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Introduction

Summary

¢ Understanding processes that generate and maintain large disjunctions within plant species
can provide valuable insights into plant diversity and speciation. The butterfly bush Buddleja
alternifolia has an unusual disjunct distribution, occurring in the Himalaya, Hengduan Moun-
tains (HDM) and the Loess Plateau (LP) in China.

e We generated a high-quality, chromosome-level genome assembly of B. alternifolia, the
first within the family Scrophulariaceae. Whole-genome re-sequencing data from 48 popula-
tions plus morphological and petal colour reflectance data covering its full distribution range
were collected.

e Three distinct genetic lineages of B. alternifolia were uncovered, corresponding to
Himalayan, HDM and LP populations, with the last also differentiated morphologically and
phenologically, indicating occurrence of allopatric speciation likely to be facilitated by geo-
graphic isolation and divergent adaptation to distinct ecological niches. Moreover, speciation
with gene flow between populations from either side of a mountain barrier could be under
way within LP. The current disjunctions within B. alternifolia might result from vicariance of a
once widespread distribution, followed by several past contraction and expansion events, pos-
sibly linked to climate fluctuations promoted by the Kunlun-Yellow river tectonic movement.
Several adaptive genes are likely to be either uniformly or diversely selected among regions,
providing a footprint of local adaptations.

¢ These findings provide new insights into plant biogeography, adaptation and different pro-
cesses of allopatric speciation.

number of molecular markers has been used (Lexer et al., 2013).
The increasing availability of whole-genome sequencing (WGS)

Allopatric speciation has been widely viewed as the most com-
mon process of speciation (Rieseberg, 2018). Diverging popula-
tions accumulate differences by genetic drift and mutations,
providing opportunities for differential selection and adaptation
to local environments (Schluter, 2000; Losos & Glor, 2003;
Wang et al., 2016; Zhang et al., 2016). Although biogeographic
studies on this topic are not uncommon, usually only a limited
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offers opportunities to examine this process in more detail.
Genomic data in conjunction with a model testing framework
have been applied to address this issue in animals (Kreiner ez af.,
2019), but it has rarely been done for plants (Feng ez al., 2020),
and few studies have used WGS data to examine the allopatric
speciation process and its outcome, especially in plants (Chen
et al., 2019).

The Qinghai-Tibetan Plateau, together with the Hengduan
Mountains (HDM) and the Himalaya of its eastern and southern
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parts, harbours more than 12000 species of vascular plants in
1500 genera, with exceptional species richness and a high level of
endemism, especially for alpine species (Wu, 1988; Li & Li,
1993; Wen et al., 2014). By contrast, the Loess Plateau (LP) has
low plant diversity with 3224 vascular plants in an area of
4.5 x 10° km® (Zhang et al., 2002). To date, relatively few plant
species are known to be concurrently distributed across both
these upland regions, and this is presumed to be due to their con-
trasting elevations, climates and soil characteristics (Du, 1997).
Nonetheless, the contrast in physical environments between the
LP and the Himalaya plus HDM could provide an excellent
opportunity to examine the mechanisms underlying allopatric
speciation and ecological divergence, in taxa common to both.

The genus Buddleja L. (Butterfly bush), is known for its horti-
cultural value (e.g. B. alternifolia, B. davidii, B. globosa) and the
invasive characteristic of B. davidii. It comprises > 90 species dis-
tributed across Africa, Asia, North America and South America
(Chau er al., 2017). However, some Buddleja species might in
fact comprise more than one taxon, a case in point being B.
alternifolia, a diploid plant that commonly forms large popula-
tions on the Himalaya, but also occurs disjunctionly in both the
HDM and LP (Fig. 1a,b). Moreover, plants in LP differ in flow-
ering time, leaf lengths and petal colour from Himalaya plants,
and occupy different habitats at substantially lower altitudes
(>2500 m; Fig. 1¢,d), which might reflect ecological divergence,
and perhaps an ongoing speciation process. Therefore the LP
group might represent a separate species from the Himalaya
group, or at minimum be on a path towards speciation from it.
This species therefore provides a perfect test case to examine the
genetic mechanisms underlying intraspecific ecological diver-
gence.

Here we report a newly produced, high-quality genome
sequence of B. alternifolia, the first for a member of Scrophulari-
aceae. Using this as a reference, we then examined the population
genomics of B. alternifolia to understand its different processes of
allopatric speciation in three uplands by re-sequencing 48 popu-
lations covering its full distribution range, that is the Himalaya,
LP and the HDM. From this, we characterised the species’
genetic diversity, inferred its population structure and associated
demographic history, reconstructed its ancestral areas, and
detected isolation by distance (IBD), isolation by adaptation
(IBA) and niche divergence. In particular, we sought to capture
genomic footprints of adaptation to differential environments.

Materials and Methods

Genome sequencing

Fresh young leaves of B. alternifolia for de novo genome assembly
were collected from one individual in Beijing Botanical Garden,
Institute of Botany, Chinese Academy of Sciences, Beijing,
China. High-quality genomic DNA was extracted from fresh leaf
samples using a cetyltrimethylammonium bromide (CTAB) pro-
tocol (Doyle & Doyle, 1987). Long read sequencing using
PacBio single molecule real-time (SMRT) sequencing was per-
formed by the commercial sequencing provider (Beijing Ori-
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Gene Science and Technology Co. Ltd, Beijing, China). Three
[llumina PCR-free libraries with insert sizes of 300-500 bp were
prepared using 2 pig genomic DNA following the manufacturer’s
protocol (Illumina). Whole-genome paired-end (PE) reads were
generated using the Illumina HiSeq X Ten platform. Faste
v.0.19.3 (hteps://github.com/OpenGene/fastp) was used to filter
out low-quality reads and adaptor sequences. Genomic DNA of
high molecular weight (>700ng) was cross-linked in situ,
extracted and then digested with a restriction enzyme. The
biotin-labelled DNA ligated from the sticky ends of these frag-
ments was enriched and sheared to a fragment size of 300-500 bp
to prepare the Hi-C sequencing library, which was sequenced on
a HiSeq X Ten platform.

