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ABSTRACT Knowledge of the nature and extent of karyotypic differences between species provides insight into the evolutionary
history of the genomes in question and, in the case of closely related species, the potential for genetic exchange between taxa. We constructed
high-density genetic maps of the silverleaf sunflower (Helianthus argophyllus) and Algodones Dune sunflower (H. niveus ssp. tephrodes)
genomes and compared them to a consensus map of cultivated sunflower (H. annuus) to identify chromosomal rearrangements between
species. The genetic maps of H. argophyllus and H. niveus ssp. tephrodes included 17 linkage groups each and spanned 1337 and 1478 cM,
respectively. Comparative analyses revealed greater divergence between H. annuus and H. niveus ssp. tephrodes (13 inverted segments, 18
translocated segments) than between H. annuus and H. argophyllus (10 inverted segments, 8 translocated segments), consistent with their
known phylogenetic relationships. Marker order was conserved across much of the genome, with 83 and 64% of the H. argophyllus and
H. niveus ssp. tephrodes genomes, respectively, being syntenic with H. annuus. Population genomic analyses between H. annuus and
H. argophyllus, which are sympatric across a portion of the natural range of H. annuus, revealed significantly elevated genetic structure in
rearranged portions of the genome, indicating that such rearrangements are associated with restricted gene flow between these two species.

CHROMOSOMAL rearrangements are of considerable in-
terest because they are often associated with barriers to

gene flow between related species, either due to their direct
effects on the fitness of heterozygotes or through the indirect
effects of genic barriers embedded within them (White 1978;
Barton and Bengtsson 1986; Rieseberg et al. 1995b, 1999;
Rieseberg 2001; Navarro and Barton 2003; Kirkpatrick and
Barton 2006; reviewed in Faria and Navarro 2010; Gimenez
et al. 2012). As such, detailed information on karyotypic
differences between species provides insight into the nature
of reproductive isolation and, more pragmatically, informs
attempts to introgress beneficial alleles from wild species into
crop gene pools (Chetelat and Meglic 2000; Foulongne et al.
2003; Dirlewanger et al. 2004). An improved understanding

of synteny across species can also facilitate the identification
and localization of functionally important genes in a taxon of
interest through the extrapolation of gene order from model
species (e.g., Choi et al. 2004; Dilbirligi et al. 2006).

The genus Helianthus, which is composed of 49 species na-
tive to the Americas (Timme et al. 2007) and includes culti-
vated sunflower (Helianthus annuus L.; 2n= 2x= 34; hereafter
referred to as ANN), has emerged as a model for genetic studies
of adaptation, hybridization, and speciation (Rieseberg et al.
1995a,b; Lai et al. 2005; Reagon and Snow 2006; Massinga
et al. 2009; Gutierrez et al. 2010; Vekemans 2010; Roumet
et al. 2013). Insight into the nature and extent of reproductive
barriers within Helianthus will provide valuable understanding
of how these species arose and will also aid in the development
of strategies for the introgression of beneficial alleles from
related wild species (e.g., silverleaf sunflower and the Algo-
dones Dune sunflower) into the cultivated sunflower gene pool.

Silverleaf sunflower (H. argophyllus Torrey and Gray;
2n= 2x= 34; hereafter referred to as ARG) is the sister species
to ANN. ARG is native to the sandy soils of coastal Texas
where it overlaps (Supporting Information, Figure S1) with
the southern portion of the native range of wild ANN, which
is the progenitor of cultivated sunflower. In cultivated sunflower
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breeding programs, ARG has been used widely as a donor of
advantageous alleles for disease resistance (Heiser 1951;
Rogers et al. 1982; Gulya and Miller 1991; Slabaugh et al.
2003; Dussle et al. 2004; Radwan et al. 2004; Seiler et al.
2007; Wieckhorst et al. 2010), fertility restoration of the
PET1 cytoplasm (Chepurnaya et al. 2003), and cytoplasmic
male sterility (Horn et al. 2002). ARG has also been identified
as a possible source of favorable alleles for salt and drought
tolerance (Richards 1992) and insect resistance (Rogers and
Thompson 1980; Rogers et al. 1982, 1987; Sujatha and
Lakshminarayana 2007). Crosses between ANN and ARG
produce vigorous offspring with reduced pollen viability
(F1 = 5–50% viable, BC1 = 24–97% viable) and chromosomal
abnormalities (Heiser 1951; Chandler et al. 1986; Quillet et al.
1995), resulting in restricted introgression in experimental
crossing programs. Cytological studies identified meiotic ab-
normalities (e.g., univalents, rod bivalents, and tetravalents)
in the interspecific hybrids, indicating that ANN and ARG
differ by at least two reciprocal translocations (Heiser 1951;
Chandler et al. 1986; Quillet et al. 1995). A recent comparative
mapping study identified five nonreciprocal translocations and
two inversions between ANN and ARG (Heesacker et al. 2009);
however, this analysis was based on an ARG map with just 299
markers (i.e., SSRs, indels, and SSCPs), of which only 131
were orthologous to loci that had been mapped in ANN.

The Algodones Dune sunflower [H. niveus (Benth.) Brandegee
ssp. tephrodes (A. Gray) Heiser; 2n= 2x= 34; hereafter referred
to as NIV] is a mostly perennial, sometimes annual, xerophytic
species that inhabits sandy dunes in Arizona, Baja California,
and Sonora, Mexico (Figure S1) (Rogers et al. 1982; Bowers
1996). NIV is sister to H. petiolaris, with which ANN is known
to hybridize in the wild. Interspecific hybrids between NIV and
both ARG and ANN exhibit low pollen viability (,10%) and
mispairing (i.e., univalents) during meiosis (Chandler et al.
1986). Thus far, NIV has not been used as a source of advanta-
geous alleles for improving cultivated sunflower, though it dem-
onstrates resistance to aphid nymphs and adults (Masonaphis
masoni) (Rogers et al. 1982) and is a potential source of alleles
for traits related to drought resistance (e.g., leaf pubescence,
germination/establishment in a desert environment, etc.). Prior
to this study, no genetic maps of this species had been developed.

Previous comparative mapping studies in sunflower have
resulted in the identification of numerous rearrangements
across species, though these studies have been limited by
relatively lowmarker density (Burke et al. 2004; Lai et al. 2005;
Heesacker et al. 2009). In this article, we describe the construc-
tion of the first high-density linkage maps of H. argophyllus and
H. niveus ssp. tephrodes using single nucleotide polymorphisms
(SNPs) derived from expressed sequence tags (ESTs). We then
compare these maps to the 10,000+ locus consensus SNP map
of cultivated sunflower (Bowers et al. 2012) to produce
a detailed picture of synteny among ANN, ARG, and NIV.
Finally, we describe the results of a population genomic
analysis of ANN and ARG to determine the extent to which
observed chromosomal rearrangements are associated with
restricted interspecific gene flow between these species.

