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Abstract: Perennial agriculture has been proposed as an option to improve the sustainability of
cropping systems, by increasing the efficiency of resource use, while also providing ecosystem
services. Neo-domestication, the contemporary domestication of plants that have not previously
been used in agriculture, can be used to generate new crops for these systems. Here we explore the
potential of a tetraploid (2n = 4x = 68) interspecific hybrid sunflower as a perennial oilseed for use in
multifunctional agricultural systems. A population of this novel tetraploid was obtained from crosses
between the annual diploid oilseed crop Helianthus annuus (2n = 2x = 34) and the perennial hexaploid
tuber crop Helianthus tuberosus (2n = 6x = 102). We selected for classic domestication syndrome
traits for three generations. Substantial phenotypic gains were made, in some cases approaching
320%. We also analyzed the genetic basis of tuber production (i.e., perenniality), with the goal of
obtaining molecular markers that could be used to facilitate future breeding in this system. Results
from quantitative trait locus (QTL) mapping suggest that tuber production has an oligogenic genetic
basis. Overall, this study indicates that substantial gains towards domestication goals can be achieved
over contemporary time scales.
Keywords: domestication syndrome; sustainable agriculture; rapid evolution; perenniality

1. Introduction
Over the past decade, increased interest in sustainable agricultural systems has motivated
an intensification of research on perennial crops [1–3]. Combined with recent advances in DNA
sequencing, this has led to an expanding number of plant species being considered as candidate
perennial crops [4–7]. Under this framework, an issue of primary importance is the length of time
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required for the domestication process to occur. Historically, this has been a controversial topic with
multiple methods used to explore the question providing contradictory results [8–14]. In some cases,
domestication traits are thought to have reached fixation very quickly (i.e., in decades [15], although
the process is generally thought to have occurred over protracted time scales (i.e., over millennia; [16]).
The renewal of the debate surrounding the length of the domestication process has sparked
a re-evaluation of the concept of domestication ideotypes (i.e., the ideal domesticated phenotypes,
that are actively pursued through breeding [17]. Specifically, there is great interest in knowing
whether the domestication of new plant material for new ideotypes could be accomplished in
a short timeframe [18]. Classic understanding of domestication comes from annual grasses
(Poaceae; [19–23]), which contribute more than 1/3 of the world’s calories [24,25]. Grasses were
used to define the ‘domestication syndrome’, which includes traits such as non-shattering and
modification of plant architecture (e.g., reduced height and branching) and phenology (e.g., loss
of seed dormancy and synchronous flowering [19]). This grass-centered ‘domestication syndrome’
has been used to define the ideotype of modern agriculture, that focuses on highly productive
(high-yielding) varieties, and labor-saving cropping systems, which has been accentuated as modern
agriculture has shifted towards mechanization [26]. However, new definitions of productivity that
include sustainability [1,27–29] have led to exploration of alternative crop ideotypes that combine
yield with ecosystem services. For example, perennial plants, such as intermediate wheatgrass
(Thinopyrum intermedium), have multiple uses (e.g., food and ecosystem services) that may not be
a part of conventional domestication ideotypes (e.g., extensive root systems, extra floral nectaries,
secondary metabolites), but that may increase the crop value by creating ecosystem services in addition
to traditional value. These different plant forms have led to the idea that the ideotype for most
productive domesticates may not have been recovered [1,17,30].
In sunflower, efforts have centered around developing one such perennial ideotype.
Its characteristics include high seed yield (high seed weight and large head size), favorable plant
architecture traits (i.e., reduced branching and one central head), as well as a perennial habit [31] that
can be used for more sustainable production [32]. To meet this goal, an interspecific hybrid between the
annual oilseed crop Helianthus annuus (2n = 2x = 34) and the perennial tuber crop Helianthus tuberosus
was developed (2n = 6x = 102 [31,32]. When H. annuus × H. tuberosus hybrids were allowed to intermate,
they segregated for perennial organ (rhizomes and tubers) formation, with tuber production being
a better predictor of perenniality [31]. Here we explore the development of this new perennial crop
through selection on domestication syndrome traits. Furthermore, we use genotyping-by-sequencing
(GBS [33,34]) to generate molecular markers to study the genetic basis of perenniality and to facilitate
downstream marker-assisted selection.
2. Materials and Methods
2.1. Populations Used and Selection within the Perennial Sunflower Breeding Program
The perennial sunflower breeding program was initiated between 2003–2006, from an initial
population of interspecific F1 hybrids between H. annuus and H. tuberosus [32]. Crosses were made
using 18 H. tuberosus (perennial) parents which were wild collected from Rosemount Minnesota
(MN, USA) and three inbred H. annuus (annual) lines: HA89 (released by the USDA-ARS in 1971),
CMS HA89-PET1 (cytoplasmic male sterile version of the accession HA89 using Helianthus petiolaris
cytoplasm), and HA434 [35]. The HA 89 (male fertile version) and HA 434 lines were used as male
parents and CMS HA89-PET1 was used as a female parent. Parents and F1 populations were previously
phenotyped for perenniality and domestication syndrome traits including seed size, branching, pollen
fertility, head diameter, and number of heads [31]. Specifically, branching type was scored on a scale of
0–4 according to Hockett and Knowles [36], with 0 being no branching, head number was determined
by counting the number of heads for each plant at physiological maturity, maximum head diameter
(cm) was measured in cm after plant physiological maturity, average head diameter (cm) was measured
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in cm after plant physiological maturity with ten randomly selected heads (unless the plant had fewer),
including the central head, were measured to calculate average head diameter, number of seeds
per head was calculated by dividing the total number of seeds by the number of heads harvested,
seed weight (grams) was calculated by threshing ten (or maximum number) of random heads from
each plant, including the central head, and weighing the resulting seeds, and individual seed weight
(grams) was calculated by weighing the seed from the ten heads and dividing by the total number
of seed.
Based on initial observations from Kantar et al. [31], we developed a selection index for
domestication syndrome traits. The selection index was developed to attempt to move the population
toward the perennial sunflower ideotype. This index was calculated as follows:
index = largest head diameter + average head diameter − number of heads

