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Genetic mapping of a pollinator
preference trait: Nectar
volume in sunflower
(Helianthus annuus L.)
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Nolan C. Kane3 and Brent S. Hulke 2*

1Department of Plant Sciences, North Dakota State University, Fargo, ND, United States, 2Sunflower
and Plant Biology Research Unit, Edward T. Schafer Agricultural Research Center, United States
Department of Agriculture (USDA)-Agricultural Research Service, Fargo, ND, United States,
3Ecology and Evolutionary Biology Department, University of Colorado, Boulder, CO, United States
Although high pollinator visitation is crucial to ensure the yields of pollinator-

dependent crops, the quantitative trait loci (QTL) controlling nectar volume in

sunflower (Helianthus annuus L.), a pollinator preference trait, have yet to be

identified. To address this, a recombinant inbred line mapping population,

derived from lines with contrasting nectar volume, was used to identify loci

responsible for the phenotype. As a result, linkage mapping and QTL analysis

discovered major loci on chromosomes 2 and 16 that are associated with

variation in nectar volume in sunflower. Increased nectar volume is also

associated with increased sugars and total energy available per floret. The

regions on chromosomes 2 and 16 associated with the nectar phenotype

exhibit indications of chromosome structural variation, such that the

phenotype is associated with rearrangements affecting regions containing

hundreds of genes. Candidate genes underlying QTL on chromosomes 9 and

16 are homologous to genes with nectary function in Arabidopsis. These results

have implications for sunflower breeding, to enhance pollination efficiency in

sunflower, as well as current and future studies on sunflower evolution.

KEYWORDS

sunflower, Helianthus annuus, pollinator preference, genetic mapping, genome

structural variation
Introduction

Nectar is offered as a reward to increase pollinator visitation in many angiosperms

(Simpson and Neff, 1983). The ratio of various sugars (most often sucrose, fructose, and

glucose; Pham-Delegue et al., 1994) and the wide variety of other components, such as

vitamins (Griebel and Hess, 1940), proteins (Carter and Thornburg, 2004) and free fatty
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acids (Kram et al., 2008), may contribute to pollinator preference

(Carter et al., 2006; Raguso and Pichnersky, 1999). However,

pollinator behavior has often been considered to approximate

optimal foraging, where energy resources (calories) are collected

at the lowest cost (time and energy expended) (Pyke, 2016).

Because calories available affect bee (Apis mellifera L.) growth

and development (Burkle and Irwin, 2009), pollinator preference

is often associated with the volume (Cnaani et al., 2006) or

concentration (Kim et al., 2011) of floral nectar.

Pollinators use a variety of traits to associate which plants

previously provided adequate rewards (Knauer and Schiestl,

2015). Pollinators prefer specific flowers from visual and

olfactory cues associated with nectar and pollen. For example,

gradients of humidity associated with evaporation of nectar can

provide reliable information to pollinators regarding nectar

rewards (von Arx et al., 2012). The consistency of nectar

increases bee fidelity and the efficiency of pollination (Cakmak

et al., 2010). Bees will leave a group of plants behind and fly a

longer distance when several of the previous reward offerings

were low (Pyke, 1978; Thomson et al., 1982; Giurfa and Núñez,

1992; Dukas and Real, 1993; Zimmerman, 1983). Selection for

larger volumes of nectar among flowering crops could improve

pollination and therefore increase crop production.

Continuous innovation in genetics is principal in sunflower

(Helianthus annuus L.) breeding to ensure the diversity in

breeding populations is keeping up with unforeseeable climate

change stresses. Sunflower may become the preferred oil crop in

the future as it demonstrates the ability to grow in a broad range

of conditions across the world (Miladinović et al., 2019).

However, as patterns show a decline in wild pollinators across

North America (Cameron et al., 2011) and a forecasted increase

in demand for sunflower oil, it is crucial to ensure pollinator

visitation is maximized. The most potential to enhance

pollination is likely in the breeding programs that target

improving reward production. Recent observations of bee

visitation and plant traits on released USDA inbred lines show

that sunflowers with more nectar and shorter corollas (i.e., easier

physical access to nectar) were associated with more bee visits

(Mallinger and Prasifka, 2017).

