
Molecular Ecology. 2021;30:6229–6245.	 wileyonlinelibrary.com/journal/mec�  | 6229© 2021 John Wiley & Sons Ltd

1  |  INTRODUC TION

Patterns of genetic variation in wide-ranging species are a product 
of multiple processes, including local adaptation, demography, and 
migration. Since dispersal is limited in most plants, isolation by dis-
tance is common (Heywood, 1991; Wright, 1943). In wide-ranging 
species that span environmental gradients, migration between 
environmental niches is often reduced due to selection against 

immigrants (i.e., isolation by environment) (Sexton et al., 2014). This 
can result in a genome-wide signal of reduced migration, or be re-
stricted to specific genomic regions depending on the strength of 
selection and the genomic architecture of adaptation. Reduced 
migration between populations can lead to the development of in-
traspecific forms that are variously called races, ecotypes, varieties 
and subspecies. Regardless of taxonomic classification, intraspecific 
geographic variation represents an important intermediate stage 
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Abstract
The origins of geographic races in wide-ranging species are poorly understood. In 
Texas, the texanus subspecies of Helianthus annuus has long been thought to have ac-
quired its defining phenotypic traits via introgression from a local congener, H. debilis, 
but previous tests of this hypothesis were inconclusive. Here, we explore the origins 
of H. a.  texanus using whole genome sequencing data from across the entire range 
of H. annuus and possible donor species, as well as phenotypic data from a common 
garden study. We found that although it is morphologically convergent with H. debilis, 
H. a. texanus has conflicting signals of introgression. Genome wide tests (Patterson's 
D and TreeMix) only found evidence of introgression from H. argophyllus (sister species 
to H. annuus and also sympatric), but not H. debilis, with the exception of one individ-
ual of 109 analysed. We further scanned the genome for localized signals of introgres-
sion using PCAdmix and found minimal but nonzero introgression from H. debilis and 
significant introgression from H. argophyllus in some populations. Given the paucity of 
introgression from H. debilis, we argue that the morphological convergence observed 
in Texas is probably from standing genetic variation. We also found that genomic dif-
ferentiation in H. a. texanus is mostly driven by large segregating inversions, several of 
which have signatures of natural selection based on haplotype frequencies.
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between population and species, and understanding the underlying 
genetic architecture is of broad interest to students of adaptation 
and speciation.

Two other factors that influence how genetic diversity is dis-
tributed within a species are hybridization and genome structure. 
Hybridization and introgression transfers diversity between spe-
cies, including potentially adaptive alleles. For example, Arabidopsis 
arenosa became adapted to drought and toxic levels of soil minerals 
in serpentine soil through introgression of alleles from Arabidopsis 
lyrata (Arnold et al., 2016). Similarly, brown winter coats in snowshoe 
hares from areas with little snow probably originated through intro-
gression with black-tailed jackrabbits (Jones et al., 2018). It is likely, 
however, that most introgression is not adaptive, but rather neutral 
or even maladaptive (Martin & Jiggins, 2017). Genome structure, 
especially large chromosomal rearrangements such as inversions, 
shape the distribution of intraspecific diversity through their effects 
on the recombination of linked alleles. By suppressing recombina-
tion among locally adapted alleles, structural variants not only facil-
itate adaptation in the presence of gene flow, but they also create 
heterogenity in migration rates and patterns of genetic divergence 
across the genome (Kirkpatrick & Barton, 2006).

Wild sunflowers of the genus Helianthus are well-suited for 
studying processes that affect the formation and maintenance of in-
traspecific geographic variation. The genus contains approximately 
50 species native to North America, which are found in diverse habi-
tats ranging from the beaches of Florida and Baja California to active 
sand dunes in Texas and Colorado to hot springs in the Canadian 
Rocky Mountains (Heiser et al., 1969). There can be considerable 
geographic and ecological variation within species, even for narrow 
endemics, and many of the species contain multiple intraspecific 
taxa, including well-characterized ecotypes (Heiser et al., 1969; 
Kantar et al., 2015). Genetic studies have demonstrated that both 
isolation by distance (Baute et al., 2016; Moyers & Rieseberg, 2016) 
and isolation by environment (Andrew & Rieseberg, 2013) contrib-
ute to patterns of intraspecific geographic variation. Furthermore, 
chromosomal structural variants, especially inversions, have been 
shown to contribute importantly to ecotype formation within sun-
flower species (Huang et al., 2020; Todesco et al., 2020) and to 
differential introgression between them (Barb et al., 2014). Lastly, 
many of the species, but especially the 10–12 members of the annual 
clade, overlap in geographic distribution and form natural hybrids 
(Heiser, 1947, 1951a; Rieseberg et al., 1998). While hybrids typically 
are semi-sterile (Owens & Rieseberg, 2014), substantial interspecific 
gene flow has been demonstrated between several species pairs 
(e.g. Baute et al., 2016; Kane et al., 2009; Strasburg & Rieseberg, 
2008; Zhang et al., 2019).

Here we attempt to identify and order the evolutionary factors 
contributing to geographic variation in the most widespread sun-
flower species, Helianthus annuus, which can be found across the 
United States, as well as southern Canada and northern Mexico. 
More recently, the species has spread into California, where it ab-
sorbed alleles from the native Helianthus bolanderi (Heiser, 1949; 
Owens et al., 2016). It has been suggested that the wide range of 

H. annuus is due to its ability to incorporate locally adaptive alleles 
from congeners (Heiser, 1951a). This idea is highlighted by studies 
of Texas populations, which are phenotypically convergent with a 
local congener, Helianthus debilis var. cucumerifolius, at several traits 
including smaller flower heads, earlier flowering and purple mottled 
stems (Heiser, 1951a). This, combined with observations that H. ann-
uus was exclusive to human-disturbed locations in this area, and doc-
umented hybridization between the two species, led Heiser to argue 
that the expansion of H. annuus into eastern central Texas was facil-
itated by introgression from H. debilis (Heiser, 1951a,1951b). Since 
populations of H.  annuus are interfertile across their range, these 
putatively introgressed populations in Texas were given subspecific 
status as H. annuus subsp. texanus (Heiser, 1954), while populations 
in the rest of the range are referred to as H. annuus subsp. annuus.

Molecular analyses have tested this hypothesis using rDNA, 
cpDNA, AFLPs and microsatellites, each finding some evidence 
that alleles diagnostic for H. debilis can be found in H. a. texanus at 
low frequency (Rieseberg et al., 1990, 2007; Scascitelli et al., 2010). 
Furthermore, field experiments found that local H.  a.  texanus had 
higher fitness than H.  a.  annuus when grown in Texas, and that 
fitness-related trait values were shifted towards H. debilis (Whitney 
et al., 2006, 2010). In those experiments, the pattern of selection 
favouring local trait values was also seen in BC1 hybrids between 
H. a. annuus and H. debilis, supporting the adaptive potential of in-
trogression. Finally, an eight-year field experimental evolution study 
found that H.  a.  annuus  ×  H.  debilis hybrids (synthesized to mimic 
the putative early ancestors of H. a. texanus) rapidly evolved higher 
fitness than nonhybrid H. a. annuus controls when exposed to the 
central Texas environment (Mitchell et al., 2019). Together these re-
sults suggest that H. a. texanus has introgressed ancestry from H. de-
bilis and that these alleles should control adaptive and convergent 
morphological traits.

