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The probability of parallel genetic evolutionis a function of the strength

of selection and constraints imposed by genetic architecture. Inversions
capture locally adapted alleles and suppress recombination between them,
which limits the range of adaptive responses. In addition, the combined
phenotypic effect of alleles within inversions is likely to be greater than
that of individual alleles; this should further increase the contributions
ofinversions to parallel evolution. We tested the hypothesis that
inversions contribute disproportionately to parallel genetic evolutionin
independent dune ecotypes of Helianthus petiolaris. We analysed habitat
dataandidentified variables underlying parallel habitat shifts. Genotype-
environment association analyses of these variables indicated parallel
responses of inversions to shared selective pressures. We also confirmed
larger seed size across the dunes and performed quantitative trait locus
mapping with multiple crosses. Quantitative trait loci shared between
locations fell into inversions more than expected by chance. We used
whole-genome sequencing datato identify selective sweepsin the dune

ecotypes and found that the majority of shared swept regions were found
within inversions. Phylogenetic analyses of shared regions indicated that
withininversions, the same allele typically was found in the dune habitat at
bothsites. These results confirm predictions that inversions drive parallel

divergenceinthe dune ecotypes.

Parallel evolutionis the repeated evolution of the same phenotype or
genotypeindifferent populations' . Althoughitis clear that organisms
experiencingsimilar selective pressures often display parallel pheno-
typic changes*®, less isknown about the extent of parallel evolution at
the genomic level. Theoretical studies have shown that the probabil-
ity of parallel genetic evolution increases with the strength of selec-
tion, decreases with the number of possible alleles and is particularly
likely to occur for genes with large phenotypic effects””. Therefore,
architectures that limit genetic variability, or the independence of

this variability, will reduce the number of possible adaptive solutions,
thereby increasing the repeatability of evolution.

Chromosomal inversions have received much recent atten-
tion as important genomic architectures facilitating adaptation
and speciation'2, By capturing favourable alleles and suppressing
recombination between them, inversions are thought to permit local
adaptation in the presence of gene flow. However, because locally
adapted alleles are tightly linked to the inversions, the range of adaptive
responsesis limited when populations encounter anew environment”.

A full list of affiliations appears at the end of the paper.

e-mail: kaichi.huang@botany.ubc.ca; kostevik@ucr.edu

Nature Ecology & Evolution | Volume 9 | February 2025 | 325-335

325


http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-024-02593-4
http://orcid.org/0000-0002-0378-5988
http://orcid.org/0000-0002-2197-9284
http://orcid.org/0000-0003-1844-1464
http://orcid.org/0000-0002-6227-4096
http://orcid.org/0000-0003-0099-8336
http://orcid.org/0000-0002-4019-5215
http://orcid.org/0000-0002-2712-2417
http://crossmark.crossref.org/dialog/?doi=10.1038/s41559-024-02593-4&domain=pdf
mailto:kaichi.huang@botany.ubc.ca
mailto:kostevik@ucr.edu

Article

https://doi.org/10.1038/s41559-024-02593-4

a b
% ‘
3 i K
0.05 ~ L Y 2 y = Dune GSD
an® 9 Dune MON
Non-dune GSD
. = 1 . u Non-dune MON
R o - » Dune GSD S Grass
o Non-dune GSD N u
= Dune MON S oo
N
8 Non-dune MON O o Cover
a _ i Non-dune shared &
0.05
-1 P
[}
-2 T T T T T T T
-0.10 4 ‘5 -2 -1 (0] 1 2 3 4 5
‘ ‘ ‘ ‘ ‘ PC1(36.2%)
-0.05 (0] 0.05 0.10
PC1(1.87%)

Fig.1| PCA of genomic and habitat datafor dune and non-dune ecotypes of
H. petiolaris ssp. fallax. a, PCA of 259 samples of H. petiolaris ssp. fallax using
WGS data. The shared non-dune samples are samples from non-dune populations
located more than 100 km away from either location. b, PCA of the habitat

characteristics for each site. The arrows represent the relative contributions of
percent ground cover (Cover), percent ground cover made up of grass (Grass),
nitrogen (N), calcium (Ca), phosphorus (P), magnesium (Mg) and potassium (K)
for each site measured.

Moreover, the combined phenotypiceffect of alleles withininversions
islikely to be greater than that of individual alleles'®*. Therefore, inver-
sions should increase the likelihood of parallel genomic evolution in
different populations. Although inversions have been associated with
traits and lociinvolved in parallel evolution in various taxa® ", whether
inversions have contributed disproportionately to parallel genetic
evolution has not been formally tested.

We explored the role of inversions in parallel genetic evolution by
studying two dune ecotypes of prairie sunflower, Helianthus petiolaris
ssp. fallax, that inhabit active sand dunes in the Great Sand Dunes
National Park and Preserve (GSD), Colorado, and around Monahans
Sandhills State Park (MON), Texas'®?°. The dunes at GSD are charac-
terized by lower nitrogen levels and lower vegetation cover than the
surrounding sand sheet'®. The dunes at MON probably share these
features but have not been thoroughly surveyed. The dune ecotype
inGSD hasbeen shown to have seeds that are three times heavier than
the non-dune ecotype at the same location, a trait that contributes
importantly to dune adaptation®. The plants from the dunesin MON
also tend to have large seeds”, but the adaptive relevance of this trait
hasnot been systematically investigated at this location. Demographic
analyses have suggested recent origins of the dune ecotypes and sub-
stantial gene flow between dune and non-dune ecotypes in GSD and
MON"™?°, However, there is no evidence of direct gene flow between the
two dune ecotypes. Previous studies have identified large inversions in
H. petiolarisssp.fallax segregatingin one or both of the dune ecotypes
(Supplementary Table 1) and found that several of these inversions are
associated with seed size, flowering time and soil fertility**?, sugges-
tive of arole of inversionsin controlling locally adapted traits. Here, we
used diverse comprehensive datasets across the habitats to examine
the extent of parallelism and how inversions respond to similar environ-
ments and contribute to phenotypic shifts in the two dune ecotypes
(Extended DataFig.1). We paired newly collected habitatinformation
with newly generated genotyping-by-sequencing (GBS) data across
populationsin MON and performed genotype-environment associa-
tion (GEA) analyses to test whether inversions were associated with
shared selective pressures in MON and GSD. We then systematically
investigated seed size of dune and non-dune populations in MON
and conducted quantitative trait locus (QTL) mapping to identify the
geneticregions underlying seed size differencesin both GSD and MON.
Last, we made use of the available whole-genome sequencing (WGS)
datafor wild sunflowers and applied population genomics approaches
to identify selective sweeps (loci under positive selection) shared by
the dune ecotypes to test the hypothesis that inversions contribute
disproportionately to parallel genetic evolution. The phylogenetic

relationships of the shared regions were also examined to understand
the source(s) of genetic variation that contribute to parallel genetic
evolution.