Sunflowers are known to be attractive for both wild and

managed pollinators (United States Department of Agriculture

[USDA], 2015). Despite the fact that commercial sunflower

hybrids are able to self-pollinate, bees generally improve seed

yields (Degrandi-Hoffman and Chambers, 2006). Modern

sunflower planting seed production relies on a hybrid system

that employs cytoplasmic male sterility, which is completely

reliant on bees to move pollen from male-fertile to male-sterile

plants (Greenleaf and Kremen, 2006). Since nectar volume can

significantly affect the frequency of pollinator visitation,

knowledge of genes controlling the nectar volume production

in sunflowers may be used in the future for selection purposes to

ensure optimal yields.
Frontiers in Plant Science 02
Materials and methods

Plant materials

Parental lines to create the mapping population were

selected using data on nectar-related traits, specifically sharply

contrasting nectar volume and sucrose content (Mallinger and

Prasifka, 2017). HA 434 is an oilseed sunflower maintainer line

with high oleic acid content in the seed oil (Miller et al., 2004),

with a high nectar content and low sugar concentration. HA 456

is also a sunflower maintainer line with high oleic acid in the

seed oil, which was derived from a cross of HA 434 with S-16 YU

(Miller et al., 2006), and has a low nectar content and high sugar

concentration. Despite the co-ancestry of the two lines, they had

the most divergent nectar phenotypes found in an observation

panel. Because these plants are identical at many sites on the

genome due to co-ancestry, this parent choice allowed us to

eliminate a large portion of the sunflower genome as

contributing causal variation.

The population was founded from a single F1 individual

from the HA 456/HA 434 cross. The population underwent

single seed descent each filial generation until F6 seeds were

produced. Single seed descent occurred in greenhouses and field

environments in Moorhead, MN, USA and Rancagua, Chile in

2017 and 2018.
Controlled-environment phenotyping

During 2018-2019, 198 entries from the HA 456/HA 434

population were grown. The F6 seeds were planted into conical

containers (D40 Deepots, Stuewe & Sons Inc., Tangent, OR,

U.S.A.) that had been filled with standard soilless growing

medium (Pro-Mix B, Premier Tech Horticulture, Quakertown,

PA, U.S.A.). The conical containers were kept in the plant

growth chamber with 14:10 L:D cycle, constant 28°C

temperature and 65% RH. After emergence, seedlings were

given 2 g of a controlled release fertilizer (14-14-16 N-P-K;

Haifa North America, Savanna, GA, U.S.A.). A water-soluble

fertilizer (20-20-20 N-P-K; JR Peters, Inc, Allentown, PA,

U.S.A.), mixed to 250 ppm N, was applied one day each week.

The size of the population required plants to be grown in six

blocks planted 30-50 days apart. Each block comprised the

parents (HA 434, HA 456) and 30–36 entries. Flowering of an

entry was considered to have begun (day 1) when all of the

outermost florets on the capitulum had started shedding pollen.

Over the next three days (days 2-4), the newest pistillate florets

were sampled to collect data on nectar volume (µl/floret) and

concentration (°Brix). Nectar was collected using a 1 µl

microcapillary tube (Drummond Scientific Company,

Broomall, PA, U.S.A.). The millimeters of nectar are directly

proportional to the microliters in the microcapillary tube. Nectar
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from three florets was pooled in a single microcapillary tube on

each of the three days of sampling with most entries. However,

on some of the entries with the most nectar, a single floret was

sufficient to use. After the height of nectar in the capillary and

number of florets were noted, a bulb was used to dispense nectar

onto a small hand-held analog refractometer (Bellingham +

Stanley, Royal Tunbridge Wells, UK). For about one in ten

entries (21/198), the volume of nectar collected was insufficient

for a Brix reading. Because individuals in the mapping

population were sampled repeatedly, nectar volume data were

averaged over the three successive days. Entries in the

population yielded 3–117% the volume of nectar collected

from HA 434.
In-field validation of nectar phenotypes

Parental types and entries with per-floret nectar volumes in

the range of values observed for either the high parent (n=10) or

low parent (n=9) in the growth chambers were grown and

evaluated under field conditions. Each entry was planted in

two single-row plots (up to 20 plants in plots 5.2 m long, 0.76 m

between rows) on 14 June 2019 at the North Dakota State

University Agronomy Seed Farm near Casselton, North

Dakota, U.S.A. Plants to be sampled were covered with cloth

bags and tied shut to exclude pollinators 24 h prior to nectar

sampling. Sampling of plants for nectar volume and

concentration (°Brix) used methods as described previously,

except using larger (6.66 µl) microcapillary tubes and up to 10

florets per head. Nectar sampling was conducted between 21–30

August, and sampling for each entry included three plants

sampled over two consecutive days (different plants each day).

