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ABSTRACT

Feralization, the re-establishment of wild populations from domesticated ancestors, can involve multiple parallel character rever-
sions and potentially also rampant gene flow with cultivated and/or naturally wild material. It hence poses great challenges for
infraspecific classification, which may impede crop development, but studies on these issues are rare. Ramie (Boehmeria nivea;
Urticaceae) is an important fiber crop worldwide. It has been traditionally divided into 2-4 varieties, but these are controversial.
Here, 78 wild and feral individuals were sampled from 12 Chinese provinces, plus 11 cultivated individuals from farmland. We
employed an integrative taxonomy approach combining multiple lines of evidence from morphology, phylogenomics, and ecol-
ogy to investigate the intraspecific subdivision of B. nivea. A chi-square test of qualitative morphological characters significantly
distinguished three varieties within B. nivea: var. nivea, var. tenacissima, and the recently described var. strigosa, comprising
mainly cultivated, mainly feralized, and only naturally wild material, respectively. The PCoA and random forest analyses indi-
cated differences between var. strigosa and the other two varieties. However, quantitative characters could not distinguish the
three varieties. None of the three varieties was monophyletic based on the phylogeny of plastome data, whereas var. strigosa
was weakly supported as monophyletic based on nuclear ribosomal DNA (18S-ITS1-5.8S-ITS2-26S). Ecological niche modeling
showed overlap between the potential distribution areas of var. nivea and var. tenacissima, but neither overlapped with var. stri-
gosa. These analyses collectively demonstrate the distinctiveness of var. strigosa, but mostly did not fully separate var. nivea from
var. tenacissima. Hence, var. strigosa is a biologically meaningful variety, but var. tenacissima should be synonymized within
var. nivea. These results should aid the breeding and improvement of new varieties of ramie and highlight the value of integrative

taxonomic methods in examining infraspecific subdivisions within species that include cultivated and feralized material.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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1 | Introduction

Species subdivision (infraspecific diversity) has important im-
plications for biological research and species conservation (De
Queiroz 2007). However, infraspecific taxa are almost by defi-
nition partly interfertile, and hence hybridization and introgres-
sion between them can make their delimitation more difficult
(Abbott et al. 2013; Harrison and Larson 2014). Infraspecific
classification is further complicated by domestication, which
often creates new anthropogenic varieties or subspecies, which
may be defined by relatively few characters that are under
strong selection and whose true relationship to wild forms re-
mains uncertain (Purugganan and Fuller 2009; Meyer and
Purugganan 2013).

Feralization is the naturalization or establishment of wild colo-
nies or populations derived from domesticated material (Koch
et al. 2024), and this may further complicate the taxonomic
situation (Stitzer and Ross-Ibarra 2018). Feral individuals may
retain some characters acquired through domestication while
other characters are altered by selective sweeps as they return
to a wild environment (Pisias et al. 2022). Reliance solely on
morphological character analysis or phylogenetic studies is
inadequate to fully uncover the intricate relationships within
feralized populations. Here we integrate information from mor-
phological characters, multiple genomic datasets, and ecology to
define the infraspecific classification of B. nivea.

Boehmeria nivea (L.) Gaudich. (Urticaceae), commonly known
as ramie, is a perennial subshrub or shrub first described in
1830 (Gaudichaud-Beaupré 1830) and consistently placed
within Boehmeria in Clade I of Urticaceae (Wu et al. 2013; Wu
et al. 2018). Ramie is historically significant as a fiber crop in
Southeast and Eastern Asia, particularly in Japan, where ar-
chaeological evidence suggests it was introduced several thou-
sand years ago (Liu et al. 2023), and it is mainly distributed in
the montane regions of Southeast Asia, China, Korea, and Japan
(GBIF 2024). Bast fiber extracted from the stem is strong and
suitable for weaving fine textiles. Today, it is predominantly cul-
tivated in China, especially in provinces across the south of the
Yangtze River Basin (Chen et al. 2003) (Table S1; Figure S1), with
well-documented economic importance (Wang and Chen 1995;
Chen et al. 2003; Hitchcock 2007; Roy and Lutfar 2012; Wang
et al. 2019; Chew et al. 2022). Despite China's leading role in
ramie production (Wang and Chen 1995; Chen et al. 2003;
Banerjee et al. 2015), the planting area has seen a dramatic de-
crease of at least 50% over the past 50years (Satya et al. 2019),
leading to numerous abandoned fields and opportunities for
feralization.