Genome assembly

PacBio sequencing data were firstly corrected using CANU v.1.7
assembler (Koren ez al., 2017), and further applied to different
assembly strategies including SmarTDENOVO v.1.0 (https://
github.com/ruanjue/smartdenovo), WtpBG v.1.2.8 (https://
github.com/ruanjue/wtdbg-1.2.8) and CANU v.1.7 to obtain the
draft assembly. V0.4 was selected as the best assembly strategy,
due to the comprehensive evaluation of genome size, N50, num-
bers of contigs, and completeness (Supporting Information
Table S1). The primary assembly obtained from V0.4 was first
polished with PiLon v.1.22 (Walker ez al., 2014) based on the
high-quality Illumina sequencing reads, and then piped into the
Hi-C assembly workflow. Hi-C reads were mapped to the
primary assembly with JuiCER (Durand ez 4/, 2016), and then a
candidate chromosome-length assembly was generated automati-
cally, using 3D-DNA PIPELINE software. Manual review and refine-
ment of the candidate assembly was performed in JuicEBOX
Assembly Tools for quality control and interactive correction. To
reduce the influence of interactions among chromosomes and to
further improve the chromosome-scale assembly, each chromo-
some was re-scaffolded with 3D-DNa separately, and then manu-
ally refined with Juicesox. Finally, after gap filling with LR_Gar
CrLostR v.1.1 (Xu er al., 2018), PILON v.1.22 was used to polish
the assembly (running for four rounds). We used the long termi-
nal repeat (LTR) Assembly Index (LAI) as the standard for evalu-
ating the assembly of repeat sequences, and to evaluate the
assembly continuity (Ou ez al., 2018). Additionally, the assembly
quality was also evaluated using Busco v.4.0.5 (Simao ez al.,
2015).

Genome annotation

REPEATMODELER ~ v.1.0.8  (http://www.repeatmasker.org/Repea
tModeler/) was used for de novo identifying repeats within the
genome. REPEATMASKER v.4.0.7 (http://www.repeatmasker.org/)
was used to screen for repeats within the assembled genome,
using the custom repeat library from REPEATMODELER.

Total RNA from the young leaves, stem, flowers and root tis-
sues were extracted using TRIzol reagent (Invitrogen). The PE
RNA-seq libraries were prepared using the NEBNEXT Ultra
RNA Library Prep Kit for Illumina (New England Biolabs Inc.,
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Fig. 1 Flower characteristics and contrasting habitats of Buddleja alternifolia in the Loess Plateau (LP) (a, b) and Himalaya (c, d). The red arrow is pointing
to individuals of B. alternifolia growing some distance apart in LP in (b), whereas many plants are commonly growing close together alongside the river in
the Himalaya (d). (e) PCA result of morphological characteristics in Himalaya, Hengduan Mountains (HDM) and LP, as well as eastern (eLP) and western
LP (WLP). (f) Petal colour reflection spectrum result of B. alternifolia in Himalaya, HDM and LP, as well as eastern (eLP) and western LP (wLP).

Ipswich, MA, USA), and 150-bp PE sequencing was performed
on an Illumina HiSeq X Ten platform. After filtering out low-
quality reads and trimming adapter sequences, RNA-seq reads
were aligned against the genome sequence using HisaT2 v.2.1.0
(https://dachwankimlab.github.io/hisat2/). Next, a de novo
assembly was constructed using TRINITY v.2.0.6 (https://github.c
om/trinityrnaseq/trinityrnaseq), and reference genome-guided

© 2021 The Authors
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assemblies were generated with STRINGTIE v.1.3.5 (http://ccb.
jhu.edu/software/stringtie/) and TRINITY v.2.0.6.

Transcripts assembled from RNA-seq data of B. alternifolia as
well as protein sequences from Arabidopsis thaliana (Cheng et al.,
2017), and two members of the Lamiales (Sesamum indicum and
Handroanthus impetiginosus) were used to perform gene annota-
tion (Wang ez al., 2014; Silva-Junior ez al., 2018). Based on the
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repeat-masked genome, ab initio prediction, transcripts and pro-
tein evidence alignments were integrated by the MAKER2 gene
annotation pipeline to generate a final protein-coding gene set
with annotation edit distance (AED) score calculated for quality
control. The Rfam database (http://rfam.xfam.org/) was used for
searching noncoding RNAs, while TRNAscan-SE (Lowe &
Eddy, 1997) and RNAMMER (Lagesen ez al., 2007) were used to
predict tRNAs and rRNAs, respectively.

Identification of orthologous genes and phylogenetic
analysis

In total, B. alternifolia and 16 related plant species were sampled
considering representativeness of phylogeny within Lamiales (in-
cluding all species within the order) and other related orders with
high-quality genome (either the genome is chromosome level or
scaffold N50 > 10 M). ORTHOFINDER2 was used to identify
orthologous and paralogous gene clusters (Table S2), with
parameters -M msa’ (Emms and Kelly, 2019). In total, 1227
single-copy genes identified by ORTHOFINDER2 within these 17
species were used to construct a phylogenetic tree. MAFFT
(Katoh et al., 2005) was used to perform multiple alignment of
protein sequences for each set of single-copy orthologous genes.
All of the 1227 single-copy genes were concatenated, and IQTree
was used to build a maximum-likelihood (ML) phylogenetic tree
with the best-fit JTT+F+R5 substitution model (Nguyen ez 4/,
2014). In addition, we also inferred a species tree based on the
1227 single-copy gene trees produced by AstraL (Yin er 4l
2019), which could provide evidence of gene tree discordance.
The divergence time was estimated with r8s v.1.81 (https://
github.com/R8S/r8s; Notes S1) and calibrated against crown
divergence timing (Magallon ez 4l., 2015) of Monocotyledoneae
and Eudicotyledoneae (synchronously 135-130 Ma), Pentapeta-
lae (126-121 Ma), Rosidae (123—115 Ma) and Asteridae (119—
110 Ma). All of these dates were assigned as ‘constrained’.

Morphological characteristic measurements and petal
colour analysis

In total, 31 populations were sampled for morphological charac-
teristic measurements, comprising 10 populations from the
Himalaya, four populations from HDM and 17 populations
from LP (eight and nine populations from the western and east-
ern subgroups, respectively). Within each population in the
Himalaya and LP, 30 mature leaves and mature flowers were ran-
domly sampled from each of 30 flowering individuals in the field.
For HDM populations, the original field data collected in this
way were lost due to a computer failure, therefore measurements
were taken from pressed specimens, with between 14 and 18
individuals sampled for per population. Three leaf morphological
characters were measured including leaf length, leaf width and
length/width ratio. Seven floral characters were measured as fol-
lows: (1) corolla tube length; (2) corolla tube width; (3) corolla
lobe length; (4) corolla lobe width; (5) anther height; (6) style
length; and (7) herkogamy (Dataset S1). PasT statistical software
(v.3.26) (Hammer ez al., 2001) was used to perform multivariate
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analyses of these 10 morphological characters, by a principal
component analysis (PCA).

