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Abstract
De novo domestication has received recent attention because of the potential to produce new crop species with additional
agroecosystem functions and useful products for climate-resilient agricultural systems of the future. However, there are often
traits in wild species that make them difficult to domesticate. One key domestication trait selected by early farmers and modern
plant breeders in many crops is the ability to self-pollinate. Benefits include higher seed set and more reliable seed production, as
well as more efficient selection during breeding because it allows for unmasking of recessive traits and enforcement of favorable
gene interactions. Similarly, interspecific hybridization has been used to add to the genetic diversity of many crop species. We
evaluated self-pollination and interspecific hybridization in Silphium integrifolium and S. perfoliatum to learn the extent of
possible gene flow between the species and its usefulness in cultivar development and the potential for fixation of favorable
domestication genes by self-pollination. Our results indicate that Silphium interspecific hybrids can be easily developed, poten-
tially facilitating movement of otherwise invariable traits from one species to another. Further, we showed, for the first time, that
self-pollination is also possible in both species and their interspecific hybrids, but the rate varies among genotypes. This has
profound implications in optimizing plant breeding methods for the study and improvement of these species and adds more
evidence to our understanding of mating systems in Asteraceae, an underutilized family of plants with great potential for
additional domesticated species.
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1 Introduction

While many crops were long ago domesticated by humans,
interest remains in the scientific community to domesticate
additional species to fit specific agricultural niches, sustain-
ability objectives, or functions to benefit humanity (reviewed
in DeHaan et al. 2016). In particular, domestication of peren-
nial species into grain crops has been proposed to reduce or
reverse negative environmental impacts of large-scale agricul-
ture. Compared with annual crops, perennials have the poten-
tial to reduce soil erosion and better managewater and nutrient
use, preventing losses or excesses. Carbon sequestration is
increased by taking advantage of a longer growing season
each year, which may increase biomass accumulation
(Glover et al. 2010). While perennial options currently exist
for some crop niches, such as fruits, there are very few peren-
nial alternatives to the annual cereal, oilseed, and pulse grain
crops that form the foundation of modern food systems. Two
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contribal wild relatives of the domesticated sunflower
(Helianthus annuus L.), cup plant (Silphium perfoliatum L.),
and whole-leaf rosinweed (Silphium integrifolium Michx.)
have been identified as potential candidates for domestication
to provide edible oils and other products (Fig. 1; van Tassel
et al. 2017). However, for it to be a successful crop in the near
future, breeders need to rapidly improve yield, grain/seed
quality, and fitness for managed environments while main-
taining the important ecosystem services or other novel func-
tions that inspired breeders’ interest in the first place. At least
at first, this will need to be accomplished without the well-
developed scientific tools and community resources available
to high-performing annual crops.

Both S. integrifolium and S. perfoliatum are perennial
members of the Heliantheae (sunflower) tribe of the
Asteraceae family. They are native to the prairies of North
America, from the Rocky Mountains eastward to Appalachia
and fromCanada to the Gulf ofMexico (USDA-NRCS 2019).
S. perfoliatum has been cultivated on a limited basis as a
forage crop since at least 1957 and more recently has been
explored as a bioenergy crop (Zilverberg et al. 2016).Work on
S. integrifoliumwas initiated in the early 2000s independently
in Poland for biomass production and Kansas for oilseed pro-
duction (Kowalski and Wiercinski 2004; van Tassel et al.
2014). Oil quality and quantity characteristics in Silphium
vary considerably among wild accessions, but some plant col-
lections are close to wild sunflower in composition and oil
content (Reinert et al. 2019). At this time, well-established
breeding systems have not been developed for Silphium, and
most breeding efforts rely on half-sib-based evaluation be-
cause of its well-known tendency to outcross. Unfortunately,
half-sib-based evaluation only provides a weak estimate of
additive genetic variance, thereby diminishing trait heritability
and, on a practical level, limiting the potential of genetic prog-
ress from selection (reviewed in Hallauer 2007).

