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Deserts exert strong selection pressures on plants, but the underly-
ing genomic drivers of ecological adaptation and subsequent spe-
ciation remain largely unknown. Here, we generated de novo
genome assemblies and conducted population genomic analyses
of the psammophytic genus Pugionium (Brassicaceae). Our results
indicated that this bispecific genus had undergone an allopoly-
ploid event, and the two parental genomes were derived from
two ancestral lineages with different chromosome numbers and
structures. The postpolyploid expansion of gene families related
to abiotic stress responses and lignin biosynthesis facilitated envi-
ronmental adaptations of the genus to desert habitats. Population
genomic analyses of both species further revealed their recent
divergence with continuous gene flow, and the most divergent
regions were found to be centered on three highly structurally
reshuffled chromosomes. Genes under selection in these regions,
which were mainly located in one of the two subgenomes, con-
tributed greatly to the interspecific divergence in microhabitat
adaptation.

desert plants | polyploidization | chromosomal structural variation |
microhabitat divergence

As individuals of each plant species cannot simply move to
avoid stresses, biologists since Darwin’s era have been fas-
cinated by their adaptations to environments with harsh cli-
matic conditions such as deserts (1, 2). Several mechanisms
generate novel genetic variation that enables plants to adapt to
their environment, such as point mutation, gene duplication,
and polyploidization (3-5). As one of these mechanisms,
whole-genome duplication (WGD) or polyploidization, has fre-
quently occurred throughout the evolutionary history of plants
(6-8), and many polyploidization events have putative associa-
tions with environmental changes and subsequent adaptation to
new niches (9, 10). Two types of polyploidy are recognized in
plants and other organisms: autopolyploidy (involving duplica-
tion of a single species’ genome) and allopolyploidy (involving
combination of different species’ genomes) (7, 11). The relative
proportion of autopolyploids and allopolyploids are compara-
ble, but allopolyploidy is generally expected to provide higher
adaptive potential (12, 13). This is because it not only allows
the pairing of chromosomes from each parent, with diploid-like
meiotic behavior and disomic inheritance, but also leads to
extensive chromosomal structural variations, morphological
innovations, novel genic interactions, and hybrid vigor (7, 14).
Such evolutionary consequences have been repeatedly con-
firmed in allopolyploid model species, for example, Arabidopsis,
and widely cultivated allopolyploid crops, including cotton,
wheat, and oilseed rape (15-19).

In general, polyploid plants exhibit higher drought and salt
tolerance than their diploid relatives (12-15); however, little is
known about how subsequent speciation and diversification
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occur in such polyploid genomes. To improve such understand-
ing, we examined the contribution of polyploidization (if any)
to adaptive evolution and speciation in the bispecific genus
Pugionium, endemic to the Kubuqi Desert and Mu Us Desert
in northwestern China (20). These inland deserts arose from
rapid climate transformation since the early Miocene (21, 22),
with consequent changes in vegetation, forest retreats, and the
emergence of aridity-adapted species (23). The genus Pugio-
nium belongs to the family Brassicaceae, which includes more
than 3,700 species distributed around the world (24, 25). Many
species of Brassicaceae are economically important crops that
are cultivated as vegetables, condiments, fodder, and oilseeds
(18, 24, 26). In addition, allopolyploidy—usually associated
with chromosomal structural variations (fusion, shuffling, or
translocation) and changes in chromosome base number—is
prevalent in the family (24, 27-29). Brassicaceae are divided
into five major lineages (24), and Pugionium belongs to
Expanded Lineage II with isolated position (30). Although
young leaves and shoots of Pugionium are consumed as
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vegetables by local communities (23), both species produce
highly lignified roots, stems, and silicles, which have a clear
adaptive value in dry and salty deserts. Pugionium cornutum
has long roots and an erect stem that can be more than 1.5 m
tall, while Pugionium dolabratum produces short roots and
numerous basal “bushy” branches (Fig. 14). Most populations
of the two species have no overlapped distributions, but they do
occur rarely in the same site with distinct microhabitat diver-
gence (23) (SI Appendix, Results). Furthermore, P. cornutum
and P. dolabratum are confined to the mobile and fixed dunes,
respectively (23), and also display differences in leaf and silicle
morphology, including the sizes of silicle valves and wings (31).
In this study, we first sequenced and assembled genomes of the
two Pugionium species and then assessed the genomic changes
that had taken place during the ancestral adaptation of the
genus to the desert environment. Next, we examined the geno-
mic divergence of both species at the population level to inves-
tigate how speciation might occur in the desert.