Results and discussion

Independent origins of the dune ecotypes

To assess patterns of genomic divergence of the dune ecotypes, we
used a WGS dataset of 259 H. petiolaris from previous studies?**.
In a principal component analysis (PCA) based on 387,619 unlinked
single-nucleotide polymorphisms (SNPs) in this dataset, dune and
non-dune samples from the same location clustered together,
implying independent origins of the dune plants (Fig. 1a). This pat-
tern was also supported by a neighbour-joining tree of the samples
(Supplementary Fig.1).

Parallel habitat shifts in dunes

We quantified environmental parallelism between the dune and
non-dune habitats at each location. Contrary to the results based on
genetic data, PCA on all seven soil and vegetation-related variables
across the two locations revealed that the first axis of environmen-
tal variance (PC1) separated dune and non-dune habitats (Fig. 1b).
PC2 mostly separated the dune sites from the two locations, but the
non-dune sites clustered together along this axis. At both locations,
non-dune sites had significantly higher levels of plant cover, total nitro-
gen, phosphorous and calcium. Inaddition, the non-dune sites at MON,
but not GSD, had significantly higher levels of grass cover, potassium
and magnesium (Fig. 1b and Supplementary Table 2).

Parallelismin GEA

To compare GEA patternsin the dunes at MON with previous results for
thesamples at GSD*, we generated new GBS data for awide collection
of samples (Supplementary Table 3) and performed SNP calling and
GEA analyses for eight variables: percentage cover, percentage cover
that is grass, percentage cover of sunflowers, nitrogen, phosphorus,
potassium, magnesium and calcium?® (Methods). In the GEA of MON
samples, we found multiple large genomic regions with consistently
high association, most of which overlapped with the inversions (Sup-
plementary Figs.2-9).

We compared the GEA results from MON with those in GSD for
the same variables. To assess genomic parallelism, we summarized
theresults of SNPsin non-overlapping windows of 0.025 cMand com-
pared the observed parallel windows against randomly permuted null
distributions® (Methods). A total of 123 ecotype-associated windows
(Nexp =11.8297; P<1x 107) were shared between the two locations
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Fig.2| GEA of the inversions in H. petiolaris ssp. fallax. For each variable, coloured circles indicate significant associations of the inversions in GSD (red), MON (blue)

or both (purple). Names of inversions are consistent with those used in ref. 22.

(Extended Data Fig. 2). All of the parallel windows were found within
inversions pet09.01 and petl1.01. For individual environmental vari-
ables, we observed significantly more parallel windows than expected
for five environmental variables (plant cover, grass cover, total nitro-
gen, phosphorus and potassium; Extended Data Fig. 2).

To determine the possible role of inversions themselves in the
evolution of the dune ecotypes, we also genotyped all 11 inversions
found in H. petiolaris ssp. fallax using a supervised machine learning
algorithm and performed GEA analyses in which putative inversions
were treated as single biallelic loci. We used inversion genotypes from
427 WGS samples of H. petiolaris® as training sets and extracted all
shared SNPs between the GBS samples of GSD and MON and the WGS
samples within each inversion as predictor variables. This circum-
vented the issue of low SNP density in the window-based analysis. In
total, we obtained 48-377 overlapping SNPs between the GBS and the
WGS dataset for eachinversionin GSD and 51-631 SNPs in MON. After
training, the out-of-bag error rates of the models were generally lower
than 5%, except for pet07.01and pet17.03in GSD, for which the numbers
of overlapping SNPs were small (Supplementary Table 4).

Results from the GEA of inversions were generally correlated well
with those for the SNPs inside them (Supplementary Figs. 2-9). When
comparingtheresults for MON and GSD, we found that three inversions
(pet05.01, pet09.01 and pet11.01) were associated with dune ecotypes
inboth GSD and MON (Fig. 2 and Supplementary Fig. 2). However, five
inversions were associated with dune ecotypesin only one of the loca-
tions: pet07.01, petl7.01and pet17.03 with dunes at GSD; and pet10.01
and pet14.01with dunes at MON (Fig. 2 and Supplementary Fig. 2). For
individual environmental variables, the three inversions that were
associated with dune ecotypesinboth locations were also associated
with cover, nitrogenand phosphorusinbothlocations, whereas these
inversions were associated with potassium and magnesium only in
MON (Fig.2 and Supplementary Figs.2-9). These results were consist-
ent with the PCA of environmental variables, in which cover, nitrogen
and phosphorus contributed to the parallel habitat shift of the dune
and non-dune habitats, whereas potassium and magnesium only varied
across habitat types at MON, suggesting parallel responses of chromo-
somalinversionsto shared selective pressures. Calcium, another varia-
ble that showed parallel shifts betweenthe dune and non-dune habitats,
was associated with pet05.01 at both locations but with pet09.01 only
at GSD and pet11.01 only at MON, probably owing to generally weaker
associations with this variable, possibly coupled with genotyping error
of the inversions. Besides these parallel associated inversions, five

otherinversions that were associated with dunes in only one location
were also associated with several or all environmental variables at the
correspondinglocation. For instance, in GSD, pet07.01 was associated
with cover, nitrogen, phosphorus, potassium and magnesium; and
petl7.01and pet17.03 were consistently correlated with cover variables
in GSD. For MON, pet10.01 probably contributes to adaptation to low
nitrogen, potassium and magnesium content in the dunes, whereas
petl4.01 was strongly associated with all variables tested.