One of the key traits that would immediately improve yield
as well as breeding efficiency is the ability to self-pollinate.
Yield is improved because selfing ability provides reproduc-
tive assurance (Eckert et al. 2010) in the absence of adequate
pollinators, which is already a problem and expected to be-
come increasingly limiting (Nazzi and Pennacchio 2014).
Additionally, self-compatibility allows intentional inbreeding,
increasing a breeder’s ability to produce consistent genetic
lines, purge deleterious alleles, and identify the genetic basis
of valuable traits (Muñoz-Sanz et al. 2020). These features all
improve the efficiency and effectiveness of modern breeding.

Because of these clear benefits, knowledge of self-
pollination and outcrossing ability is considered one of the
key reproductive biology traits to factor into the decision to
domesticate a new species (DeHaan et al. 2016). Flexibility in
cross-pollination and self-pollination has dictated the crop im-
provement trajectory of many major crops, as illustrated by
the classic example of maize (Zea mays L.). The transition
from open-pollinated maize (with near zero yearly genetic
gain in yield) to the single-cross hybrid system that provided
circa 120 kg ha−1 y−1 genetic gain, happened over the course
of about 20 years and is one of the great success stories in
scientific breeding. It transformed maize as a crop. This was
only possible because the species was able to both self-
pollinate and cross-pollinate with ease and predictability, as
needed by the breeder (Crow 1998). Genetically uniform in-
bred lines resulted in uniform hybrids, and both quantitative
and single gene traits were more efficiently maintained in
inbred lines and more efficiently evaluated as targets of selec-
tion in either inbred lines (pedigree selection) or hybrids (test-
cross selection), compared with the half-sib or mass selection
methods of the past (Hallauer 2007). Many herbaceous peren-
nials that are of interest for grain/seed production at this time
have either near complete self-incompatibility or, in the case
of Silphium, are presumed to be self-incompatible (van Tassel

Fig. 1 Photographs of research
plots consisting of cup plant
(Silphium perfoliatum L.; left
panel) and whole-leaf rosinweed
(Silphium integrifolium Michx.;
right panel). S. perfoliatum is a
generally lodging resistant, rust
disease resistant, high biomass
species with opposite leaves that
fuse into a cup that often retains
water. S. integrifolium, of the two
species, tends to produce more
seeds and less leaf material. Both
species have interesting traits that
are unique but largely invariable
within them
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and DeHaan 2013), which limits the ability of the breeder to
capture and maintain rare gene variants and traits and effi-
ciently exercise selection, limiting genetic gain (Hallauer
2007). However, it is known that wild plant species exist on
a spectrum of near complete self-compatibility to near com-
plete self-incompatibility, with some species exhibiting vari-
ability among populations (Whitehead et al. 2018). Genetic
gain in Silphium would be limited versus competing hybrid
annual crops, such as maize or sunflower, if self-
incompatibility is a strong characteristic in the genus.

Self-incompatibility is the inability of a healthy plant to
develop seeds when self-pollinated. In self-incompatible sys-
tems, stigmas can discriminate between pollen grains which
are genetically similar or dissimilar to the flower and prevent
fertilization by similar pollen (Silva and Goring 2001). While
gametophytic self-incompatibility is the most common form
in flowering plants, identified in approximately 60 different
families (Kao andMcCubbin 1996), only the sporophytic sys-
tem has ever been observed in the Asteraceae (Gonthier et al.
2013). A further constraint on self-pollination in Silphium,
which can be overcome easily by physical intervention of a
pollinator, is the spatial separation between the female florets
(arising from the ray petals) and the male florets (arising from
the disk florets; Fig. 2).

A second key consideration for domesticating a new spe-
cies is availability of genetic resources (DeHaan et al. 2016).

Maximizing functional genetic diversity of the base popula-
tion of a new crop through exploration of secondary gene
pools, such as congeneric species, allows for adaptation of a
new crop to managed systems. For example, modern sunflow-
er is the result of multiple introgressions of new functional
diversity from wild congenerics, which increased gene num-
ber in the domesticate by 1.5% and resulted in improved do-
mestication traits (Hübner et al. 2019). Both Silphium species
display characteristics which could be combined to make an
interspecific hybrid an excellent option for a final domesticat-
ed cultivar or as a source of genes for introgression from one
species to the other. S. perfoliatum and S. integrifolium can
successfully hybridize, but casual observation of these hybrids
suggests reduced fertility (Jessee and Yatskievych 2011; Van
Tassel et al. 2017). This is most likely due to chromosome
structural differences between parents of each species, as in-
terspecific hybrids form chromatin bridges during meiosis
(Settle and Fisher 1972). Cross-incompatibility can be either
unilateral or bilateral, opening the possibility that some spe-
cies may be usable as female but not male parents or vice
versa.