Nectar collection from all plants was sufficient for a Brix reading,

allowing groups to also be compared on a total sugar basis

(nectar volume × concentration). T-tests were calculated to

compare the high and low nectar phenotypic groups and

Pearson correlations were calculated to assess the relationship

between nectar volume and sugar concentration using SAS v. 9.4

(SAS Institute, 2016).
Genotyping and SNP calling

Lyophilized leaf material for the 192 RILs and the two

parental lines were ground using tungsten carbide bearings in

a Qiagen 96-well plate shaker (Qiagen, Hilden, Germany).

Genomic DNA (gDNA) was extracted from leaf tissues using

a Qiagen DNeasy 96 plant kit. The manufacturer’s protocol was

modified to include the addition of 10 mM SMB (sodium

metabisulfite) to the initial lysis buffer, a 45 minute

incubation at 65°C for the ground material in lysis buffer, a

100% ethanol wash before final drying of the membrane prior to

elution, and DNA storage in an elution buffer that contained 10
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mM DTT (dithiothreitol), which have all been shown to

improve DNA concentration and purity (Gao et al., 2018;

Pogoda et al., 2018). Extracted samples were stored at -20°C

prior to library preparation.

Genomic libraries were prepared following standard

protocols using Nextera® XT DNA library prep kits

(Illumina®) and were barcoded with the Nextera® adaptors i5

and i7. Insert size was 450 bp. Pools that passed QC were

processed for an average coverage depth of 5x, 151 bp average

read length, paired-end HiSeq® 2000 reads at the Novogene

sequencing facility in Sacramento, CA.

Demultiplexed data was downloaded directly from

Novogene’s servers. FASTQ data were trimmed using

Trimmomatic Version 0.38 (Bolger et al., 2014) with the

following parameters: NexteraPE-PE.fa:2:30:10 LEADING:3

TRAILING:3 MINLEN:100, with NexteraPE-PE.fa containing

the standard set of Nextera adapters to be trimmed from reads.

Resulting FASTQ files were aligned to the most up-to-date

assembly available as of writing, HA412-HO.v2.fasta (Badouin

et al., 2017). Variant calling was performed using GATK best

practices (Van der Auwera et al., 2013; Van der Auwera &

O’Connor, 2020). A single variant call file (vcf) table was created.

The vcf table was filtered for single copy sites based on depth

(sites with depth across all sunflower lines between 200-1000

were retained). Additionally, filtering was done to select sites

with a minimum quality score of 100 (minQ=100), minor allele

frequency of 0.05 or greater (maf=0.05) and max missingness

value of 0.75 (max-missing=0.75). Missing data were imputed

using BEAGLE version 5.0 with default settings retained

(Browning, Zhou, and Browning 2018). Resulting SNPs were

compared to the parental genotypes to determine which are

polymorphic. Polymorphic SNPs were then filtered using a

custom script invoking PROC FREQ of SAS v. 9.4 (SAS

Institute, 2016) to exclude markers that did not fit the

expected F6 segregation ratio, 93:6:93, from a Chi-square

analysis goodness of fit test (p > 0.10).
Linkage map construction

JMP®, Version 9.0 (SAS Institute, Cary, NC) was used to

construct the linkage map with the retained markers. Interactive

hierarchical clustering was performed, and the markers were

ordered using the Kosambi mapping function. Using linkage

group order, the chromosomal locations were brought into

the model.

The Linkage Map order was used to determine the optimal

order of the markers within the linkage groups and determine

the genetic distances from previous recombination frequencies.

The Nearby Marker Recombination Constraint was increased to

0.7, to account for the large distances between markers on

certain chromosomes. The linkage map was sorted by linkage

groups and reordered in preparation for QTL analysis. The QTL
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genotype probability data set was built using the cross type ‘RI1’

and annotated using the chromosome numbers and Kosambi

marker position in centimorgans.
Identification and validation of QTLs

To identify QTL, the markers from the final linkage map

were incorporated into JMP®, Version 9.0 (SAS Institute, Cary,

NC). Analyzing phenotypic data deviating from normality can

drastically alter QTL mapping efficiency (Yang et al., 2006).