Materials and Methods

Mapping populations

Intraspecific F1 hybrids of ARG and NIV were produced by
crossing individuals from two different accessions of each species
with each other. A single individual of ARG1820 (PI 494580)
was crossed with a single individual of ARG1834 (PI 494582)
and a single individual of NIV58 (PI 613758) was crossed with
a single individual of NIV20 (PI 650020). The goal was to
produce a highly heterozygous individual of each species
that could be used in a pseudo-testcross mapping design
(Grattapaglia and Sederoff 1994; Burke et al. 2004). Pollen
from a randomly selected intraspecific F1 from each species
was then used to pollinate a nuclear male-sterile ANN inbred
line (NMS373; PI 597362) to produce ARG3 ANN and NIV3
ANN interspecific mapping populations. This allowed the seg-
regation of alleles from the ARG or NIV intraspecific hybrids to
be tracked against a mostly homozygous ANN background.

DNA extraction and genotyping

DNA was isolated from leaves of 94 F1 seedlings of each
interspecific mapping population and genotyped using a cus-
tom array designed to target �10,000 cultivated sunflower
SNPs following established methods (Bachlava et al. 2012).
This array was previously used to produce a high-density
consensus map of the ANN genome based on multiple crosses
(Bowers et al. 2012).

Genetic mapping

The genetic maps were initially constructed manually using
spreadsheet software to sequentially sort genotypes and cluster
linked loci to minimize the number of apparent recombination
events (Bowers et al. 2012). Map order was then verified using
MapDisto v. 1.75 (Lorieux 2007, 2012) using the group, order,
and ripple commands. When combined with the biallelic
nature of all markers, the use of a pseudo-testcross mapping
design meant that each heterozygous locus in ARG or NIV
randomly shared either its maternal (ARG1834 or NIV58) or
paternal (ARG1820 or NIV20) allele with the ANN mapping
parent. Thus, prior to map construction, all loci in the data-
set were duplicated and recoded (i.e., SNPs scored as het-
erozygous were recoded homozygous and vice versa). The
resulting genetic maps consisted of 34 linkage groups (LGs)
with 17 pairs of “mirror image” linkage groups that con-
tained identical sets of loci separated by the same map dis-
tances, but with reversed genotype scores. One linkage
group from each of these pairs was retained for inclusion
in the final ARG and NIV maps, each containing 17 linkage
groups. The numbering and orientation of the ARG and NIV
linkage groups followed the standard nomenclature devel-
oped for ANN (Tang et al. 2002; Bowers et al. 2012). ARG
and NIV LGs with translocated segments relative to ANN
were labeled according to the ANN LGs that were involved
(e.g., ARG6/15 consisted of portions of LGs 6 and 15 from
the ANN map; NIV17/16/12 consisted of portions of LGs 17,
16, and 12 from the ANN map; see below for details).
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Synteny assessment

Homologous linkage groups were plotted in MapChart v. 2.2
(Voorrips 2002) and synteny was assessed using two datasets:
an overall subset of 295 SNPs mapped in all three species and
species-pair subsets consisting of all homologous markers
mapped in ANN and ARG (n = 1455 markers), ANN and
NIV (n= 1058 markers), and ARG and NIV (n= 318 markers)
(Figure S2). Map coverage using the overall subset of 295 SNPs
mapped in all three species was estimated for ARG and NIV
after subtracting gaps of .20 cM, as well as gaps at the end of
LGs (Wu et al. 2010). For the sake of comparison, the ANN
genome was used as a standard reference and structural
rearrangements were identified vs. this reference. This should
not, however, be taken to imply that the ANN orders are nec-
essarily ancestral. A conserved block of synteny was defined as
two or more independent markers (ignoring those without a
known homologous position in the ANN genome) present as
uninterrupted strings of collinear loci. Structural rearrange-
ments (i.e., inverted and/or translocated segments) were
defined using a modified version of the guidelines used by
Wu et al. (2009a,b, 2010). Inverted segments were identi-
fied as two or more independent markers that exhibited re-
versed ordering between species; inverted segments at the
terminal ends of LGs required the misordering of at least one
terminal marker and two or more internal markers. Because
establishing the correct map position of tightly linked
markers in high-density linkage maps can be difficult due
to duplicated loci, genotyping errors, segregation distortion,
and chiasma interference (Hackett and Broadfoot 2003; Ferreira
et al. 2006; Cheema and Dicks 2009; Collard et al. 2009), minor
ordering errors can arise. As such, a 2-cM threshold was ap-
plied for declaring noncollinearity (Hudson et al. 2011). Thus,
markers were only considered noncollinear when a shift in
marker order and position exceeded 2 cM in both maps. Trans-
located segments were identified as regions with two or more
independent markers assigned to the “wrong” LG relative to
the ANN consensus map; single, terminal, nonsyntenic markers
were not considered to be translocated segments. Synteny was
assumed in regions of conflicting data and markers violating
this assumption were identified and locus names were printed
in bold and underlined. The lengths of inverted and/or trans-
located segments were defined as the distance between the
first and last loci within the block based on the ARG or NIV
map, respectively. The percentages of the ARG and NIV genomes
that were syntenic, inverted, or translocated relative to ANN
were calculated by summing all of the individual segments that
were assigned to each of these categories and dividing these
values by the total length of the ARG or NIVmap, as appropriate.

Population genomic analyses

Genome-wide estimates of population genetic divergence
between ANN and ARG were based on previously gener-
ated transcriptome resequencing data derived from 40 and
28 individuals of these species, respectively (see Renaut
et al. 2013 for details). Briefly, the raw transcriptome data

(produced using either the Roche 454 FLX or Illumina GAII
platforms) were aligned against a reference transcriptome
of 51,468 contigs using the Burrows–Wheeler aligner
(BWA) (Li and Durbin 2009). SAMtools (Li et al. 2009)
was then used to call SNPs. Genotypes with Phred-scaled
genotype likelihoods ,30, which correspond to a minimum
genotyping accuracy of 99.9%, were considered as missing.
Questionable SNPs were removed due to poor sequence
quality, low coverage, potential sequencing errors, and
paralogy. The data were also filtered to remove SNPs with
low expected heterozygosity (i.e., He , 0.20) because, due
to the sample sizes employed here, they may represent
sequencing errors. Likewise, SNPs with very high observed
heterozygosity (i.e., Ho . 0.60) were removed because they
likely result from paralogous sequence variants. From this
curated dataset, FST (Weir and Cockerham 1984) and Jost’s
(2008) D were both calculated (Noor and Bennett 2009;
Meirmans and Hendrick 2011) for each marker, using the
package HIERFSTAT (FST, Goudet 2005) and diveRsity
(D, Keenan et al. 2013) in the programming language
R (R Development Core Team 2012). BLASTN was then used
to assign nearly half of the transcriptome contigs (24,406 of
51,468 total) to 3047 unique genomic map locations on a
sequence-based genetic map of the H. annuus genome
(Renaut et al. 2013), and FST and D for each map position
were calculated by averaging the values for all markers within
60.5 cM of the position of interest. In cases where diversity
and differentiation are high, conclusions regarding population
differentiation may be wrong when using measures of differ-
entiation such as FST, which are based on additive between-
group heterozygosity (Jost 2008). While FST is proportional to
the variance of allele frequency among populations, Jost
(2008) introduced another measure of differentiation, D,
which indicates the proportion of allelic diversity that lies
among populations. Therefore, D is a genetic distance mea-
sure more related to the distance between populations than
to the variance in allele frequencies (Whitlock 2011).

