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1 | INTRODUCTION

Cultivated plants and their wild relatives often hybridize due to over-
lapping geographical distributions and phenologies (Ellstrand, 2003a).

Introgressed, crop-derived alleles have been identified in at least one
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Abstract

Crop-wild hybridization occurs in numerous plant species and could alter the genetic
structure and evolutionary dynamics of wild populations. Studying crop-derived alle-
les in wild populations is also relevant to assessing/mitigating the risks associated
with transgene escape. To date, crop-wild hybridization has generally been exam-
ined via short-term studies, typically within a single generation, focusing on few
traits or genetic markers. Little is known about patterns of selection on crop-derived
alleles over multiple generations, particularly at a genome-wide scale. Here, we doc-
umented patterns of natural selection in an experimental crop x wild sunflower
population that was allowed to evolve under natural conditions for two generations
at two locations. Allele frequencies at a genome-wide collection of SNPs were
tracked across generations, and a common garden experiment was conducted to
compare trait means between generations. These data allowed us to identify
instances of selection on crop-derived alleles/traits and, in concert with QTL map-
ping results, test for congruence between our genotypic and phenotypic results. We
found that natural selection overwhelmingly favours wild alleles and phenotypes.
However, crop alleles in certain genomic regions can be favoured, and these
changes often occurred in parallel across locations. We did not, however, consis-
tently observe close agreement between our genotypic and phenotypic results. For
example, when a trait evolved towards the wild phenotype, wild QTL alleles associ-
ated with that trait did not consistently increase in frequency. We discuss these
results in the context of crop allele introgression into wild populations and implica-
tions for the management of GM crops.

KEYWORDS
allele frequency, crop-wild hybridization, domestication traits, gene flow, Helianthus annuus,
natural selection

wild or weedy relative of 17 major cultivated species (reviewed in
Ellstrand et al., 2013). Potential environmental consequences of
crop-wild introgression include the reduction of genetic diversity in
wild populations (Aerts et al., 2013) and the evolution of increasingly

weedy or invasive species. In fact, crop-wild gene flow has affected
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weed evolution in multiple taxa and has, in some cases, increased
the fitness of weeds (Ellstrand et al., 2013; Muller, Latreille, & Tol-
lon, 2011). Models examining the risk of crop allele introgression
into wild or weedy relatives find that the probability of introgression
depends on several factors, including the fitness effects of the allele,
the effects of linked alleles and the probability of recombination
(e.g., Ghosh, Meirmans, & Haccou, 2012; Haygood, Ives, & Andow,
2004). Predicting which crop-derived alleles are likely to introgress
will thus require an understanding of their fitness effects under wild
ecological conditions and in their genomic context.

Research in early-generation crop-wild hybrids grown under wild
or weedy conditions has shown fitness advantages of hybrids over
wild populations (Campbell & Snow, 2007; Kost, Alexander, Jason
Emry, & Mercer, 2015; Mercer, Andow, Wyse, & Shaw, 2007) and
that some crop-like traits are favoured over multiple generations
(Campbell, Snow, & Sweeney, 2009). These findings support the
view that crop-derived alleles have the potential to be advantageous
in wild environments, but they did not attempt to identify underlying
causal alleles or elucidate their genomic context. Furthermore, the
long-term fitness effects of a particular allele may be difficult to
determine from the performance of early-generation hybrids. Follow-
ing the initial hybridization event, for example, potentially favourable
crop-derived alleles will be linked to low-fitness alleles for certain
crop-like traits. Only after there has been an opportunity for recom-
bination will the fitness effects of an individual allele be clear (de
Jong & Rong, 2013).

Quantitative trait locus (QTL) mapping studies in highly recom-
bined (recombinant inbred line; RIL) sunflower and lettuce crop-wild
hybrids have begun to associate crop-derived alleles with selectively
advantageous phenotypes at a genome-wide scale (Baack, Sapir,
Chapman, Burke, & Rieseberg, 2008; Dechaine et al., 2009; Hartman
et al., 2012; Owart, Corbi, Burke, & Dechaine, 2014), but these stud-
ies did not monitor allele frequency change over time. The one study
to examine genome-wide, year-to-year evolution of crop alleles
under wild conditions found several genomic hotspots and cold areas
for crop allele introgression in selfed and backcrossed crop-wild
hybrid lettuce populations (Hooftman et al., 2011). The next step in
predicting the long-term fate of crop-derived alleles in the wild
requires monitoring genome-wide allele frequency changes in crop-
wild hybrids that have had ample opportunity for recombination.
Likewise, because studies have suggested that the fitness effects of
crop-derived alleles may vary across environments, hybrids should
be evaluated under multiple conditions (Hartman et al, 2012;
Hovick, Campbell, Snow, & Whitney, 2012).

Identifying crop-derived alleles and traits that are advantageous
in a variety of natural environments could help to anticipate the
potential ecological risks of the introduction of transgenes into wild
or weedy populations via hybridization. More specifically, this should
provide insight into the types of transgenes that would be likely to
invade wild/hybrid populations, and which crop-derived genes could
contribute to transgene introgression through genetic hitchhiking.
Moreover, crop-derived alleles that are generally disadvantageous
are good candidates for use in transgene mitigation (Ellstrand,

2003b; Kwit, Moon, Warwick, & Stewart, 2011; Rong et al., 2010).
For example, traits that arose during domestication, such as
decreased competitive ability/height, greater susceptibility to her-
bivory (Chen, Gols, & Benrey, 2015), or loss of seed dormancy
(Adler, Wikler, Wyndham, Linder, & Schmitt, 1993; Landbo &
Jargensen, 1997; Linder, Taha, Seiler, Snow, & Rieseberg, 1998) are
generally thought to reduce fitness in the wild, and major loci affect-
ing these traits could thus be linked to a transgene to mitigate its
escape. However, some domestication traits are likely to confer a
benefit in wild conditions. For example, a change in flowering time
could facilitate the colonization of a new habitat (see Pysek &
Richardson, 2007 and references therein), or disease resistance
introgressed from a cultivar to a wild relative could increase the fit-
ness of the resulting hybrid (Warren & James, 2006). It is thus
important to examine how domestication traits affect fitness across
multiple wild environments and elucidate the genomic context of
major loci affecting these traits.