To assess light reflection patterns of B. alternifolia at different
wavelengths, we also obtained spectral data from the corolla using
a S2000 miniature fibre optic spectrometer with a PX-2 pulsed
xenon lamp (Ocean Optics, Dunedin, FL, USA). All measure-
ments were carried out in the range 250-750 nm, using 0.30 nm
increments. Spectral data were collected from the same individu-
als that were sampled for morphological measurements in the
Himalaya and LP. For HDM populations, 30 flowers were sam-
pled from 14 to 18 individuals per population (Dataset S1).
Notably, a few successfully cultivated plants in Kunming Botani-
cal Garden exhibited similar flower characteristics to the natural
conditions, implying that the morphological differences between
areas were partially determined by genetic effect.

Whole-genome re-sequencing data filtering and single
nucleotide polymorphism (SNP) calling

In total, 96 individuals from 48 populations were re-sequenced
using the Illumina HiSeq X Ten platform (Fig. 2a; Table S13,
see later). Raw data were filtered and PE clean reads were mapped
to the reference genome. Reads with mapping quality < 30 were
removed from all further analysis. In total, 678 659 475 genomic
loci were finally obtained. We evaluated the heterozygosity rate
among sampled individuals in each of the Himalaya, HDM and
LP, and again separately in the eastern and western subregions
within LP, testing for significant differences using the Tukey
honest significant difference (HSD) post hoc test. Due to differ-
ences in the altitudes where B. alternifolia grows in these regions,
heterozygosity might also be varied with elevation, and therefore
a correlation analysis was used to determine if a relationship exists
between heterozygosity and altitudes among all samples. All cal-
culations were performed using Spss v.22.0 for Windows (SPSS,
Chicago, IL, USA).

SNP calling was then conducted using FREEBAYES (Garrison &
Marth, 2012). We performed the following filtering steps to min-
imise SNP calling bias, and to retain only high-quality SNPs: (1)
removal of SNPs with quality score of < 20; (2) retention of only
bi-allelic SNPs; and (3) treating genotypes with depth < 3 as
missing. Finally, we removed SNPs with missing rate > 20%,
which resulted in 16927 185 SNPs. Then all SNPs with maf <
0.05 were also removed, leaving 6373 626 SNPs remaining for
downstream analysis.

Linkage disequilibrium decay and calculation of population
genetic parameters

Exploring how genetic diversity is distributed among areas could
further elucidate the demographic history and potential dispersal
routes of B. alternifolia. Here we estimated linkage disequilib-
rium (LD) decay based on the coefficient of determination )
between any two loci using PorLDDECAY (https://github.com/ekg/
freebayes) (Fig. S2). Genetic diversity parameters including
nucleotide diversity m, Watterson’s estimator Oy, Tajima’s D and
F,. were calculated at both species and lineage levels from sample

© 2021 The Authors
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Fig.2 Genome evolution analysis of Buddleja alternifolia. (a) The genome features across 19 chromosomes of B. alternifolia. From the outermost to
innermost circles are Class | transposable element (TE) (long and short interspersed nuclear elements) density; Class Il TE (DNA and Heliron) density; coding
gene (messenger RNA) density, heterozygous (single-nucleotide polymorphisms, insertions, and deletions) density; GC content and genome colinear
blocks. (b) Phylogenetic tree reconstructed using the maximume-likelihood (ML) method and 1227 single-copy genes with divergence time estimated with
r8s v.1.81 on the basis of three calibration points (red circles). * Indicates conflicting positions between A. paniculata and S. indicum inferred by AsTraL-
based and ML-based approaches (see Supporting Information Fig. S1 for details).

allele frequency likelihoods in ANGsD (Korneliussen ez al., 2014)
over 20 kb sliding windows with overlapping 10 kb. Confidently
called nonvariant sites were included in this analysis for calcula-
tion of these genetic diversity parameters. Furthermore, to see if
F,; patterns differed between genome regions, we divided the
genome into nongenic and genic regions, and further divided the
latter into eight small subgroups (codons 1, 2 and 3; intron; utr3;
utr5; upstream and downstream).

Population structure analysis

We inferred population structure and admixture among 97 sam-
ples using FASTSTRUCTURE (Raj et al, 2014) based on 343 459
SNPs after further removing linked loci using PLink (SNP win-
dow size: 50 kb; SNPs shifted per step: 10 kb; 7 threshold: 0.2).
The most likely number of clusters was computed with 10-fold
cross-validation (CV), comparing K values from 2 to 10. PCA
was conducted to study the genetic relatedness and clustering
among populations using GcTa (Yang e al, 2011). Using the
same data, a neighbour-joining phylogeny tree was constructed
to observe relationships among samples using MEGA7 (Kumar
et al., 2016), using the p-distance method; clade supports were
calculated using 1000 bootstrap replicates.

Inference of demographic histories

We used coalescent simulations, applying the composite likeli-
hood method implemented in FASTSIMCOAL software v.2.6
(Excofhfier ez al., 2013), to infer demographic parameters of B.
alternifolia using SFS, while excluding individuals with admix-
ture. Two-dimensional joint SES (2D-SFS) was constructed from
posterior probabilities of sample allele frequencies by realSES
implemented in ANGsD. In total, 563 501 150 sites were retained
for analysis. 100 000 coalescent simulations were used for the

© 2021 The Authors
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estimation of the expected 2D-SFS and log-likelihood for a set of
models that are illustrated in Fig. S3. The best model was identi-
fied through the Akaike’s information criterion (AIC).

The StalRwaY PLOT v.0.2 with 200 bootstrap iterations was
also used to infer changes in population size over time, for each
of the genetic groups (Liu & Fu, 2015); however individuals were
excluded if indicated to have admixture based on site ancestral
state, according to SES as estimated using ANGSD based on site
ancestral state (Methods S1). We estimated a mutation rate of
1.08 x 7¢~” per site per year (Methods S2) and a generation time
of 2yr in B. alternifolia based on our observation of time period
from sowing B. alternifolia seeds to flowering in the Kunming
Institute of Botany, when converting estimates to units of years.

