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Abstract

Globally imperiled ecosystems often depend upon collection, propagation, and storage of seed
material for use in restoration. However, during the restoration process demographic changes,
population bottlenecks, and selection can alter the genetic composition of seed material, with
potential impacts for restoration success. The evolutionary outcomes associated with these
processes have been demonstrated using theoretical and experimental frameworks, but no studies
to date have examined the impact these processes have had on the seed material maintained for
conservation and restoration. In this study, we compare genomic variation across seed sources
used in conservation and restoration for the perennial prairie plant Helianthus maximiliani, a key
component of restorations across North American grasslands. We compare individuals sourced
from contemporary wild populations, ex situ conservation collections, commercially produced
restoration material, and two populations selected for agronomic traits. Overall, we observed that
ex situ and contemporary wild populations exhibited a similar genomic composition, while four
of five commercial populations and selected lines were differentiated from each other and other
seed source populations. Genomic differences across seed sources could not be explained solely
by isolation by distance nor directional selection. We did find evidence of sampling effects for ex
situ collections, which exhibited significantly increased coancestry relative to commercial
populations, suggesting increased relatedness. Interestingly, commercially sourced seed appeared
to maintain an increased number of rare alleles relative to ex situ and wild contemporary seed
sources. However, while commercial seed populations were not genetically depauperate, the
genomic distance between wild and commercially produced seed suggests differentiation in the
genomic composition could impact restoration success. Our results point towards the importance
of genetic monitoring of species used for conservation and restoration as they are expected to be
influenced by the evolutionary processes that contribute to divergence during the restoration
process.
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76  Introduction

77

78 Restoration aims to mitigate the loss and degradation of native ecosystems by reducing the
79 abundance of non-native species, increasing biodiversity and habitat connectivity, and re-
80  establishing native plant communities resilient to change (Benayas et al. 2009, Hobbs & Norton
81 1996, Hodgson et al. 2016, Thomson et al. 2009). To achieve these goals extensive inputs of native
82 seed are required, often in quantities too large to be harvested from local, wild populations
83  (Broadhurst et al. 2008, Merritt & Dixon 2013, Pedrini et al. 2020). To compensate for these
84  deficits, seeds used in restoration are often produced commercially to meet increasing demands.
85  However, processes associated with commercial seed production can lead to the evolution of
86  differences that may impact restoration goals (Dyer et al. 2016, Espeland et al. 2017, Nagel et al.
87 2019, Roundy et al. 1997). Evolution of seed material can occur through a combination of
88  deterministic and stochastic processes, resulting from demographic variation, population
89  bottlenecks, and selection that can influence the amount and type of genetic variation present in
90 restoration material. Bottlenecks and sampling effects following collection, propagation, or
91 cultivation may lead to reductions in genetic diversity and the loss of locally adapted alleles,
92 impacting fitness and reducing the evolutionary potential of restored populations (Blanquart et al.
93 2013, Fant et al. 2008, Kawecki & Ebert 2004, Robichaux et al. 1997, Williams 2001, Wright
94  1938). Combined with the impact of selection, which may intentionally or unintentionally lead to
95  genomic and consequent phenotypic change, there is substantial opportunity for evolution of seed
96  material during restoration (Dyer et al. 2016, Espeland et al. 2017, Nagel et al. 2019). Given the
97  impact these different evolutionary processes may have, understanding how these factors interact
98 to influence seed material will have substantial economic and ecological consequences for
99  restoration success (Bischoff et al. 2010, Bucharova et al. 2017, Gerla et al. 2012, Keller et al.

100 2000, Kimball et al. 2015).
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101 Selection and sampling effects imposed during collection may also pose a significant
102  challenge to the preservation of genetic variation in ex situ conservation collections. Ex situ seed
103  collections aim to preserve extant genetic variation that may be incorporated into restoration or
104  breeding programs in the future (Hamilton 1994, Li & Pritchard 2009). Both commercial and ex
105  situ seed collections aim to maximize genetic diversity while maintaining locally adaptive genetic
106  variation across space and time (DiSanto & Hamilton 2020). Consequently, genomic comparisons
107  between contemporary wild populations, commercially produced material, and ex situ
108  conservation collections provide an ideal means to evaluate evolution of seed material maintained
109  for conservation and restoration (Robichauxet al. 1997, Schoen & Brown 1993, Taft et al. 2020).
110  Genomic comparisons of conservation and restoration seed sources with contemporary native
111  populations can be used to infer whether evolutionary challenges inherent to the collection and
112  maintenance of these resources cause them to differ from wild populations they are intended to
113 match.

114 Sampling effects can generate substantial genomic differences across seed sources with
115  potential lasting impacts to conservation goals and restoration outcomes (DiSanto & Hamilton
116 2020, Diwan et al. 1995, Franco et al. 2005, Hamilton 1994). The genomic effects of sampling
117  correspond to those found following population bottlenecks, including a reduction in effective
118  population sizes (Ne) (Leberg 1992, Wright 1938), making this a useful metric to compare across
119  populations when quantifying the effects of sampling. In addition, following a bottleneck, rare
120 alleles are more likely to be lost, influencing the distribution of allele frequencies (Excoffier et al.
121 2009, Maruyama & Fuerst 1985, Tajima 1989). This loss of rare alleles during bottlenecks results
122  in larger Tajima’s D estimates relative to populations with stable population sizes. Stochastic
123 changes in allele frequencies associated with sampling may also more broadly impact estimation

124  of inbreeding coefficients (Fis) linked to inbreeding depression (Cavalli-Sforza & Bodmer 1971,
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125  Garcia-Cortés et al. 2010, Husband & Schemske 1996) or estimates of coancestry (8) indicative
126  of relatedness among individuals within populations. Importantly, not only are these metrics useful
127  for assessing the magnitude of sampling effects they are also common proxies for evaluating short
128 and long-term fitness due to the challenges associated with inbreeding depression and increased
129 relatedness among breeding individuals (Angeloni et al. 2011, Caballero & Toro 2000, Hughes et
130 al. 2008, Keller & Waller 2002). Thus, these metrics provide valuable comparisons to assess the
131 quality of restoration and conserved seed resources relative to their wild counterparts.