Here, we describe the use of experimentally derived culti-
vated x wild sunflower (Helianthus annuus L.) hybrid populations to
investigate the response of crop-derived alleles and traits to natural
selection in two wild environments. Several phenotypes of cultivated
sunflowers differ from those of the wild relative (Burke, Tang,
Knapp, & Rieseberg, 2002), including earlier flowering, reduced
branching and strong apical dominance resulting in a single flowering
head (inflorescence) with many large seeds. Evidence indicates that
the extant sunflower cultivars derive from a single domestication
event ca. 4,000-5,000 BC (Harter et al., 2004; Wills & Burke, 2006)
in east-central North America (Blackman, Scascitelli, et al. 2011)
where it was grown as a source of edible seed and for ceremonial
purposes (Heiser, Smith, Clevenger, & Martin, 1969; Putt, 1997;
Soleri & Cleveland, 1993). After being introduced in Europe as an
ornamental plant, cultivated sunflower was secondarily selected in
Russia for its oil content, leading to the first “oilseed sunflowers” by
the middle of the 18th century (Berville, Muller, Poinso, Serieys, &
Gressel, 2005; Vranceanu, 2000). Cultivated sunflower was then
brought back to North America in the mid-20th century, where it
has since been grown primarily as an oilseed crop (Putt, 1997).

Two-thirds of cultivated sunflower fields in the United States can
be found in close proximity to, and flower coincidentally with, wild
sunflower populations (Burke, Gardner, & Rieseberg, 2002). Introgres-
sion of cultivated sunflower alleles into wild or weedy populations
(Linder et al., 1998) is commonly observed, even at distances exceed-
ing several kilometres (Arias & Rieseberg, 1994; Greenleaf & Kremen,
2006), and these alleles can persist for multiple generations (Whitton,
Wolf, Arias, Snow, & Rieseberg, 1997). Given this potential for
hybridization and our extensive knowledge of the genetic basis of
crop-like traits in sunflower (e.g., Blackman, Scascitelli, et al. 2011;
Burke, Tang, et al., 2002; Chapman, Mandel, & Burke, 2013; Mandel,
McAssey, Nambeesan, Garcia-Navarro, & Burke, 2014; Wills & Burke,
2007), sunflower is an excellent system for studying the fitness effects
of crop-derived alleles in hybrid populations.

Our primary objectives were to (i) investigate allele frequency

change for crop-derived alleles at a genome-wide scale over two
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outcrossed generations; (ii) quantify the response of crop-like traits
to natural selection over the same time period, and in the context of
the genomic data; and (iii) determine whether or not selection has
similar effects on allelic and/or phenotypic persistence across loca-
tions in sunflower crop—wild hybrid populations. These populations
were initially derived from an existing collection of cultivated x wild
sunflower RILs, thereby disrupting many of the linkage relationships

among loci found in the parental lines.

2 | MATERIALS AND METHODS

2.1 | Plant materials and population maintenance

An experimental population of cultivated x wild sunflower RILs was
established from an initial cross between the cytoplasmic male-ster-
ile oilseed cultivar cmsHA89 (USDA Ames 3963, Pl 650572) and a
single wild H. annuus var. annuus individual (ANN1238, Pl 659440)
grown from seed collected at Cedar Point Biological Station
(41°12.4" N, 101°40.2" W) in Keith County, Nebraska, USA (Baack
et al., 2008; Burke, Tang, et al., 2002). Starting with the F3; genera-
tion, plants were self-pollinated for 6-8 generations as has been pre-
viously described (Baack et al., 2008). This resulted in the
production of 185 RILs, 169 of which were used in this study. The
RIL population will be hereafter be referred to as generation 0 (GO).

Ten replicates of each GO RIL were planted at the North Dakota
Agricultural Experiment Station in Fargo, ND, in May 2007 in a fully
randomized complete-block design (Dechaine et al., 2009). RILs were
allowed to outcross naturally; estimated outcrossing rates were in
excess of 80% based on comparisons of homozygosity between gen-
erations. To estimate reproductive output, all seeds produced by the
GO individuals (referred to as G1 seeds) were collected and weighed
on a per-plant basis. The mass of an arbitrary subset of 50 filled
seeds per plant was then determined and divided into total seed
mass to estimate the number of seeds produced by each individual.
To simulate natural selection, G1 seeds were then pooled in propor-
tion to the total reproductive output (seed number) of each maternal
(GO) plant.

In the spring of 2008, the ND field site and a second site in
Decorah, IA were tilled prior to planting to simulate the disturbed
environment typical of wild sunflowers growing along the margins
of agricultural fields. A random sample of approximately 30 G1
seeds from the previously described pool was planted evenly into
each of 6 rows in each of 10 blocks at each site. One seed head
(corresponding to 20-50 G2 seeds) was collected from each surviv-
ing G1 plant. These seeds were pooled with each maternal head
contributing seeds in proportion to the estimated whole-plant
reproductive output. A random sample of this pool was selected
for genotyping. The remaining G2 seeds were allowed to disperse
naturally at each site. The sites were then tilled in the fall of 2008.
G2 seeds began to germinate in May 2009 in both IA and ND.
Seeds from the resulting G2 plants (i.e., G3 seeds) were collected
at each site. As before, seeds were pooled with each maternal

plant contributing seeds to the pool in proportion to the estimated
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whole-plant seed count. Samples from this pool were used for

genotyping and the common garden experiments. All generations
were grown under conditions that closely approximated the field
conditions experienced by H. annuus crop-wild hybrid populations
in the Midwestern USA. No irrigation, weed/pest control, or fertil-
izer was provided in any generation. The offspring of the G1 popu-
lations grown in the two field sites are hereafter referred to as
IAG2 or NDG2 (IA or ND generation 2), and the next generation
as IAG3 or NDG3 (IA or ND generation 3).

2.2 | Genotypic analyses

2.2.1 | DNA extraction

Total genomic DNA was isolated from 20 to 40 mg fresh leaf tissue
collected from individual seedlings derived from seed of the relevant
generation using the Qiagen DNeasy Plant Mini DNA extraction kit
(Qiagen, Valencia, CA). DNA quantity and quality (260/280 and 260/
230 ratios) was measured for each sample using a NanoDrop
ND1000 spectrophotometer (NanoDrop Technologies, Inc.; Wilming-
ton, DE, USA). Genomic DNA was isolated from 169 GO RILs and
144 randomly chosen individuals from each of the other popula-
tions/generations (i.e., G1, IAG2, IAG3, NDG2 and NDG3).

