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Abstract

Chinese pepper, mainly including Zanthoxylum bungeanum and Zanthoxylum armatum, is an economically important crop
popular in Asian countries due to its unique taste characteristics and potential medical uses. Numerous cultivars of Chinese
pepper have been developed in China through long-term domestication. To better understand the population structure,
demographic history, and speciation of Chinese pepper, we performed a comprehensive analysis at a genome-wide level by
analyzing 38,395 genomic SNPs that were identified in 112 cultivated and wild accessions using a high-throughput genome-
wide genotyping-by-sequencing (GBS) approach. Our analysis provides genetic evidence of multiple splitting events
occurring between and within species, resulting in at least four clades in Z bungeanum and two clades in Z armatum.
Despite no evidence of recent admixture between species, we detected substantial gene flow within species. Estimates of
demographic dynamics and species distribution modeling suggest that climatic oscillations during the Pleistocene (including
the Penultimate Glaciation and the Last Glacial Maximum) and recent domestication events together shaped the
demography and evolution of Chinese pepper. Our analyses also suggest that southeastern Gansu province is the most likely
origin of Z bungeanum in China. These findings provide comprehensive insights into genetic diversity, population structure,

demography, and adaptation in Zanthoxylum.

Introduction

Zanthoxylum is an economically important aromatic
genus of the Rutaceae family, which also includes Citrus'~.
This genus consists of ~250 species primarily native to
warm temperate and subtropical regions across the
world*. The fruits of Zanthoxylum have long been used in
eastern Asian countries as a popular spice to improve
taste, mainly due to the unique tingling oral sensation
created by chemical compounds known as alkamides”. In
addition to culinary applications, many species of Zan-
thoxylum have been used as traditional medicines with
the functions of promoting blood circulation, regulating
the meridians, removing cold dampness, strengthening
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teeth, and improving eyesight, as recorded in many classic
monographs of medicine, including ShenNongBenCaoJing
(Divine Farmer’s Classic of Materia Medica, the earliest
traditional Chinese Medicine monograph written between
~200 and 250 C.E.) (Fig. S1), Mingyi Bielu, Zhenglei
Bencao, and Bencao Gangmu (Compendium of Materia
Medica)®’. To date, Zanthoxylum fruits have been offi-
cially applied in more than 30 prescriptions for the
treatment of numerous diseases®™'°, Consequently, this
genus has great potential for the development of indus-
trial products and new drugs.

China is considered one of the modern diversity centers
for the Zanthoxylum genus. Currently, China harbors at
least 45 species and 13 varieties within this genus, of which
Zanthoxylum bungeanum and Zanthoxylum armatum are
the most popular species due to their wide range of culti-
vation and versatile applications (collectively referred to as
Chinese pepper henceforth)®'". Z. bungeanum is believed to
be native to China and has a long history of cultivation
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beginning in the Jin Dynasty (265-420 C.E)*'%. Z. arma-
tum is also known as Indian prickly ash or toothache tree
and is mainly distributed in Southwest China'®. Chinese
pepper was first described nearly 2600 years ago in Shijing
(Classic of Poetry), which recorded that in the period of the
pre-Qin Dynasty (before 221 B.c.), the fruits of Chinese
pepper were regarded as precious tokens and used to
worship ancestors and pray for more children or a good
harvest'%. The earliest cultivation of Chinese pepper prob-
ably occurred in Sichuan at least 1500 years ago, where an
abundance of improved varietal resources were available
(Supplementary Fig. 1). It can also be concluded from the
scarce historical written record and excavated fruits that,
before cultivation, the main distribution of wild ancestral
populations of Chinese pepper covered the mountain
regions of Sichuan, Gansu, Shaanxi, Henan, Hubei, and
Hunan provinces. However, from the Tang Dynasty to the
Ming Dynasty, the cultivation regions of Chinese pepper
extended nationwide, and at present, the wild populations
have largely retreated into marginal regions or been
replaced by cultivated populations®*,

Although numerous landraces and elite cultivars poten-
tially locally adapted to nationally diverse habitats have been
developed via thousands of years of natural and artificial
selection, domestication, and evolutionary processes (Sup-
plementary Fig. 2), how these processes shaped the current
pattern of genetic variation within and between populations
remains obscure. A range of previous studies attempted to
study the genetic diversity of specific local varieties or species
with molecular markers such as isozyme'*, random amplified
polymorphic DNA''¢, inter simple sequence repeat'>"”,
amplified fragment length polymorphism'®, simple sequence
repeat' %, and chloroplast DNA**** markers. The limited
number of polymorphic loci produced by these low-
resolution markers hinders genetic research on Zanthox-
ylum species. Therefore, a detailed investigation of the
genetic structure, origin, and evolutionary history of these
two cultivated Chinese pepper species is essential for the
conservation and management of germplasm resources,
breeding improvement, tracking crop varieties, and genomic
selection. Herein, we present comprehensive analyses based
on the genome-wide variation identified via the genotyping-
by-sequencing (GBS) approach in a collection of 112 Z.
bungeanum and Z. armatum accessions from 43 cultivars/
populations from the current range to resolve key questions
in Zanthoxylum evolution.