The study of self-incompatibility and interspecies hybrids
in Silphium can better inform the next steps and speed of
domestication within the genus, as well as for other
Heliantheae and Asteraceae species. Sunflower, for instance,
has benefitted from interspecific gene introgression and a flex-
ible reproductive biology (i.e., it can self- and cross-pollinate
easily). Our goal is to understand the limitations of a compar-
ison of Silphium toHelianthus, in terms of self-pollination and
interspecific crosses, and develop approaches based on this
knowledge that would facilitate modern breeding of Silphium.

2 Materials and methods

2.1 Germplasm

Experiments were conducted on the Prosper, ND, worksite of
the North Dakota Agricultural Experiment Station, North
Dakota State University, and the St. Paul campus of the
Minnesota Agricultural Experiment Station, University of
Minnesota. All plant material was obtained from The Land
Institute breeding program (Table 1). This program was initi-
ated from wild collections of S. integrifolium and
S. perfoliatum from across the United States, and the
S. integrifolium populations used in this study have undergone
no more than 4 cycles of selection for presumptive domesti-
cation traits, primarily to increase the number of female florets
per capitulum. Of these, families 7 and 49 are each full-sibling
families with half-sibling parents, while the remaining half-
sibling families and other stocks are not known to have un-
dergone any inbreeding. Estimations of inbreeding and relat-
edness were based solely on pedigree records.

Fig. 2 The components of a Silphium flower, illustrated by a color
photograph. The capitulum is denoted by (A), the ligule or ray petal
floret by (B), the stigma by (C), and the stamen by (D). Note the
separation of stigma and stamen to different florets, which is a different
arrangement from the better-known contribal species sunflower
(Helianthus annuus), in which stigma and stamen occur on the same
floret. The arrangement on Silphium has implications for self- and
cross-pollination, which is important for understanding its population
biology and potential for crop development through breeding
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2.2 Pollen viability and germination experiments

Pollen from two S. integrifolium genotypes, two
S. perfoliatum genotypes, and two S. integrifolium x
S. perfoliatum hybrid genotypes were assessed for viability
and germination rate. Pollen viability was estimated using
the Alexander staining technique (Alexander 1969). Pollen
grains were placed on a microscopic slide and one drop of
Alexander stain buffer (95% ethanol, 10 ml; Malachite
green (1% in 95% ethanol), 1 ml; Fuchsin acid (1% in
water), 5 ml; Orange G (1% in water), 0.5 ml; phenol,
5 g; chloral hydrate, 5 g; glacial acetic acid, 2 ml; glycerol,
25 ml; and distilled water, 50 ml was added. The stained
pollen grains were incubated for 1 h at 25– 27 °C. Stained
pollen grains were observed with a Carl Zeiss™Axio
Lab™ A1 Upright Laboratory Microscope with a top-
mounted AxioCam Erc 5 s camera and 10x magnification.
Pollen grains stained dark (dark blue or purple) were
counted as viable.

To assess pollen germination rate, capitula were col-
lected from plants during mid- to late anthesis. Petals
and bracts were separated, and anthers and stigmas were
isolated from capitula. Pollen grains and stigmas were
stored on ice in small glass vials. The stigmas were
ground using a mortar and pestle to generate stigma ex-
tract. The Silphium pollen growth media (PGM) was pre-
pared according to the Keshava Murthy and colleagues
(Keshava Murthy et al. 1994) protocol for sunflower
PGM production. First, stigma extract was made by grind-
ing two fresh stigmas of each genotype in 100 μl PGM
stock solution at room temperature for approximately
120 s. Fifty microliters of the extract were added to an
aqueous mixture of sucrose (150 g L−1), boric acid
(200 mg L−1), potassium nitrate (200 mg L−1), magne-
s i um su lpha t e (200 mg L − 1 ) , c a l c i um n i t r a t e
(200 mg L−1), and PEG 6000 (223.6 g L−1). Stigma ex-
tract was added to the PGM because it has been shown to
increase in vitro pollen germination rate. Seven different
PGMs were prepared: one each containing stigma extract
from the six Silphium genotypes and one with no stigma
extract as control.

