 (Agilent Technologies, CA, USA). Finally, the MGI-SEQ 2000
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platform was used to generate paired-end sequencing data, which generated a total of
12.7 Gb. To construct sequencing libraries for PacBio sequencing, genomic DNA was
fragmented into ~15 kb fragments by g-TUBE, then end-repaired, with adapters ligated
and digested with exonuclease as recommended by Pacific Biosciences. The SMRTbell
library was constructed using the SMRTbell Express Template Prep kit 2.0 (Pacific
Biosciences). Library size and quantity were assessed using the FEMTO Pulse and the
Qubit dsDNA HS reagents Assay kit, and DNA libraries were sequenced on the PacBio
Sequel II platform (Pacific Biosciences), generating a total of 19.74 Gb of PacBio long
read data. A Hi-C library was constructed and sequenced on an MGI-SEQ 2000
platform for chromosome-level scaffolding, generating a total of 156.73 million paired-
end reads and 46.33 Gb of sequencing data.

To aid genome annotation, we generated RNA-seq data for four different tissues,
1.e., root, stem, leaf, and flowers from the same individual. All fresh tissues were frozen
in liquid nitrogen and stored at —80 °C before processing. Paired-end RNA libraries
were constructed using the VAHTS Universal V6 RNA-seq Library Kit for MGI
(Vazyme, Nanjing, China) following the manufacturer’s recommendations, and index
codes were added to attribute sequences to each sample. The quantification and size of
libraries were measured using Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA) and Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Sequencing was
performed on an MGI-SEQ 2000 platform.

Genome de novo assembly and annotation

To estimate the genome size of individual HZS10, the Illumina short raw reads were
pre-processed to remove the adaptors and low-quality bases using SOAPnuke (Chen et
al., 2018b) with default settings, and the clean data were recruited to determine the k-
mer distributions using the GCE software (Liu et al., 2013). Genome size was also
estimated by flow cytometry using tomato as an internal standard. The PacBio long-
read data were de novo assembled into contigs using Hifiasm (Cheng et al., 2021). The

12.7 Gb (~47x coverage) of Illumina pair-end short reads were used to further correct
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systematic errors in the PacBio contigs using Pilon (Walker et al., 2014). Subsequently,
to anchor the corrected contigs into chromosomes, we aligned the Hi-C sequencing data
into these contigs using Juicer (Durand et al., 2016) and the contigs were finally linked
into 14 chromosomes by 3D-DNA (Dudchenko et al., 2017). The completeness and
accuracy of genome assembly were quantitatively assessed using BUSCO (Simao et al.,
2015) and the eudicotyledons_odb10 gene set.

For annotation of repetitive sequences, two methods were employed to identify
repeats in the feral ramie genome. First, we used homology-based analysis, in which
known TEs were identified using RepeatMasker (version 4.0.9) (Chen, 2004), and the
results were compiled into the Repbase TE library (Jurka et al., 2005).
RepeatProteinMask searches were also conducted using the TE protein database as a
query library. Second, we used de novo prediction, 1.e., a de novo repeat library of the
feral ramie genome was constructed using RepeatModeler, which can automatically
execute two core de novo repeat-finding programs, namely RECON (version 1.08) (Bao
and Eddy, 2002) and RepeatScout (version 1.0.5) (Price et al., 2005). Furthermore, we
performed a de novo search for long terminal repeat (LTR) retrotransposons using
LTR FINDER (version 1.0.7) (Xu and Wang, 2007) and identified tandem repeats
using the Tandem Repeat Finder (TRF) package (Benson, 1999). Finally, we merged
the library files of the two methods and used Repeatmaker (Chen, 2004) to identify all
repeats.