Ancestral area reconstruction

We selected 19 representative individuals with high mapping
coverage from the neighbour-joining (NJ) tree (Fig. 3f), compris-
ing five from the Himalaya, three from HDM, five from western
LP and six from eastern LP. After removal of missing SNDPs,
650599 SNPs common to all the 19 samples were finally
obtained, and B. globosa was defined as an outgroup (Fig. S4).
The divergence time of B. alternifolia from B. globosa was set to
the range 8.5-25.0 Ma, according to the estimate by Chau
(2017).

Divergence time estimation was performed in BEAST v.2.4.7
based on the SNP matrix (Notes S1). The GTR+ I' substitution
model was selected as the best model, based on AIC testing by
IQrree (Nguyen ez al., 2014). The clock model was set as the
Relaxed Lognormal Clock model with the default settings. For
tree prior, the Coalescent Exponential Population model was
selected, in accordance to the exponential changes of effective
population sizes calculated by FastiMocAL 2.6. Analyses were
conducted for 100 million generations with sampling every

New Phytologist (2021)
www.newphytologist.com



New

(a) QU'?’O‘ E WDU’?'U'E HD‘[‘TD‘ E (b)
1 K=3
= 0.8
z 0.6 -
&
=
N ||||||||||||||||||||||||||||||||||||||||| A
g 02| P
o
1 m ) i
|| K=4
0.8
4
=2 imaliya iy
B : 0.6-|
4 3 Legend | Elevation (m) | =
3 e - 5
El ) <0 2
8 JHimalaya | [ 0 -500 8 o4 FEHRUEEH AR RRRURRuiraannyes S SRR R AR R R n L
group ] 500 — 1,000
o \ ° 3 1,000 - 1,500
[ 1,500 — 2,000
""" HOIrUR | 25 5,000 - 2,500 0.2+
[ 2,500 - 3,000
] wip group | [ 3,000 - 3,500
[ 3,500 — 4,000 [
L] [ 4,000 - 4,500
200 400 i 1 \ 5 elpgroup | [ 45008752 wLP Aies eLp
T | LP HDM Himalaya
2000°E 100°00°E 110°00° E
(C) Peo0t (d) PG1VS PG2 (e) PG1VS PC3
I
Poocat H .
16 . ° g
P<0.001 -
‘ ]
_ H
s 9
g 12 H
) g3 g
g 10 & 2 °
> Al 3200 ) 52 . S -
£ S
3 0s 2 A a
5
R T sntssam - e
£ ?
T -
04 3 )
* LP § oLP
« HOM HDM
02 Fimalaya o | Himalaya)
00 o 00 04 02 03 01 00 01 02 03
Himalaya HOM Lp

PC1(44.4%)

PC1(44.4%)
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44.4% for PC1 and 25.1% for PC2, and (e) 44.4% for PC1 and 5.8% for PC3. (f) A neighbour-joining (NJ) phylogenetic tree of B. alternifolia based on

SNPs from whole-genome re-sequencing data.

10 000 generations. Convergence was checked by examining esti-
mated sample sizes > 200, indicating a sufficient level of sam-
pling. The maximum clade credibility (MCC) tree with median
node heights was generated in TREEANNOTATOR v.2.4.1, after dis-
carding the initial 50% as burn-in. TRACER v.1.7.1 (http://tree.b
io.ed.ac.uk/software/tracer/) was used to check effective sam-
ple sizes.

Four major geographic regions were defined based on current
distribution patterns of B. alternifolia, that is the Himalaya,
HDM, western LP and eastern LP. We used the R package
BIOGEOBEARS to estimate ancestral distributions under three
models: Dec, DIVALIKE (based on dispersal-vicariance analysis),
and BaYAREA based on Bayesian inference of historical biogeogra-
phy for discrete areas, with and without the founder-event specia-
tion ‘] parameter.

Detection of IBD, IBA and niche divergence

We used a simple Mantel test to examine the association of
genetic divergence with geographic distance and adaptive diver-
gence. A partial Mantel test may be more informative than a sim-
ple Mantel test to gauge the relative importance of the two
factors that simultaneously influence genetic structure (Gomez-
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Uchida ez al., 2011). We therefore further used a partial Mantel
test to examine the above associations while controlling for geo-
graphic distance and adaptive divergence using the zz-program
(Bonnet & Van de Peer, 2002). Geographic distances between
populations are shown in matrix form in Table S3. With refer-
ence to Nosil et 2l (2008), four out of the above-mentioned 10
morphological characters examined (length and width of tubes,
herkogamy and petal colour) were selected for indicating adaptive
divergence, as they were expected to have associations with polli-
nator preference and differentiation, therefore probably promot-
ing reproductive isolation. Index for petal colour was calculated
as the sum of reflectance values from 300 to 700 nm. We calcu-
lated Pearson correlation coefficients (7) and their P-values after
100 000 randomisations.

For ecological divergence, 31 environment variables were col-
lected initially, including 19 bioclimatic variables from the
Worldclim database (hetp://www.worldclim.org/); four measures
of global UV-B radiation from the glUV database (http://www.
ufz.de/gluv/); an altitude layer from the EarthEcplorer database
(https://earthexplorer.usgs.gov/); three relevant edaphic variables
and four other environmental data measures from the FAO
database (http://www.fao.org/). In total, 13 environment vari-
ables were selected for subsequent analysis using the threshold for
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Pearson’s correlation coefficients () < 0.75 (Dormann ez al,
2013; Table S4). In addition, 121 geographical coordinates were
obtained from field investigations and specimen resource
databases (Table S5). We performed tests of the ecological niche
overlap and identity to estimate niche differences using the
Schoener’s D statistic (Schoener, 1968) and the standardised
Hellinger distance (/) in ENMTOOLS. The values for D and / from
0 to 1 represent the similarity of the niches, that is, 0 means com-
pletely dissimilar and 1 means identical.

