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Abstract

Floral attraction traits can significantly affect pollinator visitation patterns, but adap-
tive evolution of these traits may be constrained by correlations with other traits. In
some cases, molecular pathways contributing to floral attraction are well characterized,
offering the opportunity to explore loci potentially underlying variation among indi-
viduals. Here, we quantify the range of variation in floral UV patterning (i.e. UV
‘bulls-eye nectar guides) among crop and wild accessions of Brassica rapa. We then
use experimental crosses to examine the genetic architecture, candidate loci and bio-
chemical underpinnings of this patterning as well as phenotypic manipulations to test
the ecological impact. We find qualitative variation in UV patterning between wild
(commonly lacking UV patterns) and crop (commonly exhibiting UV patterns) acces-
sions. Similar to the majority of crops, recombinant inbred lines (RILs) derived from
an oilseed crop x WI fast-plant® cross exhibit UV patterns, the size of which varies
extensively among genotypes. In RILs, we further observe strong statistical-genetic and
QTL correlations within petal morphological traits and within measurements of petal
UV patterning; however, correlations between morphology and UV patterning are
weak or nonsignificant, suggesting that UV patterning is regulated and may evolve
independently of overall petal size. HPLC analyses reveal a high concentration of sina-
poyl glucose in UV-absorbing petal regions, which, in concert with physical locations
of UV-trait QTLs, suggest a regulatory and structural gene as candidates underlying
observed quantitative variation. Finally, insects prefer flowers with UV bulls-eye
patterns over those that lack patterns, validating the importance of UV patterning in
pollen-limited populations of B. rapa.
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corolla size; Galen 1996; Glaettli & Barrett 2008), shape

Introduction and symmetry (Meller 1995), and colour (Bradshaw &
Diverse visual attraction traits have been identified as Schemske 2003; Hoballah et al. 2007) has been shown to
critical to reproductive success and in maintaining spe- enhance the frequency and quality of pollinator visita-
cies boundaries for both plants and animals (Jones & tion. Similarly, floral patterning (e.g. nectar guides, con-
Hunter 1993; Domb & Pagel 2001; Bradshaw & verging lines, spots or bulls-eye regions), which is
Schemske 2003). In plants, variation in floral size (e.g. prevalent in angiosperm corollas (Penny 1983; Dyer

1996), can enhance pollinator attraction (Johnson &
Correspondence: Marcus T. Brock, Fax: +1 307 766 2851; Midgley 1997) and has been shown to increase the
E-mail: mbrock2@uwyo.edu frequency of effective pollinator visits by reducing
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handling times (Waser & Price 1985; Leonard & Papaj
2011; Hansen et al. 2012; Leonard et al. 2013). Like other
quantitative traits, the evolution of attraction traits
depends on the magnitude of segregating genetic varia-
tion as well as on the strength of genetic covariation
among attraction traits and other aspects of floral mor-
phology. If the major axis of trait covariation is parallel
to the joint vector of selection, then evolutionary
responses may be enhanced, whereas responses may be
slowed if trait covariation is antagonistic to the vector
of selection (Schluter 1996; Etterson & Shaw 2001). To
explore evolutionary constraints, it is valuable to char-
acterize the statistical-genetic and quantitative trait loci
(QTL) architecture. By relating genetic maps to physical
ones, QTL screens that identify genomic regions affect-
ing a trait (or multiple traits) can inform bioinformatic
analyses of functionally annotated positional candidates
that may contribute to or constrain adaptive evolution.

The biochemistry of many visual attraction traits is
well characterized in plants, which has enabled elegant
studies of the evolution of floral colour and patterning
and an understanding of the molecular genetics under-
lying these pollinator attraction phenotypes (reviewed
in Sobel & Streisfeld 2013; Yuan et al. 2013a). For exam-
ple, the flavonoid branch of the phenylpropanoid path-
way is responsible for the production of red, purple
and blue anthocyanin pigments (Holton & Cornish
1995). Examination of genes regulating floral colour
reveals highly conserved regulatory mechanisms for
this biochemical pathway. R2R3-MYB transcription fac-
tors (Stracke et al. 2001) in concert with their interacting
WD40 and bHLH protein partners (Walker et al. 1999;
Heim et al. 2003; Ramsay & Glover 2005) are key regu-
lators of both floral anthocyanin production and pig-
ment patterning in a variety of distantly related
angiosperms (deVetten ef al. 1997, Walker ef al. 1999;
Carey et al. 2004; Pang et al. 2009; Pattanaik ef al. 2010).
Discrete differences in floral colour (Bradshaw &
Schemske 2003; Hoballah et al. 2007) as well as more
subtle intraspecific variation in anthocyanic nectar
guides (Medel et al. 2003; Shang et al. 2011) have been
shown to influence the species specificity of pollinator
visitation. In addition to anthocyanins, variation in UV-
absorbing flavonoids (Thompson et al. 1972; Dement &
Raven 1974; Gronquist et al. 2001; Sasaki & Takahashi
2002; Matsubara et al. 2012) is responsible for nectar
guide patterns in the near-ultraviolet region of the solar
spectrum (~350 nm), and these UV patterns are per-
ceived by most flower-visiting insects (Briscoe & Chit-
tka 2001). The phenylpropanoid pathways contributing
to the production of UV-absorbing compounds are well
characterized (Buer et al. 2010; Milkowski & Strack
2010; Vogt 2010), suggesting candidate loci that may
contribute to UV patterning in flowers.
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Floral nectar guides and pigments in the UV spec-
trum are no more, or less, important to pollinator beha-
viour than those in the human-visible spectrum that are
also perceived by insects (Kevan ef al. 2001). Yet, these
more cryptic UV phenotypes have received somewhat
less attention. From a distance, pollinators identify and
choose flowers using a variety of traits including their
size and visual contrast relative to the background (i.e.
contrast perceived by their green photoreceptors), both
of which influence floral apparency (Spaethe et al.
2001). At closer proximity to flowers, bees have been
shown to initially approach petal margins and, when
present, utilize bulls-eye patterns to more rapidly direct
their approach and identify floral rewards (Lunau 1990;
Lunau et al. 2006). Broad surveys of angiosperms indi-
cate that petal margin and nectar guides predominantly
have complementary symmetries (i.e. flowers and their
nectar guides are both either radially symmetrical or
bilaterally symmetrical) (Dafni & Kevan 1996), which
may facilitate foraging efficiency. Correlations in the
symmetry of different floral features may arise from
pollinator selection (and resulting linkage disequilib-
rium) or arise from a common genetic developmental
programme (i.e. pleiotropy). Floral attraction traits have
been studied using artificial model flowers to experi-
mentally manipulate attraction traits and test for visitor
behavioural responses (e.g. Lunau ef al. 2006; Leonard
& Papaj 2011). UV patterning is likewise amenable to
phenotypic engineering via application of UV-absorbing
pigments to corollas (Johnson & Andersson 2002),
allowing for experimental tests of the influence of
nectar guides on foraging insect behaviour (Koski &
Ashman 2014).

Here, we first examine UV patterning in wild vs.
crop populations of Brassica rapa and then characterize
the quantitative-genetic and QTL architecture as well
as positional candidates for UV patterning in recombi-
nant inbred lines (RILs). We further quantify, via
HPLC and GC-MS, compounds contributing to this
patterning in addition to effects of floral patterning on
pollinator behaviours. Specifically, we address the fol-
lowing questions: (i) Is selection history (natural vs.
artificial) associated with the presence vs. absence of
UV patterning, and how does the range of patterns
observed in crop and wild accessions compare with
that in RILs? (ii) What is the quantitative-genetic and
QTL architecture of size and shape components of
petal blades and petal UV region in RILs? Specifically,
what is the degree of correlation within and between
petal blade and UV patterning traits? (iii) From QTL
mapping and localization on the physical map, do
genomic regions affecting UV patterning suggest can-
didate genes that might regulate UV pigment produc-
tion? (iv) Do concentrations of UV-absorbing
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phenylpropanoid compounds covary with UV pattern-
ing in petal tissue regions? (v) Does experimental
manipulation of the presence vs. absence of UV pat-
terns influence insect visitation under field conditions,
and how do floral UV phenotypes of crop and wild
accessions compare to those favoured by insects?