Results
Population structure and variation characteristics

The final dataset consisted of 38,395 biallelic single
nucleotide polymorphisms (SNPs) genotyped for 112
accessions, including 87 Z. bungeanum accessions, 13
cultivated Z. armatum accessions, and 12 accessions of Z.
armatum from natural populations (Fig. 1d and
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Supplementary Table 1). Distance-based clustering by
neighbor joining revealed a clear split between the Z.
armatum and Z. bungeanum accessions. The clustering
results also provided strong support for the subdivision of
25 Z. armatum accessions into two distinct genetic clades
corresponding to wild and cultivated lineages (Clades V
and VI hereafter) and 87 Z. bungeanum accessions into
four clades (Clades I, II, III, and IV hereafter; Fig. 1a),
largely reflecting their geographic distributions. Principal
component analysis (PCA) performed with all loci resul-
ted in four major clades for the Z. bungeanum accessions,
as suggested by the neighbor-joining tree; however, the Z.
armatum accessions remained tightly clustered and
shared a similar genetic distance to each Z. bungeanum
clade (Fig. 1b), following a trajectory suggestive of
admixture between species. Genotypic clustering using
sparse nonnegative matrix factorization (sNMF), fas-
tSTRUCTURE, and discriminant analysis of principal
components (DAPC) suggested that a K value of 3 or 4
represented a feasible model of the data. All approaches
identified the same first three genetic clades as did PCA,
but they differed in their ability to resolve the relationship
between the last three clades and the first three clades.
Accessions of Clades IV, V, and VI were identified as
admixture hybrids of Clades I, II, and III by sNMF.
However, we found no sign of hybridization between the
2 species using fastSTRUCTURE, since none of the
112 sampled accessions showed intermediate genotypes.
Using the DAPC nonmodel-based assignment method, all
individuals of Clades IV, V, and VI were assigned to Clade
I (Fig. 1c).

Nucleotide diversity () analysis showed that Clades II
and III of Z. bungeanum had the highest genetic diversity,
followed by Clade I. The genetic diversity of Clades II and
III was threefold higher than that of Z. armatum clades
(Fig. 1e). We also calculated the genetic differentiation
statistics (Fs7) between the five major Zanthoxylum clades
and found substantially higher genetic differentiation
between Z. bungeanum clades (Fsy=0.0998—0.1557)
than between Z. armatum clades (Fsy= 0.0705; Fig. 1e).
The lowest Fsr supported a closer relationship between Z.
armatum and Clade I rather than Clade II or III. In
addition, we found that all Z. bungeanum accessions
possessed higher levels of heterozygosity than the Z.
armatum accessions (Supplementary Fig. 3), despite the
two species sharing much higher levels of heterozygosity
than their close relative Citrus in the Rutaceae family’.

Demographic history and correlation with climate change

Generally, overall skews in the site frequency spectrum
(SES) reflect signatures of past demographic events. Here,
we used folded SFS derived from each clade and the
model-flexible stairway plot method® to infer fluctuations
in the effective population size (N,) over time for each
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Fig. 1 Genetic structure and geographic distribution of Chinese pepper in China. a Phylogenetic tree of 112 Z bungeanum and Z. armatum
accessions constructed from 38,395 SNPs. Branches of the tree are highlighted by different colors. For the Z bungeanum accessions, colors
correspond to the following groups: green, Clade |; red, Clade II; blue, Clade IIl; and orange, Clade IV. For the Z armatum accessions, colors
correspond to the following groups: cyan, wild; and purple, cultivated. b PCA plots of the first two principal components (PCs) for all 112 accessions.
PC1 and PC2 differentiated the Z bungeanum accessions from each other, whereas the Z. armatum accessions remained tightly clustered and shared
similar genetic distances to each Z bungeanum clade. ¢ Population structure revealed by the sNMF, fastSTRUCTURE, and DAPC methods. Each
individual is represented by a vertical (100%) stacked column of genetic components, with proportions shown in color for the best K= 3 or 4. d Map
showing the diversity in structure of genomic SNPs, based on the average Q value for each cultivar/population, from runs of SNMF at K= 3 (see Table
S1 for cultivar/population codes). @ Nucleotide diversity () and population divergence (Fsy) across the five major clades. The values for each circle
represent a measure of nucleotide diversity for each clade, and the values on each line indicate population divergence between two clades

clade separately. The stairway plot revealed that clades
from the same species shared highly similar patterns of
historical fluctuation in N, over time that roughly mir-
rored known events of environmental upheaval. Each of
the Z. bungeanum clades underwent long-term steady
population expansion during the early-to-mid-Pleistocene
era (~1.8-0.13 million years ago (mya)), although the

patterns differed slightly, followed by an apparent steep
decline in N, after the Last Glacial Maximum (LGM) (Fig.
2a, left). Clades V and VI of Z. armatum maintained
relatively fast population growth beginning 300 and 120
thousand years ago (kya), respectively, until the LGM
slowed down or prevented that process (Fig. 2a, right).
Reconstruction of the more recent demographic history of
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Fig. 2 Demographic history of Z. bungeanum and Z. armatum. a Historical effective population size (N,) for Z bungeanum (left) and Z armatum
(right) clades from ~1.8 million years ago (mya) to present. The N, of each clade was rescaled using the generation time g =4 years and mutation
rate per year = 26x 107 ref. *°. The stairway plot shows that Z bungeanum clades have undergone an apparent steep decline in N, since the
LGM, whereas the LGM did not result in population declines in Z armatum clades. Light blue represents the last glacial period (70—11.5 thousand
years ago, kya), and the dark blue shadow represents the LGM (26—18 kya). Data are median estimates from 200 bootstrap replicates (black line), 95%
confidence intervals (light shading), and 75% confidence intervals (dark shading). b Schematic model of a demographic scenario based on

12mya

<

221kya
219kya

16kya
Skya

Clade V Clade VI Clade I Clade IIT Clade 11

2.2x10¢

Z. armatum clades was impossible using the stairway plot
approach due to the very limited amount of variation in
this species. Nonetheless, analysis of a combination of
Clades V and VI revealed a twofold decline in Z. armatum
N, after the LGM (Fig. 2a, right, Clades V and VI). These
results suggested that the dramatic climate shifts during
the Pleistocene may have been a considerable demo-
graphic driver of the recent growth and decline of Zan-
thoxylum populations.