Protein-coding genes were predicted by three methods, which were ab initio,
homology-based and RNA-Seq-aided gene prediction. For ab initio prediction, we used
the gene predictor softwares Augustus (version 3.3.1) (Stanke et al., 2006) and
Genescan (Burge and Karlin, 1997). Models used for each gene predictor were trained
from a set of high-quality proteins generated from the RNA-Seq dataset. Homology-
based gene prediction was conducted using Exonerate (version 2.2.0) with default
parameters (Slater and Birney, 2005). For RNA-Seq-aided gene prediction, we first
removed low quality reads and bases using SOAPnuke (Chen et al., 2018b), and then

assembled clean RNA-Seq reads into transcripts using Trinity (Grabherr et al., 2011),
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following which gene structure was defined using PASA (Haas et al., 2003). Finally,
Maker (version 3.0) (Cantarel et al., 2008) was used to integrate the results of all three
methods. The output included a set of consistent and non-overlapping sequence
assemblies, which were used to describe the gene structures.

For the annotation of non-coding RNAs (rRNA, small nuclear RNA, and
microRNAs), we used RNAmmer (version 1.2) (Lagesen et al., 2007) and Infernal
(version 1.1.2) (Nawrocki and Eddy, 2013) by searching the Rfam database (version
14.1) (Kalvari et al., 2018) with default parameters. We used tRNAscan-SE (version
1.3.1) (Lowe and Eddy, 1997) with default parameters to identify the genes associated
with tRNA.

For functional annotation of protein-coding genes, BLASTP was used to align the
feral ramie protein sequences with those on public databases including NCBI, NR,
TrEMBL, InterPro, Swiss-Prot, and KEGG database, with an E-value threshold of 1E-
5. Motifs, and domains were annotated using PfamScan (Mistry et al., 2007) and
InterProScan (Jones et al., 2014). Motifs and domains within gene models were
identified by PFAM databases. GO IDs for each gene were obtained from Blast2GO
(Conesa and Gotz, 2008).

Synteny analysis and comparative genomics

To determine the pairwise similarity of protein sequences between feral and domestic
ramie genomes (Wang et al., 2021), gene synteny analysis was performed using the
JCVI package (Tang et al., 2015).

To identify structural variants (SVs) between the feral and domesticated assemblies,
comparative genomics analysis was performed. The contigs of the feral de novo
assembly were ordered along a chromosome-level reference genome of cultivated
ramie (Zhongsizhu 1) (Wang et al., 2021) using Minimap2 (Li, 2018) with parameter
setting “-ax asm20 -eqx”. SyRI (Goel et al., 2019) (-k -F S) was used to identify
structural rearrangements and local variants between two genomes. All these variants

were annotated using the SnpEff program (Cingolani et al., 2012) with parameter -ud
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2000, and a dot plot was drawn using the software plotsr (Goel and Schneeberger, 2022)
with parameters -m 20000 -x -q 500000 -s -t.

Variant calling and filtering

Genome resequencing was carried out for 915 ramie accessions (Table S6) and an
outgroup using the same methods as above, but using the Illumina NovoSeq platform.
Raw data were subjected to a quality check and then filtered by fastp (version 0.20.0)
(Chen et al., 2018a). Clean paired-end reads of each accession were then mapped to the
latest reference genome of domesticated ramie (Qingyezhuma) (Wang et al., 2021)
using Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2010) with default parameters.

After alignment, Picard (version 2.18.17, http://broadinstitute.github.io/picard/) was

employed to mark duplicate reads, and SAMtools (Li et al., 2009) was employed to
convert alignment format.

To analyze population genetics, we focused on SNPs and small indels (1-10 bp).
GATK (version 3.8.1) (McKenna et al., 2010) was used for calling and filtering whole-
genome variants (SNPs and InDels). SNPs were filtered with the following parameters:
QD<2.0, MQ<40.0, FS>60.0, SOR>3.0, MQRank- Sum<— 12.5, ReadPosRankSum<—
8.0, and indels filtered with the parameters QD<2.0, FS>200.0, MQ<40.0, SOR>10.0,
ReadPosRankSum<— 20.0. From this we defined a core SNP set by removing SNPs
with more than two alleles and >20% missing calls. Heterozygous sites were also
filtered to retain SNPs with minor allele frequency (MAF) greater than 1%. All variants

were annotated using Annovar (Wang et al., 2010).