Key morphological characters useful in differentiating varieties
in B. nivea include stems, petiole hair, leaf shape, stipule con-
nateness, and the color of the abaxial leaf blade (Figure 1). Based
on these characters, Wang and Chen (1995) recognized four va-
rieties: var. nivea, var. nipononivea (Koidz.) W.T.Wang, var. vir-
idula Yamam., and var. tenacissima (Roxb.) Miq. Subsequently,
Chen et al. (2003) regarded var. nipononivea and var. viridula as
synonyms of var. tenacissima, hence recognizing two varieties:
var. nivea (stems and petioles densely patent hirsute, and stip-
ules free; Figure 1C) and var. tenacissima (stems and petioles

sparsely appressed strigose, with hairs occasionally dense and
assurgent, stipules connate at the base, rarely to the middle;
Figure 1D). In addition, our extensive fieldwork has revealed
notable variations among populations in characters such as the
leaf margin and leaf tip. The characteristics that supposedly
distinguish var. nivea from var. tenacissima, according to Chen
et al. (2003) were not always consistent in the field. This suggests
the current criteria used for defining varieties may require reas-
sessment (Table S2). Nevertheless, we found that B. nivea can be
classified more consistently with the key of Chen et al. (2003)
than with the key of Wang and Chen (1995).

Some individuals did not fit either var. nivea or var. tenacis-
sima, exhibiting densely patent hirsute hairs on stems and
petioles, partially connate stipules (Figure 1E), and a green
abaxial leaf blade (Figure 1H). These individuals were con-
sistent with the morphological characteristics of the recently
described variety B. nivea var. strigosa Z. Y. Wu & Y. Zhao
(Zhao et al. 2024). Recent studies on the domestication and
feralization of ramie have also revealed the complexity of tax-
onomic relationships within ramie species (Wu et al. 2024).
In the absence of genetic and other evidence, the distinctions
between var. nivea, var. tenacissima, and var. strigosa remain
unclear, impeding the understanding, conservation, and utili-
zation of this plant.

To investigate the infraspecific classification of B. nivea, we con-
ducted extensive field surveys, sampling, and genetic analysis
to study the morphology, geographic distribution, habitat and
ecological parameters, and phylogeography of this species and
its varieties.

2 | Materials and Methods
2.1 | Taxon Sampling

We sampled a total of 89 individuals of B. nivea during its flow-
ering and fruiting seasons from August to December 2020 and
2021. These comprised 78 wild and feral individuals from 12
Chinese provinces, along with 11 cultivated individuals from
farmland (Figure 2; Table S3). The three varieties differ substan-
tially in their ranges and frequency within China (Figure S1),
leading to unequal sampling among them (Figure 2; Table S3).
For each sampled individual, at least one herbarium specimen
was made, and leaf material was collected and preserved in
silica gel, with the location and habitat information (including
companion species) recorded. Specimens were assigned to var.
nivea, var. tenacissima, or var. strigosa based on the key char-
acters described above. For ecological studies, specimens gath-
ered from agricultural fields or greenhouses were classified as
cultivated, whereas those obtained from outside cultivation but
close to current agricultural activity and/or human habitation
were labeled as feral. Specimens from natural forest vegetation
on limestone mountains, which is the known habitat for var.
strigosa (Zhao et al. 2024), was treated as naturally wild (hence-
forth “wild” for simplicity).

Herbarium specimens examined in this study were deposited in
the Herbarium (KUN) of Kunming Institute of Botany, Chinese
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FIGURE1 | Morphological diversity of Boehmeria nivea. (A, B) habit: (A) B. nivea var. nivea, unbranched (collection number: Liuj2021225); (B) B.
nivea var. strigosa, branched (collection number: WuZY2021573). (C-E) upper stems, petioles, and stipules, plus fruiting shoots in (C and D): (C) B.

nivea var. nivea, densely patent hirsute with free stipules (collection number: Liuj14094); (D) B. nivea var. tenacissima, appressed strigose with partly
connate stipules (collection number: WuzZY2020714); (E) B. nivea var. strigosa, densely but shortly patently hirsute, with connate stipules (collection
number: Wuzy20201080). (F-H) color of abaxial leaf blade: (F) B. nivea var. nivea, white (collection number: Liuj2021197); (G) B. nivea var. tenacissi-
ma, mixed (gray and white) (collection number: WuZY2020736); (H) B. nivea var. strigosa, green (collection number: WuZY2021571).

Academy of Science. In addition to the DNA sequences from
individuals we collected, sequences for the matK, rbcL, psbA-
trnH, and trnL-trnF plastid loci were also obtained from the
GenBank database. The number of additional sequences avail-
able varied from 7 (psbA-trnH) to 22 (trnL-trnF). Detailed spe-
cies information and associated GenBank accessions are listed
in Tables S3 and S4.