An aliquot of 80 uL of PGM was dropped on the micro-
scope slide and pollen grains were sprinkled on to the PGM.
Samples were incubated overnight in darkness at 25–27 °C.
Pollen tube growth was observed with a Carl Zeiss™Axio
Lab™ A1 Upright Laboratory Microscope with a top
mounted AxioCam Erc 5 s camera and 10x magnification.
We considered a pollen grain germinatedwhen the pollen tube
was at least equivalent to the diameter of the pollen grain.
Germination rate in percentage was determined by dividing
the number of germinated pollen grains by the total number of
counted pollen grains. Three slides were observed per treat-
ment combination.

2.3 Self- and cross-pollination experiments

The remaining experiments required manual pollination of
capitula. Female-designated capitula were covered with
nylon or cotton bags before bloom to prevent pollination.
Pollen donor capitula were covered at least a day prior to
pollen collection to ensure that pollen would be available.
Pollination was carried out when stigmas were visible and
mature, namely, when the stigma branches are opened
laterally. The designated females were prepared for cross-
ing by cutting back ligules (ray petals) to better expose
stigma. Figure 2 details the anatomy of a Silphium capit-
ulum. Pollen was collected either by isolating male florets
from pollen donors and storing them in glass vials or
gently tapping pollen from donor capitula into plastic con-
tainers. Female flowers were either pollinated with four to
six male florets directly by dusting pollen on stigmas or
by brushing pollen on to stigma using wire and polyester
pipe cleaners. After pollination, capitula were again cov-
ered with nylon or cotton bags to prevent uncontrolled
pollination or loss due to shattering, and harvested after
senescence. The number of female florets and the number
of developed seeds were recorded for each harvested ca-
pitulum. Developed seeds are easily differentiated from
undeveloped seeds by visual assessment. The rate at
which a capitulum produced developed seeds (referred
to as “seed set”) was determined by dividing the number
of developed seeds in a capitulum by the total number of
female florets in the capitulum (quantified by the sum of
empty and filled achenes).

To quantify the ability of S. perfoliatum, S. integrifolium,
and their interspecific hybrids to intermate, a full diallel cross
of the six individual genotypes listed in Table 1 was conduct-
ed. This was replicated in two field seasons. Following the
previously described crossing method, capitula on each plant
were pollinated in triplicate with each of the five other geno-
types, for a total of fifteen pollinated capitula on each plant.

In each of two field seasons, 2 to 3 capitula on each of the
six single plants listed in Table 1 were self-pollinated to infer
repeatability of self-pollinated seed set. To further inform the
expected range of self-pollination in Silphium germplasm, ac-
tive self-pollination treatments were also assigned to plants in
each of the breeding families listed in Table 1. Within the
breeding families, only one capitulum was used on a given
plant within a family.

To assess self-pollination in the absence of a pollinator,
breeding family genotypes were passively self-pollinated on
different flowers from the pollinations described above and
compared with the active self-pollination described in the pre-
vious paragraph. In passive self-pollination, cotton bags were
placed over the capitulum prior to anthesis and left until se-
nescence. Heads were harvested, threshed, and seed set quan-
tified, as above.
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Additionally, we assessed open-pollinated seed set of
S. perfoliatum, S. integrifolium, and their interspecific hybrids
by harvesting mature, open-pollinated heads from the plots of
the six individual genotypes listed in Table 1. Heads were
threshed individually, and seed set assessed by digital x-ray
imaging. A total of 16 heads per genotype was evaluated.