Population structure and phylogenetic analyses

Before inferring the population structure, PLINK (Purcell et al., 2007) was used to filter
out SNPs that were in linkage disequilibrium with the parameters indep-pairwise 50 5
0.5. In total we retained 1,260,336 SNPs, and then ADMIXTURE (Alexander et al.,
2009) was employed to infer the optimum number of clusters (K) among all ramie

accessions. K values from two to ten were examined, and the cross-validation error was
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calculated to identify the most likely number of clusters. A principal component
analysis (PCA) was performed using EIGENSOFT (Price et al., 2006). To infer
relationships among accessions, two kinds of rooted phylogenetic trees were
reconstructed. First, using the same 1,260,336 SNPs, a NJ phylogenetic tree was
obtained by calculating the pairwise genetic distances using PLINK (Purcell et al.,
2007), and the tree was constructed using PHYLIP (Retief, 2000). Second, an ML tree
was constructed based on fourfold-degenerate sites in the 915 ramie accessions. SNPs
were extracted and compared to the 7,460,735 fourfold degenerate sites identified in
the ramie genome using iTools (20180520) (Dinov et al., 2008). SNPs from each
individual were merged into one file using mafft (version 7.407) (Katoh and Standley,
2013) followed by trimming low quality regions with trimAl (version 1.4.rev22)
(Capella-Gutiérrez et al., 2009). The 120,201 SNPs were then used to construct
a rooted maximum likelihood tree using IQ-TREE (version 1.6.12) (Nguyen et al.,
2015) with the parameters -alrt 1000-bb 1000 (ultrafast bootstrap). Girardinia
diversifolia (sample ID is W1000) was used as outgroup.

Based on population structure and each individual’s habitat (see results), we
defined three groups of individuals. Group I included only wild individuals and was
distinct from all feral and domesticated material. Group II comprised all but 11 feral
individuals plus nine domesticated accessions; this group was genetically similar to
domesticated material, but with apparently admixed genomic composition. Group III
comprised the vast majority of cultivated landraces and modern cultivar accessions
from the National Infrastructure for Bast Fiber Crop Germplasm Resources of China,
plus eleven feral individuals from around the world. Overall, our dataset comprised 552
group 11 accessions (primarily domesticated), 286 group Il accessions (primarily feral)

and 77 group I accessions (all wild).

22



619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Diversity statistics estimation, population demography, and inference of selective

sweeps

To more accurately estimate diversity and divergence statistics and demography, we
assigned an individual to a cluster if it had an estimated posterior probability > 0.80 to
that cluster at K = 3. This resulted in a ‘non-admixed’ dataset which included 522
accessions (51, 144 and 327 individuals, respectively, from Group I, Group II and
Group III; Table S24).

Nucleotide diversity (A7) and a measure of genetic differentiation (Fst) were
calculated for each of the three groups using VCFtools (version 0.1.17) (Danecek et al.,
2011). In demographical analyses, we first used MSMC2 (Schiffels and Wang, 2020),
which has advantages in estimating recent histories (Liu and Fu, 2020), with default
parameters. We selected four individuals from each of the three groups that had the
highest mean depth (all >20 x) and ancestral component (based on admixture results)
to ensure the quality of consensus sequences, and then used SHAPEIT4 (Delaneau et
al., 2019) to phase each chromosome. MSMC-tools (https://github.com/stschiff/msmc-
tools) were used to generate the input files for MSMC2 for each chromosome. Average
generation time was set to one year and the mutation rate was assumed as = 1.5 x 1078
mutations X bp "' x generation ! (Koch et al., 2000). Next, demographic history was
also inferred with SMC++ (version v1.15) (Terhorst et al., 2017), which analyzes
multiple genotypes without phasing. Finally, we estimated Ne in the recent past using
GONE (Santiago et al., 2020), which is found to be accurate up for at least recent 200
generations.