Materials and methods

Brassica rapa (Brassicaceae) is native to temperate
regions of Western Europe and Asia. As a conse-
quence of crop diversification and numerous introduc-
tions, B. rapa is now present as both a weed and crop
on all inhabited continents (Holm et al. 1997). Human
selection has generated a number of crop varieties,
which are globally cultivated as leaf vegetables
(subsp. chinensis and pekinensis), root vegetables
(subsp. rapa) and oilseeds (subsp. oleifera). B. rapa
plants produce a racemose inflorescence with archety-
pal brassicaceous flowers containing four whorls: four
sepals, four yellow petals, six stamens (two short and
four long) and a compound pistil. Although this spe-
cies commonly relies on insect visitors to deposit out-
crossed pollen due to sporophytic self-incompatibility
(Bateman 1955), self-compatibility has evolved in both
wild populations and crop accessions (Nou et al. 1993;
Zhao et al. 2005).

Flowers of B. rapa have pronounced differences in
size and symmetry (Fig. 1A-C). Flowers of two varieties
(subsp. pekinensis and subsp. rapa) have previously been
shown to have UV bulls-eye patterns (Sasaki & Taka-
hashi 2002; Yoshioka et al. 2005), and HPLC analyses of
subsp. pekinensis support a UV-absorbing flavonoid
compound, isorhamnetin 3,7-O-di-B-p-glucopyranoside,
as the source of the UV-absorbing region of the bulls-
eye pattern (Sasaki & Takahashi 2002). We first sur-
veyed wild and crop accessions to describe variation in
UV patterning in B. rapa. This survey provides a basis
for understanding the species relative to RIL variation
in floral UV patterns, that is the variation that arises in
part from past artificial or natural selection vs. from
segregating variation between the parents of our cross,
respectively. The accession survey also provides a use-
ful reference for the phenotypic manipulation experi-
ment and reveals whether floral UV phenotypes
observed in crop or wild genotypes are consistent with
pollinator-mediated selection.

We utilized RILs and the parental genotypes to exam-
ine the statistical-genetic architecture, biochemical
underpinnings and insect preference for UV patterning
in a segregating progeny. The RIL population was
established by crossing two self-compatible genotypes,
R500 and IMB211, producing an F1 that was self-polli-
nated to produce F2 progeny, which were selfed and

propagated through single-seed descent for six genera-
tions (Iniguez-Luy et al. 2009). R500 is a yellow sarson
oilseed variety originating in India, while IMB211 is a
derivative of the Wisconsin fast-plant® population (Wil-
liams & Hill 1986). R500 plants attain larger size and
biomass as a consequence of later flowering time rela-
tive to IMB211, which matures rapidly as a result of
artificial selection. Flowers of these two genotypes differ
in the size and shape of the UV pattern (cf Fig. 1E vs.
F, see Results).

Population-level survey of UV patterning

To explore variation in the presence vs. absence of UV
patterning in B. rapa, we raised both wild and crop
accessions in agricultural fields (summers 2010 and
2012) at the Agricultural Experiment Station at the
University of Wyoming (UW-AES; Laramie, WY,
USA). In total across both years, we imaged flowers
from six wild populations of B. rapa from California,
USA, and 15 crop accessions from six subspecies of
B. rapa obtained from germplasm centres (www.ars-
grin.gov; www.wageningenur.nl). In early June of each
year, we raised a minimum of six replicates per acces-
sion in the UW-AES greenhouses; we planted three
seeds per accession in peat pots (9 cm square x 10 cm
tall; 350 cm®) containing soil from the adjacent field
sites where the plants were ultimately transplanted.
Pots were supplemented with ~2.2 g of Osmocote 18-
6-12 slow-release fertilizer (Scotts Miracle Grow, Mar-
ysville, OH, USA) and watered daily. Greenhouse tem-
peratures were regulated to match ambient outside
temperatures with a minimum threshold of 8 °C at
night.

One week after germination, pots were thinned to
one seedling, and 1 week later, we transplanted pots
into the nearby UW-AES fields. Pots were planted into
a randomized block design with one replicate of each
accession per block with a minimum of 25 cm between
adjacent plants. Experimental plants were watered
twice daily (0430 and 1800) via a permanent sprinkler
irrigation system. Plants were monitored daily for
flowering and the appearance of both reflexed petals
and dehisced anthers, at which point we harvested a
newly opened flower between 0900 and 1200 h. Flow-
ers were transported to the laboratory and imaged in
the UV spectrum. Digital photographs were recorded
using a full spectrum digital camera sensitive to UV
wavelengths (Life Pixel, Mukilteo, WA, USA) coupled
to a UV lens and filter (Baader Planetarium, Mammen-
dorf, Germany) that together restricted wavelengths to
350400 nm. Flowers were illuminated with standard
blacklight-blue bulbs that produce wavelengths at
~365 nm.

© 2016 John Wiley & Sons Ltd
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Fig. 1 Visible spectrum (A-C) and UV (~360 nm; D-F) photographs of Brassica rapa flowers. (A, D) Patternless UV phenotype found
in weedy populations and some crop accessions (see Table 1; imaged flower from a weedy accession, Newport Harbor, CA, USA);
(B, E and C, F) UV bulls-eye-patterned flowers and the range of variation in proportion UV (UVP) found in B. rapa RILs (imaged
flowers from RIL 357 and parental IMB211 genotypes, respectively). (G) A UV-patterned flower painted with sunscreen dissolved in
duck fat. (H) A UV-patterned flower with lower petals painted with duck fat (upper petals were not manipulated for comparison;

imaged flower from RIL 31, inclusive scale bar = 2.5 mm).

Survey of Brassica rapa herbarium specimens

Given variation in the presence vs. absence of UV bulls-
eye patterns in field-grown wild populations and crop
accessions (see Results), we expanded our survey to
include herbarium sheets (N =32) available in the
Rocky Mountain Herbarium at the University of Wyom-
ing (Laramie, WY, USA). We imaged herbarium sheets
in the UV spectrum as described above and were able
to visualize the presence of UV bulls-eye patterns from
samples collected throughout North American and
Scandinavian countries as early as 1898. Samples that
lacked distinct bulls-eye patterns were classified as pat-
ternless, UV-absorbing flowers. Given that UV patterns
were observed in flowers of B. rapa collected 117 years
ago, results of this survey assume that UV-absorbing/
UV-reflecting petal compounds in this species are stable
over time and that variation in herbarium sample
preparation does not influence qualitative variation
(presence vs. absence) in UV patterns. Herbarium sheets
that had been subjected to mercury chloride treatment
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were glossy in comparison with other herbarium sam-
ples; we excluded these samples from the survey.

Quantitative-genetic examination of UV patterning in
RILs

We measured morphometric floral data from B. rapa
RILs raised in the UW-AES fields. Plants in this experi-
ment were part of a larger quantitative-genetic experi-
ment exploring the effects of crowding and drought on
plant performance and physiology. Here, we describe
floral data measured from six replicate plants raised in
a low-density well-watered growth environment.
Similar to the field surveys above, we planted seeds
of each of 125 RILs and the two parental lines in the
UW-AES greenhouses and following 2 weeks of estab-
lishment and growth, seedlings were transplanted into
the field. On 8 and 9 June 2010, three seeds of each RIL
were planted into each of six replicate pots (three repli-
cates per genotype per day) that were randomized
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across six spatial blocks. Pot preparation, greenhouse
conditions and transplanting followed the procedures
described above for the UV survey experiment.

Plants were monitored daily for date of first flower-
ing and 2 days later a newly opened flower was col-
lected from each plant between 0900 and 1200 h. One
representative petal from each flower was removed and
flattened on double-sided tape to reveal the adaxial
petal surface (i.e. the side visible to approaching
insects). Petals were imaged in the UV spectrum as
described above. Using IMAGE] software (vs.1.44; Wayne
Rasband; National Institutes of Health, Bethesda, MD,
USA), we measured the length of the petal blade (from
the distal tip of the petal to the point at which the blade
reflexes, i.e. the transition point between petal claw and
petal blade), the maximum width of the petal blade and
the petal blade area. Similarly, we measured the length,
maximum width and area of the UV-absorbing region
on the petal blade. We further estimated proportion UV
(UVP) as the proportion of the blade area that absorbed
UV wavelengths. To estimate the shape of the petal
blade and UV pattern, we calculated length-to-width
ratios (L/W) of each region; ratios that are closer to one
indicate more circular blades.