2.4 Statistical analysis

We performed ANOVA with sums of squares calculated se-
quentially (Type 1 SS) using the “aov” function in statistical
software R, version 3.4.3 (https://www.r-project.org/) in order
to determine the source of differences in pollen viability,
in vitro germination among different pollen-stigma combina-
tions, the number of female florets, and seed set. Effects for
female species, male species, and year were assessed as fixed
effects. Genotypes within the female and male groups were
also tested as nested factors. Fisher’s Least Significant
Differences were used to calculate differences in seed set
and floret number in crossing experiments, and t tests were
used to test reciprocal effects and treatment levels to the con-
trol in the in vitro experiments.

In cases where pairwise data were non-normally distribut-
ed, a Mann-Whitney U test was used to identify differences
between two-level factors. This analysis was conducted using
the “dplyr” and “stats” packages of R v. 3.4.2.

Analysis of open-pollinated seed set on parent stocks and
interspecific crosses was conducted using Proc Mixed of SAS
v. 9.4 (https://www.sas.com/). Fixed effects included
replication and genotype, with random effects of whole plot
error and plant-to-plant variation within plots. Fixed effects
were tested using the whole plot error effect as the denomina-
tor term in the F test.

3 Results and discussion

3.1 Assessment of inter-species cross compatibility

The evaluation of pollen viability by Alexander staining re-
vealed a range of viable pollen among the tested genotypes
and hybrids from 85 to 100%, with hybrid genotype 390 × 54
showing the lowest rate of pollen viability, and the other five
tested genotypes all having pollen viability above 98% (data
not shown).

With respect to in vitro pollen tube germination, the anal-
ysis of variance revealed significant stigma and pollen species
effects as well as stigma and pollen genotype nested within
species (p < 0.001 for all). An interaction between specific
genotypes within each species was significant (p < 0.001),
but this did not extend to the species level (Table 2). The
pollen germination rate ranged from 0.0 (54x[390 × 54]) to
40.0% (54 × 2130). Pollen germination followed the trend

fromAlexander staining of 390 × 54 having the poorest pollen
viability. The interspecific hybrids had significantly lower
pollen germination when used as a stigma extract and as the
source of pollen. However, in half of the treatments with in-
terspecific hybrid stigma extract, pollen germination was sig-
nificantly enhanced compared with the control media with no
stigma extract. In addition, the use of stigma extract from
S. perfoliatum to germinate S. integrifolium pollen, and vice
versa, led to significantly higher pollen germination compared
with the control, with only one exception, indicating floral
physiology was conducive to cross pollination among species
(Table 3).

We found significant differences among species and geno-
types within species for cross seed set on the female side
(p < 0.001), but not on the male side. However, specific pairs
of species and genotypes within species were more fertile than
others (p < 0.001; Tables 4 and 2). Across all observed
crosses, the seed set varied from 6.1 ([390 × 2130]×54) to
95.2% (2130 × 54) (Table 4). There is no evidence of either
unilateral or bilateral cross-incompatibility, as interspecific
crosses in both directions successfully produced many seeds.
The means for each species as a female were 17.0 (hybrid),
55.6 (S. integrifolium), and 63.6% (S. perfoliatum) (Table 4),
suggesting lower seed set when hybrids are used as a female
compared with either parent. In general, these results mirror
the in vitro pollen experiment (Table 3). To further verify the
result of lower female fertility in the interspecific hybrids, we
looked at open-pollinated seed set on the same plants, in the
presence of ample pollinator activity at bloom (Table 5).
While total female floret number showed mid-parent values
in the interspecies hybrids, there was significantly lower open-
pollinated seed set on the interspecific hybrids relative to the
parent stocks. The reduction is of practical significance be-
cause only 20–30% of female florets were fertilized in the
presence of mixed pollen of both species and their hybrids.