Therefore, the phenotypic data of nectar volume from the

growth chambers, µl/floret, was transformed using a lambda =

0.25 Box-Cox transformation to improve model fit. A multiple

interval mapping method (Kao et al., 1999) was used with Haley-

Knott regression (Haley and Knott, 1992). A Forward Search for

Main Effects was performed first, and the lowest main effect was

removed from the model. LOD score thresholding for entry into

the model was 1 and retention was set to 2 using a 1.0 test step.

The 1-Dimensional search tool was used to detect additive

interaction QTLs. LOD score thresholds for two-way QTL

interactions were set to 2 for entry and 3 for retention using

the default test step.

For the nectar sugar concentration, QTL mapping was

attempted with the same protocol as nectar volume without

data transformation.

Multiple linear regression was used to validate QTLs using

the aforementioned field data set from 2019 (PROC REG of SAS

v. 9.4; SAS Institute, 2016). The phenotypic data of nectar

volume (µl/floret) was transformed using a lambda = 0.25

Box-Cox transformation to improve model fit before means

were generated. Multiple regression was performed on

transformed means.
Candidate gene analysis

Using the reference genome HA412-HO.v2 (Badouin et al.,

2017), gene annotations in the significant QTL regions were

identified. Significant regions were defined as any interval of

adjacent markers with individual QTL LOD values within 2

LOD score increments of a QTL peak. If no markers were within

5 Mbp of a QTL interval margin, the margin was extended by 5

Mbp for the purposes of searching for annotated genes in

sunflower. Previous studies on Arabidopsis thaliana have

identified several nectar production related genes through

functional genomics investigations (Roy et al., 2017).

Therefore, to show homology, a comparison of the candidate

genes within the regions was performed using a blastx (Altschul

et al., 1990) of the sunflower genes against the TAIR 11

Arabidopsis proteins. A minimum threshold bitscore of 20 was

used to include the broadest selection of possible hits.
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Results

Controlled-environment phenotyping

Across the six blocks in which the population was evaluated,

nectar collections from parental types showed variation, but the

high parent, HA 434, showed consistently greater nectar volume

(range 0.67-1.02 µL/floret) than the low parent, HA 456 (0.05-

0.15 µL/floret). The 198 population entries sampled exhibited

nectar volumes similar to the parents, but also with values that

appeared intermediate (Figure 1). In the 176 lines that produced

sufficient nectar for concentration (°Brix) measurement, there

was a strong negative correlation between nectar volume and

concentration (r = -0.732, n=178, P < 0.001).
Nectar phenotype in field validation

Groups of entries with per-floret nectar volumes similar to

the high parent (n=10) or low parent (n=9) in growth chambers

were also found to differ for nectar concentration (°Brix), and

total sugar (µg/floret) under field conditions. On average, the

high nectar entries produced over twice the nectar volume (t =

4.92, df = 17, P < 0.001) as low nectar entries, but also nectars

that were about a quarter less concentrated (i.e., lower °Brix; t =

-3.24, df = 17, P = 0.005). When both nectar volume and

concentration are combined to estimate sugar (µg/floret), high

nectar entries provided about 75% more sugar (t = 3.57, df = 17,

P = 0.002). Distribution of values for entries in each group are

shown in Figure 2. Interestingly, the distribution of both

subgroups suggests the potential for transgressive segregation
FIGURE 1

Frequency distribution of nectar volume (µl/floret) in the F6
mapping population. Distribution includes values of the parental
types, HA 456 (0.09 µl/floret) and HA 434 (0.83 µl/floret),
averaged from repeated sampling across blocks (n=6) used to
evaluate population.
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in the nectar volume and total sugar phenotypes. As with

controlled-environment phenotyping, nectar volume and

concentration were negatively correlated in the field (r =

-0.537, n = 19, P = 0.018).
Construction of the linkage map

The linkage map contained 764 markers spanning across

fifteen different chromosomes, excluding chromosomes 6 and 14
Frontiers in Plant Science 05
(Figure 3). For the 15 chromosomes, the number of

markers ranged from 2-125 per chromosome, and formed

localized clusters on each, due to the identity by descent of

chromosome segments from HA 434 to HA 456. Chromosome 6

only contained one marker and was excluded from the analysis,

as it was likely a genotyping error. Since the parents of the

biparental population were inbred lines and both were primarily

selected for their high oleic oil type, chromosome 14 appears to

have been transferred from HA 434 to HA 456 intact, thus

resulting in no polymorphic markers. Chromosome 14 contains
A

B

C

FIGURE 2

Nectar phenotypes under field conditions for entries assessed as similar to the low parent (n=9) or parent (n=10) in controlled-environment
phenotyping. High and low groups differed (t-test P < 0.05) for (A) nectar volume (µl/floret), (B) nectar concentration (°Brix), and (C) sugar (µg/floret).
Orange dots denote the high and low parent phenotypes.
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the Fad2-1 locus, which is a gene of large effect for oleic acid

content (Schuppert et al., 2006).
QTL analysis of nectar volume and
sugar concentration