132 In addition to stochastic processes associated with sampling, directional selection in the
133 agronomic environment can impact seed during cultivation. This may include selection associated
134  with chemical inputs and fertilizers used to improve yield, or reductions in competition or abiotic
135  stress (Dyer et al. 2016, Espeland et al. 2017). Moreover, individuals with traits promoted by
136  mechanized agricultural harvest, such as reduced shattering, minimum heights, or selected
137  phenology could evolve in commercially produced material relative to wild populations (Dyer et
138  al. 2016, Nagel et al. 2019). Previous experimental evidence indicates selection can influence the
139  genetic and phenotypic composition of restoration seed (Dyer et al. 2016, Nagel et al. 2019), but
140  no published studies to date have directly compared the genomic composition of commercially
141  produced seed with native remnant populations in the region of restoration. Genomic signatures of
142  selection can be identified through a variety of statistical analyses developed from the site
143  frequency spectrum (SFS), the distribution of allele frequencies sampled across the genome
144  (Hohenlohe et al. 2010, Nielsen 2001). Of these metrics, Tajima’s D is notable for possessing
145  relatively high statistical power compared to other methods for estimating the strength of selection
146 (Simonsen et al. 1995, Tajima 1983). If selection occurs during commercial seed production, then
147  we would expect commercial populations to have more negative values of Tajima’s D relative to

148  wild populations. Selection and sampling effects in response to the agricultural production are not
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149  the only mechanisms that could cause genomic differences between commercial and wild
150 populations. While genetic change may be attributable to anthropogenic selection, natural variation
151 in gene flow may also contribute to genetic differentiation among populations. Isolation by
152  distance (IBD) can create genetic differences among populations and is expected to increase with
153 increasing spatial distance (Slatkin 1993, Wright 1943). Consequently, the relationship between
154  geographic and genetic distance can provide a valuable null hypothesis against which alternative
155  evolutionary scenarios may be tested (Bradburd et al. 2016). If genomic differentiation among
156  seed source populations can be solely explained by the geographic distances between populations,
157  we can conclude that there has not been additional evolution associated with seed source type.
158  However, if IBD is absent or insufficient to explain population differences, other evolutionary
159  factors likely contribute to differentiation across seed source types.

160 North American grasslands remain one of the most threatened ecosystems globally, with
161  over 98% of remaining habitat converted due to anthropogenic development (Comer et al. 2018,
162  Hoekstra et al. 2004, Samson et al. 2004). However, substantial efforts are ongoing to mitigate the
163  loss of our native grasslands by applying commercially produced restoration seed mixes to reduce
164  non-native species, enhance biodiversity, and increase connectivity across fragmented landscapes
165  (Benayas et al. 2009, Hobbs & Norton 1996, Thomson et al. 2009). The perennial forb Helianthus
166  maximiliani Schrad. (or Maximilian sunflower) is a common constituent of grassland
167 communities. H. maximiliani encompasses an extensive range of climatic variation, with a natural
168  distribution spanning a broad latitudinal range from northern Mexico to southern Canada
169  (Kawakami et al. 2011, USDA 2004). Previous genetic studies using microsatellites revealed
170  substantial heterozygosity and low inbreeding rates within populations, consistent with an obligate
171  outcrossing mating system (Kawakami et al. 2011). Quantitative genetic experiments have also

172 found differentiation in traits important to adaptation associated with climatic variation, including
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173  freezing tolerance and flowering time (Kawakami et al. 2011, Tetreault et al. 2016). There have
174  also been efforts to breed H. maximiliani (hereafter selected lines) as a source of seed oil by
175  selecting for increased height, reduced shattering, and increased seed yield (Asselin et al. 2020).
176  H. maximiliani functions as a common and effective component of grassland restoration seed
177  mixes due to its ability to readily establish from seed, rapid spread through rhizomatous growth,
178 and ability to reinforce soil structure in degraded habitats (McKenna et al. 2019, USDA 2004).
179  Here, we take a genomics approach to evaluate the factors contributing to evolutionary change
180 among H. maximiliani seed sources to inform both conservation and restoration efforts into the
181  future.