Flowers (minus the petal removed above) were then
preserved in 70% ethanol. Later, flowers were dissected
and imaged under a stereomicroscope (Nikon SMZ-800,
Tokyo, Japan). In ImaGE], we measured the length of
each of the following floral organs: sepal, long stamen,
short stamen and pistil.

Statistical methods

We used anova (PROC MIXED, sas 9.2) to partition
variation in petal and UV region sizes and shapes
between two random factors: RIL genotype and spatial
block. We also extracted principal components (PC;
PROC PRINCOMP, sas 9.2) of floral organ size as esti-
mated with the length of the following traits: sepal,
long stamen, short stamen and pistil. We retained the
first PC as our metric of floral size, which explained
71.8% of the variation (Table S1, Supporting informa-
tion). To improve normality, L/W ratios of petal blade
and UV-pattern region were log-transformed, UVP was
arcsine-transformed, and all other traits were Box—Cox-
transformed (Box & Cox 1964; Sokal & Rohlf 1995).
Using genotype, block and residual variance compo-
nents resulting from these mixed models, we estimated
broad-sense heritability (H% Vg/Vp) for all petal, UV
pattern and PC traits (Falconer & Mackay 1996).
Back-transformed genotypic values of each RIL (best
linear unbiased predictors, BLUPs; PROC MIXED, sas
9.2) were subsequently used to explore the statistical-
genetic and QTL architecture by estimating bivariate

correlations (i.e. genetic correlations; PROC CORR, sas
9.2) and by testing for main-effect and epistatic QTL
(see Linkage map construction and QTL analyses).
Genetic correlation P-values were Bonferroni corrected
to account for multiple comparisons (Sokal & Rohlf
1995).

Analytical characterization of phenylpropanoid
compounds underlying UV patterning

To identify the secondary compounds underlying the
petal UV patterning present in the RIL population, we
used HPLC to separate methanolic soluble extracts from
UV-absorbing (petal blade base) and UV-reflecting
(petal blade tip) petal regions. We focused on peaks
with appreciable differences in peak area (i.e. concentra-
tion) across these tissue regions. Initial HPLC analyses
were performed on flowers from a single replicate of
R500 raised in the UW-AES fields in the summer of
2011 (planting methods described above). Petal blades
of R500 were dissected into UV-absorbing and UV-
reflecting tissue regions using the ‘live view” function of
our modified UV digital camera. Each tissue region was
placed in a microcentrifuge tube with 50% methanol
(0.01 mg fresh tissue/100 puL of solvent) and incubated
for 1 h at 60 °C. Methanolic soluble extractions were
stored at —80 °C and analysed via HPLC on a Shim-
pack XR-ODS column (3.0 x 75 mm, 2.2 pm; Shimadzu,
Kyoto, Japan) as previously described (Fraser et al.
2007).

We selected two peaks as candidates for further char-
acterization and identification (peaks 3 and 4; Fig. S1,
Supporting information), because they absorbed UV
wavelengths visible to UV-sensitive insects (~350 nm).
Methanol extractions of UV-absorbing and UV-reflect-
ing petal regions of R500 were analysed using LC-MS
(Agilent 1200 HPLC system coupled with an Agilent
6460 triple-quadrupole MS, utilizing positive mode Jet-
Stream ESI, Palo Alto, CA, USA) as previously
described (Lee et al. 2012). We focused our analyses on
compounds consistent with either isorhamnetin
(isorhamnetin  3,7-O-di-B-D-glucopyranoside), ~which
was previously reported as underlying the B. rapa UV
patterning (Sasaki & Takahashi 2002), or sinapoyl glu-
cose (1-O-sinapoyl-B-glucose), which was suggested by
the fluorescence profile of peak 3 emitting 420 nm when
excited by 330 nm wavelengths (Li et al. 2010). In addi-
tion, the retention time of peak 3 was found to be the
same as the retention time of the peak corresponding to
sinapoyl glucose, which accumulates in the sinapoylglu-
cose accumulatorl Arabidopsis mutant (data not shown)
(Li et al. 2010).

We quantified the concentration of peaks 3 and 4 in
UV-absorbing and UV-reflecting petal regions to

© 2016 John Wiley & Sons Ltd
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determine whether they covaried with floral UV pat-
terning. We dissected petal blades into UV-absorbing
and UV-reflecting regions from four replicates each of
R500 and IMB211 growing in the UW-AES fields in
2011 and extracted phenylpropanoids. We used sinapic
acid to quantify concentrations of peak 3 (sinapoyl glu-
cose; see Results) and quercetin for peak 4 (isorham-
netin; see Results), because those are the UV-absorbent
moieties on each compound, respectively. Using ANOva,
we partitioned variance in concentration of each com-
pound among the following fixed factors: genotype, tis-
sue region and the genotype X tissue region interaction
(PROC MIXED, sas 9.2).

QTL analyses

We used composite interval mapping (CIM; WinQTL-
Cart vs. 2.5, Wang et al. 2007), to explore the QTL
architecture of floral, petal, and UV region size and
shape traits. Using a preliminary linkage map of 1273
SNPs across the ten B. rapa chromosomes (M.F. Cov-
ington, R.J.C. Markelz, UK. Devisetty, M.T. Brock, M.]J.
Rubin, C. Weinig & J.N. Maloof, in preparation; see
Data S1, Supporting information for details of linkage
map construction), we tested for QTL at least every
cM, using a window size of 10 cM to prevent proxi-
mally confounding covariates from entering the
model. We calculated significant (P-value <0.05) and
marginally significant (P-value < 0.075) genomewide
thresholds by permuting the data set 1000 times for
each trait (Churchill & Doerge 1994). All QTL analy-
ses were performed on RIL genotypic values (BLUPs;
see Morphological Statistical methods).

We further tested for effects of epistatic interactions
on all measured traits using R/QTL scantwo analyses
(Broman et al. 2003), which tests all possible
marker x marker combinations for their interactive
effect on floral traits. For these analyses, we imple-
mented the maximum-likelihood algorithm with a win-
dow size of 10 cM. To determine significance of each
interaction, we estimated a genomewide threshold by
permuting the data set 1000 times.

To identify possible candidate genes regulating UV
patterning, we selected three QTL with narrow 2-LOD
support limits that regulate multiple UV region size
traits (QTL3-3, QTL7-3 and QTLS8-2; see Results). We
extracted Brassica genes within each 2-LOD interval
from the B. rapa reference genome (v1.5; www.brassi-
cadb.org) and for each determined the best Arabidopsis
thaliana homologous gene (or ‘best hit’ via the BLASTx
algorithm; Altschul ef al. 1997). We screened both chro-
mosomal regions for homologs to known Arabidopsis
genes in the phenylpropanoid pathway as well as regu-
latory genes in MYB, bHLH, WD and UDP-glycosyl-
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transferase families, which have been shown to regulate
production of phenylpropanoids (Hemm et al. 2001; and
citations from the introduction). We utilized the Net-
workDrawer web-based analysis tools of ATTED-II and
the associated database of gene co-expression patterns
(http://atted.jp/; Obayashi et al. 2011) to examine
whether candidates underlying identified UV-trait QTL
are co-expressed with genes known from phenyl-
propanoid pathways. Finally, utilizing RNA-Seq data
from the R500x IMB211 RIL population (Devisetty et al.
2014), we examined the coding sequence of candidate
genes emerging from analyses above to determine (i)
whether amino acid structure differs across parental
alleles and (ii) whether these possible amino acid substi-
tutions potentially influence protein function based on
differences in physicochemical properties (Blosum80
substitution matrix; Henikoff & Henikoff 1992) or prox-
imity to putative functional domains.

Effects of UV patterning on insect visitation

In July 2011 field trials, we monitored insect visitation
to plants with flowers that had either a UV bulls-eye
pattern or lacked a pattern (UV-absorbing flowers;
Fig. 1). Patternless/UV-absorbing flowers were gener-
ated by applying sunscreen dissolved in duck fat to
petal blades (Johnson & Andersson 2002). This experi-
mental technique modifies reflectance of UV wave-
lengths; however, the duck fat does not alter the
spectral profile of visible wavelengths of light (400—
700 nm). Replicate plants of the B. rapa R500 genotype,
which has a bulls-eye UV pattern, were randomly
assigned to one of three treatments: an internal control
(C; flowers not manipulated), a bulls-eye control (UV+;
petal blades were painted with duck fat) or a nonpat-
terned/UV-absorbing treatment (UV—; petal blades
were painted with sunscreen dissolved in duck fat).