Results from species distribution modeling (SDM)
(Supplementary Fig. 4) may provide more direct evidence
for the abovementioned disparity. We observed high
environmental (climatic) niche overlap for these two
species, meaning it is unlikely that they underwent
adaptive divergence. This was also supported by the
outlier locus analysis, which detected only one locus as
being potentially under divergent selection between spe-
cies (see below). However, the SDM supported the
hypothesis of a dynamic historical distribution for Zan-
thoxylum, since the estimated potential distributions of
both species have changed over the past 130 kya. For Z.

bungeanum, we observed a notable extensive collapse in
suitable habitats from the LGM to mid-Holocene and
somewhat of a recovery at present. For Z. armatum, we
found a slight contraction in a suitable distribution area
during the LGM and extensive habitat recovery from the
mid-Holocene to the present day. The dynamic ranges of
these two species supported the idea that the formation of
these genetically distinct lineages may be due to periodic
fragmentation, possibly isolation events derived from cli-
mate change.

Using the joint SFS and Markovian coalescent approx-
imation approach implemented in fastSIMCOAL2%, we
simulated more recent demographic fluctuations in
population size and inferred the time of the divergence
events between species and between clades. The results of
fastSIMCOAL2 analysis for Z. armatum (Fig. 2b, Sup-
plementary Fig. 5) were consistent in the sense that only
three models (Models 9, 11, and 12; Supplementary Fig.
5), all characterized by isolation with exponential
shrinkage in cultivated Z. armatum, exhibited any
appreciable model probability. The demographic model in
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Fig. 3 Heat maps for three-population f3 test statistics. Introgression is significant if the false discovery rate-adjusted Z-score is significantly
negative (adjusted Z-score < 1.96, purple)

which Z. armatum diverged through a dynamic process
involving exponential decline in population size in culti-
vated Z. armatum but constant population size in wild Z.
armatum (Model 9) produced a much better fit than
alternative models. The isolation-with-migration model
with asymmetric migrations and exponential population
decline in cultivated Z. armatum (Model 11) and the
model assuming exponential decay in both wild and cul-
tivated Z. armatum without extensive postdomestication
gene flow (Model 12) generated similar log-likelihoods
given the data but lower Akaike information criterion
(AIC) scores due to having additional parameters.
Assuming a mutation rate of 2.6 x 10~ substitutions per
site per year” and 4 years per generation, we estimated a
split time of ~5440 years ago and a 200-fold decline in N,
for cultivated Z. armatum (Fig. 2b).

The fastSIMCOAL?2 analysis of divergence among the
three genetic clades of Z. bungeanum revealed that the
model in which the split between Clades II and III
occurred shortly after they diverged from Clade I (Model
13) was the optimal model, with a maximum log-

likelihood value of —21,074. This model supported the
results of stairway plot analysis in terms of the demo-
graphic decline during the LGM for all three clades (Fig.
2b, Supplementary Fig. 5). This simulation showed that
Clades I and II/III diverged 221 kya with a 95% confidence
interval (CI) of 212—229 kya, immediately followed by
divergence between Clades II and III 219 kya (95% CI =
210-226 kya), indicating that the split events occurred
almost simultaneously. Simulation of divergence between
Z. armatum and Z. bungeanum showed that the model
without migration after population splitting had the
highest model probability. This model predicted that Z.
armatum and Z. bungeanum diverged ~12 mya (95% CI
= 10-14.4 mya; Fig. 2b).

Genomic relationships between cultivars

Hybridization between Zanthoxylum cultivars is rela-
tively unexplored. Here, explicit allele-sharing analysis by
three-population admixture-f3 tests detected no traces of
interspecific admixture; however, we detected a sizable
amount of intra- and interclade admixture within species,
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which suggested ongoing and possibly bidirectional gene
flow between clades and deep divergence between species
(Fig. 3). Most Clade I cultivars appeared to be highly
admixed, including QAY]J, SXH]J, SZT, CJ, WTDHP,
YCHJ, YLBJ, YLYJ, MCHJ, and ZZDHP from northern
China, indicating multiple waves of migration of Zan-
thoxylum genetic resources into this region. HYDHP,
FXZY], and QAYH displayed no signatures of introgres-
sion from other cultivars, regardless of geographical
proximity. ZZXHP, YXDHP, and Clade III cultivars
received gene flow from one or more sources in relatively
close proximity, indicating a pattern of genetic isolation
by distance for these cultivars.