182 Specifically, we compare the genomic composition of wild contemporary, ex situ,
183  commercially produced, and agronomically selected seed source populations to (1) test for
184  differences in the genomic composition of different seed source populations using ordination and
185  metrics of genetic differentiation, (2) test whether isolation by distance or alternative evolutionary
186  hypotheses are required to explain genomic differences among seed source populations, and (3)
187  compare population genetic summary statistics across seed sources to indicate potential impacts
188  of sampling and selection. With this third objective, we compare statistics that indicate how much
189  genetic variation is maintained across seed sources as a metric of evolutionary potential, including
190 expected heterozygosity (He), inbreeding coefficients (Fis), and linkage disequilibrium effective
191  population size (LD-N¢). We also estimate and compare parameters that can be used to evaluate
192  whether sampling effects or the impact of selection contribute to genomic differences across seed
193  sources. This includes Fis and LD-Ne, in addition to coancestry (0), and Tajima’s D. Overall, this
194  study serves as an important test of recent hypotheses that identify the important role evolutionary
195 processes can play throughout the collection, propagation, and implementation stages of

196  conservation and restoration. Our results provide valuable guidance to both future collection and
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197  deployment of seed for restoration and identify new avenues of research that can address the
198  evolutionary consequences seed collection and cultivation have to conservation and restoration.
199

200  Methods

201  Population Sampling

202 We compared the genomic architecture of four distinct seed source types; contemporary
203  collections from wild populations, seed collected and/or cultivated by commercial suppliers for
204  restoration, seed preserved in ex situ collections, and lines selected for agronomic traits (hereafter
205 selected lines) to assess the impact demographic variation and unintentional selection may have
206  had on the evolution of seed material used in restoration.

207 During the summer of 2016, tissue was sampled across six naturally formed wild
208  contemporary populations of H. maximiliani, separated by at least 15km, across North Dakota and
209  Minnesota (Figure 1). Leaf tissue was sampled by randomly collecting leaves from 20 individuals
210 per population along a 100m transect (Table 1). Following collection, leaves were preserved in
211  silica gel prior to DNA extraction. Four commercial restoration seed suppliers within North and
212 South Dakota provided five seed populations of H. maximiliani for use in this study. Commercial
213 seed was produced either through direct harvest from the wild or by cultivating local genotypes
214  (Table 1). All commercial seeds were harvested between 2016 and 2019.

215 Ex situ seed populations included in this study were sourced from the USDA National
216  Genetic Resources Program (https://wwwe.ars-grin.gov/). These bulk seed collections, designated
217 by local provenance, were collected in North Dakota in September of 1991 (4 collections) and
218 1995 (2 collections). Ex situ seeds were bulk harvested by clipping mature seed heads, following

219  which seed heads were dried and cleaned prior to storage in a cold room at 4 °C with 25% humidity.
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220 Selected lines represent germplasm developed as part of a domestication program to
221  improve the agronomic value of perennial grassland species. Breeding populations of H.
222 maximiliani were originally founded with 10 plants from each of 96 wild populations (960 plants
223  total) harvested in Kansas, US. Each line was bred for five generations selecting for increased
224  yield per stem, yield per seed head, and seed size by pooling pollen from the twenty best
225  performing families in each generation and using pooled pollen to fertilize plants from the same
226  twenty families. Seeds were harvested in 2014 and stored at 4 °C.

227 To obtain leaf tissue for genomic analysis, in 2018 we grew seeds sourced from
228  commercial, ex situ, and selected lines indoors and under growth chamber conditions in Fargo,
229  ND. Seeds were germinated in bulk following the protocol by Seiler (2010). Achenes were surface-
230 sterilized, soaked for 15 minutes in a 2% solution of 5.25% sodium hypochlorite in distilled water
231  withasingle drop of wetting agent (Tween 20, Sigma-Aldrich, Inc. St. Louis, MO, USA). Achenes
232 were then rinsed and scarified with a razor blade, cutting through the hull and tip of cotyledons
233 before soaking in a 100 PPM solution of gibberellic acid (Sigma-Aldrich, Inc.) for 60 minutes.
234  Following this, achenes were placed onto filter paper in Petri plates, sealed with parafilm, and
235  stored overnight in the dark at 21°C. Seeds (embryos) were gently removed from hulls, returned
236  to Petri plates, and examined daily for germination. Seeds with a visible radicle were planted into
237  a moistened peat pellet (Jiffy Peat Pellet, Plantation Products, Norton, MA, USA) and grown at
238  21°C under artificial lights (fluorescent T12 bulbs) until they produced between 4-8 true leaves.
239  Leaf tissue samples were collected from 20 randomly selected individuals from each population
240  orseed collection (20 individuals x 13 sources = 260 total individuals) and stored in silica gel prior
241  to DNA extraction.

242

243  DNA sequencing and genotyping
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244 We extracted DNA from ~10mg of dried leaf tissue using a modified Macherey-Nagel
245  NucleoSpin Plant 2 extraction Kit that included additional ethanol washes to ensure removal of
246  secondary plant compounds. DNA concentration was verified using the Quant-iT™ PicoGreen®
247 dsDNA kit (Life Technologies, Grand Island, NY) after submission to the University of
248  Wisconsin-Madison Biotechnology Center for sequencing. Genomic libraries were prepared as in
249  Elshire et al (2011) with minimal modification. In short, 50 ng of DNA was digested using the 5-
250  bp cutter ApeKI (New England Biolabs, Ipswich, MA) after which barcoded adapters were added
251 by ligation with T4 ligase (New England Biolabs, Ipswich, MA) for Illumina sequencing. The 96
252  adapter-ligated samples were pooled and amplified to provide library quantities appropriate for
253  sequencing, and adapter dimers were removed by SPRI bead purification. Fragment length and
254  quantity of DNA was measured using the Agilent Bioanalyzer High Sensitivity Chip (Agilent
255  Technologies, Inc., Santa Clara, CA) and Qubit® dsDNA HS Assay Kit (Life Technologies, Grand
256 Island, NY), respectively. Libraries were standardized to 2nM and were sequenced using single
257  read, 100bp sequencing and HiSeq SBS Kit v4 (50 Cycle) (lllumina Inc.) on an Illumina
258  HiSeq2500. Cluster generation was performed using HiSeq SR Cluster Kit v3 cBot kits (Illumina
259 Inc, San Diego, CA, USA).