3.2 Assessment of self-fertilization

In our in vitro pollen germination experiment, four of the
six treatments of pollen on stigma extract from the same
plant resulted in significantly higher pollen germination
than the control, indicating that floral physiology was
conducive to self-pollination (Table 3). We further ana-
lyzed the self-fertilization ability of S. integrifolium,
S. perfoliatum, and interspecific hybrids in a series of
crossing experiments. We found species (p < 0.001) was
the most important influence on the rate of self-
fertilization in the Silphium individuals we studied, with
S. perfoliatum genotypes having the highest selfing rate
(mean = 56.2%), followed by S. integrifolium (mean =
28.8%), and finally the interspecific hybrids (mean =
7.1%; Tables 4 and 2). The effect of genotypes within
each species was not significant (p = 0.06). All results
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were stable over two field seasons (years) and multiple
attempts with different capitula on the same genotypes.
We also assessed the rate of self-fertility on an additional,
unrelated set of 19 breeding family genotypes of
S. integrifolium, which resulted in nine genotypes with
non-zero rates of self-pollination and the highest genotype
with 21.6% self-pollinated seed set. The results indicate
that self-pollination appears to be possible in many geno-
types, with some genotypes of both species capable of
relatively high self-pollinated seed set, given manual pol-
lination of stigmas with self-pollen. Many attempts at pas-
sive self-pollination, in which capitula were covered and
not manually pollinated, always resulted in no seeds being
produced (significantly different from manually self-
pollinated seed set, Mann-Whitney U test p < 0.001).

3.3 Significance of the findings to de novo
domestication of future crops

Both S. integrifolium and S. perfoliatum show promise as
candidates for domestication, potentially serving as peren-
nial agronomic crops providing forage, biomass, and veg-
etable oil. As shown by our crossing experiment results
(Table 4), congenerics can hybridize and produce viable
offspring. Pollen produced by these interspecies hybrids,
while forced to initiate disomic pairing and meiosis with
homeologous chromosomes, had very high pollen stain-
ability, indicating normal pollen production. Pollen from
hybrids readily germinated under in vitro test conditions,
although at a lower rate than S. integrifolium or
S. perfoliatum plants. Further, both the ovules and pollen

Table 1 Parent and breeding population stocks of Silphium integrifolium and S. perfoliatum evaluated for mating compatibility a

Species Germplasm Number of
individuals

Individual
inbreeding
coefficient

Within family
coefficient of coancestry

Evaluations

S. integrifolium 390 1 0 NA selfing, interspecies hybridization

S. integrifolium 1083 1 0 NA selfing, interspecies hybridization

S. perfoliatum 54 1 0 NA selfing, interspecies hybridization

S. perfoliatum 2130 1 0 NA selfing, interspecies hybridization

Interspecies hybrid 390 × 2130 1 0 NA selfing, interspecies hybridization

Interspecies hybrid 390 × 54 1 0 NA selfing, interspecies hybridization

S. integrifolium Family 7 8 0.125 0.325 selfing

S. integrifolium Family 49 4 0.125 0.325 selfing

S. integrifolium Families 646,
648, 649, 652,
660, 680

23 0 0.125 selfing

a Available also at https://zenodo.org/record/3575048#.Xut8uefgodV

Table 2 Analyses of variance for mating compatibility and fertility studies in Silphiuma

Self-pollination In vitro pollen germination test Seed set b

Source of variation Mean Square Source of variation Mean Square Source of variation Mean square

Year 695 Stigma sp. 252 *** Year 20

Female sp. 4841 *** c Pollen sp. 3184 *** Female sp. 29,269 ***

Genotype (Female sp.) 841 Stigma*Pollen sp. 46 Male sp. 218

Year*Female sp. 132 Genotype (Stigma sp.) 146 *** Female*Male sp. 1162 ***

Year*Genotype (Female sp.) 20 Genotype (Pollen sp.) 258 *** Genotype (Female sp.) 10,525 ***

Error 267 Genotype (Stigma*Pollen sp.) 128 *** Genotype (Male sp.) 236

Error 20 Genotype (Female*Male sp.) 804 ***

Error 124

aAvailable also at https://zenodo.org/record/3575048#.Xut8uefgodV
b Seed set includes both cross- and self-pollinated treatments
c Source of variation significant at the following levels, using the appropriate F test: 0.05 *, 0.01 **, 0.001 ***. sp.: species
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of interspecies hybrids were fertile and resulted in seeds
in all attempted self-pollinations and backcrosses to either
parent (Table 4) and under open pollination (Table 5).
This demonstrates that gene flow between the species
can be easily facilitated, allowing for traits, such as resis-
tance to rust disease, branching morphology, lodging re-
sistance, length of bloom, and seed yield, to be transferred
from one species to another. Members of the contribal
genus Helianthus, including domesticated sunflower, are
also known to hybridize across species boundaries.
Introgressions from several Helianthus species are preva-
lent in both wild and domesticated H. annuus genomes
and have been associated with genes and genetic loci pro-
viding important phenotypic variation (Hübner et al.