We planted 60 replicates of R500 in early June of
2011 as previously described. Plants were thinned in
the greenhouse and transplanted into 20 spatial blocks
in the UW-AES fields in mid-June. In the mornings
(0900 MST) between 26 and 29 July 2011, UV treat-
ments were randomly assigned to three replicate R500
plants in each of 3-10 spatial blocks (depending on
the day). We applied duck fat or duck fat plus
sunscreen to petal blades of the newly opened flowers
of plants assigned to UV+ and UV-— treatments,
respectively. Between 1000-1200 MST, all insect visits
to plants in each block were recorded for 30-min inter-
vals. Up to five assistants sat and observed insect visi-
tation, resulting in a total of 36 independent
observation periods. For each insect visitor, we
recorded the sequence of experimental plants visited
and how many flowers were landed upon per plant.
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Insects were classified based on order-level pollinator
guilds of diptera and hymenoptera, with the exception
of Megachilidae sp., an easily discernable and fre-
quently visiting family, which were catalogued as
megachilids. We counted all open flowers per
experimental plant per day and removed open flowers
at the end of each day to ensure treatment fidelity fol-
lowing randomization the next day.

Insect visitation statistical methods

We conducted mixed-model ANOva to partition variation
in insect visitation among the fixed effects of pollinator
guild, UV treatment and the pollinator guild x UV
treatment interaction, and the random effects of date
and block nested within date. We included the total
number of open flowers per plant as a covariate in our
statistical model to control for variation in visitation
attributable to display size. We analysed two metrics of
insect visitation; first, the total number of insect visits to
experimental plants — where repeat visits by the same
insect were also counted upon a return from a different
plant in the array. Second, we examined variation in
the total number of flowers visited per plant by pollina-
tor guilds in the 30-min period. To improve normality,
we square-root-transformed visitation counts for both
insect visitation metrics. Because dipterans only
accounted for 7.7% (N = 19) of the visiting insects, we
dropped this guild due to low sample size and report
analyses of megachilids (N =118) and remaining
hymenopterans (N = 110).

Results

Population-level and quantitative-genetic variation

At the population level, floral surveys of crop and wild
accessions of Brassica rapa demonstrate qualitative varia-
tion in UV patterning (Fig. 1; Table 1). Most crops (in-
cluding accessions of broccoletto, komatsuna, pak choi,
turnip and oilseed) exhibit a UV bulls-eye pattern; how-
ever, 3 (one broccoletto and two oilseed) of the 15 crop
accessions examined lack a UV pattern, absorbing UV
wavelengths across the entire petal blade. The six wild
populations  cultivated from seeds collected in
California, USA (approximate mean interpopulation
distance = 41 km, range =8-78), had patternless
UV-absorbing petal blades; herbarium sheets from 13
different states within the USA also suggest that pat-
ternless UV-absorbing flowers may be common among
wild populations in North America (Table 1; accession
details Table S2, Supporting information). Notably,
these North American wild plants resemble oilseed or
broccoletto crop types with regard to vegetative mor-
phology (which is very distinct from the high leaf and
root allocation typical of cabbage and turnip types,
respectively) and with regard to life history (because
they lack the vernalization requirement common to veg-
etable crops), suggesting that North American wild
populations originated as volunteers from an unpat-
terned variant of these crops. Specimens collected
across Scandinavia were typically patterned (Table 1;
accession details Table S2, Supporting information).

Table 1 Summary counts from a population-level survey of Brassica rapa plants producing flowers that are either UV-patterned or
lacking a pattern (UV absorbing across the entire petal blade). Plants were raised in the UW-AES fields or are from a survey of speci-
mens available in the Rocky Mountain Herbarium at the University of Wyoming. Bold font denotes the presence of at least one
dark/patternless sample from a specific origin locality. Detailed information on each sample is listed in Table S2, Supporting infor-

mation
Sampling
Group method Samples Origin UV patterned  Dark/patternless ~ Total Sample Number
Wild Field Six populations CA 0 6 6
(USA)
Wild Herbarium  North America AK, CA,FL,ID,KS, 6 21 27
(12 USA states) LA, MA, MI, MT,
NE, NJ, UT, WY
Wild Herbarium  Scandinavia Denmark, Finland, 5 0 5
(three countries) Sweden
Broccoletto  Field Two accessions Italy, Japan 1 1 2
Komatsuna  Field One accession Japan 1 0 1
Pak choi Field One accession China 1 0 1
Turnip Field Two accessions Japan 2 0 2
Oilseed Field Nine accessions Canada, Egypt, 7 2 9

Germany, India,
Pakistan, Sweden

© 2016 John Wiley & Sons Ltd
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All RILs in our segregating progeny have UV bulls-
eye patterns, and the population expresses significant
quantitative variation in all measured aspects of petal
blade and UV region size (area, length and width) and
allometry (L/W ratio, UVP; Table 2). Additionally, the
first principal component axis of the length of sepal,
long stamen, short stamen and pistil explained 71.8% of
the size variation in these traits (Table S1, Supporting
information) and aNova of this floral size PC indicates
significant genetic variation segregating in the B. rapa
RIL population (Table 2). The range of genotypic means
for all traits with positive values (i.e. excluding PC1)
was extreme, increasing by an average of 3.5-fold
(range: 1.6- to 8.3-fold increase). Broad-sense heritability
of all traits was also high, averaging 0.49 (range: 0.19—
0.67; Table 2).

We detected uniformly strong genetic correlations
within size measurements of the petal blade
(mean = 0.86) and within size estimates of the UV
region (mean = 0.85); however, correlations between
traits in these two groups were considerably weaker or
nonsignificant (mean = 0.36; Table 3; Fig. S2, Support-
ing information). Similarly, petal blade area, length and
width were highly correlated with the length of other
floral whorls (i.e. floral size PC; mean = 0.70), while the
UV region size traits were more weakly correlated with
the floral size PC (mean = 0.37; Table 3). Strong petal
shape-petal width and UV shape-UV length correla-
tions indicate that shape variation (i.e. L/W ratio) in
petal blades vs. petal UV patterning is predominantly
driven by different morphological axes (i.e. width and
length, respectively). Most notably, the proportion of
the petal blade that absorbs UV (UVP) was only
significantly correlated with aspects of UV region size,

Table 2 Mixed-model anova of RIL genotype and spatial
block on size and shape traits of Brassica rapa flowers and
petals. Z-values are reported and significance is indicated
with asterisks. Broad-sense heritabilities (H%; Vg/Vp) were cal-
culated from estimated variance components of independent
variables

Trait Block Genotype H?
Floral size PC1 1.37 6.46%*%* 0.50
Blade area 1.38 6.81%*%* 0.58
Blade In 1.24 6.54%%* 0.52
Blade wd 1.40 6.98*** 0.63
Blade L/W ratio 1.33 7.074%%% 0.67
UV area 1.35 6.45%%* 0.46
UV In 1.30 6.674%%% 0.52
UV wd 1.38 5.63**** 0.31
UV L/W ratio 0.77 43544 0.19
Proportion UV 1.25 6.56**** 0.49
#*#£<0.0001.

© 2016 John Wiley & Sons Ltd

indicating that it is genetically independent of petal
blade size and largely controlled by variation in the UV
region itself.

QTL mapping

We detected an average of 5.6 main-effect QTL
(range = 2-8) for each of the ten floral traits (Fig. 2,
Appendix 1; for marker physical positions and support
limits, see Table S3, Supporting information). Individu-
ally, these QTL explained an average of 8.8% of the
genetic variance (range = 3.5-34.5% per cent variance
explained; PVE) in floral traits and taken together
explain an average of 46.9% (range = 20.5-67.1%) of the
genetic variation of each trait. While a majority of the
detected QTL were of low/moderate effect size (91% of
QTL had effect sizes of <15% PVE), we detected several
QTL of major effect; QTL3-5 on A03 contributes 22.0%
of the V in petal blade width and 34.5% of the variance
in petal blade L/W ratio. QTL9-1 and QTL9-3 explain
18.8% and 17.3%, respectively, of the variance in the
first axis of the floral size PCA. Inheritance of alleles
from R500 typically increased petal blade size traits but
had a more variable influence on the size of the UV
region, indicating that both R500 and IMB211 contribute
positive alleles for size of the petal UV region.