Parallel genetic changes underlying seed size differences

We examined whether similar shifts in seed weight had taken place
in dune ecotypes in MON by investigating plants in natural popula-
tions (Supplementary Table 3) and in a common garden. Dune seeds
were on average 3.9 mg heavier than non-dune seeds (likelihood ratio
(LR)=30,d.f.=1,P<0.001) across both experiments (ecotype x experi-
ment interaction was not significant; LR=2.4,d.f.=1, P=0.12), and
seeds collected from natural populations were 2.4 mg heavier than
those collected under common greenhouse conditions (Fig.3;LR=12,
d.f.=1,P<0.001). The substantial difference inseed sizein dune versus
non-dune populations of MON was consistent with the seed size dif-
ference in GSD?, suggesting that natural selection is responsible for
larger dune seeds”>.

We made two mapping populations for each location by recip-
rocally crossing a large-seeded dune individual with a small-seeded
non-dune individual (Supplementary Tables 3 and 5). In all cases, F,
plants produced intermediate seed sizes, and each F, mapping popu-
lation produced a roughly normal distribution spanning most of the
variation between the grandparent populations (Extended Data Fig. 3).
Cytoplasmtype did not have a detectable effect on seed size except for
the GSD1F,s, for which there was an extremely minor effect (Extended
DataFig.3 and Supplementary Table 6).

We analysed F, samples using a selective genotyping approach*
and found many genomic regions that were overrepresented in
large-seeded plants (Extended Data Fig. 4), consistent with seed size
being highly polygenic”~*2. These regions were more likely to be from
the dune parent than the non-dune parent in each mapping population
(P<0.001; Extended DataFig. 4). The strongest signals were generally
found within inversions, such as pet11.01 in cross GSD2 and pet14.01
incross MON2 (Extended Data Fig. 4); these inversions are likely to be
large-effect QTL that maintain trait divergencein the face of substantial
gene flow®. We also inferred the inversion genotypes of the samples
using the same algorithmasin GEA analyses. Despite fewer overlapping
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Fig.3|The weight of seeds produced by MON plants in natural populations
and growninacommon garden. Each point represents the average seed weight
of anindividual plant based on at least five seeds. Lines with error bars represent
the mean and 95% confidence intervals of the seed weight produced by plants
from each habitat type grown under different conditions.

SNPs between the GBS and the WGS data and higher out-of-bag error
rates than those in GEA analyses (Supplementary Table 7), we found
that pet09.01 and pet11.01 showed significant frequency differences
between large-seeded samples and small-seeded samples in MON]1,
whereas pet07.01, pet10.01 and pet14.01 were detected in MON2. In
GSD mapping populations, pet11.01was the only inversion that showed
asignificant association (Extended Data Fig. 4).

By summarizing genotypes in windows of 1,000 variants and
conducting randomization tests, we found that QTL with significant
seed size associations fell into the inversions more than expected by
chanceinall four mapping populations (Extended Data Figs. 4 and 5),
and that more significant QTL windows were shared than expected by
chance in pairs within and between locations (Table 1 and Extended
DataFigs. 4 and 5). The extent of parallelism within versus outside the
inversions varied for each pair of mapping populations from different
locations. However, in three of the four pairs, there was significantly
more parallelism within versus outside the inversions (Table 1 and
Extended Data Fig. 6), suggesting that the inversions (in particular,
pet05.01, pet09.01, petll.01and petl14.01) disproportionally contribute
to parallel shifts in seed size.

Althoughinversions displayed the strongest signalsin our analysis
of seedsize, the levels of associations for mostinversions varied among
the crosses. There are multiple explanations for this. First, although
several inversions probably contained genes for seed size, selective
genotyping may have biased QTL detection towards the largest effect
allele that was segregating in each population. A second issue is that
the F,mapping populations were monomorphic for certaininversions
(Extended DataFig. 4). This was because the crosses were made before
we were aware of the existence of segregating inversions. However,
evenformonomorphicinversions, we sometimes found an association
withseedsize.Forexample,inMON1, SNPs within theregion of pet05.01
showed significant frequency differences between large-seeded and
small-seeded samples, even though the inversion was not segregating
in the mapping population. Thus, some of the loci for seed size could
stillmake substantial contributions without the presence of inversions,
as hasbeen demonstrated previously in Helianthus*. Regardless of the
cause, we still found more shared QTL windows within the inversions.

Disproportionate contribution of inversions to parallel
adaptive divergence

We identified selective sweeps in each of the dune ecotypes using
three approaches that take advantage of different characteristics of
genetic polymorphisms. For the composite likelihood ratio (CLR)

statistic computed using SweepFinder2 (ref. 35), we obtained a total
of 3,909 outlier regions in GSD and 8,960 in MON. Using the other
two approaches that compared dune and non-dune populations, we
found 7,159 and 7,742 outlier regions of reduction of diversity (ROD)
and 5,907 and 4,569 outlier regions of Fg;, in GSD and MON, respec-
tively. We found 652 and 851 selective sweep regions supported by all
three statistics in GSD and MON, averaging 145,339 base pairs (bp) and
46,515 bp, respectively.

After searching for regions that were shared between the two
locations, weidentified 56 parallel regions across these independently
derived ecotypes. Among the parallel regions, 44 regions covering
38.7 Mbp were found to reside within known inversions (Fig. 4), with
several large regions covering substantial proportions of inversions
petll.01, pet17.01 and pet17.03, and a number of scattered regions
found ininversion pet09.01. This is consistent with previous findings
of high sequence divergence associated with inversions in the dune
ecotypes’***¢, By comparing the number and length of parallel regions
withininversions withthe null distribution from permutations, we also
found significant enrichment of parallel regions in three inversions
that showed parallel divergence between GSD and MON (pet05.01,
pet09.01and petl11.01; P <1x 10™* for number of regions,and P= 0.024
for total length). The enrichment remained significant for number of
regions when testing on all inversions (P<1x10™*), but not for total
length (P=0.17). After linkage disequilibrium (LD) pruning with a 95%
threshold of the genomic null distribution, we kept 37 regions and still
foundsignificantenrichment of parallel regions in pet05.01, pet09.01
and pet11.01(P<1x10™*for number of regions, and P=0.003 for total
length) and across all inversions (P <1x 107 for number of regions,
and P=0.018 for total length). This indicates a disproportionate con-
tribution of these three inversions to parallel genomic divergence of
GSD and MON.