However, a phylogenetic analysis of the annual sunflowers based 
on genotyping by sequencing (GBS) data failed to find a significant 
signal of introgression with H. debilis using the ABBA-BABA test, but 
suggested the occurrence of introgression with another local con-
gener, Helianthus argophyllus (Baute et al., 2016). Although Heiser 
recognized that H. argophyllus was a possible donor due to its loca-
tion and the presence of hybrids with H. annuus, the lack of morpho-
logical convergence between H. argophyllus and H. a. texanus made 
H. debilis seem a more likely choice (Heiser, 1951b). Finally, a recent 
study of the role of structural variation in local adaptation in wild 
sunflowers found several haploblocks (large regions of suppressed 
recombination, mostly associated with chromosomal inversions) that 
differed in frequency between Texas H. annuus and the rest of the 
range, suggestive of a possible role in the formation of H. a. texanus 
(Todesco et al., 2020).

In this study, we used common garden phenotypic measure-
ments and genomic sequencing to understand what defines the 
locally adaptive subspecies, H. a. texanus. Our goal is three-fold, to 
definitely settle whether introgression has occurred in H. a. texanus, 
identify the donor(s) of any introgressions that are detected, and as-
sess how local adaptation has evolved in H. a. texanus.
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2  |  MATERIAL S AND METHODS

2.1  |  Morphological analysis

Before evaluating the genetics of H. a. texanus, we first reassessed 
whether H.  annuus samples from Texas were morphologically dis-
tinct from samples from the rest of the species range. The original 
subspecies designation by Heiser (1954) suggested that H. a. texanus 
was found in south-eastern Texas, and graded into other subspe-
cies in northern and western Texas. Taking this observation into ac-
count, we divided our samples into “South Texas” samples below 30° 
latitude, “North Texas” samples above 30° latitude but within Texas, 
and “non-Texas”, including all others. We assessed the morphology 
using data collected from a previously reported common garden 
of H. annuus (Todesco et al., 2020). Briefly, 614 H. annuus from 63 
populations across the native range were grown in Vancouver, BC, 
Canada and measured for a range of morphological and phenologi-
cal traits.

Based on the original description of H.  a.  texanus, we exam-
ined traits that were expected to differ between H. a. annuus and 
H. a. texanus, including stem colour, flower head size and seed size. 
We then used R to conduct a Mann-Whitney test for each variable 
asking if the southern and/or northern Texas populations differed 
from the rest of the species (R Core Team, 2013). To see if Texas 
samples are exceptional in general, we ran a principal component 
analysis (PCA) of all traits using FactoMineR, and missing data im-
puted with MissMDA (Josse & Husson, 2016; Lê et al., 2008). Based 
on this analysis, when directly comparing H. a. annuus and H. a. tex-
anus as a whole, we included southern Texas samples (identifying 
them as H. a. texanus) and the non-Texas samples (identifying them 
as H.  a.  annuus) and excluded intermediate north Texas samples. 
When analysing individual samples, we included all Texas H. annuus 
to probe possible geographic patterns. Figure colours were chosen 
from the PNWColors palettes (Lawlor, 2020).

2.2  |  Population genetics

We used genomic data to determine how genetically differentiated 
H. a. texanus is from H. a. annuus. From a previously published whole 
genome resequencing data sets (~6.34× mean coverage), we created 
two sets of samples. One annuus-specific set included all H. annuus 
samples spanning the entire range. The second, multispecies set in-
cluded all H.  annuus samples from Texas and one random sample 
per population for the remaining wild H. annuus, as well as from the 
annual species H. argophyllus, H. debilis, Helianthus petiolaris subsp. 
fallax, H. petiolaris subsp. petiolaris and Helianthus niveus subsp. ca-
nescens (Figure 1a,b; Todesco et al., 2020). For the multispecies set 
we also selected four outgroup perennial samples, one from each 
of Helianthus divaricatus, Helianthus giganteus, Helianthus decapetalus 
and Helianthus grosseserratus. Samples from each set were variant-
called together using the same pipeline as Todesco et al. (2020). 
While it would be preferable to variant-call all samples together, the 

level of sequence variation and repetitive sequence caused issues 
with GATK at high sample number, leading us to use two separate 
data sets. All sample information, including SRA accession numbers 
for raw sequence data, are collated in Supporting Information files 
S1 and S2. Briefly, samples were trimmed using Trimmomatic, aligned 
to the H. annuus XRQv1 reference genome using NextGenMap, and 
variant-called using GATK. Variants were filtered using the GATK 
VQSR using a set of 67 cultivated H.  annuus as the truth set, and 
the 90% tranche was retained (Badouin et al., 2017; Bolger et al., 
2014; Sedlazeck et al., 2013; Van der Auwera et al., 2013). The data 
sets were further filtered to retain only biallelic SNPs with minor al-
lele frequency ≥1% and a genotyping rate ≥90%. Variants were then 
remapped to the H. annuus Ha412HOv2 using BWA, as this has been 
shown to dramatically improve SNP ordering (Todesco et al., 2020). 
Finally, the data set was phased and imputed using Beagle (Browning 
& Browning, 2007). The data set was subset for further analyses 
using bcftools and converted to specific program input formats 
using plink and custom perl scripts (Li, 2011; Purcell et al., 2007). We 
used haploblock genotype calls from Todesco et al. (2020) based on 
diagnostic markers for each haploblock. All scripts are available at 
https://github.com/owens​gl/texan​us_ancestry.

We sought to understand the genomic landscape of differenti-
ation between H. annuus species and their Texas congeners. Using 
the multispecies data set, we calculated genome-wide Weir and 
Cockerham FST between H. a. texanus/H. a. annuus and H. argophyl-
lus/H. debilis using a custom perl script (Weir & Cockerham, 1984), 
requiring a minor allele frequency ≥1% for each locus in tested 
samples. For the multispecies data set, our sampling strategy was 
unbalanced and included fewer samples but more populations for 
H. a. annuus compared to H. a. texanus (59 samples in 59 populations 
vs. 109 samples in 11 populations), and this combined with minor al-
lele frequency filters may bias results (i.e., if rare population-specific 
alleles are being preferentially retained in one set). To combat this, 
when comparing interspecies FST scores between H. a. annuus and 
H. a.  texanus, we filtered loci so that both comparisons had an FST 
value (that is, the site is variable and above MAF cutoffs in both 
H.  annuus groups). Additionally, we subsampled down to 11  sam-
ples from different populations for each H. annuus group, required a 
minor allele frequency ≥5% and repeated FST calculations. We then 
visualized these results in 1 Mbp nonoverlapping sliding windows, 
with at least 10  loci, by summing the numerator and denominator 
of FST within the window, using the tidyverse library in R (Wickham 
et al., 2019). We tested if there was a significant difference in win-
dow FST between the H. annuus groups and H. argophyllus or H. debi-
lis using a paired t test. Additionally, we imputed the recombination 
rate for each FST window using a consensus genetic map built from 
five domestic H. annuus genetic maps (Todesco et al., 2020). We vi-
sualized FST in five quantiles divided by ranked recombination rate.

