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Abstract

Extinct taxa may be detectable if they were ancestors to extant hybrid species, which
retain their genetic signature. In this study, we combined phylogenomics, population
genetics and fluorescence in situ hybridization (GISH and FISH) analyses to trace the
origin of the alpine tetraploid Allium tetraploideum (2n = 4x = 32), one of the five
known members in the subgenus Cyathophora. We found that A. tetraploideum was an
obvious allotetrapoploid derived from ancestors including at least two closely related
diploid species, A. farreri and A. cyathophorum, from which it differs by multiple
ecological and genomic attributes. However, these two species cannot account for the
full genome of A. tetraploideum, indicating that at least one extinct diploid is also
involved in its ancestry. Furthermore, A. fetraploideum appears to have arisen via
homoploid hybrid speciation (HHS) from two extinct allotetraploid parents, which
derived in turn from the aforementioned diploids. Other modes of origin were possible,
but all were even more complex and involved additional extinct ancestors. Our study
together highlights how some polyploid species might have very complex origins,
involving both HHS and polyploid speciation and also extinct ancestors.

Keywords: allotetraploid, extinction, homoploid hybrid speciation, in situ

hybridization, phylogenomics, population genetics
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Introduction

Speciation, hybridization and extinction are major factors in plant evolution (Abbott,
Barton, & Good, 2016; Abbott et al., 2013; Anderson & Stebbins, 1954; Mittelbach et
al., 2007), but only the timing and nature of the first two can be detected, often with
precision, using molecular data (e.g., Abbott et al., 2016; Taylor & Larson, 2019;
Wang et al., 2020). Conversely, extinction has proved almost undetectable, except
using fossils (Quental & Marshall, 2010). Birth-death models, which estimate
extinction rates across a phylogeny, appear to be unreliable (Louca & Pennell, 2020).
However, hybrid speciation presents an opportunity to detect extinct or ‘ghost’ species,
which might leave their genomes, or part thereof, in their hybrid species offspring. This
provides a possible pathway for detecting extinct taxa and placing them onto molecular
phylogenies. However, examples of this remain very rare, e.g., one extinct contributor
to a hybrid species was inferred in Paeonia (Ferguson & Sang, 2001). The best
opportunities for detecting extinct lineages might be provided by allopolyploid species
where two diploid species are involved in the formation of an allopolyploid species
with one diploid extant and the other extinct (Luo et al., 2017).

While hybrid species make the detection of extinct progenitors possible, the
extinction of any one ancestral species will however challenge the identification of the
true lineage of any hybrid species, because missing reference homolog(s), might result
in incorrect identification of the potential progenitors (e.g., Jakob & Blattner, 2010;

Luo etal., 2017; Roelofs et al., 1997). Nonetheless, understanding the role of extinction
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is critical to gaining proper understanding of the hybrid speciation and reticulate
evolution, because the newly formed hybrid species may displace their parent species
(reviewed in Soltis et al., 2016), and potentially could cause their extinction due to
fitness advantages of the neo-hybrid. To show that the progenitors of a hybrid species
are extinct, they must be shown to be the sister to and not direct ancestors of the extant
non-hybrid species. For example, using genomic in situ hybridization (GISH), the
subgenome of such an extinct species was successfully distinguished and identified in
polyploid species Oxyria sinensis, via chromosomal or genomic differentiation with
other extant ancestors (Luo et al., 2017). In this way, patterns of reticulate evolution
involving extinct species may be elucidated, especially where multiple hybrid
speciation events are inferred. Such cases might involve both homoploid and
allopolyploid hybrid speciation, and may require precise analysis to work out which
type of event happened and when. Allopolyploidization leads to genome divergence
within a species, allowing new adaptations to arise via subfunctionalisation or
neofunctionalization (Adams & Wendel, 2005), as seen in crops (Doebley, Gaut, &
Smith, 2006; Mayer et al., 2014). Homoploid hybrid speciation (HHS) leads to
transgressive traits and genomic (or karyotypic) restructuring (Lamichhaney et al.,
2018; Li et al.,, 2016; Rieseberg et al., 1995) though this has only rarely been
demonstrated (Abbott et al., 2016; Schumer, Rosenthal, & Andolfatto, 2018; Wang et
al. 2021; Yakimowski & Rieseberg, 2014). Thus far, only one documented case of

HHS involve the parents that themselves might be polyploids: Paeonia officinalis. This
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species is believed to have originated through HHS between two extant
allotetraploids, one of which itself has an extinct ancestor (Ferguson & Sang, 2001).
Hence much remains to be learned about homoploid hybrid species with complex
ancestry, especially where one or more ancestor species might be extinct.

The current study examines the ancestry and origin of an allotetraploid Allium
tetraploideum. It occurs at altitudes ranging from 3100 and 3700 m in the eastern
Qinghai-Tibet Plateau (QTP) (Figure 1A and 1B) (Li, Liu, Guo, Xiao, & He, 2019), a
region with numerous endemic species (Liang et al., 2018). Two closely related
diploid species (2n = 2x = 16), A. cyathophorum and A. farreri occur to the southwest
and northeast respectively, with little or no range overlap (Figure 1B), while two other
diploids, A. mairei (this also has tetraploid lineages; Li et al., 2016) and 4. spicatum,
occur further south and west, respectively (Figure 1A). These five species constitute a
well-supported clade, known as Allium subg. Cyathophora, in all phylogenetic analyses
(Huang et al.,, 2014; Li et al.,, 2016). A previous study suggested that both A.
cyathophorum and A. farreri may have been involved in the origin of 4. tetraploideum
(Li et al., 2016), but here we report a comprehensive analysis of its origin, implicating
in addition at least one extinct diploid and two other tetraploid extinct progenitors, as
recent ancestors. Furthermore, we determine that, like P. officinalis (Ferguson & Sang,
2001), A. tetraploideum originated by HHS from allopolyploid parent species, but in
this case as part of a complex history probably involving allopolyploidization prior to

HHS, plus at least three extinction events.
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Materials and Methods
Sampling plants, genetic extraction and sequencing
We sampled one individual each of the five species of subg. Cyathophora, plus one of
A. przewalskianum as the outgroup, respectively for whole chloroplast genome
sequencing and RAN-Seq. We sampled 20 4. fetraploideum, 18 A. cyathophorum, 22
A. farreri, 5 A. spicatum, 1 A. mairei and 1 A. przewalskianum individuals for
population genetics (Figure S1; Table S1) using Sanger sequencing in Tsingke
(Beijing, China). We further sampled 32 A. tetraploideum, 27 A. cyathophorum, 12 A.
farreri, 3 A. spicatum and 3 A. mairei individuals for specific-locus amplified
fragment sequencing (SLAF-seq) (Figure S1; Table S1), in order to obtain the
simplified genome-scale data for population genomics analyses. Full genome
sequencing was impractical because of the exceptionally large C-values of all Allium
species (https://cvalues.science.kew.org /search/angiosperm) and the giant assembled
genome size (16.24 gigabases) of one congener (4. sativum) (Sun et al., 2020). Fresh
leaves for total genomic DNA (gDNA) extraction were immediately dried in silica gel
in the field, and fresh leaves intended for RNA-seq were placed in a 5 ml EP tube and
stored in a liquid nitrogen container.

Total RNAs were isolated from the frozen leaves for each sample using the
RNAprep pure Plant Kit (Tiangen Biotech, Beijing, China) following manufacturer’s

instructions. RNA quantity was examined using Qubit2.0 (Life Technologies,
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Carlsbad, CA, USA) and RNA quality was assessed using an Agilent 2100
Bioanalyzer. Sequencing libraries were prepared and then sequenced on Illumina
HiSeq X-ten platform (Biomarker, Beijing, China) with standard procedures of
RNA-seq methodology. Total gDNA was isolated from the silica-dried leaves for each
sample using Takara plant DNA isolation reagent following the
manufacturer-reccommended protocol (Beijing, China). For chloroplast genomes,
sequencing libraries were prepared and sequenced on Illumina HiSeq 2000 (Novogene,
Beijing, China). For SLAF-seq, gDNA was digested by Haelll (New England Biolabs)
and then sequenced on Illumina HiSeq 2500 system (Biomarker, Beijing, China)
following the manufacturer’s protocol.

