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Summary

� Flowering plants serve as a powerful model for studying the evolution of nuclear genome

size (GS) given the tremendous GS variation that exists both within and across angiosperm lin-

eages.
� Helianthus sunflowers consist of c. 50 species native to North America that occupy diverse

habitats and vary in ploidy level. In the current study, we generated a comprehensive GS

database for 49 Helianthus species using flow cytometric approaches. We examined variabil-

ity across the genus and present a comparative phylogenetic analysis of GS evolution in

diploid Helianthus species.
� Results demonstrated that different clades of diploid Helianthus species showed evolution-

ary patterns of GS contraction, expansion and relative stasis, with annual diploid species

evolving smaller GS with the highest rate of evolution. Phylogenetic comparative analyses of

diploids revealed significant negative associations of GS with temperature seasonality and cell

production rate, indicating that the evolution of larger GS in Helianthus diploids may be more

permissible in habitats with longer growing seasons where selection for more rapid growth

may be relaxed.
� The Helianthus GS database presented here and corresponding analyses of environmental

and phenotypic correlates will facilitate ongoing and future research on the ultimate drivers of

GS evolution in this well-studied North American plant genus.

Introduction

Nuclear genome size (GS) varies dramatically in angiosperms,
spanning greater than 2000-fold across flowering plant species
(Leitch & Leitch, 2013; Pellicer et al., 2018). The distribution of
angiosperm GS variation is markedly non-normal, however,
being strongly right-skewed and with only a small number of lin-
eages represented by extremely large GSs (Kelly & Leitch, 2011;
Leitch & Leitch, 2013; Kelly et al., 2015). Considerable variation
nonetheless can be found both within and across major flowering
plant groups, with reports of 63-fold variation found within gen-
era (Grover et al., 2008) and reports of significant GS variation
found even within species (Diez et al., 2013; Li et al., 2017; but
see Smarda & Bures, 2010). Flowering plants thus represent a
powerful system for studying both the proximate mechanisms
that drive GS changes and the ultimate forces that may promote
or constrain these changes.

GS can evolve bidirectionally. Genome expansion in plants is
attributable most notably to polyploidization events (Wood
et al., 2009) and amplification of transposable elements (TEs),
especially long terminal repeat (LTR) retrotransposons (Kumar
& Bennetzen, 1999; Hawkins et al., 2008). These elements

typically account for the majority of nuclear DNA in plant
species with large genomes and can undergo episodic bursts of
activity leading to dramatic increases in GS over both short- and
long-term evolutionary time scales (Park et al., 2012; Estep et al.,
2013; Bennetzen & Wang, 2014). By contrast, evolution toward
smaller GS is facilitated by recombinational processes such as
intrastrand homologous recombination and illegitimate recombi-
nation, and mechanisms of deletion-biased DNA double strand
break repair (Devos et al., 2002; Hawkins et al., 2009; Schubert
& Vu, 2016).

Comparative approaches have increasingly been used to inves-
tigate both phenotypic and environmental correlates of GS vari-
ability. Some of the strongest phenotypic relationships include
positive associations of GS with seed mass (Bennett, 1972;
Thompson, 1990; Knight et al., 2005), cell size (Knight &
Beaulieu, 2008; Vesely et al., 2012) and cell cycle time (Bennett,
1972; Ivanov, 1978; Francis et al., 2008). The strong positive
relationship between GS and phenotypes at the cellular level has
spurred investigations at higher phenotypic scales (Knight &
Beaulieu, 2008) and whether GS variation ultimately is
associated with plant life history strategies (Bennett, 1987;
Knight et al., 2005; Greilhuber & Leitch, 2013). Accordingly,
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correlations have been detected between GS and phenotypes such
as relative growth rate, photosynthetic rate and leaf anatomical
traits (Knight et al., 2005; Beaulieu et al., 2007a; Gallagher et al.,
2011; Kang et al., 2014). Typically, larger genomes are associated
with slower growth rates (thought to reflect a cost of the synthesis
and maintenance of extra DNA), lower photosynthetic rates and
lower specific leaf area (SLA). Unlike studies examining correla-
tions with cellular-level traits, however, studies at higher pheno-
typic scales have demonstrated inconsistent and even opposing
results across different plant groups (Knight et al., 2005).
Nonetheless, and consistent with the hypothesis that life history
strategies may exert strong selection on GS, species with larger
genomes are less likely to be categorized as weeds or invasive
species (Kubesova et al., 2010; Pandit et al., 2014; Suda et al.,
2015) and more likely to have a perennial than annual life cycle
(Bennett, 1972).