Several genomic regions are ‘hotspots’ controlling
variation in multiple floral traits, contributing to
observed strong positive correlations within either petal
blade or UV region size traits (Table 3; Fig. 2). For
example, petal blade size traits are pleiotropically regu-
lated by QTL1-1, 7-1, 9-2 and 9-3, while UV region size
traits are predominantly regulated by a distinct suite of
pleiotropic QTL — QTL3-3, 7-3, 8-2, 10-2. QTL3-3, 7-3
and 8-2 also regulate the proportion of the petal blade
that absorbs UV wavelengths (UVP) and contribute to
the strong genetic correlations observed between UV
region size and UVP.

We detected 13 QTL x QTL epistatic interactions
across measured floral traits. On average, epistatic inter-
actions accounted for 3.2% (range = 1.2-8.5% PVE) of
the genetic variance in this population; however, this
may be an underestimation of the importance of epi-
static interactions because low replication of allelic com-
binations in multiway interactions reduces power. Two
pleiotropic epistatic interactions influence multiple petal
size traits, and thus, epistatic interactions also con-
tribute to strong genetic correlations observed for these
traits. For example, QTL x QTL interactions between
Al and A10 coregulate UV blade width and UV blade
area, while interactions between A4 and A6 influence
UV blade length and UVP. This overlapping QTL archi-
tecture could partially arise because area and UVP are
ultimately derived from base traits such as length and
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Table 3 Genotypic correlations between size and shape traits of flowers, petal blades and petal UV regions of Brassica rapa RILs
raised in the field at the University of Wyoming. Pearson product-moment correlation coefficients are reported with asterisks indicat-
ing significance of the correlation following Bonferroni correction

Floral size

PC1 Blade area Blade In Blade wd Blade L/W UV area UV In UV wd UVL/W UVP
Floral size PC1 — 0.73**** .77 0.61%** —0.08 0.39%*** 0.31** 0.40%*** 0.09 0.01
Blade area — 0.91%%%  0.94%** —0.40%** 0.40%#** 0.33** 0.46%*** 0.04 —0.08
Blade In — 0.73%%** —0.01 0.22 0.18 0.24 0.04 —-0.24
Blade wd — —0.67*#** 0.47###* 0.40%#** 0.56%*** 0.03 0.03
Blade L/W — —0.44x  —(0.39%*  —(.55%* 0.00 —0.30**
UV area — 0.95**** 0.87**** 0.37*** 0.85****
UV In — 0.74%#** 0.57##** 0.85%#**
UV wd — —0.03 0.70%***
UV L/W — 0.38%**
uvp —

**<0.01; **<0.001; ****<0.0001.

width. However, this explanation seems unlikely given
that six of the 13 interactions are unique to a ‘compos-
ite’ trait (e.g. L/W ratio or UVP) and are not identified
for underlying length and width traits.

For further bioinformatics analyses, we selected three
QTL pleiotropically regulating UV region size traits
(QTL3-3; 7-3 and 8-2, Fig. 2; Appendix 1) that have
narrow 2-LOD support regions containing 328, 286 and
178 putative Brassica genes, respectively. Within these
three regions, we detected numerous genes from MYB
(N=5), bHLH (N =5), WD40 (N =13) and UDP-
dependent glycosyltransferase (N = 14) gene families.
The majority of these genes are in subfamilies (Li et al.
2001; Dubos et al. 2010) or are homologous to Arabidop-
sis genes that do not influence sinapate ester or phenyl-
propanoid production (see Analytical characterization
of UV patterning compounds); however, two strong
candidates emerged. Under QTL3-3, we identified a
gene, Bra000453 (Table S4, Supporting information),
homologous to MYBI2 from Arabidopsis thaliana
(At2g47460), which targets the promoter of a UDP-glu-
cosyltransferase (UGT84A1; At4gl15480) that catalyses
the conversion of sinapic acid to sinapoyl glucose.
Under QTL7-3, we identified a homolog (Bra004109;
Table S5, Supporting information) of the Arabidopsis 4-
coumarate:CoA ligase 3 gene (4CL3; At1g65060), which
is involved in production of early phenylpropanoid pre-
cursors to sinapate esters, is a putative target of MYBI12
and is identified in the ATTED-II database as strongly
co-expressed with MYB12 and UGT84A1.

Despite a gap of 30 amino acids in IMB211 due to
incomplete RNA-Seq coverage, R500 and IMB211 have
five nonsynonymous substitutions in Bra000453 (homol-
ogous to MYBI12; for alignment see Fig. S3, Supporting
information). Two of these amino acid substitutions

(amino acid 143, G vs. R and amino acid 165, P vs. A)
are disfavoured based on amino acid substitution matri-
ces (Blosum80 values: —3 and —1, respectively; where
more negative values indicate less favourable substitu-
tions) and are found on either side of the MYB12 sub-
group seven motif, which characterizes flavonol
transcriptional regulators and may influence binding to
cis-acting nucleotide sequences (Stracke et al. 2001,
2007). Parental genotypes also have eight nonsynony-
mous substitutions in Bra004109 (homologous to 4CL3;
for alignment see Fig. S4, Supporting information). One
substitution (amino acid 212, A vs. V; Blosum80
value = 0) falls within a conserved putative AMP-bind-
ing domain (Schneider et al. 2003; Sigrist et al. 2013) and
four additional substitutions are proximal by 18 amino
acids.

Analytical characterization of UV patterning
compounds

HPLC analyses of R500 petal blades resolved four peaks
with differential abundance across absorbing and
reflecting petal regions (Fig. S1A, Supporting informa-
tion). Absorbance profiles of these peaks indicate that
only peaks 3 and 4 absorb wavelengths near 360 nm
(and would appear darker to insects with UV sensitiv-
ity). When excited with 330 nm wavelengths, peak 3
emits 420 nm wavelengths (characteristic of sinapoy-
lated molecules); furthermore, peak 3 co-elutes with a
standard of sinapoyl glucose isolated from Arabidopsis
thaliana leaf extracts (data not shown) (Chapple et al.
1992). LC-MS analyses confirmed that peak 3 is sina-
poyl glucose (mass 386.1213; chemical formula
Cy7H,040). Absorbance profiles of peak 4 (Fig. S1B,
Supporting information) are consistent with an

© 2016 John Wiley & Sons Ltd
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Fig. 2 Genomic locations of QTL regulating size and shape of floral whorl, petal blade and petal UV region traits of B. rapa RlLs.
QTL peaks are illustrated with short horizontal lines perpendicular to the vertical 2-LOD support limits. Arrowheads indicate the
positive (up) or negative (down) additive effect on trait means from the inheritance of an R500 allele.

isorhamnetin flavonoid described by Sasaki & Taka-
hashi (2002) as underlying the UV patterning in B. rapa.
LC-MS confirms that peak 4 is isorhamnetin (mass
641.1719; chemical formula C,5H55017).

In comparison with R500, IMB211 has on average
73.9% higher concentration of sinapoyl glucose (geno-
type; Fi12 =5.18, P-value = 0.0419); moreover, both
genotypes have on average 5.2 times more sinapoyl
glucose in the UV-absorbing regions of the petal blade
in comparison with the reflecting apical petal tips
(petal region; Fj;, =32.43, P-value <0.0001; Fig. 3A).
Genotypes did not differ significantly in their pattern-
ing of sinapoyl glucose concentration across UV-
absorbing and UV-reflecting petal regions

© 2016 John Wiley & Sons Ltd

(genotype x petal region interaction; Fj, = 0.38,
P-value = 0.55). We detect a significant geno-
type x petal region interaction for the concentration of
isorhamnetin  (genotype x petal region interaction;
Fi12 =9.43, P-value = 0.0097). Post hoc tests indicate
that while isorhamnetin concentrations in IMB211
trend in the direction of the UV pattern (i.e. higher
concentrations in UV-absorbing petal regions), they are
only marginally different (Tukey’s test, P-value = 0.072;
Fig. 3B). Isorhamnetin concentrations in the UV-reflect-
ing regions in R500 are greater than those in the UV-
absorbing regions (i.e. counter to the observed UV pat-
tern); however, they are not significantly different
(Tukey’s test, P-value = 0.42; Fig. 3B).
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Influence of UV patterns on insect visitation

Insect visitation at the whole plant and flower level was
influenced significantly by UV experimental treatments
(Table 4, Fig. 4). Insect visitation at both the plant and
flower level did not differ between control and duck fat
treatments (i.e. both treatments had UV-patterned flow-
ers; Tukey’s test, P-value = 0.99 and 0.48, respectively).
Alternatively, plants with UV-patterned flowers
received 1.6x more insect visits than those with com-
pletely UV-absorbing flowers (Tukey’s tests, P-value
<0.008) and total visits to UV-patterned flowers were
two times greater than those that lacked a UV pattern
(Tukey’s test, P-value <0.02).