Niche distinctness and ecological fitness of A. tetraploideum

A. cyathophorum and A. farreri are two closely related diploids of 4. tetraploideum.
In order to examine niche differentiation between these three species, we recorded a
total of 47 georeferenced coordinates from sites for these species, and projected them
(Table S2) in ArcGIS Desktop 10.5.1 to define their background areas by adding one
decimal degree to the maximum and minimum known geographic coordinates, to
represent the “potential available areas” where species are likely to disperse (Barve et
al., 2011). Then a set of randomly selected points in this background area were used to
extract altitude and 19 current bioclimatic variables (Biol—19) (Table S3) at the spatial
resolution of 2.5 arc-min from the World-Clim database (Hijmans, Cameron, Parra,

Jones & Jarvis, 2005). The R ecospat package
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(https://cran.r-project.org/web/packages/ecospat/) was performed to quantify the
multivariate climatic overlap by estimating Schoener’s D metric (Schoener, 1970) and
to execute niche equivalency/similarity tests (Warren, Glor & Turelli, 2008) with 100
iterations at a given resolution (R = 100). Density profile estimations were performed
for each bioclimatic variable using the sm.density.compare function of the R sm
package (https://cran.r-project.org/web/packages/sm/). The significance of the
difference was tested using 10,000 bootstrap replicates. All ecological variables
corresponding to the total 47 georeferenced coordinates were retrieved from the
World-Clim database at 30 arc-second resolution. Of these, six variables (Biol, Bio2,
Bio3, Bio4, Biol2 and Bio15) exhibiting pairwise Pearson correlation coefficients r <
0.7 were selected to conduct principal component analysis (PCA). The principal
component (PC) loading scores for each species along axes one (PC1) and two (PC2)
(Table S4) were  extracted using the R factoextra  package
(http://www .sthda.com/english/rpkgs/factoextra). Based on these six variables, PC1
and PC2 scores, analyses of similarities (ANOSIMs) and permutational multivariate
analyses of variance (ADONIS2) were performed in the R vegan package
(https://cran.r-project.org/web/packages/vegan/) to statistically test whether there are
significant niche differences for each species pairs, with significance measured by 999
random permutations.

Stomata size and seed mass were compared between A. tetraploideum and the two

diploid relatives A. cyathophorum and A. farreri. Stomata size was calculated by
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lengthxwidth (mm?) at 20x objective of an electron microscope based on
measurements of 535, 508 and 470 stomata for those three species, each of 10
individuals from different populations. The 1000-seed masses were measured using an
electronic scale. For a germination experiment, seeds were first moist-cold stratified
(about —4°C) to break dormancy for 24 hours before being left in covered plastic petri
dishes (6 cm wide % 6 cm long) on the double layers of moistened filter paper. Seed
germination was carried out on a regulated heating block with three replicates of 50
seeds of each species at each of these temperatures: 5-10, 6, 8, 10, 15, 20, 25°C. Seeds
were determined to have germinated if they had macroscopically detectable buds; at
each temperature, this was checked every 24 hours. Seedling length was measured
every 48 hours after the 10™ day of seed germination. Seed germination percentage
(GP) was estimated as (number of germinating seed)/(number of viable seeds), and
germination rate (GR) was measured as (G1+G2+...+Gn)/(G1T1+G2T2+ +...+GnTn)
x100. Gn was the number of germinating seeds on the n™ day, Tn was the number
corresponding days of germination. Pearson correlations between temperature and each
of GR, GP or seedling length were respectively tested using Mantel tests, by running
999 permutations for significance. ANOSIM and ADONIS2 tests were used to examine
whether GP, GR and seedling length were similar between A. tetraploideum and its two
diploid relatives.

Phylogenetic analyses of A. tetraploideum within Allium based on chloroplast

genomes and transcriptomes
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To further confirm the position of A. tetraploideum within the phylogeny of Allium,
we examined a total of 47 chloroplast genomes from 43 Allium species, plus 46
transcriptomes from 34 Allium species, to reconstruct the phylogenies of A/lium with
Narcissus species used as the outgroup (see Tables S5 and S6 for GenBank accession
numbers). We used Fast-Plast v.1.2.6 (https://doi.org/10.5281/zenodo.973887) to
rapidly finish de novo assembly of whole chloroplast genomes. Manual checking was
implemented in Geneious version 10 (Kearse et al., 2012). The genome annotation was
carried out using Plann version 1.1.2 (Huang & Cronk, 2015) by mapping to the
reference genome of Allium cepa (GenBank accession KM088015). To promote the
quality of multiple alignment of chloroplast genomes, we used
‘get_annotated regions from gb.py’ to isolate individual fasta files of the annotated
genes and inter-genes from the joint file of 48 chloroplast genomes, and then applied
MAFFT (Katoh & Standley, 2013) with the ‘L-INS-1” algorithm to align each fasta file.
Finally, ‘concatenate fasta.py’ was used to concatenate the aligned fasta files together.
The Maximum-likelihood (ML) tree of the aligned chloroplast genomes was
constructed in RAXML (Stamatakis, 2014) using ‘-f a’ parameter by running 100
bootstrap replicates to find the best-scoring ML tree.

For transcriptome analyses, the 150 bp long raw paired-end short reads were
filtered by removing adapter reads, N reads and low-quality reads using

FASTX-Toolkit (available at http://hannonlab.cshl.edu/fastx_toolkit/). The clean reads

of RNA-seq were mapped to the CDs file of 4.  sativum
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(https://doi.org/10.6084/m9.figshare.12570947.v1) using Burrows-Wheeler Aligner
(BWA, Li & Durbin, 2009) with the ‘mem’ algorithm. PCR duplicate alignments
were masked using Picard MarkDuplicates (http://broadinstitute.github.io/picard).
The alignment bam files were sorted and indexed using SAMtools (Li & Durbin,
2009). The program ANGSD (Korneliussen, Albrechtsen, & Nielsen, 2014) was
employed to identify collinear blocks using all the bam files. A home-made Perl script
was used to extract CDs and those with the percentage of missing data over 50% in
each sequence were discarded. We used RAXML to reconstruct ML trees for each CD
sequence and the concatenated supermatrix of all CDs using the same parameters as
above. ASTRAL-III (Zhang, Sayyari & Mirarab, 2018) was performed to infer
species tree using CD gene trees with bootstrap support (BP) >70%.

Phylotranscript analyses of A. tetraploideum within subg. Cyathophora

Our phylogenetic analyses of Allium indicated that A. tetraploideum belongs to subg.
Cyathophora (see results), and we thus performed phylogenetic analyses of subg.
Cyathophora with A. przewalskianum as the outgroup, to further clarify the
evolutionary history of A. tetraploideum. We first extracted the concatenated matrices
of single-copy genes (SCGs), CDs, non-CDs, codonl, codon2, codon1+2, codon3 and
protein sequences from the six MAFFT-alignment chloroplast genomes, as well as the
whole chloroplast genome matrix, to reconstruct ML trees using RAXML as above. We
also counted the shared single nucleotide polymorphisms (SNPs) between A.

tetraploideum and the other diploids in subg. Cyathophora, and those between A.