To assess the genome-wide affinities of the top-
producing cultivars FXDHP, HCDHP, and HYH], we
performed outgroup-f3 tests of the form f3 (HYDHP;
FXDHP/HCDHP/HYHJ, X). We found that FXDHP was
most closely related to CBDHP and MWH] from Gansu
and Sichuan, respectively. HCDHP shared more drift with
QAY] and WDBY]J in Gansu, MCHJ in Henan, and SXH]
in Hebei than any other native cultivars in Shaanxi. HYH]
showed higher levels of allele sharing with ZTH] and
YXH]J in Yunnan (Supplementary Fig. 6). In addition, we
observed similar affinities using D-statistics (Fig. 4).

To construct an explicit model for the settlement of
each Zanthoxylum cultivar, we used gpGraph from the
ADMIXTOOLS package to integrate the observed signals
of gene flow into a single historical admixture graph (AG)
framework by fitting empirical and predicted f-statistics.
AGs are generalizations of phylogenetic trees combined
with admixture events, which are believed to be powerful
tools for revealing a more complex history than can be
captured by a simple tree-like topology because AGs
predict all patterns of f-statistics (including £, f3, and f,)
that can be used to assess the fit of a proposed evolu-
tionary scenario. Figure 5a presents an AG corresponding
to all Z. armatum cultivars that was a good fit to the data,
as none of the predicted f-statistics were more than three
standard errors from the observed values (max|Z|=
2.776). Using this model, we observed a highly reticulated
relationship among cultivars of Clade V, whereas all cul-
tivars of Clade VI descended from a putative ancestral
population derived from an admixture event between
FXZY] and a more ancient ancestor. Figure 5b presents
the best-fitting model for the history of 19 selected Z.
bungeanum cultivars, despite the largest |Z|-score for
differences between observed and predicted f-statistics
reaching 5.52 among the 14,706 statistics we tested. This
indicated that more subtle gene flow events were needed
to accommodate the data. However, this model provided a
better statistical fit to the data than the tree shown in Fig.
la and led to several novel inferences.

First, the above result was consistent with the divergence
pattern of Z. bungeanum revealed by fastSIMCOAL2 and
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indicated that southeastern Gansu (i.e., the WDDHP group)
was the most likely origin of this species. Second, FXDHP
and MWHJ, located in the opposite direction of WDDHP,
have experienced very little genetic drift since divergence
from their common ancestral population shared with
WDDHP and formed a branch, suggesting recent anthro-
pogenic contributions to the migration of this clade in this
region. Third, we observed multiple streams of origin-to-
north gene flow that might have contributed substantially to
the genetic diversity in Clade I. Most Shanxi populations
(including WTDHP, YXDHP, XZH]J, and FGHJ) descended
entirely from a single ancestral population shared with
WDDHP and formed a simple cluster. The direct migration
from the origin to Shandong without an intermediate zone
was in accordance with the historical record that business
activity promoted the spread of cultivation practices in this
region no later than 1400 years ago (Qimin Yaoshu). We also
inferred back-migration of populations related to WDBY]
from Shanxi to the origin. WDBY] provided several strands
of ancestry that spread to northern China, including the
formation of LWH] and ZZDHP (both in Shandong) as well
as HCDHP (Shaanxi). Finally, we concluded that Clade III
populations derived large proportions of their ancestry from
both Clades I and II, namely, an estimated 25% from one
basal population of Clade I and 75% from a population
closely related to WDBY]J. This conclusion was consistent
with the extensive gene flow from Clade I to Clade III
revealed by fastSIMCOAL?2.

Selection scan

Multiple outlier tests (Arlequin, FLK, LEA, and Out-
FLANK) identified a set of 24 outlier loci with higher Fgr
values than expected (Fig. 6). Twenty of these loci showed
evidence of spatially diversifying selection among clades
within Z. bungeanum, whereas only three showed evi-
dence of spatially diversifying selection between wild and
cultivated clades within Z. armatum. There was only one
locus displaying evidence of divergent selection between
species. We obtained the flanking regions of all outliers,
four of which matched protein-coding genes. We detected
three nonsynonymous and four synonymous mutations at
locus 682155 within the IQ-Domain 1 gene. This gene is
involved in resistance against herbivory by generalist
chewing and phloem-feeding insects”’, one of the traits
that differs between wild and cultivated cultivars. Locus
230833 has a nonsynonymous mutation and a nonsense
mutation within the cytokinin riboside 5’-monophosphate
phosphoribohydrolase LOG7 gene, which encodes a
protein that plays a central role in cytokinin activation in
plants. Cytokinin signaling is of pivotal importance in
regulating various processes in plant growth and devel-
opment, including vascular developmentzs’zg, wood for-
mation®’, normal primary root growth25, and female
gamete and embryo development®'. It also plays a role in
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regulating adaptive responses to abiotic stresses such as
cold and drought®*??, These candidate genes may provide
clues for further research on the adaptation of Chinese
pepper cultivars to biotic and abiotic stress variations and
are certainly worthy of more targeted analysis, despite the
phenotypic correlates of clinal variation in some genes
remaining unclear.

Discussion

Chinese pepper, also known as “Huanjiao,” is an eco-
nomically important tree plant widely used as a spice and
medicine with a national distribution in China. Unravel-
ing the genomic relationships and evolutionary history of
Chinese pepper can help clarify the interspecific admix-
ture and gene flow between various cultivars, as well as
infer the origin of domestication and pattern of historical
fluctuation in effective population size. To the best of our
knowledge, this is the first report to comprehensively
study the genetic relationships and demographic history
of a collection of Z. bungeanum and Z. armatum acces-
sions using next-generation sequencing.