To test alternative evolutionary scenarios for the origin of feral ramie, and their
relationship to wild and domesticated ramies, we employed Approximate Bayesian
Computation and supervised machine learning methods implemented in DIYABC-RF
v1.0 (Collin et al., 2021). For Group II, one analysis treated it as a whole, and in another
we defined as separate groups the two largest monophyletic groups of individuals
(subclades 2A & 2B in Fig. S5). To generate the input file, using the unlinked SNP

dataset, we filtered out sites that were missing from more than half of the individuals,
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and sites that were monomorphic across populations, leaving 1,268,798 and 1,172,407
SNPs for six models (Fig. S8a) and eight models (Fig. S8b), respectively. For all
scenarios, training sets were generated using 4,000 simulations per model, and 50
default summary statistics were calculated for observed and simulated data to train the
model. Prior values were drawn from uniform distributions (Table S10). Following the
recommendations in the manual, and the RF algorithm for model choice based on linear
discriminant analysis, we used five noise variables and generated 2,000 Random Forest
trees per model to select the most likely scenario of each set.

To identify potential selective sweeps associated with domestication and
feralization, based on non-admixed individuals, selective sweeps across the ramie
genome in the feral group (Group II) and in the domesticated group (Group III) were
identified using SweeD (version 4.0.0) (Pavlidis et al., 2013). Genome-wide SNPs were
trimmed with parameter setting “-maf 0.05, -missing 0.1”, and the empirical estimate
of the effective population size derived from the MSMC2 analysis described above was
incorporated. Composite likelihood ratios (CLR) were calculated in windows with
average size 10-kb across the genome by setting grid numbers according to
chromosome lengths (number of grid = chromosome length/10000). Those with the top
5% highest CLR values were identified as potential selective sweeps, and sweeps with
physical distance no larger than 100 bp were merged. Candidate genes within these
genomic regions and their biological functions were retrieved according to annotations
from functional databases KEGG and GO, and statistical enrichment of terms was

determined.

Admixture detection and genomic composition of feral ramie

To recover the admixture history in the formation of the B. nivea complex, we
employed the qp3Pop program in ADMIXTOOLS (Patterson et al., 2012) with default
parameters.

To assess the genomic composition of feral ramie in comparison with domesticated
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and wild ramies, we identified a subset of SNPs that were present in one or more
accessions of domesticated material but not detected in wild material, which we termed
‘crop-specific private SNPs’. Likewise, those detected in wild but not domestic material
formed the subset termed ‘wild-specific private SNPs’ (Li ef al., 2017). We estimated
the numbers of wild-specific and domestic-specific private SNPs in each 100-kb
window across feral genomes and visualized this by plotting the log value of the ratio
between crop- and wild-specific private SNPs using the ggplot2 R package (Wickham,
2016). A negative value indicates that there are more wild-specific than domestic-

specific private SNPs within the genomic window.

Ecological analyses

We used several ecological analyses to reveal differences in the niche of each group,
and to identify candidate ecological factors associated with habitat-specific adaptation
during feralization. Most of the samples collected in China were obtained through our
own fieldwork and have accurate GPS information, but samples from outside China are
mainly collected from herbarium specimens, so here we only used samples collected in
China. Using R package spThin (Aiello-Lammens et al., 2015), we only kept records
of the same groups that were separated from each other by >5 km, and so the final
dataset consisted of 367 unique sample locations. We obtained 26 environmental
variables from the WorldClim (Fick and Hijmans, 2017), WoSIS (Batjes et al., 2020),
GCAM-Demeter (Chen et al., 2020), and Human-Footprint (Venter et al., 2016), which
together included bioclimatic, topographical, pedologic and anthropogenic variables
(Table S25). To reduce collinearity among environmental variables, using the R
package usdm (Naimi et al., 2014), we kept only those variables with VIF<5, which
resulted in 12 environmental variables being retained (Table S25).