2.2.2 | SNP genotyping and mapping

A subset of 384 single nucleotide polymorphisms (SNPs) was
selected from a larger set of 10,640 previously described SNPs
(Bachlava et al., 2012). These SNPs were genotyped via an lllumina
GoldenGate assay (lllumina Inc., San Diego, CA, USA) using the Vera-
Code technology. Of those, 358 SNPs could be successfully scored
using GenomeStudio software V2011.1 (lllumina), and crop vs. wild
allele origin could be determined for 278 of these SNPs. This latter
subset of markers was used to analyse allele frequency change. Loci
were rejected when the genotyped crop and wild parents both had
null alleles, or due to heterozygosity of the crop parent (see Meth-
ods S1 for more details). The genomic locations of the full set of
358 SNPs were estimated relative to a framework set of 140 previ-
ously mapped SSRs (Chapman et al., 2008) via genotyping in the GO
and analysing the data using mapmaker/exp 3.0 (Lander et al., 1987,
Lincoln, 1992). QTL analyses were performed following the general
methods of Owart et al. (2014).

2.3 | Common garden experiments

In May 2011, a random sample of G1, IAG3 and NDG3 seed
pools, as well as the wild and crop RIL parents (ANN 1238 and
HA 89), was planted into common garden experiments at the IA
and ND sites. Six blocks with 12 rows x 16 columns were estab-
lished at each site, each containing planting locations spaced at
0.5 m intervals for 50 G1, 40 IAG3, 40 NDG3, 6 ANN 1238 and
3 HA 89 plants. Four seeds were planted at each planting loca-
tion in a completely randomized block design and then thinned to

a maximum of one seedling per planting location. To ensure that
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the wild parent (ANN1238) was represented in each block, green-
house-grown seedlings (2-4 leaf stage) were used to supplement
field-planted seeds.

We measured 12 phenotypic traits in the common gardens that
are related to sunflower domestication and have been hypothesized
to influence fitness in the wild. Flowering date was recorded for
each individual when pollen was first visible on disc flowers. At
senescence (i.e., when prereproductive leaves had begun to dry on
>50% of the population), we recorded stem length, stem diameter
immediately above the cotyledons, the number of primary branches
(branch number), total number of leaves, leaf shape (estimated as
length divided by width), the diameter of the largest flowering inflo-
rescence and the total number of seed-producing inflorescences
(head total). We estimated seed total per individual by counting the
number of seeds across the diameter of a representative small and a
large head on each individual, calculating average seed total per head
and multiplying this by head total. Seed mass was determined by
weighing 10 randomly chosen seeds from each plant. These seeds
were also scanned on a flatbed scanner and the resulting images
were used to estimate seed area using ImageJ (Schneider, Rasband,
& Eliceiri, 2012). In addition, we rated each head for general insect
head damage on a scale of 0-5: 0, 0% of heads and seeds within
heads were damaged by herbivores; 1, 1-10% damaged; 2, 11-25%
damaged; 3, 26-50% damaged; 4, 51-75% damaged; 5, 76-100%
damaged.

2.4 | Data analyses
2.4.1 | Allele frequency change

For each SNP, allele frequency change from G1 to G3 in both loca-
tions (i.e., IAG3 and NDG3) was calculated using GENALEX V6.5 (Pea-
kall & Smouse, 2006). As the SNP genotypes of both parents in the
initial cross were known, frequency changes were scored such that a
positive change indicated an increase in frequency of the crop allele.
Significance was determined by comparing the observed change to
that expected under neutral evolution (i.e., genetic drift only) using a
custom Python script (data available from Dryad Digital Repository
https://doi.org/10.5061/dryad.mp32f). Importantly, as the expected
change due to drift is highly dependent on the initial allele fre-
quency, the modelling of allele frequency change was determined as
a function of the initial allele frequency at each locus. The bounds of
allele frequency changes expected due to drift over two generations
were established using a stochastic drift simulation with a population
size of 900 and 30,000 replicates for each initial frequency. To
account for multiple testing, the number of independent markers
(i.e., the number of independent tests, M) was estimated using the
method described in Gao, Starmer, and Martin (2008) using r (R
Development Core Team 2014). This approach uses composite LD
among SNPs to capture the correlation between allele frequencies
and derives the Mg using the number of principal components that
account for 99.5% of variation. Significance levels were then cor-
rected for multiple comparisons using o/Mcs as the significance
threshold.

2.4.2 | Hitchhiking analysis

To distinguish selection operating on multiple regions from genetic
hitchhiking, we modelled selection and drift acting on linked loci for
six linkage groups: 4, 5, 6, 7, 8 and 13. Only six linkage groups were
modelled due to the computationally intensive nature of this work.
The selected linkage groups contained seven of the nine loci where
crop alleles were favoured in both lowa and North Dakota, as well
as at least one locus where estimates of selection without linkage
found the wild allele to be strongly favoured (s > 0.4 on LG 4, 5, 6,
7 and 13; max s = 0.2 for LG 8). Chromosomal haplotype frequen-
cies were obtained from the GO RIL population, excluding heterozy-
gous RILs at any given linkage group. A custom python script (Dryad
Digital Repository https://doi.org/10.5061/dryad.mp32f) modelled
selection, drift and recombination over three generations to obtain
the minimum selection coefficients necessary to obtain the observed
results for the IAG3 population, as similar patterns were observed in
both the IA and ND G3. The direction and magnitude of selection
were assumed to be constant over the three generations.

2.4.3 | Phenotypic trait means

Trait data for each population were non-normally distributed in most
cases, violating ANOVA assumptions. We thus used 95% bootstrap
confidence intervals to assess whether means differed between the
G1 and G3 populations. Bias-corrected bootstrap confidence inter-
vals were estimated in r using the boot procedure with 10,000 repli-
cates (Canty & Ripley, 2015).

244 | QTL mapping

We used the SNP/SSR map described above to identify QTLs based on
11 phenotypic measures from GO plants that were previously described
and mapped using only the SSRs (Table S1) (Dechaine, Burger, & Burke,
2010; Dechaine et al., 2009). The QTLs were mapped using the com-
posite interval mapping (CIM) procedure implemented in WinQTLCart
(Wang, Basten, & Zeng, 2012). The default model (model 6) was used
with the forward and backward stepwise regression (p = .05), a win-
dow size of 10 cM and a walk speed of 1 cM. To control for back-
ground noise, the number of cofactors was set to five. Significance
thresholds were estimated based on 1,000 permutations (Churchill &
Doerge, 1994). The additive effect (a) of the cultivar allele (HA89) and
the amount of variance explained for each QTL were estimated in
WinQTLCart. Additive effects were standardized to the standard devia-
tion (i.e., a/SD) for each trait.