We identified 12 QTLs associated with nectar volume

mapped across chromosomes 1, 2, 4, 5, 9, 10, 11, 12 and 16

(Table 1; Figure 3). The LOD scores for the main effects and

epistatic interactions range from 2.5 to 10.7 with the highest

mapping on chromosome 5. After stepwise regression upon the

analysis of a 1-D scan, the results showed two QTLs with

significant main effects detected on chromosome 2 and two

more on chromosome 16. On both chromosomes, the two QTL

were nearby but not closely linked, and had opposing effects

relative to the parental haplotypes. On chromosome 2, there

appears to be an inverted sequence when compared to the

reference genome, HA412HO. Additionally, chromosome 16

appears to have two translocations (relative to HA 412HO;

Figure 4). Significant interaction effects were found between

chromosomes 1 and 5, 4 and 12, 5 and 12, 10 and 16, 11 and 16,

and two loci on 16. The effect estimates of the epistatic effects

were smaller than the main effects of the loci on chromosomes 2

and 16.
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When QTL analysis was attempted with the sugar

concentration phenotype, no significant QTL were found.

With a very negative and significant correlation between

volume and sugar concentration, the sugar concentration data

were right-censored because we were unable to generate a large

enough sample of nectar to test sugar concentrations for those

genotypes with near-zero nectar volume. No significant QTL is

likely the effect of the expected lack of statistical power with a

tail-censored data set.
Field validation of nectar volume QTL

The four main effect loci were validated using our field

environment dataset from 2019. All four markers were included

in a multiple regression model to determine if the markers

properly modelled trends in nectar volume. The model was very

significant (F=6.37, p=0.003) and explained 63% of the total

phenotypic variation.
Candidate genes

Of the loci identified in the QTL analysis, 15 regions of the

genome were analyzed for candidate genes (Table 2). The
FIGURE 3

Physical map of the sunflower genome, as aligned to the HA 412HOv2 genome. Regions of chromosomes with orange or blue boxes
highlighting above the karyotype indicates regions polymorphic between HA 456 and HA 434. The remaining regions are either monomorphic
due to identity by descent or are in repetitive regions, which were filtered out during the variant calling process. Blue boxes indicate nectar
volume quantitative trait loci (within 2 LOD units of peak significance).
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number of identified genes in each region ranged from 0 to 359

with chromosome 9 containing the most genes but also the

largest QTL segment length. Several nectary genes in Arabidopsis

have been previously identified; therefore, these QTL regions

were analyzed for homologous genes. Two genes related to

nectar production in Arabidopsis showed homology when

compared to the annotated sunflower genes, ARF8 located in

the QTL region on chromosome 9 and DAD1 located in the QTL

region on chromosome 16. These candidate genes had bitscores

of over 100 in our blastx analysis, indicating a very high
Frontiers in Plant Science 07
homology between these two sunflower candidate genes and

the genes in Arabidopsis with functional genomics support (Roy

et al., 2017).
Discussion

Floral rewards are critical to recruitment of pollinators for

commercial sunflower seed production, due to the requirement

to transfer pollen between inbred lines to make hybrid seed, but
FIGURE 4

Scatterplot of physical positions of markers on chromosomes 2 and 16 versus genetic map positions. Inverse diagonal trends indicate the
presence of inverted sequence relative to the reference genome HA 412HOv2. Off diagonal trends indicate translocated sequences.
TABLE 1 Summary of QTL effects on the nectar volume trait in sunflower floral nectaries.