Results

De Novo Genome Assemblies of the Two Species. Our examination
of DAPI-stained mitotic chromosome spreads revealed 11 chro-
mosome pairs (2n = 22) in both Pugionium species (SI
Appendix, Fig. S1). The genome sizes were estimated to be 570
and 606 Mb for P cornutum and P. dolabratum, respectively (S
Appendix, Figs. S2 and S3). A high-quality reference genome of
P. cornutum was obtained with 81.3 Gb (143x) Nanopore long
reads and 44.7 Gb (78x) short reads (SI Appendix, Table S1).
With the aid of the chromosome conformation capture tech-
nique (SI Appendix, Fig. S4), the genome of P cornutum was
further assembled into 11 chromosomes (Fig. 1B and SI
Appendix, Fig. S5). The resulting assembly of P cornutum was
550 Mb, with a scaffold N50 of 37.1 Mb and a contig N50 of
311.7 kb (SI Appendix, Table S2). For P dolabratum, 211 Gb
(356x) short reads and 10.7 Gb (18x) Pacbio long reads were
used to de novo assemble the genome into large scaffolds, with
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scaffold N50 being 357.8 kb and contig N50 being 68.4 kb (S
Appendix, Tables S3 and S4). We assessed the quality of genome
assemblies using RNA sequencing (RNA-seq ) data obtained
from roots, stems, leaves, and flowers (SI Appendix, Table SS5).
The results showed that most coding regions were well repre-
sented in the assemblies (SI Appendix, Table S6). Moreover,
97.9 and 97.4% of the 2,326 eudicot-specific BUSCO genes
were identified in the genome assemblies of P cornutum and
P, dolabratum, respectively (SI Appendix, Table S7).

In total, 72.8 and 65.0% of the genome sequences were iden-
tified as repetitive elements for P cornutum and P dolabratum,
respectively (Fig. 1B and SI Appendix, Tables S8 and S9), and
the vast majority of repeats were classified as tandem repeats
and long terminal repeat (LTR ) retrotransposons. An analysis
of LTR retrotransposons indicated an increase in the activity
during the last three million years (SI Appendix, Fig. S6). A
total of 31,412 and 30,614 protein-coding genes were predicted
for P cornutum and P. dolabratum, respectively (SI Appendix,
Table S10), and 27,982 (89.1%) of these genes were distributed
on the assembled chromosomes of P cornutum. In addition,
most of these genes were successfully annotated by at least one
public database (SI Appendix, Table S11), with complete
BUSCO scores of 95.1 and 94.2% for P. cornutum and P. dolab-
ratum, respectively (SI Appendix, Table S12), indicating near
completion of both the assemblies and annotations.

WGD by Allotetraploidy. Our comparative chromosome painting
analyses based on cross-species hybridization, using BAC con-
tigs specific to the chromosomes of Arabidopsis thaliana, sug-
gested two copies of genomic blocks (GBs) in the Pugionium
pachytene chromosome complements (SI Appendix, Fig. S7).
This pointed to a potential WGD (tetraploidization) that had
occurred during the origin of Pugionium. This WGD was fur-
ther confirmed by genome collinearity and synonymous diver-
gences of paralogous gene pairs within collinear blocks (Fig. 1B
and SI Appendix, Figs. S8-S11). Based on the divergence of
paralogous gene pairs, this WGD was estimated to have
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The contrasted habit and morphology of the two Pugionium species and genomic structure of P. cornutum. (A) Morphological and habitat diver-