The previous analyses were done using the multispecies set to in-
clude comparisons with interspecies comparisons. We also calculated 
FST between H. a. texanus and H. a. annuus, using the annuus-specific 
set which includes all samples. This allowed us to more accurately 
identify regions of genetic differentiation between the species. This 

https://github.com/owensgl/texanus_ancestry
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was done for both SNPs and for the 11 H. annuus haploblocks. When 
comparing SNPs to haploblocks, we excluded all SNPs within known 
haploblocks because they would represent the same genomic region. 
Since haploblocks had high relatively FST, we ran BayeScan to see if 
this is consistent with selection. We filtered our haploblocks-region 
free variant set for minor allele frequency >5% to match haploblocks 
allele frequencies and randomly subsampled down to 5% of remaining 
SNPs (76,185 sites). We did this because the full set was too large to 
run on BayeScan and because we only intend to see if haploblocks are 
exceptional, rather than identify selected SNPs.

To understand population structure across the range of H. an-
nuus, we conducted a principal component analysis on our annuus-
specific data set using SNPRelate (Zheng et al., 2012). We pruned 
variants for LD (r2 < .2) in a sliding window using snpgdsLDpruning. 
We then replicated this analysis using the 11 H. annuus haploblocks 
as loci and to understand if the distribution of haploblock alleles 
matched the genome wide pattern. To explore whether haploblocks 
are associated with the phenotypic and environmental adaptations 
of H. a.  texanus, we used genome wide association values and ge-
nome environment association values from Todesco et al. (2020). 
These values were calculated using EMMAX and BayENV (Günther 
& Coop, 2013; Zhou & Stephens, 2012).

2.3  |  Genome wide introgression analysis

To further understand the genetic differences between H.  annuus 
subspecies, we looked for introgression into H. a. texanus using mul-
tiple methods. We first calculated Patterson's D using Admixr, an R 
wrapper for Admixtools (Patterson et al., 2012; Petr et al., 2019). D, 
also known as the ABBA-BABA test, asks if there is a greater number 
of shared derived alleles between taxa than expected under incom-
plete lineage sorting. In this case, we asked if H. a. texanus shares more 
derived alleles with a donor species (e.g., H. debilis) than H. a. annuus, 
which is allopatric and should not be affected by gene flow (although 
see below). We used three possible donor species: H. debilis, the hy-
pothesized donor, H. argophyllus, and H. petiolaris fallax.

One possible confounding feature of D is that when there are 
multiple hybridization events in different parts of the tree, the 
signal of specific introgression events can be masked. Previous 
studies have suggested ongoing gene flow between H. annuus and 
H. petiolaris, and we expect that this most recently occurs in the 
non-Texas populations of H. a. annuus because H. petiolaris has a 
limited range in Texas. Since H. debilis is closely related to H. pet-
iolaris, introgression between H.  a.  annuus and H.  petiolaris may 
mask introgression from H. a. texanus and H. debilis (see Section 4). 
To explore this possible issue, we also used H. petiolaris fallax as a 
possible donor species.

For each H. a. texanus sample, we calculated D using the arrange-
ment [a single H. a. texanus sample, all H. a. annuus, potential donor, 
all perennials]. We ran this independently using H. argophyllus, H. de-
bilis or H.  petiolaris fallax as the potential donor in position 3. We 
used the default (1 Mbp) window size for block bootstrapping. This 
allowed us to look for variation in introgression between individuals 
to determine if introgression is present in all H. a. texanus samples. 
From this, we found that D scores using H. debilis or H. argophyllus 
as a donor appeared correlated, so we calculated the correlation 
between D scores using these two species. We also ran the follow-
ing arrangements to test for H. argophyllus – H. debilis introgression 
using the following sets: (H. debilis, H. petiolaris fallax, H. argophyl-
lus, perennials), (H. a.  texanus, H. argophyllus, H. debilis, perennials), 
(H. debilis, H. petiolaris fallax, H. a. texanus, perennials) and (H. debi-
lis, H. petiolaris fallax, H. a. annuus, perennials). For tests comparing 
whole species, rather than populations, we repeated these tests 
using H. petiolaris petiolaris instead of H. petiolaris fallax to check for 
subspecies effects.

Genomic admixture can also be detected using programs for 
identifying population structure, such as admixture (Alexander & 
Lange, 2011). To remove linkage, we used SNPrelate to prune for 
markers with high linkage (r2  ≥  .2 within 500  Kbp) and selected 
all H. annuus, H. argophyllus and H. debilis samples from our multi-
species dataset (Zheng et al., 2012). We ran admixture with K from 
1 to 10 with 200 bootstrap replicates, and cross validation to deter-
mine the best fit K. We then used clumpak to synchronize groupings 
between K values (Kopelman et al., 2012). We focus on results at 
K = 5, which was the minimum K value that best separated known 
species. To confirm admixture results, we ran structure with K = 5 
for 20 replicates each randomly subset to 5% of the total sites due 
to computational limitations (Pritchard et al., 2000). These results 
were also synchronized with clumpak and we report the two major 
output patterns.

Another way of looking at gene flow between species is through 
the covariance of allele frequencies, which can be produced through 
shared drift or gene flow. TreeMix creates a tree of populations based 
on shared genetic drift and adds migration events to explain excep-
tional shared drift (Pickrell & Pritchard, 2012). This method requires 
unlinked markers, so we used SNPrelate to prune out markers with 
high linkage as above. For this analysis, we included all species in our 
data set and divided H. annuus into three groups: non-Texas (H. a. an-
nuus), South Texas (H. a. texanus), and North Texas (intermediate). We 
also included H. niveus canescens to better represent the full annual 
clade. Each tree was rooted with the four perennial species which 
were grouped into a single population for simplicity. We plotted the 
residual fit from the maximum likelihood tree by dividing the resid-
ual covariance between pairs of populations by the average stan-
dard error across all pairs. We selected an appropriate number of 

F I G U R E  1  Sampling, morphology and population structure in H. annuus. (a) H. annuus samples from across South, central and West 
USA. (b) Samples from other annual Helianthus species. (c–e) Diagnostic traits for H. a. texanus differ between regions. p-values are from 
Mann-Whitney tests. (f–h) PCA analysis of traits, SNPs and haploblocks. (i) The genome-wide pattern of genetic differentiation between 
H. annuus subspecies, in 1MBp windows. Haploblock locations are highlighted in black. J. Haploblock FST in comparison to SNPs outside of 
haploblocks. * indicates lowest BayeScan q value [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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migration edges based on the decay in likelihood improvements with 
successive numbers.

Since the initial TreeMix analyses did not include a migration 
branch from H.  debilis into south Texas H.  annuus, we specifically 
tested the likelihood of migration from H.  debilis or from H.  argo-
phyllus. For each potential donor, we manually added a single migra-
tion event, with 0.001–0.4 admixture proportion, and recorded the 
likelihood. We plot the likelihood relative to the highest likelihood 
proportion.

Lastly, we calculated intercross ancestry by selecting fixed dif-
ferences between H. a. annuus and H. argophyllus or H. debilis. From 
these sites we measured ancestry (i.e., the proportion of alleles from 
each species) and heterozygosity for all H. a. texanus samples (e.g., 
Fitzpatrick, 2012).