2.2 | DNA Extraction, Sequencing, Assembly
and Annotation

Total DNA was extracted from 0.2g of the silica-dried leaves
using the modified 4 x CTAB method (Doyle and Doyle 1987),
in which the ground leaf material were pre-treated with a de-
sugar buffer to remove polysaccharides and cellulose. DNA
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FIGURE2 | Sample distribution for Boehmeria nivea varieties (see key in figure): Blue, purple and yellow fill colors represent wild, feral, and do-

mesticated individuals, respectively.

quality was checked using 1% agarose gel electrophoresis and
a NanoDrop ND-1000 spectrophotometer. The DNA library
(300-500bp) was constructed using the Illumina Nextera XT
DNA library construction kit. Sequencing was performed on
the DNBSEQ-T7 high-throughput platform with a paired-end
strategy (2x150bp), yielding a total data amount of around 2
Gb. The plastome assembly and annotation methods of se-
quences followed Li et al. (2022). The clean data obtained by
high-throughput sequencing was directly assembled using
GetOrganelle v.1.7.5.3 (Jin et al. 2020), and the complete cir-
cular plastid genome was automatically output. If the circular
structure could not be obtained, we visually inspected the re-
sults using Bandage v.0.8.1 (Wick et al. 2015). We then identi-
fied reliable plastid genome contigs or scaffolds by manually
removing non-target contigs from the FASTG file. The selected
sequences were then manually edited and spliced to obtain a
complete plastid genome. The plastid genome was annotated
by Geneious v.9.0.2 (Kearse et al. 2012) using B. nivea var. ni-
pononivea (Genbank MN189944.1) (Wang et al. 2020) as the ref-
erence and then combined with ORF (open reading frame) for
correction. All coding sequences (CDS) and sequences for spe-
cific loci (matK, rbcL, psbA-trnH and trnL-trnF) were extracted
by Geneious v.9.0.2 based on the above annotation.

The nrDNA (nuclear ribosomal DNA, 18S-ITS1-5.8S-ITS2-26S)
sequence, spanning approximately 5000-6000bp, was similarly

assembled utilizing GetOrganelle v.1.7.5.3. Following this, the
resultant FASTG file and a reference sequence from B. nivea var.
nipononivea (Genbank ON045579.1) were aligned and annotated
using Geneious v.9.0.2. The Mafft Multiple Alignment plugins
(Katoh and Standley 2013) were employed within Geneious
v.9.0.2. The matrices of concatenated sequences were serialized
with ActivePerl v.5.26.1 (Brown 2000). Aligned matrices were
developed for the complete plastid genome, concatenated CDS,
the four plastid loci, and nrDNA. All newly obtained and an-
notated sequences were deposited in GenBank with accession
numbers (Table S3).

2.3 | Morphological Analysis

Morphological terminology used throughout this paper fol-
lows Harris and Harris (2001). We comprehensively analyzed
11 morphological characters that vary within B. nivea to de-
termine which were best for discriminating between vari-
eties. We then selected five qualitative and six quantitative
characters for statistical analysis (Kruglyak and Lander 1995;
Serpico 2020). Qualitative characters comprised stigma
form, leaf base, leaf tip, leaf margin, and color of the abaxial
leaf blade; quantitative characters comprised leaf area, leaf
length, leaf width, stipule length and width, and inflores-
cence length (Table S5). Stigma characters had not previously
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been considered for ramie infra-specific taxonomy, but were
included since floral character variation within plant spe-
cies often has taxonomic significance (Garnock-Jones and
Langer 1980; Sari et al. 2016; Sari and Daryono 2018).

To assess the characters, a total of 127 specimens were ex-
amined, drawn from the 89 sampled individuals represent-
ing the three varieties (Table S3). Multiple specimens were
analyzed for some individuals to capture variability. For the
leaf base, tip, margin, color of the abaxial leaf blade, leaf area,
leaf length, and leaf width, we chose the middle three leaves,
using a Canoscan Lide220 scanner to scan and a Vernier cal-
iper (SHAHE waterproof digital caliper), RF software trans-
mitter, and receiver for measurement (raw data in Table S6).
Leaf area was calculated using ImageJ software (Table S7).
For morphological measurement of stipule characters, we se-
lected three stipules per plant (one each from upper, middle,
and lower parts) and recorded their degree of connateness;
then measured their lengths and widths (Table S6). Average
scores were recorded per plant for each of these characters.
For the inflorescence length, similar to the stipule measure-
ment method, we selected and measured the longest spreading
inflorescence of the upper, middle, and lower stem portions
(Table S6). We utilized Spearman's rank correlation coeffi-
cient (Sedgwick 2014) for qualitative characters and Pearson's
correlation coefficient (Sedgwick 2012) for quantitative char-
acters to exclude strongly correlated characters that could lead
to bias in our subsequent analysis. In each comparison of two
characters, if the absolute value of the coefficient is <0.1, this
implies an insignificant correlation between them.

For qualitative characters, three kinds of analysis were em-
ployed: (1) Principal Coordinates Analysis (PCoA) using the
R packages “FD” (Laliberté et al. 2014), “ggfortify” (Tang
et al. 2016), “ggbiplot” (Wickham et al. 2016), “ggrepel”
(Slowikowski et al. 2018), “vegan” (Dixon 2003) and “ade4”
(Dray and Dufour 2007); (2) plotting percentage histograms
with the “ggplot2” package (Wickham et al. 2016); and (3) a
chi-squared test using the IBM SPSS Statistics 25 software
(George and Mallery 2018).