245 | Congruence between genotypic and
phenotypic evolution

We assessed the degree to which changes in phenotype were asso-
ciated with the expected changes in genotype. For traits with signifi-
cant differences in mean between the G1 and G3 generation in each
site (G1 vs. G3IA in lowa; G1 vs. G3ND in North Dakota; Table 1),
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we examined the direction of change at associated QTLs. We scored
the direction of change for each QTL using the markers within
2-LOD. Where markers within that interval showed different

TABLE 1 Composite interval mapping (CIM) results. Columns
from left to right list the trait, linkage group, proximal flanking
marker, 1-LOD interval in centimorgans, standardized additive
effects and per cent variance explained. Within additive effects,
parentheses indicate a negative effect of the crop allele and
asterisks label QTL that were in the predicted direction for that
phenotype; that is, the crop allele conferred a more crop-like
phenotype

Trait name LG Marker 1-LOD (cM)  a/SD PVE (%)
Branch number 3 M23M12 (31.3-45) 2.886 12.23
4 SFWO01149 (55.9-63) (2.717) 891
9 CYC5A (94.2-105.2)  2.928 9.89
12 SFWO00213 (59.7-80.8) (3.481)* 17.73
Flowering time 1 SFWO09467 (0-22.8) 1.877 7.48
6 HT913 (96.7-100.1)  4.832  27.37
7 2ZNVG29 (0-9) (2.866)* 17.31

8 SFWO01442 (44.6-78.9) 2607 1393
14 SFWO02805 (21.3-30.3) (3496 8.71
17 SFWO02587 (73.2-78.4) (5.080)* 15.99

Head damage 7 SFWO01658 (34.6-45.9) 3.354* 10.11
13 SFWO05467 (15.4-16.4) (3.423) 10.34
17 SFWO02587 (73.2-77) 7.356* 14.68
Head total 8 HT656 (32.3-48.6) 2915 9.37

12 SFWO03117
Leaf number 4 SFWO00857

53-77.4)
105-121.4)

( 3.399)* 12.80
( 3.560)* 11.75

SFWO01658 (33.6-45.9) 2.737) 7.70
11 SFWO05043 (113.7-118.7) (2.337)* 5.97
12 SFWO09009 (54-60.6) (3.183)* 11.14
14 SFWO03980 (58.81-77.91) (2.415)* 5.87
16 SFWO04562 (113.6-144.2) 3530 12.04

(0~

Leaf ratio 7 2ZVG29 8) 3.561  12.39
12 SFWO09009 (57-60.7) 3.746 14.44

Seed area 4 SFWO06560 (89.8-104.9)  3.332* 19.56
Seed mass 3 M23M12 (33.3-45) 3.212% 8.65
4 SFWO03768 (0-8) 3.699* 10.27

8 HT656 (34.0-46.6) 3.258*  8.66

9 SFWO04878 (116.1-118.8) 2.871* 6.87

Seed total 4 SFWO03768 (0-4) 3.993 13.89
6 SFWO00099 (86.1-101.1) (3.429)*  9.69

13 HT568 (0-9.9) (6.654)* 12.81

Stem diameter 1 ORS371 (49.7-55) 2.85% 8.89
3 SFWO01698 (47.9-60.8) 2.526*  7.71

9 SFWO04878 (116.1-118.1) 2.439* 7.06

13 SFWO05467 (5.9-16.4) 3.053* 10.89

Stem height 3 SFWO07426 (16.5-17.5) 3.350 10.55
8 HT656 (33.3-41.6) 3.308 1249
13 SFWO05467 (15.4-16.4) 2.688 8.29
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outcomes, we used the majority of markers to score the direction of

change for the QTL. If the direction of change in frequency for the
QTL matched the direction of change for the trait (e.g., trait more
wild-like, wild allele increased in frequency), this was scored as “con-
gruent”; if the change in frequency did not match (e.g., trait more
wild-like, crop allele increased in frequency), this was scored as “in-
congruent”; and if there was no significant change in frequency for
the QTL, it was scored as “n.s.” Traits were determined to be more
wild- or crop-like based on previously published work in sunflower
(Burke, Tang, et al., 2002) and the phenotypes observed in the cur-
rent study for the wild and crop parent lines. We tested whether
the patterns of congruence and incongruence for the lowa common

garden differed from random using a chi-square goodness of fit.

2.4.6 | Population differentiation

To visualize the differentiation between populations across genera-
tions vs. the proportion of variation contained within populations,
we performed a principal coordinate analysis (PCoA). Based on
genetic distance calculated with GenAlEx, each individual from each
population was represented in a multidimensional space, with each
dimension representing a linear model describing a percentage of
the observed variance. We visually compared the G1 population to
the initial GO population and to the populations after one generation
(IAG2 and NDG2) and two generations of natural selection (IAG3
and NDG3). Each of these comparisons (i.e., GO vs. G1, G1 vs. IAG2
or NDG2 and G1 vs. IAG3 or NDG3) was made individually. For all
three of the comparisons, the genotypes for individuals from each of
the populations were represented by the first three components in a
3D plot (JMP® version 11, SAS institute Inc., Cary, NC), as even the

third component explained more than 10% of the total variance.

3 | RESULTS

3.1 | Genome-wide allele frequency change

Here, we focus on the G1 vs. IAG3 and G1 vs. NDG3 comparisons
(i.e., those covering two generations of selection; Figure 1). The pri-
mary reason for this is that the G1 population is the first outcrossed
generation (the GO were RILs) and was used in the common garden
experiments. Overall, the frequency of the wild allele increased for
74.5% and 80.2% of the SNP loci in lowa and North Dakota, respec-
tively (Figure 1a, Table S2). Just 19.8% and 15.1% of the SNPs in IA
and ND, respectively, exhibited allele frequency changes consistent
with the effects of genetic drift (i.e., the 99.99% confidence intervals
for drift simulations included the G3 allele frequency). The fraction
of the crop alleles showing significant increase (o = 0.0001 to con-
trol for multiple comparisons) represented 5.8% of SNP loci in IA
and 4.7% in ND, with 7.2% showing an increase in at least one of
the two sites. The vast majority of the SNPs exhibited the same pat-
tern of evolution in both locations (Figure 1b; see detailed analyses
in Figures S1 and S2), suggesting similar selective pressures at the

two locations. Of 21 loci previously shown to be selected during
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sunflower domestication or improvement (Chapman et al., 2013;
Mandel et al., 2014) that we assayed, 19 showed significant
decreases in the frequency of the crop allele in both locations, with
the remaining two showing significant decreases in North Dakota
and nonsignificant decreases in lowa (Table 2).