2019). The data presented here show that Silphium
breeders will also be able to take advantage of these ap-
proaches, combining beneficial traits from different spe-
cies, and suggest that the barriers to gene flow are low
enough that hybridization could easily occur in the wild.
Indeed, wild plant collectors have provided casual reports
of wild Silphium plants with hybrid characteristics.

However, the utility of Silphium interspecific hybrids
directly as F1 hybrid cultivars for oilseed production is
unlikely, as the partial sterility we have observed in hy-
brids reduces seed yield (Table 5). Partial sterility in
Silphium is likely the result of chromosomal structure dif-
ferences between the parent species, resulting in abnormal
meiosis in some pollen and ovule cells (Settle and Fisher

Table 3 In vitro pollen germination rate for reciprocal interspecific crosses and backcrosses between Silphium integrifolium and S. perfoliatum

Stigma extract a

Pollen a 390 × 2130 390 × 54 2130 (Sper) 54 (Sper) 390 (Sint) 1083 (Sint) Species mean b Control c

Germination rate (%)

390 × 2130 9e 2 8d 8de 8 13e 5 c 1

390 × 54 1 2 2 0d 3d 1 0

2130 (Sper) 18de 5 27e 40e 25de 21e 25 a 3

54 (Sper) 38de 38de 32e 15 35de 20 16

390 (Sint) 15e 15de 16de 14de 20e 13de 15 b 4

1083 (Sint) 7 4 19e 19e 23de 13e 4

Species Mean b 11 b 15 a 17 a

a Sper = Silphium perfoliatum, Sint = Silphium integrifolium, underlined numbers are self-pollinated
b Common letters denote statistically similar treatments at the p < 0.05 statistical threshold, alphabetically from the highest percentage germination. Least
significant difference statistics for stigma extract and pollen species means were calculated separately
c Control: Pollen growth media without any stigma extract
d Statistical difference between reciprocal tests of stigma and pollen sources
e Statistically different from the control

Table 4 Average seed set for
reciprocal crosses and
backcrosses between Silphium
integrifolium and S. perfoliatum

Female a

Male a 390 × 2130 390 × 54 2130 (Sper) 54 (Sper) 390 (Sint) 1083 (Sint)

Seed set (%)

390 × 2130 7.9 kl b 13.1 kl 75.3 bcd 82.8 abc 24.2 hijk 75.4 bcd

390 × 54 43.6 fg 6.2 l 82.2 abc 31.1 ghij 40.1 fgh 90.3 ab

2130 (Sper) 11.2 kl 7.6 l 62.3 de 72.7 bcd 38.2 fghi 80.8 abc

54 (Sper) 6.1 l 9.0 kl 95.2 a 50.1 ef 24.7 hijk 83.9 abc

390 (Sint) 22.9 ijk 31.1 ghij 75.8 bcd 20.8 ijkl 11.4 kl 88.1 ab

1083 (Sint) 24.4 hijk 19.3 jkl 70.8 cd 38.9 fghi 22.7 ijkl 46.1 f

Species Mean 17.0 c 63.6 a 55.6 b

a Sper = Silphium perfoliatum, Sint = Silphium integrifolium, underlined numbers are self-pollinated
b Common letters denote statistically similar treatments at the p < 0.05 statistical threshold, alphabetically from the
highest percentage seed set. Female x male and species mean comparisons were calculated separately
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1972), but as the in vitro experiment mirrored our seed set
results, a physiological cause cannot be ruled out. Other
uses of Silphium (e.g., as a perennial forage or biofuel)
would not require seed production past the F1 and thus
may benefit from interspecific hybrids per se as cultivars,
as yield of vegetation is generally observed to be high.
While sterility of interspecific hybrids is a barrier to their
use as plant varieties per se, the sterility is not too signif-
icant of a barrier to prevent hybridization as a means for
broadening the genetic pool of either species through
backcrossing or other methods.