Discussion

Nectar guides are commonly found on angiosperm
flowers and have been shown to enhance the frequency
and efficiency of insect visitation as well as the effi-
ciency of pollen transfer and seed set (Waser & Price
1985; Leonard & Papaj 2011; Hansen et al. 2012). We
find variation in the expression of a UV bulls-eye pat-
tern within and among wild and crop genotypes of B.
rapa. We also detect significant genetic variation in the
size and shape of UV patterns in a segregating progeny
established by crossing parents with UV bulls-eye
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Fig. 3 Concentrations of (A) sinapoyl glucose and (B) isorham-
netin in UV-absorbing or UV-reflecting petal blade regions of
Brassica rapa. Sinapoyl glucose concentrations were averaged
over the two parental genotypes, R500 and IMB211, in panel
A, because the genotype x tissue region interaction was non-
significant. Isorhamnetin concentrations shown in panel B illus-
trate the significant genotype x tissue region interaction.
Letters denote significant differences at P-value <0.0001 and
P-value <0.02 for panels A and B, respectively.

Table 4 Mixed-model aNcova results partitioning variance in
two measures of visitation among pollinators (megachilids and
all other hymenopterans), UV treatments (control, UV+ and
UV-) and the pollinator by UV treatment interaction, while
controlling for spatial blocks, temporal blocks and the total
number of flowers per experimental plant

Total visits to Total visits to

plants flowers

Fixed effects d.f. F-value d.f. F-value
Total floral display 1,119 0.07 1, 90 4.35%
Pollinators 1, 139 0.08 1, 147 0.05
UV treatments 2,124 5.92%* 2,129 8.06%**
Pollinator x UV Trt 2,126 0.92 2,131 1.45
Random effects Z-value Z-value
Block (Date) 2.5%* 0.96
Date NE NE

NE, not estimable.
*<0.05; **<0.01; ***<0.001.
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Fig. 4 Least-squared means of the number of insect visits to
(A) plants or (B) flowers, of those plants, in UV experimental
treatments. Treatments consisted of control (unmanipulated),
patterned controls (duck fat on petal blades) and nonpat-
terned flowers (sunscreen in duck fat applied to petal blades).
Letters denote significant differences among treatments with
P-value <0.008 and P-value <0.015 for panels A and B, respec-
tively.
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patterns. While there are strong genetic correlations
within petal size traits (Iength, width and area) or
within size measures of the UV bulls-eye region, corre-
lations across these two groups of petal traits are con-
siderably weaker or not significant; QTL results
likewise suggest genetic independence of these groups
of petal traits. Analyses of secondary compounds show
that sinapoyl glucose, a UV-absorbing phenylpropanoid
compound, has consistently higher concentrations in
UV-absorbing petal blade regions of both parents of the
RIL population. Considering the biochemical pathway
and relating our genetic map to the physical map,
bioinformatic analyses suggest variation at both regula-
tory and structural genes may contribute to interindi-
vidual variation, although this awaits functional
confirmation. Finally, using one of the RIL parents, we
find that insect visitation increases twofold for plants
with UV patterns in comparison with those with experi-
mentally engineered patternless flowers; this result vali-
dates the importance of nectar guides to plant-
pollinator interactions in this system and the ecological
relevance of characterizing the genetic architecture and
causal loci, but raises the question of why UV pattern-
ing is lacking in most wild populations.

Phenotypic and genetic variation in floral UV
patterning

Previous studies have only reported that flowers of
B. rapa (Sasaki & Takahashi 2002; Yoshioka et al. 2005)
and of close Brassica relatives (B. nigra and B. oleracea;
Horovitz & Cohen 1972) have UV bulls-eye patterns. In
our limited genotypic survey, wild populations and
crop accessions vary in the presence vs. absence of UV
bulls-eye patterns. Vegetable (leaf and root) crops of B.
rapa exhibit UV patterning as do most (72% of) floral
and oilseed genotypes. Volunteer wild populations of
B. rapa in western North America predominantly lack
UV bulls-eye patterns, having flowers that are uni-
formly absorbing in the near-UV spectrum. This qualita-
tive variation in UV patterning is interesting given the
number of studies (including this one) that suggest ben-
efits of nectar guides to plant—pollinator interactions.
Founder effects, from one to few crop populations,
could explain the overrepresentation of this phenotype
in a non-native range (e.g. Eckert ef al. 1996). In this
regard, it is worth noting that the North American wild
populations may derive from oilseed or broccoletto
crops, because the wild populations resemble these
crops in both morphology (which is distinct from the
high root and leaf allocation of vegetable crops) and life
history (as the wild populations lack a vernalization
requirement common to vegetable crops); oilseeds and
broccolettos also occasionally lack UV patterns. The

© 2016 John Wiley & Sons Ltd

rarity of UV patterns in North American populations
could, alternatively, be adaptive if this phenotype
reduces floral apparency to herbivorous insects (Cook
et al. 2013; Perez-Barrales et al. 2013) or if UV-absorbing
floral pigments (e.g. dearomatized isoprenylated
phloroglucinols) deter florivores (Gronquist et al. 2001).
Finally, the absence of UV patterns might be attributa-
ble to selection on flavonoids in other plant organs (e.g.
selection for cold tolerance in leaves) that leads to a cor-
related response in flowers (Dick et al. 2011; Ahmed
et al. 2014). A larger genotypic survey (and more exten-
sive sampling within populations) would help discrimi-
nate between geographic vs. domestication effects on
floral UV patterning and could provide insights as to
selective agents other than pollinators acting on UV-
absorbing compounds.

In addition to qualitative variation in UV patterning,
segregating progeny between two UV bulls-eye-pat-
terned parents exhibit extensive genetic variation for
the size and shape of petal UV regions. Our results sup-
port the highly heritable nature of UV nectar guide size,
shape and UVP (average H” = 0.45; Table 2), and while
the broad-sense heritability estimates of UV size and
UVP traits were lower than those reported in recent
greenhouse studies (e.g. H> = ~0.75 and ~0.85; Koski &
Ashman 2013; respectively; Syafaruddin et al. 2006),
plants in our experiment were raised under more vari-
able and realistic field conditions that induce higher
levels of UV-absorbing compounds. We also detect sig-
nificant genetic variation for petal blade morphology
and allometry, supporting previous examinations of flo-
ral genetic architecture in this population (Brock et al.
2010). More interestingly, while there are strong posi-
tive genetic correlations within size traits of petal blades
OR of petal UV regions, the correlation structure across
these two suites of traits is considerably weaker or not
significant (Table 3, Fig. S2, Supporting information).
Similarly, we find weak correlation structure between
UV traits and the size of other floral whorls (i.e. floral
size PC). Taken together, UV region size traits are
genetically decoupled from floral size traits. A similarly
weak correlation structure was observed in Argentina
anserina (Rosaceae; Koski & Ashman 2013), suggesting
that development of petals and their nectar guide pat-
terns are likely to be regulated by independent genetic
mechanisms in many angiosperms.