Genomic signals of adaptation

We firstly used a F,-based approach to investigate the selection
signals across the whole genome in populations among the
Himalaya, HDM and LP, as well as the western and eastern sub-
groups within LP. We calculated the F, using the program
ANGsD in 20-kb sliding windows along all chromosomes. We fur-
ther used SWEEPFINDER2 (DeGiorgio et al., 2016), a composite
likelihood ratio statistic (CLR) to search for signs of selective
sweeps in these populations. The small fraction of SNPs that
could not be polarised was excluded from further analysis. As rec-
ommended by Huber ez al. (2016), we only used sites that were
polymorphic or fixed in each group of populations, to scan for
sweeps. SWEEPFINDER2 was run with a grid size of 2 kb. We only
considered the top 1% of detected regions with significant selec-
tion signals in both approaches. CLR scores were merged into
sweep regions if neighbouring scores exceeded the top 1% thresh-
old. We performed gene ontology (GO) enrichment analysis for
the candidate genes and focused on those genes with significant
GO terms (P<0.05) in the corresponding lineages and sublin-
eages.

Results

Genome sequencing and assembly

In total, c. 90 Gb of data were generated using PacBio SMRT
sequencing (11 cells, 10 M reads with 100x); ¢. 100 Gb (700 M
reads, with 120x) with Illumina HiSeq, and ¢ 110 Gb (740 M
reads with 170x) through Hi-C (Tables S6-S8). Overall, 19
chromosomes (with a total size of 822 846782bp, ¢ 96.4%)
were anchored with 676 contigs (with an average size of
43307 725 bp). In addition, the mitochondrial and chloroplast
genomes were assembled into circular DNA of 499 191 bp and
141 138 bp, respectively. The assembled final genome was .
854 Mb with contig N50 of 1.9 Mb and scaffold N50 of 4.3 Mb
(Tables1, S1). In total, 3919289 heterozygous sites were
detected and the heterozygosity rate was calculated to be
¢. 0.46%. LAI was estimated to be 17.8, indicating high accuracy
and completeness of the assembly.

Genome annotations

Of the assembled genome sequence, 71.70% (612.20 Mb) were
transposable elements with a dominance of LTRs (Table I;
Fig. 2a). The most abundant repeat element families were Copia
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Table 1 Statistics of Buddleja alternifolia genome assembly and

annotation.

Characteristics

Size and number

Total assembly size 853754563
Total number of contigs 1096
Maximum contig length 10270997 bp
Minimum contig length 5000 bp
Contig N50 length 1942762 bp
Contig L50 count 129

Contig N90 length 514978 bp
Contig L90 count 431

Total number of scaffolds 439
Maximum scaffold length 62290481 bp
Minimum scaffold length 5000 bp

Scaffold N50 length
Scaffold L50 count

43104400 bp
9

Scaffold N90O length 33029929 bp
Scaffold L90 count 18

Gap number 657

GC content 36.10%

Gene number 31116
Protein-coding genes 29434
Repeat content 71.70%

(26290 Mb, 30.8%) and Gypsy (111.22Mb, 13.02%)
(Table S9). We generated 182.81 million raw reads of the RNA-
seq data. In total, 29 434 protein-coding genes were annotated.
The average lengths of transcripts, gene regions and coding DNA
sequences were 1447, 4256 and 1283 bp, respectively
(Table S10). Moreover, 720 ncRNA, 87 rRNA and 875 tRNA
sequences were identified. Based on sequence conservation,
17 281 (c. 58.70%), 27 073 (c. 92.00%), 27 781 (c. 94.20%) and
23 448 (. 79.70%) genes were annotated. In addition, based on
domain conservation, 380 (c. 1.29%), 3809 (c. 12.94%), 22 695
(¢.77.10%), 8110 (c.27.55%) and 26207 (c. 89.04%) genes
were annotated (Table S11). The annotated proteins were evalu-
ated using Busco (embryophyta_odb9 database), and this
revealed that 1246 (86.5%) genes were complete and single copy,
122 (8.5%) were complete and duplicated, while 46 (3.2%)
genes were missing and 26 (1.8%) were fragmented.

Comparative genomics and phylogenetic analysis

We performed orthogroup analysis and identified 433 576 genes
belonging to 18 531 gene families. Of these, 39 gene families and
190 genes were unique to B. alternifolia (Table S12).

As the first sequenced genome representing a member of
Scrophulariaceae, our phylogenomic analysis based on both ML
and ASTRAL methods (Fig. S1), largely agreed with APG IV
(2016), placing B. alternifolia within the Lamiales, except that
our analysis suggested that Scrophulariaceae branched off after
Linderniaceae (Fig.2b), whereas APG IV had this reversed.
Based on the tree, calibrated using three major divergence
events within Angiosperms, Scrophulariaceae diverged from
related families (at least among those included) ¢ 60 Ma
(Fig. 2b).
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Morphological characters and petal colour analysis

In the PCA analysis of 10 morphological characters, the first
principal component (PC1) explained 98.22% of the total vari-
ance, and allowed the separation of 31 populations into two
groups: populations from the Himalaya and HDM formed one
group, whereas LP formed another. Among these characteristics,
leaf length and width were mostly related to PC1. The second
principal component accounted for 1.09%, and further divided
the LP group into western and eastern subgroups (Fig. 1e). Nei-
ther component separated Himalaya from HDM, and indeed we
found plants from these two regions to be morphologically indis-
tinguishable.

The reflectance spectrum of B. alternifolia petals also showed
contrasting patterns between regions, with LP plants consistently
showing a marked peak in the reflectance spectrum at 430 nm,
whereas no peak of reflectance spectrum occurred in the
Himalaya and HDM accessions (Dataset S1; Fig. 1f).

Whole-genome re-sequencing, SNP calling and annotation

In total, 1.05 Tb of WGS data (7.15 billion PE raw reads) were
generated for 96 B. alternifolia accessions from 48 populations
with an average depth of ¢. 14.9x (Fig. 3a; Table S13). Using the
chromosome-level B. alternifolia reference genome, the mapping
rate of these raw reads was 98.83 = 1.1% (Table S11). On aver-
age, a heterozygosity rate of 0.0078 +0.0036 was detected
among all samples (Table S13). Intriguingly, Himalaya acces-
sions had a significantly higher heterozygosity rate
(0.0125 £ 0.0027) and mean elevation (3480 m) than accessions
from the other two regions (HDM: 0.0089 =+ 0.0004, clevation
3200 m; LP: 0.0053 +0.0007, elevation 1594 m; both
P<0.001). Heterozygosity was therefore positively correlated
with altitude (»=0.778, P<0.001; Fig. 3¢).

We finally obtained 6373 626 high-quality SNPs using a strict
filtering standard with an average of 1444 359 per individual. A
survey of all these SNPs in the B. alternifolia genome showed that
¢. 74.4% of SNPs were located in intergenic regions and 4.4% in
coding sequences (Table S14).