A general caveat for interpreting our results is that because of
the block inheritance of inversions, parallel adaptation on any gene
within an inversion could leave an inversion-wide signal. This could
increase thelikelihood of detecting the signature of parallelism, as well
asthe number and length of parallel regions®. Although this may have
contributed tothelargeinversionsignal reported here, there were also
several large clusters of swept regions outside the inversions seen in
each location, such as those found near the middle of chromosomes
2and10in GSD, and in the middle of chromosome 12 and at the distal
end of chromosome 16 at MON (Extended DataFig. 7). This clustering
could beviewed as evidence of ‘divergence hitchhiking’, in which new
locally adapted mutations establish preferentially in physical link-
age to already diverged genes, thereby generating genomic islands
of differentiation®**°, However, there may be more prosaic reasons
for these clusters. The mid-chromosome swept regions in GSD were
in areas of low recombination, which probably explains their large
size. The clusters of swept regions on chromosomes 12 and 16 were
coincidentwith a translocation between the two chromosomes, which
appears to be polymorphic at MON*. Significantly, unlike inversions,
the low recombination regions on chromosomes 2 and 12 (and else-
where in the genome) did not show a strong signature of parallelism.
Likewise, despite the large number of chromosome translocations
differentiating sunflower taxa*, translocations do notappear to have
contributed to parallel genetic evolution in the dune systems analysed
here. Thus, inversions stand out as one of the most influential genetic
architectures facilitating parallel genetic evolution.

Despite the disproportionate contribution of inversions to parallel
genetic evolution overall, not all showed signals of parallel adaptive
divergence. Althoughinversion pet05.01 was found inboth dunesand
displayed associations with all variables in MON in GEA analysis, its
frequency wasrelatively lowerinthe MON dunes (Extended Data Fig. 8);
thus, itdid not show adetectable signal in the WGS dataset, which had
fewer samples from this region. Likewise, pet14.01 increased signifi-
cantly in frequency in the dunes in one location but only marginally
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Table 1| The extent of shared windows between seed size QTL in pairs of mapping populations

Significance of tests for more shared windows than expected by chance

Presence of shared windows inside specific inversions

Overall Withininversions Outside inversions Within versus pet05.01 pet09.01 pet11.01 pet14.01
outside
MONT1 versus MON2 <0.001 0.539 0.400 0.376 Yes Yes Yes Yes
GSD1versus GSD2 ~ <0.001  0.020 0.019 0.064 Yes Yes Yes
MONT1 versus GSD1 ~ <0.001 0.007 0.290 0.010 Yes Yes Yes Yes
MON1 versus GSD2  <0.001 <0.001 <0.001 <0.001 Yes Yes Yes
MON?2 versus GSD1 ~ <0.001 0.014 0178 0.020 Yes Yes Yes Yes
MON2 versus GSD2 0175 0.521 0.958 0.487 Yes Yes
Names of inversions are consistent with those used in ref. 22.
" B N = el el | This was consistent with previous discoveries that the dune haplo-
| Il [ types ofthese inversions probably originated viaintrogression with an
unknown and possibly extinct donor species®. Regardless of the donor,
(N AL L (LRI IR R RN the same haplotypes of these inversions were targeted by selection
1l TR T T e Y | T at the two sites, indicating parallel evolution of the inversions from
standing genetic variation. The dune-adapted inversions were prob-
A ably introduced to the species before the establishment of the GSD

Chromosome

Fig. 4 | Parallel regions in GSD and MON. Selective sweep regions and
overlapping regions (parallel regions) are indicated by bars of different colours:
red, GSD; blue, MON; purple, parallel regions. Parallel regions of less than1 Mbp
arerepresented by thicker bars for better visualization. Black bars show the
locations of large non-recombining haplotype blocks (mainly due to inversions)
identified in ref. 22 that are polymorphic within H. petiolaris ssp. fallax.

in the other (Extended Data Fig. 8). The inversion clearly facilitates
ecological divergence in MON according to GEA, QTL and selective
sweep analyses but was at very low frequency in GSD**?, The lack of
parallelism for these inversions might be due to environmental differ-
ences between GSD and MON such as relative magnesium and potas-
sium content (Fig. 1b), dune size, dune height, temperature and biotic
communities. These differences may generate differences in selective
pressuresontheseinversionsbetween the twosites. Another possibility
isthattheinversion haplotypesfoundin GSD and MON no longer share
the same adaptive variants, leading to different responsesto selection.

Sources of parallel regions

Knowing the source(s) of genetic variation giving rise to parallel
sweeps isimportant to interpret patterns of genomic parallelism. We
conducted phylogenetic analyses for 12 parallel regions that contain
sufficient numbers of SNPs for reliable phylogenetic reconstruction
(6 within and 6 outside of inversions). For most regions outside of
inversions, the dune samples from each site were closest to those from
local non-dune populations, and the alleles found in the dunes likely
originated from intraspecific genetic variation (Fig. 5). This suggests
thatthealleles foundinthe dunes wereindependently drawn fromthe
non-dune populations in each of the dune ecotypes. In some regions
outside of inversions, such as a region found on chromosome 7, the
dune samples at MON showed deep divergence with other samples
from the same species, suggesting the dune allele may come from
introgression from another species, while the one at GSD arose from
within H. petiolaris (Fig. 5).