Based on PCA, phylogenetic analysis and genetic
structure analysis, we believe that Z. bungeanum and Z.
armatum have clearly split without secondary contact,
inhibiting the formation of reproductive isolation. More-
over, we found strong evidence for splitting into at least
four genetic clades within Z. bungeanum, corresponding
to the geographic distribution from these combined
analyses, including genetically distinct clades that contain
only individuals from the HYDHP cultivar. In contrast, Z.
armatum accessions are separated into wild and culti-
vated groups. These results are consistent with our pre-
vious report that the Qinling Mountains were the main
geographic barrier for gene flow between Z. bungeanum
clades and that cultivated and wild Z. armatum accessions
exhibited significant genetic differentiation®**, How does
such strong genetic structure occur in a domesticated
species of plant? First, Z. bungeanum covered a wider
distribution range across China than Z. armatum. Plant
populations with a large distribution tend to form sub-
populations due to environmental heterogeneity, genetic
variation, and restricted gene flow, which are all found in
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(green), Clade Il (red), Clade Il (blue), Clade V (cyan), and Clade VI (purple)

Fig. 5 Admixture graph of the history of Zanthoxylum cultivars. Models of phylogenetic relationships among Z. armatum (a) and Z bungeanum
(b) cultivars augmented with admixture events. Drift for each lineage is given in units proportional to 1000 X sy, and admixture events (dotted lines)
are denoted by the percentage of ancestry. At least three and five admixture events are inferred in the history of Z armatum and Z bungeanum
cultivars, respectively. Inferred ancestral populations are indicated by filled circles, and lineages descending from them are colored as follows: Clade |

Z. bungeanum and may have led to its strong genetic
differentiation. Second, as local adaptation plays an
essential role in maintaining production in traditional
agricultural systems, selection for adaptation to each
region’s environment and monocultures of genetically
similar individuals formed regionally by farmers’ seed
selection increases overall genetic diversity but leads to
little to no genetic variation within local cultivars. Thus,
the strong differentiation between Z. bungeanum clades
likely reflects the effects of both geographical isolation

due to the Qinling Mountains as well as a long period of
divergent domestication.

We also showed that the nucleotide diversity of Z
bungeanum was threefold higher than that of Z. arma-
tum, which was probably attributed to the restricted dis-
tribution and thus limited sampling of Z. armatum and
otherwise the frequent local or long-distance exchange of
seeds of Z. bungeanum by farmers during long-term tra-
ditional agricultural practices. Puzzlingly, although the
domesticated accessions of Z. armatum were clearly
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Fig. 6 Frequencies of outlier loci in each clade of Z. armatum and Z. bungeanum. SNPs are identified by the locus number (top left) and SNP
position within the locus in base pairs (bottom left). The first 20 loci are outliers between Z. bungeanum cultivars, the next three are outliers between
Z. bungeanum and Z. armatum, and the last one is an outlier between wild and cultivated accessions of Z. armatum. ZA Z. armatum; ZB Z.

genetically differentiated from wild ones, they still pos-
sessed variation even higher than that of wild varieties.
This result suggests that the population size bottleneck at
domestication only slightly reduced genetic variability
(ie, a large number of individuals must have been
selected for initial domestication, or domestication must
have occurred simultaneously in multiple locations).
Consistent with our previous study of the tran-
scriptome®, Chinese pepper presents a higher level of
heterozygosity (Supplementary Fig. 3) than other highly
heterozygous plants, such as Citrus"® and pistachio®®,
indicating that Chinese pepper may have undergone
extensive inter- or intraspecific hybridization. In

summary, such patterns probably reflect a complex his-
tory of population subdivision in Chinese pepper.

To explore the demographic histories of Z. bungeanum
and Z. armatum, we inferred effective population size
changes, dynamic distributions, and divergence events
between species and between clades. We detected con-
tinuous population expansion of ~1.8-0.13 mya in the Z.
bungeanum clades, followed by an apparent population
decrease after the LGM. However, we observed that the Z.
armatum clades showed a very different pattern from
those of Z. bungeanum, with continuing increases in N,
from 300 or 200 kya until the LGM. The results of
environmental (climatic) niche modeling paralleled the
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population size change patterns of both species. It is
noteworthy that the relatively cold and dry climate of
Marine Isotope Stage 4 (58—-74 kya, as indicated by the
mass accumulation rate of Chinese loess®”) and the LGM
did not result in population declines in either of the Z.
armatum clades but did have a strong negative effect on
Z. bungeanum. One potential explanation for this appar-
ent disparity is that the Z. armatum populations we
analyzed were mainly from mountain regions in South-
west China, one of the world’s major plant diversity hot-
spots®®. This region is thought to have harbored refugia
during the LGM because organisms survived there and
recolonized (radiated) outwards during interglacial peri-
o0ds®. The proposal that the topographical complexity of
this region may be a crucial buffer against climate change
was further confirmed by the unequal decay in N, of Z.
bungeanum clades during the LGM. The LGM resulted in
a ~660- and 100-fold collapse in Clades I and II, respec-
tively, both of which were mainly distributed in northern
or northwestern China. In contrast, we observed only a
sixfold decrease in N, for Clade III during the LGM,
which was largely sympatric with Z. armatum. This result
indicates that plants sharing the same habitat might have
similar responses to climate change and thus similar
demographic histories.