260 Sequence files were demultiplexed using ipyrad version 0.9.12 (Eaton 2014) allowing for
261 zero mismatches in the barcode region. Following demultiplexing, single nucleotide
262  polymorphisms (SNPs) were called across populations and seed sources using the dDocent v2.7.8
263 pipeline (Puritz et al 20144, b). In the first step of the pipeline, reads were trimmed using the
264  program TRIMMOMATIC (Bolger et al. 2014), including the removal of low-quality bases and
265  Illumina adapters. Following read trimming, the pipeline aligned reads to the Helianthus annuus
266  v1.0 genome using BWA (Li & Durbin 2009). Sequence alignment was performed using the

267  software’s default parameters (a match score of 1, mismatch score of 4, and gap score of 6).

10
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268  Finally, as a last step, dDocent called SNPs using the software FREEBAYES (Garrison & Marth
269  2012) that produced a VCF file with 4,735,557 total SNPs. Downstream SNP filtering of the VCF
270  file first removed missing loci variants with conditional genotype quality (GQ) < 20 and genotype
271  depth < 3. Then, loci with Phred-scores (QUAL) <30, allele counts < 3, minor allele frequencies
272 < 0.05, call rates across all individuals < 0.9, mean depth across samples > 154 (based on the
273 equation from Li et al. 2014), and with linkage scores > 0.5 within a 10kb window were removed.
274  Following downstream filtering, 12,943 polymorphic loci were kept and used for subsequent
275  analyses. Individuals with more than 30% missing genotypes were removed from the analysis. In
276  total, 14 individuals from wild contemporary populations, two individuals from ex situ collections,
277  and one individual from a commercial supplier were discarded, leaving a total of 363 genotyped
278 individuals for inclusion in subsequent analysis (Table 1).

279

280  Population structure and genetic differences between seed sources

281 To test for the effects of seed source on the genetic structure among H. maximilani
282  populations, we used principal components analysis (PCA) and discriminant analysis of principal
283  components (DAPC) to partition the genetic variation observed in our sampling. Pairing these
284  methods provides valuable insight as it allows comparison of a method agnostic to a priori
285  expectations for population structure (PCA) to one which attempts to best depict differences
286  between populations (DAPC). Additionally, while PCA allows for the visualization of individual
287  axes which explain decreasing amounts of the total genomic variation, DAPC can combine and
288  display variation across multiple axes of variation simultaneously. Thus, DAPC will isolate and
289 incorporate only those axes that contribute to differences between our populations, while PCA

290 depicts population groupings onto major axes of variation.

11
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291 We performed principal components analysis (PCA) on the matrix of SNPs used for all
292  individuals in the study. Missing data (2.5% of all loci) were substituted with the mean allele
293  frequencies at each locus. We calculated the total variation explained by each axis by dividing the
294  eigenvalue of each PCA and the total sum of all eigenvalues. PCA was performed with the dudi.pca
295  function within the ADEGENET package (Jombart 2008, Jombart & Ahmed 2011). We then
296  plotted individuals along the first two PCA axes using s.class function in the package
297 ADEGRAPHICS (Siberchicot et al. 2017).

298 We first applied DAPC to the entire SNP dataset and then to a subset of the data including
299 only individuals from wild contemporary and ex situ populations. DAPC partitions genetic
300 variance using principal components analysis before using discriminant analysis to maximize
301 interpopulation variation and minimize intrapopulation variation. This allows DAPC to identify
302 the axes of variation that simultaneously maximize between group differences and minimize
303  within group differences (Jombart et al. 2010). For both analyses, we retained principal component
304  axes sufficient to explain 90% of the total variation and retained 18 and 11 discriminant functions
305 for depicting between group differences for all seed sources and ex situ — wild contemporary
306 analysis, respectively. All DAPC analyses were performed using the R package ADEGENET
307  (Jombart 2008).

308

309 Isolation by distance in seed collections

310 Genomic differences across populations can arise from the independent evolution of
311  populations connected by limited gene flow giving rise to isolation by distance (IBD). Patterns of
312  neutral evolution produced by IBD could confound our ability to infer evolutionary changes caused
313 by selection associated with seed source type. For this reason, we tested for any correlation

314  between Fs calculated between two populations and the spatial distance between them. Testing for

12
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315 IBD was also necessary due to the uneven spatial distribution of populations from different seed
316  sources to confidently attribute genomic differences to environmental or sampling effects
317  associated with different seed source types.

318 Pairwise genetic differences between populations were calculated as Fst: using the Weir and
319  Cockerham’s method which is unbiased with regard to differences in sample sizes (Weir &
320 Cockerham 1984; Willing et al. 2012). Unlike DAPC, pairwise F allows us to quantify the total
321  genetic differences between population pairs. Importantly, we can compare the magnitude of
322  genetic differences for populations of the same seed source type (e.g. two wild contemporary
323  populations) to differences calculated between populations of different seed source types (e.g. wild
324  contemporary population versus commercial population). If evolved differences between
325 populations have developed due to conditions associated with seed source type, we expect inter-
326  source Fs to be larger than intra-source Fst. To test for differences in inter- and intra-source Fst,
327  we used a Wilcoxon rank sum test implemented with the function ‘wilcox.test” in R.