gence of the two species (7, 2, and 3 for P. cornutum and 4, 5, and 6 for P. dolabratum) on the basal branching and stem height, leaf (lobe width), silique
morphology (valve and wing length and angle ), and habitat (mobile and fixed dunes). (Scale bar: 1 cm.) (B) Collinearity within the P. cornutum genome.
Color-coded lines in the middle (7) show gene synteny between chromosomes. Histograms from inside to outside show frequencies of tandem repeats (2),
LTR/Gypsy retrotransposons (3), LTR/Copia retrotransposons (4), overall repetitive contents (5), and densities of genes (6), respectively.
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occurred ~18 Mya (SI Appendix, Fig. S9) when Lineages I and
IT diverged (30, 32) and was more recent than the family-
specific At-a WGD (~43 Mya) (33). Phylogenetic analyses of
different datasets were then performed to examine whether the
tetraploidy arose from autopolyploidization or allopolyploidiza-
tion. We first constructed gene trees using six species, that is, P
cornutum, Arabidopsis lyrata, Capsella rubella, Eutrema salsugi-
neum, Schrenkiella parvula, and Aethionema arabicum, and
assessed the pattern of gene tree topologies. For the 5,461
genes that were single copy in each of the six genomes, the
placement of P cornutum as sister to Lineage II was supported
by 42.0% (bootstrap supports >70% ) of gene trees, while 17.
8% (bootstrap supports >70%) placed P cornutum sister to
Lineage I plus II (SI Appendix, Fig. S12), suggesting a likely
hybrid origin because of the high inconsistent tree topologies.
Then, we carried out phylogenetic analyses of the two duplicate
paralogs from the At-a polyploidization and the possible homo-
logs in Pugionium and Eutrema. Most duplicated homologs in
Pugionium did not cluster into one monophyletic group as
expected for autopolyploidization (SI Appendix, Fig. S12).
Finally, 8,268 gene trees constructed based on homolog groups
that contain one gene from A. arabicum and at least one homo-
log in all other genomes were used to perform multilabeled
trees (MUL-trees) analysis, and the optimal MUL-tree also
supported an allopolyploid origin of P cornutum (SI Appendix,
Fig. S13).

In order to further confirm allopolyploidization and uncover
the origin of the two parental Pugionium (sub)genomes, the
genome of P cornutum was used to examine the association of
GBs specific to previously defined ancestral Brassicaceae
genomes—ancestral Proto-Calepineae Karyotype (ancPCK, n =
8) (29) and Proto-Calepineae Karyotype (PCK, n = 7) (27).
The conserved association of blocks K-L and M-N on Pugio-
nium chromosome 3 indicated that one parental (sub)genome
was ancPCK-like (denoted as SG1, Fig. 24 and SI Appendix,
Fig. S14). In contrast, the association K-L+Wa on Pugionium
chromosome 9 pointed to a PCK-like (sub)genome (denoted as
SG2). Despite the extensive postpolyploidization shuffling,
these comparative analyses have collectively shown that the
ancestral Pugionium genome originated through an allotetra-
ploid WGD based on hybridization between ancPCK- and
PCK-like genomes (Fig. 24). This ancestral allopolyploid
genome experienced an extensive postpolyploid diploidization,
reducing the chromosome number from n = 15 to n = 11 (Fig.
24). Among the 11 chromosomes in the Pugionium genome,
five chromosomes remained conserved (chromosomes 1, 2, 6,
10 and 11), whereas the remaining six chromosomes were
greatly reshuffled by translocations and inversions (Fig. 24).
Three chromosomes (3, 4, 7) showed high chromosomal struc-
tural variations as compared to the ancestral genomes.

Biased Gene Fractionation and Gene Family Expansion. According
to their associated gene tree topologies, duplicated GBs in the
genome of P cornutum were partitioned into subgenomes SG1
and SG2 (SI Appendix, Figs. S15 and S16 and Table S13). Based
on the modeled postpolyploidization interchromosomal rear-
rangements and loss of chromosomal segments (SI Appendix,
Fig. S14), we identified a total of 10,985 and 14,936 protein-
coding genes in the subgenome SG1 and SG2, respectively.
Here, biased fractionation resulted in the preferential retention
of genes from one parental genome (SI Appendix, Table S14).
Based on these 14,936 genes, which were phylogenetically
closer to Lineage II, the divergence time between subgenome
SG2 and E. salsugineum was estimated to be ~12 Mya. This
suggests that the allotetraploid WGD recovered for Pugionium
or with its related but unsampled genera should have occurred
around this age or later. We then examined expression levels of
the homeologous gene pairs in order to investigate the
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presence or absence of the subgenome dominance. Using
RNA-seq data from different tissues, we found biased gene
expressions between the two subgenomes with genes located in
the subgenome SG2 having significantly higher expression than
those from SG1 (SI Appendix, Figs. S17 and S18). In addition,
around 42.0% of the homoeologous gene pairs were estimated
to show at least twofold differentiated expressions between the
two subgenomes (SI Appendix, Fig. S19).