+(2 × total seed number) + individual seed weight
We used this index to select on standardized phenotypes for three generations on maternal half-sib
families that made up each breeding line, F1 , Intermated F1 generation 1 (IM1 F1 ), and Intermated
F1 generation 2 (IM2 F1 ). The top twenty percent of the maternal half sib families were selected for
inclusion in the next generation of plant material. Gain was calculated based on the phenotypic values
of each maternal half-sib family and by comparing both the average of each generation and best
half-sib family in each generation.
Breeding populations for this study, which consisted of the IM1 F1 population created in 2010 and
the IM2 F1 population created in 2011, were phenotyped across four years. Specifically, phenotyping
was performed in Rosemount (MN, USA) in 2011 and 2012 in un-replicated field plots, and in St. Paul
(MN, USA) in 2013 and 2014, in a randomized complete block with three replications in 4 ft × 4 ft plots.
Selections used in this study can be found in Table S1. Significance between generations was identified
by created 95% confidence interval around all plant from each generation based on the replicated trials.
We combined data from all breeding trials to explore gain from selection for domestication syndrome
traits. We built linear models using the R package lme4 version 1.1.15 to calculate heritability and best
linear unbiased prediction (BLUP) to assess improvement in domestication syndrome traits [37].
2.2. Tuber Phenotyping
Tuber production is an important perenniality trait that segregates in the intermated populations.
Identifying marker trait associations would allow for marker-assisted selection to be used,
thereby facilitating the breeding program. For example, with such markers, tuber-producing plants
could be identified before physiological maturity (e.g., before physiological stage R-9 for sunflower,
usually recognized based on the production of brittle and brown phyllaries; [38]), when tubers are
commonly harvested. To explore the association between markers and tuber production, we used an
intermated F1 (IM1 F1 ) population. The population was randomly intermated via open pollination of
an initial F1 population developed in 2007 by Hulke and Wyse [32]). During the winter of 2010–2011,
151 IM1 F1 plants were grown in the greenhouse in St. Paul and screened for tuber production
(presence/absence), along with control wild-collected H. tuberosus plants. H. tuberosus controls were
used to ensure greenhouse conditions were sufficient to induce tuberization. For all plants, we used
30 cm pots with 50–50 mix of Sunshine professional growing mix® (Sun Gro (headquartered in
Agawam, MA, USA) and soil. Growth conditions consisted of 14 h day-length at 24 ◦ C. Plants were
grown to physiological maturity (equivalent of stage R-9, as described above).
2.3. DNA Extraction and Genotyping-by-Sequencing Library Preparation
Of the population that segregated for tuber production (151 IM1 F1 plants), genomic DNA
was isolated from fresh or freeze-dried leaf tissue for 96 individuals (14 parents (including
one technical duplicate of HA89) and 81 IM1 F1 ) using either a Qiagen Plant DNeasy Mini kit
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according to the manufacturer’s protocol (Qiagen, Valencia, CA, USA), or using a modified CTAB
(Cetyl trimethylammonium bromide) procedure optimized for sunflower [39]. DNA yield was assessed
on a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Genotyping-by-sequencing
libraries were prepared according to Elshire et al. [33]. Briefly, DNA was digested using PstI
(New England Biolabs Inc., Ipswich, MA, USA). Adaptor barcodes were ligated onto digested
DNA. The ligated fragments were then pooled, and PCR-amplified. GBS libraries were pair-end
sequenced (2 × 100 bp reads) on one lane of an Illumina HiSeq 2000 (manufactured in San Diego, CA,
USA), at the University of British Columbia Biodiversity Research Centre. All raw fastq files were
deposited in the NCBI sequence read archive (SRA) under the accession number SRP127977.
2.4. Variant Identification and Marker Discovery
Sequences were demultiplexed into individual fastq files using a custom perl script that also
trims the barcode and adapter sequences. Demultiplexed reads were aligned to the two draft reference
genomes currently available for H. annuus (HA412-HO and XRQ; [40]) using BWA (Burrows-Wheeler
Aligner) at default parameters (version 0.7.1 [41]). Finally, we called SNPs using the GATK Unified
Genotyper using a tetrapoloid setting [42]. From the F1 mapping population, we excluded eight
samples that were contaminated with DNA from another species due to duplicate barcode usage.
2.5. Quantitative Trait Loci Mapping
Variant call format (VCF) files were filtered for coverage (10 reads) and minor allele frequency
(10%) using vcftools [43]. Also, we removed indels, keeping only bi-allelic SNPs. Markers were then
filtered for missing data (<30%) and segregation distortion at p < 0.05 using a Chi-square test. Expected
segregation differed for each marker, as the mapping population structure was complex, with multiple
small half-sib families in a polyploid background. This meant that markers that did not conform to an
expected ratio (e.g., 1:1, 1:2:1, 3:1) could not be reliably used, and were removed. The development
of a linkage map was challenging for our population because of this unusual structure, and few
linkage groups were resolved. To address this, we employed the marker positions on the H. annuus
reference genome assembly as an initial hypothesis of marker locations, refining position based on the
present population, creating a framework for the quantitative trait locus (QTL) analysis. This approach
allows exploration of the subgenome of H. tuberosus that pairs with H. annuus in the interspecific
hybrid. This subgenome is likely where segregation for perennial habit occurs. To remove markers
that were incorrectly mapped (e.g., because of paralogy), we employed an linkage disequilibrium