Using these data, three kinds of analysis were employed to study niche
differentiation among the three groups: 1) using R package ENMTools version 1.0.4
(Warren et al., 2021), we carried out niche identity tests among the three groups, niche

equivalency was quantified by Schoener's D and Hellinger’s |, where a value of 0
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suggest no overlap and 1 means complete overlap; 2) to quantify degree of niche
overlap among the groups, we used the R package ecospat (Di Cola et al., 2017); and
3) we performed a PCA analysis, and then tested for significant differences between
these three groups using ANOVA.

In addition, genome-environment association analyses were performed with PCA
controlled as fixed effects using EMMAX (Zhou and Stephens, 2012), taking
environmental data as phenotypes (Table S26), and employing a linear mixed model.
Manhattan plots were visualized using the ggplot2 R package (Wickham, 2016), and
the p value threshold for significance was estimated as 0.05/n (where n corresponds to
the number of SNPs).

Furthermore, using the 12 variables, we predicted the potential geographic
distributions for wild and feral ramie under past and future climate change. For wild
ramie, we studied the potential distribution during the LIG, LGM, the present and the
future. For feral ramie, ENM was only carried out for the present and future. For the
future, we took the year 2090 under the pessimistic RCP8.5 scenario (IPCC, 2013). For
each sample location, ENM was conducted using the ‘biomod2’ R package (Thuiller et
al., 2009), in which we used an ensemble of six models (GBM, CTA, FDA, MARS, RF
and MAXNET), with 10 bootstrap replicates, employing 75% of the localities to train
the model, and applying the ‘equal training sensitivity and specificity threshold’ rule
(Liu et al., 2005) to define the minimum threshold of suitable habitat. We assessed the
quality of the predictions using the area under the receiver operator curve (AUC).

Finally, to estimate the phylogenetic conservatism of each climate variable, we
quantified the phylogenetic signal using Blomberg's K for the 12 environmental
variables (Blomberg et al., 2003). The significance was estimated through 999
randomizations with the niche distribution randomly shuffled across phylogenetic tips.
We conducted Blomberg's K using the multiphylosignal functions in the R package
picante (Kembel et al., 2010).
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Figure legends

Fig. 1. Genomic landscape of feral ramie and comparative genomic analyses
between the feral and domesticated genomes. A, Genomic features of feral ramie. 1)
pseudochromosomes, 2) Gene density per 100 kb window, 3) the distribution of
repetitive sequences, 4) GC content, and 5) the inner lines show syntenic blocks within
the feral genome. B, Genome collinearity between the feral and domesticated ramie
assemblies. C, Doughnut chart showing the distribution of variants between feral and
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domestic ramies. Numbers in parentheses (x/y) indicate x, the total length of each type
of variation, and y, the number of events. D, Syntenic analyses between the assemblies
of domesticated (reference) and feral (query) ramies; syntenic regions and SVs are

highlighted with different colors.

Fig. 2. Population structure and genetic diversity of ramie. A, Geographic
distribution of Boehmeria nivea based on occurrence points from GBIF (black circles).
Sampling sites for the current study are shown as blue (wild), yellow (feral), and purple
(domesticated) circles. B, Admixture analyses with different numbers of groups (K = 2
to 5). Each vertical bar represents one ramie accession, and the x axis shows the three
genetic groups. Each color represents one putative ancestral background, and the y axis
quantifies ancestry membership. C, Two-dimensional PCA plot showing the clustering
of accessions color-coded in the same scheme as panel b. D, Nucleotide diversity (6r)

within and genetic differentiation (Fst) between the groups.