Prior to this study, the presence of self-incompatibility
had never been described in detail in these species, and its
effects and implications had never been formally
discussed. Self-incompatibility in Silphium could be an
impediment to domestication, as it makes the develop-
ment of homogenous, genetically stable, seed-propagated
lines impossible, slowing numerous avenues of genetic
research. On a more applied level, self-incompatibility
would limit the development and fixation of recessive
phenotypes critical for certain agronomic and consumer
traits. Our results show, contrary to previous belief (van
Tassel and DeHaan 2013), that some genotypes of two
species of Silphium, as well as their interspecific hybrid
offspring, are readily able to self-fertilize. This result was
first suggested by in vitro pollen germination analysis
(Table 1) and later empirically confirmed in vivo
(Table 2). All six of the genotypes that were studied in-
depth were able to self-fertilize to some extent in vivo.
Further analysis of additional S. integrifolium genotypes
showed considerable variability in self-seed set, with a
large percentage showing non-zero levels of self-pollina-
tion. This implies that the strength of self-incompatibility
in Silphium, and particularly S. integrifolium, is highly
variable across genotypes and populations. This is in stark
contrast to wild sunflower, which is an obligate cross-

pollinator (Heiser and Smith 1969) except for a few rare
examples of self-compatibility (Burke et al. 2002).

As a new crop, Silphium will need to rapidly catch up
to the performance of its domesticated crop relatives and
non-relatives, which now occupy the agricultural land-
scape. In order to displace some portion of existing crops,
the performance of Silphium will have to balance ease of
production, yield, quality, and associated economic con-
siderations as well as carry new niche functions, such as
ecosystem services (DeHaan et al. 2016). While, histori-
cally, inbreeding and F1 hybrid cultivars have been asso-
ciated with reduced biodiversity on landscapes, as single
plant genotypes are mass produced over large geographic
areas, these techniques have and will continue to advance
genetic gains of dominant crops relative to new domesti-
cates. The need to advance genetic gain in new crops, to
make them viable competitors to dominant, existing
crops, necessitates intelligent use of inbred lines and hy-
brid cultivars in systems which provide functional biodi-
versity in other ways that do not limit genetic gain (e.g.,
polyculture [Glover et al. 2010], cover crops, or cultivar
mixtures).

4 Conclusion

We show, for the first time, that self-pollination common-
ly occurs in the Silphium genus, a genus targeted for ac-
celerated domestication as a source of food and energy in
Europe, North America, and elsewhere. Degree of self-
pollination is dependent on genotype, which will allow
it to be a target for selection. Self-pollination will facili-
tate fixation of domestication trait genes in the germplasm
pool, enhance the efficiency of selection in breeding, and
allow for production of uniform cultivars and inbred lines
that can be incorporated into functionally diverse

Table 5 Female floret number
and open-pollinated seed set for
Silphium integrifolium,
S. perfoliatum, and their hybrids

Species Genotype Female florets a Open pollinated seed set a

Total number %

Hybrid 390 × 2130 34 b 32 c 25 b 29 b

390 × 54 36 b 21 b

S. perfoliatum 2130 24 c 23 d 74 a 88 a

54 24 d 61 ab

S. integrifolium 390 43 a 51 a 90 a 93 a

1083 35 b 88 a

a Common letters denote statistically similar treatments at the p < 0.05 statistical threshold, alphabetically from the
highest floret count or percentage seed set. Statistical differences at the species and genotype levels were calcu-
lated separately
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landscapes. Also, we show that interspecific hybridization
in Silphium is easy and common, providing sources of
additional genetic variation beyond the primary gene pool
for traits that are invariable within each species. The flex-
ibility of reproductive biology to allow for maximal use of
genetic pools, and efficient selection and curation of the
genetic diversity, will increase the probability that
Silphium is a successful crop in the future (DeHaan
et al. 2016), to add biodiversity and restore ecosystem
services to the landscape.
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