For quantitative characters, we employed PCoA, boxplots (Nie
et al. 2021), and pairwise comparisons. Boxplot analysis was
carried out using the package “ggplot2” (Wickham et al. 2016),
and IBM SPSS Statistics 25 software (George and Mallery 2018)
was used for pairwise comparisons. Before pairwise compari-
sons, a Levene's test (Levene 1960) was conducted. If homogene-
ity of variances was confirmed then an LSD (Least Significant
Difference) test (Williams and Abdi 2010) was used; if not con-
firmed, a Tamhane's T2 test (Tamhane 1979) was used.

To further assess the utility of qualitative and quantitative char-
acters for discrimination between B. nivea varieties, random for-
est analysis was carried out using the “randomForest” package
(Strobl et al. 2007).

2.4 | Phylogenetic Analysis

According to the phylogenetic framework of Urticaceae
(Wu et al. 2013; Wu et al. 2018), Astrothalmus C.B.Rob. and

Debrageasia Gaudich. are the genera most closely related to
Boehmeria. We therefore selected two species of Debregeasia, one
species of Astrothalmus, and seven other species of Boehmeria as
outgroups (Table S3). All sequences have been uploaded to NCBI
(National Center for Biotechnology Information).

We constructed maximum likelihood (ML) and Bayesian infer-
ence (BI) trees based on each of four datasets: (a) complete plas-
tomes, comprising the Large Single Copy (LSC), Small Single
Copy (SSC), Inverted Repeat A (IRa) and Inverted Repeat B
(IRb) regions, (b) all CDS sequences concatenated, (c) ntDNA
sequences, and (d) complete plastomes + nrDNA sequences.

To analyze the phylogeny of ramie with a larger sample set, we
also analyzed the four plastid loci matK, rbcL, psbA-trnH, and
trnL-trnF using sequences previously reported in the Genbank
database (Table S4), together with the sequences extracted from
our own complete plastid sequences. We constructed phyloge-
netic trees using individual and concatenated sequences from
the loci. This approach also allowed us to compare the phyloge-
netic relationships inferred from individual loci and from com-
plete plastomes.

Maximum Likelihood (ML) trees were constructed using
RAXML v.8.2.11 (Stamatakis 2014) with 1000 rapid bootstrap
replicates. For Bayesian Inference (BI) with MrBayes v.3.2.7
(Ronquist et al. 2012), runs of 1,000,000 generations were per-
formed. We checked the potential scale reduction factor (PSRF)
values for convergence, and all datasets showed PSRF values
close to 1.0, indicating convergence. For each analysis, the
best-fit substitution model was selected using jModeltest v.2.1.7
(Posada 2008) with the Akaike Information Criterion (AIC).
Phylogenetic trees were then visualized in iTOL (Letunic and
Bork 2021). We also used the R package “phytools” (Revell 2012)
to compare the topologies between the two trees.

2.5 | Ecological Niche Modeling

We carried out ecological niche modeling (ENM) of the
three B. nivea varieties using Maxent v.3.4.3 software and
species occurrence data from our fieldwork (see Table S1).
Environmental data layers for 19 bioclimatic variables were
obtained from the WORLDCLIM database (http://www.world
clim.org) at a spatial resolution of 2.5 arc minutes. The com-
bined data of occurrence and bioclimatic factors were pro-
jected across different time periods as follows: (1) var. nivea
and var. tenacissima, projections were made for the Present
(1970-2000) and Future (AD 2100). Historical reconstructions
for these varieties were not attempted, as we could not pre-
dict the distribution of potential wild ancestors outside the
cultivated areas (or former cultivated areas) because buffer
zones used in the analysis are based on existing distribution
data that does not include known wild types. (2) Data for the
wild variety, var. strigosa, were projected across four periods:
Last Interglacial (LIG, 116-129 ka BP), Last Glacial Maximum
(LGM, 18-26.5ka BP), Present, and Future. To avoid overfit-
ting, ArcGIS v.10.8 software (http://desktop.arcgis.com/zh-cn)
was used to remove strongly correlated environmental factors.
The receiver operating characteristic (ROC) curve and area
under the curve (Salmaki et al. 2013) were used to evaluate
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FIGURE 3 | Differences in morphological characteristics among Boehmeria nivea. Bn, Bt, and Bs represent var. nivea, var. tenacissima, and var.

strigosa, respectively. (A-C) PCoA results for morphological characters: (A) qualitative characters; (B) quantitative characters; (C) all characters.
(D-F) random forest analysis of morphological characters: (D) qualitative characters; (E) quantitative characters; (F) all characters. (G-I) boxplots of

quantitative characters: different letters (a, b, ¢) indicate significant differences, whereas varieties sharing a letter are not significantly different. (G)

leaf length; (H) leaf width; (I) inflorescence length.

the performance of the well-established model (Swets 1988;
Vanagas 2004). Finally, ArcMap in ArcGIS v.10.8 software
was used to draw the distributions of suitable environments
at different times.