11
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cyathophorum and the other three diploid species. Given the tetraploid state (2n = 4x =
32) of A. tetraploideum (Li et al., 2017), we expected the phylotranscriptomics of subg.
Cyathophora (Rabier, Ta, & Ané, 2014) to provide evidence for the genomic
heterogeneity of A. tetraploideum. The clean paired-end short reads of RNA-seq were
assembled into contigs using Trinity V 2.1.5 with default parameters (available at
https://github.com/trinityrnaseq/trinityrnaseq/wiki). CD-HIT (Fu, Niu, Zhu, Wu, & Li,
2012) was applied to retain non-redundant sequences with a threshold value of 0.95.
TRANSDECODER-v5.0.2 (https://github.com/TransDecoder/) was used to predict the
CDs and protein sequences in the open read frame (ORF) by setting the length of amino
acids to be longer than 100. OrthoMCL (Li, Stoeckert, & Roos, 2003) was employed to
identify orthologous sequence clusters of the five species of subg. Cyathophora and the
outgroup A. przewalskianum from the TRANSDECODER-predicted protein
sequences. For phylotranscriptomic analyses, we first generated orthologous clusters
that contained one sequence each from each of the six species (i.e., a 1:1:1:1:1:1 ratio)
using a custom Perl script. Then the homologous clusters that had between 1 and 4 copy
sequences of A. tetraploideum plus one copy sequence each from each single diploid
species (i.e., 1:1, 2:1, 3:1 or 4:1) were extracted using the above Perl script with
modifications. The selected homologous clusters were aligned using MAFFT with the
‘L-INS-1” algorithm. Any homologous clusters that have one or more sequences with
length <300 bps or >50% missing characters were removed. The ML trees for

homologous clusters were reconstructed using RAXML as above. Genomic networks

12



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

were parsimoniously inferred in PhyloNet (Than, Ruths, & Nakhleh, 2008) using
single-copy homologous tree topologies with BP >70%, under the assumption of one or
two past hybrid events. We converted the gene trees that had BP >70 into ultra-metric
trees using the R Phybase package (https://github.com/Iliul871/phybase), and then
used Densitree (Bouckaert, 2010) to plot a superimposed tree to describe the resulting
phylogenetic topologies. Tree topologies in each homologous dataset were statistically
visualized using ‘twisst.py’
(https://github.com/simonhmartin/twisst/blob/master/twisst.py).

Estimates of synonymous divergence

Methods based on the fraction of synonymous substitutions per synonymous site (Ks)
between a given pair of orthologs or paralogs can be employed to estimate the time
since divergence or duplication (e.g., Guan et al., 2019; Lynch & Conery, 2000). This
methodology 1s now widely applied to infer interspecific relationships and
whole-genome duplications (WGDs) at genome or transcriptome level (Yang et al.,
2019). We used INPARANOID Version 4.1. (Sonnhammer & Ostlund, 2015) to
identify the interspecific homologous sequences, and then one-to-one orthologs
between the diploid species pairs and two-to-one homologs between A. tetraploideum
and A. cyathophorum or A. farreri were extracted using a custom Perl script. A
maximum-likelihood method was implemented in the YNOO program of the PAML
package Version 4.1 (Yang, 2007) to calculate Ks between homologous sequence pairs

aligned by MAFFT. A WGDdetector pipeline
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(https://github.com/yongzhiyang2012/wgddetector) employed an integrated analysis to
finally output the Ks wvalues of pairwise paralogs of A. tetraploideum from
protein-guided DNA alignments. The resulting Ks estimates from interspecific
orthologs were plotted as a histogram (Ks plot) with age distributions <1.0, while those
gene pairs with Ks > 1.0 were filtered out due to sparse data. We used the Gaussian
finite mixture model by the expectation-maximization (EM) algorithm in the R mclust
package (Scrucca et al., 2016), to fit univariate Gaussian components of the resulting
Ks density distribution of A. fetraploideum with random start points and merging best
results. According to the best Bayesian information criterion (BIC) values, three
optimal components in the Gaussian mixture model were identified with Ks > 0.02
(Table S7). We thus plotted the Ks distributions with age distributions from 0.02 to 0.2
when A. tetraploideum was analyzed because the range of divergence ages among the
diploid relatives was <0.2 (Figure S2). We implemented the Gaussian mixture
distributions obtained from the EM algorithm to infer significant peaks in each
observed Ks distribution using the R mixtools package (Benaglia, Chauveau, Hunter, &
Young, 2009). A parametric bootstrap (B = 100) of the likelihood ratio statistic was
performed using the boot.comp function in the R mixtools package to test the most
likely number of Gaussian components that fit each Ks distribution. Sizer tests
(Chaudhuri & Marron, 1999) for visual assessment significance of features,
distinguishing between increases, decreases, or values not significantly different from

zero, were used to further corroborate the Gaussian mixture model components across a
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distribution at various (log transformed) bandwidths, to distinguish true data features
from noise. For datasets excluding or including 4. tetraploideum, Ks values of 1.0 or
<0.2, respectively, and Ks bandwidths of 0.01-0.1, and 0.01-0.2, respectively, were
used to identify significant (alpha = 0.05) features in each observed Ks distribution.
Those Gaussian plots which significantly shifted from increase to decrease in Sizer
were identified as true peaks. A same Ks peak identified simultaneously by mclust and
mixtools were defined to range between peaks determined by those two packages.
Assuming a generation time of two years for A//ium species, and a mean mutation rate
of 1.25x10°% (1.0x108-1.5x107®) per site per year for plants (Ossowski et al., 2010),
the ages corresponding to the Ks plots were calculated with the formula: Ks/generation
time/mutation rate.

Population genetic analyses based on multiple loci

We selected 10 genes from the orthologous groups of subg. Cyathophora species for
Sanger sequencing at the population level. The corresponding primer pairs (Table S8)
were designed in their conserved sequences using Primer Premier 6. Polymerase Chain
Reaction (PCR) amplifications were conducted in 30 pL volume following protocols
summarized in Table S8. Amplified products of the diploids were purified and directly
sequenced using homologous primers. However, those of A. tetraploideum were
purified using a Tiangen Universal DNA Purification Kit (Biotech, Beijing, China),
and then ligated into pMD19-T Vector with a pMD19-T Vector Cloning Kit (TaKaRa,

Dalian, China), and finally 10 positive clones for each gene per individual were
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sequenced using general primer pairs. SeqMan (DNAstar, Burlan, 2000) was used to
edit DNA sequences and to obtain a consensus sequence. Each gene sequence was
aligned using MEGA 6.0 (https://www.megasoftware.net/) and checked manually.
Clone sequences that have only one variant compared to other clones from the same
individual were removed. DNAsp version 6.0 (http://www.ub.edu/dnasp) was used to
generate a haplotype file for each nuclear gene. The newly obtained sequences were
deposited in GenBank with accession numbers MT479228-MT481754. PhyML
(Guindon et al., 2010) was applied to gene sequence clones of A. tetraploideum, to
rapidly generate clusters of closely related genes using a likelihood-based method.
Each resulting tree topology was visualized wusing FigTree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree).

Population genomics analyses using SLAF-seq reads

For SLAF-seq, fragments that were between 464 and 494 bp were defined as
SLAF-tags. We used LAST (https://gitlab.com/mcfrith/last) to cluster the homologous
SLAF reads into a fabricated reference genome with a threshold value of 0.95. The
SLAF reads were then mapped to this fabricated reference genome using BWA to
generate polymorphic SLAFs. GATK (Depristo et al., 2011) and SAMtools were
together applied to produce accurate SNPs. A total of 168,045 SNPs were selected to
construct the ML tree of subg. Cyathophora in RAXML using the same parameters as
above; and totally 222,781 SNPs were selected for population genetic analyses of 4.

cyathophoraum, A. farreri and A. tetraploideum, after filtering the SNP data with minor
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allele frequency >0.05 and missing data <0.5 at each site. The genetic differentiation
(Fs7) scores within each species and between each of the three species pairs were
calculated using VCFtools (Danecek et al., 2011). Principal component analysis (PCA)
was performed using the SmartPCA program from EIGENSOFT v6.0.1
(https://github.com/argriffing/eigensoft). The population structure was completed in
ADMIXTURE vl1.2.3 (Alexander & Lange, 2011) by partitioning all involved
individuals into different genetic clusters (K) according to maximum-likelihood
probabilities, with the number of K varying from 1 to 6. The cross-validation errors
were calculated in admixture by running 100 bootstrap replicates and the optimal K
value was fixed by a lower cross-validation error.