(LD) filter (as measured by D’ calculated in the R package genetics [44]), in which adjacent markers
with D’ < 0.1, or markers with D’ < 0.05 against all other markers on a chromosome, were discarded.
Lastly, we employed R/qtl’s [45], first we reformed linkage groups with recombination fraction of 0.3
and minimum lod of seven, then we used ‘Ripple’ function to validate/correct marker orders using
a window of four markers and an error probability of 0.01. QTL mapping of tuber presence/absence
was conducted using the Haley-Knott regression method as implemented in R/qtl, using the ‘binary’
phenotype option [46]. Statistical significance of QTLs was established by permutation tests [47],
also implemented in R/qtl.
3. Results
3.1. Selection for Domestication Syndrome Traits
After initial evaluations of multiple breeding methods [31], a domestication approach among
interspecific hybrids was adopted. We conducted selection for domestication syndrome traits in
interspecific hybrid populations. Each generation included a round of intermating of the best half-sib
families where only the maternal parent was controlled. Selection focused on classic domestication
syndrome traits, such as changes in flowering time, increased head size, and increased seed size.
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These domestication syndrome traits increase utility of the plants, and move the material closer to the
cultivated ideotype of annual sunflower.
There was substantial phenotypic variation within every generation tested and year examined,
which is expected due to the large number of loci segregating within the multi-parent interspecific
domestication population. The phenotypic variation was extreme, reaching up to six standard
deviations around the mean (Figure 1). There was substantial variation in plants grown clonally
over multiple years in the same plots. However, yield generally decreased and plants exhibited less of
a domestication phenotype when regrown in the same plot from tubers rather than when reseeded.
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3.2. Perenniality Mapping in the Interspecific Population
3.2. Perenniality Mapping in the Interspecific Population
Helianthus tuberosus is an autoallohexaploid likely formed from hybridization between
Helianthus tuberosus is an autoallohexaploid likely formed from hybridization
Helianthus hirsutus (an autotetraploid of Helianthus divaricatus) and the diploid Helianthus
between Helianthus hirsutus (an autotetraploid of Helianthus divaricatus) and the diploid
grosseserratus [49]. The interspecific tetraploid domestication population used in this study was
Helianthus grosseserratus [49]. The interspecific tetraploid domestication population used in
derived from crosses between the diploid H. annuus (three commercial inbred lines) and the
this study was derived from crosses between the diploid H. annuus (three commercial inbred lines)
autoallohexaploid H. tuberosus (wild collected from Rosemount, MN, USA). There has been a number
and the autoallohexaploid H. tuberosus (wild collected from Rosemount, MN, USA). There has
of meiotic studies on H. tuberosus and of the interspecifc hybrids [50–52], meiosis within H. tuberosus
been a number of meiotic studies on H. tuberosus and of the interspecifc hybrids [50–52], meiosis
is mixed polysomic and disomic, with a diploid portion of the genome and an autotetrploid portion
within H. tuberosus is mixed polysomic and disomic, with a diploid portion of the genome and an
of the genome. While there is limited evidence of crossing success between H. annuus and H.
autotetrploid portion of the genome. While there is limited evidence of crossing success between
grosseseratus [53,54], it is still more likely of pairing between the same genome rather than different
H. annuus and H. grosseseratus [53,54], it is still more likely of pairing between the same genome
genomes. This means that three different subgenomes are present within each individual tetraploid
rather than different genomes. This means that three different subgenomes are present within each
hybrid (three sets of chromosomes from the two subgenomes of H. tuberosus, and one set of
individual tetraploid hybrid (three sets of chromosomes from the two subgenomes of H. tuberosus,
chromosomes from H. annuus). This has substantial implications for meiosis and the stability of
and one set of chromosomes from H. annuus). This has substantial implications for meiosis and the
fertility in subsequent generations and as the plant ages, as irregular pairing may lead to reduced
stability of fertility in subsequent generations and as the plant ages, as irregular pairing may lead
fertility in both male and female, however this should stabilize over more generations of intermating.
to reduced fertility in both male and female, however this should stabilize over more generations
The mapping analysis included 75 IM1F1 hybrids (H. tuberosus × H. annuus) segregating for tuber
of intermating.
production and 12 founders of the population (11 wild collected H. tuberosus and one H. annuus-HA89
The mapping analysis included 75 IM1 F1 hybrids (H. tuberosus × H. annuus) segregating for tuber
(merged from the technical replicates)). With respect to sequence data, there was uneven coverage
production and 12 founders of the population (11 wild collected H. tuberosus and one H. annuus-HA89
across and within individuals (Figure S2). Variant calling was performed using two reference
(merged from the technical replicates)). With respect to sequence data, there was uneven coverage
genomes of different H. annuus lines to maximize the potential for identification of useful markers.
across and within individuals (Figure S2). Variant calling was performed using two reference
After filtering out loci with >30% missing data, <10% minor allele frequency, indels, and loci with
genomes of different H. annuus lines to maximize the potential for identification of useful markers.