The effect of chromosomal rearrangements on interspecific
gene flow was investigated by comparing the extent of
population structure (i.e., the magnitude of FST and D) for the
rearranged vs. nonrearranged portions of the genome. For this
analysis, we identified the 12 most well-supported rearrange-
ments from the ANN vs. ARG comparison (i.e., those that were
supported by three or more markers), including seven inverted
segments and five translocated segments, and compared their
average FST and D values against the balance of the genome.
FST and D values were also calculated for the 5-cM regions
adjacent to the breakpoints separating the rearranged and non-
rearranged segments.

Results

Genetic linkage maps

The ARG genetic map (Figure 1 and Figure S3) consisted
of 1626 EST-SNP markers and 17 LGs covering 1337 cM (Table
S1). This represents an increase of .1300 loci relative to the
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previous ARG map constructed by Heesacker et al. (2009) and
a decrease from 21 to 17 LGs (i.e., the haploid chromosome
number of ARG). The average distance between markers (ex-
cluding colocalizing markers) was 2.4 cM with a maximum gap
of 45.7 cM (ARG10). The ARG map consisted of 567 unique
marker locations with 285 (50%) of these positions having two
or more colocalized markers per position [average 4.8, maxi-
mum (max) 98] (Table S2). The NIV genetic map (Figure 1
and Figure S3) consisted of 1194 markers, 17 LGs, and spanned
1478 cM (Table S1). The average intermarker distance was 2.7
cM with a maximum gap of 22.7 cM on NIV9. The NIV map
showed similar levels of marker colocalization with 562 unique
marker locations with 249 (44%) of these positions having two
or more colocalized markers per position (average 3.6, max 26)
(Table S2).

Synteny estimates

Synteny between ANN, ARG, and NIV for both the species-pair
sets of markers (ANN/ARG, ANN/NIV, and ARG/NIV) and the

overall set of 295 homologous markers mapped in all three
species is presented in Figure 2, Figure S4, and Figure S5.
Segments that were noncollinear between species were clas-
sified as inverted and segments that were nonsyntenic were
classified as translocated (Table S3). Note that these desig-
nations were made with reference to the ANN consensus
map for consistency with existing chromosomal nomenclature
and should not be interpreted as indicating ancestral vs. derived
states. The ability to identify rearranged regions is dictated
by marker resolution, which is defined by both the number
and distribution of shared markers. The smallest inverted
and/or translocated segment that was detected was 1.1
cM and 2.1 cM, respectively, for the ARG and NIV maps.
The average size was 11.1 cM and 16.7 cM (Table S4).
Approximately 70% of both maps had adequate marker res-
olution to detect rearranged segments of .6 cM and �20%
of the maps had marker resolution to detect rearrangements
of ,2 cM (Figure S6 and Figure S7).

Figure 1 Genetic linkage maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV). ARG and NIV linkage groups (LGs) are labeled and
color coded based on macrosynteny with H. annuus (ANN) chromosomes ANN1–17 (Bowers et al. 2012). Gray segments contain markers that are
mapped to multiple ANN LGs not including that particular ARG or NIV LG; cross-hatching indicates a region that is inverted relative to ANN; black arrows
indicate translocated segments that are also inverted relative to ANN. The scale on the left is in centimorgans (cM). See Figure S2 for more detail.
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ANN vs. ARG: The ANN/ARG species-pair markers (n= 1455)
revealed the presence of 12 largely syntenic LGs (1–3, 5, 8–11,
13–15, and 17), 10 inverted segments, and eight translocated
segments (Table S1 and Table S3). On a genome-wide basis
(Figure S8), 83% of the ARG map was syntenic with the ANN
consensus map, 12% was translocated, and 5% inverted. Four
major translocated segments were identified: two nonreciprocal
translocated segments involving LGs ARG4/7 and ARG6/15 and
one reciprocal translocated segment involving LGs ARG12/16
and ARG16/12. Linkage group ARG4/7 was composed of a seg-
ment of the proximal portion of ANN4 inserted as two pieces
into the proximal region of ANN7. The translocated segment of
LG4 spanned 6 cM in ANN and 21 cM in ARG. Linkage group
ARG6/15 consisted of ANN6 and the distal end of ANN15.
Linkage groups ARG12/16 and ARG16/12 formed a reciprocally
translocated LG of ANN12 and ANN16. Inverted segments were
identified on several LGs (1, 2, 4, 5, and 8–11).

The ANN/ARG synteny estimate based on the subset of 295
markers mapped in all three species was slightly higher (89 vs.
83%) with only three inverted segments and three translocated
segments (Figure S5, Figure S8, and Figure S9). The lower
number of rearranged segments estimated using this marker
subset was likely due to the reduced marker density (1626
markers vs. 295 markers) and map coverage (only 62%), with
limited coverage (,25%) on LGs 4, 4/7, 10, and 15 (Table S5).

ANN vs. NIV: The full set of homologous EST-SNP markers
(n= 1058) mapped in NIV and ANN showed the presence of
10 largely syntenic LGs (1, 2, 5, 8–11, and 13–15), 13 inverted
segments, and 18 translocated segments (Table S1). On a ge-
nome-wide basis (Figure S8), 64% of the NIV map was syntenic
with the ANN consensus map (vs. 83% for ARG), 19% was
translocated, and 17% inverted. The same four major translo-
cated LGs identified in ARG (i.e., ARG4/7, ARG6/15, ARG12/
16, and ARG16/12) were also identified in NIV (i.e., NIV4/7,
NIV6/15, NIV12/16, and NIV17/16/12), in addition to a non-
reciprocal translocated segment of the distal end of ANN13 to
the proximal end of ANN4 forming LG NIV13/4. Similar to
ARG4/7, NIV4/7 also contained a translocated segment of
the proximal portion of ANN4 inserted as a single piece (vs.
two pieces in ARG) into the proximal region of ANN7. Interest-
ingly, NIV6/15 was composed of ANN6 and the inverted prox-
imal end of ANN15, whereas, in ARG, this translocated
segment involved the opposite (distal) end of ANN15 (Figure
2, Figure S4, and Figure S5). NIV12/16 and NIV17/16/12
formed a reciprocally translocated LG of ANN12 and ANN16
much like in ARG; however, in NIV the distal end of ANN17
was also translocated to the proximal end of one of the NIV
reciprocal LGs forming NIV17/16/12. Additionally, a small
translocated segment of ANN16 inserted into the distal end
of NIV10 was also identified, as well as a number of other
small, translocated regions containing markers from multiple
ANN LGs on NIV LGs 2, 13/4, 4/7, 9, 11, 14, and 17. Inverted
segments relative to ANN were identified on NIV LGs 1, 3,
13/4, 5, 8–11, and 14 with large inverted segments on NIV
LGs 8 and 9 covering .50 cM.

The ANN/NIV synteny estimate based on the subset of
295 markers mapped in all three species was 69%, with five
inverted segments and 10 translocated segments (Figure S5,
Figure S8, and Figure S9). Map coverage in NIV using this
marker subset was better (74 vs. 62%) than in ARG, with
poor coverage limited only to NIV10 (7%) (Table S5).