328 To test for effects of IBD and seed source types on pairwise Fs, we first calculated the
329 geographic distance between seed collections. Exact geographic location data was available for all
330 wild contemporary and ex situ populations. Locations for commercial populations C-1, C-2, and
331  C-3were estimated as approximate locations based on descriptions of the counties, cities, reserves,
332  and geographic features associated with the provenance for each collection. Provenance data was
333  not available for the remaining two commercial populations (C-4, C-5) and selected lines (S-1, S-
334  2), and therefore these populations were not included in the analysis. Geographic distances were
335 calculated using the haversine formula, which accounts for the curvature of the earth (Robusto
336  1957), and then square root transformed to improve model fits. Distance measurements were made

337  using with the R package GEODIST.
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338 The relationship between Fg, distance, and seed source types used to calculate Fs was
339 evaluated using model selection with a series of linear mixed models. In these models Fst was
340 expressed as function of spatial distance (fixed effect) and a factorial variable coded for the
341  different pairwise seed source comparisons with random slopes and intercepts. The variable for
342  seed source comparisons required six levels in total, three for each of the intra-source comparisons
343  (wild to wild, ex situ to ex situ, and commercial to commercial) and three for each of the inter-
344  source comparisons (wild to ex situ, wild to commercial, and ex situ to commercial). We compared
345 the full model which included both spatial distance and seed sources to two reduced models each
346  of which included only one of the terms. A likelihood ratio test, implemented with Irtest function
347 in the package LMTEST (Zeileis & Hothorn 2002), was used to identify significant differences
348  between the full and reduced models. When the full and reduced models were significantly
349  different, we chose the model with the greatest loglikelihood value as the model with the best fit.
350 Additional calculations of per-locus Fst supported earlier analyses of population structure
351  between seed sources, particularly for comparisons including selected lines.

352

353  Signatures of Sampling and Selection

354 To ascertain the importance of sampling effect and selection in contributing to differences
355 among seed sources, we calculated expected heterozygosity (He), inbreeding coefficients (Fis),
356 linkage disequilibrium effective population size (LD-Ne), and coancestry coefficients (8).
357  Expected heterozygosity (He) and inbreeding coefficients (Fis) were calculated individually for
358 each SNP using the R package ADEGENET v2.1.0 (Jombart 2008, Jombart & Ahmed 2011). To
359  estimate LD-Ne, we followed the method of Braasch et al. (2019) which, rather than producing a
360 single, genome wide value, uses the mean from a distribution of LD-Ne estimated using multiple

361  subsets of the data. This method reduces the likelihood of violating the assumption of no physical
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362 linkage among loci in organisms without assembled genomes by repeatedly sampling a smaller
363  subset of loci. To produce a distribution of LD-Ne estimates, we created 5,000 sets of 500 loci and
364  estimated LD-Ne for each using the function IdNe in the package StrataG (Archer et al. 2017)
365  following methods from Waples et al. (2016). Estimates of relatedness (8) were made using the R
366 package COANCESTRY (Wang 2011) with 2,000 bootstrap iterations to calculate 95%
367  confidence intervals for each population.

368 We compared He and Fis across seed source types using linear mixed models with seed
369  source type as a fixed effect and population as a random effect. The significance of individual
370 termsand post hoc tests were performed with the R package LMERTEST (Kuznetsova et al. 2017).
371  Differences between LD-Ne and @ among wild contemporary, ex situ, and commercial seed
372 sources were compared using linear models implemented with the Im function. Selected
373  populations were not included in linear models due to lack of replication (n=2).

374 To test for signatures of selection or bottlenecks across seed source types, we calculated
375 Tajima’s D for each population (Tajima 1989). Positive estimates of Tajima’s D are indicative of
376  high heterozygosity or a scarcity of rare alleles, which could be caused by balancing selection or
377  demographic bottlenecks, as well as sampling effects. Conversely, recent population expansion or
378 directional selection should result in negative values of D arising from an excess of rare alleles.
379  Whole genome estimates of Tajima’s D with accompanying p-values were produced with the
380 ‘tajima.test’ function in the R package PEGAS and compared across seed source types with an
381 analysis of variance (ANOVA) and Tukey post hoc test (Paradis 2010).

382 We also note here that plotting per-locus Fst as a function of He revealed that the data were
383  depauperate in low He, high Fs loci. This pattern has been found in other work and matches the
384  expected relationship for these variables when drift and selection contribute similarly to

385 evolutionary differentiation (Narum & Hess 2011). When drift and selection similarly impact the
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386  genome, accounting for neutral differentiation in outlier analysis could increase type Il error while
387 failing to account for it would increase type | error. As a result, outlier analyses are not expected
388  toyield reliable results and were therefore not considered in this manuscript.

389 We found commercial populations had greater values of Tajima’s D than wild
390 contemporary populations (see results). This difference could be caused by either the loss of rare
391 alleles or greater genetic diversity in commercial populations. To visualize the frequency of rare
392 alleles and overall genetic diversity across seed source types, we constructed a folded site
393  frequency spectrum (SFS) for each seed source, with the exception of the selected lines. SFSs were
394  estimated from the filtered SNPs dataset (12,943 variants, 363 individuals) using the set of R

395 functions available at https://github.com/shenglin-liu/vcf2sfs. Individuals from populations

396 classified as the same seed source type (Table 1) were pooled together to generate seed source-
397  specific allele frequency profiles (Figure. 3).