segregation distortion, there were 224 markers called against the XRQ reference plus an additional
After filtering out loci with >30% missing data, <10% minor allele frequency, indels, and loci with
22 non-overlapping markers from the HA412-HO reference. These 246 markers were then subjected
segregation distortion, there were 224 markers called against the XRQ reference plus an additional
to a final LD filter (see Methods) and reordered, leaving 217 for use in QTL mapping.
22 non-overlapping markers from the HA412-HO reference. These 246 markers were then subjected to
Two significant QTLs were identified on linkage groups 9 and 12 that explained 21.9% and 21.5%
a final LD filter (see Methods) and reordered, leaving 217 for use in QTL mapping.
of the phenotypic variance, respectively, for tuber presence-absence. (Figure 3). However, given the
Two significant QTLs were identified on linkage groups 9 and 12 that explained 21.9% and 21.5%
small size of the QTL mapping population, it is likely that estimates of QTL magnitudes are inflated
of the phenotypic variance, respectively, for tuber presence-absence. (Figure 3). However, given the
and some QTLs were missed [55].
small size of the QTL mapping population, it is likely that estimates of QTL magnitudes are inflated
and some QTLs were missed [55].
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Hybrid vigor is typically strongest in first generation hybrids, where heterozygosity is maximized,
whereas transgressive is most prominent in segregating hybrids. Outbreeding depression may be
observed in first generation hybrids, later generation hybrids, or both.
It is not uncommon for multiple potential outcomes of hybridization to be visible in a single hybrid
population [58]. For example, the interspecific F1 population described in this study exhibited heterosis
for vegetative characters, as well as reduced fertility [31]. To build on this initial vigor, a strategy of
intermating individuals to increase observed gain was used. This approach was used for two reasons:
(1) to increase the amount of observable recombination [48], which may help identify transgressive
sergeants; and (2) to increase fertility by increasing the frequency of meiotically compatible progeny.
However, there is much progress still to be made in terms of generalizing the breeding of new crops
and the utilization of new resources [62]. Positive domestication characteristics are often correlated,
and we observed improvement in multiple characteristics simultaneously.
Within our interspecific breeding populations, the largest gains were observed for decreased
branching and increased head size. This is not surprising, given that these traits had higher estimated
heritability than yield or individual seed weight. Deviation from the breeder’s equation implies that
the initial heritability estimate was not correct or that heritability changed between generations; both of
these are possible due to the complex interspecific background of the population, which has yet to
stabilize. While we did not yet observe dramatic increases in seed set, there were slight increases in the
number of seeds per head, which may be a byproduct of increases in head size. The current selection
index weights certain traits (e.g., head size) more than branching, since the perennial domesticated
ideotype remains unclear. Thus, variation for both ideotypes can be maintained while still making
phenotypic gains. In addition, it is possible to simultaneously select for multiple ideotypes - bifurcating
the program to test the benefit of different plant architectures and phenology for ecosystem and food
uses. Depending on whether phenotypic tradeoffs are present or not, it may also be possible to
select for a combined ideotype in a single population. The wide phenotypic ranges provided ample
opportunity for selection, as many families showed improved characteristics. With respect to the
breeders’ equation, the results probably indicate that our estimates of selection intensity or heritability
were slightly incorrect as opposed to a biological interpretation that assumes a different response for
different traits. This demonstrates how domestication may have provided opportunities for both direct
and indirect selection based on harvest/planting technology by early farmers, potentially leading to
rapid phenotypic change in short time frames. To this end, for future generations of selection, we have
decided to limit the number of characters, focusing on fertility-related traits.
4.2. Genetics of Tuber Formation
Understanding the genetic basis of tuberization in sunflower would be of great utility to
a perennial sunflower breeding program. Initially, given the high heritability of tuber formation
and the apparent segregation patterns of 1:3 in our IM1 F1 population (a ratio typically associated
with segregation of a single recessive locus), we thought it might be possible to map this trait in our
population (the other domestication traits of interest exhibited phenotypic distributions that were too
quantitative to map with this small population). However, our results instead suggest an oligogenic
basis for tuber production (presence/absence) in our population. While the two significant QTLs
jointly explain 43.4% percent variation explained (PVE), this estimate is likely inflated due to the
Beavis effect. Also, we lacked power to detect additional modifier loci (if they exist) or to precisely
define QTL intervals. Even given all these caveats, we were able to obtain flanking markers for the
major ‘perenniality’ QTL, which can be used to facilitate further breeding effects. These results were
similar to what has been observed in other species for perennial organ formation [63,64]. In the
future, more precise mapping would be aided by a much larger mapping population and a modified
genotyping by sequencing strategy such as that reported by Moyers et al. [65], in which two restriction
enzymes and a duplex nuclease treatment were employed to reduce the proportion of high-copy
fragments in GBS libraries.