Fig. 3. Demographic history and candidate genome regions with evidence for
selective sweeps between groups. A, Best scenario when feral ramie is considered as
a whole. B, Best scenario when the two largest monophyletic subclades of feral ramie
are treated as discrete populations. C, Demographic history of wild (group I), feral (II)
and domesticated (III) ramies using MSMC?2. The y axis represents inferred effective
population size over time and the x axis represents time. D, Distribution of wild- and
cultivar-specific SNPs for each chromosome in feral material based on logl0 of the
ratio of crop specific to wild specific SNPs in 100 kb regions. The box shows the 95%
confidence interval and the black bar within each box is the mean. The horizontal dotted
line represents zero, and positive and negative values represent excesses of domestic-
like and wild-like SNPs, respectively. E, Distribution of the regions under selection in
feral ramie. F, Distribution of the regions under selection in feral ramie, with horizontal

dotted lines representing the cutoft fulfilling the requirement for the selected regions.
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Fig. 4. Ecological analyses results. A-C, Niche identity tests among Groups | (wild),
Il (feral), and Il (domesticated). The arrows indicate the observed niche equivalency,
and the histograms represent the simulated (expected) equivalency. All differences
between the observed index and the expected index rejected the hypothesis that
environmental niches between regions were identical (P<0.01). D-F, Niche overlap
analysis based on pairwise comparisons among the three groups. The solid and dashed
contour lines delimit the 100th and 75th quantiles, respectively, of the density at the
available environment. Blue, yellow, and purple represent Group I, Group 11, and Group
I11, respectively. Pink in each figure means stability between two groups. G, Principal
Coordinate Analysis for 12 environmental variables, arrow lengths indicate the relative
contributions of each environmental factor to the principal components. The details of

the variables refer to Table S25.

Fig. 5. Potential range shift and genome-environment associations. A, Results of
GEA analysis. Genomic locations of SNPs associated with environmental factors, genes
mentioned in the text are indicated with red arrows. B-G, Potential distribution range
of wild ramie (A-D) and feral ramie (E-F) by ENM using 12 environmental variables

and species occurrence points.

Fig. 6. Morphological comparison among three varieties. A-C, Boehmeria nivea var.
nivea; A, habit with unbranched stem; B, white abaxial leaf blade; C, free and patent
hirsute stem. D-F, B. nivea var. strigosa; D, habit with branched stem; E, green abaxial
leaf blade; F, patent strigose stem and partly connate stipule. G-I, B. nivea var.
tenacissima; G, habit with branched stem; H, mixed color of abaxial leaf blade; I,

appressed hirsute and partly connate stipule.

Fig. S1. Hi-C chromatin interaction map of the feral ramie genome assembly.

Fig. S2. Genome size estimate for feral ramie based on (A) the K-mer method and (B)
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flow cytometry. Solanum Iycopersicum L. was used as an internal standard.

Fig. S3. Syntenic relationship dot plot between feral (y axis) and domesticated (x axis)
ramie genomes. Dots closest to the diagonal line represent collinearity between the two

genomes with fragments <20 Kb filtered out.

Fig. S4. Distribution of ramie (Boehmeria nivea) and sampling sites for the current
study. Black circles represent herbarium records, blue, yellow, and purple circles
represent wild, feral and domesticated ramies, respectively. A, Distribution and

sampling all over the world; B, Distribution and sampling in Asia.

Fig. S5. Maximum-Likelihood (ML) phylogenetic tree of ramie resequencing samples
using 120,201 high-confidence SNPs. The numbers on the nodes indicate bootstrap
values. Blue, yellow and purple lines represent wild, feral, and domesticated ramie,
respectively. Each node consists of lab code variety name Country Province, Bs, Bn,
and Bt represent Boehmeria nivea var. strigosa, B. nivea var. nivea, and B. var.

tenacissima, respectively.

Fig. S6. A rooted NJ tree of 915 ramie accessions based on single-nucleotide
polymorphisms (SNPs), using Girardinia diversifolia as out group; The colored lines

represent the sample source (see Fig. S5)

Fig. S7. Population structure analysis in ramie. A, Cross validation error with
increasing values of K. B, ADMIXTURE plots for all accessions. K (the number of

clusters) from 2 to 10 are shown.