Population structure of B. alternifolia

We found very similar patterns of genome-wide LD of B. alterni-
folia among the three areas, with 10, 12 and 13 kb as half of the
maximum 7° in Himalaya, HDM and LP, respectively (Fig. S2).
All three lineages of B. alternifolia had high levels of genetic
diversity, with an average of 9.64+3.2x 107> for m and
9.16 £ 3.04 x 107 for 0, (Table2). Notably, a significantly
higher genetic diversity was observed in the Himalaya lineage (an
average T of 13.84 x 1072 0, = 13.25 x 10™%) than both the
HDM (n=845x10"% 0, = 7.13x10°) and LP
(n=6.51 x 107% 0, = 7.11 x 107°) lineages (m: F=553.62,
P<0.001; 0,: F=313.98, P<0.001), which is in accordance
with the patterns of heterozygosity rate observed above.
FASTSTRUCTURE analysis revealed that the three groups corre-
sponding to the Himalaya, LP and HDM were clearly separated
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when three clusters (K= 3) were assumed (Figs 3b, S5). Two sub-
groups corresponding to populations located in the east and west
of LP were further split when the optimal value (K=4) was set
(Fig. 3b). When K> 5, similar patterns were observed than with
K=4, indicating the stable population structure of B. alternifolia.
Notably, in both western and eastern LP, those populations clos-
est to the Liupanshan mountain (LPS) barrier that divides them
exhibited an admixture pattern (Fig. 3b), indicating the existence
of gene flow across the LPS barrier.

Consistent with the FASTSTRUCTURE results, PCA analysis of B.
alternifolia revealed three major clusters corresponding to the
three uplands (Fig. 3d). Specifically, PC1 (explaining 44.4% of
the total genetic variance) separated Himalaya from LP and
HDM, suggesting that the latter two lineages shared more genetic
background. LP and HDM lineages were separated by PC2,
which explained 25.1% of the total genetic variance. East and
West LP were further separated by PC3 with 5.8% variation
(Fig. 3¢). An NJ tree similarly indicated that each of the
Himalaya, LP and HDM formed a distinct lineage (Fig. 3f), with
LP then subdivided into eastern and western clades, with some
admixture in the centre.

Genome-wide genetic differentiation between populations was
F,.> 0.5 for any pair of populations, in any of the three regions
(Table S15). K, in the gene regions of all these small subgroups
are very similar, with £ (1p vs Himalaya) > Foc (P vs HDM) > Fot
(HDM vs Himalaya)- Intriguingly, however, the £ pattern for inter-
genic regions was different in that £ @p vs oMy > Fie @p vs
Himalaya) > Fs (HDM vs Himalaya) (T'able §16). Comparing F, pat-
terns in gene regions to nongene regions, genetic differentiation
between LP and HDM was higher in gene regions (0.699 vs
0.641) whereas that between HDM and Himalaya was higher in
nongene regions (0.619 vs 0.555).

Divergence and demographic histories of B. alternifolia

We first evaluated three alternative models (Himalaya, LP or
HDM diverged first), assuming no subsequent gene flow in each
case, based on the FASTSTRUCTURE results. The model where the
Himalaya diverged first was supported, having the lowest AIC
(896982 610). Then nine models that differed in what types of
gene flow occurred were checked and the most likely model (AIC

Table 2 Sample size and genetic diversity of three lineages of Buddleja
alternifolia.

No. No. of n (SD) 0., (SD)
Region  populations/plants  SNPs (1073) (1073)
Himalaya 15/30 4022382 13.84(0.79) 13.25(1.28)
LP* 29/59 2539728 6.51(0.59) 7.11(0.57)
HDM 4/8 2073747 8.45(0.72) 7.13(0.56)
Total 48/97 6373626 9.60(3.20) 9.16(3.04)

n average number of pairwise nucleotide differences per site, Oy
Watterson's estimator of 0 per base pair.

*The individual for de novo whole-genome sequencing was included in
LP.

© 2021 The Authors
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= 887254 256 and the maximum Akaike’s weight = 1; Fig. S3)
was selected. This model suggested that the Himalaya group
diverged from HDM + LP ¢ 2.29 Ma, with HDM diverging
from LP very soon afterwards. Furthermore, the most likely
model also indicated that only a very low level of subsequent gene
flow occurred following divergence, presumably due to the geo-
graphic isolation between these three areas (Fig. 3a; Table S15).
In addition, FASTSIMCOAL analysis revealed that the western and
eastern LP groups diverged at ¢. 0.97 Ma ago, with /V, expanding
in the east and contracting in the west (Fig. 3b).

We used the STAIRWAY PLOT method to infer changes in popu-
lation size (/V,) over time for those genetic groups identified by
the above structure analysis (Fig. 3c). For each of the three lin-
eages, the earliest bottleneck event was ¢. 1 Ma, whereas a second
occurred at ¢. 0.2-0.3 Ma in both Himalaya and LP. Both events
occurred slightly earlier for Himalaya than for the LP. After the
two bottlenecks, the N, of Himalaya remained fairly constant
until 10 000 yr ago, at which point it began to decline. LP under-
went a third bottleneck at ¢. 0.1 Ma and thereafter a stable /V,
was maintained until 10 000 yr ago, at which time N, expanded,
then remained stable until the present. For HDM, N, recovered
after the only detected bottleneck but then declined; however
these results may be affected by the limited sample sizes.

Treating the western and eastern LP groups separately, the ear-
liest bottleneck event for each occurred at ¢. 0.8—-0.9 Ma, possibly
the same demographic event as the 1 Ma bottleneck events for all
three lineages mentioned above. All of these were followed by
rapid recovery (Fig. 3d). From this point onwards, however, the
N, of western and eastern LP populations followed quite different
trajectories. The eastern populations underwent a second popula-
tion drop at 200-300 ka, then changed little until ¢ 60 ka, at
which time it gradually underwent a recovery towards NV, =
500 000, before a progressive decline towards /V, = 100 000 at
¢. 2ka. Conversely, the second population drop in western LP
occurred over two stages, between 100 and 200 ka, falling from
N, = ¢.800000 to c. 60 000 then swiftly recovering but only to .
300 000. There was then a third phase of population decline, this
time much slower, between 20 and 5ka, dropping to N, =
¢. 15000, followed by a steady expansion to N, = ¢. 1000 000 by
3 ka (Fig. 4d). This last fall and rise might coincide with a period
of local habitat drying and accelerated accumulation of loess pop-
ulations.