Genes 2018, 9, 422

10 of 13

5. Conclusions
Domestication can be viewed as accelerated evolution directed for human benefit.
Well-defined objectives along with indirect objectives associated with the technologies used to
grow/harvest/process may lead to rapid phenotypic change in short time frames and it is unclear
when such progress will plateau. The most productive ideotype for a perennial domesticate is still
unclear. However, using an ideotype similar to current domesticated annual crops, we have seen
substantial progress in only a few cycles of selection for domestication syndrome traits. Despite the
small mapping population, it was still possible to obtain marker-trait associations for tuber production.
These markers will be assessed in further populations, to gain a better understanding of perennial
and domestication syndrome traits. Here we see that neo-domestication may proceed rapidly, on
much shorter timescales than the protracted domestication hypothesized for many species [66], in this
case likely due to domesticated alleles being present in the population that could respond to targeted
selection for domestication syndrome traits.
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number of sequences per line. (B) Reads within interspecific Hybrid 101B, a small number of sequences take up
a disproportionate number of the reads. Table S1: Families and individuals used in this experiment. Table S2.
Heritability estimates from BLUP and Kantar et al. [31].
Author Contributions: Conceptualization, M.B.K., R.M.S., D.W., K.B., L.H.R.; Methodology, M.B.K., K.B., G.B.,
D.G.B.; Software D.G.B., G.B., S.H., M.B.K.; Formal Analysis, M.B.K., S.H., D.G.B., M.O., G.B.; Investigation, M.O.,
A.H., S.H., M.B.K., G.B., D.G.B., K.B.; Resources, L.H.R., D.W., R.M.S., Y.B.; Data Curation, M.B.K., S.H., A.H.,
K.B.; Writing-Original Draft Preparation, M.B.K., D.G.B., A.H., S.H.; Writing-Review & Editing, M.B.K., S.H., A.H.,
D.G.B., G.B., K.B., M.O., Y.B., D.W., R.M.S., L.H.R.; Visualization, M.B.K., K.B.; Supervision, L.H.R., Y.B., R.M.S.,
L.H.R.; Project Administration, R.M.S., Y.B., L.H.R.; Funding Acquisition, L.H.R., Y.B., D.W., R.M.S.
Funding: This work was supported by the University of Minnesota Forever Green Initiative and the University of
Minnesota Varietal Development Fund and HATCH award 71-055 and MN Department of Agriculture Award
Number CON000000057187.
Acknowledgments: This work was supported by the University of Minnesota Forever Green Initiative and
the University of Minnesota Varietal Development Fund and HATCH award 71-055 and MN Department of
Agriculture Award Number CON000000057187.
Conflicts of Interest: The authors declare no conflict of interest.
Data Archiving Statement: Data for this study are available at the NCBI sequence read archive: BioProject
ID SRP127977.

References
1.

2.
3.

4.

5.

Glover, J.D.; Reganold, J.P.; Bell, L.W.; Borevitz, J.; Brummer, E.C.; Buckler, E.S.; Cox, C.M.; Cox, T.S.;
Crews, T.E.; Culman, S.W.; et al. Increased food and ecosystem security via perennial grains. Science 2010,
328, 1638–1639. [CrossRef] [PubMed]
Godfray, H.C.J.; Garnett, T. Food security and sustainable intensification. Phil. Trans. R. Soc. B Biol. Sci. 2014,
369, 20120273. [CrossRef] [PubMed]
Kantar, M.B.; Tyl, C.E.; Dorn, K.M.; Zhang, X.; Jungers, J.M.; Kaser, J.M.; Schendel, R.R.; Eckberg, J.O.;
Runck, B.C.; Bunzel, M.; et al. Perennial grain and oilseed crops. Annu. Rev. Plant Biol. 2016, 67, 703–729.
[CrossRef] [PubMed]
Runck, B.C.; Kantar, M.B.; Jordan, N.R.; Anderson, J.A.; Wyse, D.L.; Eckberg, J.O.; Barnes, R.J.; Lehman, C.L.;
DeHaan, L.R.; Stupar, R.M.; et al. The Reflective Plant Breeding Paradigm: A Robust System of Germplasm
Development to Support Strategic Diversification of Agroecosystems. Crop Sci. 2014, 54, 1939–1948. [CrossRef]
DeHaan, L.R.; Van Tassel, D.L. Useful insights from evolutionary biology for developing perennial grain
crops. Am. J. Bot. 2014, 101, 1801–1819. [CrossRef] [PubMed]

Genes 2018, 9, 422

6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.