Fig. S8. Results from the Approximate Bayesian Computation analysis
implemented in the program DIYABC-RF to infer the most likely demographic

scenario. In each panel the best scenario is surrounded by a box. A, Feral ramie is

40



1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

considered as a whole, and six models analyzed. B, The two largest monophyletic
subclades of feral ramie are used as discrete populations, and eight models analyzed.
Groups 2A and 2B are showed in Fig. S5. Each colored segment depicts a distinct
effective population size. tx represents coalescence time (in generations), Nx represents
estimated population size, and rx represents the proportion of admixture between

groups.

Fig. S9. Demographic history of wild (group I), feral (II) and domesticated (II1) ramies
using SMC++ (A) and GONE (B).

Fig. S10. Manhattan plots and Quantile-quantile plots comparing the observed —logio(p)
with expected —logio(p) for 12 environmental variables in feral ramie. The genome-
wide significant value threshold (—logio(p) = 7.83) is indicated by a horizontal dash—
dot line.

Table S1. Summary of assembly and annotation of the feral ramie genome.

Table S2. The number and distribution per chromosome of protein-coding genes and

non-coding RNAs in the feral ramie genome.

Table S3. Functional annotation of the feral ramie genome.

Table S4. BUSCO (Benchmarking Universal Single-Copy Orthologs) evaluation of

genome completeness of feral ramie.

Table S5. Structural variants between feral and domesticated genomes.

Table S6. Origin of ramie accessions used in this study and their sequencing and

mapping statistics. Group division is based on the ML tree.
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Table S7. Summary of single nucleotide polymorphism (SNP) and insertions and

deletions (indels) among 915 ramie accessions.

Table S8. Scenario choice in DI'Y ABC-RF when feral ramie is considered as a whole;

six models analyzed.

Table S9. Scenario choice in DIY ABC-RF when the two largest monophyletic

subclades of feral ramie are treated as discrete populations; eight models analyzed.
Table S10. Parameter estimates for selected best scenarios and associated 95%
Confidence Intervals defined by the 0.05 and 0.95 quantiles (Q) of the posterior
distribution. Units are number of individuals for effective population size parameters
(N) and years before present (yrs BP) for divergence time parameters (t).

Table S11. Result of detecting gene flow using ADMIXTOOLS. A significantly
negative f3 value indicates that Target is an admixed population of ancestries, gene

flow occurred from Source 1 and Source 2.

Table S12. Number and proportion of wild- and domesticated-specific private SNPs in

feral ramie.

Table S13. Regions putatively under selection in feral ramie.

Table S14. Regions putatively under selection in domesticated ramie.

Table S15. GO analysis of feralization-related genes identified by SweeD analysis.

Table S16. KEGG analysis of feralization-related genes identified by SweeD analysis.
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Table S17. GO analysis of domestication-related genes identified by SweeD analysis.

Table S18. KEGG analysis of domestication-related genes identified by SweeD

analysis.

Table S19. Results of niche overlap analysis and proportion of niche change among

three groups.

Table S20. One-way analysis of variance (ANOVA) for PCA1 and PCAZ2 followed
by LSD multiple comparison test among three groups. The mean difference is

significant at the 0.05 level.

Table S21. Phylogenetic signal of each climatic variable. The value represents

Blomberg's K and significance was estimated through 999 randomizations with the trait

distribution randomly shuffled across phylogenetic tips.

Table S22. Results of genome-environment association in feral ramie.

Table S23. List of AUC, the thresholds selected in the ecological niche modeling

(ENM), and environmental variables with VIF<5 for wild and feral ramies.

Table S24. List of 522 individuals in the non-admixed dataset.

Table S25. Environmental variables considered in this study, taken from four databases,

Y represents those selected after reducing collinearity.

Table S26. Environmental data for feral ramie samples used for genome-environment

association analysis.
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