The protracted increase in N, for Zanthoxylum clades
before the LGM raises the question of its causes. One
possibility is that the expansion of N, might be attributed
to the high heterozygosity of these Chinese pepper clades
(Supplementary Fig. 3). The heterozygosity in Z. bun-
geanum was higher than that in Z. armatum, which is in
accordance with the wider distribution and larger con-
temporary N, of the former. Note that both Chinese
pepper species exhibited higher heterozygosity and a
larger N, compared with those of their close relative
mandarin®. A second possibility is that the expansion
reflects a natural process that operates in Chinese pepper
progenitor populations. For example, recurrent episodes
of harsh climatic conditions have forced the ancestral
populations of Chinese pepper into ongoing cycles of
retreating into and re-expansion from numerous isolated
refugia, thus expediting diversification. By the time of the
LGM, a period of extremely low temperature, both Z.
armatum and Z. bungeanum had experienced precipitous
declines, which was also the case in many plant species
that have experienced fluctuations during Pleistocene
climatic shifts. Both long-lived perennials, such as silver
birch®!, poplar42, grape43 and orange40, and annual plants,
including Arabidopsis™*, experienced a period of dramatic
decline in N, in this period. If the LGM caused a popu-
lation decrease in Chinese pepper, one might expect to
observe population recovery of Chinese pepper after gla-
cial periods. Surprisingly, we detected no evidence for
post-LGM expansion of Chinese pepper. This observation
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contrasts sharply with findings for peach*®, maize*®, and
African rice®, all of which had largely recovered following
the LGM. We hypothesize that the lack of expansion in
Chinese pepper is attributable to the dynamics of per-
ennial demographic trends, specifically the short time
frame (in generations) and clonal propagation. The fea-
ture of demographic inference from grape is consistent
with our hypothesis, but wild grape also had a greater
than fivefold N, increase following the LGM.

In our study, we speculate that the divergence time of Z.
armatum and Z. bungeanum was ~12 mya (Fig. 2b). This
inferred timescale is consistent with the estimate based on
two plastids and two nuclear markers®’ and corresponds
to the Middle Miocene disruption, a steady period of
cooling that expanded ice sheet volumes globally*®. The
results from the analysis of historical divergence between
Z. armatum clades also provided important clues
regarding the domestication history of Chinese pepper,
although wild accessions of Z. bungeanum were not
available in the current study. The split between wild and
cultivated clades occurred ~5 kya, long before the first
record of Chinese pepper in Shijing (Classic of Poetry),
which was written 2600 years ago. The demographic
analysis of Z. bungeanum showed that emergence and
diversification occurred ~220 kya, long before human
agricultural activity. These results suggested multiple
origin centers for the domestication of Chinese pepper
and weak selection pressure during this process. The
fastSIMCOAL?2 analysis also revealed that the timescale of
divergence between Clades I and II/III coincided with the
onset of the Penultimate Glaciation (0.3-0.13 mya), one of
the most extensive Pleistocene glaciations in China that
resulted in large ice caps and extremely large valley gla-
ciers®’. More specifically, this method detected severe
bottlenecks for each clade during this period that were not
observed in the stairway plot analysis. These findings are
largely in line with expectations if climate change has
been a major driver of variation in Z. bungeanum popu-
lation size. The association of rapid divergence with key
glacial periods suggests, but does not confirm, that Z.
bungeanum divergence was driven by glacial cycles that
resulted in direct habitat fragmentation, with adjacent
refugia separated by glacial fingers.

Chinese pepper is among the earliest domesticated
crops, with several thousands of years of cultivation his-
tory. Numerous varieties of Chinese pepper have been
cultivated during the long-term domestication process®.
Some were developed locally, and others were introduced.
Distinct regional demands for different cultivars reflect
local idiosyncrasies in consumer tastes; for instance, the
cultivars of Z. bungeanum distributed within the tropical
and subtropical regions south of the Qinling Mountains
contain more numbing components but fewer leaf
glandular puncta than those north of the Qinling
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Mountains®. We assessed the affinities between each
variety/cultivar pair using three approaches. Based on
outgroup-f3 tests and D-statistics, cultivars distributed in
the vicinity of the Qinling Mountains showed the closest
genetic relationships, while those far from the Qinling
Mountains displayed introgression from one or more
cultivars in relatively close proximity. These results indi-
cated that some elite cultivars have been introduced and
cultivated in many other areas across China. Nonetheless,
there is no evidence of recent admixture between species
because of probable reproductive isolation. In addition,
we speculate that Gansu is the most likely origin of Z.
bungeanum, which is in accordance with the earliest
historical record of Chinese pepper in Qimin Yaoshu'>.

Conclusions

This is the most comprehensive survey of the evolu-
tionary history of Chinese pepper to date. We identified at
least three genetic clades within Z. bungeanum corre-
sponding to their geographic distributions across China.
Domesticated Z. armatum accessions (Clade VI) were
found to be genetically differentiated from wild ones
(Clade V), but they maintained high levels of genetic
variability, suggesting a short domestication event invol-
ving a large number of individuals. This may also hold
true in Z. bungeanum because we observed a relatively
large effective population size in each clade of Z
bungeanum.