24.
25.

26.

27.
28.
29.

11 of 13

Henry, R.J. Genomics strategies for germplasm characterization and the development of climate resilient
crops. Front. Plant Sci. 2014, 5, 68. [CrossRef] [PubMed]
Henry, R.J. Next-generation sequencing for understanding and accelerating crop domestication. Brief. Funct. Genom.
2012, 11, 51–56. [CrossRef] [PubMed]
Allaby, R.G.; Kitchen, J.; Fuller, D.Q. Surprisingly low limits of selection in plant domestication. Evol. Bioinform.
2016, 2015, 41–51. [CrossRef] [PubMed]
Allaby, R.G.; Brown, T.A.; Fuller, D.Q. A simulation of the effect of inbreeding on crop domestication genetics with
comments on the integration of archaeobotany and genetics: A reply to Honne and Heun. Veg. Hist. Archaeobot.
2010, 19, 151–158. [CrossRef]
Allaby, R.G.; Fuller, D.Q.; Brown, T.A. The genetic expectations of a protracted model for the origins of
domesticated crops. Proc. Natl. Acad. Sci. USA 2008, 105, 13982–13986. [CrossRef] [PubMed]
Cox, T.S.; Bender, M.; Picone, C.; Van Tassel, D.L.; Holland, J.B.; Brummer, E.C.; Zoeller, B.E.; Paterson, A.H.;
Jackson, W. Breeding perennial grain crops. Crit. Rev. Plant Sci. 2002, 21, 59–91. [CrossRef]
Cox, T.S.; Van Tassel, D.L.; Cox, C.M.; DeHaan, L.R. Progress in breeding perennial grains. Crop Pasture Sci.
2010, 61, 513–521. [CrossRef]
Fuller, D.Q. Contrasting patterns in crop domestication and domestication rates: Recent archaeobotanical
insights from the Old World. Ann. Bot. 2007, 100, 903–924. [CrossRef] [PubMed]
Gao, L.Z.; Innan, H. Nonindependent domestication of the two rice subspecies, Oryza sativa ssp. indica and
ssp. japonica, demonstrated by multilocus microsatellites. Genetics 2008, 179, 965–976. [CrossRef] [PubMed]
Hillman, G.C.; Davies, M.S. Domestication rates in wild-type wheats and barley under primitive cultivation.
Biol. J. Linn. Soc. 1990, 39, 39–78. [CrossRef]
Gepts, P. Crop domestication as a long-term selection experiment. Plant Breed. Rev. 2004, 24, 1–44.
Donald, C.M.T. The breeding of crop ideotypes. Euphytica 1968, 17, 385–403. [CrossRef]
Shapter, F.M.; Cross, M.; Ablett, G.; Malory, S.; Chivers, I.H.; Graham, J.K.; Robert, J.H. High throughput
sequencing and mutagenesis to accelerate the domestication of Microlaena stipoides as a new food crop.
PLoS ONE 2013, 8, e82641. [CrossRef] [PubMed]
Harlan, J.R.; De Wet, J.M.J.; Price, E.G. Comparative evolution of cereals. Evolution 1973, 27, 311–325. [CrossRef]
[PubMed]
Doebley, J.; Stec, A. Genetic analysis of the morphological differences between maize and teosinte. Genetics
1991, 129, 285–295. [PubMed]
Sang, T. Genes and mutations underlying domestication transitions in grasses. Plant Physiol. 2009, 149, 63–70.
[CrossRef] [PubMed]
Li, C.; Zhou, A.; Sang, T. Genetic analysis of rice domestication syndrome with the wild annual species,
Oryza nivara. New Phytol. 2006, 170, 185–194. [CrossRef] [PubMed]
Tang, H.; Cuevas, H.E.; Das, S.; Sezen, U.U.; Zhou, C.; Guo, H.; Valorie, H.G.; Ge, Z.; Clemente, T.E.;
Paterson, A.H. Seed shattering in a wild sorghum is conferred by a locus unrelated to domestication.
Proc. Natl. Acad. Sci. USA 2013, 110, 15824–15829. [CrossRef] [PubMed]
Ray, D.K.; Mueller, N.D.; West, P.C.; Foley, J.A. Yield trends are insufficient to double global crop production
by 2050. PLoS ONE 2013, 8, e66428. [CrossRef] [PubMed]
Khoury, C.K.; Bjorkman, A.D.; Dempewolf, H.; Ramirez-Villegas, J.; Guarino, L.; Jarvis, A.; Rieseberg, L.H.;
Struik, P.C. Increasing homogeneity in global food supplies and the implications for food security. Proc. Natl.
Acad. Sci. USA 2014, 111, 4001–4006. [CrossRef] [PubMed]
Baulcombe, D.; Crute, I.; Davies, B.; Dunwell, J.; Gale, M.; Jones, J.; Pretty, J.; Sutherland, W.; Toulmin, C.
Reaping the Benefits: Science and the Sustainable Intensification of Global Agriculture; The Royal Society:
London, UK, 2009.
Laurance, W.F.; Sayer, J.; Cassman, K.G. Agricultural expansion and its impacts on tropical nature.
Trends Ecol. Evol. 2014, 29, 107–116. [CrossRef] [PubMed]
Tilman, D.; Balzer, C.; Hill, J.; Befort, B.L. Global food demand and the sustainable intensification of
agriculture. Proc. Natl. Acad. Sci. USA 2011, 108, 20260–20264. [CrossRef] [PubMed]
Foley, J.A.; Ramankutty, N.; Brauman, K.A.; Cassidy, E.S.; Gerber, J.S.; Johnston, M.; Mueller, N.D.;
O’Connell, C.; Ray, D.K.; West, P.C.; et al. Solutions for a cultivated planet. Nature 2011, 478, 337–342.
[CrossRef] [PubMed]