QTL1 start QTL1 end Peak LOD QTL2 start QTL2 end Peak LOD Effect estimatea

Main effects

Chr2_18340954 Chr2_59449965 2.46 -0.25

Chr2_133380780 Chr2_133381066 3.56 0.29

Chr16_164616872 Chr16_175260575 6.13 -0.27

Chr16_203348602 Chr16_203348909 3.60 0.22

Interaction effects

Chr1_4794574 Chr1_4794940 4.45 Chr5_13410246 Chr5_13417212 10.68 -0.14

Chr4_2776813 Chr4_3207363 4.31 Chr12_23815559 Chr12_24993888 7.98 0.13

Chr5_13410246 Chr5_13417212 10.68 Chr9_44718755 Chr9_87006964 3.63 0.15

Chr5_13410246 Chr5_13417212 10.68 Chr12_23815559 Chr12_24993888 7.98 -0.18

Chr10_142996839 Chr10_156386987 2.98 Chr16_164616872 Chr16_175260575 8.12 0.12

Chr11_43514256 Chr11_44755672 4.24 Chr16_18725150 Chr16_18847793 7.54 -0.14

Chr16_18725150 Chr16_18847793 7.54 Chr16_203348602 Chr16_203348909 7.20 -0.16
aPositive values indicate that the high parent (HA 434) allele increases the nectar content per floret.
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also have implications for producers who grow the hybrid seed

to produce commodity sunflower. As nectar volume has been

elucidated as an important variable in pollinator foraging

(Mallinger and Prasifka, 2017), knowledge of this trait in

sunflowers will be critical to the deployment of pollinator-

friendly inbred lines and hybrids to improve efficiency of

hybrid seed production and improve yield of commodity

sunflower. The volume of nectar produced by sunflower varies

markedly among genotypes (Mallinger and Prasifka, 2017), and

our study population exemplifies that these differences even

occur in closely related genetic backgrounds, indicating that this

is a relatively easy target for breeding. Outside of direct effects on

sunflower pollination, floral rewards in mass-flowering crops

(e.g., sunflower, oilseed rape, blueberry, almond) are important

in supporting populations of wild bees (Holzschuh et al., 2013),

suggesting that increased nectar rewards could have additional

benefits in areas where sunflower is a major crop.

We found the relationship between nectar volume (i.e.,

general availability of the resource) and concentration are

inversely correlated, initially suggesting that high nectar

volume genotypes are simply “watering down” the available

sugars. However, a closer look at the data shows that the total

amount of sugars is also greater in the high nectar genotypes,

demonstrating that the energy content per floret (calories) is

increased in the high nectar volume genotypes within our

population. Nectar concentration is important to pollinators,

which have clear preferences with respect to viscosity of the

nectar (Kim et al., 2011). However, because of environmental

effects on sunflower nectar concentration (Chabert et al., 2020),

whether a particular nectar phenotype is preferred by bees (or

adaptive to the plant by increasing pollinator visits) may be

context-dependent; a nectar that is dilute and less-desirable in a
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typical sunflower growing environment may be more attractive

under arid conditions.

Linkage mapping and associated QTL discovery is the

preferred approach to understanding the inheritance of a trait

with extensive, heritable variation that is pervasive throughout a

high-performing, modern germplasm base. Our QTL mapping

based on phenotypes from our growth chamber experiment

resulted in two loci on each of two chromosomes (chromosomes

2 and 16) with significant main effects, and these loci explained

much of the phenotypic variation in our field validation

experiment. Interestingly, the main effects of the proximal but

loosely linked loci on each chromosome had opposing effects.

While it is not surprising to have some beneficial loci arising

from the phenotypically inferior parent, especially given their

close genetic relationship, the occurrence of opposing effects in

the parental haplotypes is surprising, and perhaps indicative of

the potential for genetic improvement in nectar content. Indeed,

there were signs of transgressive segregation compared to both

the low and high parents for both nectar volume and total

sugars (Figure 2).

In constructing the linkage map, we discovered interesting

cytogenetic features on chromosomes 2 and 16 when comparing

the genetic map with the physical map (mapped to the reference

genome of HA 412HO – a genotype derived from the same

sunflower genetic pool as HA 434 and HA 456; Miller et al.,

2004; Miller et al., 2006). Local inversions have previously been

reported for linkage groups 2 and 16 in a consensus genetic map

(Talukder et al., 2014). Our results also suggest an inversion on

chromosome 2 since a fairly large portion of the physical map is

inverted on the genetic map. Additionally, two translocated

sequences were detected on chromosome 16, which might

explain the multiple QTL and the interactions between them.
TABLE 2 Candidate genes discovered within nectar QTL intervals on the HA 412HO.v2 sunflower genome.