Coalescent test of the hybrid origin of A. tetraploideum based on SLAF-seq site
frequency spectra

We employed FASTSIMCOAL v2.6 (Excoffier, Dupanloup, Huerta-Sanchez, Sousa,
& Foll, 2013) to test the hybrid origin of 4. fetraploideum with coalescent modelling to
fit demographic models using folded site frequency spectra (SFS). We constructed the
joint SES for the three species using EasySFS
(https://github.com/isaacovercast/easySFS). We simulated the likely origin history of
A. tetraploideum by testing 15 different evolutionary models (Figure S3), of which
eight (model1-8) indicated dichotomous or radiative tree topologies with or without
gene flow after isolation, three models (model9-11) represented allotetraploid

speciation via a single hybridization event with or without migration/size change after
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divergence, and four models (model12—15) described allotetraploid formation via HHS
between two polyploid parents that were in turn derived from A. cyathophorum, A.
farreri and an earlier diverging ghost lineage during the origin of A. tetraploideum. We
assumed a mutation rate of 1.25x107® per site per year and a generation time of 2 years.
A total of 329 parameters were further estimated and used to perform comparison tests
between the observed and simulated data. All parameters were estimated using global
maximum-likelihood with 100 independent runs for each model by setting ‘-n 100000
—N 100000 -M 1e-5 -w 1e-5 -1 10 -L 40 --msfs’. Each run started from random starting
parameters extracted from uniform and log-uniform distributions, and then the results
were modelled as FREQ. Without the formation for population size of each species, a
log-uniform distribution with large interval of 10>-10° was used for effective
population sizes for each prior. The interval of the recent population change was set to
1x10*-1x10%. All time intervals for the species split were set based on molecular dating
analysis of the subg. Cyathophora (Figure S4). The interval of the basal divergence
time was set to 1x10°~1x107 (uniform). The large interval of 1x10%~1x10° was used for
the time difference between the two hybridization events. Gene flow between each
population was set to 102-10% haplotypes. The optimal demographical model was
identified by the maximum value of likelihood and the minimum value of Akaike
information criterion (AIC). The 95% Confidence intervals for the parameters from the
best model were constructed using a parametric bootstrapping approach with 100

independent runs per bootstrap.
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In situ hybridization analyses
The seeds from at least 10 individuals of each species were collected in the field and
germinated in the laboratory for cytological analyses. The fresh root tips were
pre-treated with Nitrous Oxide for two hours, fixed in 3:1 ethanol-acetic acid for one
hour and stored in 70% ethanol based on the protocol of Mandékova & Lysak, (2016).
The root tips were further digested in 6% pectinase and cellulase in citrate buffer at
37°C for 45 minutes. After digestion, these root tips were rinsed in distilled water and
squashed in 20 pL of 60 % acetic acid on the microscope slides. The most well-spread
metaphase chromosomes were selected for slide denaturation and hybridization.

The high-quality gDNAs of 4. mairei, A. spicatum, A. cyathophorum and A.
farreri were isolated as described above. The hybridization probes were prepared using
nick translation to obtain DNA fragments ranging from 100 to 500 bp. The 25 pL
mixture of >500 mg gDNA, 0.6 uL DNase I dilution buffer, 2.5 pL 10x nick
translation buffer, 1.2 uL. DNA polymerase 1, 2.5 pL A,C,G dNTPs, 2.5 pL dUTPs
and 16.4 uL ddH>O was incubated in a PCR amplifier at 15°C for 95 minutes. Finally,
gDNA probes of A. mairei, A. spicatum, A. cyathophorum and A. farreri were
respectively labelled by Alexa Fluor 546-14-dUTP, 594-5dUTP, 647-aha-dUTP and
488-5dUTP (Thermo Fisher). The hybridization mixture was prepared in 200 pL per
slide with 100 pL 100 % formamide, 40 pL 50 % dextran sulphate and 20 pL labelled
gDNAs in 20 pL 20x saline—sodium citrate (SSC) and 20 pL ddH»O, which was then

denatured on a hotplate at 90°C for 10 min. Chromosome denaturation was conducted
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with 100 pL 70% formamide in 100 pL 2x SSC at 80—85°C for 1.5 minutes. Genomic
in situ hybridization (GISH) was conducted in a humid chamber at 42°C and left
overnight. Posthybridization washes of the GISH preparations were done for 30
minutes at 42°C in 5% SSC and twice at 37°C for 30 minutes respectively in 2x SSC,
I1x SSC and 0.1 xSSC, and transferred to 1x blocking solution (containing 20 pL 1x
TNA buffer and 1 pL rhodamine anti-DIG-sheep in 80 pL ddH20) at 4°C overnight
to counterstain chromosomes. The prepared GISH slides were visualized and digitally
photographed using a PERKIN ELMER & OLYMPUS ULTRAVIEW VOX & LX81
confocal microscope. At least three different cell figures were photographed for each
prepared slide. Photographs for each of the four fluorochromes were individually
acquired by using appropriate excitation and emission filters (U-MNIBA3,
U-MWIGA3, U-MWU2, U-MWBV2 and U-MWIY2). Due to combining different
gDNA-probes in the chromosomes of A. ftetraplodieum, the four monochromatic
images were pseudo-coloured, merged, and processed using Adobe Photoshop CS.
The 45S rDNA and 5S rDNA probes which were respectively marked by FAM
and TAMRA  were purchased  in Shanghai Sangon Biotech
(https://www.sangon.com/). The diluted rDNA-probes were dissolved in 5 pL 1x
Tris-EDTA buffer solution and 5 pLL 2x SSC per slide. Hybridization was performed
in a humid chamber at 37°C for 2 hours. Posthybridization washing of the
rDNA-probe slides were done at 42 °C for 3 min in 2x SSC and in ddH20O, and

air-dried. Afterwards, the preparations were counterstained using DAPI solution (1
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mg/mL). Hybridization signals from FISH slides were analyzed using an

OLYMPUS microscope BX43+DP2.

Results

Ecological distinctness and fitness of A. tetraploideum

The alpine tetraploid A. tetraploideum has a distinctive distribution niche that is distinct
from the two closely related diploid species, A. cyathophorum and A. farreri. Similarity
tests showed that the niche overlaps of these three species were more dissimilar to each
other than would be expected by chance (all p > 0.05) (Figure S5). Each of these
species were significantly different from each of the two others along six major
bioclimatic variables (Table S9). The most occupied densities and parameter spans of
all three species exhibited significant (P < 0.02) differences in altitude and
temperature-related variables in univariate comparisons (Figure S6). The tetraploid A.
tetraploideum occupies a clearly different niche from the other two diploids, and shows
a striking preference for environments that are changeable according to the
temperature-related variables. In addition, A. fetraploideum has significantly greater
stomata size and seed weight (Figure 1C and 1D), and also seedling growing advantage
of germinated seeds (Figure S7; Tables S9 and S10). These comparisons suggested that
A. tetraploideum has distinct adaptions to high altitudes compared to its two diploid

relatives.
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Phylogenomics of A. tetraploideum based on chloroplast genome and
transcriptome data
Our phylogenomic analysis of Allium strongly supported (BP = 100) that subg.
Cyathophora comprises the previously reported five species and that A. tetraploideum
has a close relationship with the morphologically similar 4. cyathophorum (Figures
1E, 1F, and S8). The whole chloroplast genome-based phylogenetic tree of subg.
Cyathophora consistently indicated that A. tetraploideum is sister to A. cyathophorum,
and that this pair is sister to A. spicatum plus A. farreri, all four of which form a clade
sister to A. mairei (Figure 2A). This generally conforms to the previous population
genetic analyses of these species (Li et al., 2016) based on the chloroplast DNA
fragments (Figure S9). The counted SNPs showed that 4. tetraploideum clearly shares
more SNPs with 4. cyathophorum (1503; Figure 2A) than it does with the other three
diploid chloroplast genomes (454, 1066, 994; Figure 2A). Additionally, the number of
shared SNPs between the other three diploid species and A. cyathophorum (373, 986,
908; Figure 2A) are only slightly higher than between these and A. tetraploideum,
indicating that the chloroplast genomes of the other three diploid relatives are
approximately equidistant from those of A. cyathophorum and A. tetraploideum. These
attributes indicate that the tetraploid 4. fetraploideum possesses a captured chloroplast
(genome) from the diploid 4. cyathophorum.