Genes 2018, 9, 422

30.
31.

32.
33.

34.

35.
36.
37.

38.
39.
40.

41.
42.

43.

44.
45.
46.
47.
48.
49.

50.
51.
52.
53.

12 of 13

Miller, A.J.; Gross, B.L. From Forest to Field: Perennial Fruit Crop Domestication. Am. J. Bot. 2011, 98, 1389–1414.
[CrossRef] [PubMed]
Kantar, M.B.; Betts, K.; Michno, J.M.; Luby, J.J.; Morrell, P.L.; Hulke, B.S.; Stupar, R.M.; Wyse, D.L. Evaluating
an interspecific Helianthus annuus × Helianthus tuberosus population for use in a perennial sunflower breeding
program. Field Crops Res. 2014, 155, 254–264. [CrossRef]
Hulke, B.S.; Wyse, D.L. Using interspecific hybrids with H. annuus L. In Proceedings of the 17th International
Sunflower Conference, Cordoba, Spain, 8–12 June 2008; pp. 729–734.
Elshire, R.J.; Glaubitz, J.C.; Sun, Q.; Poland, J.A.; Kawamoto, K.; Buckler, E.S.; Mitchell, S.E. A robust, simple
genotyping-by-sequencing (GBS) approach for high diversity species. PLoS ONE 2011, 6, e19379. [CrossRef]
[PubMed]
Poland, J.A.; Brown, P.J.; Sorrells, M.E.; Jannink, J.L. Development of high-density genetic maps for barley
and wheat using a novel two-enzyme genotyping-by-sequencing approach. PLoS ONE 2012, 7, e32253.
[CrossRef] [PubMed]
Miller, J.F.; Gulya, T.J.; Vick, B.A. Registration of two maintainer (HA 434 and HA 435) and three restorer
(RHA 436–RHA 438) high oleic oilseed sunflower germplasms. Crop Sci. 2004, 44, 1034–1035. [CrossRef]
Hockett, E.A.; Knowles, P.F. Inheritance of branching in sunflowers, Helianthus annuus L. Crop Sci. 1970,
10, 432–436. [CrossRef]
R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for
Statistical Computing: Vienna, Austria, 2016; Available online: http://www.Rproject.org/ (accessed on
31 July 2018).
Schneiter, A.A.; Miller, J.F. Description of sunflower growth stages. Crop Sci. 1981, 21, 901–903. [CrossRef]
Webb, D.M.; Knapp, S.J. DNA extraction from a previously recalcitrant plant genus. Mol. Biol. Rep. 1990,
8, 180–185. [CrossRef]
Badouin, H.; Gouzy, J.; Grassa, C.J.; Murat, F.; Staton, S.E.; Cottret, L.; Lelandais-Brière, C.; Owens, G.L.;
Carrère, S.; Mayjonade, B.; et al. The sunflower genome provides insights into oil metabolism, flowering and
Asterid evolution. Nature 2017, 546, 148–152. [CrossRef] [PubMed]
Li, H. Toward better understanding of artifacts in variant calling from high-coverage samples. Bioinformatics
2014, 30, 2843–2851. [CrossRef] [PubMed]
Lam, H.Y.; Pan, C.; Clark, M.J.; Lacroute, P.; Chen, R.; Haraksingh, R.; O'Huallachain, M.; Gerstein, M.B.;
Kidd, J.M.; Bustamante, C.D.; et al. Detecting and annotating genetic variations using the HugeSeq pipeline.
Nat. Biotechnol. 2012, 30, 226–229. [CrossRef] [PubMed]
Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.;
Marth, G.T.; Sherry, S.T.; et al. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156–2158.
[CrossRef] [PubMed]
Warnes, G.; Gorjanc, G.; Friedrich Leisch, F.; Man, M. Genetics: Population Genetics. R Package Version
1.3.8.1. 2013. Available online: https://CRAN.R-project.org/package=genetics (accessed on 31 July 2018).
Arends, D.; Prins, P.; Jansen, R.C.; Broman, K.W. R/qtl: High-throughput multiple QTL mapping.
Bioinformatics 2010, 26, 2990–2992. [CrossRef] [PubMed]
Broman, K.W. A Brief Tour of R/qtl. Available online: http://www.rqtl.org/tutorials/rqtltour.pdf (accessed on
31 July 2018).
Churchill, G.A.; Doerge, R.W. Empirical threshold values for quantitative trait mapping. Genetics 1994,
138, 963–971. [PubMed]
Falconer, D.S.; Mackay, T.F.C. Introduction to Quantitative Genetics; Longman: London, UK, 1995; Volume 19.
Bock, D.G.; Kane, N.C.; Ebert, D.P.; Rieseberg, L.H. Genome skimming reveals the origin of the Jerusalem
artichoke tuber crop species: Neither from Jerusalem nor an Artichoke. New Phytol. 2014, 201, 1021–1030.
[CrossRef] [PubMed]
Kostoff, D. A contribution to the meiosis of Helianthus tuberosus L. Z Pflanzenzuchtg 1934, 19, 423–438.
Kostoff, D. Autosyndesis and structural hybridity in F1 -hybrid Helianthus tuberosus L. × Helianthus annuus L.
and their sequences. Genetica 1939, 21, 285–299. [CrossRef]
Scibria, N. Hybrids between the Jerusalem Artichoke (Helianthus tuberosus L.) and the Sunflower
(Helianthus annuus L.). C. R. Acad. Sci. URSS 1938, 2, 193–196.
Long, R.W., Jr. Hybridization in perennial sunflowers. Am. J. Bot. 1955, 42, 769–777. [CrossRef]