2.4  |  Introgression candidates

After testing for full genome signals of introgression, we next looked 
for localized genomic patterns of introgression. To do this we first 
measured D and fd using a custom perl script (Martin et al., 2015). 
This approach uses allele frequencies instead of genotypes from in-
dividual samples, and allows us to extract window values. We visual-
ized this in 100 SNP nonoverlapping windows and selected the top 
1% of windows based on fd as outliers and potential introgressed 
regions. We used fd instead of D because it is more robust to low 
diversity regions (Martin et al., 2015). We also ran this analysis for a 
single H. a. texanus sample (ANN1363) that was identified as having 
extra H. debilis ancestry in admixture and genome wide D.

To see if differences in FST between H. annuus subspecies cor-
respond to fd scores, we compared FST to fd in 100 kb windows. For 
this, we calculated the correlation between fd with H. debilis as donor 
and the difference between FST (H.  a.  annuus – H.  debilis) and FST 
(H. a.  texanus – H. debilis). We repeated this with H. argophyllus as 
possible donor and comparator in FST.

Another way of detecting introgression is detecting genomic re-
gions where samples do not genetically cluster with others of their 
species. We applied this approach using PCAdmix (Brisbin et al., 
2012). In this analysis, we included all samples from H.  a.  annuus, 
H. argophyllus and H. debilis as parental populations and all H. a. tex-
anus samples as potentially admixed. Genetic map positions were 
imputed from a 1  Mbp resolution genetic map for Ha412HOv2 
(Todesco et al., 2020). In regions with zero recombination across 
1 Mbp, we smoothed the cM position across the nearest neighbour-
ing positions with a nonzero cM/Mbp rate. We filtered for linkage 
and used 100 SNP windows (−r2 .8 −w 100). We selected windows 
with H. debilis ancestry in >40% of chromosomes as being candidate 
introgression regions. As a control, we reran the analysis pulling out 
a single allopatric H. a. annuus sample and testing it as an admixed 
sample, repeating for each H. a. annuus sample.

For both fd and PCAdmix, we explored the role of recombina-
tion by plotting the fd scores or introgression frequency in windows 
grouped by recombination rate quantile.

3  |  RESULTS

3.1  |  Morphology

A comparison of samples from across the range of H.  annuus 
(Figure 1a) identified patterns of phenotypic variation consistent 
with the existing subspecies description (Heiser, 1954). H.  annuus 
samples from south Texas tend to begin branching closer to the 
ground, have smaller inflorescences (measured as the diameter of 
the central disk), more purplish stem coloration, and have smaller 
seeds (Figure 1c–e, Figure S1), although their values are within the 
range found across the range of non-Texas H. annuus. This is seen in 
the trait PCA, which locates Texas samples along a restricted por-
tion of the first PC axis, while non-Texas samples span the entire 
axis (Figure 1f). North Texas samples are often morphologically in-
termediate and the exact geographic range of H. a. texanus is not de-
fined (Figure 1c–f, Figure S1), so moving forward we excluded these 
samples when directly comparing H. a. texanus to H. a. annuus as a 
whole. This ensures that tests comparing H. annuus subspecies only 
include unambiguous samples. These samples are included in analy-
sis that do not make this direct comparison (i.e., TreeMix, admixture 
and structure).

3.2  |  Population genetics

Using genome-wide SNPs, we found geographic population struc-
ture across the range of H. annuus. South Texas populations could 
be differentiated based on the first two PCs but were not dramati-
cally different from other populations (Figure 1g). In contrast, when 
we use genotype information at 11 recently described putative seg-
regating structural variants (haploblocks; Todesco et al., 2020), the 
major axis of variation divides South Texas and non-Texas popula-
tions, with North Texas populations falling intermediate (Figure 1h). 
Consistent with this, we found that H. a. texanus was only mildly dif-
ferentiated from H. a. annuus (FST = 0.0799; 0.0043–0.57 in 1 Mbp 
windows, Figure 1i), with regions of high differentiation often colo-
calizing with haploblocks. As previously reported, when haploblocks 
were treated as loci, seven out of 11 fall within the top 5% of high-
est FST values for syntenic SNPs and three have the lowest possible 
BayeScan q-value (0) along with 1.1% of SNPs (Figure 1j). For these 
haploblocks, North Texas populations often had intermediate fre-
quency between South Texas and non-Texas populations (Figure S2).

For both subspecies of H. annuus, there was high differentiation 
from H.  argophyllus and H.  debilis. FST was significantly lower for 
H. a. texanus samples than for H. a. annuus samples when both were 
compared to H. argophyllus (paired t[3093] = 30.923, p ≤ 2.2e−16), 
but only marginally lower when compared to H.  debilis (paired 
t[3082] = 1.7514, p = .08]) (Figure 2a–c). When tested using a subset 
of samples, so both H. annuus subspecies had equal numbers of pop-
ulations and samples, we obtained qualitatively similar results, al-
though differences between H. a. annuus and H. a. texanus were even 
less pronounced in the H. debilis comparison; H. argophyllus (paired 
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t[3075] = 18.871, p ≤ 2.2e−16) and H. debilis (paired t[3074] = −0.5312, 
p = .5]). We further found that FST was lowest in regions of high re-
combination in both comparisons (Figure 2d,e).

3.3  |  Introgression detection via ABBA-BABA tests

We calculated Patterson's D for each Texas H. annuus sample, look-
ing for introgression from H. argophyllus, H. debilis and H. petiolaris 
fallax. We included H. petiolaris fallax because it is a relative of H. de-
bilis that is known to hybridize and exchange genes with H. a. ann-
uus, which may affect D tests of other species (see Section 4) (Kane 
et al., 2009). A majority of Texas H.  annuus samples had a signifi-
cant signal of introgression from H. argophyllus, and particularly high 
values were found in three coastal populations: ANN_55, ANN_56 
and ANN_57 (Figure 3a,b). In contrast, a majority of samples had 
negative scores for H. debilis introgression (suggesting, surprisingly, 
greater H. debilis allele sharing with allopatric H. a. annuus than with 
H.  a.  texanus). Higher H.  debilis D values occurred in samples with 

high H. argophyllus D scores; H. argophyllus D significantly explained 
H. debilis D (R2 = .6585, p < e−15), suggesting that H. argophyllus is act-
ing as a bridge for H. debilis ancestry or that H. argophyllus ancestry 
is being mistaken as H. debilis (Figure 3c). Lastly, almost all H. a. tex-
anus samples had a negative H. petiolaris fallax D, suggesting greater 
allele sharing between the parapatric H. a. annuus and H. petiolaris 
fallax than between the latter and H. a. texanus. It is possible that this 
introgression is masking a possible signal of introgression between 
H. a. texanus and H. debilis (See Section 4. Figure 3d,e). We did find 
one H. a.  texanus sample, ANN1363, with positive H. debilis D not 
accompanied by higher H. argophyllus D (Figure 3a,c). We calculated 
D in genomic windows using just this sample and found localized evi-
dence of introgression on a large portion of chromosome 3, suggest-
ing this is an advanced generation backcross individual (Figure S3).