To further identify whether other species contributed to the origin of A.

tetraploideum, we identified homologous genes from all subg. Cyaphophora species
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plus the outgroup 4. przewalskianum using OrthoMCL to reconstruct single copy gene
(SCQG) trees. At first, 540 high-supported SCG trees with BP >70 for clades were
obtained (Figure 2B). Among these trees, we found that the phylogenetic relatedness
among A. farreri (A), A. cyathophorum (B), and A. tetraploideum (C) varied greatly,
with tree topologies A(B,C), B(A,C) and C(A, B) occurring respectively in 314, 195
and 31 gene trees (Table S11). Integrating these gene trees into a Densitree analysis,
we found that A. tetraploideum has medium strength connections to both A.
cyathophorum and A. farreri, and also much weaker connections to 4. spicatum and A
mairei (Figure 2B). When excluding A. przewalskianum, a similar phylogenetic pattern
was observed for subg. Cyathophora among the 807 SCG trees having BP >70 (Table
S11). Combing both sets of SCG trees into a PhyloNet-based network (Table S12)
indicated that 4. farreri contributed 0.46—0.47 of the A. tetraploideum genome, and A.
cyathophorum contributed 0.53—-0.54 of the A. tetraploideum genome (Figure 2C).
Due to the hybrid and polyploidy origin of A. tetraploideum, the SCGs in its
diploid relatives would correspond to multiple copies in A4. tetraploideum. We therefore
generated further homologous gene trees in which only SCGs members of subg.
Cyathophora were present, including between 2 and 4 copies of the same genes for 4.
tetraploideum, to confirm the source of paralogous genes of A. tetraploideum. When all
five species of subg. Cyathophora were included, ~ 90% of all the trees presented two
tree topologies: ~ 53% had the (farreri,(tetraploideum,cyathophorum)) topology, and

~37% had the (cyathophorum(tetraploideum,farreri,)) topology. Nevertheless, the
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remaining ~10% had the topology (tetraploideum(farreri,cyathophorum)) which
indicated that there must be an additional genome source for A. tetraploideum (Figure
2D). The relatively low percentage for the latter tree topology likely resulted from the
misidentification of potential parental progenitors due to missing reference homolog(s)
(Figure S10), meaning that probably much more than 10% of the A. fetraploideum
genome comes from a source other than extant diploid species. When A. mairei or A.
spicatum were removed from the analysis, a similar result was obtained (Figure 2E).
Ks-based genomic divergence and duplication
The Ks-determined interspecific relationships between the four diploid species of subg.
Cytahophora were highly consistent with the phylotranscriptomic results (Figure 1F).
That is, the youngest Ks peak between A. cyathophorum and A. farreri (c. 0.042)
indicated they are the most recently diverged sister species; the intermediate Ks peaks
(c. 0.083-0.086) between A. spicatum and A. cyathophorum - A. farreri, indicated that
the next most recent divergence event was with 4. spicatum; the largest Ks peaks (c.
0.106-0.120) between A. mairei and the other three, denoted the earliest divergence
event, involving 4. mairei (Figure S2). The interspecific divergence ages estimated
from these Ks peaks (ranging between 4.80—1.68 million years ago (Mya); Table S13)
also coincide with those inferred using the constant mutation rate and sequence
variation of chloroplast DNA (ranging between 5.19-2.11 Mya; Figure S4).

We next examined the divergence between paralogs of A. tetraploideum, and that

between homologs of A. ftetraploideum and each of A. cyathophorum and A. farreri,
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based on those clusters that comprised two A. fetraploideum sequences and one from
the diploid (i.e., a ratio of 2:1). Our Gaussian mixture model identified three peaks for
Ks distribution of paralogs of A. tetraploideum (Figures S2 and S11; Table S14),
which were significant according to Sizer tests (Figure S2). Two of these significant
peaks (per Ks distribution) were also confirmed by the Sizer analyses for A.
tetraploideum:A. cyathophorum (2:1) and A. tetraploideum:A. farreri (2:1) homologs
(Figures S9 and S11). The second Ks peak (0.036-0.041) within A. tetraploideum
corresponded closely to the orthologous divergence between A. cyathophorum and A.
farreri (0.042) (Figure S2), and was fairly close to homologous divergence (1:2)
between A. tetraploideum and each of 4. cyathophorum (0.043-0.049) and A. farreri
(0.048-0.049) (Figure 2F). This similarity likely reflects the divergence of these two
species’ subgenome outside of, and then continuing both within and outside of, the
tetraploid A. tetraploideum. Another high peak occurred at 0.066—0.079 within A.
tetraploideum, corresponding probably to a peak of 0.086-0.088 between A.
cyathophorum and A. tetraploideum, and possibly also a 0.100-0.107 peak between A.
farreri and A. tetraploideum (Figure 2F); this might represent the earlier divergence of
an unknown ghost ancestor of A4. fetraploideum from the common ancestor of A.
cyathophorum and A. farreri (Figure 2F). If these values do represent the same peak,
then from this data the predicted ghost lineage might have diverged after 4. mairei
(peaks with A. cyathophorum and A. farreri at 0.106 and 0.112, respectively), but it

might be sister to 4. spicatum (which has peaks with A. cyathophorum and A. farreri
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at 0.083 and 0.086 respectively) (Figure S2), or possibly could have diverged after 4.
mairei but before A. spicatum. The youngest significant Ks peak detected was
(0.025-0.026) in A. tetraploideum, and this might represent divergence of
homologous genes following polyploidization (Figure 2F). However, it also
corresponds closely to a peak of 0.024 in A. tetraploideum vs. A. cyathophorum,
whereas there was no comparable peak in A. tetraploideum vs. A. farreri (Figures S2
and S11); hence a more complex explanation is also possible, involving later gene
exchange with 4. cyathophorum, resetting the clock for genomic divergence on
germplasm newly shared between these species. Hence the three peaks in A.
tetraploideum correspond, in chronological order, to the divergence of (i) the ghost
lineage, (ii) A. cyathophorum from A. farreri, and (iii) subgenomes following
polyploidization and/or possible introgression (Figure 2F).

Population genetic analyses based on multiple loci

We cloned and sequenced nuclear sequences at ten gene loci to obtain haplotypes for
each gene. Our trees for these genes strongly indicated that haplotypes within A.
tetraploideum fall into three categories: those that clustered with A. cyathophorum
haplotypes (Te-Cy), those that clustered with A4. farreri haplotypes (Te-Fa), and those
that clustered with neither, clustering with A. spicatum or not with any species (Te-Gh)
(Figure 3A). The Te-Cy type was present for every gene, with A. tetraploideum
haplotypes nested within A. cyathophorum in each case. The Te-Fa type was present for

six genes, with A. tetraploideum haplotypes being sister to the monophyletic lineage of

26



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

A. farreri in five cases (9266-2, 9360-14, 7214-27, 9341-10 and 9259-23) or nested
within A. farreri in one gene (10076-6). The Te-Gh was present for nine genes, the
exception being 7214-27 (Figure 3A). We found that 6 of the 10 gene trees were
topologically consistent with phylotranscriptomic analyses (Figures 1F and S8)
regarding the relationships of the four diploid species, in which the sequence of
divergence was A. mairei, then A. spicatum and finally A. cyathophorum from A.
farreri. However, A. spicatum was sister to A. cyathophorum or A. farreri in the four
remaining gene trees (Figure S12). Interestingly, when adding haplotype sequences of
A. tetraploideum to sequence file of the four diploids for phylogenetic analyses, the
position of 4. spicatum varied greatly (Figure 3A), likely indicating a close genetic
relationship between A. spicatum and the ghost lineage.