398

399  Results

400 Population structure and genetic differences between seed sources

401 In total, 363 individuals and 12,943 SNP loci passed our filtering requirements. PCA of
402  the entire dataset required 110 axes to explain over 50% of the total genetic variation across all
403  seed source types. A total of 4.0% of the total genetic variation was explained by the first principal
404  component axis, which differentiated the two selected populations from all other seed sources
405  (Figure 2A). The second axis explained 2.2% of the total genetic variation and separated ex situ
406  population ES- E and commercial populations C-2 and C-5 on either end of the axis and from all
407  remaining populations at the center.

408 When genetic variation was partitioned using DAPC the first two axes explained 27.3%

409 and 21.7% of genetic variation, respectively (Figure 2B). These values are considerably greater
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410 than PCA-axes because DAPC incorporates and depicts the relationships across multiple axes of
411  variation simultaneously. DAPC, which also attempts to maximize differences between pre-
412  defined groups, split populations of H. maximiliani into four distinct groups. All wild
413  contemporary, all ex situ, and commercial population C-1 from Minnesota formed one group
414  together. The remaining four commercial populations were split into two clusters according to the
415  state they were sourced from. Commercial populations from North Dakota, C-2 and C-5, grouped
416  together, as did the commercial populations from South Dakota, populations C-3 and C-4. Selected
417  populations formed their own unique cluster. The first DAPC axis split commercial populations,
418  except for commercial population C-1, from wild, ex situ, and selected populations. The second
419 DAPC axis split wild and ex situ genotypes from selected genotypes and split the North Dakota
420 and South Dakota commercial populations.

421 A DAPC including only ex situ and wild contemporary seed explained 47.6% of the total
422  variation in this subset of the data (Figure S1). The first and second ordination axes explained
423  32.3% and 15.3% of genomic differences, respectively. Populations did not split according to seed
424  source type, although most ex situ populations were on the left side of axis 1 and the bottom of
425  axis 2. Each population formed a distinct cluster, except for two ex situ populations (ES-B and ES-
426  E) which grouped together.

427

428 lIsolation by distance in seed collections

429 Pairwise Fst ranged from -0.001, between commercial populations C-2 and C-5, to 0.238
430  between ex situ populations ES-E and selected population S-1 (Figure S2). Pairwise Fst mirrored
431  patterns observed in PCA. The largest values of Fs observed were between selected and non-
432  selected populations. Additionally, Fs; values calculated with population ES-E were larger than Fst

433  calculated using any other ex situ collections. Across all pairwise Fs, inter-seed source
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434  comparisons were significantly greater than intra-seed source comparisons (Wilcoxon signed rank
435  test: W =3845, p <0.001) (Figure S3). The linear mixed model using pairwise Fs: as the dependent
436  variable and seed source comparison as the only independent variable was significantly better than
437  the full model which included seed source comparison and geographic distance (Table 2). The
438  model using only distance as an independent variable was not significantly different from the full
439  model.

440

441  Patterns of genetic diversity and relatedness

442 Average He for all H. maximiliani populations ranged between 0.211+0.002 SE and 0.275
443  +0.001 SE, while Fis estimates ranged from -0.019 £0.001 SE to 0.018 £0.002 SE (Figure 4A, C).
444  He was similar across wild contemporary, ex situ, and commercial populations, all of which were
445  significantly greater than He in selected lines (Full model: F3 15 = 6.9, P = 0.004) (Posthoc tests:
446  wild contemporary-selected: P<0.001, ex situ-selected: P=0.001, commercial-selected: P=0.002)
447  (Figure 4A). There were no significant differences in Fis across seed source types (Fs s = 1.1, P =
448  0.363).

449 Wild contemporary and commercial seed populations spanned a wide range of LD-Ne
450  estimates in comparison to ex situ and selected populations (Figure 4B). Despite these trends we
451  did not observe significant differences in LD-Ne between seed source types (F2,14=3.3, P = 0.069).
452  Patterns of coancestry across seed source types mirrored those for LD-Ne. The linear model
453  comparing the effect of seed source was significant (F214=3.6, P = 0.037). Although wild
454  contemporary and commercial populations had lower 8 (range 0.001 to 0.022) than ex situ and
455  selected populations (0.011 to 0.042), post hoc comparison revealed only ex situ and commercial

456  populations were significantly different.
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457 Genomewide estimates of Tajima’s D were not significantly different from neutral
458  expectations for any population, including selected lines (Table S1). Nonetheless, Tajima’s D
459  estimated for commercial populations was significantly greater than those for wild contemporary
460  populations (analysis of variance: F2,14 = 3.82, P = 0.048; Tukey post hoc test wild — commercial:
461 P =0.047) suggesting differences in the site frequency spectrum among populations for these two
462  seed sources. The shape of the folded SFS for wild, ex situ, and commercial seed sources was
463  similar, with few rare alleles, a peak at a frequency around 0.09, and a gradual decline at higher
464  frequencies. The SFS for commercial genotypes could be distinguished from ex situ and wild
465  genotypes by a higher abundance of the rarest alleles.