ARG vs. NIV: ARG and NIV were mostly syntenic (71–75%) to
each other with minor inverted or translocated segments on LGs
1–3, 5, 8, 11, and 13, and a major inverted segment on LG 9
(Figure S10). As mentioned previously, ARG and NIV appear to
share a number of translocated LGs relative to ANN, and within
these rearranged segments synteny was mostly conserved (e.g.,
proximal portion of 6/15, 12/16 and distal portions of ARG16/
12 and NIV17/16/12). In general, marker coverage was ade-
quate to evaluate the synteny between ARG and NIV except for
LG 10, which only shared two homologous markers with the
remaining markers (four in ARG and three in NIV) mapping to
other LGs (5, 8, and 12/16 in ARG and 2, 5, and 6/15 in NIV).

Population genomic divergence

We identified 205,372 SNPs between ANN and ARG based
on our strict quality controls. From this curated dataset, the
genome-wide average FST between ANN and ARG was
0.34 6 0.14 (mean 6 SD), with an average of 0.43 6 0.14
across the most well-supported rearrangements (0.45 6 0.12
for the inverted segments, 0.42 6 0.15 for the translocated
segments) vs. 0.31 6 0.13 for the balance of the genome
(see Figure 3 for a visual summary of these results). The dis-
tribution and values of D were well correlated with the ob-
served FST values (Figure S11 and Figure S12). The genome-
wide average D between ANN and ARG was 0.26 6 0.13
(mean 6 SD) with an average of 0.36 6 0.14 across the most
well-supported rearrangements (0.36 6 0.12 for the inverted
segments and 0.356 0.14 for the translocated segments) vs.
0.24 6 0.12 for the balance of the genome (see Figure S11
for a visual summary of these results). Based on a randomization
test where FST (or D) statistics were randomly assigned genomic
map positions, and the average values for the rearranged vs.
nonrearranged portions of the genome were recalculated (this
was done 1,000,000 times for both FST and D), the observed
differences were highly significant (P, 0.0001). Similar values
(P , 0.0001) were obtained using a nonparametric Wilcoxon
rank sum test comparing rearranged vs. nonrearranged portions
of the genome for FST (or D) statistics. FST and D for the regions
within 5 cM of the breakpoints between the rearranged and
nonrearranged segments (0.39 6 0.15 and 0.31 6 0.14, re-
spectively) were slightly less than the values observed for the
whole rearranged regions, yet they were still significantly (P,
0.0001; Figure 3 and Figure S11) elevated relative to the non-
rearranged regions.

Discussion

The relative levels of synteny observed in this study accord well
with the known phylogenetic relationships among these species,
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with ARG being sister to ANN, and NIV being somewhat more
distantly related (Timme et al. 2007). In several cases, ARG
and NIV possessed similar rearrangements (e.g., inverted seg-

ments on LGs 1 and 5 and the 12/16 reciprocally translocated
LGs) relative to ANN, indicating that the ANN configuration,
upon which the standard linkage group nomenclature is based

Figure 2 Genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV) compared to a consensus map of H. annuus (ANN) from
Bowers et al. 2012. Color coding and chromosome nomenclature follow Figure 1. Homologous markers are connected by lines. Only ANN markers
mapped in ARG or NIV are included. See Figure S3 and Figure S4 for more detail.
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(Tang et al. 2002; Yu et al. 2003; Bowers et al. 2012) may be
a derived condition. Interestingly, ARG and NIV both exhibited
translocated segments involving LGs 6 and 15. However, these
translocated segments involved opposite ends of LG 15 (in

opposite orientations). This result suggests that the central
portion of LG 15 may be predisposed (or favored by adap-
tation to similar environmental conditions) to translocation
onto LG 6.

Figure 2 Continued.
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Given that ANN and ARG differ by as many as 10 inverted
segments and 8 translocated segments and diverged from one
another �1.5 MYA [90% HPD (highest posterior density)
range = 1.2–2.0 MYA; J. L. Strasburg and L. H. Rieseberg,
unpublished data], the estimated rate of karyotypic evolution
(K) between these species ranges from 4.5 to 7.5 chromosomal
rearrangements/MY. Similarly, ANN and NIV differ by as many
as 13 inverted segments and 18 translocated segments and are
diverged from one another �1.8 MYA (90% HPD range =
1.5–2.1 MYA based on the fact that NIV is sister to H. petiolaris
(Sambatti et al. 2012). As such, the estimated rate of karyo-
typic evolution (K) between these species ranges from 7.4 to
10.3 rearrangements/MY. The fact that these values are con-
siderably higher than previous estimates for ANN vs. ARG
(7 rearrangements total, including 5 translocation and two
inversions; Heesacker et al. 2009) and for ANN vs. H. petiolaris
(11 rearrangements total, including 8 translocations and three
inversions; Burke et al. 2004), is likely due to the much higher
marker density in the present study, which improved our abil-
ity to detect rearrangements. We recognize that even with the
marker resolution achieved in this study, we are likely missing
smaller rearrangements, which will only be resolved once the
full genome (or physical maps) become available. Regardless,
the overall rate of occurrence of large-scale chromosomal rear-
rangements in Helianthus appears to be quite high.

In terms of the impact of these rearrangements on genetic
exchange, FST and D values were clearly and significantly
elevated within the rearrangements vs. elsewhere in the
genome. This result stands in contrast to an earlier study,
based on many fewer loci, that found evidence of increased
divergence between ANN and H. petiolaris in the vicinity of
chromosomal breakpoints, but not within rearranged
regions overall (Strasburg et al. 2009). In fact, the effects
documented in the present study extended into regions bor-
dering the rearrangements, with collinear regions within
5 cM of chromosomal breakpoints also exhibiting significantly
elevated FST and D values. Our results are thus consistent
with the view that rearrangements effectively suppress ge-
netic exchange between chromosomally differentiated taxa,
though the root cause of this effect remains unclear. It has
long been argued that chromosomal rearrangements act to
limit gene flow through their underdominant effects on fit-
ness (White 1978; Barton and Bengtsson 1986; King 1995;
Levin 2002), though this view faces significant theoretical
challenges (Rieseberg 2001; reviewed in Faria and Navarro
2010). Most notably, rearrangements must be strongly under-
dominant to effectively reduce gene flow, but strongly under-
dominant rearrangements are difficult to fix through drift except
in small, inbred populations (Walsh 1982; Lande 1985). In con-
trast, weakly underdominant rearrangements can go to fixation

Figure 2 Continued.
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more easily via drift, but are expected to have minimal
effects on gene flow. In this case, however, the drift-based
establishment of even weakly underdominant rearrange-
ments is improbable due to the occurrence of sporophytic
self-incompatibility (resulting in obligate outcrossing) and
large effective population sizes in wild Helianthus species
(Strasburg et al. 2011).