We next determined gene families experienced expansion and
contraction in the Pugionium genus based on annotated genomes
of the two Pugionium species and other species from Brassica-
ceae (Fig. 2B and SI Appendix, Table S15). Out of the 2,466 gene
families specifically expanded in Pugionium, 2,143 contained
duplicated genes derived from WGD as determined by the pres-
ence of collinear blocks. Gene families expanded via WGD were
enriched in multiple Gene Ontology categories related to organ
developments and stress responses, including “leaf devel-
opment,” “root development,” “seed development,” “cellular
response to salt stress,” and “response to light stimulus,” while
those expanded via tandem duplications were overrepresented in
functional categories associated with “root meristem growth,”
“secondary metabolite biosynthetic process,” and “DNA (cyto-
sine-5-)-methyltransferase activity” (Datasets S1 and S2). We
found that 40 out of 58 transcription factor gene families had
expanded in Pugionium (SI Appendix, Table S16). Most of them
are involved in responses to abiotic stress. For example, members
of RAV and GRAS gene families were reported to respond to
salty and cold stresses. In addition, we found that gene families
related to ionic and osmotic equilibrium (CIPK and CDPK),
drought tolerance (ABF and DREBs), and lignin biosynthetic
pathway (PAL and MSBP) were also expanded within Pugionium
(Fig. 2 C and D and SI Appendix, Figs. S20-S22 and Tables
S17-S19). Expansions of these gene families should have sup-
plied genetic foundations for this genus to adapt to the challeng-
ing habitats. In addition, we also found that genes located in the
subgenome SG2 showed higher expression levels than those in
SG1 in these gene families, which further confirmed that the
biased gene expression played a likely role for plant adaptation
during diploidization after allopolyploidization (SI Appendix,
Table S18).

Interspecific Divergence of the Allopolyploid Genome. In addition
to morphological differentiation (Fig. 14), two Pugionium spe-
cies appear to show local adaptation to different microhabitats
(SI Appendix, Figs. S23-S26 and Tables S20-S23) as found for
other closely related desert plants (34). To explore the genetic
basis of the divergence, we conducted whole-genome rese-
quencing of five populations (a total of 20 individuals) for each
species (Fig. 34 and SI Appendix, Table S24). The linkage dis-
equilibrium of both species decayed to half maximum within 5
kb (Fig. 3B). The principal component (PC) analysis distin-
guished the two species along PC1 (variance explained 19.1%,
Tracy-Widom P = 3.0 x 10~ '3; Fig. 3C), and our population
structure analysis similarly revealed two distinct genetic clusters
(Fig. 3D and SI Appendix, Fig. S27). We then evaluated four
models of speciation, that is, strict isolation, isolation with
migration, isolation after migration, and secondary contact (S
Appendix, Fig. S28 and Table S25), using a composite likelihood
approach. The best-fit model suggested that two Pugionium
species diverged with a continuous gene flow (SI Appendix,
Table S26) around 1.65 Mya (Fig. 3E), suggesting sympatric or
parapatric speciation through microhabitat selections.