Based on our results, we can outline a model for the
early evolutionary history of Chinese pepper. We infer
that WDDHP (Gansu) was the ancestral population of Z.
bungeanum, and the divergence among Z. bungeanum
clades occurred ~200 kya. Wild accessions of Z. armatum
clustered together and possibly diverged from cultivated
accessions ~3—5 kya. Moreover, our results suggest that
climate change drove an apparent steep decline in the
effective population size of Z. bungeanum clades, rather
than Z. armatum clades, during the LGM. Further
insights into the history of Zanthoxylum will benefit from
analyses similar to those performed here on whole gen-
ome sequences and from the collection of data from more
populations of Zanthoxylum taxa. This could greatly aid
in the curation of the many misidentified accessions and
accelerate molecular breeding efforts for cultivated Zan-
thoxylum species.

Materials and methods
Material sampling and DNA extraction

Based on field investigations and with the permission of
private landowners, we collected 87 Z. bungeanum
accessions and 13 Z. armatum accessions from 39 culti-
vars in their native range throughout China. In addition,
12 wild accessions of Z. armatum from four natural
populations were sampled in Yunnan, Guizhou, Sichuan,
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and Shaanxi provinces (Fig. 1d, Table S1). Young, healthy
and fresh leaves were stored in silica gel for genomic DNA
extraction. Total DNA was isolated using a DNeasy Plant
Mini Kit (Tiangen Biotech., Beijing, China). Subsequently,
the DNA degradation and contamination of each sample
were monitored on 1% (w/v) agarose gels, and DNA
purity was checked using a NanoPhotometer® spectro-
photometer (IMPLEN, CA, USA).

Genotyping-by-sequencing (GBS) library preparation and
sequencing

The protocol used to obtain the GBS library involved
three major steps: restriction digestion, ligation, and PCR
amplification. DNA concentration was measured using a
Qubit® DNA Assay Kit in a Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA). First, a predesign experiment was
performed to select the best restriction enzyme and sizes of
restriction fragments. To maintain the sequence depth
uniformity of different fragments, a narrow length range
was selected (~50bp). Afterwards, the GBS library was
constructed according to the predesigned scheme. Genomic
DNA template was incubated at 37 °C with EcoRI (New
England Biolabs), followed by ligation with adapters that
included different barcode-containing adapters for tagging
each sample. Ligation was performed using T, DNA ligase
(New England Biolabs) followed by heat inactivation at
65°C. Afterwards, PCR was performed to amplify the
bilateral tag sequences. The PCR products were purified
using Agencourt AMPure XP (Beckman), pooled, and then
run on a 2% agarose gel. Fragments 400-425bp (with
indexes and adapters) in size were isolated using a gel
extraction kit (Qiagen). These fragment products were then
purified using Agencourt AMPure XP (Beckman), which
was diluted for sequencing. Paired-end sequencing was
performed on selected tags using the Illumina PE150 high-
throughput sequencing platform (Illumina Inc., San Diego,
USA) with 2 x150bp paired reads. SNP genotyping and
evaluation were subsequently carried out.

Data processing and SNP calling

Sequences for each sample were sorted according to
barcodes. To ensure that reads were reliable and without
artificial bias in subsequent analyses, we first processed raw
data in the fastq format using a series of quality control
procedures with in-house C scripts. Briefly, this involved (1)
removing reads with >10% unidentified nucleotides (N); (2)
removing reads with >50% bases possessing a phred quality
score <5; and (3) removing reads with >10nt aligned to
adapters, allowing <10% mismatches. Subsequently, all
reads mapped to the same location were considered a
“stack.” SNP sites were identified within each stack using
SAMrtools* with dp1 and Miss0.6 filters. Polymorphic bases
detected among SNPs were supported by at least three
reads for each respective SNP.
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Genetic structure analyses

The genetic structure of Zanthoxylum cultivars was
analyzed using five complimentary methods: neighbor-
joining tree analysis, PCA, sSNMF*’, fastSTRUCTURE®',
and DAPC®?. These analyses were based on datasets
retaining only one random SNP per locus to avoid
creating a set of tightly linked sites. Neighbor-joining tree
and PCA approaches were applied using the R package
poppr’>. The most likely number of genetic clusters was
determined by (1) running sNMF with 1 — K assumed
ancestral populations using an entropy criterion to fit the
statistical model to the data by cross-validation; (2) run-
ning fastSTRUCTURE for multiple numbers of K using
fivefold cross-validation and comparing the log-marginal
likelihood lower bound; and (3) running DAPC for mul-
tiple numbers of K and comparing AIC values. All ana-
lyses were repeated after removing loci under strong
divergent or stabilizing selection to reflect demographic
processes such as gene flow and genetic drift. The repe-
ated analyses resulted in no significant differences. Pat-
terns of variation and population differentiation, including
patterns of nucleotide diversity (), heterozygosity, and
the fixation index (Fsp)°*, were estimated based on the
genotypes of each line at SNP positions using VCFtools*”.

Demographic history inference

Single-population demographic histories were investi-
gated using the stairway plot method®® with the folded
SES from each clade (estimated as described above). The
results were calibrated using a generation time g =4 years
based on field observations and a mutation rate y = 2.6 x
107 substitutions per site per year according to the lit-
erature®’. To study the history of population splitting, we
used SFS-based composite likelihood demographic mod-
eling implemented in fastSIMCOAL2®'. The same
method was also used to reconstruct a more recent Z.
armatum demographic history that could not be esti-
mated by stairway plots due to the very limited amount of
variation within this species.