We also tested for introgression among Texas annual sunflower 
species outside of the focal H. a. texanus system (Table 1). We found 
that there was excess allele sharing between H.  argophyllus and 
H.  debilis, consistent with the admixture signals seen in admixture 
(see below). Despite this, there is a greater signal of excess allele 

F I G U R E  2  FST between H. a. annuus, 
H. a. texanus and congeners. (a) FST 
between H. annuus and H. debilis in 1 Mbp 
windows. (b) FST between H. annuus and 
H. argophyllus in 1 Mbp windows. (c) 
Boxplot of FST in 1 Mbp windows, with 
genome-wide FST. (d–e) Comparison of 
FST with recombination rate based on a 
H. annuus genetic map. FST windows are 
binned into 20% percentile groups based 
on recombination rate [Colour figure can 
be viewed at wileyonlinelibrary.com]
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sharing between the allopatric H. petiolaris and H. argophyllus than 
between H. debilis and H. argophyllus. This is also true when using 
H. a. annuus or H. a. texanus instead of H. argophyllus, suggesting that 
this may reflect known introgression between H. annuus and H. pet-
iolaris (Yatabe et al., 2007; see Section 4).

3.4  |  Admixture detection via admixture, 
structure, and diagnostic markers

admixture analysis using the multispecies set best matched species 
designations with five groups, one primarily in each of non-Texas 
H.  annuus, north Texas H.  annuus, south Texas H.  annuus, H.  argo-
phyllus and H. debilis. At this number of groups we saw H. argophyllus 
ancestry in three populations of H. a. texanus previously identified 
using D, as well as H. debilis ancestry (~2%) in ANN1363 (Figure 3f). 
We did not see any additional ancestry from H. debilis in H. a. tex-
anus, at this or any other K value (Figure S4). In contrast to admix-
ture, structure produced two nearly equally supported ancestry 
scenarios. In one scenario, H. debilis was largely its own cluster but 
contained ancestry from non-Texas H. annuus, and H. debilis ancestry 
was found in three H. a. texanus populations that also contain H. ar-
gophyllus ancestry. In the other scenario, there is no H. debilis ances-
try in H. a.  texanus except for the previously identified ANN1363, 
which has ~2% (Figure 3g,h).

Ancestry in H.  annuus samples were partitioned different 
amongst three groups in our admixture and two supported structure 
results. A PCA on the full H. annuus data set suggests that there is 
continuous geographic population structure, so we interpreted the 
ancestry estimates as reflecting the difficulty of partitioning ances-
try when variation is mostly continuous and not discrete.

Based on diagnostic markers fixed between H.  a.  annuus and 
H. argophyllus, we found between 0.6% and 23% H. argophyllus an-
cestry in H. a. texanus samples. Samples with higher H. argophyllus 
ancestry also had higher diagnostic marker heterozygosity sugges-
tive that the admixture is relatively young and has not had time for 
H. argophyllus ancestry to fix (Figure S5). When using H. debilis as a 
possible parent, we found between 0.6 and 4% H. debilis ancestry for 
H. a. texanus samples (Figure S5).

3.5  |  Introgression detection via TreeMix

We explored gene flow between multiple species using TreeMix, 
which calculates a phylogeny of populations based on shared drift 
and tests whether migration edges (i.e., introgression) improve the 

model fit. It found that likelihood improvements declined after five 
migration edges so we present that value here (Figure 4a; Figure 
S6). At five migration edges, TreeMix found evidence for gene flow 
from H. petiolaris into H. debilis, H. petiolaris fallax into H. niveus ca-
nescens, H. debilis into H. argophyllus, H. argophyllus into H. a. texanus 
and an ancestral node into H. petiolaris fallax (Figure 4a). The overall 
tree is largely consistent with previously described phylogeny, ex-
cept H.  debilis is thought to be sister to H.  petiolaris, probably ex-
plaining the strongest migration edge bringing those two together 
(Stephens et al., 2015). Even at 10  migration edges, TreeMix does 
not suggest migration from H. debilis into H. a. texanus (Figure S6). 
TreeMix selects migration edges based on additional positive residual 
covariance after the initial tree but we see that the residual covari-
ance with H. debilis and H. a. texanus is actually negative and less in 
H. a. texanus than in other H. annuus subspecies (Figure 4b). When 
specifically tested, the most likely migration edge between H. debilis 
and H. a. texanus is 0. In contrast, the migration edge between H. ar-
gophyllus and H. a. texanus has the highest support at 0.19 (Figure 4c).

3.6  |  Localized introgression detection via D, 
fd and PCAdmix

Across the genome we see much more variation and more positive 
values of D when H. argophyllus is used as a donor instead of H. debi-
lis (Figure S3). For H. debilis, there are two large regions with negative 
D scores which correspond to haploblocks on chromosomes 5 and 
13 (ann05.01, and ann13.02; Figure S3) (Todesco et al., 2020).

At a total genome level, PCAdmix was consistent with D and 
showed high levels of H. argophyllus admixture in three populations 
of H. a. texanus (Figure 4d). The inferred H. debilis introgression was 
much lower (~0.5%), although these values are higher than most, but 
not all, of the “control” non-Texas H. a. annuus samples. Across the 
genome, inferred admixture was more common in the higher recom-
bination regions on the ends of chromosomes, strongly for H. argo-
phyllus and very slightly for H. debilis (Figure 4e). We also found that 
fd scores were higher for high recombination regions when H.  ar-
gophyllus was the potential donor, but not when H. debilis was the 
donor (Figure 4f).

We found that there was a positive correlation between the dif-
ference in FST and fd when testing with H. argophyllus but not H. de-
bilis (r = .32, p < e−4; r = −.13, p = .08). The positive correlation with 
H. argophyllus means that regions with lower FST between H. a. tex-
anus and a H. argophyllus also tended to share more derived alleles.

Based on our methods, we also attempted to identify candidate 
introgressed regions. From fd measures testing for H. debilis gene 

F I G U R E  3  Measures of admixture in H. a. texanus. (a) Patterson's D with 95% bootstrap confidence intervals for H. a. texanus samples 
with three possible donor species. ARG: H. argophyllus, DEB: H. debilis, PET: H. petiolaris fallax. (b) Mean Patterson's D for H. a. texanus 
populations with H. argophyllus as the possible donor. (c) The relationship between Patterson's D for H. a. texanus samples using 
H. argophyllus and H. debilis as donors. Error bars represent 95% bootstrap confidence interval. (d) Phylogenetic representation of D test for 
showing how H. petiolaris – H. a. annuus introgression could affect tests for introgression from H. debilis. (e) The phylogenetic relationship 
between annual sunflowers with documented introgression events highlighted. (f) admixture results for H. annuus, H. argophyllus and 
H. debilis samples with K = 5. (g) structure results for 11/20 replicates. (h) structure results for 9/20 replicates [Colour figure can be viewed at 
wileyonlinelibrary.com]
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flow into H. a. texanus, we selected the top 1% of windows, repre-
senting 101 regions spanning 49.3 Mbp. For PCAdmix, we required 
>40% H. debilis ancestry across all H. a. texanus samples, resulting 
in only 13 regions spanning 1.0  Mbp being selected (Figure S7, 
Supporting Information S3, S4). Between these two measures for 
detecting H. debilis introgression, we found two regions of overlap 
on chromosomes 13 and 15. The only gene found in these regions 
is Ha412HOChr13g0625071 on chromosome 13. This gene shows 
similarity to anthocyanidin 3-O-glucosyltransferases, enzymes 
which are known to play a major role in the accumulation of an-
thocyanin pigments (Saito et al., 2013). However, when we tested 
the association between H.  debilis ancestry from PCAdmix at this 
region and stem colour in H. a. texanus samples using a linear model, 
we found an insignificant relationship (β = 0.21, p = 0.09, adjusted 
R2 = 0.016) suggesting that introgression in this region is unlikely 
to play a major role in the phenotypic differences between the 
subspecies.