466

467  Discussion

468 An overarching goal of both restoration and conservation is to maintain evolutionary
469  potential to ensure populations sustain the ability to adapt to change (Hamilton et al. 2020,
470 Hoffmann & Sgro 2011). However, for both ex situ conservation collections or seed propagated
471  for restoration, the efficacy of these goals may be dependent upon the amount and type of genetic
472  variation maintained in populations. Sampling effects and genetic bottlenecks associated seed
473  collection and selection during propagation can create genotypic differences between seed source
474  types. Using a genomic dataset assembled from wild contemporary, commercial, ex situ, and
475  selected populations of H. maximiliani, we tested for the presence of genomic differences that
476  could be attributed to seed source type. We found evidence that commercial seed and selected lines
477  were genetically differentiated from wild and ex situ collections. These differences could not be
478  explained by neutral processes, such as isolation by distance, implicating other evolutionary
479  explanations for genomic differences among seed sources. While we did not find direct evidence

480 that selection caused genomic differentiation between seed sources, increased coancestry and low
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481 LD-Ne in ex situ collections were consistent with an impact of sampling. Varying genomic
482  composition of commercial seed sources relative to wild, contemporary populations suggest
483  further study is required to evaluate whether genomic differences correspond to functional
484  differences that impact restoration success. Common garden studies have shown that seed transfer
485  across environments can impact plant traits and performance (Bucharova et al. 2017, Giencke et
486  al. 2018, Johnson et al. 2004, Lesica & Allendorf 1999, Yoko et al. 2020). Consequently, the
487  genomic differences we observe here warrant additional study of H. maximiliani seed sources
488 linking genomic differences to traits important to adaptation and persistence in restored
489  environments.

490 Consistent with the expectation that genotypic differences exist between seed source types,
491  we observed genetic differences between H. maximiliani populations according to seed source type
492 and region of origin. While ex situ and wild populations appear to have similar genomic
493  composition, with the exception of one ex situ population, commercial and selected populations
494  tended to exhibit differences across our analyses. Differences between seed source types were most
495  apparent in the DAPC analysis. Although this method maximizes between group differences and
496  minimizes within group differences, our analysis grouped individuals according to population,
497  rather than seed source type. Seed source differences were also apparent with PCA, which split
498  selected lines from all others along the first axis of variation. PCA also grouped all remaining
499  populations, except for commercial populations C-2 and C-5, which had mostly negative values
500 along the second PCA axis, and ex situ collection ES-E, which had more positive values along the
501 second axis. Pairwise comparisons of Fst matched ordination analyses, and in general Fs calculated
502  between collections of the same seed source type were lower than those calculated across seed
503  source types. Overall, the differences we observed between wild and commercial seed match the

504  expectations established by theoretical and experimental studies for how evolution via selection
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505 and sampling effects could lead to differentiation between commercial and wild populations (Dyer
506 etal. 2016, Espeland et al. 2017, Nagel et al. 2019).

507 Unexpectedly, DAPC also split the four divergent commercial populations according to
508 the state of their collection, either North or South Dakota. The split among commercial populations
509  was also apparent with PCA, which separated the two commercial populations from North Dakota
510 from all other non-selected populations. Notably, within an individual region, commercial
511  populations were grown by different suppliers despite their genomic similarity. Genetic similarity
512 among different sources of commercial seed could indicate consistent local practices in
513  commercial production or that suppliers are pulling from similar genetic resources. We did not
514  find robust evidence for selection as a cause for the differences between wild and commercial seed,
515  which suggests it is more likely that seed suppliers are using similar genetic stock. Regardless of
516 the reason for this effect, similarity in commercial seed does not match most conservation goals
517  which attempt to balance high genetic diversity with the need for locally adapted seed inputs
518 (Hamilton et al. 2020, Hufford & Mazer 2003, McKay et al. 2005), a problem compounded when
519 commercial seed is not a close analogue to wild populations. Commercial seed is used for
520 restoration because the necessary volume of seed cannot be sustainably harvested from wild
521  populations (Broadhurst et al. 2008). If there are few H. maximiliani populations of appropriate
522  size for harvesting seed within different regions, it would then be unsurprising if different
523  commercial suppliers obtained and mixed germplasm from the same wild sources. While we don’t
524  have information on how well the seed used in this study compares to wild genotypes as a
525  restoration resource, the dissimilarity between commercial and wild seed warrants greater
526  communication between seed suppliers and restoration practitioners to understand the potential

527  causes of genomic differences.
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528 Genomic differences between H. maximiliani populations were not correlated with
529 geographic distances and do not appear to demonstrate patterns of IBD. In natural populations,
530 genomic differences are expected to increase in response to increasing spatial distance and a
531  corresponding reduction in gene flow among populations (Slatkin 1993, Wright 1943). The
532  absence of IBD in our data could have multiple explanations. First, there could be sufficient gene
533 flow to connect H. maximiliani populations across the largest spatial scales included in our
534  analysis, but substantial gene flow should also homogenize the genomic variation between
535 populations. This does not correspond to the results of our DAPC analysis, which was able to
536  partition genomic variation, not just at the scale of seed source types, but at the level of individual
537  populations. An alternative cause for the lack of IBD could be rates of gene flow near zero, such
538 that every population is functionally isolated, negating the effect of distance. Although
539 fragmentation of prairie habitat in North America has indeed increased the isolation among plant
540 populations (Samson et al. 2004; Wimberly et al. 2018), the complete cessation of gene flow across
541 populations has not been observed in other species. In the grass Festuca hallii, distance was still
542  correlated with genetic variation across the same geographic region considered in our study (Qiu
543 et al. 2009). Although grasses and sunflowers differ in their pollination ecology and methods of
544  seed dispersal, these patterns of differentiation in F. hallii suggest it is unlikely that prairie plant
545  populations are so isolated that geographic distance has no effect on population structure. Rather,
546  given the structure of our analysis, it is more probable that seed source differences disrupted
547  patterns of IBD and more strongly predicted differences in pairwise Fs. Increased sampling across
548 commercial and wild populations would be useful to supplement our observations on the effect of
549  seed source type and warrants additional study. Knowledge of the degree to which commercial
550 propagation disrupts the effects of natural IBD in H. maximiliani populations would be valuable