Our genomewide scans revealed numerous QTL reg-
ulating floral size, shape and UV patterning traits and
support a disassociated petal blade and UV-pattern
genetic architecture. We detected up to 10 main-effect
and two-way epistatic QTL regulating UV-pattern traits,
many of which regulate only UV-pattern features and
not petal blade traits. These QTL explain ~50% of segre-
gating genetic variation after tallying individual (and
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interactive) effect sizes, which suggests additional
main-effect and multiway epistatic interactions of small
effect size likely account for the residual genetic vari-
ance. Petal blade traits are regulated by at least five
QTL of overlapping effect (e.g. bottom of AQ09, Fig. 2),
which likely arise from pleiotropic genes that influence
multiple traits (although we cannot discount linkage
disequilibrium between physically proximate genes).
While UV-pattern traits are often regulated by distinct
pleiotropic QTL (e.g. bottom of A07, Fig. 2), we do
detect a QTL that affects both petal morphology and
UV patterning (e.g. the ‘hotspot’” at the bottom of AO0S;
Fig. 2). Overall, the QTL architecture supports the
strong positive genetic correlations observed within
petal blade morphology and UV region traits, while
accounting for the weaker correlations observed between
petal blade and UV-pattern size traits. This dissociated
genetic architecture is most evident for UV shape (UV
L/W) and UVP traits, for which there is only evidence
for a weak correlation between UVP and either petal
blade size or shape (L/W). Thus, if UV shape or UVP
traits are favoured in pollen-limited natural populations
with floral genetic architectures similar to that of the
experimental population used here, they should evolve
independently of selection acting on floral size traits
(e.g. pollinator attraction via petal blade size).

Phenylpropanoid compounds underlying nectar guide
patterning

Previous examination of UV nectar guides in other gen-
era (e.g. Rudbeckia, Hypericum and Oenothera; Dement
& Raven 1974; Gronquist et al. 2001; Thompson et al.
1972) has found that UV-absorbing flavonoids deter-
mine UV nectar guide patterning and accordingly are
in higher concentration in the bulls-eye region of pat-
terned flowers. Of the several compounds that exhibit
differential absorbance profiles across UV-absorbing
and UV-reflecting petal blade regions in the current
study, only concentrations of sinapoyl glucose, a pheno-
lic that absorbs wavelengths in the UV spectrum to
which insects are commonly sensitive (i.e. 330-360 nm;
Briscoe & Chittka 2001), correlate consistently with
visualized UV patterns in both genotypes analysed.
Isorhamnetin, a flavonoid compound that was previ-
ously identified as responsible for the UV nectar guide
in B. rapa (Sasaki & Takahashi 2002), is more variable in
its concentration across petal regions in our Brassica
plants; while it trends in the same direction as the UV
patterning in one Brassica genotype (IMB211; Fig 4B),
we find that isorhamnetin concentrations do not differ
between reflective and absorbing regions of R500. Envi-
ronmental upregulation of phenylpropanoid com-
pounds might contribute to experimental differences;

Sasaki & Takahashi (2002) raised plants in the green-
house for the most part, while plants in the current
study were raised in the field. Genetic variation across
subspecies could also be important; Sasaki & Takahashi
(2002) examined UV patterning in flowers of Chinese
cabbage (subsp., pekinensis) while we examined oilseeds
(subsp., oleifera). Causal compounds may also be geno-
type specific; while isorhamnetin does not contribute to
patterning in R500, it may do so in IMB211 or other
genotypes of B. rapa.

The phenylpropanoid biochemical pathways that pro-
duce human-visible and UV-spectral pigments (e.g.
anthocyanins, flavonoids, sinapate esters) are well char-
acterized; however, the molecular genetic dissection of
pigment patterning has, for obvious reasons, been
examined predominantly for human-visible pigments
and only in recent years. Examination of mutant pheno-
types in the model organisms Antirrhinum, Petunia and
Mimulus (Schwinn et al. 2006; Albert et al. 2011; Shang
et al. 2011; Yuan et al. 2013b) has consistently revealed
R2R3-MYB factors as key regulators of both variation in
overall floral colour (e.g. pink vs. blue) and floral pig-
ment patterning (e.g. anthocyanic lines and spots). MYB
factors form a regulatory complex with two additional
proteins, WD40 and bHLH repeat proteins, and
although there are examples of bHLH mutants influenc-
ing pigment patterning (e.g. the Antirrhinum bHLH
Delila mutant; Goodrich et al. 1992), the greater pleio-
tropic effects of these latter two elements suggest that
the subtle control of anthocyanic pigment patterning
may arise more often from MYB factors (Streisfeld et al.
2011; Yuan et al. 2014).

Although sinapate esters branch from the pathway
that produces anthocyanins, MYB factors, along with
UGTs (UDP-glucosyltransferases), have also been
shown to regulate sinapate glucose production (Jin et al.
2000; Hemm et al. 2001). Examination of genes within
support limits surrounding three highly resolved QTL
that regulate the size of UV traits and UVP (see middle
of A03 and bottom of A07 and AO08; Fig. 2) reveals sev-
eral genes in MYB, WD, bHLH and UGT candidate
families; however, sequence and functional characteriza-
tion places most of these candidates in gene family sub-
groups other than those regulating phenylpropanoid
metabolism. We did identify two strong candidates that
are homologous to Arabidopsis thaliana phenylpropanoid
genes. Under the QTL3-3 peak on A03, we detected a
gene homologous to MYBI2 in Arabidopsis thaliana
(PFG1; At2g47460), which targets genes that lead to fla-
vonoid biosynthesis (e.g. 4CL3 and chalcone synthase;
Stracke et al. 2007) as well as a UDP-glucosyltransferase
gene similar to UGT84A1 from A. thaliana. Along with
other closely related UGT genes, UGT84A1 forms glu-
cose esters of sinapic acid and is expressed predomi-
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nantly in roots, shoot apex, flowers and seeds (Lim
et al. 2001; Mef3ner et al. 2003; Schmid et al. 2005). The
second candidate is the structural gene, 4CL3, underly-
ing QTL7-3; this ligase catalyses the conversion of p-
coumaric acid to p-coumaroyl CoA, an early precursor
in the production of many phenylpropanoid com-
pounds, including sinapoyl glucose (Milkowski &
Strack 2010). In addition to UGT84A1, MYB12 has been
shown to target 4CL3 (Stracke et al. 2001) and all three
genes are highly co-expressed in Arabidopsis expression
databases (Obayashi et al. 2011). Moreover, R500 and
IMB211 have nonsynonymous substitutions in alleles of
both candidate genes; this amino acid variation is proxi-
mal to putative functional domains in the Brassica
homologs of MYB12 and 4CL3, respectively (Schneider
et al. 2003; Stracke et al. 2007; Czemmel et al. 2009; Sigr-
ist et al. 2013), and may influence quantitative variation
in UV-pattern traits via shifts in protein function.

Given these functional characterizations and gene
expression data in A. thaliana, the B. rapa homologs of
MYB12 and 4CL3 are logical candidates for future fine-
scale mapping or expression studies exploring UV pat-
terning in B. rapa. More generally, the increase in mar-
ker density in this map (via short-read sequencing of
expressed genes) relative to earlier linkage maps in
combination with functional and bioinformatic screens
illustrates how candidate gene identification may be
improved. Development of a novel RIL population from
parents that either entirely lack (wild parent, Fig. 1D)
or show (oilseed parent, Fig. 1E) floral UV patterning is
in progress and will also improve the genetic dissection
of this trait.

Plant—pollinator interactions and floral evolution

Nectar guides influence the behaviour of floral visitors.
Studies of both artificial models and experimentally
manipulated flowers have shown that insects commonly
prefer patterned flowers (Hansen et al. 2012; Koski &
Ashman 2014; Peterson ef al. 2015) and that nectar
guides can enhance the efficiency and frequency of
insect visits (Waser & Price 1985; Leonard et al. 2013).
Our experimental manipulations of B. rapa flowers sup-
port these previous studies; Megachilids, and
hymenopterans in general, visit flowers with UV nectar
guides twice as often as those without them (Fig. 4). All
hymenopterans, except for ants, are known to have some
level of UV sensitivity, and many members of the
Megachilidae (e.g. Osmia rufa and Anthidium manicatum)
are predicted to have maximum UV sensitivity near
355 nm (Briscoe & Chittka 2001). These behavioural
responses could be innate as has been demonstrated for
naive honeybees and bumblebees visiting model flowers
(Free 1970; Leonard & Papaj 2011) or alternatively may
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be learned behaviours in response to variation in UV
patterning of the local flowering community at the time
of our experiment. In addition to the yellow colour of
Brassica rapa petals (bee-green and bee-UV-green; Chittka
1992), which has been shown to be favoured by bumble-
bees due to higher contrast with foliar backgrounds
(Spaethe et al. 2001; Simonds & Plowright 2004), the UV
wavelengths reflected by the petal apex (bee-UV-green)
should provide visual contrast relative to the UV-absorb-
ing background vegetation (bee-uncoloured). This UV
contrast at petal apices may facilitate floral apparency to
approaching insect visitors, while the internal contrast
between UV-reflecting and UV-absorbing petal regions
may facilitate insects moving from floral edges to the
central rewards (Lunau et al. 2006).