4  |  DISCUSSION

4.1  |  Subspecies differentiation in H. annuus

Heiser (1951a) hypothesized that the morphologically divergent 
southeastern Texas form of H. annuus was the result of adaptive in-
trogression from the narrowly distributed Texas sunflower H. debilis, 
with which it is morphologically convergent (Heiser, 1951a; Whitney 
et al., 2006, 2010). QTL mapping of H. annuus × H. debilis hybrids 
identified numerous candidate loci for which H. debilis alleles shift 
the phenotype towards H. a. texanus, as well as three candidate re-
gions where H. debilis alleles are associated with increased fitness 
(Whitney et al., 2015). Further, field experimental evolution tri-
als have shown that hybridization with H. debilis can allow popula-
tions to more quickly adapt over generations (Mitchell et al., 2019). 

This evidence has until now made H. a.  texanus one of the better-
supported candidates for adaptive introgression in plants (Suarez-
Gonzalez et al., 2018), although see Baute et al. (2016).

We confirm that H. a. texanus populations have different mean 
trait values than H. a. annuus for traits that are considered to be dis-
tinctive of this subspecies, as previously described. This phenotypic 
variation, however, is not unique to H.  a.  texanus, and similar val-
ues for these traits are found elsewhere in the larger population of 
H. a. annuus (Figure 1c, Figure S1). Based on aggregate genome-wide 
SNP variation, H. annuus has geographic population structure which 
does separate Texas populations, but not more-so than one would 
expect based on the geography. Perhaps more importantly, four dif-
ferent approaches found either very little (admixture, Patterson's D, 
PCAdmix) or no (TreeMix) introgression from H. debilis into H. a. tex-
anus. These same approaches did detect introgression from H. argo-
phyllus into H. a. texanus, which was not previously thought to be a 
significant contributor to H. a. texanus ancestry. These introgressed 
regions appear to play only a minor role in separating H. a. texanus 
from H.  a.  annuus; the strongest contributors to genetic differen-
tiation between the two subspecies are instead large segregating 
haploblocks (i.e., inversions), which are unrelated to H.  debilis or 
H. argophyllus.

The original designation of H.  a.  texanus was based on mainly 
floral characteristics (Heiser, 1954). Heiser recognized that there 
was continuous variation in morphology across the range and em-
phasized that the subspecies designation was descriptive and for fa-
cilitating discussion. Our results agree with this looser definition of 
subspecies in the system, meaning that H. a. texanus represents one 
end of a continuous spectrum. Interestingly, this is very different 
from the subspecies of a related species (H. petiolaris), which have 
a deep phylogenetic division on a similar scale to that of different 
Helianthus species (Todesco et al., 2020). This highlights the utility of 
genomic data for understanding the relatedness of subspecies and 
populations, which can vary dramatically.

P1 P2 P3 P4 D p

H. argophyllus H. a. texanus H. debilis Perennials −0.049 <e−21

H. p. fallax H. debils H. argophyllus Perennials −0.062 <e−21

H. p. petiolaris H. debils H. argophyllus Perennials −0.092 <e−39

H. p. fallax H. debils H. a. annuus Perennials −0.090 <e−50

H. p. petiolaris H. debils H. a. annuus Perennials −0.122 <e−72

H. p. fallax H. debils H. a. texanus Perennials −0.081 <e−43

H. p. petiolaris H. debils H. a. texanus Perennials −0.112 <e−64

Note: Negative D values indicate greater allele sharing between P1 and P3.

TA B L E  1  D-statistic among Texas 
annual sunflowers

F I G U R E  4  TreeMix and PCAdmix output testing for introgression. (a) TreeMix output with five migration edges. (b) Scaled residual fit 
after tree but without migration edges from TreeMix. (c) Relative likelihood values for different weights of migration into H. a. texanus. (d) 
Total percent introgression (>0.9 confidence) for H. annuus populations from PCAdmix. Non-Texas are H. a. annuus samples tested using a 
“leave one out” strategy. (e) Total percent introgressed ancestry for all H. a. texanus across the genome, scaled by basepair. (f) Proportion 
introgressed ancestry for H. argophyllus (ARG) and H. debilis (DEB) in windows separated by recombination rate percentile. (g) fd in 100 SNP 
windows separated by recombination rate percentile for the donor species H. argophyllus (ARG) and H. debilis (DEB) [Colour figure can be 
viewed at wileyonlinelibrary.com]
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4.2  |  Adaptation from standing genetic variation in 
H. a. texanus

Despite our findings that H. a. texanus showed no consistent (across 
all populations) pattern of introgression from either H. debilis or H. ar-
gophyllus, it is still a locally adapted subpopulation of H. annuus, as 
evidenced by previous common garden experiments in Texas show-
ing increased fitness relative to nonlocal H. a. annuus (Whitney et al., 
2006, 2010). One possible reason why adaptation was not achieved 
through introgression is due to the strong post-zygotic reproductive 
isolation between H. annuus and H. debilis (~94% F1 pollen sterility) 
(Chandler et al., 1986; Heiser, 1954), although even stronger barri-
ers have not eliminated introgression between H. annuus and other 
species (e.g., Sambatti et al., 2012). Given that H. a. texanus is mor-
phologically within the range of variation of H. a. annuus, it is more 
likely that adaptation could have occurred purely from selection on 
standing variation, rather than required an outside source. Under 
this model, the convergence between H. a. texanus and H. debilis is 
due to the common selective environment found in Texas.

One intriguing possibility is that local adaptation of H. a. texanus 
is mediated through selection on large segregating haploblocks 
(mainly inversions) that differentiate it from H. a. annuus; we found 
that seven of 11 haploblocks identified in H annus were in the top 
5% of most differentiated loci, and three had the maximum possi-
ble signal of adaptation from BayeScan. To follow up, we evaluated 
genome-environment associations for the seven H. a. texanus spe-
cific haploblocks previously identified in Todesco et al. (2020). We 
found strong associations with continentality (i.e., the range of tem-
perature between summer and winter) for ann13.01 and ann15.01 
along with several other temperature-related associations for 
ann14.02 and ann15.01. These associations, based on populations 
across the full range of H. annuus, support a role for haploblocks 
being a source of abiotic local adaptation in H. a. texanus. We also 
evaluated the possibility that haploblocks were involved in the spe-
cific phenotypic traits that define H.  a.  texanus. To evaluate this 
question, we looked at genome-wide association values for haplob-
locks for traits that were expected to, and did, phenotypically differ 
between H. a. annuus and H. a. texanus (Todesco et al., 2020). For 
these 17 traits and 11 haploblocks, we found only eight significant 
(p < .05) associations, and only two of which were in the predicted 
direction (i.e., the haplotype common in H. a. texanus caused a shift 
in the phenotype towards H. a. texanus); ann13.01 to disk diameter, 
and ann14.01 to stem colour, although neither were significant after 
correction for multiple testing (Figure S8). Taken together, these 
data offer little evidence that phenotypes that identify H.  a.  tex-
anus are caused by haploblocks, although some of the phenotypic 
traits that are associated to this subspecies, like resistance to her-
bivory, were not tested. However, they do bring new prominence 
to the role of inversions in environmental adaptation, as has been 
seen in several other systems (Hager et al., 2021; Wellenreuther 
& Bernatchez, 2018). Follow-up experiments should directly test 
phenotypic and fitness effects of Texas specific haploblocks in their 
home environment.