3 | Results
3.1 | Morphological Characters Analysis
Although stigma form is often used as a diagnostic character at

the genus level within Urticaceae (Wang and Chen 1995; Chen
et al. 2003; Wu et al. 2015), no differences in this trait were

observed among the three varieties. The Spearman'’s rank cor-
relation coefficient analysis indicated no significant correlations
among the other four qualitative characters examined, that
is, leaf base, leaf tip, leaf margin, and color of the abaxial leaf
blade (Table S8). Pearson's correlation coefficient showed that
three of the six quantitative characters were uncorrelated with
one another: leaf length, leaf width, and inflorescence length
(Table S9). Consequently, these seven characters were retained
for further analysis. Principle Components Analysis (PCoA) of
the four qualitative characters revealed minimal overlap be-
tween var. strigosa and the other two varieties, while var. nivea
and var. tenacissima clustered together (Figure 3A). When only
the three quantitative characters were analyzed, there was
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TABLE1 | Summary of random forest algorithm contribution percentages based on all characters of Boehmeria nivea.
B. nivea B. nivea var. B. nivea var. Mean Decrease in Mean Decrease

Characters var. nivea® tenacissima® strigosa® model Accuracy® in Gini value®
Leaf base 4.08 6.01 1.3 6.69 3.59
Leaf tip 2.8 8.96 -2.11 6.66 2.93
Leaf margin 8.81 4.09 13.76 14.26 6.05
Color of the abaxial leaf 20.9 7.55 26.97 27.52 11.45
blade
Leaf length 4.95 11.34 3.48 11.4 5.56
Leaf width 9.23 12.81 -2.17 13.97 6.52
Inflorescence length 7.28 12.35 8.93 15.15 7.15

2The numbers in bold indicate the maximum contribution rate value within each column.
b“Mean Decrease in model Accuracy” represents the value by which the accuracy of the model decreases after randomly disrupting the character in that row. The size
of this value is proportional to the importance of that character in distinguishing taxa (Breiman 2001; Liaw and Wiener 2002; Strobl et al. 2007). The highest values are

in bold.

““Gini” refers to the statistical measure of inequality used to evaluate feature importance in classification models (Breiman 2001). Values here represent the decrease in
Gini value for the model after randomly disrupting the character in that row. The size of this value is proportional to the importance of that character in distinguishing

taxa, and the highest values are in bold.

overlap between all three varieties (Figure 3B). Additionally,
when all qualitative and quantitative characters were analyzed
together, the results were similar (Figure 3C). Thus, PCoA anal-
ysis could distinguish var. strigosa from the other two varieties
based on qualitative characters, and on all characters, but not on
quantitative characters alone.

The random forest algorithm scatter plot results (Figure 3D-3F)
were consistent with PCoA (Figure 3A-3C). Based on the ran-
dom forest model, the character that contributed most to distin-
guishing the three varieties was color of the abaxial leaf blade,
followed by inflorescence length (Table 1). The clearest discrim-
ination between var. nivea and var. strigosa was provided by
color of the abaxial leaf blade. For discrimination between var.
tenacissima and var. strigosa, the clearest discrimination was
provided by leaf width (Table 1).

Percentage histograms of the four retained qualitative charac-
ters indicated a significant difference between varieties in the
proportion of individuals exhibiting more than one state for one
character (Figure 1G; Figure S2D). This was consistent with
the chi-square test results, which assessed the ability of each
character to distinguish the three varieties, with p <0.05 for all
four qualitative characters (Table S10). PCoA, percentage histo-
grams, and chi-squared test results together showed that these
four qualitative characters could distinguish the three varieties.

Conversely, boxplot analysis of the three quantitative characters
showed overlap between varieties (Figure 3G-3I), again indicat-
ing these characters have weak discrimination power. However,
while overall discrimination by the quantitative characters is
limited, significant differences among the varieties can still be
observed in specific statistical analysis (Table S11). Levene's test
revealed that leaf length exhibited variance homogeneity among
the three varieties, and the LSD result revealed significant dif-
ferences between var. tenacissima and the other two varieties.
Leaf width also exhibited variance homogeneity, and LSD re-
sults indicated significant differences between var. nivea and

var. tenacissima. For inflorescence length, there was no homo-
geneity of variance, but Tamhane's T2 test demonstrated a sig-
nificant difference among the three varieties (Table S11).

3.2 | Phylogenetic Relationships Within B. nivea

Consistent ML and BI topologies were produced by analyses of
complete plastomes (Figure 4) and some data subsets or combi-
nations (Figures S3-S8 and S11-S14). With the rbcL and “matK
+ rbcL + psbA-trnH + trnL-trnF” plastid subsets, ML and BI
topologies were discrepant (Figures S9, S10, S15, and S16).