3.2 | Hitchhiking analysis

Models incorporating linkage suggest that 11-30% of the genomic
regions might be evolving neutrally, as compared to an estimate of

13% from models without linkage. For example, models of selection,
recombination and drift using the RIL haplotypes for LG 6 found that
six of the ten loci exhibited significant evidence of selection, with
the wild allele being favoured at five loci and the crop allele
favoured at one locus. Three additional loci exhibited significant
changes in allele frequency due to hitchhiking, while the last locus
did not exhibit a significant allele frequency change (see Table S3).
In contrast, models that did not account for linkage found that nine
of ten loci were under selection, with the wild favoured at seven loci
and the crop allele favoured at two loci. Models incorporating
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TABLE 2 Loci associated with sunflower domestication or improvement from Chapman et al. (2013) and Mandel et al. (2014) and their
position in the HA 89 x ANN 1238 GO population. Only loci that could be mapped in GO are included below

Type Locus LG Position (cM)
N c5456 12 45
N c2016° 16 41.7
D c1357 16 75.5
D 15332 7 15.1
D c1666° 14 14.3
D €2963° 14 4
D c31150 12 79.8
D 58982 10 40
D M23M12 3 42

I c1144? 3 8.2
I 12367 15 99.5
I c1406° 7 18.2
I 1700 10 0

I c1774 1 36.5
I c19212 7 46.9
I c2588? 7 20.9
I 56667 14 16.6
I L2K11? 10 34.9
I PHYB>" 1 30

I LPR*P 12 56

I PAL1*P 13 3

I RGL2>P 14 24.2
I MAX22P 17 485

Crop allele Crop allele
frequency frequency
Nearest marker change in IA (%) change in ND (%)
SFW04499 -0.71 —0.46
SFW03628 —-0.10 -0.15
SFW01764 -0.09 —-0.29
SFW02197 -0.24 —-0.50
SFW01535 -0.26 -0.24
SFW00087 —-0.46 —0.45
SFW00213 -0.51 -0.49
SFWO06746 —-0.14 -0.34
SFW01928 -0.29 -0.51
SFW00115 —0.27 —0.33
SFW00608 —0.56 —0.54
SFW02197 —0.24 —0.50
SFW03901 -0.25 -0.20
SFWO05614 —0.08 -0.25
SFW02560 -0.18 -0.24
SFW02197 —0.24 —0.50
SFW01535 -0.26 -0.24
SFW04216 -0.22 —0.40
SFW00509 -0.13 -0.21
SFW02267 -0.12 -0.20
SFW05982 -0.37 —-0.45
SFW01535 —-0.26 -0.24
SFW04302 —-0.55 —-0.65

N: neutral (as compared to improvement); D: selected during domestication; I: selected during improvement; bold: significant change in frequency from

G1 to G3.

3Significant evidence of selection during domestication or improvement (ML-HKA test—Chapman et al., 2013; ML-HKA test—Mandel et al., 2014). Loci
from Chapman et al. (2013) except where marked with °. Positions were mapped on the Owart et al., 2014 map, except for the five loci associated with
crop improvement in Mandel et al., 2014, where the map positions are reported from that paper.

linkage reduce the estimated strength of selection on each locus (av-
erage s = 0.52 without linkage to average s = 0.25 or 0.35, for mod-
els that minimize or maximize the effects of selection on linked loci,
respectively) but still result in more than 35% of loci with estimated
selection coefficients exceeding 0.25. Overall, while models incorpo-
rating hitchhiking found an increased fraction of neutral loci (up to
30%) compared to models of individual loci (13%), we estimated that

selection was still acting on 70% or more of the markers.

3.3 | Phenotypic evolution

When G1 and G3 plants were assessed in common gardens, a total
of ten phenotypic traits (of twelve) showed a significant change from
G1 to G3 (IA or ND), eight traits at the IA site and five at the ND
site (Table 3). Stem diameter and head total were the only traits that
did not exhibit significant generational changes at either site. For all
significant traits, the populations evolved to be more wild-like
(Table 3; Figure S3).

Flowering time is one example of a trait with significant and con-
sistent evolution towards a more wild-like phenotype at both sites.
The crop parental line (HA89) flowered earlier than individuals from
the wild parental population (ANN1238) at both sites (Table 3).
Although all hybrid populations flowered earlier than the wild parent,
the G3 populations flowered later than G1 at both sites, and this dif-
ference was significant for all but NDG3 at the ND site.

For most traits, differences between G1 and the two G3 popula-
tions were generally stronger and more consistent in the IA than the
ND common garden site. The hybrid populations (G1, IAG3 and
NDGS3) presented an intermediate phenotype between the two par-
ental populations for the majority of the traits in lowa. However, the
hybrid trait values exceeded both parents for several traits in ND,
including branch number, leaf number, head total and seed total.
Phenotypic values were higher in the hybrids than either parent for
those traits, suggesting poor performance of the wild population in
ND and transgressive segregation (Table 3, Figure S3). The heavy,
moist soils of the ND site were quite different from the habitat of
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TABLE 3 Summary statistics for 12 phenotypic traits measured in common garden experiments located in (a) lowa and (b) North Dakota.
Means (standard errors) are indicated for the crop parent (HA 89), the wild parent (ANN 1238), generation 1 hybrids (G1) and generation 3
hybrids from lowa (G3IA) and North Dakota (G3ND). Traits showing significant evolution from G1 to either G3 population are in boldface;
populations with different letters differ (non-overlapping bootstrap 95% confidence intervals). All size traits were measured in cm. Flowering
time is days from seedling emergence, May 20 or May 31, in IA and ND, respectively

HA 89 G1

(@)
Branch Number 1.045 (1.17) 4.254 (0.46)°
Disc Diameter 42.11 (4.22) 48.01 (1.08)
Flowering Time 82.476 (2.77) 80.135 (0.77)
Head Damage 2.461 (0.35) 0.573 (0.09)
Head Total 0.899 (3.45) 12.59 (1.33)
Leaf Number 22.19 (13.17) 57.29 (5.27)?
Leaf Ratio 1.643 (0.16) 1.646 (0.06)°
Seed Area 200.32 (32.88) 13547 (2.75)°
Seed Mass (1sd) 18.21 (5.04) 14.12 (0.42)
Seed Total 251.8 (1102.9) 2796.3 (284.7)?
Stem Diameter 8.797 (1.59) 13.36 (0.46)
Stem Height 80.7 (10.37) 124.6 (4.15)?

(b)
Branch Number 0.59 (3.03) 12.67 (1.2)
Disc Diameter 81.85 (4.89) 55.2 (1.94)°
Flowering Time 64.79 (3.81) 61.12 (1.62)*
Head Damage 1.74 (0.31) 1.02 (0.13)
Head Total 2.03 (10.25) 33.28 (4.06)
Leaf Number 23.69 (27.37) 91.98 (10.86)
Leaf Ratio 1.08 (0.12) 1.36 (0.045)
Seed Area 26.27 (1.55) 17.26 (0.57)*
Seed Mass (1sd) 25.76 (3.34) 14.65 (1.15)°
Seed Total 567.13 (4729.5) 9638.7 (2006.47)
Stem Diameter 16.69 (2.76) 23.95 (1.09)
Stem Height 92.64 (14.63) 150.01 (5.78)%

the wild parent in the sand hills of Nebraska and could have con-
tributed to this observation.