Ancestral area reconstruction

Himalaya and (LP + HDM) clades of B. alternifolia diverged at «.
2.91 Ma (confidence interval, CI = 2.14-5.41 Ma), followed by
divergence of HDM and LP lineages at ¢. 1.48 Ma (CI = 1.08-
2.75Ma). Within LP, western and eastern subgroups then
diverged at ¢ 1.15Ma (CI = 0.84-2.14 Ma). For the models
compared in BIOGEOBEARS, the DIVALIKE model had the lowest
AIC (12.91) scores (Table S18). This model indicated that the
current three lineages are likely to have arisen by vicariance, by
contraction of a previously more widespread range for the species
and that, during the vicariance process, the Himalaya diverged

first (Fig. 3e).
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IBD, IBA and niche divergence

Both simple and partial Mantel tests revealed that both geo-
graphic distance and adaptive divergence played significant roles
influencing genetic distance (all 2<0.05; Table S19). Further-
more, the partial Mantel test suggested that geographic distance
played a greater role than adaptive characters, due to the evi-
dently decreased r and increased P-values when controlling for
the latter (Table S19).

Observed measures of niche similarity for both D and 7 were
lower than null distributions for LP vs either Himalaya (ob-
served: D, 0.425; 1, 0.571; null distribution: D, 0.691-0.919; 1,
0.732-0.929) or HDM (observed: D, 0.392; I, 0.481; null distri-
bution: D, 0.501-0.793; 1, 0.602—0.878), suggesting high niche
differentiation between LP and both Himalaya and HDM. Alter-
natively, with regard to the Himalaya vs HDM, both D and 7 fell
within the range of null distributions (observed: D, 0.645; I,
0.750; null distribution: D, 0.541-0.834; 1, 0.572-0.866), sug-

gesting a similar niche occupancy.

Genomic signals of adaptation

Selection signals with 65, 59 and 54 genomic regions including
156, 177 and 251 genes were detected in LP and HDM, LP and
Himalaya, HDM and Himalaya, respectively, by the F-based
analysis. In addition, SWEEPFINDER2 detected sweep selection sig-
nals in 156, 215 and 152 genomic regions containing 248, 350
and 228 genes in the Himalaya, HDM and LP, respectively.
Moreover, 6, 23 and 27 genes were detected by both approaches,
and among which 5, 10 and 14 genes had significant overrepresen-
tation with a specific GO term (£<0.05) in LP, HDM and the
Himalaya, respectively (Table S20). Adaptive roles of these genes
were functionally annotated, including seed germination and mat-
uration (GO:0010187, GO:0010431 and GO:0009845), response
to temperature stimulus (GO:0009266), cold (GO:0070417) and
bacterium (GO:0009617) (Table S21). Within LP, 48 and 10
genes were detected by both methods, and among these 26 and 7
genes had significant overrepresentation with a specific GO term
(P<0.05; Table S20) in populations within eLP and wLP respec-
tively, including some of the above-mentioned GO terms includ-
ing maintenance of seed germination and dormancy
(GO:0010029; GO:0010231), and regulation of defence response
to insect and bacterium (GO:2000068, GO:0016045)
(Table S21). Notably, both approaches also detected
Bualt19G0002200 as having significant overrepresentation with a
specific GO term (GO:0009269: response to desiccation) in wLP
alone (Table S21), which is the driest area among all distribution
ranges of B. alternifolia.

Discussion

Our data strongly indicate that B. alterniflora is monophyletic
and sister to B. crispa (Methods S3; Fig. S6), which occupies sim-
ilar habitats in and around the Himalayas. However, B. alternifo-
lia appears to be heterogeneous. Population structure analysis
revealed three genetic groups closely corresponding to the three

New Phytologist (2021)
www.newphytologist.com



Time (year)

(a) (b)

92,640 Time (year)
--{TDIVI
2,294,340
TDIV2
2,294,084

TDIV1
967,734

964,574

483,511

Present Present

—— History of LP
—— History of HOM
— History of Himalaya

(d)

|
|
|
|
|
|
|
I
L

Bl = =

1

2

H

— | History of wLP
— History of eLP

g 8

8888 3
MAR (glcm’/1000years)

|
AL,

|

|

| vl
| J

'

10
o

i ———— =\

108
Time (years ago)

New

Phytologist
(e)
G
Himalaya
HDM
@
wLP
elLP
| | | | | | |
3.0 25 20 1.5 1.0 0.5 0

Millions of years age
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Bayesian analysis in BeasT. Pie charts indicate relative probability of ancestral distributions at nodes from BioGeoBears analysis, using the best fitting DivaLike

model.

current distribution areas, and F,, was calculated to be > 0.5
between any two of the three areas. Conversely, morphological
data clearly divide B. alternifolia into two groups, that is the
Himalaya plus HDM and LP, with 98% of morphological data
supporting this subdivision in our PCA analysis. LP accessions
also differed from the others in flowering time (May in Himalaya
vs July in LP; Y. P. Ma, pers. obs.), and in that LP accessions
showed a peak in the reflectance spectrum at 430 nm, whereas
Himalaya plants exhibited no such peak. As the reflectance spec-
trum of petal colour could act as an important signal for attract-
ing potential pollinators (Dyer ez al., 2012), coupled with the
differences in flowering time between these regions, we might
expect that the LP linkage would employ different pollinators
from the Himalaya linkage. Based on the above evidence, the LP
linkage represents, and should be described as, a new species. The
HDM lineage, however, was clearly genetically differentiated
from both Himalayan and LP linkages, yet appeared to be mor-
phologically indistinguishable from the Himalayan lineage.
Therefore, further investigation of the taxonomic status of this
group is necessary.

The LP group is divided into western and eastern subgroups
by the LPS mountain range, which is 240 km long from north to
south and, on average, >2500 m high. The PCA on morphology
found a certain amount of subdivision between these subgroups,
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but our genetic data clearly indicated that some ongoing gene
flow persisted between western and eastern LP, although this only
involved populations close to the LPS barrier. Therefore the LP
populations might be in the early stages of parapatric speciation.
However, in the absence of morphological differences, formal
taxonomic recognition would be premature for the two groups
within the LP.