Genes 2018, 9, 422

54.
55.

56.
57.
58.
59.
60.
61.
62.

63.

64.
65.
66.

13 of 13

Long, R.W. Biosystematics of two perennial species of Helianthus (Compositae). I. Crossing relationships and
transplant studies. Am. J. Bot. 1960, 47, 729–735. [CrossRef]
Beavis, W.D. The power and deceit of QTL experiments: Lessons from comparative QTL studies. In Proceedings
of the 49th Annual Corn and Sorghum Research Conference, Chicago, IL, USA, 9–10 December 1994; American
Seed Trade Association: Washington, DC, USA, 1994; pp. 250–266.
Linz, G.; Hulke, B.; Kantar, M.; Homan, J.; Stupar, R.; Wyse, D. Potential Use of Perennial Sunflower to Reduce
Blackbird Damage to Sunflower; University of California: Davis, CA, USA, 2014.
Klug, P.E.; Linz, G.M. Strategies for Evading Blackbird Damage. In Ecology and Management of Blackbirds
(Icteridae) in North America; CRC Press: Boca Raton, FL, USA, 2017; pp. 175–190.
Todesco, M.; Pascual, M.A.; Owens, G.L.; Ostevik, K.L.; Moyers, B.T.; Hübner, S.; Heredia, S.M.; Hahn, M.A.;
Caseys, C.; Bock, D.G.; et al. Hybridization and extinction. Evol. Appl. 2016, 9, 892–908. [CrossRef] [PubMed]
Hufford, K.M.; Mazer, S.J. Plant ecotypes: Genetic differentiation in the age of ecological restoration.
Trends Ecol. Evol. 2003, 18, 147–155. [CrossRef]
Rieseberg, L.H.; Archer, M.A.; Wayne, R.K. Transgressive segregation, adaptation, and speciation. Heredity
1999, 83, 363–372. [CrossRef] [PubMed]
Reimann-Philipp, R. Breeding perennial rye. Plant Breed. Rev. 1995, 13, 265–292.
Van Tassel, D.L.; Albrecht, K.A.; Bever, J.D.; Boe, A.A.; Brandvain, Y.; Timothy, E.C.; Markus, G.; Pedro, G.;
Luciana, G.-P.; Brent, S.H.; et al. Accelerating Silphium Domestication: An Opportunity to Develop New
Crop Ideotypes and Breeding Strategies Informed by Multiple Disciplines. Crop Sci. 2017, 57, 1274–1284.
[CrossRef]
Hu, F.Y.; Tao, D.Y.; Sacks, E.; Fu, B.Y.; Xu, P.; Li, J.; Yang, Y.; McNally, K.; Khush, G.S.; Paterson, A.H.; et al.
Convergent evolution of perenniality in rice and sorghum. Proc. Natl. Acad. Sci. USA 2003, 100, 4050–4054.
[CrossRef] [PubMed]
Westerbergh, A.; Doebley, J. Quantitative trait loci controlling phenotypes related to the perennial versus
annual habit in wild relatives of maize. Theor. Appl. Genet. 2004, 109, 1544–1553. [CrossRef] [PubMed]
Moyers, B.T.; Owens, G.L.; Baute, G.J.; Rieseberg, L.H. The genetic architecture of UV floral patterning in
sunflower. Ann. Bot. 2017, 120, 39–50. [CrossRef] [PubMed]
Fuller, D.Q.; Denham, T.; Arroyo-Kalin, M.; Lucas, L.; Stevens, C.J.; Qin, L.; Allaby, R.G.; Purugganan, M.D.
Convergent evolution and parallelism in plant domestication revealed by an expanding archaeological
record. Proc. Natl. Acad. Sci. USA 2014, 111, 6147–6152. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