We identified a total of 42 genomic regions (50 kb in size) in
assembled chromosomes of P cornutum that exhibited high
divergence between P. cornutum and P. dolabratum (i.e., upper
1% of the empirical Fsr distribution) (ST Appendix, Table S27),
which also had significantly elevated dxy compared to other
genomic regions (P = 2.1 x 10~ "%, Mann-Whitney U test; Fig.
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Fig. 2. The origin and postpolyploid evolution of the allotetraploid Pugionium genome. (A) The ancestral Pugionium genome presumably originated
from hybridization between an ancPCK-like genome (n = 8, subgenome SG1) and a PCK-like genome (n = 7, subgenome SG2). Capital letters denote GBs
and their associations important for inferring the ancestral (sub)genomes. (B) Phylogenetic tree for Pugionium and 11 other plants. A WGD was identified
in Pugionium, paralleling independent mesohexaploidy events in Leavenworthia and Brassica. More changes in the numbers of gene family members
apparently occurred in the ancestor of P. cornutum and P. dolabratum because of polyploidization than in the ancestor of E. salsugineum and Brassica
rapa. (C) The seven phenylalanine ammonia-lyase (PAL) genes on three Pugionium chromosomes derived from allopolyploidization. (D) Collinear gene

blocks between Pugionium and E. salsugineum indicate that genes of the

PAL family from both ancestral parents were retained in Pugionium; other

collinear genes are shown in yellow, and genes not in collinear blocks are displayed in creamy white.

3F). Out of these 42 regions, 27 and 15 were identified in sub-
genome SG1 and SG2, respectively, without biased distribu-
tions (P = 0.06) (Fig. 3F and SI Appendix, Table S27). However,
86% of these regions were found to be located on chromo-
somes 3, 4, and 7 (Fig. 3F), which were formed by recombina-
tion among multiple ancestral chromosomes (SI Appendix, Fig.
S14). Genome-wide Fgst and dxy were positively correlated,
especially for the three chromosomes (SI Appendix, Fig. S29).
Furthermore, nucleotide diversity was found to be significantly
lower in these regions for both P cornutum (P = 5.3 x 10~19)
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and P dolabratum (P < 2.2 x 107'%; Fig. 3F), suggesting that
selection might have acted on these regions. A total of 236
genes were identified from these highly divergent regions, and
the vast majority of these genes were found to be located on
chromosome 4 (68.6%) and 7 (28.8%). The expression of some
of these genes in four different tissues showed contrasting dif-
ference between the two species (SI Appendix, Figs. S30 and
S31). Using a Hudson-Kreitman—-Aguadé test, 197 of these
genes were inferred to be under selection, and most of them
were located in subgenome SG2 (SI Appendix, Table S28).
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Fig. 3. Population structure and interspecies divergence of Pugionium. (A) Locations of 10 sampled populations. (B) Linkage disequilibrium decay based
on the squared correlation coefficient between SNPs in P. cornutum and P. dolabratum populations. (C) Results of the PC analyses of SNPs within the two
species. (D) Population structure of all sampled individuals of the two species (with K = 2 as the best inferred value). (E) The best-fit demographic diver-
gence of the two species modeled by fastsimcoal2. Effective population sizes, divergence time and estimates of gene flow between species are displayed
on the schematic plot. MYA, million years ago. (F) Manhattan plots of Fs, dxy, p, and = between and within the two Pugionium species using a 50-kb
nonoverlapping window. Genomic regions of high divergence in 11 chromosomes (Top) and genes under selection in those regions on chromosome
4 and 7 (Bottom) are highlighted in red. Pco, P. cornutum; Pdo, P. dolabratum.