Grouping all individuals from the three varieties as a mono-
phyletic group (i.e., B. nivea), separate from all Boehmeria spe-
cies in the outgroups, was supported by all datasets (Figure 4;
Figures S3-S10 and S13-S16) except for psbA-trnH (Figures S11
and S12). This grouping was weakly supported by the nrDNA
data (PP <0.95, BS<70%) and strongly supported by the com-
plete plastome, CDS, “complete plastome + nrDNA” and
“matK + rbcL + psbA-trnH + trnL-trnF” datasets (Figure 4;
Figures S3-S6).

Within the nrDNA tree, var. strigosa formed a clear monophy-
letic group, with a posterior probability (PP) of 1.0 and a boot-
strap value (BS) of 74%, but was biphyletic with other datasets
(Figure 4; Figures S3-S16). The other two varieties together
formed a weakly supported (bootstrap value <70%) monophy-
letic nrDNA clade.

Only the nrDNA dataset divided B. nivea into two sister clades.
With the other eight datasets based wholly or mostly on plastome
data, the three varieties formed nested topologies (Figure 4;
Figures S3-S16). The topologies produced by complete plasto-
mes, CDS, and complete plastomes + nrDNA were very similar
(Figure 4; Figures S3-S6). With these three datasets, all individ-
uals of var. strigosa, except XTB03, formed two distinct clades
that branched off very early. The “matK + rbcL + psbA-trnH +
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FIGURE4 | Complete plastid genome (CP, left) and nuclear ribosomal DNA (nrDNA, right) trees for B. nivea and related species: consensus phylo-
genetic trees constructed using Maximum Likelihood (ML) and Bayesian Inference (BI) methods. Numbers at nodes indicate support values, BI pos-
terior probabilities (PP) at left, ML bootstrap values at right, with only values >0.95 or >70% respectively shown. Blue, purple and yellow lines rep-

resent wild, feral and domesticated accessions, respectively. Each tip is labeled with botanical name, sample ID, and province (outgroups excepted).

trnL-trnF” phylogeny also resolved these two clades, but with
different branching orders (Figures S15 and S16). When the sin-
gle loci of matK, psbA-trnH, and trnL-trnF were analyzed, var.
strigosa individuals did not cluster into monophyletic groups
(Figures S7-S8 and S11-S14). With the rbcL locus, all but four
individuals or var. strigosa formed a single clade (Figures S9
and S10).

Individuals of the three varieties from each province did not
cluster into clearly separate, geographically defined clades
(Figure 4; Figures S3-S16), and individuals from cultivated,
feral, and wild habitats did not form separate clades defined by
habitat (Figure 4; Figures S3-S16).

3.3 | Niche Differentiation

The AUC values of our species distribution model simula-
tions for different time periods ranged from 0.789 to 0.876
(Figure S17), indicating “good” performance of the model sim-
ulations. Among the environmental variables selected for niche
simulation (Table S12), precipitation emerged as the predomi-
nant environmental factor shaping the potential distribution of
var. nivea in different periods, and var. strigosa in the Future
(AD 2100) period. In contrast, for var. tenacissima in the Present
and Future periods, and for var. strigose in past (LGM, LIG) and
Present periods, temperature was the main factor influencing
potential distribution (Table S13). In different periods, var. nivea
and var. tenacissima exhibited a significant overlap in their
predicted distributions in China (Figure 5), while var. strigosa
showed no overlap with the distributions of var. tenacissima
in China during any period, and very limited overlap with var.
nivea (Figure 5).

4 | Discussion

4.1 | Subdivision of B. nivea (Ramie) Based on
Morphological Evidence

The qualitative characters of leaf base, leaf tip, leaf margin,
and color of the abaxial leaf blade could significantly distin-
guish the three ramie varieties based on random forest anal-
ysis (Table 1) and chi-squared test (Table S10). Color of the
abaxial leaf blade showed significant discrimination among
the three varieties, as was evident in random forest analysis
(Table 1). A chi-squared test indicated that each of the four
qualitative characters alone could distinguish the three variet-
ies (Table S10). Conversely, quantitative characters were found
to have little discriminatory power between the three variet-
ies (Figure 3B, Figure 3E; Figure 3G-I; Table S11). Whereas
qualitative characters are predominantly governed by genetic
information, quantitative characters are often more influ-
enced by environmental factors (Mudge 1909; Falconer 1996).

However, the relationship between these characters is more
complex, as qualitative characters can also be influenced by
environmental conditions, and quantitative characters are sig-
nificantly under genetic control.

At present, B. nivea var. nivea is distributed throughout the
middle and lower reaches of the Yangtze River, var. tenacissima
mainly in southeastern China, and var. strigosa in southeast-
ern Yunnan and southwestern Guangxi. There is currently no
geographical overlap between var. tenacissima and var. strigosa,
while both have significant overlap with var. nivea (Figure 2;
Figure S1). Var. strigosa comprises only naturally wild material,
whereas var. nivea and var. tenacissima each contain a mix of
cultivated and feralized material, with var. nivea mostly culti-
vated and var. tenacissima usually feralized. For var. nivea and
var. tenacissima, no populations are currently considered (or
known) to be naturally wild.