For all regions within inversions (except pet16.02), we consist-
ently found strong support for parallel evolution of the same dune
haplotypes in GSD and MON (Fig. 5). In the parallel regions, the
dune haplotypes of the inversions were often found to group with
H.petiolarisssp.petiolaris,suggesting the existence of thisadapted dune
haplotypeinthe other subspecies. The results of theregionininversion
petl7.03indicated amore ancient origin of the dune haplotypes (Fig. 5).

and MON populations, segregating at low frequency in the non-dune
habitat* and raised to high frequency in parallel by natural selection
inthe dunes. Selected alleles at the same loci in different populations
could have multiple independent mutational origins**~** or could
arise by selection on the standing variation present in the ancestral
populations**¢, In contrast toindependent de novo mutation, adapta-
tion fromstanding genetic variation is likely to be rapid*. The retention
of inversion polymorphisms within H. petiolaris might have provided
adirectly available pool of adapted alleles for the dune environment,
which promoted the reuse of these inversions in each site. As these
inversions may represent ancient introgressions?, these alleles might
have been pretested by selectionin past environments, further increas-
ing the probability of parallel evolution.

Conclusions and future directions

Frequentreuse of inversions during the repeated colonization of dune
habitats suggests strong biases and constraintsin adaptive evolution.
Through comprehensive sampling across habitats and genetic map-
ping, our GEA and QTL analyses demonstrated that these inversions
containlocally adapted alleles of multiple ecologically relevant traits.
By maintaining genotypic combinations at loci affecting adaptation,
inversions limit the genetic options for local adaptation, thereby
increasing the potential for parallel genetic evolution™. Furthermore,
the combined phenotypic effect of allelesin aninversionis likely to be
larger than that of individual alleles, increasing the likelihood of inver-
sions being established by natural selection and maintained under
gene flow selection balance®**%, In our GEA and QTL analyses, the
strongest associations were usually found at SNPs within inversions
or with the inversions themselves, indicating that these inversions
are major contributors to adaptation to low vegetation cover and lack
of nutrients in the dunes, consistent with theoretical predictions of
parallel genetic evolution. Overall, we show that inversions are more
strongly involved than the rest of the genome in GEAs, the genetic
basis of alocally adapted phenotype and selective sweepsinthe dune
ecotypes. Together, these results show that inversions are dispropor-
tionally responsible for the parallel adaptation of sunflowers to two
dune habitats.

Notably, our phylogenetic analyses showed that although shared
sweeps within inversions were mostly parallel in the strictest sense
(thatis, swept haplotypes within theinversions derived from the same
ancestral source), this was generally not the case for shared sweeps
outside of the inversions, which mostly derived from different variants
found inthe local non-dune population (Fig. 5). This suggests that we
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Fig. 5| Topological weighting of parallel regions. a-1, Ha412HOC
hr09:107701884-116410572 (a), Ha412HOChr11:5890343-5916951 (b),
Ha412HOChr11:59695130-62373169 (c), Ha412HOChr16:140217167-142747183
(d), Ha412HOChr17:19185748-19215393 (e), Ha412HOChr17:190415052-
191878407 (), Ha412HOChr02:82397894-82927898 (g), Ha412HOChr04:
91990564-139990182 (h), Ha412HOChr06:101167874-106607943 (i),
Ha412HOChr07:68115435-68247437 (j), Ha412HOChr12:96918451-97184453
(k), Ha412HOChr13:105437209-105575210 (I). Regions are grouped by their

positions relative to inversions. The tested scenarios regarding the source(s) of
dune-adapted variation are displayed on the right: habitat, indicative of parallel
genotypic evolution (blue); geography, indicative of non-parallel genotypic
evolution (green); other (purple); within-species diversity (red); introgression/
ancient variation (orange); subspecies introgression (yellow). The genomic
positions of the parallel regions (red triangles) and the inversions (black bars) are
shown at the bottom.

might be underestimating the extent of parallelism within inversions
compared with other regions of the genome.

Workinother systems has also found evidence that inversions play
aroleinparalleladaption (forexample, refs. 49-51). However, thisis not
auniversal pattern®>**, For systems where parallel reuse of inversions in
repeated adaptation has been observed, analyses similar to those that
we conducted here would offer stronger support for the importance
of inversions in adaptive evolution. When compared across systems,
inversions appear to be particularly abundant and relevant to local
adaptation in systems such as sunflowers, Littorina snails**, mice* and
monkeyflowers, in which there are sharp ecological transitions and
ongoing gene flow, consistent with theoretical prediction™.

Our study represents a first step towards understanding the evo-
lutionary and ecological factors that contribute to parallel genetic
adaptation. We recommend that future studies estimate the strength
of selection on parallel swept regionsin the two dune ecotypesusinga
combination of modelling”’” and empirical approaches (for example,
ref.25). Studies that dissect the genetic architectures of other ecologi-
cally relevant traits®®*’, including identification of the causal genes and
mutations, would illuminate both the cause(s) of parallel evolution of
adaptive traits and the particular evolutionary and demographic his-
tories of the genetic variation underlying parallel adaptation®. Lastly,
dune adaptation has occurred many times in Helianthus, involving
halfadozen different species or subspecies®’. Extending the approach
takeninthe present study to these other systems would be likely tolead
to further insights into the factors that facilitate or constrain parallel
genetic evolution.

Methods

Habitat analysis

Habitat characteristics for GSD populations were fromref. 18.1n 2015,
we visited ten non-dune and six dune populations within Monahans
Sandhills State Park, Texas, and two dune populations outside the
park (Supplementary Table 3). We established a transect through each
population and picked five sites for habitat analysis at even intervals
along those transects. At each site, we took a photograph of a 0.65 m?
quadratand used ImageJ® to determine the proportions of vegetative
cover and grass cover. Soil samples were taken from 25 cm deep, dried
at 60 °C for 24 h and pooled from the five sites at each population.
Available phosphorus and exchangeable potassium, magnesium and
calciumwere measured at A&L Eastern Laboratories and total nitrogen

content was determined by Micro-Dumas Combustion (NA1500, Carlo
ErbaStrumentazione) at the University of Georgia Analytical Chemistry
Laboratory. Foreach habitat trait ateach location, we fit linear models
in Rv.4.0.3 (ref. 62) to determine whether ecotype was a significant
explanatory variable. To see the effects of all variables at once, we
imputed missing data (a maximum of three individuals had missing
dataforany variable) using R package missMDA®* and conducted PCA
onscaled variables using the prcomp function.