Population genomics analyses based on SLAF-SNPs

Phylogenetic analysis of all SLAF-SNPs suggested that A. mairei was the first
diverging lineage within subg. Cyathophora, with all sampled individuals of the other
four species comprised a monophyletic clade. Within that clade, A. tetraploideum was
separated from the three diploid species, and among those A. farreri and A.
cyathophorum were more closely related to each other than to 4. spicatum (Figure
3B). The F-statistics based on genome-wide SNPs exhibited a high genetic
differentiation (Fsr = 0.344) between A. tetraploideum and A. farreri. However, the
differentiation between A. cyathophorum and A. tetraploideum (Fsr = 0.238) was

similar that between A. cyathophorum and A. farreri (Fsr= 0.268) (Figure 3C). Both
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PCA and Structure analyses suggested that 4. fetraploideum was well differentiated
with the two diploid species, 4. cyathophorum and A. farreri (Figure 3D and 3E).

We further examined the origin of A. tetraploideum based on SLAF-seq site
frequency spectra, comparing 15 models regarding the origin of A. fetraploideum
using coalescence simulation in a composite likelihood framework (Figure S3). The
best-fitting evolutionary model (Table S15) predicted that three hybridization events
had been involved in the origin of 4. tetraploideum plus instances of bidirectional
gene flow (Table S15). Under this model, one assumed extinct diploid lineage (a
‘ghost’) first diverged at ~3.54 Mya (95% confidence interval: 4.04-3.04 Mya), and
the split between A. cyathophorum and A. farreri occurred around 2.87 Mya (95%
confidence interval: 3.52-2.21 Mya) (Figures 3F and S13). These ages coincide with
both Ks-based ages (Table S13) and molecular dating analysis (Figure S4). At ~2.01
Mya (95% confidence interval: 2.92—1.10 Mya), the ghost genome (GG) hybridized
independently with each of 4. cyathophorum (CC) or A. farreri (FF), leading to the
two parental allotetraploids (GGCC and GGFF) of A. tetraploidum. The final
formation of A. tetraploideum involved a third, homoploid hybrid speciation event at
at 0.83 Mya (95% confidence interval: 1.55-0.12 Mya), between the two extinct
allotetraploids (GGCC and GGFF).

GISH and FISH experiments on A. tetraploideum and related species
Our phylogenomics and population genetics/genomics analyses (Figures 2 and 3)

strongly indicated that A. tetraploideum is a tetraploid hybrid species probably
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generated from A. cyathophorum, A. farreri, and one other extinct/unknown diploid
lineage, apparently via two short-lived allotetraploid parents that are also extinct. To
further confirm this likely origin, we carried out GISH and FISH analyses of A.
tetraploideum with gDNAs of the other four diploid species and 45s and 5s rDNAs.
We found that 22 out of 32 chromosomes of A. fetraploideum were labelled by the
gDNA-probes of the four diploid species (Figure 4A), whereas the remaining 10
chromosomes were not (23-32 blue chromosomes; Figure 4A), and showed no
hybridization signs from any extant species. When separately visualizing each of the
four monochromatic images, we observed that gDNAs of A. cyathophorum and A.
farreri respectively hybridized to 16 (red; Figure 4B) and 14 (green; Figure 4C)
chromosomes of A. tetraploideum. However, when these two images were merged, ten
chromosomes were indicated to hybridize to gDNA-probes of both A. cyathophorum
and A. farreri (yellow; Figure 4F). When further merging the remaining two
monochromatic images (Figure 4D and 4E), six of those ten chromosomes (rose-pink;
Figure 4A) were labelled for all four diploid species, indicating that they hybridised
with all of them. Therefore, twelve chromosomes were stained by one species only,
specifically six of A. cyathophorum, four of A. farreri and two of 4. spicatum (Figure
4A).

To test whether the six chromosomes that were labelled for all four species did so
because they derived from the species’ common ancestor, reciprocal GISH analyses

between each diploid species pair were carried out. When gDNA of each species was
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hybridized to its chromosomes, a uniform fluorescence signal was consistently found
across the whole chromosomal complement (Figure S14). However, when we
hybridized gDNA of one species onto the chromosomes of the other congeners with the
blocking DNAs, no hybridization signal was observed. We thus conducted reciprocal
GISH experiments using gDNA of one diploid species to another diploid without the
blocking DNAs. The observed presence or absence of fluorescence on chromosomes
were positively related to interspecific genomic affinities recovered by phylogenomics
or Ks-based divergence (Figures 2 and S2); for example, gDNA of A. cyathophorum
hybridised with eight, six and two from A. farreri, A. spicatum and A. mairei
respectively; while gDNA of A4. farreri hybridized with four and two chromosomes
from A. spicatum and A. mairei, respectively; and gDNA of 4. spicatum hybridized
with two chromosomes of A. mairei (Figure S14).

Our FISH results further showed two pairs of chromosomes with 45S and 5S
rDNA loci for diploid A. cyathophorum and A. farreri, respectively. Only one pair of
45S rDNA (Figure 4G and 4H) loci were found for each diploid species. However, A.
farreri has one pair of telomere 5S rDNA loci (Figure 4H), while two pairs of loci
(Figure 4G) were found for A. cyathophorum in a pair of homologous chromosomes.
In addition, only one pair rather than the expected two pairs of 45S rDNA loci were
found for A. tetraploideum (Figure 41) although both A. farreri and A. cyathophorum

were assumed to be involved in the origin of this tetraploid (Figure 3F). In addition,
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two pairs of telomere 5S rDNA loci were detected in A. tetraploideum (Figure 4I) and

both were highly analogous to those of 4. farreri (Figure 4J).

Discussion

Resolving the ancestry of a current polyploid species is essential to understanding its
speciation history, and offers the potential to detect extinction events among its
ancestors. However, extinct ancestors also make this task extremely challenging. In this
study, we mainly aimed to identify the ancestors and infer the likely speciation pattern
of the alpine tetraploid Allium tetraploideum (2n = 4x = 32), which has distinct
adaptions to high altitude conditions compared to its closely related diploids, A.
cyathophorum and A. farreri (2n = 2x = 16). Our data indicated that both extant
diploids plus at least one extinct lineage might have contributed to the formation of A4.
tetraploideum, and that this origin most likely involved both allopolyploid and
homoploid hybrid speciation although other even more complex scenarios could not
be excluded. In the interpretation that best fits the data, two further polyploid ancestors,
both now extinct, formed A. tetraploideum by homoploid hybrid speciation. Our
results highlight the complexity of the origin of some polyploid species, and suggest
how frequent lineage extinctions may be a part of this process.