Chromosome Start bp End bp Length # Genes

Ha412HOChr01 4,794,574 4,794,940 366 1

Ha412HOChr02 18,340,954 18,340,954 0 2

Ha412HOChr02 58,334,204 59,449,965 1,115,761 7

Ha412HOChr02 89,966,637 89,968,483 1,846 0

Ha412HOChr02 133,380,780 133,381,066 286 0

Ha412HOChr04 2,776,813 3,207,363 430,550 9

Ha412HOChr05 13,410,246 13,417,212 6,966 0

Ha412HOChr09 21,523,160 21,523,632 472 0

Ha412HOChr09 44,718,755 87,006,964 42,288,209 379

Ha412HOChr10 142,996,839 156,386,987 13,390,148 202

Ha412HOChr11 43,514,256 44,755,672 1,241,416 25

Ha412HOChr12 23,815,559 24,993,888 1,178,329 28

Ha412HOChr16 18,725,150 18,847,793 122,643 4

Ha412HOChr16 164,616,872 175,260,575 10,643,703 115

Ha412HOChr16 203,348,602 203,348,909 307 1
fron
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There were three QTL found on chromosome 16, two with

significant main effects and the other implicated in epistatic

interactions that included or were near the translocated

sequences. Taken together with the observation of opposing

genetic effects in adjacent haplotypes suggest that these two

important regions for nectar volume per floret are affected by

cytogenetic processes in chromosome evolution. Recent studies

have similarly found variation for adaptive traits associated with

regions that are active sites of chromosome evolution, including

structural variants such as translocations and inversions.

Flowering time and height were influenced by a single, large

haplotypic block in H. argophyllus (a closely related species to

domesticated sunflower) containing structural variants; further,

seed size is governed by two large haplotypic blocks in H.

petiolaris and is known to affect fitness in sand dune versus

non-dune environments (Todesco et al., 2020). Ultraviolet light

reflecting pigments, associated with temperature and relative

humidity clines in wild H. annuus (the progenitor species of

cultivated sunflower) was associated with large promoter indels,

affecting gene expression (Todesco et al., 2022). Because we do

not have de novo assemblies of HA 434 and HA 456 at this time,

we are unable to propose specific mechanisms that could be at

play to influence nectar volume, but the presence of genome

structural variation in our linkage map and previous studies

suggest that nectar related traits are potentially related to

multiple co-adapted genes that are important together rather

than a single gene of large effect.

Functional characterization of genes affecting nectar

secretion in model organisms, specifically Arabidopsis, allows

us to look for genes in the QTL regions that may have key roles

in developing the high and low nectar phenotypes. Candidate

genes ARF8 and DAD1 have been shown to be related to nectar

secretion in Arabidopsis. Auxin (IAA, indole acetic acid) is a key

hormone in plant development that regulates nearly all aspects

of development as well as stress responses (Browse, 2009; Kazan

and Manners, 2011; Kazan and Manners, 2012). ARF8 is an

auxin response transcription factor which has implications in

regulating nectar production, with a homolog on sunflower

chromosome 9 within the boundaries of our most significant

interaction QTL. Crosstalk between the jasmonic acid (JA)

pathway and auxin response pathways in nectaries has been

identified (Schmitt et al., 2018). DAD1 is a jasmonate signaling

and response gene identified in Arabidopsis, with a homolog

present in the major chromosome 16 QTL in sunflower. Both

genes could contribute to the difference in phenotype of nectar

volume, as previously studies have reported that the crosstalk

between JA and auxin is essential for the regulation of nectary

function (Schmitt et al., 2018). For example, JA levels in B. napus

flowers peak prior to anthesis which happens to coincide with

nectar production (Radhika et al., 2010). Also, in Arabidopsis,

IAA acts through ARF6 and ARF8 to induce JA synthesis and
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leads to the expression of MYB21 and MYB24 which have both

been shown to play roles in flower maturation (Nagpal et al.,

2005; Reeves et al., 2012). However, despite these being strong

candidate loci, other surrounding genes in the candidate regions

may be key in affecting nectar production instead of or addition

to these most obvious candidate genes.

The results of our paper provide, for the first time, genomic

regions with genetic markers that can guide selection of floral

nectar in sunflower traits, and links them to genes with known

function in nectaries. Although the findings of our study are

relevant to sunflower breeders that are interested in enhancing

nectar volume and total energy from each floral nectary, further

improvements in nectar rewards may be possible by focused

study of variation at these loci in diversity panels or through

focused breeding efforts.
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