From the viewpoint of speciation, both IBD and IBA analysis
indicated that allopatric speciation would have taken place
among three regions promoted by geography isolation and adap-
tive divergence, probably with the former playing a greater role.
The LP range of B. alternifolia differs ecologically from the
species’ range in the Himalaya and HDM, in that the region is
milder and much drier, and also that LP plants tend to occupy
habitats, as opposed to river habitats elsewhere. In line with this,
our niche divergence analysis indicated that these ecological dif-
ferences are likely to have been facilitated the speciation process.
Such ecological speciation has been detected many times in
plants, especially in the Qinghai-Tibetan Plateau and adjacent
areas (e.g. Pinus densata by Mao & Wang, 2011; Salix brachista
by Chen et al., 2019).

Most analyses supported the Himalaya as the first-diverging lin-
eage. Furthermore, higher genetic diversity in the Himalaya is
consistent with the other two being derived from the Himalaya.
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FASTSIMCOAL analysis however, showed that HDM diverged from
LP < 1000 yr after the divergence of the Himalaya, ¢. 2.3 Ma, only
0.6 Ma after the divergence of B. alternifolia itself (Chau, 2017).
However, BIoGEOBEARS indicated that divergence occurred by
vicariance, rather than dispersal. With the caveat that this analysis
has barely been tested with full genome data before now, it
appears to reject a hypothesis that LP and HDM were founded by
successive dispersal events. Instead, it supported contraction and
separation from a previously continuous range, which could also
lead to the relatively short gap between divergence events.

Our WGS-based population genomic analysis revealed that
both genetic diversity and the heterozygosity rate were signifi-
cantly higher in the Himalaya than in LP or HDM. If the latter
two were not founded by dispersal from the Himalaya, then this
result could be explained instead by the Himalaya being a
refugium that maintains high levels of genetic diversity (Qiu
et al., 2011; Zhao ez al., 2019). Vicariance followed by popula-
tion bottlenecks in LP and HDM but not the Himalaya could
also produce this effect, but our analysis in fact detects bottle-
necks of similar severity in all three. Modern population structure
may therefore provide a better explanation: B. alternifolia popula-
tions in the Himalaya are often large and intercontinuous, for
example along river courses, whereas its population structure is
seriously fragmented in LP (Fig. lc,d; Y. P. Ma, pers. obs.).
Therefore genetic drift and inbreeding might have had greater
impacts upon genetic diversity and especially heterozygosity in
LP than in the Himalaya.

Several episodes of contraction and expansion of effective pop-
ulation sizes of B. alternifolia were revealed by STAIRWAY PLOT
analysis, and these may be linked to geological events. All three
lineages experienced a contraction and bottleneck event ¢. 1 Ma
(slightly later if eastern and western LP were examined sepa-
rately), and these might have been triggered, or at least affected,
by the Kunlun—Yellow river tectonic movement which began
¢. 1.1 Ma and uplifted the eastern Qinghai—Tibetan Plateau to
3000—2500 m in elevation (Cui ez 4/, 2011). This promoted the
formation of the modern East-Asia winter monsoon, triggering
major environmental changes, including increased drought in
North China, proliferation of deserts, and increases in the rate of
sediment loss (Li, 1991; Jiang et al., 2005). Following recovery
from the initial bottleneck event, NV, within HDM has decreased
steadily that, given that only a few small populations are extant
today, is likely to be due to population loss and contraction, and
inbreeding among remaining populations.

Both the Himalaya and LP underwent a second rapid popula-
tion drop and recovery, possibly corresponding to the first known
glaciation event in the area, that is the Wangkun Glaciation, «.
0.5-0.7 Ma before present (Cui ez al., 2011). Subsequently, the
general trend has been for MV, to increase in LP but decrease in
the Himalaya. When analysed separately, western LP shows a
steady decline from ¢ 11 to 6 ka, possibly linked to a period of
very low rainfall ¢. 9 ka (Maher, 2016), and followed by recovery
to higher /V, than before, which then holds up until the present.
Eastern LP seems unaffected during this time, but declines «
1 ka, indicating that different factors seem to apply on the differ-
ent sides of the LP.
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Genetic footprints of local adaptations to these environments
were identified by both approaches. However, genes with signifi-
cant overrepresentation of a specific GO term did not appear uni-
formly across all regions, perhaps reflecting differing habitats
between lineages. However, selection signals of genes that were
functionally involved in seed maturation and dormancy were
detected in all four subregions, that is the Himalaya, LP, eLP and
wLP (Table S21). All these annotated functions are likely to reflect
how seeds of B. alternifolia might adapt to contrasting environ-
ments in the different regions. For example, cold and drought are
especially strong factors in the Himalaya and LP respectively, but
much less so vice versa, because the LP has a milder climate but B.
alternifolia typically occupies drier habitats. Further evidence sup-
porting the hypothesis of stronger selection imposed by the drier
conditions of LP relative to other areas, comes from the detected
gene Bualt19G0002200, having significant overrepresentation
with response to desiccation (GO:0009269) in wLP alone, which
is the driest area within the distribution ranges of B. alternifolia.
Additionally, several genes were functionally annotated involved in
response to viral infection (e.g. GO:0060154, GO:0071446,
GO:0002230; Table S21) in LP, HDM and eLPS. This result
may indicate that pathogen resistance is a strong factor limiting
normal growth for B. alternifolia in areas other than the Himalaya,
where much stronger UV due to higher elevation could decrease
the influence of pathogens. Caveats remain to our GO enrichment
analysis, as enrichment of a function might actually indicate that
the genes concerned are under selection for an alternate function
(Mondragén-Palomino et al., 2002).

Conclusion

In conclusion, we present a high-quality and chromosome-level
genome sequence of B. alternifolia, the first such plant genome in
the family of Scrophulariaceae. Whole-genome re-sequencing-
based population studies uncovered three distinct genetic lineages
distributed in the Himalaya, HDM and LP, suggesting that
allopatric speciation has taken place. Allopatric speciation with
gene flow may also be underway within LP, between populations
from either side of a mountain barrier. Niche divergence and GO
enrichment analyses indicated an ecological component to the
differentiation of LP lineage. Demographic history analysis
revealed several contraction and expansion of N, events in B.
alternifolia, with possible causes including climate fluctuations
promoted by the Kunlun—Yellow river tectonic movement. Our
data are consistent with the current disjunctions resulting from
vicariance of a once widespread distribution, and therefore does
not support the dispersal-based ‘out of Tibet’ hypothesis.
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