The origin of A. tetraploideum involved two extant diploid species plus at least one

extinct diploid lineage
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Based on the maternally inherited chloroplast, A. tetraploideum is sister to the diploid
A. cyathophorum, while A. farreri is sister to A. spicatum (Figures 1E and 2A).
However, phylogenetic analyses of homologous genes comparing A. tetraploideum
with its four closest diploid relatives plus the outgroup, indicated reticulate
relationships, with A. tetraploideum equally linked to 4. cyathophorum and A. farreri,
and less so to other species (Figure 2B and 2C). From this alone, the simplest
explanation would be that 4. fetraploideum is the direct allopolyploid result of A.
cyathophorum % A. farreri with the evolutionary development of some new genomic
characters detected here. However, the involvement of a third, extinct, diploid ancestor,
is supported by the following lines of evidence. First, phylogenetic analyses of
homologs between the diploids and A. tetraploideum revealed topologies in which
some A. tetraploideum homologs formed a clade not close to either of the two
diploids (Figure 2D and 2E), suggesting the involvement of at least one extinct lineage
in the origin of A. tetraploideum (Figure S10). Second, under the single allopolyploid
hypothesis given above, only one genome divergence event, marked by a Ks peak,
would be expected, produced by divergence of the diploid ancestors (later
polyploidization would not provide a second peak because all chromosome sets are
already diverging). However, we identified three significant Ks peaks within the
paired homologs of A. tetraploideum (Figure 2F), of which one (0.036-0.041)
corresponded closely to the homologous divergence (0.042) between A.

cyathophorum and A. farreri, and another younger peak (0.025-0.026) might
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represent polyploidization, but an older (0.066—0.079) peak could only represent
divergence from an earlier diverging, now extinct, ancestor lineage (Figure 2F).
Comparing peaks representing the divergence of 4. farreri + A. cyaphophorum from
A. tetraploideum (~0.096), from 4. mairei (~0.109) and from A. spicatum (~0.085)
(Table S14), suggests that the extinct lineage appears to have diverged after A. mairei
but before 4. spicatum. Our coalescence-based simulations also support this, because
the split of 4. cyathophorum + A. farreri from a ghost progenitor was estimated to
have occurred 3.54 Mya, equivalent to Ks = 0.089 (Figure 3F). Third, phylogenetic
analyses on various nuclear loci, involving multiple individuals and ten cloned
sequences per individual, repeatedly showed admixture of some sequences from A.
tetraploideum with all those of 4. cyaphoporum, whereas other A. tetraploideum
sequences formed one or two clades elsewhere in the tree, most often sister to 4.
farreri, or occasionally closer to 4. spicatum (Figure 3A). Fourth, our
population-scaled genomic data revealed a clearly different genetic complement for A.
tetraploideum when compared with A. cyathophorum and A. farreri (Figure 3B, 3C,
3D and 3E), and the coalescence simulations suggest that this complement might have
been contributed by an unknown ghost lineage (Figure 3F). Fifth, GISH analyses
hybridizing gDNAs of the four diploid relatives onto A. fetraploideum chromosomes,
indicated that its 32 chromosomes were divided into six that hybridized with all the
four diploids, 14 that hybridized with A. cyathophorum and/or A. farreri, two that

hybridized only with A. spicatum, and ten that hybridized with no extant diploids,
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respectively (Figure 4A). Taken together, these lines of evidence seem to suggest that
A. tetraploideum is derived from A. cyathophorum, A. farreri and at least one extinct
lineage.

However, it should be noted that the fast evolution of repetitive sequences at 5S
and 45S rDNA loci and all chromosomes after the origin of the polyploid species may
distort such inference of origin when GISH and FISH results are employed. For
example, in our FISH results, we failed to detect the 5S rDNA loci of A4.
cyathophorum in A. tetraploideum (Figure 4I) in contrast to GISH results and
phylogenomic analyses. However, we detected one more pair of 5S rDNA loci of 4.
farreri in A. tetraploideum (Figure 4]). Despite this, our reciprocal GISH experiments
(Figure S14) between diploid species indicated eight chromosomes of the tetraploid
(six four-fluorochome, 1-6 pale-rose, plus four two-fluorochome, 7-10 yellow, Fig, 4
A) might have been derived from those with the ancestrally shared repeats of the
extant diploids. These results seem to indicate that the diploids A. cyathophorum and
A. farreri must have been involved in the origin of A. tetraploideum as suggested by
phylogenomic data. However, it remains unknown whether fast evolution of these
repetitive sequences or the addition of chromosomes from the extinct lineage was
responsible for the observed inconsistent GISH and FISH results in 4. tetraploideum.
Such a distinction would require further investigations, especially based on the whole

genome sequences of all related species.
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Two allopolyploidizations, one homoploid hybrid speciation event, and three
extinctions?

The possibility that A. tetraploideum is a tetraploid derived from three or more diploid
ancestors implies that its origin might have involved both polyploidization and
homoploid hybrid speciation (HHS) events. Our coalescence simulations indicated
that the simplest pathway for deriving A. tetraploideum from three ancestors would be
for an earlier diverging, extinct diploid to first formed allopolyploids independently
with each of 4. farreri and A. cyathophorum, which is plausible because Tragopogon
dubius did this with T. pratensis and T. porrifolius to respectively form allopolyploids
T. mirus and T. miscellus (Lipman, Chester, Soltis, & Soltis, 2013). Those two
allotetraploids would then have crossed to produce A. tetraploideum by HHS (Figure
3F), as the formation of 7. mirus x T. miscellus (Lipman, Chester, Soltis, & Soltis,
2013). In addition, this scenario would involve only two genomic divergence events:
first the extinct lineage from the others (Ks = 0.066-0.079), and then A.
cyathophorum from A. farreri (Ks = 0.036-0.041). The final hybrid speciation event,
at the homoploid level to generate A. tetraploideum, would create an additional peak
(Ks = 0.025-0.026; Figure 3F) because the genome of the ghost progenitor might
have diverged in each allotetraploid parents via subfunctionalisation or
neofunctionalization (Adams & Wendel, 2005; Doebley, Gaut, & Smith, 2006; Mayer

etal., 2014).
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However, the youngest Ks peak in 4. tetraploideum might instead reflect the
recent transfer of genetic material in either direction with A. cyaphophorum,
following which the newly transferred germplasm would begin to diverge anew from
the donor species. For enough material to be transferred to produce a Ks peak, this
event might be best viewed as a third round of hybrid speciation, meaning this
hypothesis still involves three extinct intermediaries. It is more complex than that
above, nevertheless it cannot be rejected. These are by no means the only possible
routes of origin for A. tetraploideum; other equally or more complex origins are still
possible (Figures S13, SI5 and S16), involving >1 extinct diploid, >3 hybrid
speciation events and/or >1 autopolyploidization events (Figure S16). For example,
hypotheses involving two extinct lineages, one of them forming an allopolyploid with
A. cyathophorum and the other with A. farreri before the two products formed A.
tetraploideum by HHS, equally fits the data (Figure S15). Likewise, we cannot rule
out introgression between any extant or extinct lineages occurring during the process
as inferred by our analyses (Figure S13).

Difficulty in pairing between chromosomes of different species in hybrids can
cause post-zygotic breeding barriers and hence reproductive isolation (RI) (e.g., Ji,
Pertuzé, & Chetelat, 2004; Shibata & Hizume, 2002). HHS tends to occur where the
parent species are more closely related and this barrier, therefore, becomes less strong
allowing chromosomes to pair successfully with their interspecific counterparts (Lee,

Chang, & Chung, 2011). Conversely, allopolyploidization is more likely when RI is
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greater, and chromosomes do not pair well, because following allopolyploidization,
chromosomes from each parent pair with their homolog from the other parent, with
likely diploid-like meiotic behavior and disomic inheritance (Bian et al., 2018; Lloyd &
Bomblies, 2016; Sybenga, 1996). Such a process has been demonstrated before
(Lipman et al., 2013; Lloyd & Bomblies, 2016) and under this scenario, A.
tetraploideum would have had strong RI from its alllotetraploid parents almost
immediately, because such disomic shifts may quickly occur after hybrid formation
This might have resulted in an incomplete haploid chromosomes originating from A.
cyathophorum and/or from A. farreri, under which homologous chromosome pairing
from any back-cross in either direction would have been broken.

