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marker each was located on LG12 (24.47 cM) and LG16 (39.09
cM) explaining 5% and 4% of phenotypic variance, respectively
(Table 1). The 2 markers on LG6 had local effect sizes of 6.5% and
6.8%, while associated markers on LG12 and LG16 had local effect
sizes of 8.5% and 5.9%, respectively. Markers for the orthogonal
axis were largely the same, though one of the markers on LG6
(37.24 cM) was not signi cantly associated and a novel marker on
LG14 (22.83 cM) was identi ed with a local effect size of 6.1%,
corresponding to 6% of phenotypic variance (Table 1). Similarly
for ower area, the same 3 markers associated with the longest and
orthogonal axes on LG6 (37.29 cM), LG12 (24.47 cM), and LG16
(39.09 cM) were also found to be signi cantly associated with local
effect sizes of 6.2%, 8.1%, and 6%, respectively, and similar pro-
portions of phenotypic variance explained (Table 1). An additional
marker was also identi ed on LG10 (48.09 cM) with a local effect
size of 5.8%, explaining 5% of phenotypic variance (Table 1).

Mapping of Floral Pigmentation in the Greenhouse
and Field

Petal carotenoid content, assessed in the greenhouse, had 12 associ-
ated markers on LG15 with local effect sizes ranging from 7.6% to
16.9% each of which explained phenotypic variance ranging from
5% to 9% (Figure 2, Table 1). There was a primary peak around
37.00 cM for carotenoid content markers with 2 secondary peaks
around 35.76 and 37.93 cM, respectively. For disc anthocyanin pig-
mentation, presence/absence was scored separately for disc corollas
and stigmas in the eld study, but scored only for the disc as a whole
in the greenhouse study. In the greenhouse, 2 markers were signi -
cantly associated with anthocyanin presence in the disc as a whole,
one on LG1 (2.25 cM) and the other on LG11 (9.34 cM) with effect
sizes of 9% and 6.5%, increasing likelihood of presence by 14%
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Figure 2. Manhattan plots of genome-wide association mapping results from
the Q + K model for multiplicatively corrected traits in the greenhouse for (A)
overall disc anthocyanin presence, (B) ray density, and (C) petal carotenoid
content.The threshold line refers to Gaos correction at log, (p) = 3.68. Radial
gray-dashed lines occur along the same vector as the associated signi cant
marker, with the same location denoted across plots. Signi cant markers
above each threshold have been enlarged for clarity.

and 10% (Figure 2, Table 1). In the eld, the same marker on LG1
was also identi ed as being signi cantly associated with the pres-
ence of anthocyanins in the disc oret corollas, with an effect size
of 7.5% and increased the likelihood of presence by 12% (Figure
4, Table 1). Along with that marker, 7 other markers were found to
be signi cantly associated on LG1 with 5 major peaks across the
linkage group corresponding to local effect sizes from 6% to 11%,
explaining between 1% and 10% of the phenotypic variance (Table
1). Presence of stigma anthocyanins and presence of anthocyanins
in the disc overall in eld grown individuals were increased by 13%
and 17% by the same marker on LG6 (10.62 cM) with a local effect
size of 10.1% in both traits, indicating that the presence of stigma
anthocyanins drove overall variation in disc anthocyanin pres-
ence absence in the eld (Figure 4). Narrow-sense heritabilities for
anthocyanin presence absence in the eld were the highest observed
for any trait in this study (0.87 0.92), while narrow-sense herit-
ability was somewhat lower in the greenhouse (0.82) though still
higher than those observed for morphological traits (Supplementary
Table S3).

Discussion

Modern cultivated sun ower is a relatively young crop. Following
domestication in eastern North America ca. 4200 ybp (Crites
1993; Blackman et al. 2011), intensive crop improvement only
began in the mid-1800s with the development of oilseed varieties
and rst commercial production in Eastern Europe (Putt 1997).
Domestication and improvement generated a substantial genetic
bottleneck, leaving modern cultivated sun ower germplasm with
less than half of the genetic diversity present in the wild pro-
genitor H. annuus (Liu and Burke 2006; Mandel et al. 2011),
much more of a bottleneck than the 20 30% reductions in di-
versity reported for rice, wheat, and maize (Buckler et al. 2001;
Liu and Burke 2006). Despite this, we nd substantial phenotypic
diversity in oral traits across our diversity panel of cultivated
germplasm. Most traits vary at least 3-fold among lines (e.g., disc
diameter, ray length, ray number, ower diameter), while others
vary by over an order of magnitude (e.g., ray density, metrics of
disc, petal, and ower area), and petal carotenoid content varies
over 20-fold. Compared with an assessment of oral trait evo-
lution across 27 diploid wild Helianthus (Mason et al. 2017),
cultivated sun ower exhibits larger variation in almost all mor-
phological traits, with only ray density and petal area fraction
varying more across wild species than within the crop lineage by
virtue of the existence of a completely rayless species of wild sun-