An alternative view that has gained prominence in recent
years is that the primary effect of rearrangements is to limit
recombination, thereby allowing adaptive differences to accrue
within rearrangements, which then extends the effects of genic
barriers to gene flow across larger genomic regions (Rieseberg
2001; reviewed in Jackson 2011). In fact, Kirkpatrick and
Barton (2006) provided theoretical evidence that adaptive
differentiation can drive the fixation of chromosomal differ-
ences by suppressing recombination between loci carrying
locally favorable alleles. In this context, it is worth noting
that ARG and ANN exhibit major adaptive differences. ARG
flowers in late summer and exhibits a strong preference for
the sandy, coastal soils in its native range in south Texas, as
well as Florida, where it is thought to be a naturalized weed
(Heiser 1951). This species also has densely pubescent leaves
covered with long, silky hairs, exhibits a woody growth habit
under certain environmental conditions, and is tolerant of
drought conditions and saline soils (Richards 1992; Baldini
and Vannozzi 1999). In contrast, wild ANN flowers much

earlier in the summer, has less pubescent leaves that are
green in appearance, is rarely found in sandy soils, and is
typically salt sensitive (Welch and Rieseberg 2002).

Unfortunately, we know relatively little about the history
of contact between these species. Moreover, the genetic
architecture of the aforementioned trait differences remains
largely unexplored in wild Helianthus species. As such, a more
complete understanding of the causes and effects of the rear-
rangements identified herein thus awaits further study.
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Figure S1   General distribution of wild Helianthus annuus (blue), H. argophyllus (green), and H. niveus ssp. tephrodes (orange) in the United States. Adapted from Rogers et al. 
1982. Please note that the distribution of H. annuus and H. niveus ssp. tephrodes both extend southward into Mexico.  
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Figure S2   SNP markers mapped in Helianthus annuus (ANN), H. argophyllus (ARG), and H. niveus ssp. tehprodes (NIV). 

 

   

ANN

NIVARG

5549 

113 148 

1160 

23 

763 

295 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/197/3/969/5935904 by guest on 13 M

arch 2024



4 SI  J. G. Barb et al. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3    Genetic linkage maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV). ARG and NIV linkage 
groups (LGs) are labeled and color coded based on macrosynteny with H. annuus chromosomes ANN1‐17 (Bowers et al. 2012) 
(see Figure 1 for details). SNP markers are colored corresponding to where they were mapped on the ANN consensus map 
(ANN LGs 1‐17). SNP markers and LGs shaded in gray (MULT) are markers or regions of markers that are mapped to multiple 
ANN LGs not including that particular ARG or NIV LG, respectively. SNP markers shaded in black (NM) were not mapped in ANN. 
INV/cross hatch regions indicate inverted regions relative to ANN. Arrows indicated translocated regions that are also inverted. 
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Figure S3 continued 
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Figure S3 continued 
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Figure S4   Genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV) compared to a consensus H. 
annuus (ANN) map (Bowers et al. 2012). Color coding and chromosome nomenclature follow Figure 1. ARG and NIV markers are 
color coded to represent the LG that they were mapped to on the ANN consensus map. ANN markers are color coded to 
represent the LG that they were mapped to on the ARG and NIV maps, respectively. Markers colored in black (NM) were not 
mapped on the ANN consensus map. Markers colored in gray (MULT) were mapped to multiple LGs in ANN, but not to that 
particular LG in ARG or NIV, respectively. Homologous markers are connected by lines. Inverted segments are indicated with 
cross hatching.  Synteny and collinearity were assumed in regions of conflicting data, and markers violating synteny or 
collinearity in these regions were identified (bold, underlined). Marker names have been abbreviated (SFW = S). Only ANN 
markers mapped in ARG or NIV are included in this figure. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/197/3/969/5935904 by guest on 13 M

arch 2024



J. G. Barb et al.  23 SI 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4 continued 

NIV1          ANN1 NIV MAP                             ANN1 ARG MAP          ARG1   
S9244

S6989 S8877 S1597

S3924

S3105

S0792
S5018

S1916 S2019 S5198

S1580

S8236

S0174 S0122

S8367 S8106 S6221
S3715 S0633

S0534
S2421 S4755

S5339 S4403 S4313

S0666
S4079

S1522 S1776
S3644 S0311
S1786 S0894

S4865 S3551 S3676 S0394 S0029
S1570 S7439 S9019 S2411 S9416

S7383 S2877 S4752
S2278 S9391 S2960

S3541 S2173 S6383 S1276 S4497
S0603 S5756 S0778 S8380 S8500
S5432 S5204 S4004 S9335 S7716
S7847 S3357 S4042 S3866 S3748
S4492 S4860 S5132 S6475 S6924

S7626
S1952
S3220

S5897
S7349 S0769

S5054 S8311 S0188 S5463 S8113

S8950

S7464

S3650

S0024 S0077 S4933 S0896 S4684
S8192

S8863
S8537 S3317 S2943

S8287 S9249
S0469 S6572 S8722 S7616

S6779 S9255 S9137

S8212

S6989
S8877
S3924
S3105
S0792 S1916 S5018
S2019
S4865
S1786 S1871 S7682
S0894 S6437
S3644
S0311
S1522
S3551 S3676 S4079
S5339
S4403
S2324 S8367
S0534
S3715
S0633
S0240 S2421 S4755
S0174
S0122
S0394
S8236
S0089
S1580
S0176
S0029
S1570 S7439
S2278 S3541
S9391
S2173 S6383 S9200
S6620
S1276 S4497
S0603 S5756
S0778 S8380
S8500
S5432
S5204
S9019
S4004 S9335
S7716 S7847
S1952
S3220
S5897
S7349
S0769
S3357
S8281
S4042
S5054
S8311
S0188 S5463
S1148
S8950
S7464
S0024 S0077 S4933
S8537
S3317 S8863
S0469 S6572 S8722
S8287
S6779
S9255
S9137

S0919
S2119 S4828

S6216
S5116
S3384
S3924
S3105

S1947 S3680 S4937 S7737
S9467
S0659
S1871

S4626 S8506
S1021
S3644
S1522
S7013
S1874

S0407 S3564 S3658 S4051 S4096
S4958 S5428

S5528
S0502 S3903

S6329
S3997

S4082 S8721
S2421 S4186 S4755
S0956 S6521 S7037
S0266 S4446 S5592

S2074
S5249
S7439

S3541 S5209
S0468 S3055

S1276 S4497 S5873 S6604 S6689
S6914 S8833

S5756
S0997

S4369 S8500 S8665
S7337

S0271 S2793
S0575

S1636 S6439 S6656
S5432
S8208
S4004
S9478
S5218

S0568 S9113 S9263
S0820 S9077
S0353 S3197

S5897
S3425 S8089

S9442
S3357
S6031
S4042
S5054
S0624

S4161 S5463
S1545 S5329

S8951
S2286
S3897

S1323 S4953 S7464
S8889
S0948
S5360
S8582
S0077
S1240
S8197
S4968
S3745
S8537
S8580

S5843 S8863
S8921

S5902 S6779
S9255
S2276

S2119

S0919 S4828

S5194
S6216
S5116 S1597

S3384

S3924
S3105
S0659

S1947 S4937
S3680 S9467

S7737

S8506
S8341 S8474
S5249 S7027
S2074
S1817
S0830
S4186 S0956 S6521 S7037 S4446
S0940 S2693 S3656 S6128
S1021 S3644 S1522 S1874 S3564
S3658 S4051 S4096 S4958 S5428
S5528 S3903 S3997 S4082 S2421
S4755 S0266 S7439 S3541 S5209
S0468 S3055 S1276 S4497 S6689
S6914 S5756 S0997 S4369 S8500
S8665 S0271 S2793 S1636 S6439
S6656 S8208 S4050 S8453 S9449
S7011 S4356 S8829 S7081 S3282
S0465 S1265 S1399 S2046 S5675
S6316 S6903 S7056 S8213 S8303
S8327 S8961 S9309
S5432
S7013 S3562
S0575
S9478 S5218 S0820 S2247 S5121
S8933
S2740
S9077
S0568 S9113 S9263 S0353 S3197
S5897 S8089
S3425
S9442
S1839 S3003
S3357
S6031
S5054
S0624 S5463