That life history strategies may exert selection on GS is further
suggested by correlations of GS with environmental parameters
such as altitude, latitude, temperature and precipitation (Knight
& Ackerly, 2002; Grotkopp et al., 2004; Knight et al., 2005;
Kang et al., 2014; Du et al., 2017; Bilinski et al., 2018; Lyu et al.,
2018). Some of the most intriguing environmental correlates
indicate that species with larger genomes tend to be excluded
from more climatically extreme and/or temporally variable envi-
ronments where growing seasons are shorter (Knight & Ackerly,
2002; Knight et al., 2005). Species that occupy such environ-
ments are expected to experience natural selection for more rapid
growth and accelerated reproduction. Because of negative correla-
tions between GS and aspects of plant growth (Bennett, 1987;
Mowforth & Grime, 1989; Grotkopp et al., 2004; Francis et al.,
2008; Bilinski et al., 2018), such species also may experience nat-
ural selection for smaller GS. This selection could be relaxed,
however, in environments where growing seasons are more pro-
longed.

Helianthus sunflowers are native to North America and consist
of c. 50 species varying in ploidy, life history, ecology and geo-
graphic distribution (Heiser et al., 1969; Kane et al., 2013). GS
estimates have been reported for Helianthus species previously
(Sims & Price, 1985), although these earlier estimates were lim-
ited to 19 diploid species and were based on older Feulgen stain-
ing approaches (Sims & Price, 1985). In the current study, we
provide GS estimates for 49 Helianthus species based on flow
cytometric approaches. Our database consists of 39 diploid, six
tetraploid and six hexaploid GS estimates, including 43 novel GS
estimates from 41 species. Estimates are based on multiple popu-
lations per species and biological replication within populations.
Flow cytometric estimates for eight species were published previ-
ously (Baack et al., 2005; Qiu & Ungerer, 2018), but are
included here for completeness and comparative purposes. We
evaluate variation in GS across the genus as a whole and sepa-
rately in diploid species in the context of a well-resolved phy-
logeny (Stephens et al., 2015). We examine correlations between
diploid GS and environmental parameters defining the diverse
natural geographic ranges in which Helianthus species are found,
and specifically test whether Helianthus species with smaller
(larger) GS are associated with environmental parameters that

define shorter (longer) growing seasons. We demonstrate strong
phylogenetic trends both within and between major Helianthus
lineages and show that, as predicted, the evolution of GS in
diploid Helianthus species is associated with temperature season-
ality and corresponding growing season variability. Finally, we
demonstrate a strong negative correlation between GS and cell
production rate, a surrogate measure of cell cycle time, and sug-
gest that growth rate variability among species may provide a
mechanistic basis for these environmental correlations.

Materials and Methods

Plant materials and genome size estimates

Seeds of the sunflower species utilized in this study were acquired
from the United States Department of Agriculture (USDA)
National Plant Germplasm System and/or were collected in the
field (Supporting Information Table S1). Estimates of nuclear
GS were determined by laser-based flow cytometry assaying
5000–10 000 events per sample. We followed a true internal
standard protocol (sensu Dolezel & Bartos, 2005), which
included co-chopping of fresh leaf material of sample and stan-
dard before stain application; the methods are outlined in Qiu &
Ungerer (2018). Isolated nuclei were stained with propidium
iodide solution (BioSure, Grass Valley, CA, USA) and sample
G1 peak sizes were estimated by comparison to G1 peak sizes of
a common set of internal standards (Table S1). The database of
483 individual GS measurements (Table S1) and 51 species-level
mean GS estimates derived from them (Table S2) is based on
data generated at multiple institutions and on multiple flow
cytometer instruments. All flow cytometers used to generate data
for the current study were laser-based and a common set of inter-
nal standards was used (Table S1). These shared features of data
generation protocols, together with the standardized use of the
intercalating dye propidium iodide, have been demonstrated to
provide reliable GS estimates for plants, with only negligible dif-
ferences in interlaboratory comparisons of the same samples
(Dolezel et al., 1998).