ower (H. radula). With respect to pigmentation, cultivated sun-

ower exhibits both dark and light discs, similar to the variation
seen across wild species (Mason et al. 2017), and a qualitatively
similar variation in the degree of ray petal pigmentation from
pale yellow to dark orange. This indicates that the process of do-
mestication, landrace diversi cation, and eventual modern crop
improvement has either generated (e.g., via arti cial selection or
local adaptation), or permitted (e.g., via relaxed selective pres-
sures) more oral trait variation in cultivated sun ower (at least
in the traits assessed) than the process of natural diversi cation in
wild sun owers across diverse North American habitats over mil-
lions of years (Heiser et al. 1969; Mason et al. 2015; Mason et al.
2018). Given the degree of phenotypic variation exhibited, culti-
vated sun ower may be able to provide insights into the genetic
architecture of oral diversity in wild Helianthus and perhaps the
Asteraceae more broadly. For example, the nding here that just a
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Table 1. Signi cantly associated markers from the Q + K model for greenhouse measured traits (multiplicative correction) and eld meas-

ured traits, using the Gao threshold for signi cance: log,(p) > 3.68

Location Trait Marker Linkage group Position (cM) log, () PVE Cohens 2
Greenhouse Height at ower (cm) M1799 6 9.22 3.7 0.05 0.057
Number of leaves at bud M1742 5 63.51 3.97 0.06 0.062
M3509 10 48.10 3.86 0.06 0.06
Ray density (petals cm %) M775 3 24.85 4.64 0.04 0.076
M776 3 24.85 4.14 0.04 0.066
Carotenoid content (mg g ?) M4925 15 35.67 4.78 0.07 0.085
M4926 15 35.76 4.21 0.06 0.073
M4928 15 35.76 4.94 0.06 0.089
M4931 15 35.76 4.38 0.06 0.076
M4932 15 35.76 441 0.06 0.077
M4933 15 35.76 4.52 0.06 0.079
M4934 15 35.76 4.63 0.07 0.082
M4941 15 37.00 6.5 0.08 0.127
M4942 15 37.00 5.33 0.07 0.098
M4943 15 37.00 6.51 0.08 0.127
M4946 15 37.26 5.48 0.07 0.102
M4952 15 37.93 8.07 0.09 0.169
Overall disc anthocyanin presence M155 1 22.50 5.24 0.14 0.09
M3625 11 9.34 4.05 0.10 0.065
Field Disc diameter (cm) of the longest axis M1888 6 37.24 4.04 0.05 0.065
M1890 6 37.29 4.21 0.04 0.068
M3935 12 24.47 5.03 0.05 0.085
M5152 16 39.09 3.77 0.04 0.059
Disc diameter (cm) of the orthogonal axis M1890 6 37.29 3.93 0.04 0.062
M3935 12 24.47 5.46 0.05 0.095
M4642 14 22.83 3.83 0.06 0.061
M5152 16 39.09 4.26 0.04 0.069
Disc area (cm?) M1890 6 37.29 3.92 0.04 0.062
M3497 10 48.09 3.68 0.05 0.058
M3935 12 24.47 4.82 0.05 0.081
M5152 16 39.09 3.78 0.04 0.06
Disc stigma anthocyanin presence M1802 6 10.62 5.75 0.13 0.101
Disc corolla anthocyanin presence M15 1 4.13 5.77 0.10 0.102
Mm87 1 11.62 3.88 0.04 0.061
M106 1 12.84 5.98 0.07 0.11
M133 1 18.16 4.76 0.04 0.08
M142 1 18.63 4.09 0.05 0.066
M155 1 22.50 4.52 0.12 0.075
M178 1 25.40 3.82 0.01 0.06
M207 1 26.87 4.52 0.06 0.075
M3410 10 41.75 3.95 0.03 0.063
Overall disc anthocyanin presence M1802 6 10.62 5.75 0.17 0.101

Marker positions are reported with respect to the genetic map of Bowers et al. (2012). PVE, proportion of phenotypic variance explained; this marker effect is
reported as absolute effect size per allele relative to the range of trait values observed among lines.

handful of genomic regions together explain at least a quarter of
phenotypic variation in disc pigmentation may partially explain
how there have been at least 7 back-and-forth transitions between
dark and light disc color across the phylogeny of wild diploid
Helianthus without apparent strong selection from pollinators or
the abiotic environment (Mason et al. 2017). For morphological
and pigmentation traits that are reasonably conserved across the
Asteraceae including aspects of the composite head structure and
the presence of anthocyanin and carotenoid-based oral pigmen-
tation, insights from this and further work within sun ower may
inform patterns of oral trait evolution across the family as a
whole, especially if combined with data from other genomically
enabled Asteraceae like lettuce and artichoke.