S6546

S1545 S5329 S2286 S3897 S7131
S1323 S4953

S7464

S8889 S0948 S5360

S8582
S0077
S1240 S4968 S3745
S8197 S8537 S8580 S8863 S2739
S5843 S7616
S8921 S9249
S6779 S9255 S3446 S1788

S7337 S2276

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115     1        2        3        4         5        6        7        8        9       10      11      12      13      14      15     16      17     NM   MULT  INV  INVTRAN

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/197/3/969/5935904 by guest on 13 M

arch 2024



24 SI  J. G. Barb et al. 
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Figure S4 continued 
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Figure S4 continued 

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

S7480

S2688

S3516

S6610

S6664
S0419
S8566

S8318

S3822

S2547
S1531
S3336

S3517 S4757
S0197
S8843
S4531
S0940
S3525

S4871 S7089
S4613
S6418
S7827
S0473
S3173
S5029
S7823
S5835

S7996 S8664
S2811

S4122 S5351 S6380

S3743

S4888

S7480

S8352

S8105 S8843 S4531
S4757 S0197

S7990

S0470 S1531

S3822
S6610 S6664 S0419 S8566 S8318
S8481

S4871
S3525 S7089 S6418 S7827
S6604
S3975 S7936
S6551
S3173

S5873
S7823 S5835

S1981

S6636
S8664
S2547 S1476
S7996 S4122 S5351 S6380 S3743

S0079
S6953

S9471

S5098

S3508

S4830 S1612 S6664 S4217
S8566

S1814

S7328
S8048

S3678

S6820

S5162
S7682 S8572 S7500 S8076 S8016
S0906 S1317 S8160 S6538 S4146

S8154 S2001 S8910
S6423 S8648 S4764 S6699 S8282

S5790

S2911

S7100

S8435

S0647

S3172

S6509

S6603

S5028

S8714 S0975
S9305 S8125

S4294

S4382
S5515 S5729

S0825 S1434
S7357
S8769

S2688
S0079

S9471

S5098
S3508

S4830
S1612 S6664
S4217
S8566

S3678

S8048

S7328

S1814
S2583 S6820
S8435
S4531
S8076
S8016
S1948 S6423
S0906 S1317 S8648
S4764 S6699 S8160 S8282
S9321
S6538
S1178 S3518 S7100
S5927 S6509

S3172

S2811

S9305

S6733
S4294

S4382 S5515

S5729

S7357 S8769
S0825
S1434

NIV10    ANN10 NIV MAP                        ANN10 ARG MAP           ARG10   

    1        2        3        4         5        6        7        8        9       10      11      12     13      14      15      16       17     NM   MULT  INV  INVTRAN

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/197/3/969/5935904 by guest on 13 M

arch 2024



J. G. Barb et al.  33 SI 
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Figure S4 continued 
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Figure S4 continued 
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Figure S4 continued 
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Figure S4 continued 
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Figure S4 continued 
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Figure S5    Genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV) compared to a consensus H. 
annuus (ANN) map (Bowers et al. 2012). Only the 295 SNP markers mapped in all three species are included. Color coding and 
chromosome nomenclature follow Figure 1. ARG and NIV markers are color coded to represent the LG that they were mapped 
to on the ANN consensus map. ANN markers are color coded to represent the LG that they were mapped to on the ARG and 
NIV maps, respectively. Markers colored in black (NM) were not mapped on the ANN consensus map. Markers colored in gray 
(MULT) were mapped to multiple LGs in ANN, but not to that particular LG in ARG or NIV, respectively. Homologous markers 
are connected by lines. Inverted segments are indicated with cross hatching.  Synteny and collinearity were assumed in regions 
of conflicting data, and markers violating synteny or collinearity in these regions were identified (bold, underlined). Marker 
names have been abbreviated (SFW = S). Only ANN markers mapped in ARG or NIV are included in this figure. 
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Figure S5 continued 
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Figure S5 continued 
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Figure S5 continued
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 Figure S6   Distance (cM) between adjacent markers for the genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV). 
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Figure S7   Distance (cM) between adjacent markers for the genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV). 
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Figure S8   Chromosomal rearrangements in Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV) relative to H. 
annuus (ANN). The percentage of ARG (A) and NIV (B) LGs that are translocated or inverted relative to the ANN consensus map 
(Bowers et al. 2012) based on the species‐pair sets of markers (left panel) mapped in ANN and ARG and ANN and NIV, 
respectively and also the set of 295 markers mapped in all three species (right panel).   
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Figure S9   A side‐by‐side vertical comparison of the comparative mapping of H. argophyllus (ARG) and H. niveus ssp. tephrodes 
(NIV) relative to H. annuus (ANN) based on the species‐pair marker sets (top panel) and the set of 295 markers mapped in all 
three species (bottom panel). Color coding and chromosome nomenclature follow Figure 1. LGs colored in gray (MULT) were 
mapped to multiple LGs in ANN, but not to the corresponding LG in ARG or NIV, respectively. Homologous markers are 
connected by lines. Inverted segments are indicated with cross hatching. Arrows indicate translocated regions that are also 
inverted. Only ANN markers mapped in ARG or NIV are included in this figure.  
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Figure S9 continued 
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Figure S9 continued 
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Figure S9 continued 
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Figure S10   Comparative map of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV). Color coding and 
chromosome nomenclature follow Figure 1. ARG and NIV markers are color coded to represent the LG that they were mapped 
to in the other species. Markers colored in black (NM) were not mapped in the other species. Markers colored in gray (MULT) 
were mapped to multiple LGs in the other species, but not to the corresponding LG in ARG or NIV, respectively. Homologous 
markers are connected by lines. Inverted segments are indicated with cross hatching. Synteny and collinearity were assumed in 
regions of conflicting data and markers violating synteny or collinearity in these regions were identified (bold, underlined). 
Markers ending with an asterisk were mapped in ARG and NIV but not in ANN. 
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Figure S10 continued 
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Figure S11   Genome‐wide divergence (D) between Helianthus annuus (ANN) and H. argophyllus (ARG) in syntenic and 
rearranged regions of the genome. Syntenic portions of the genome are colored in gray, rearranged portions are in red, and the 
5 cM regions neighboring the rearrangements are in yellow. Linkage groups in ANN and their corresponding location in ARG are 
pictured below the x‐axis. Inverted chromosomal segments are pictured in green, while translocated segments in ARG are in 
blue, orange, light purple, or dark purple. 
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Figure S12   Comparison of the FST and D values: (A) correlation of the FST and D values, distribution of FST (B) and D (C) between 
Helianthus annuus (ANN) and H. argophyllus (ARG) in the syntenic and rearranged regions of the genome.
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Table S1   Map statistics of the genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV) and their comparison to the H. annuus (ANN) consensus 
map. 