Ancestral state estimates and rates of genome size
evolution

A maximum likelihood (ML) phylogeny of 32 diploid sunflower
species (Stephens et al., 2015) was used to evaluate patterns of
GS evolution within a phylogenetic framework and to recon-
struct an ancestral GS estimate. Stephens et al. (2015) recognized
three main clades in this phylogeny: an annual clade of eight
species, a southeastern (SE) perennial clade of eight species and a
perennial clade of large-statured species (large perennial) consist-
ing of 11 species, with five additional species located outside
these clades. Molecular branch lengths of this ML tree were trans-
formed to make them ultrametric using the penalized likelihood
method implemented in r8s v.1.8 (Sanderson, 2003). The ultra-
metric conversion was performed with a smoothing parameter of
32, which was selected by cross validation based on two calibra-
tion dates from Strasburg et al. (2009): a divergence time of
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1.1 million yr ago (Ma) between H. annuus and H. argophyllus,
and a divergence time of 1.8Ma between H. annuus and
H. petiolaris. The ultrametric tree was then used as the reference
phylogeny in comparative tests to estimate rates of GS evolution
and to test environmental and phenotypic correlates of GS in
diploid sunflowers.

We used the software STABLETRAITS (Elliot &Mooers, 2014) to
reconstruct ancestral GS estimates and model rates of GS evolu-
tion through time. This program samples rates from a heavy-tailed
distribution, a generalization of a Brownian motion (BM) model,
which allows for modeling traits evolving along the phylogeny
under selection. StableTraits was run for 10 million generations,
sampling every 1000 generations with two independent chains.
Effective sample sizes (ESSs) were accessed using TRACER (Ram-
baut et al., 2018) and were > 200 for all parameters estimated.

To determine whether rates of GS evolution differ among the
three main clades of the diploid Helianthus phylogeny (i.e.
annual clade, SE perennial clade and large perennial clade), we
compared the fit of two BM and five Ornstein–Uhlenbeck (OU)
models. Both BM and OU models estimate the rate of stochastic
motion (r2). The major difference is that the OU process allows
the trait to fluctuate around an optimum value (h) in parameter
space with a strength of attraction (a) towards that optimum,
while BM allows the trait to move equally to any parameter
space. BM1 and BMS assign single and multiple rates (r2) of
random drift. OU1 and OUM model single and multiple optima
(h) for different clades with a single a and r2. The remaining
models assume either multiple r2 (OUMV), multiple a
(OUMA), or multiple a and r2 (OUMVA) among clades. For
the OU process, h0 is dropped from the model as it is assumed
that the starting value is distributed according to the stationary
distribution. The best fit model was selected based on the sample
size-corrected Akaike information criterion (AICc). Confidence
intervals for parameter estimates were obtained from 100 para-
metric bootstraps implemented in the package OUWIE (Beaulieu
et al., 2012) in R (R Development Core Team, 2016) based on
the best fit model.

Environmental data

Geographic information of each species’ range was obtained from
the Global Biodiversity Information Facility website (http://
www.gbif.org/). We then filtered all coordinates based on criteria
that samples (1) are within North America, and (2) have valid
specimen records in herbaria (i.e. excluding human observations
as well as other unknown bases for records). Environmental vari-
ables of filtered geographic coordinates were obtained from the
WorldClim data set (http://www.worldclim.org; Hijmans et al.,
2005), and include: annual mean temperature, temperature sea-
sonality (the amount of temperature variation over a 12-month
period based on the standard deviation of monthly temperature
averages), annual precipitation, precipitation seasonality (the
amount of precipitation variation over a 12-month period mea-
sured as a ratio of the standard deviation of the monthly total
precipitation to the mean monthly total precipitation) and lati-
tude. Species-level mean values for each climatic variable were

then obtained by averaging across values from all collection loca-
tions.