Our phenotypic engineering of UV patterning tested
for insect preferences to discrete UV phenotypes and
results suggest that, in pollen-limited populations, selec-
tion mediated through insect preference favours UV
patterning (this study) likely in combination with larger
petals or floral display (Mitchell et al. 2004; Harder &
Johnson 2009; Parachnowitsch & Kessler 2010). In addi-
tion to insect preference for qualitative variation in UV
patterning, it would be interesting to explore how the
more subtle quantitative variation in UVP observed in
our segregating progeny influences insect visitation
(Koski & Ashman 2015). Correlations between the UVP
and floral/petal size traits are nonsignificant here, indi-
cating these traits could evolve to the optimum. How-
ever, selection can act on floral shape or symmetry
(Galen & Cuba 2001; Gomez et al. 2006), and the nega-
tive correlation observed between petal shape (blade L/
W) and UVP could affect the joint evolution of these
two attraction traits.

In the light of insect preference for UV-patterned
B. rapa flowers, it is again surprising that North Ameri-
can wild populations predominantly lack UV patterns.
While founder effects in these introduced populations
may account for the rarity of UV patterns, selection may
also play a role if increased floral expression of sinapate
esters (or flavonoids) enhances protection for male or
female gametes (Koski & Ashman 2015) or if these UV-
absorbing compounds deter florivores or seed predators
(Perez-Barrales et al. 2013). Our current crosses in devel-
opment between UV-patterned and patternless geno-
types should illuminate the chemical nature, inheritance
and underlying genetic architecture of these discrete
phenotypes and facilitate the examination of the selec-
tive benefits of variation in UV nectar guides.
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Appendix 1

Table A1 QTL of petal blade, petal UV region, and floral size and shape traits of Brassica rapa RILs raised in the field. Floral traits
are listed with associated QTL, chromosome, position (cM), likelihood ratios, per cent variance explained (PVE) by the QTL and
additive effect size (ap) of alleles inherited from R500. Asterisks indicate marginally significant QTL (P-value <0.075). LOD support
limits and SNP markers closest to the QTL peaks and support limits are presented in Table 53, Supporting information

QTL Trait Chr Position (cM) LR PVE ap
QTL1-1 Blade In A01 27.8 17.9 6.7 0.013
UuvpP A01 32.7 24.2 8.4 —0.012
Blade wd A01 35.6 24.0 8.3 0.017
Blade In A01 39.7 38.2 12.9 0.018
Blade area A01 425 28.2 12.0 0.012
QTL1-2 Blade area A01 69.4 14.97 6.3 0.009
UV area A01 77.2 17.7 4.1 0.001
QTL2-1 Blade wd A02 76.9 14.5" 4.3 —0.012
QTL2-2* UV In A02 108.3 14.9 3.6 —0.004
QTL3-1 Blade area A03 8.2 16.8 6.9 0.009
QTL3-2 Floral size PC1 A03 28.8 14.4" 4.8 0.242
QTL3-3 UV wd A03 56.8 14.4" 4.7 —0.009
UV area A03 58.8 20.8 4.9 —0.001
UV In A03 58.8 18.7 4.5 —0.005
UvP A03 58.8 14.8 5.0 —0.009
QTL3-4 UV wd A03 78.5 17.1 55 —0.010
QTL3-5 Blade wd A03 84.2 56.4 22.0 —0.027
Blade L/W Ratio A03 84.2 88.4 34.5 0.080
QTL3-6 Blade In A03 125.6 222 7.2 0.017
QTL3-7 Floral size PC1 A03 131.7 26.4 8.4 0.473
QTL5-1 Blade L/W Ratio A05 52.6 19.8 4.1 —0.028
UV area A05 54.5 15.9 37 0.001
UV In A05 57.9 14.5 35 0.004
QTL7-1 Blade wd A07 35 18.2 53 0.015
Blade In A07 45 16.5 5.4 0.012
Blade area A07 5.6 214 9.3 0.011
UV L/W Ratio A07 8.2 16.0 10.6 0.020
QTL7-2 UV wd A07 253 14.7 4.7 0.007
Uvp A07 25.7 20.0 6.8 0.011
UV In A07 27.3 46.2 12.3 0.008
Floral size PC1 A07 27.3 15.9 5.1 0.252
UV area A07 27.7 21.1 5.0 0.002
Blade L/W Ratio A07 36.0 35.2 9.5 —0.042
Blade wd A07 37.6 28.8 10.1 0.018
QTL7-3 UV area A07 64.0 35.8 9.1 0.002
UV In A07 64.0 33.9 9.5 0.007
UV wd A07 64.0 24.8 8.2 0.009
QTL7-4 uvp A07 715 19.2 7.6 0.011
UV L/W Ratio A07 76.8 16.9 9.9 0.020
QTLS8-1 Blade In A08 324 14.17 4.6 0.011
QTL8-2 Blade wd A08 69.5 30.0 10.6 —0.019
Blade L/W Ratio A08 69.5 28.8 7.2 0.037
UV area A08 70.8 39.5 9.9 —0.002
UV In A08 70.8 38.0 9.8 —0.007
uvp A08 71.6 21.5 7.4 —0.011
UV wd A08 72.6 39.8 14.3 —0.012
QTLY-1 Floral size PC1 A09 68.9 53.6 18.8 0.510
QTL9-2 Blade area A09 100.2 15.5 5.6 0.008
Blade wd A09 108.3 17.8 6.5 0.015
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Table A1 Continued

QTL Trait Chr Position (cM) LR PVE ag
QTL9-3 Blade area AQ09 130.1 28.1 9.6 0.011
Floral size PC1 A09 130.9 50.0 17.3 0.462
Blade In A09 131.7 39.7 134 0.018
QTL10-1 UV In A10 58.9 15.3 3.7 —0.004
UV In A10 67.5 14.6 3.5 —0.004
QTL10-2* UV area A10 82.3 28.5 7.0 —0.002
UV wd A10 84.0 171 5.5 —0.008

*QTL based on LR peak and 1-LOD support limits.
P < 0.075.

Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1. (A) HPLC separation of methanol extractions from
UV-absorbing and UV-reflecting regions of Brassica rapa petals
raised under field conditions.

Fig. S2. Bivariate scatterplots (below diagonal) and correla-
tion coefficients (above diagonal) of floral size, petal blade,
and UV-region traits from Brassica rapa RILs raised in the
field.

Fig. S3. Clustal omega alignment of Arabidopsis MYB12
(At2g47460) and a Brassica rapa homolog (Bra000453) from
R500 and IMB211 accessions.

Fig. S4. Clustal omega alignment of Arabidopsis 4-coumarate:
CoA ligase 3 (4CL3; Atlg65060) and a Brassica rapa homolog
(Bra004109) from R500 and IMB211 accessions.

Table S1. Results of principal components analysis (PCA) of
four floral size traits.

Table S2. Detailed information on each Brassica rapa sample
raised in the field (University of Wyoming, Laramie, WY,
USA) or sampled from herbarium sheets (Rocky Mountain
Herbarium; University of Wyoming).

Table S3. QTL of petal blade, petal UV-region, and floral size
and shape traits of Brassica rapa RILs raised in the field. Floral
traits are listed with associated QTL, chromosome, QTL peak
position and support limits (cM), as well as nearest markers
(chromosome and physical location; bp) in the Brassica rapa
genome v1.1. (for translation of markers from v1.1 to v1.5, see
Table S6, Supporting information).

Table S4. Brassica rapa genes residing between 1LOD and
2LOD support limits of QTL3-3.

Table S5. Brassica rapa genes residing between 1LOD and
2LOD support limits of QTL7-3.

Table S6. SNP markers used in the Brassica rapa linkage map
and their chromosome and position (bp) in the Brassica rapa
genome v1.1 and v1.5.

Data S1. Linkage map construction.
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