ARG 1 2 3 4 5 6/15 4/7 8 9 10 11 12/16 13 14 15 16/12 17 Total 

Map length (cM) 94.9 56.9 69.3 58.7 68.3 116.2 81.1 62.1 81.1 84.1 102.5 90.7 82.1 82.1 53.4 55.8 98.1 1337.3 

Number of markers 151 68 112 61 186 75 76 84 111 40 141 128 80 97 59 70 87 1626 

Average distance 
between 2 markers (cM) 

2.0 3.8 2.4 2.3 2.1 2.9 2.6 2.8 2.1 4.2 2.6 2.1 2.2 2.2 2.2 2.2 2.5 2.4 

Maximum distance 
between 2 markers (cM) 

7.5 11.9 6.4 7.5 9.7 7.5 8.6 11.9 9.7 45.7 8.6 8.6 9.7 6.4 9.7 15.4 6.4 45.7 

# of inverted segments 1 1 0 2 1 1 1 1 0 1 1 0 0 0 0 0 0 10 

# of translocated 
segments 

0 0 0 0 0 1 2 0 0 1 0 1 1 0 0 2 0 8 

% of markers not 
mapped in ANN 

21% 16% 7% 7% 9% 12% 17% 4% 14% 10% 11% 5% 8% 9% 7% 9% 10% 10% 

NIV 1 2 3 13/4 5 6/15 4/7 8 9 10 11 12/16 13 14 15 17/16/12 17 Total 

Map length (cM) 111.2 72.4 78.1 86.5 94.0 97.1 104.0 98.7 103.8 104.7 74.6 97.1 48.2 74.6 72.2 101.3 59.7 1478.2 

Number of markers 109 66 81 82 71 86 75 68 85 55 67 96 27 62 26 90 48 1194 

Average distance 
between 2 markers (cM) 

3.0 1.9 2.5 2.8 3.0 2.4 3.6 3.0 2.8 3.5 2.1 2.4 3.7 2.5 5.6 2.4 2.3 2.7 

Maximum distance 
between 2 markers (cM) 

11.9 5.3 13.1 10.8 9.7 7.5 15.4 14.2 45.7 8.6 5.3 8.6 11.9 6.4 16.5 6.4 7.5 22.7 

# of inverted segments 1 0 1 0 1 1 0 2 1 2 1 1 0 1 1 0 0 13 

# of translocated 
segments 

0 1 0 3 0 1 2 0 1 1 1 1 0 2 0 3 2 18 

% of markers not 
mapped in ANN 

18% 12% 11% 12% 15% 10% 15% 6% 11% 7% 6% 11% 26% 11% 12% 8% 4% 11% 
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Table S2   Marker colocalization in the genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV). 

ARG 1 2 3 4 5 6/15 4/7 8 9 10 11 12/16 13 14 15 16/12 17 Total 

Markers 151 68 112 61 186 75 76 84 111 40 141 128 80 97 59 70 87 1626 

Positions 48 16 30 26 33 42 32 23 41 21 41 45 39 39 25 26 40 567 

Positions with 1 marker 25 4 10 12 17 26 18 10 18 12 16 16 21 23 11 14 29 282 

Postions with 2+ markers 23 12 20 14 16 16 14 13 23 9 25 29 18 16 14 12 11 285 

% of markers 
cosegregating w/ 1+ 
markers 

83.4 94.1 91.1 80.3 90.9 65.3 76.3 88.1 83.8 70.0 88.7 87.5 73.8 76.3 81.4 80.0 66.7 81.0 

Maximum # of markers 
cosegregating at a single 
position 

58 12 16 9 98 14 12 21 12 6 26 10 9 12 7 9 23 21 

Average # of colocalizing 
markers per position 

5.5 5.3 5.1 3.5 10.6 3.3 4.1 5.7 4.4 3.1 5.0 4.1 3.4 4.6 3.4 4.7 5.3 4.8 

NIV 1 2 3 13/4 5 6/15 4/7 8 9 10 11 12/16 13 14 15 17/16/12 17 Total 

Markers 109 66 81 82 71 86 75 68 85 55 67 96 27 62 26 90 48 1194 

Positions 38 40 32 32 33 41 31 34 38 31 38 42 14 32 15 43 28 562 

Positions with 1 marker 18 29 14 16 20 22 13 20 22 24 20 20 8 14 8 27 18 313 

Postions with 2+ markers 20 11 18 16 13 19 18 14 16 7 18 22 6 18 7 16 10 249 

% of markers 
cosegregating w/ 1+ 
markers 

83.5 56.1 82.7 80.5 71.8 74.4 82.7 70.6 74.1 56.4 70.1 79.2 70.4 77.4 69.2 70.0 62.5 72.4 

Maximum # of markers 
cosegregating at a single 
position 

26 9 12 14 10 12 10 8 11 13 7 8 6 5 5 12 7 10 

Average # of colocalizing 
markers per position 

4.6 3.4 3.7 4.1 4.1 3.4 3.6 3.4 3.9 4.4 2.7 3.5 3.2 2.9 3.0 3.9 3.3 3.6 
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Table S3   Length (cM) of the syntenic segments (SS), inverted segments (INV), translocated segments (TRANS), and 
inverted translocated segments (TRANS/INV) by linkage group (LG) for the genetic maps of Helianthus argophyllus (ARG) 
and H. niveus ssp. tephrodes (NIV) relative to the H. annuus (ANN) consensus map. 