Cell production rate estimates

Six seeds for each of 22 diploid Helianthus species (Table S2)
were sterilized in a 10% bleach solution for 5 min, then rinsed
five times with sterilized distilled water. Seeds were imbibed on
moist filter paper overnight in Petri dishes, seed coats removed
the following morning, and embryos placed on Petri dishes con-
taining 0.8% micropropagation agar Type-II (Caisson Laborato-
ries Inc., Smithfield, UT, USA), 100 lg ml–1 ampicillin and
25 lg ml–1 gentamicin (Invitrogen). Each replicate, six in total,
consisted of a block containing three Petri dishes. For each block,
seeds were randomly assigned to three Petri dishes, with two
dishes containing eight seeds and one dish containing six seeds.
Seeds were oriented along a line in Petri dishes such that radicle
emergence was toward the center of the dish, and plates were
stored near vertical in a dark cabinet at 23°C with seeds oriented
horizontally at the top of the plates. Seed and root tip positions
were marked daily for 5 d and root growth rate (GRr) was esti-
mated as mm d�1. On day 5, roots were harvested from plates
and fixed with a 10% formaldehyde in 19 PBS solution for 3 h,
rinsed and stored in 19 PBS.

Cell production rate measures the rate of increase for a given
population of cells, in this case root cells (Baskin, 2000), and is
significantly correlated with cell cycle duration (Beemster et al.,
2002). Root cell walls were stained with an orange fluorescent
dye, lipophilic carbocyanine 1 mg ml–1 SP-DiIC18 (Invitrogen)
dissolved in 100% ethanol, for 10 min and mounted on a micro-
scope slide. A rectangle of fingernail polish was used as a spacer
to reduce pressure from the coverslip. A Zeiss LSM 5 PASCAL
laser-scanning confocal microscope equipped with a Zeiss Axio-
cam HR digital camera was used to image roots. Fluorescence
emission of DiIC18 was accomplished using the 543 nm line
with the 209/0.5 objective. Using the PASCAL imaging software,
images were captured along the entire root beginning at the root
meristem and moving proximally at a field of 450 lm. Mature
cells were identified as those consistently producing root hairs
(Foreman & Dolan, 2001). Cell length (L) measurements were
carried out using IMAGEJ software (Schneider et al., 2012) with
c. 20 mature cells measured per sample. Cell production rate (P)
was calculated according to P =GRr/L (Baskin, 2013), where
GRr = root growth rate and L = average mature cell length. Four
to six individuals per species were assayed by these methods and
means were determined for a species-level cell production rate
estimate.

Phylogenetic regression

Relationships between GS and climatic/phenotypic variables
were tested using phylogenetic generalized least-squares (PGLS)
in R packages APE and CAPER (Paradis et al., 2004; Orme, 2013).
Regressions were fit by ML and using Pagel’s k (Pagel 1999;
Freckleton et al., 2002) as a measure of phylogenetic signal.
Pagel’s k ranges from 0 to 1, with 0 indicating no phylogenetic
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signal and 1 indicating strong phylogenetic signal (equal to the
Brownian expectation). Both single and multiple PGLS regres-
sions were performed and all variables were log-transformed to
ensure the data conformed to BM evolution (O’Meara et al.,
2006; Oliver et al., 2007).

Results

Genome size variation in Helianthus

Fig. 1 depicts GS variability for 49 Helianthus species, including
39 diploid species, six tetraploid species and six hexaploid species.
Estimates for H. annuus, H. petiolaris, H. anomalus, H. deserticola
and H. paradoxus were reported previously by Baack et al. (2005)
and estimates for H. agrestis, H. carnosus and H. porteri were
reported previously by Qiu & Ungerer (2018). All other GS esti-
mates were newly generated for the current study, although inde-
pendent estimates for some Helianthus species have been
reported elsewhere (Sims & Price, 1985; Tetreault & Ungerer,
2016; Mascagni et al., 2017). Newly reported estimates in the
current study are based on an average of 3.57 accessions per
species, with between one and 10 biological replicates assayed per
accession (Table S1). A total of 175 accessions of Helianthus were
utilized for the current database.

GS estimates varied 3.59-fold for diploid species, ranging from
6.38 pg in H. neglectus to 22.93 pg in H. agrestis, with a mean of
10.13 pg. Estimates varied 1.56-fold in tetraploids, ranging from
15.68 pg in H. hirsutus to 24.41 pg in H. smithii, with a mean of
20.18 pg. In hexaploids, estimates varied 1.19-fold, ranging from
19.69 pg in H. californicus to 23.41 pg in H. tuberosus, with a
mean of 22.23 pg (Fig. 1; Table S2). Average GS for hexaploids
was only slightly larger than that for tetraploids, and the largest
GS estimates genus-wide were unexpectedly those of two
tetraploid species, H. schweinitzii and H. smithii (Fig. 1).