4.2 | Subdivision of B. nivea (Ramie) Based on
Phylogeny and Ecology

Phylogenetic analyses using ML and BI methods could not
reliably or completely separate the three varieties. All exam-
ined individuals of var. strigosa except for accession XTBO03
were resolved into two well-supported monophyletic clades to-
wards the base of the complete plastomes phylogeny (Figure 4).
Conversely, the ntDNA phylogenetic trees resolved var. strigosa
as monophyletic with relatively strong support (Figure 4). The
other two varieties were intermixed in both analyses (Figure 4).
Although informative, the nrDNA regions sequenced comprise
only 5000-6000bp and represent just a small fraction of the
nuclear genome. A true understanding of relationships among
these taxa will require much larger nuclear sampling and analy-
sis of multiple gene trees (Kipkoech et al. 2024) or whole-genome
resequencing (Ma et al. 2018).

Both PCoA analysis (Figure 3A-C) and the random forest
analysis (Figure 3D-F) indicated that var. strigosa was a mor-
phologically distinct variety, and the consistency between
these two methods greatly enhanceed the support for this and
is consistent with the distinct position of var. strigosa indicated
by nrDNA analysis. Although var. nivea and var. tenacissima
can be clearly distinguished from one another by morphology,
they did not cluster separately in the phylogenetic trees. This
may relate to var. nivea being a domesticated taxon, as cer-
tain homoplasies traits could have been repeatedly acquired
during parallel domestication events. Similarly, domestication
traits might have been repeatedly lost during multiple paral-
lel derivations of var. tenacissima from within var. nivea via
feralization. Furthermore, hybridization and introgression
frequently occur among closely related species and infraspe-
cific taxa (Goulet et al. 2017), and might be indicated by non-
congruence in the topologies of the plastid and nrDNA trees
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shown in (Figure 4, most obviously (but not limited to) the
branches containing var. strigosa.

Currently, geographic separation limits the potential for hy-
bridization and potential introgression in B. nivea (Figure 2;

Figure S1); however, there may have been much greater over-
lap in the past, when cultivation was more common and wide-
spread, along with a wider distribution of feralized populations
derived from cultivations. A complex history of gene flow be-
tween varieties may be why the phylogeny based on complete
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plastomes does not resolve any of the three B. nivea varieties as
monophyletic. Thus, multiple lines of evidence are needed to
generate a functional infraspecific classification.

The potential distribution of the three varieties (Figure 5)
demonstrated that var. strigosa is ecologically distinct, as well
as genetically and morphologically distinct. In addition, var.
strigosa occurs only on limestone mountains, providing further
ecological separation not covered by environmental factors in-
cluded in the present ecological niche models.

4.3 | Infraspecific Divisions in a Species That
Contains Cultivated, Feral, and Naturally Wild
Material

Feralization can be regarded as a natural process following de-
liberate anthropogenic alteration, and it is highly likely to in-
volve multiple parallel events, especially where cultivation has
rapidly decreased, leaving disturbed habitats open for coloniza-
tion (Gressel 2005). The process will likely involve the rapid loss
of specific character traits that had arisen and been maintained
by strong artificial selection, meaning that feral populations de-
rived independently of one another may differ from cultivated
material in the same characters (Ellstrand et al. 1999). Hence,
the pattern observed here of intermixture between cultivated
and feral material is to be expected even in the arguably unlikely
absence of subsequent crop-to-feral and/or feral-to-crop gene
flow (Reagon et al. 2010). This creates significant challenges for
the taxonomist, which the current study has attempted to ad-
dress using an integrative approach.

As expected from the above reasoning, we found that B. nivea
var. tenacissima, which predominantly comprises feral mate-
rial, is morphologically but not genetically distinct. Feral ma-
terial cannot be expected to be monophyletic, and recognition
at the varietal level must instead be supported by morphology
and ecology (Hufford and Mazer 2003). Gene flow between cul-
tivated and feral varieties may make little difference, as their
distinctness can be maintained by artificial and natural selec-
tion, respectively (Ellstrand and Schierenbeck 2000). Indeed,
there might be parallels here with Wu's (2001) genic species
concept, with only small parts of the genome separating culti-
vated and feral forms, while the rest of the genome moves freely
between them.

Given the complex and close genetic relationship between B.
nivea var. nivea and var. tenacissima, the absence of clear eco-
logical separation between them in terms of climate preference
(Figure 5) is unsurprising. Additionally, it is worth considering
whether B. nivea has naturalized in regions such as northern
China, the Korean peninsula, and Japan, as this ecological shift
could define the outer boundaries of the species’ possible nat-
ural range. Nor is it clear whether they will diverge over time
because the diverging influence of artificial versus natural se-
lection might be balanced by the homogenizing effect of gene
flow between them and repeated feralization events.