Species LG Segment type Segment # Start point (cM) End point (cM) Segment length (cM) 
NIV 1 SS 1 0 32.18 32.18 
NIV 1 INV 1 32.18 57.73 25.55 
NIV 1 SS 2 57.73 111.15 53.42 
ARG 1 SS 1 0 36.3 36.3 
ARG 1 INV 1 36.3 44.81 8.51 
ARG 1 SS 2 44.81 94.9 50.09 
NIV 2 SS 1 0 8.51 8.51 
NIV 2 TRANS 1 8.51 10.64 2.13 
NIV 2 SS 2 10.64 72.42 61.78 
ARG 2 INV 1 0 5.33 5.33 
ARG 2 SS 1 5.33 56.9 51.57 
NIV 3 SS 1 0 29.92 29.92 
NIV 3 INV 1 29.92 33.12 3.2 
NIV 3 SS 2 33.12 78.11 44.99 
ARG 3 SS 1 0 69.3 69.3 
NIV 13/4 TRANS/INV 1 0 12.79 12.79 
NIV 13/4 TRANS 1 12.79 18.11 5.32 
NIV 13/4 TRANS/INV 2 18.11 46 27.89 
NIV 13/4 TRANS 2 46 53.46 7.46 
NIV 13/4 SS 1 53.46 54.52 1.06 
NIV 13/4 TRANS/INV 3 54.52 58.78 4.26 
NIV 13/4 SS 2 58.78 86.5 27.72 
ARG 4 SS 1 0 6.38 6.38 
ARG 4 INV 1 6.38 8.51 2.13 
ARG 4 SS 2 8.51 24.53 16.02 
ARG 4 INV 2 24.53 36.29 11.76 
ARG 4 SS 3 36.29 58.7 22.41 
NIV 5 SS 1 0 44.82 44.82 
NIV 5 INV 1 44.82 66.19 21.37 
NIV 5 SS 2 66.19 94.03 27.84 
ARG 5 SS 1 0 19.2 19.2 
ARG 5 INV 1 19.2 31.97 12.77 
ARG 5 SS 2 31.97 68.3 36.33 
NIV 6/15 SS 1 0 24.5 24.5 
NIV 6/15 INV 1 24.5 49.01 24.51 
NIV 6/15 SS 2 49.01 51.15 2.14 
NIV 6/15 TRANS 1 51.15 97.06 45.91 
ARG 6/15 SS 1 0 1.06 1.06 
ARG 6/15 INV 1 1.06 3.19 2.13 
ARG 6/15 SS 2 3.19 59.7 56.51 
ARG 6/15 TRANS/INV 1 59.7 76.75 17.05 
ARG 6/15 TRANS 1 76.75 82.07 5.32 
ARG 6/15 TRANS/INV 2 82.07 93.84 11.77 
ARG 6/15 TRANS 2 93.84 116.3 22.46 
NIV 4/7 TRANS 1 0 34.1 34.1 
NIV 4/7 SS 1 34.1 90.1 56 
NIV 4/7 TRANS 2 90.1 104.02 13.92 
ARG 4/7 TRANS 1 0 1.06 1.06 
ARG 4/7 INV 1 1.06 9.59 8.53 
ARG 4/7 TRANS/INV 1 9.59 34.2 24.61 
ARG 4/7 SS 1 34.2 81.1 46.9 
NIV 8 SS 1 0 37.5 37.5 
NIV 8 INV 1 37.5 54.53 17.03 
NIV 8 SS 2 54.53 57.72 3.19 
NIV 8 INV 2 57.72 96.6 38.88 
NIV 8 SS 3 96.6 98.73 2.13 
ARG 8 SS 1 0 54.64 54.64 
ARG 8 INV 1 54.64 56.78 2.14 
ARG 8 SS 2 56.78 62.1 5.32 
NIV 9 SS 1 0 35.27 35.27 
NIV 9 INV 1 35.27 97.39 62.12 
NIV 9 TRANS 1 97.39 103.78 6.39 
ARG 9 SS 1 0 81 81 
NIV 10 SS 1 0 25.65 25.65 
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Table S3  continued. 
 

     

Species LG Segment type Segment # Start point (cM) End point (cM) Segment length (cM) 
NIV 10 INV 1 25.65 36.32 10.67 
NIV 10 SS 2 36.32 68.34 32.02 
NIV 10 INV 2 68.34 76.94 8.6 
NIV 10 TRANS 1 76.94 91.88 14.94 
NIV 10 SS 3 91.88 104.66 12.78 
ARG 10 SS 1 0 5.32 5.32 
ARG 10 INV 1 5.32 17.04 11.72 
ARG 10 SS 2 17.04 76.63 59.59 
ARG 10 TRANS 1 76.63 80.89 4.26 
ARG 10 SS 3 80.89 84.1 3.21 
NIV 11 SS 1 0 5.32 5.32 
NIV 11 INV 1 5.32 7.45 2.13 
NIV 11 SS 2 7.45 30.89 23.44 
NIV 11 INV 2 30.89 38.34 7.45 
NIV 11 TRANS 1 38.34 45.79 7.45 
NIV 11 SS 3 45.79 74.55 28.76 
ARG 11 SS 1 0 46.91 46.91 
ARG 11 INV 1 46.91 52.23 5.32 
ARG 11 SS 2 52.23 102.5 50.27 
NIV  12/16 SS 1 0 43.74 43.74 
NIV  12/16 INV 1 43.74 53.32 9.58 
NIV  12/16 TRANS/INV  1 53.32 97.09 43.77 
ARG 12/16 SS 1 0 39.42 39.42 
ARG 12/16 TRANS/INV  1 39.42 90.7 51.28 
NIV 13 SS 1 0 48.2 48.2 
ARG 13 SS 1 0 3.19 3.19 
ARG 13 TRANS 1 3.19 6.39 3.2 
ARG 13 SS 2 6.39 82.1 75.71 
NIV 14 SS 1 0 20.25 20.25 
NIV 14 INV 1 20.25 24.51 4.26 
NIV 14 TRANS 1 24.51 26.64 2.13 
NIV 14 SS 2 26.62 67.2 40.58 
NIV 14 TRANS 2 67.2 70.39 3.19 
NIV 14 SS 3 70.39 74.65 4.26 
ARG 14 SS 1 0 82.1 82.1 
NIV 15 INV 1 0 28.36 28.36 
NIV 15 SS 1 28.36 72.24 43.88 
ARG 15 SS 1 0 53.6 53.6 
NIV  17/16/12 TRANS/INV 1 0 49.05 49.05 
NIV  17/16/12 TRANS 1 49.05 50.11 1.06 
NIV  17/16/12 SS 1 50.11 87.41 37.3 
NIV  17/16/12 TRANS 2 87.41 101.27 13.86 
ARG 16/12 SS 1 0 1.06 1.06 
ARG 16/12 TRANS 1 1.06 3.19 2.13 
ARG 16/12 SS 2 3.19 35.14 31.95 
ARG 16/12 TRANS 2 35.14 55.18 20.04 
NIV 17 SS 1 0 4.27 4.27 
NIV 17 TRANS 1 4.27 5.33 1.06 
NIV 17 SS 2 5.33 45.86 40.53 
NIV 17 TRANS 2 45.86 59.74 13.88 
ARG 17 SS 1 0 98.1 98.1 
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Table S4   Length (cM) of the rearranged segments (INV & TRANS), inverted segments (INV), translocated segments (TRANS), and inverted & translocated segments 
(TRANS/INV) between Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV) relative to the H. annuus (ANN) consensus map. 

 

Avg. length of all 
rearranged segments 

Avg. length of all 
INV 

Maximum length of 
INV 

Minimum length of 
INV 

Avg. length of all 
TRANS 

Maximum length of 
TRANS 

Minimum length of 
TRANS  

ARG 11.12 7.03 12.77 2.13 14.83 51.28  1.06 

NIV 16.69 18.84 62.12 2.13 15.53 43.77 1.06 
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Table S5   Genome coverage (%) of the genetic maps of Helianthus argophyllus (ARG) and H. niveus ssp. tephrodes (NIV) based on the 295 SNP markers mapped in 
cultivated sunflower (Helianthus annuus), ARG, and NIV. 
 

ARG 1 2 3 4 5 6/15 4/7 8 9 10 11 12/16 13 14 15 16/12 17 Total 

 
61.8 60.2 73.8 23.7 84.4 60.5 7.9 48.0 98.9 16.5 91.7 87.1 84.4 46.8 21.5 61.0 94.6 62.4 

                   

NIV 1 2 3 13/4 5 6/15 4/7 8 9 10 11 12/16 13 14 15 17/16/12 17 Total 

 
63.4 100.0 78.0 61.6 70.4 76.9 63.5 70.3 95.9 7.2 100.0 87.9 62.0 95.7 60.7 95.8 83.8 73.9 
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