Patterns of genome size evolution in diploid species

A divergence time estimate of the extant diploid species is
2.394Ma. This estimate is within the range of previous estimates,

1.7–8.2Ma (Schilling, 1997; Kantar et al., 2014; Mason, 2018).
The reconstructed ancestral GS (2C) estimate for the species
depicted in Fig. 2 is 8.82 pg (95% confidence interval, 7.85–
10.01).

Clade-specific patterns include GS increases, decreases and
relative stasis. Species in the SE perennial clade have GS esti-
mates 1.12–1.44-fold higher than the ancestrally reconstructed
estimate. By contrast, the annual clade shows a general pattern
of genomic downsizing, although two annual species (H. argo-
phyllus and H. niveus) have nuclear GS values very near to the
ancestral estimate, and a third, H. bolanderi, has a GS estimate
slightly higher than the reconstructed estimate. The large
perennial clade, consisting of 11 species, shows the least
amount of GS variability and evolutionary change, with all
estimates between 0.91- and 1.07-fold that of the ancestrally
reconstructed estimate.

The most pronounced pattern of GS evolution for an individ-
ual species is large-scale GS expansion for the annual diploid
species H. agrestis. GS for this species is 2.60-fold higher than the
ancestrally reconstructed estimate and 1.59- to 3.59-fold higher
than for any other Helianthus diploid species. Although an
annual, this species is not part of the annual clade, but phyloge-
netically positioned basally to diploid perennial Helianthus
species (Fig. 2).

For rate test comparisons among the three clades, the best fit
model was an OUMV model (Table S3), which infers a different
rate parameter (r2) and a different optimum value (h) for each
clade. The large perennial clade was inferred to have the lowest
rate of GS evolution (Table S4; Fig. S1), estimated to be 3.7
times and 10 times lower than the SE perennial and annual
clades, respectively. This result is consistent with the StableTrait
estimate, which shows the large perennial clade to have the short-
est branch lengths (Fig. 2). The optimum GS was higher in the
SE perennial clade (back-transformed 2C = 11.68) than in the
large perennial clade (back-transformed 2C = 8.75) and annual
clade (back-transformed 2C = 7.96). Taken together, these results
suggest that Helianthus species in the annual clade have evolved
towards a smaller GS with higher rates of evolution compared to
species in the SE perennial and large perennial clades.

Fig. 1 Genome size (GS) estimates for 49 Helianthus species. Histogram bars represent averages of population means, with an average of 3.57 populations
assayed per species (Supporting Information Table S2). Error bars indicate � 1 SE and represent the standard error of the population means. Species
exhibiting cytotypic variation (both diploid and tetraploid populations) are indicated with colored text and species of diploid hybrid origin are underlined.
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GS and environmental correlates in diploid Helianthus
species

GS and two environmental parameters examined in the study,
temperature seasonality and precipitation seasonality, showed
phylogenetic signal with k differing significantly from zero
(Table S5). ML estimation of k ranged from 0.798 to 1.000 for
the other three environmental parameters, indicating that envi-
ronmental characteristics experienced by closely related species
are more similar than expected by chance. In both single and
multiple PGLS regressions, GS was significantly and negatively
associated with temperature seasonality (Fig. 3; Tables 1, 2).

GS and cell production rate are negatively correlated in
diploid Helianthus species

A significant negative correlation was observed between GS and
cell production rate based on a subset of 22 diploid Helianthus
species (Fig. 4; r =�0.678; P < 0.001). This negative relationship
remained significant when excluding the three annual hybrid
species (i.e. n = 19) and controlling for phylogenetic relationships
via PGLS (r =�0.179; P = 0.001).