In total, we specified 12 demographic models for Z.
armatum (Supplementary Fig. 5, Models 1-12), which were
designed to represent a range of demographic processes,
including lineage divergence, population bottlenecks,
population expansion or contraction, and gene flow. The
same 12 alternative models of historical divergence were
also used to simulate the divergence between Z. armatum
and Z. bungeanum by fitting to the allele-frequency spec-
trum of these two species (Supplementary Fig. 5, Models
1-12). Only three divergence models among three genetic
populations of Z. bungeanum were considered due to
intensive computation for three-branched models, but we
incorporated population size changes into each model and
allowed migration between all demes for parameter esti-
mation (Supplementary Fig. 5, Models 13-15).
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The observed two- and three-dimensional SFS and boot-
strap SFS scores for Z. armatum and Z. bungeanum were
calculated using a Python script (available at https://github.
com/isaacovercast/easySES). We used 100,000 simulations
and 50 cycles of the Brent algorithm to maximize the like-
lihood of the models. A total of 50 independent optimiza-
tions were performed to retain the global maximum
likelihood model, and the maximized likelihood observed
across all iterations was used for model comparison.

Species distribution modeling

To assess spatial variation in environmental suitability
for Z. armatum and Z. bungeanum, we constructed cor-
relative maps of potential distributions with the statistical
niche modeling algorithm MaxEnt v3.4> using records of
species presence and environmental data. The model was
projected to past environmental conditions during the
mid-Holocene (6000 years before present (y B.P.)), the
LGM at 21,000 y B.P. (MIROC4m general circulation
model, Pliocene Model Intercomparison Project), and the
Last Interglacial at 120,000 y B.P.%%,

We gathered 522 georeferenced occurrence points (200
for Z. bungeanum and 322 for Z. armatum) from our
fieldwork, herbarium databases (https://www.cvh.ac.cn),
and the Global Biodiversity Information Facility (https://
www.gbif.org), which were then vetted for spatial and
taxonomic accuracy. To reduce the effects of sampling
bias on model prediction, we randomly selected one of
multiple occurrence records per species within a 10 km
radius using SDMtoolbox®®. The final dataset for SDM
building was composed of 133 records of Z. bungeanum
and 166 records of Z. armatum. As background data, we
randomly selected 10,000 points over the entire dis-
tribution area of each species. We extracted climate
information from 19 layers of bioclimatic variables avail-
able from the WorldClim website and selected seven
uncorrelated variables (Pearson correlation < 0.7) down-
loaded from Bioclim at a 2.5 arc minute resolution: mean
diurnal range, isothermality, minimum temperature of the
coldest month, mean temperature of the wettest quarter,
precipitation of the driest month, precipitation season-
ality, and precipitation of the warmest quarter.

Models were run using the autofeatures function, the
default regularization multiplier, and 100-replicate sub-
sampling, with random training test percentages (70% of
observations for model training and 30% for model test-
ing). To determine whether the discrimination capacity of
models was better than random chance, models were
validated by assessing area under the receiver operating
curve (AUC), sensitivity, specificity, and accuracy values
averaged across replicates. The high mean AUC values
(0.926 +0.043 for Z. armatum and 0.927 +0.066 for Z.
bungeanum, n=100) indicated good predictive power
and performance significantly better than that of a
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random model (AUC = 0.5). The most important variable
was minimum temperature of the coldest month (eval-
uated with 100 iterations).

Relationships between cultivars

fi-statistics®®®! and D-statistics®* were used to formally
assess relationships between cultivars. These two statistics
were computed using the 3PopTest and gpDstat pro-
grams from the ADMIXTOOLS package, respectively®”.
Z-scores were calculated via a block jackknife approach to
assess test significance, with Z-scores of a magnitude
greater than three corresponding approximately to a p
value < 0.001. Moreover, we used gpGraph from the
ADMIXTOOLS package to construct the AG frame-
work®" in order to explore different models for population
separation followed by admixture that might accom-
modate the patterns of allele frequencies observed in our
data. Further, we assessed goodness-of-fit by investigating
the correlations in allele-frequency differentiation statis-
tics (f-statistics) observed between all pairs, triplets, and
quadruplets of populations and tested whether they dif-
fered significantly from empirical values.

We started with a skeleton phylogenetic tree consisting
of HYDHP and three randomly chosen cultivars, added
the remaining cultivars incrementally to all possible edges
in the tree using ADMIXTUREGRAPH®, and retained
only graph solutions yielding a minimum |Z| value
between empirical and predicted f-statistics. To reduce
computational load and model-solving difficulties, some
genetically similar and geographically close cultivars were
merged into one genetic group (e.g., WDDHP composed
of WDDHP, CBDHP, YLDHP, and QADHP; WDBY]
composed of WDBYJ, QAYJ, YLYJ, YLBJ, and QAB]J;
YXH] composed of YXH], ZTHJ], and KMH]J; and
HCDHP composed of HCDHP and SZT). We assessed
the robustness of the best model and its predictions using
pooled f-statistics and by fitting the model using cultivars
added in different orders.

Selection scan

Four outlier tests were used to scan for signatures of
selection, namely, LEA®?, OWtFLANK®*, the Fdist method
implemented in Arlequin 3.5°°>, and FLK®®. Tests were
performed first on a dataset in which samples were
grouped into two populations, representing the two spe-
cies, to identify outlier loci under divergent selection.
Then, tests were carried out on each species separately,
and samples were grouped according to the results from
genetic analyses, namely, wild and cultivated groups for Z.
armatum and three major geographic groups for Z.
bungeanum, to look for signatures of spatially diversifying
selection. Loci that were identified as outliers by all tests
were considered to be under putative selection.
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