GEA analyses

We collected mature seeds from 20 individuals at each MON popu-
lation mentioned above and germinated seeds from 10-12 individu-
als per population, making a total of 195 samples for GEA analysis
(Supplementary Table 3). We extracted DNA from these samples using
DNeasy Plantkits (Qiagen) and prepared a GBS library following amodi-
fied versionoftheref. 64 protocol®. The library was paired-end sequenced
onanllluminaHiSeq. We called variants against the HA412-HOv2 Helian-
thus annuus fromref. 65 and filtered the SNPs for downstream analyses
using the parametersreportedinref. 23, except thatindividual genotypes
withdepthless than5were set as missing owing to the lower depth of this
library. Samples with excessive missing data (>50%) were removed from
the dataset, leaving 174 samples for downstream analyses.

The GEA analysis was conducted using BayPass v.2.1(ref. 66). Popu-
lation structure was estimated by choosing 1,000 random SNPs in low
LD (R*< 0.1) and running BayPass in core model mode. The covariance
matrix fromthis analysis was used as a control for populationstructure.
We then ran BayPass under the standard covariate model using the
defaultimportance sampling estimator approach. Each environmen-
tal variable was scaled using the -scalecov option. Owing to missing
data for total nitrogen in population MONOOI, the analysis was run
separately for total nitrogen and other variables. We also simulated
pseudo-observed data (POD) with 1,000 SNPs using the ‘simulate.
baypass’ function, and analysed the newly created POD for each envi-
ronmental variable as described above. SNPs that had a BF above the
top 1% quantile of those of the POD were treated as associated SNPs.
Toidentify genomic parallel divergence between dune and non-dune
ecotypesin GSD and MON, we also coded the populations according to
their ecotypes and ran BayPass by treating the ecotypes as covariates.
No scaling was performed for the binary variable.

We then compared the GEA results of MON and GSD for shared
variables. To test for parallelism between locations, we divided the
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chromosomes into non-overlapping windows of 0.025 ¢M and calcu-
lated the average BF value for each window by summarizing the SNPs
withinarange of 0.5 cM. Windows with a BF above the top 1% quantile
of the corresponding POD were treated as associated windows. As a
null distribution, we randomly drew N 0.025 cM windows from each
location, where Nis the count of associated windows for each location,
andthen assessed the overlap ofrandomly selected associated windows
between the locations over 10,000 iterations®.

Seed size analysis

Toinvestigate whether similar shifts in seed size had taken place in the
duneecotypein MON, we weighed groups of five seeds collected from
16-21individuals from the same populations used inthe GEA analyses
above (Supplementary Table 3). To explore phenotypic plasticity, we
grew 1-4 plants from each of two dune and three non-dune populations
that had been collected previously (Supplementary Table 3) under
standard greenhouse conditions and weighed 6-20 individual seeds
produced by these plants. We fit a linear mixed effect model using R
package nlme® to describe mean individual seed weight across both
datasets. The model included ecotype, experiment (wild collected
versus common garden), and their interaction as fixed effects and
population as arandom effect. We identified significant model terms
by comparing nested models using LR tests.

QTL mapping

We made two mapping populations for each location by recipro-
cally crossing a large-seeded dune individual with a small-seeded
non-dune individual (Supplementary Table 3). As sunflowers are
self-incompatible, we grew up several F, seeds produced by each of
these crosses and crossed pairs of reciprocal F;s. This resulted in F,
seed lots with dune and non-dune cytoplasms for each of the four cross
types (Supplementary Table 5). We grew up 186-325 F, plants of each
cross-by-cytoplasm type under our standard greenhouse conditions
(Supplementary Table 5). In addition, we grew a few plants from wild
collected seeds (half siblings of the grandparent plants) and F, seeds
(full siblings of the parent plants) used to make the F, seed lots. F,s were
mainly open pollinated, and groups of five seeds per plant were weighed.

Using a selective genotyping approach?, we genotyped the 12
plants that produced the heaviest seeds and the 12 plants that pro-
duced the lightest seeds from each of the eight cross-by-cytoplasm
types, for a total of 192 plants. Genotyping was done using the meth-
ods described above, and biallelic variants were filtered for hete-
rozygosity < 95%, minor allele frequency > 15% and coverage > 75%.
We also used the parents of each mapping population to determine
which allele came from the large-seeded dune parent. For each map-
ping population, we performed Fisher’s exact tests at each locus to
determine whether there was a higher proportion of dune alleles in
large-seeded samples thanin small-seeded samples. We used Bonfer-
roni corrections based on the total number of variants and the number
ofindependent regions in the dataset as estimated by PCA®® to define
significance thresholds.

We tested for parallelism in seed size QTL by determining the
most frequent genotype (homozygous dune, homozygous non-dune
or heterozygous) in windows of 1,000 variants for each mapping
population and performing Fisher’s exact tests on these windows
as above. This yielded 1,548 genotyped windows in all four mapping
populations. We randomized the results of these tests 10,000 times
and counted the number of windows significantly associated with
larger seeds (P < 0.05) in pairs of mapping populations and in inver-
sions. We did a second set of randomizations across the windows
inside and outside inversions separately and counted the numbers
of significant windows shared across pairs of mapping populations.
This allowed us to determine the extent of parallelism inside and
outside theinversions and whether there was asignificant difference
between those rates.

Genotyping and parallelism analyses of inversions

We also performed GEA and QTL analyses in which inversions were
treated as single biallelic loci. For each of the GBS samplesinthe afore-
mentioned GEA and QTL analyses, we determined their genotypes
at all 11 inversions found in H. petiolaris ssp. fallax (Supplementary
Table 1) using a supervised machine learning algorithm, with SNPs
and inversion genotypes from 427 WGS samples of H. petiolaris™ as
training sets. We extracted shared SNPs between the GBS and WGS
samples within each inversion as predictor variables. The inversion
genotypes of the WGS samples were marked as categorical variables
and used as the response variable. A random forest model was con-
structed for each inversion using the function ‘randomForest’in R
package randomForest®. The number of decision trees was set to
151, and the number of randomly sampled variables for each tree was
determined by traversing different numbers of SNPs and choosing
the value with the lowest prediction error rate in the training set. The
trained model was subsequently used to infer inversion genotypesin
the GBS samples.