34 | QTL mapping and genotype—phenotype
congruence

We detected a total of 38 QTLs distributed across 13 of the 17
linkage groups (see Table 1 and Figure S4 for all linkage groups).
As expected, QTL positions and additive effects were generally
consistent with previous studies mapping these traits using only
the SSR markers (Dechaine et al., 2009, 2010). We detected mul-
tiple QTLs affecting each trait for all but one trait (Table 1). The
crop allele conferred a more crop-like phenotype at all QTLs for
four traits. The six remaining traits showed a mixture of positive
and negative additive effects of the crop allele across QTLs. We
observed wild alleles increasing in frequency at most markers
across the genome, and most phenotypes became more wild-like.

However, changes in marker frequency within the 2-LOD support

G3IA G3ND ANN 1238
5.526 (0.48)° 6.695 (0.47)° 8.345 (1.13)
51.94 (1.17) 49.14 (1.09) 37.65 (3.78)

88.317 (0.85)° 85.392 (0.81)° 88.371 (2.95)
0.157 (0.09)° 0.277 (0.09)° 0.138 (0.18)
14.347 (1.38) 15.322 (1.33) 24.159 (3.08)
72.67 (5.46)° 70.47 (5.30)° 117.41 (12.27)
1.444 (0.06)° 1.517 (0.06)* 1.71 (0.14)
136.41 (2.8)* 127.95 (2.70)° 88.98 (9.1)
13.17 (0.42) 12.34 (0.41) 6.89 (1.39)
3790.1 (307.8)* 4057.2 (287.1)° 4653.6 (986.3)
16 (0.5) 16.27 (0.47) 16.031 (1.58)
158.6 (4.31)° 155.1 (4.16)° 169.3 (9.66)
12.21 (1.33) 13.22 (1.31) 5.17 (2.88)
53.2 (2.14)* 50.24 (2.12)° 30.22 (4.65)
67.42 (1.78)° 64.67 (1.76)* 91.45 (4.28)
0.684 (0.14) 0.633 (0.14) 0.255 (0.31)
41.29 (4.49) 41.37 (4.42) 13.68 (13.68)
126.12 (11.98) 108.54 (11.84) 51.12 (26.02)
1.3 (0.047) 1.31 (0.05) 1.67 (0.09)
16.87 (0.61)° 15.09 (0.6)° 11.49 (1.45)
11.49 (1.22)° 11.34 (1.21)%° 2.89 (2.92)

13620.98 (2197.89) 11268.79 (2173.99) 2541.97 (4889.8)

25.73 (1.21) 24.79 (1.19) 22.49 (2.63)
174.16 (6.4)° 173.69 (6.31)° 139.96 (13.9)

limits of a QTL were as likely to be incongruent with observed
phenotypic changes as they were to be congruent (32 =0.22,
p > .05; Figure 2). In lowa, ten QTLs were congruent while eight
were incongruent, while in North Dakota (where fewer traits
showed significant changes), one QTL was congruent and two
were incongruent (Figure 2).

In discussing genotype-phenotype congruence in detail, we will
focus on whether the observed allele frequency change at a marker
matched the change in the trait across generations; for simplicity,
we will omit the direction of the additive effects (but see Table 1).
We report here the results of four linkage groups representative of
different possible patterns (Figure 3): an increase in wild allele fre-
quency at all SNPs (LG 3), incongruent (bottom of LG 6, top of LG
8) or congruent (bottom of LG 8) allele frequency changes between
sites, and QTL likely involved in the domestication process (e.g., seed
traits or flowering time; LGs 3, 6, 7 and 8).

We detected four QTLs on LG 3 (branch number, seed mass,

stem height and stem diameter), spanning regions in which the wild
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FIGURE 2 Congruence of phenotypic evolution and allele
frequency changes at associated QTLs for lowa (filled bars) and
North Dakota (open bars). For each trait showing significant
differences across generations in the common garden experiment
(G1-G3IA in IA; G1-G3ND in ND; see Table 3), we scored the
direction of allele frequency change of its associated QTLs. For
QTLs with multiple markers within the 2-LOD limit, we scored the
direction of change associated with the majority of markers (e.g., if
three markers showed an increase of the wild allele and one marker
had no significant change, then we scored the QTL change as wild).
If the direction of change of both the trait and QTL was the same
(e.g., flowering day became more wild-like and the wild allele
significantly increased in frequency at a flowering day QTL), this was
scored as congruent. Opposing changes were scored as incongruent.
If the QTL frequency did not change significantly, then it was scored
as “n.s.”

allele increased in frequency. This linkage group is one of the six
linkage groups that exhibited no instance in which the crop allele
increased in frequency (along with LGs 2, 12, 14, 15 and 16; Fig-
ure S4).

Two QTLs were detected on the distal end of LG 6 (Figure 3): a
flowering time QTL resulting in later flowering and a QTL for
reduced seed total. The additive effect of this flowering QTL was
among the highest we measured, explaining almost 30% of the vari-
ance in flowering time (Table 1). The right flanking markers of these
QTLs were HaFTO1, HaFTO2 (previously reported by Blackman, Ras-
mussen, et al. 2011) and SWF03713. We observed a significant
increase in frequency of the crop allele at SFW03713 in IA following
two generations of selection, which is congruent with evolution
towards later flowering time in IA. It is also worth noting that the
crop allele conferred a more wild-like phenotype for this flowering
time QTL. In contrast, the wild allele significantly increased at
HaFTO1 in ND (no significant change in IA). The wild allele also
increased in frequency at the left flanking marker (SFW00099) for
the seed total QTL on LG 6, which is congruent with the phenotypic
evolution towards more seeds at both sites (significant only in ND).
Although some genotype-phenotype congruence was observed for
these QTL, it is difficult to interpret these results without a better
understanding of the phenotypic effects of each marker.

A total of four QTLs were detected on LG 7, including leaf ratio
and head damage. Interestingly, the head damage QTL was located
in a region where markers showed an increase in the wild allele
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(Figure 3). Similarly to LG 6, the flowering time QTL on LG 7 spans

markers exhibiting both congruent and incongruent evolution.
Finally, a total of four QTL were detected on LG 8, all of them
colocalizing near the centre of this LG. The influence of this region
on flowering time, with the crop allele conferring a wild-like later
flowering phenotype, was previously reported (Dechaine et al.,
2009). The QTLs on LG 8 were detected in a region where SNPs
did not change significantly in frequency, or were selected for the
wild allele in both locations. While this linkage group presented the
highest proportion of markers showing an increase in the crop allele
in at least one experimental site (3 of 7 SNPs, Figures 1b and 3),
none of the detected QTL spanned these positions. Marker
SFWO02222 on LG 8 also provides one of only two examples (other
is marker SFW06189 on LG 10) of significant allele frequency
change towards the wild allele in one environment (ND) and the

crop allele in the other (IA).