4.3  |  Potential confounders for tests of 
introgression

Despite the relatively unambiguous result of a lack of widespread 
introgression into H. a.  texanus, we have reasons to be cautious in 
our interpretation. In addition to the morphological convergence 
that prompted the initial hypothesis, there are strong reasons to ex-
pect that H. debilis ancestry is present in H. a. texanus. Both species 
hybridize in the wild, although with high F1  sterility, and H. debilis 
is the source of agronomically important traits in cultivated H. an-
nuus, brought in through breeding (Heiser, 1951a; Jan & Chandler, 
1985). Artificial introduction of H. debilis genetic material to H. a. an-
nuus, followed by natural selection in the wild, can result in rapid fit-
ness increases relative to control (non-introgressed) stock (Mitchell 
et al., 2019), suggesting that at least some introgressed H.  debilis 
regions would be favoured and retained in wild H. a. texanus. Thus, 
it is somewhat surprising that we detect so little admixture; below, 
we consider the evidence provided by each of the analyses we per-
formed, and explore possible confounding factors masking the pres-
ence of H. debilis introgressions.

Patterson's D is the most direct and model-free method for 
detecting introgression that we used, but can be confounded by 
introgression in other branches of the tree. A previous study has 
shown that H. a. annuus has gene flow with H. petiolaris (Figure 3e, 
Kane et al., 2009), and our D scores using H. petiolaris fallax as the 
donor confirms that there is greater H. petiolaris introgression into 
the parapatric H.  a.  annuus than the allopatric H.  a.  texanus. Both 
H. petiolaris and H. debilis are within the same clade, so introgres-
sion from one species could be interpreted as introgression from 
the other (Figure 3d). Thus, a test of Patterson's D using H. a. ann-
uus, H. a. texanus and H. debilis is, to some extent, actually asking if 
there is greater gene flow between H. a. texanus and H. debilis versus 
between H. a. annuus and H. petiolaris. The degree that this would 
affect the test is hard to predict and depends on the divergence 
between H. petiolaris and H. debilis. To properly control for this, we 
would need a population of H. a. annuus without introgression; but 
given the broad range of H. petiolaris and probably continuous gene 
flow, we do not know of such a population.

The signal of H. debilis introgression into H. a. texanus is strongly 
correlated with H.  argophyllus' stronger introgression signal 
(Figure 3c). This could be caused by H. argophyllus acting as a bridge 
for H. debillis alleles into H. a. texanus. Alternatively, if H. argophyllus 
ancestry is in H. debils, as suggested by D and some TreeMix analyses, 
then the signal may be reflecting that both H. debilis and H. a. tex-
anus share H. argophyllus ancestry. We believe it is likely that both 
of these hypotheses are true to some extent, but both suggest that 
the modest H.  debilis allele sharing with some H.  a.  texanus popu-
lations is mediated by H. argophyllus. In contrast, the H. a.  texanus 
sample ANN1363 does not follow the same pattern of ancestry cor-
relations, and has a clear localized signal of introgression, suggesting 
that when introgression is recent, we can detect it.

This potential confounding factor of multiple introgression 
events is less relevant for TreeMix, which considers all species 
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together, so if both gene flow events are occurring, TreeMix should 
detect them. TreeMix suggested several introgression edges that 
agreed with what is known in the system. For example, H. petiolaris 
fallax and H. niveus canescens overlap in range, intergrade together 
morphologically, and have high levels of introgression according to 
genotyping-by-sequencing analyses (Heiser et al., 1969; Zhang et al., 
2019). The introgression from H. argophyllus into H. a.  texanus and 
from H. debilis into H. argophyllus that we observed in the TreeMix re-
sults are both also supported by our admixture and D results. Despite 
specifically testing for H.  debilis into H.  a.  texanus introgression, 
TreeMix does not support any migration edge.

admixture is similarly clear that H. debilis is not a part of H. a. tex-
anus ancestry, with the exception of ANN1363. At K = 4, admixture 
does place H. debilis in the same group with ANN_56, an H. a. tex-
anus population that shows the highest proportion of H. argophyllus 
introgressions in ABBA-BABA tests, but this grouping is not con-
sistent at other K values, or supported by other tests (Figure S4). 
One of two equally-probable results from structure is consistent 
with admixture, while the other supports some H. debilis admixture 
in the same populations that have H. argophyllus ancestry. In con-
trast with previous programs but partially consistent with one result 
from structure, PCAdmix found that H. a.  texanus samples had low 
but higher than baseline (allopatric H.  a.  annuus) levels of H.  debi-
lis and H.  argophyllus ancestry (Figure 4d). There are a few possi-
ble reasons why PCAdmix detected introgression not seen in other 
methods. PCAdmix is designed for recently admixed populations, so 
if H. debilis introgression is old, expectations of recombination in the 
PCAdmix model will probably be violated. Furthermore, PCAdmix is 
not robust to incomplete lineage sorting, which occurs at the high 
effective population sizes seen in sunflowers (Yuan et al., 2017). We 
attempted to use the allopatric H. a. annuus as a control but this is 
not perfect. H. a. texanus is genetically different from H. a. annuus 
(Figure 1i), and this difference may drive H. a. texanus samples into 
intermediate positions in the two-dimensional PCA, more so than 
a single non-Texas H. a. annuus sample, even in the absence of in-
trogression. Our intercross ancestry estimates were consistent with 
values from PCAdmix, but probably had similar issues with popula-
tion structure between H. a. annuus and H. a. texanus.

Taken together, it is unlikely that H.  debilis contributed signifi-
cantly to H. a. texanus' ancestry, but that does not necessarily mean 
it did not contribute at all. In both fd and PCAdmix, we found small 
regions that are consistent with H. debilis introgression into H. a. tex-
anus, although we do not know if they are due to incomplete lineage 
sorting (ILS) or introgression. Between PCAdmix and fd we found two 
regions of overlap, which is perhaps not surprising considering both 
methods are looking for similar patterns. The Arabidopsis homologue 
of the single gene in those regions is involved in anthocyanidin pro-
duction, although ancestry at this region does not significantly pre-
dict stem colour. Future studies to QTL map herbivore resistance in 
H. a.  texanus, a proposed adaptively introgressed trait, could cross 
reference with this list of regions to identify candidates, or rule 
out introgression as the source of the trait. It is also possible that 
more complicated structural variation, for example, copy number 

variation, is poorly captured in our SNP data and is introgressed but 
not detected in our scans.