Homologs of these genes were identified to be involved in root  positive selection in the two Pugionium species (SI Appendix,
development (BDG1, KUAI, ABCB4, GH3.9), leaf morphogen-  Table S28). For the HKs gene family, more homologic copies
esis (452, KUAI, FL6, GRF3), xylem differentiation (LHL3), were detected in P cornutum for AHK2 and AHK4, which
seed germination and seedling development (NAC25, MED7B, encode two cytokinin receptors involved in shoot and root
STM), salt tolerance (BHLH112, GolS1, TSPO), drought resis-  development, as well as tolerance to salt and drought stress
tance (BDGI, PUB23), oxidative stress response (NUDT2), and  (37-39). In addition, expression divergence of these gene copies
flavonoid biosynthesis (MYB12) (Fig. 3F). The two Pugionium  was also detected between the two species (SI Appendix, Figs.
species have distinct differences in morphology and habitat,  S32 and S33). Thus, the copy number variations in these gene
with P cornutum only occurring on mobile dunes, whereas P families may also have contributed to the morphological diver-
dolabratum is distributed in fixed or semifixed deserts (Fig. 14).  gences between the two species as well as the respective adapta-
They displayed contrasting patterns in seed germination speed  tions to mobile and stable desert dunes.
and growth rate in response to salinity stress and desert burials . .
(ST Appendix, Figs. S23-S26 and Table S23). Therefore, the  Discussion
divergence selection of those genes might be responsible for  Based on comparative chromosome painting analyses (S
morphological differentiation of root, shoot, and leaf and fur-  Appendix, Fig. S7) and divergence distributions of the paired
ther contributed to local adaptation of the two Pugionium spe-  paralogs, we inferred the occurrence of a WGD presumably
cies to different microhabitats. specific to the genus Pugionium and clear postpolyploid chro-
To further test whether copy number variations of specific  mosomal structural variation. Further analyses suggested that
gene families between the two species contributed to specia-  this WGD probably involved allopolyploidization rather than
tion, we used the two de novo genomes to identify the genes of  autopolyploidization and occurred around 12 Mya or later,
three amino acid loop extension (TALE) and histidine kinases  postdating the divergence of two ancestral parental lineages
(HKs) gene families, members of which were revealed to have  (n = 8 and 7, respectively; Fig. 24) ~18 Mya. Similar allopoly-
crucial functions in regulating various development processes  ploidizations, involving ancPCK- and PCK-ike parental
and responses to abiotic stress in plants (SI Appendix). Com-  genomes, were previously reported in the genus Ricotia (n = 13
pared to other Brassicaceae species, these families were and 14) (40) and Lunaria (n = 14) (41). However, the ancestral
expanded in both Pugionium species but with interspecific copy  allopolyploid Pugionium genome experienced more extensive
number variations between them (SI Appendix, Figs. S32 and  descending dysploidy (from n = 15 to n = 11) during its postpo-
S33 and Table S29). In the TALE gene family, we found that P lyploid diploidization, associated with the origin of three highly
dolabratum contained more copies for BLHI11, KNAT2, and rearranged chromosomes (Fig. 24). The allopolyploid origin of
KNAT6 compared with P cornutum. The BLH11 ortholog from  Pugionium seems to have facilitated its survival through adapta-
Medicago truncatula (PINNAL) was identified as a determinacy  tion to the changing environments of northwest China during
factor during leaf morphogenesis (35). In Arabidopsis, KNAT2  their desertification since the early Miocene (21, 42). Inter alia,
and KNAT6 were also confirmed to play essential roles in regu-  gene families involved in drought tolerance, ionic and osmotic
lating proximal-distal development of leaves by the repression  equilibrium, and lignin biosynthesis expanded in the Pugionium
from AS2 (36), which was also found to have experienced genomes significantly (ST Appendix, Fig. S20 and Table S17).
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Genomic evidence indicates that the two species started to
diverge around 1.65 Mya, during the Quaternary, when a global
increase in aridity (20, 43, 44) might have led to the develop-
ment of contrasting desert microhabitats, mobile and fixed
dunes, thereby promoting the initial divergence of the two
species through microhabitat adaptation with parapatric or
sympatric distribution. This hypothesis is corroborated by our
speciation modeling of joint site frequency spectra across the
total genome, which suggests the occurrence of continuous and
strong gene flow through their evolutionary divergence history.
We further found that the high-divergence regions in the Pugio-
nium allopolyploid genome were mainly distributed on three
chromosomes with most structural variations generated by
translocation-based reshuffling during postpolyploidization dip-
loidization. In addition to copy number variations of gene fami-
lies, genes with positive selection signals in these regions are
highly involved in root development, leaf morphogenesis, and
microhabitat adaptation (seed germination and dry/salt toler-
ance), corresponding well with interspecific divergences in
these respects (SI Appendix, Tables S21 and S23). Therefore,
our results suggest that polyploidy-driven chromosomal struc-
tural variation may have played an important role in subse-
quent speciation and further extensive diversification (45) in
addition to well-known rapid differentiations of the duplicated
genes and novel genic interactions (46).

Materials and Methods

Mitotic chromosome spreads were used primarily for chromosome counting
and pachytene spreads for comparative chromosome painting analysis. Long
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