All possible scenarios of the origin for A. tetraploideum involve multiple
instances of hybrid speciation, polyploidy, and extinction of intermediary taxa (Figure
S16), but our data can only inform us further about the first two; extinct lineages
leave behind no trace of why they disappeared. Likely reasons involve each ghost
lineage being outcompeted by its descendants, and/or failing to adapt to geological
changes and the strong Pleistocene climatic oscillations in the high-altitude QTP (Liu,
Sun, Ge, Gao, & Qiu, 2012). Conversely, the success of A. tetraploideum might reflect
its fitness advantage, aided by transgressive traits (Soltis et al., 2016), and epistatic
benefits from combining genomes (Adams & Wendel, 2005; Fawcett, Maere, & Van
De Peer, 2009; Van De Peer, Mizrachi, & Marchal, 2017). However, in lineages that

lack a fossil record, extinction events are often impossible to detect, especially as recent
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research shows that birth-death models for phylogenies cannot distinguish between
scenarios with high, low or zero extinction rates (Louca & Pennell, 2020). Our results
seem to tentatively demonstrate that unravelling the origin of complex allopolyploids
provides an alternative means of demonstrating that lineages might have existed then
gone extinct. By combining multiple lines of evidence, our results showed that the
small subgenus Cyathophora seems to have once contained three additional extinct
lineages as well as five living ones (Figure 3F); hence >37.5% of its lineage diversity
might be extinct. In the other documented case of a species (e.g., Paeonia officinalis)
derived by HHS from allopolyploid parents, only one extinct ancestor (a diploid) could
be confidently inferred (Ferguson & Sang, 2001). Similar phylogenomic and
population genetic analyses presented here may shed light on complex origins of the
other genera with polyploids and/or individual species derived by allopolyploidization
events. For now, we can say that hybrid species, especially those with complex
histories, might provide another likely means besides fossils for generating possible

evidence for the existence of now extinct lineages.
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Figure Legend

Figure 1 Distribution, morphology and phylogenetic relationship of Allium
tetraploideum. (A-B) Distribution and morphology of A. tetraploideum, A.
cyathohorum, and A. farreri in the Qinghai-Tibet Plateau (QTP). (C-D) The
significantly larger stomata and seeds of A. tetraploideum compared to A.
cyathophorum and A. farreri. (E) Phylogenetic relationship of A4. tetraploideum in the
genus Allium based on chloroplast genomes and transcriptomes respectively. *
indicates branches with bootstraps <70%; all others have >95% support.

Figure 2 Phylogenetic relationships and polyploid origin of Allium tetraploideum
inferred from chloroplast genomes and transcriptomes. (A) A phylogenetic tree of
subgenus Cytahophora based on chloroplast genomes, with shared single nucleotide
polymorphisms (SNPs) between A. tetraploideum and the others are indicated, as well
as those between A. caythophorum and the other diploid species. (B) The integrated
single copy gene (SCG) trees with bootstrap supporting values >70%. (C)
PhyloNet-based network for A. fetraploideum and two potential parents based on the
540 SCG trees and 807 SCG trees. (D—E) Tree-topology statistics when examining
different species (as indicated in (B)) of the subgenus with different homologs of A.
tetraploideum and SCG of the diploids using Twisst. (F) Integrated density plots of Ks
values of paralogs of A. tetraploideum and homologs of A. tetraploideum - A.
cyathophorum (2:1) and A. tetraploideum - A. farreri (2:1). Ks peak (0.042) between A.
cyathophorum and A. farreri is indicated in blue. The two grey rectangles indicate two
shared Ks peaks (0.066—0.107 and 0.036—0.049) among all compared Ks plots. A third
Ks peak only found in 4. tetraploideum is at 0.025-0.026.

Figure 3 Evolutionary origin of A. tetraploideum based on population genetic
analyses of Sanger sequences at multiple loci and SLAF-seq data. (A)
Maximum-likelthood (ML) trees of 10 nuclear genes. (B) ML tree for subg.
Cyathophora using SLAF-seq SNPs. The colors of lines in A and B denote the same
species. The numbers at nodes indicate bootstrap support values. (C) Genetic
differentiation (Fs7) within each species and between each of the three species pairs
based on SLAF-seq SNPs. (D) PCA plot based on SLAF-seq SNPs among all
individuals of A. cyathophorum, A. farreri and A. tetraploideum, with the first two axes
(PC1 and PC2) explaining 10.43% and 4.46% of the variation, respectively. (E)
Population structure of the three species based on SLAF-seq SNPs with K = 3. The bars
represent the sampled individuals, and the colors of bars indicate assignment
probabilities. (F) The best-fitting evolutionary model among A. cyathophorum (CC), A.
farreri (FF), and A. tetraploideum (CFGQG) using Fastsimcoal2, with the participation
of a ghost lineage (GQG). The inferred split ages are shown in circles in units of millions
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of years before present. The red and green labels indicate the extant 4. cyathophorum
and A. farreri, and blue label and red “X” indicate the extinct lineages.

Figure 4. GISH and FISH analyses on the mitotic chromosomes of A.
tetraploideum (2n = 4x = 32) and related extant diploids. (A) Four-fluorochrome
GISH with gDNAs of the four extant diploid species (2n = 2x = 16) probed onto the
chromosomes of A. tetraploideum, showing 22 chromosomes stained: chromosomes
1-6 (pale-rose) = four diploid species; chromosomes 7-10 (yellow) = A. cyathophorum
+ A. farreri; chromosomes 11-16 (red) = 4. cyathophorum, chromosomes 17-20 (green)
= A. farreri and chromosomes 21-22 (greenish-yellow) = 4. spicatum. (B—E) Separate
monochromatic images from (B) A. cyathophorum (stained red), (C) A. farreri (stained
green), (D) A. spicatum (stained greenish-yellow) and (E) A. mairei (stained rose). (F)
Merging two-monochromatic images from 4. cyathophorum and A. farreri with ten
chromosomes (yellow) both stained by A. cyathophorum + A. farreri. (G-J) FISH with
45S rDNA probes (green) and 5S rDNA probes (red) in (G) A. cyathophorum, (H) A.
farreri and (I) A. tetraploideum, and (J) their karyotypes. Scale bar is in 10 um.
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Supplementary Material

Figure S1 Cytology and sequencing sampling of the species within subg.
Cyathophora.

Figure S2 Gaussian mixture model (top) and SiZer results (bottom) for Ks
distributions.

Figure S3 Schematics of the 15 different demographic models analyzed using
Fastsimcoal2.

Figure S4 Molecular dating analysis of subg. Cyathophora with a constant mutation
rate.

Figure S5 Niche estimations for A. tetraploideum, A. cyathophorum and A. farreri.
Figure S6 Density plots for A. tetraploideum, A. cyathophorum and A. farreri using
each bioclimatic variable.

Figure S7 Comparisons of seed germination and seedling length.

Figure S8 Coalescence tree of Allium based on CDs extracted from transcriptomes.
Figure S9 Previous reports on the population genetics of subg. Cyathophora.
Figure S10 Hypothesized phylogenetic relationships between the two extant species
and one extinct progenitor of 4. tetraploideum.

Figure S11 Density plot of Ks values using R mclust package.

Figure S12 Phylogenies among the diploid species of subg. Cyathophora for ten genes.
Figure S13 The best fitting model for the origin of A. tetraploideum.

Figure S14 Reciprocal GISH patterns between the diploids of subg. Cyathophora.
Figure S15 Inferring chromosomal constitutions using GISH and FISH results.
Figure S16 Origin pathways of the tetraploid A. fetraploideum from two current
species and at least one extinct diploid lineage.

Table S1 Sampling information.

Table S2 Detailed information for 47 vetted localities for 4. tetraploideum, A.
cyathophorum and A. farreri.

Table S3 Bioclimatic variables extracted from World-Clim data set.

Table S4 The principle components (PC) loading scores.

Table SS GenBank accession numbers for 48 chloroplast genomes.

Table S6 GenBank accessions of transcriptomes used in this study.

Table S7 Bayesian Information Criterion (BIC) values to Ks distribution by Mclust.
Table S8 Primer information for 10 gene loci and their amplified protocols.

Table S9 ANOSIM and ADONIS?2 tests for the three species along different factors.
Table S10 Comparisons of seed germination percentage and rate and seedling length
for A. tetraploideum, A. cyathophorum and A. farreri.

Table S11 Tree topologies within the single copy gene trees.

Table S12 Genome networks using single copy gene trees in PhyloNet.

Table S13 The divergence time estimation based on the Ks peak values.

Table S14 Gaussian mixture modeling and SiZer results for Ks distributions by species
to species.

Table S15 The best-fitting model parameters.
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