We did not find clear evidence for gene flow between the feral
var. tenacissima and naturally wild var. strigosa, possibly be-
cause of their past and present geographical separation (Figure 5;

Figure S1). The non-monophyly of var. strigosa has two possible
explanations: (1) cultivated material and feral populations are
ultimately derived from diversity present within ancestral pop-
ulations of var. strigosa, rendering the latter paraphyletic, and
(2) the var. strigosa/var. tenacissima group is derived from an
unknown ancestral, naturally wild population that hybridized
with var. strigosa. In the absence of known naturally wild pop-
ulations of the var. strigosa/var. tenacissima group, we consider
the second possibility unlikely. The observation that species
cannot always be expected to be monophyletic (Rieseberg and
Brouillet 1994) indicates that infraspecific taxa may also be non-
monophyletic; however, this does not render them biologically
meaningless. A comprehensive study of morphology, genetics,
and ecology is needed and allows for a holistic assessment of
the biological significance of a proposed variety (Van de Wouw
et al. 2010).

Infraspecific taxa are commonly first recognized through mor-
phological observation and later tested with DNA evidence
where possible. In this study, molecular evidence revealed that
var. nivea and var. tenacissima cannot be wholly distinguished
at this stage. The combined analysis of morphology, phylogeny,
and ecology highlighted the uniqueness of var. strigosa. In sum-
mary, integrating multiple analytical approaches has increased
our understanding of the differentiation present within B.
nivea today and the likely underlying processes leading to this
differentiation.

PCoA and random forest analyses of morphological characters
failed to significantly differentiate between var. nivea and var.
tenacissima (Figure 3), showing significant overlap in their mor-
phology. Molecular data indicated a deep-level nesting relation-
ship between them, and they could not be clearly distinguished
in phylogenetic analyses of any dataset examined here (Figure 4;
Figures S3-S16). The two not only have a broad observed geo-
graphical overlap (Figure S1) but also exhibit very similar likely
distributions based on ecological niche modeling (Figure 5).

Although chi-square tests of qualitative characters can differen-
tiate var. tenacissima from other varieties (Table S10), this dif-
ferentiation is limited to characters related to the leaves. This
might be because var. nivea mainly includes cultivated forms
suitable for living environments with better conditions for leaf
growth, var. tenacissima primarily occurs in less suitable wild
environments. The significant differences in leaf characters be-
tween the two may reflect differences in their ecological adapt-
ability, but other factors, such as stochastic genetic differences
due to founder effects, should also be considered.

Considering all the above analyses, we believe that var. tenacis-
sima should be regarded as a synonym of var. nivea. As already
noted, there is clear ecological and morphological separation
between these varieties and var. strigosa, which only occurs as
naturally wild populations.

5 | Conclusions
Feralization can generate a complex pattern of variation within

a species, where morphological characters may not correspond
to genetic relatedness. However, integrative taxonomy allows
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the subdivision of feralized species to be better understood.
Here, we examined the naturally wild, cultivated, and feral ma-
terial of the economically important ramie (Boehmeria nivea),
using morphological, genetic, and ecological data. Our results
confirmed that the recently characterized var. strigosa, compris-
ing naturally wild material, is biologically meaningful, and in-
dicated that this is the closest natural relative of cultivated and
feralized ramie.

The results also lead us to recommend that var. tenacissima be
synonymized with var. nivea because the two are phylogeneti-
cally inseparable. In our view, B. nivea is comprised of only two
varieties, var. strigosa (a wild type) and var. nivea (a domesti-
cated form, including derived wild populations, and lacking a
known wild progenitor). Substantial genetic admixture between
cultivated and feralized material might be due to repeated par-
allel derivations of the latter via independent feralization events
and/or gene flow between the varieties recognized until now.
Further research is necessary with greatly increased nuclear
genome coverage to strengthen support for var. strigosa as a
monophyletic group and to understand the discordance between
morphological classification and plastid phylogenetic trees.

Overall, this research provides a new empirical foundation and
theoretical basis for understanding the present diversity of wild
and cultivated forms of ramie, the taxonomic significance of
previously recognized ramie varieties, and the biological pro-
cesses that have produced diversity within this species. In this
work, we have emphasized the possible role of feralization in
generating infraspecific variation, although we cannot yet iden-
tify the genetic origins of cultivated ramie, which may have been
diverse already when cultivation began. There is still much to
learn regarding the distribution and diversity of wild ramie pop-
ulations, including those recognized as var. strigosa. This leads
to an important consideration for conservation purposes and
ecosystem research: to safeguard the potential future develop-
ment and utilization of ramie as a crop, wild populations should
be protected where possible for their research value and their
potential value as resources for plant breeding in the future. In
addition, the study of wild and cultivated populations outside
China is clearly needed to give a more complete picture of the
evolution of B. nivea and its history as a cultigen.
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