Discussion

The vast GS variability that exists among plant species has
intrigued biologists for decades and stimulated efforts both to
catalogue variation across diverse plant groups and to understand

the mechanisms through which this variation arose and ulti-
mately is controlled (Knight et al., 2005; Hawkins et al., 2008;
Whitney et al., 2010; Leitch & Leitch, 2013; Pellicer et al.,
2018). Phylogenetic comparative analyses provide the most pow-
erful approach for elucidating patterns of GS expansion and con-
traction in light of evolutionary relationships and for exploring
the potential causes and consequences of such changes through
correlational analyses of GS with environmental and biological

Fig. 2 Phylogenetic relationships and nuclear genome size (GS; 2C) estimates (gray bars) for 32 diploid Helianthus species. Tree topology is based on the
phylogeny presented by Stephens et al. (2015). Branch lengths depict rates of GS evolution and the vertical dotted black line represents the ancestral GS
estimate (8.82 pg; 95% confidence interval 7.85–10.01). Asterisks represent two annual Helianthus species phylogenetically positioned outside of the
annual clade. SE, southeastern.

Fig. 3 Partial regression leverage plot showing the negative relationship
between temperature seasonality and genome size (GS). Data points
represent the residual values after accounting for effects of other
environmental factors.
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variables. Such studies have been performed at multiple phyloge-
netic levels, from comparisons of diverse land plants (Beaulieu
et al., 2007a,b; Knight & Beaulieu, 2008; Whitney et al., 2010;
Bainard et al., 2012; Vesely et al., 2012; Lomax et al., 2014;
Alonso et al., 2015; Bromham et al., 2015) to taxonomically
more restricted analyses within plant families (Veleba et al.,

2014; Carta & Peruzzi, 2016; Ng et al., 2016), and genera
(Albach & Greilhuber, 2004; Grotkopp et al., 2004; Jakob et al.,
2004; Gallagher et al., 2011; Kang et al., 2014; Meudt et al.,
2015; Baniaga et al., 2016; Mandak et al., 2016; Du et al., 2017).
Because of the highly dynamic nature of GS evolution and poten-
tial problems of representative sampling within groups for
broader taxonomic comparisons, studies at lower taxonomic
ranks – i.e. genera – may provide the highest explanatory resolu-
tion for understanding the forces governing the evolution of GS
(Hawkins et al., 2008).

In the current study, we provide a comprehensive GS database
for species in the sunflower genus Helianthus and present an ini-
tial analysis of phylogenetic trends and environmental/pheno-
typic correlates of GS variability in diploid Helianthus species
utilizing a well-resolved and robust phylogeny (Stephens et al.,
2015). Flow cytometry estimates presented here based on multi-
ple populations per species and biological replication within pop-
ulations exhibit variable correspondence with some of the earliest
estimates for Helianthus species generated by Feulgen staining.
For example, GS estimates for 19 Helianthus species reported by
Sims & Price (1985) differ, on average, by c. 6% from corre-
sponding flow cytometry estimates reported herein, with esti-
mates for eight species differing by < 3.5% and estimates for
three species differing by > 10%.

While considerable GS variability is found within both diploid
and tetraploid Helianthus species, a comparison of mean GS esti-
mates across ploidy levels closely matches a predicted 2-fold
increase in tetraploids (20.18 pg) vs diploids (10.13 pg). This
observation does not necessarily support the notion that genomic
downsizing has been absent in Helianthus tetraploids, however, as
GS comparisons among direct progenitor–derivative species
would provide a better assessment of the prevalence of genomic
downsizing. Indeed, for three tetraploid species that arose via
autopolyploidy (H. decepetalus, H. divaricatus and H. hirsutus)
and for which progenitors are known, evidence of genomic
downsizing is apparent in all three cases (Table S6). For the single
hexaploid species for which ancestry has been determined –
H. tuberosus (23.41 pg) derived from H. grosseserratus (8.62 pg)
and H. hirsutus (15.68 pg) (Bock et al., 2014) – there again is evi-
dence of modest genomic downsizing (i.e. observed and
expected = 23.41 and 24.30 pg, respectively). It is noteworthy
that all six hexaploid species possess GS values that are lower than
those estimated for the two largest tetraploid species (i.e.
H. schweinitzii and H. smithii). The underlying causes of these
observations currently are unknown, but include moderate to
larger-scale genomic downsizing in hexaploids and/or GS expan-
sion for other tetraploid Helianthus species such as H. laevigatus,
H. schweinitzii and H. smithii (Fig. 1). GS evolutionary dynamics
in polyploid Helianthus species will be the focus of future investi-
gations.