The results of this study highlight 2 important themes concerning
the genetic architecture of oral phenotypes in cultivated sun ower.
First, oral traits were found to exhibit high phenotypic plasticity
with environment, including morphological traits that scale with
plant size but also other traits like pigmentation. Agronomic work
examining effects of eld conditions like plant density on repro-
ductive trait plasticity have demonstrated strong effects on oret
number and thus yield (e.g., Pereira and Hall 2019), but our nd-
ings go beyond this sort of plant size-dependent oral trait plasti-
city. The differences in phenotypes observed between greenhouse
and eld growth conditions indicate that conditions constraining
overall plant size unsurprisingly play a signi cant role in oral trait
expression within inbred lines, as may other factors like light quality

6102 J8qWBAON Z| U0 Jasn eib1099) 10 Alsieaun Ag 8G€ 1 LES/S/2/S/01 L AoeASqe-a|o1e/palayl/wod dno-olwapese//:sdny woll papeojumoq



282

Journal of Heredity, 2019, Vol. 110, No. 3

Figure 3. Manhattan plots of genome-wide association mapping results
from the Q + K model in in the eld for (A) disc diameter (cm) of the longest
axis, (B) disc diameter (cm) of the orthogonal axes, and (C) disc area (cm?).
The threshold line refers to Gaos correction at log, (p) = 3.68. Radial gray-
dashed lines occur along the same vector as the associated signi cant
marker, with the same location denoted across plots. Signi cant markers
above each threshold have been enlarged for clarity.
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Figure 4. Manhattan plots of genome-wide association mapping results
from the Q + K model in the eld for anthocyanin presence in (A) stigmas,
(B) disc corollas, (C) the disc overall. Red threshold line refers to Gaos
correction at  10g10(p) = 3.68. The threshold line refers to Gao's correction at
log,,(p) = 3.68. Radial gray-dashed lines occur along the same vector as the
associated signi cant marker, with the same location denoted across plots.
Signi cant markers above each threshold have been enlarged for clarity.

given the differences observed in pigmentation. These effects likely
explain the generally lower narrow-sense heritabilities observed in

the greenhouse (due to reduced overall phenotypic variation among
lines). Perhaps more interesting are the differences observed within
phytometer lines across growth staggers under otherwise con-
trolled greenhouse conditions, which indicate that the expression
of oral traits is quite sensitive to even more subtle differences in en-
vironmental conditions that are more dif cult to quantify. This large
role of plasticity in generating phenotypes likely contributed to the
lack of detectable associations for many of the oral traits assessed in
this study. Future efforts to describe the genetic architecture of oral
traits in sun ower, especially more nuanced or labile phenotypes like
odor or chemistry, should, therefore, include careful consideration of
growth conditions and ideally replication across different environ-
ments for reliable mapping. Second, the genetic architectures uncov-
ered for the subset of traits that were successfully mapped suggest
few instances of shared genetic basis among oral traits. This suggests
that pleiotropy (or at least biological pleiotropy sensu Solovieff
et al. 2013) is unlikely to strongly limit the combinations of oral
phenotypes possible in cultivated sun ower, despite that pleiotropy
is recognized as a major mechanism of genetic constraint on oral
diversity in many plant systems (Smith 2016). Under such a scen-
ario of minimal pleiotropy, most morphological and pigmentation
traits would be free to evolve largely independently of one another.
This may be one explanation for the broad diversity of combinations
of oral traits observed within cultivated sun ower across breeding
pools, market classes, and especially among ornamental cultivars.
Ours is not the rst study to consider the genetic architecture of
oral traits in cultivated sun ower. Several QTL mapping experi-
ments have used biparental crosses to investigate the genetic basis of
oral trait differences between focal germplasm, often as part of a
suite of so-called domestication or improvement traits. An early
study using a cross between a wild sun ower (H. annuus) acces-
sion and a modern cultivar to derive an F, mapping population
assessed a variety of traits, including disc diameter, ray number, and
ray size (Burke et al. 2002). QTL were identi ed for disc diameter
on LG4, LG5, and LG13 explaining 4 6% of phenotypic variation
each, ray number on LG1, LG6, LG7, LG9, and LG13 explaining
6 10% of phenotypic variation each, and ray size on LG5, LGS6,
and LG9 explaining 7 9% of phenotypic variation each (Burke et al.
2002). A follow-up study using recombinant inbred lines produced
through single-seed descent from the initial F, mapping population
identi ed only one QTL for disc diameter on LG14 and one QTL
for ray length on LG9, explaining 9 10% of phenotypic variation
each, though the set of lines was grown in 2 geographic locations,
and these associations were detected in only one location each
(Dechaine et al. 2009). A further study used an F, mapping popula-
tion derived from a cross between the same wild sun ower accession
and the domesticated Hopi landrace also assessed disc diameter and
ray number (Wills and Burke 2007). QTL were identi ed for disc
diameter on LG1, LG6, LG8, LG9, LG10, LG14, LG15, and LG17
explaining 4 13% of phenotypic variation each, and ray number
on LG5, LG8, LG10, LG12, LG15, and LG17 explaining 3 13% of
phenotypic variation each (Wills and Burke 2007). Our own results
are consistent with this recurring pattern of mapping studies iden-
tifying multiple loci of small effect distributed across the genome
for morphological traits, with our greenhouse phenotyping nding
associations explaining 4 14% of phenotypic variance, and our eld
phenotyping nding associations explaining 4 17% of phenotypic
variance. However, unlike earlier studies based on biparental crosses
with wild sun ower, our association mapping approach within culti-
vated sun ower does not recapitulate associations on the same link-
age groups for disc diameter, ray number, or ray length/size with the
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