4.4  |  Reconciling previous signals of introgression

The first study to show H.  debilis introgression into H.  a.  texanus 
used cpDNA and rDNA restriction digests (Rieseberg, Beckstrom-
Sternberg, et al., 1990). They found a single cpDNA pattern in 
non-Texas H.  annuus, while H.  debilis had roughly a split between 
a unique cpDNA pattern and the non-Texas H.  annuus pattern. In 
H.  a.  texanus, 6% of the samples had the H.  debilis pattern, while 
the rest had matched the H. a. annuus pattern. A recent study using 
next-generation sequencing (NGS) found two main cpDNA lineages 
across the annual sunflowers (Lee-Yaw et al., 2019), which appear 
to correspond to the different cpDNA patterns reported previously. 
Both cpDNA clades are found in H.  debilis from Texas. Helianthus 
annuus primarily contains cpDNA from Clade II, but a handful of 
samples have Clade I cpDNA. Simulations suggested that this pat-
tern was best explained by cytoplasmic introgression, although most 
probably involving different donor species. The examination of nu-
clear markers (ribosomal DNA, rDNA) found some H. debilis markers 
in 10% of texanus samples (Rieseberg, Beckstrom-Sternberg, et al., 
1990). While this may represent introgression, it could also be a 
product of ILS. Although this study used markers that were fixed 
for alternate alleles in reference panels, those panels were of limited 
size (30 and 16) so it is possible that the markers were not actu-
ally fixed differences, but polymorphic within H. annuus. This chance 
increases in the presence of population structure, which we now 
know exists between H. a. annuus and H. a. texanus. To test this, we 
subsampled 30 random H. a. annuus samples and selected all sites 
with fixed differences between this subset and all eight sequenced 
H. debilis. We then measured the allele frequency in H. a.  texanus. 
We found that for these markers that are ostensibly fixed differ-
ences, 36% of loci were at >1% minor allele frequency in H. a. tex-
anus, while 4% were at >10% minor allele frequency. Thus, isolated 
introgression-like signals can be found in a data set with no overall 
pattern of introgression.

A follow-up study found higher levels of cpDNA discordance, 
but slightly lower levels of rDNA discordance (7%) (Rieseberg et al., 
2007). At the time, ILS was dismissed because H. annuus and H. de-
bilis are in separate, divergent clades. In our current filtered data set, 
non-Texas H.  annuus and H.  debilis share polymorphism at 18% of 
loci, suggesting much higher amounts of shared variation than pre-
viously appreciated.

A more recent study (Scascitelli et al., 2010) used 88 microsatel-
lite loci and found, again, very low levels of possible introgression. 
Using structure, the authors found 3/150 H.  a.  texanus samples 
were early generation admixed with H. debilis, while 1/90 H. a. an-
nuus samples were similarly admixed. No other H. annuus samples 
had admixture levels significantly above zero. Although this study 
estimated a nonzero migration rate from H. debilis into H. a. texanus, 
it estimated a similar rate into H. a. annuus, which is geographically 
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implausible, suggesting it did not accurately capture recent migra-
tion rates from H. debilis or was detecting introgression from a third 
species.

Altogether, previous studies found low and inconsistent H. de-
bilis ancestry in H. a. texanus. Although this has been interpreted as 
evidence that H. a. texanus is a hybrid lineage, with more complete 
genomic data it seems more likely to have resulted from ILS or possi-
bly introgression with other species, especially H. argophyllus.

4.5  |  Introgression across the genus

In contrast with the minimal signal of introgression from H.  de-
bilis, there is unambiguous introgression from H.  argophyllus into 
some H.  a.  texanus populations. We can see this in all except the 
most northern and western populations, which do not overlap with 
H. argophyllus’ distribution (Figure 3b). The highest signals of intro-
gression — up to 20% according to PCAdmix — are found in coastal 
populations of H.  a.  texanus. Interestingly, H.  argophyllus presents 
two very distinct ecotypes (Moyers & Rieseberg, 2016). A late-
flowering ecotype, which grows primarily inland, flowers later than 
most H. annuus populations, while an early-flowering ecotype's flow-
ering time overlaps with H. annuus. The early-flowering ecotype oc-
curs on the coast, where signals of introgression are strongest. This 
suggests that flowering time is an important reproductive barrier 
between these species.

The introgression from H. argophyllus probably contains deleteri-
ous incompatibility loci that are being selected against. We see this 
in the positive relationship between introgression and recombination 
rate (Figure 4f,g). This pattern can arise because higher recombina-
tion allows for deleterious incompatibility loci to be decoupled from 
the introgressed haplotype more rapidly (Nachman & Payseur, 2012; 
Schumer et al., 2018). That being said, we also see a negative rela-
tionship between FST and recombination rate, even when populations 
are allopatric (Figure 2e,f) which supports a role for linked selection 
(Burri, 2017). Given that sunflowers have large regions of extremely 
low recombination, polymorphic inversions and rampant structural 
changes between species, it will be important, but challenging, to 
account the effects of recombination when comparing genomes be-
tween species (Ostevik et al., 2020; Todesco et al., 2020).

We focused our attention on introgression from H. argophyllus, 
but it is also possible that there is introgression from H. a. texanus 
into H. argophyllus. A previous study found introgression of a hap-
loblock on chromosome 6 from H. annuus into H. argophyllus is re-
sponsible for early flowering time (Todesco et al., 2020). In our data 
set, this was not seen in admixture or structure, probably because 
the data set was thinned for linkage and the introgression tract is in 
a region of low recombination, so was thinned to a small number of 
markers. This highlights how methods designed for unlinked markers 
can underrepresent signal from regions of low recombination.

In our TreeMix analysis, we failed to find a signal of H. annuus – 
H. petiolaris introgression, despite a history in the literature showing 

both hybridization and gene flow (Kane et al., 2009). Our D statistic 
analysis found much higher derived allele sharing between H. annuus 
and H. petiolaris, than H. annuus and H. debilis, but similar patterns 
when H. argophyllus is substituted for H. annuus. This suggests an-
cient gene flow between H. petiolaris and H. annuus that predate the 
H. argophyllus – H. annuus split. It is possible that TreeMix interprets 
this as a closer phylogenetic relationship, which could explain why 
H. debilis not placed as sister to H. petiolaris. We also do not fully 
understand how haploblocks, which can have dramatically different 
phylogenetic patterns, are affecting these phylogenetic and gene 
flow estimates. Regardless, a more detailed phylogenomic analysis 
of annual sunflowers is warranted to disentangle the complex hy-
bridization patterns.

4.6  |  Conclusion

The power of next-generation sequence to generate loci across the 
genome allows us to robustly test hypotheses originally generated 
using fewer markers. It is increasingly clear that different regions of 
the genome can have very different patterns of genetic diversity, 
for example due to differences in recombination rate or structural 
variation. Additionally, more markers allow the disentangling of pro-
cesses such as incomplete lineage sorting and introgression. Here, 
we have used whole genome sequencing to show that, in contrast to 
previous expectations, H. a. texanus probably did not achieve local 
adaptation through introgression from H. debilis, but rather through 
standing variation and large segregating haploblocks. This brings 
new focus to the role of selection in the morphological convergence 
of H. a. texanus and H. debilis. Future studies should follow up on the 
adaptive potential of haploblocks in H. a. texanus by QTL mapping of 
phenotypic or fitness traits associated with segregating haploblocks 
and examining gene sequences within haploblocks to detect genes 
under selection.
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