Within diploid Helianthus species, perennial species typically
have larger genomes than annual species (Fig. 1). This observa-
tion is generally consistent with patterns observed across most
plant groups assayed to date (Bennett, 1972; Albach & Greilhu-
ber, 2004). A noteworthy exception is the annual species
H. agrestis, with the largest GS by far for any diploid. GS in

Table 1 Single phylogenetic generalized least-squares regressions between
genome size and environmental variables based on 32 diploid species.

Coefficient t-value P-value

Latitude (°) �0.315 �1.524 0.138
Annual mean temperature (°C) 0.176 1.605 0.119
Temperature seasonality (°C) �0.335 �2.977 0.006
Annual precipitation (mm) 0.149 2.570 0.015
Precipitation seasonality �0.070 �0.961 0.344

Bold type indicates a significant correlation after Bonferroni correction
(a = 0.01).

Table 2 Multiple phylogenetic generalized least-squares regressions
between genome size and environmental variables based on 32 diploid
species.

Coefficient t-value P-value

Latitude (°) 1.677 2.718 0.012
Annual mean temperature (°C) 0.473 1.823 0.080
Temperature seasonality (°C) �0.823 �4.033 0.000
Annual precipitation (mm) 0.090 1.402 0.173
Precipitation seasonality 0.013 0.188 0.852

Bold type indicates a significant correlation after Bonferroni correction
(a = 0.01).

Fig. 4 The negative relationship between genome size (GS) and cell
production rate for 22 diploid Helianthus species (uncorrected analysis:
r =�0.678, P < 0.001). This relationship remains significant when the
three species of diploid hybrid origin (white circles) are excluded and
phylogenetic relationships are accounted for (PGLS analysis: r =�0.179,
P = 0.001). Error bars indicate� 1 SE of the mean.
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H. agrestis more closely resembles estimates for tetraploids and
hexaploids than other diploids. H. agrestis previously was demon-
strated to have experienced proliferation events of LTR retro-
transposons (Tetreault & Ungerer, 2016). Amplification of these
sequences represents a known mechanism of rapid and poten-
tially large-scale genome expansion in plants (Park et al., 2012;
Estep et al., 2013; Bennetzen & Wang, 2014). Proliferation
events of LTR retrotransposons also have been implicated in
genome expansion in three additional annual Helianthus diploid
species of ancient hybrid origins, H. anomalus, H. deserticola and
H. paradoxus (Ungerer et al., 2006). While GS estimates for the
three ancient hybrid species are considerably lower than for
H. agrestis, and lower than those reported for several diploid
perennial Helianthus species (Fig. 1), the three hybrid species
represent the next-largest annual diploid GS estimates after
H. agrestis (Fig. 1).

Phylogenetic trends of GS evolution in Helianthus diploid
species

Different directions and rates of GS evolution are apparent
among the three well-supported Helianthus clades. Species in the
annual clade have, on average, experienced genomic contraction
compared to the ancestrally reconstructed estimate (Fig. 2). This
pattern is consistent with smaller genomes favored in annual
species due to selection for more accelerated growth and faster
reproduction associated with an annual life history (Bennett,
1972). Driving this pattern may be a negative correlation
between GS and cell production rate (Fig. 4), as nuclear DNA
must be fully copied when cells divide mitotically. GS may thus
place constraints on cell division rates and ultimately whole-plant
relative growth rates in Helianthus, as has been described for
angiosperms more generally (Knight et al., 2005; Greilhuber &
Leitch, 2013). The annual clade also exhibits the highest normal-
ized rate of GS evolution standardized against the large perennial
clade (Fig. S1).

By contrast, all species in the SE perennial clade have experi-
enced genomic expansion relative to the ancestral reconstructed
estimate, albeit at a lower normalized rate of evolution (Fig. S1).
It is interesting to note that, as the clade name implies, species
within this monophyletic group are generally restricted geograph-
ically to the SE region of the United States where climate condi-
tions accommodate longer growing seasons. Selection for more
accelerated growth and faster reproduction in advance of late-
season adverse weather conditions might be relaxed in such
regions with longer growing seasons. Under such circumstances,
genome expansion via proliferation of repetitive sequences such
as LTR retrotransposons could be more permissible. The rela-
tionship between GS and environmental variables associated with
growing season length are explored in further detail in the
Environmental and biological correlates section below.