3.5 | Population differentiation

The PCoA plots, based on the global genetic distance between indi-
viduals, allow us to clearly observe the evolution from G1 to G3
(Figure 4). For all PCoAs, the cumulative percentage of the variance
explained by the three-first components is quite high, ranging from
61% to 71% of the total variance. The distance between the G1 and
the later generation populations undergoing selection increased with
the number of generations (Figure 4b,c). At the G3 stage, both the
IA and ND populations were beginning to separate from the G1

population but remained similar to each other.

4 | DISCUSSION

4.1 | Overall patterns of selection

Our most striking observation was that, over just two generations,
the majority (80-85%) of markers surveyed exhibited evidence for
allele frequency change due to selection. In most cases (74-80%),
the wild allele increased in frequency. Similarly, all significant pheno-
typic changes and nonsignificant trends in phenotypic evolution
(with the exception of leaf shape) at both field locations were in the
direction of the wild parent. This apparent pervasive selective advan-
tage of wild-derived alleles and traits suggests that crop-derived alle-
les/traits are generally maladapted to wild conditions. Indeed, it has
been argued that alleles selected during domestication and improve-
ment should be poorly fit to wild conditions and unlikely to intro-
gress into wild genomes (e.g., Stewart, Halfhill, & Warwick, 2003).
Consistent with this view, Hufford et al. (2013) found little evidence
of introgression from maize into teosinte in genomic regions contain-
ing domestication genes such as tgal, sul and bt2. The consistent
decreases in crop allele frequencies seen at the 21 loci previously
shown to be selected during sunflower domestication or improve-
ment (Chapman et al., 2013; Mandel et al., 2014) support the view
that genomic regions associated with domestication-related traits are

likely to be selected against in the wild.
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FIGURE 3 Graphical representation of
allele frequency change and quantitative
trait locus (QTL) mapping results for
linkage groups 3, 6, 7, 8. The left of each
linkage group reports the positions of (cM)
consecutive markers, the first being O cM.
Marker names are indicated on the right
(SSRs in bold). Superscripts indicate
whether SSR markers were selected during
domestication (d) or improvement (i).
Significant changes in SNP allele
frequencies from G1 to G3 are shown by
circles: increase of the crop allele (filled
circle), increase of the wild allele (open
circle) or nonsignificant change (dots) are
indicated for IA (left) and ND (right).
Significant QTL is shown to the right of
each linkage group; filled and open bars
indicate a negative and positive additive
effect of the crop allele, respectively. 1-
LOD (bar) and 2-LOD (tails) support limits
are shown for each QTL. Asterisks (*)
indicate markers for which genotyping was
not successful or the differentiation
between crop and wild allele was not
possible for G1, G3 or both
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The patterns of allele frequency change and phenotypic evolu-

tion that we observed were highly consistent between study loca-
tions (although significance levels differed). Only two loci (LG 8:
SFW02222; LG 10: SFW06189; Figure S1) showed significant and
opposing selection between the two sites, and the PCoA showed a
convergence in genotypes across locations over time. This conver-
gence likely resulted from the effects of selection, although genetic
drift cannot be excluded as a contributing factor. Individuals in both
the 1A and ND populations largely overlapped in the G3 generation,
suggesting a predominant role of common selective pressures rather
than genetic drift. It is also notable that the distribution of G1 indi-
viduals was broader than the distribution of G3s. This is somewhat
surprising, as the two sites clearly differed in several respects, and
plant phenotypes differed as well, most strikingly in the 20-day dif-
ference in flowering time between each hybrid population when
grown in ND vs. IA. The parental lines also responded differently to
the two sites for several traits, including fitness. In the common gar-
dens, the wild parent produced more seeds than any hybrid popula-
tion and the crop parent (which produced the least) in IA, whereas
both parental lines produced fewer seeds than the hybrid popula-
tions in ND. While the GO generation was only grown at one site,
and selection operating at this time might have eliminated certain
alleles, all crop alleles started with a frequency of at least 0.19 in the
G1 generation (average = 0.49), suggesting that selection on the GO
generation did not limit increases in the frequency of the crop allele
between G1 and G3 in either site. Our results suggest that, despite
differences in fitness correlates, selection favouring wild alleles was
largely consistent between sites. This further supports the idea that
most of the crop alleles studied herein are disadvantageous under

natural conditions and would be unlikely to introgress into wild pop-

The design of this experiment limits our ability to precisely deter-
mine how much of the genome is under selection. The comparisons
made here start with the G1, after one round of open pollination
(estimated selfing rate <20%) between the initial RILs. This design
meant that our population had very strong linkage disequilibrium,
much higher than one would find in a wild population—although
perhaps similar to what one would encounter in early-generation
crop-wild hybrids. We detected selection acting on many chromoso-
mal regions, but we cannot easily distinguish whether selection was
acting on one or multiple loci within a region bounded by two mark-
ers. Likewise, selection could be acting directly on only one or a few
regions of a chromosome, so much of the observed allele frequency
change at different markers could be due to genetic hitchhiking. In
that case, neutral wild alleles linked to an advantageous crop allele
could appear as favoured. The results of our hitchhiking model

FIGURE 4 Principal component analysis (PCoA) based on the
genetic distance using 344 SNPs of G1 with (a) GO; (b) G2IA and
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suggest that this is not the case—selection is acting directly on at
least 70% of markers across the genome. Evidence of direct selec-
tion on much of the genome contrasts prior work in the sunflower
hybrid RILs (GO in this study), which found only a few QTLs for fit-
ness (Baack et al., 2008; Dechaine et al., 2009). Limited power to
detect QTLs in earlier studies is a possible explanation for this dis-
crepancy. In addition, the earlier studies had lower planting densities

and did not include overwinter seed survival.

4.2 | Potential introgression of crop alleles

Approximately 8% of the SNP markers in our study showed evi-
dence of significant increases in the crop allele after two genera-
tions in at least one of the two locations, and models of selection
and recombination support the inference of selection favouring the
crop allele at these loci. High fitness crop alleles, such as these,
could potentially introgress into wild sunflower populations. These
results are consistent with those of several studies that have
reported selection favouring crop alleles or traits under various con-
ditions (e.g., Dechaine et al., 2009; Mercer, Wyse, & Shaw, 2006;
Mercer et al., 2007; Whitton et al., 1997). High fitness crop alleles
seem initially puzzling; if the domesticated sunflower originated
from wild progenitors in North America, most of its genes would
be expected to be a subset of those found in the wild, and so
favourable alleles would likely have already been present in the wild
population.