We performed GEA analyses for the inversions using the same
procedure for SNPs as described above. We also reran inversion GEA
analyses for the GSD samples using the new selection of inversions
and inversion genotypes determined by the random forest method.
Inversions undergoing parallel divergence between dune and non-dune
ecotypesin GSD and MON were identified using the procedures men-
tioned above. Inversions that had a Bayes factor (BF) above the top 1%
quantile of those of the POD were treated as significantly associated.
To determine associations between the inversions with seed size, we
treated them as single biallelic loci and conducted Fisher’s exact test
analysis using the procedure described above for SNPs.

WGS and SNP calling
To assess genome-wide patterns of adaptive divergence, we used WGS
samplesand an SNP dataset for H. petiolaris from previous studies?*.
The previous intraspecific SNP set contained 7,107,746 biallelic SNPs
across 259 WGS samples of H. petiolaris ssp. fallax, including 11 dune
ecotype samples from GSD, 27 dune ecotype samples from MON, and
221 non-dune samples from the sand sheet below the dunes and from
other populations of H. petiolaris ssp.fallax (Supplementary Table 8).
For analyses that required polarization of the SNPs or outgroups,
we generated another variant dataset for the species using all available
samples for H. petiolaris, as well as samples from four outgroup peren-
nial sunflowers (664647_GIG from Helianthusgiganteus, DEC_1895from
Helianthus decapetalus, DIV_1956 from Helianthus divaricatus, and
GRO_2043 from Helianthus grosseserratus; ref.22). Sequences of these
sampleswere aligned to areference genome of H. annuus (Ha412-HOv2;
ref. 65) using NextGenMap v.0.5.3 (ref. 70). For each sample, a GVCF
filewas produced with ‘HaplotypeCaller’in GATK v.4.1.4.1 (ref. 71) with
parameter --heterozygosity 0.01. After individual variant calling, all
samples of H. petiolaris and the four perennial samples were jointly
genotyped using GATK’s ‘GenomicsDBImport’ and ‘GenotypeGVCFs’
on1Mbp genomicregions without transposable elements, and the raw
VCF chunks were then gathered by chromosome using ‘GatherVcfs'.
Variant quality score recalibration was performed using the top 20
samples with the highest sequencing depth in H. petiolaris as a ‘gold
set’. The raw variants were filtered to remove sites with extremely
high heterozygosity (ExcessHet z-score < —4.5), and the gold set was
then applied against this filtered set of variants to produce recalibra-
tion models for SNPs and indels using ‘VariantRecalibrator’. The 90%
tranche foreach cohort was selected based on these recalibration mod-
elsusing ‘ApplyVQSR'. After variant quality filtration, the variants were
further filtered to retain only biallelic SNPs with minor allele frequency
>0.01 and genotyping rate >50% across all samples. This generated a
total of 21,836,165 biallelic SNPs. By comparison with the outgroup
species, we obtained information on ancestral states for about 58% of
all SNPs. Unpolarized sites that were monomorphic within the target
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group were discarded, leaving a total of 5,996,827 sites in GSD and
9,405,793 in MON for input into SweepFinder2.

Population structure and phylogenetic tree

To investigate sample relationships, we conducted PCA and phyloge-
netic analysis using the SNPs from WGS of alldune and non-dune plants.
The SNPs were pruned with a LD threshold of 0.2, and PCA then con-
ducted using the R package SNPRelate’”. A neighbour-joining tree was
constructed using MEGA 10.1.6 (ref. 73) with the maximum composite
likelihood method using the same SNP dataset. The neighbour-joining
tree was visualized with the R package ggtree™.

Identification of selective sweeps

Selective sweeps in each of the dune ecotypes were identified using
three approaches that take advantage of different characteristics of
genetic polymorphisms following selective sweeps.

First, we employed the CLR statistic, which contrasts the likeli-
hood of the null hypothesis based on the genome-wide site frequency
spectrum with the likelihood of amodel where the site frequency has
been altered by a recent selective sweep. The CLR statistic was com-
puted using SweepFinder2 (ref. 35), which includes invariant (fixed)
sites and accounts for the effects of negative selection on diversity”.

In the analyses of each dune ecotype, we excluded samples from
within 100 km of the other dune ecotype to remove their impact
on sweep detection. SNPs of the dune samples (target group) were
extracted and polarized by comparison with the perennial samples.
For each SNP, the outgroup allele was inferred as ancestral state if all
four perennials were called and homozygous and the allele matched
one of the alleles of the target group; otherwise the site was defined
as unpolarized. Unpolarized sites that were monomorphic within the
target group were discarded. Allunpolarized sites that were polymor-
phic within the target group were kept and assigned folded =1in the
input files for SweepFinder2. We generated the allele frequency input
files for SweepFinder2 using a custom script, and the recombination
rate of each position was calculated based on an integrated genetic
map for cultivated sunflower?. Empirically derived allele frequency
spectra across all chromosomes were calculated using the -f option
of SweepFinder2. CLRs were then calculated using the recombina-
tion map and precomputed empirical spectrum with a grid size of
2 kb.No correction for background selection was conducted because
genome-wide estimation of background selection has not yet been
conducted in sunflowers.

As SweepFinder2 only examines sequence polymorphism within
populations, some outlier regions that it identifies might come from
broader selective sweeps (that is, regional or species-wide sweeps).
Therefore, the other two approaches we employed to detect sweeps
permitted comparisons between dune and non-dune populations to
filter for those restricted to the dune populations.

A well-known characteristic of hard sweeps is a reduction in
sequence diversity in the selected region and at linked neutral sites”"”.
Thus, for eachssite, sequence diversity () was calculated for the dune
and non-dune groups separately using VCFtools v.0.1.14 (ref. 78) with
20 kbslidingwindows and a step size of 2 kb. The ROD”**° in the dunes
was then estimated by summarizing the ratio of m for the dune group
and non-dune group (7gune/Maon-aune)- ANOther common feature of selec-
tive sweeps is an increase in genetic differentiation in the selected
region and closely linked SNPs®"®2, Therefore, we used VCFtools to
calculate Weir and Cockerham’s F; (ref. 83) using 20 kb sliding windows
and astep size of 2 kb to estimate genetic divergence between the dune
and non-dune groups.