The third main clade of Helianthus diploids, the large-statured
perennial clade, displays far less variability among species, with
all GS estimates notably similar to the reconstructed ancestral
estimate. Species within this clade are found throughout most of
the continental United States and most have wide geographic

ranges, although some (e.g. H. arizonensis, H. laciniatus and
H. verticillatus) are more geographically restricted (Heiser et al.,
1969; Stephens et al., 2015). The observed variability among
these three Helianthus clades is interesting and provides addi-
tional evidence that evolutionary trends of GS variation are not
uniformly in the direction of GS expansion (Bennetzen & Kel-
logg, 1997; Hawkins et al., 2009).

Environmental and biological correlates

Relationships between GS and environmental and/or climatic
variables have been explored in several plant groups with compar-
isons drawn at various taxonomic levels (Knight & Ackerly,
2002; Grotkopp et al., 2004; Vesely et al., 2012; Diez et al.,
2013; Kang et al., 2014; Carta & Peruzzi, 2016; Du et al., 2017;
Li et al., 2017; Bilinski et al., 2018; Lyu et al., 2018). While find-
ings have not been universally consistent (Knight et al., 2005),
multiple studies have suggested that environmental conditions
ultimately may place constraints on the evolution of GS.

In the current study, both single and multiple PGLS regressions
identified a significant correlation between GS and temperature
seasonality in the diploid dataset (Fig. 3). Temperature seasonality
measures changes in temperature over a 12-month period; in the
native range of wild Helianthus species, geographic regions with
lower (higher) temperature seasonality experience longer (shorter)
growing seasons. These observations suggest that the evolution of
larger GS in diploid Helianthus species may be more permissible
in habitats with longer growing seasons and constrained in regions
where growing seasons are shorter. Qualitatively similar findings
have been reported in other plant GS variation studies at the
generic rank, at least for some environmental variables (Grotkopp
et al., 2004; Carta & Peruzzi, 2016), although such results are not
universally observed (Kang et al., 2014).

While the causes of these patterns currently are unknown, an
ultimate explanation may relate to effects of GS variation on cell
production rates (Fig. 4), and potential cascading effects on
whole-plant relative growth rates. In angiosperms, strong nega-
tive correlations are found between nuclear GS and cell cycle
rates (Francis et al., 2008), as nuclear DNA must be fully copied
each time a cell divides. As such, species that experience natural
selection for more rapid growth and earlier reproduction may
experience simultaneous selection for smaller GS (Bennett,
1972). In regions with longer growing seasons, however, this
selection may be relaxed. Consistent with this interpretation, cell
production rate for the 19 non-hybrid diploid Helianthus species
(see Fig. 4) is positively correlated with temperature seasonality
of the species’ natural ranges (PGLS: r = 1.723; P = 0.003). A
negative correlation between GS and root meristem growth rate
(RMGR) was demonstrated previously (Gruner et al., 2010),
with implications of reduced RMGR on root function and
nutrient uptake discussed in light of the evolution of GS. It is
perhaps also noteworthy that the Helianthus diploid species with
by far the largest nuclear genome, H. agrestis, although an annual,
has a geographically restricted range limited largely to central and
southern Florida, a natural habitat with lower temperature
seasonality and a longer growing season. Future work in the
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Helianthus system will investigate whether diploid species differ
in predictable physiological and growth phenotypes related to the
general predictions described above.

Conclusions

GS in Helianthus sunflowers varies considerably among species.
This variability is influenced by ploidy variation and also is likely
to be impacted by differential activity and proliferation of trans-
posable elements such as LTR retrotransposons. Tetraploid and
hexaploid species displayed unexpectedly similar GS estimates,
probably as a result of genome contraction in hexaploids and/or
GS expansion in some tetraploids. Phylogenetic comparative anal-
yses of diploid Helianthus species demonstrate clade-specific pat-
terns of genomic contraction, genomic expansion and relative
stasis. PGLS analyses of GS with multiple environmental variables
suggest that GS evolution also may be influenced by ecological
factors such as growing season length. The database presented here
and corresponding analyses will facilitate ongoing and future
research on the mechanisms of GS increases and decreases in this
important group of native North American plants.
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