Several nonexclusive hypotheses may explain the high fitness of
crop alleles. First, these alleles may have been introgressed into the
crop from other Helianthus species. For example, disease resistance
alleles were introgressed into cultivated sunflower from the hexa-
ploid Jerusalem artichoke H. tuberosus (Charlet & Brewer, 1995;
Hulke & Wyse, 2008; Kantar et al., 2014; Sujatha & Prabakaran,
2006). Introgressed alleles (via crop breeding) might have been
novel in wild H. annuus and might confer a fitness advantage. A
second possibility is that the crop parent may express phenotypes
that are better adapted to the field sites used (IA, ND) than the
wild parent, which was from Nebraska. Supporting this hypothesis,
the wild parent in ND had lower average seed set than any of the
hybrid lineages, suggesting that it was not well adapted to that
environment. Third, the crop alleles may have been favoured
because the wild parent had deleterious alleles at these loci. Wild
sunflowers are obligate outcrossers and, as such, are expected to
harbour a number of segregating deleterious alleles. Our hybrid
population had a single wild parent; certain crop alleles might be
favoured in this cross due to deleterious wild alleles at those loci,
but the same crop alleles may not have been advantageous if we
had used a different wild parent. Finally, it is possible that some
increases in the crop allele are due to novel beneficial mutations
that occurred following sunflower domestication, and are thus not
widely represented in the wild. Our ability to distinguish among
these hypotheses is limited by our knowledge of the genetic basis
of many physiological traits. Many of the regions where the crop

allele was favoured are not associated with any known function

(e.g., LG 8, 11, 13) in our QTL analysis. Ongoing genetic mapping of
crop-related traits, particularly disease resistance, will help elucidate
the function of these favourable alleles, thus improving our ability

to predict transgene escape.

4.3 | Genotype—phenotype congruence

In addition to describing genome-wide patterns of selection, our data
lend insight into the relationship between evolutionary change at the
phenotypic and genotypic levels. Phenotypes almost exclusively
evolved to be more wild-like. We would thus predict that alleles con-
ferring a more wild-like phenotype would increase in frequency for
markers associated with QTL. This predicted relationship was not con-
sistently observed (Figure 2). Of the over 118 tested markers that fall
within 2-LOD thresholds of mapped QTL, less than half follow the pre-
dicted relationship, in that the allele conferring the more wild-like phe-
notype for a QTL significantly increased in frequency in IA or ND. For
example, the wild allele conferred a more wild-like phenotype for
branch number, stem height and stem diameter QTLs on LG 3 and, as
expected, wild alleles significantly increased in frequency for all loci
within the 2-LOD intervals of these QTLs. Of the markers that fol-
lowed predictions, only two involved an increase in the frequency of
the crop allele: LG 4—SFWO05141 for increased leaf number and LG 7
—SFWO03561 for later flowering time, both only in ND.

Genotype-phenotype congruence can be more deeply examined
using flowering time; it exhibited significant and consistent evolu-
tionary change across study sites, and we detected six QTLs affect-
ing this trait. Half of the flowering time QTLs (on LGs 7, 14 and 17)
followed the predicted pattern; the wild allele conferred a later flow-
ering time, and all tested markers within the 2-LOD threshold of
these QTL significantly increased in frequency at both sites (except
LG 7—SFWO03561). For the remaining three flowering time QTLs (on
LGs 1, 6 and 8), the crop allele produced later flowering, but the wild
allele increased in frequency for all SNPs (except LG 1—SFW08078
in |A) within the 2-LOD threshold of these QTL that exhibited signif-
icant allele frequency change (several SNPs did not change signifi-
cantly at one or both sites). These results suggest that, even though
the crop allele conferred the more advantageous phenotype at three
QTLs, it was generally the wild alleles that increased in frequency.

A likely explanation for the lack of congruence between genotypic
and phenotypic change is that unmeasured traits are the target of
selection and are either linked to QTLs for measured traits, or share
QTLs with some of these traits. Most of the genome, including several
entire linkage groups, was not associated with any mapped QTLs. Also,
our QTL analyses only detected loci of large effect; there are likely
additional (many for some traits) unidentified loci affecting the studied
phenotypic traits. Furthermore, our selection analyses only measured
directional selection. Flowering time is likely under stabilizing selection
in wild populations: for instance plants that flower too late will fail to
mature seeds before being killed by hard frosts, while plants flowering
very early might have limited resources to allocate to reproduction
because of a small size. The mix of +/— QTL (i.e., QTL alleles with
opposing effects on a phenotype) at loci controlling flowering time fits
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this expectation, although other hypotheses (e.g., pleiotropic effects of

alleles affecting flowering time on other traits) are also possible.

4.4 | Implications for GM traits

One application of this work is to identify the types of crop-like traits
and their underlying genes that might be favoured in the wild if sub-
jected to manipulation. However, the observed lack of congruence
between our phenotypic and genotypic results indicates that pheno-
typic change may be an unreliable predictor of allele frequency change
due to the possibility of selection on unobserved traits and/or limited
knowledge of the true genetic basis of traits under observation. We
showed that plants generally evolved to be more wild-like and crop
alleles increased at relatively few regions of the genome. Some of
these loci may merely mark segregating deleterious alleles in the wild
population used in this cross. If any of these loci colocate with regions
introgressed into other H. annuus wild populations or more distant
species from crop sunflowers, these regions should be investigated
further for phenotypic effects. Neutral crop alleles are also of potential
concern, as they have been shown to persist in hybrid populations for
at least 10 generations (Snow et al., 2010).

Finally, understanding crop allele frequency changes under wild
conditions might also inform transgene mitigation. The many crop
markers experiencing strong selection in both environments in our
study suggests that many agronomic traits have severe fitness costs in
the wild environment. In a few cases, we know the genes under selec-
tion during domestication; two were included in this study. Significant
selection against the crop HaFTO1 was observed here, but HaGA20X
(gibberellic acid 2 oxidase; Blackman, Rasmussen, et al. 2011; Chapman
et al., 2008) showed little change from G1 to G3. Thus, understanding
genes/alleles conferring a disadvantage under wild conditions (while
having been selected for crop domestication/improvement) will be
essential to making tandem constructs possible in sunflowers and thus
preventing the spread of advantageous crop alleles to wild/feral popu-

lations.
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