For each of the three statistics mentioned above, the top 5% of
genomic windows were classified as outliers, and groups of adjacent
outlier windows were merged into regions. Finally, outlier regions that
were identified by SweepFinder2 and overlapped with regions identi-
fied by both ROD and Fs; methods were considered selected regions.

Regions of parallel evolution and enrichment analyses
Genomic regions with outlier values in population genomics calcula-
tions may result from the same selective sweep owing to genetic link-
age. To account for clustering of regions with signatures of selective
sweep, we extracted the SNPsin each selected region and calculated the
pairwise LD between each pair of SNPs between windows using PLINK
v.1.9 (refs. 84,85). The LD between regions was summarized with the
average value of Rbetween SNPs from each window. We also generated
genome-wide null distributions of LD for the same physical distance.
Specifically, we randomly selected 10,000 pairs of 5 kb windows with
the same physical distance, and the LD between these windows was
summarized using the same approach. Adjacent outlier regions were
merged if the LD between windows exceeded 95% of the null distribu-
tion (P < 0.05) of the same physical distance.

After mergingbased on LD, overlaps of the selective sweep regions
in the two dune ecotypes were identified using BEDTools*, and these
overlappingregions were treated asregions involved in parallel evolu-
tion (hereafter ‘parallel regions’). After identification of the parallel
regions, we merged the regions again based on the LD between them
using the method mentioned above and the genetic map distance
between them. Clusters of regions were merged into a single larger
regionifthe LD between closest regions was greater than 95% of the null
distribution and the map distance was less than 5 cM. We also pruned
for LD based on the same criteria and kept only one parallel region with
the greatest size for each LD cluster.

To test whether inversions showed a stronger pattern of paral-
lel evolution than non-inverted regions, we used a randomization
approachtofind the numbers and sizes of regions overlapping between
parallel regions and chromosomal inversions and to estimate the sig-
nificance of this overlap. Specifically, we held the position of the parallel
regions constant and randomized the position of the inversions across
thegenome 10,000 times. For each permutation, we summarized the
numbers and lengths of the regions that overlapped with inversions
and built null distributions. Significance of enrichment was estimated
using aone-tailed test by comparing the observed values with these null
distributions. Using this statistical test, we asked whether the observed
overlap between parallel sweeps and inversions was greater than would
be expected by chance. The test was conducted on the parallel regions
before and after merging based on LD and genetic map distance.

Phylogeny of parallel regions

To estimate the source(s) of genetic variation giving rise to parallel
sweeps, we conducted phylogenetic analyses on 12 merged parallel
regions containing more than 100 SNPs. For each region, we chose
five samples from each dune population, five from non-dune popula-
tions in proximity to each dune site, respectively, five samples from
H. petiolaris ssp. petiolaris and two perennial samples as the outgroup.
We imputed and phased the SNPs using Beagle® and divided the
genomeinto 20 kb windows. For each genomic window, we randomly
chose onehaplotype for eachindividual and calculated amaximuma like-
lihood phylogeny using IQ-TREE®, We then used Twisst®, which takes
into account phylogenetic position variation amongindividuals within
aspecies and calculates topological weighting for each possible gene
tree, to quantitatively determine the source of dune-adapted variation.
We tested different scenarios in which dune haplotypes are shared or
fromadjacent non-dune populations (Fig. 5) and also explored where
dunehaplotypesin GSD and MON came from within-species diversity,
H. petiolaris sp. petiolaris oramore distant source (Fig. 5). We extracted
all20 kb windows that had >50% overlap with each parallel region and
normalized weights such that each parallel region had a total weight
of1and counted the total weight for each topology.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Environmental data of GSD have been published previously
(https://doi.org/10.5061/dryad.158pb518, ref. 90); those for MON gen-
erated herein have been depositedin Dryad (https://doi.org/10.5061/
dryad.bcc2fgznn, ref. 91). Sequencing data of GSD samples have been
published previously (https://doi.org/10.5061/dryad.j2448, ref. 92);
those for MON samples generated herein have been deposited in the
NCBI Sequence Read Archive (SRA) under accession PRJINA1145483.
Seed weight data and sequencing data of F, plants in QTL mapping
experiments have been deposited in Dryad (https://doi.org/10.5061/
dryad.bcc2fqznn, ref. 91) and in the NCBI SRA under accession
PRJNA1145296, respectively. WGS datafor H. petiolaris have been pub-
lished previously and are stored in the NCBI SRA under accessions
PRJNA322345 and PRJNA532579.

Code availability

The codes used for all analyses have been archived through GitHub
(https://github.com/hkchi/Dune_parallelism) and are available via
Zenodo at https://doi.org/10.5281/zenodo.13983266 (ref. 93).
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Extended Data Fig. 2| Expected and observed counts of parallel 0.025-cM
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associations or the difference in percent overlap within versus outside inversions
across 10,000 randomizations that preserve the number of QTL within vs
betweeninversions. The vertical lines show the observed value of each statistic.
Red lines denote values outside expectations based on the randomization, while
blue lines denote values that fall within expectations.
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Extended Data Fig. 7| Selective sweep regions in (a) GSD system and (b)
MON system. Outlier regions for each statistic and overlapping selective sweep
regions are indicated by bars of different colors: black - selective sweep regions,

of Fsr. Black bars show the locations of large non-recombining haplotype blocks
(mainly due to inversions) identified in Todesco et al. (2020), several of which
were shown to contribute to dune adaptation.

blue - outlier regions of CLR, orange - outlier regions of ROD, red - outlier regions
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Study description Sequencing wild-collected plants and performing cross experiments to explore the patterns of parallel genetic evolution in two
ecotypes of Helianthus petiolaris.
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trait locus mapping, we adopted a selective genotyping approach and selected 12 offspring individuals with the largest seeds and 12
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Blinding Blinding was not relevant due to the nature of this study.
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Seed stocks The seeds used in this study were collected from Monahans Sandhills State Park, Texas in 2015 and stored at the University of British
Columbia.
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