551  for restoration practitioners seeking to best match seed inputs to local environmental conditions.
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552 Selection during agricultural propagation can result in the evolution of restoration seed,
553  altering traits that contribute to growth and phenology (Dyer et al. 2016, Nagel et al. 2019).
554  Although commercial populations were genetically distinct from wild contemporary populations,
555  we did not find evidence that differences are due to selection. Commercial and wild populations
556  did not differ in He, Fis, LD-Ne, or coancestry. Tajima’s D in commercial populations was also not
557  significantly different from zero, which suggests that selection has not been strong enough to exert
558  genome scale effects. Interestingly, Tajima’s D was significantly greater in commercial than wild
559  populations, which is likely caused by a slight increase in the frequency of rare alleles in
560 commercial populations. Although selection in agricultural ecosystems is common, experimental
561 cultivation of five different plant species found that molecular evidence of evolution was not
562  apparent in two (Nagel et al. 2019). Species that were perennial or outcrossing, such as H.
563  maximiliani, were also less likely to exhibit evidence of selection. Thus, although we uncovered
564  multiple ways in which commercial and wild populations differ, the life history and mating system
565  of H. maximiliani may have buffered the species against evolutionary change during commercial
566  production. Overall, the genomic differences between commercial and wild populations do not
567  appear to be driven by selection during cultivation, a phenomenon which might be more common
568 in plant species with shorter life histories or that exhibit greater instances of selfing.

569 We found significant differences in coancestry between ex situ and commercial seed
570  sources. Ex situ populations also had lower LD- Ne than commercial populations, and although
571  this comparison was not significant, a high coancestry should coincide with higher rates of linkage
572  disequilibrium and lower LD-Ne. Low LD-Ne and higher coancestry without corresponding
573  increases in Fis could reflect the sampling methods used to establish these collections. Alleles are
574  more likely to be identical by descent in populations with greater coancestry and are less likely to

575  represent the uniform sampling of large populations (Cavalli-Sforza & Bodmer 1971). In ex situ
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576  collections, high coancestry and low LD-Ne could result from sampling large quantities of seed
577  from a relatively small number of maternal individuals. Sampling in this manner would also not
578 immediately reduce He or increase Fis in a self-incompatible species prior to sexual reproduction
579  (Allendorf 1986, Leberg 1992), but would increase coancestry and LD-N. because of the large
580 number of half-siblings represented in the population. The difference between commercial and ex
581 situ collections may imply that commercial seed provides a superior resource by harboring greater
582  genotypic diversity. Whether or not this is true likely depends on the specific goal of the collection.
583  For example, high coancestry could be mitigated if multiple ex situ collections are mated prior to
584  deployment in the wild. Additionally, ex situ collections appear to be closer analogues to
585  contemporary wild populations and could be superior resources for restoration if the genotypic
586 differences depicted in our analysis correlate with functional differences. This suggests additional
587 work to evaluate the consequences of high coancestry and genomic differences from wild
588  populations will be essential for applying our results into practice for restoration.

589 The production of seed for restoration and conservation includes an inherent conflict
590 between maintaining the genomic composition of wild populations and supplying large volumes
591  of seed (Broadhurst et al. 2008, Espeland et al. 2017). In addition to these challenges, the goals of
592  conservation are themselves sometimes in conflict, with the need to maintain populations that are
593 locally adapted while maximizing genetic diversity to buffer against contemporary and future
594  environmental challenges respectively (Bucharova et al. 2017, Hamilton et al. 2020). The loss of
595  genetic diversity and evolution of functional traits during cultivation is thus a major concern for
596  restoration efforts. In our comparison of commercial and wild H. maximiliani collections, we did
597 not find evidence of selection or reduced genetic variation in commercial seed, but we did observe
598 significant differences in their genotypic composition. Additionally, the surprising genomic

599 similarity of commercial seed sourced from the same region is evidence for a homogenizing factor
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600 either during seed collection or cultivation. High similarity across commercial seed inputs is at
601  odds with the goal of maximizing genetic diversity while maintaining local adaptation and has the
602  potential to reduce the efficacy of restoration in the short and long-term. Given the species-specific
603  evolutionary consequences of cultivation (Nagel et al. 2019), it is also possible that other seed
604  inputs which are less buffered against the genomic effects of selection, due to their life history or
605  mating strategies, will exhibit increased differentiation from wild populations during commercial
606  production. Additional study evaluating the trait variation and contribution of H. maximiliani to
607  ecosystem services between wild and commercial seed collected across varied restored habitats is
608  necessary. Furthermore, to fully integrate the consequences of our study for restoration similar
609  work comparing plant species commonly used in restoration will be important for generalizing
610  these results. Until this work can be performed, increased collaboration between producers and
611  users of commercial seed is needed to better understand the effects of provenance, individual
612 methods of harvest, and cultivation on seed material needed to best meet restoration goals
613  (Hamilton et al. 2020).
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858
859

860 Table and Figure Captions

861
862  Table 1. Geographic location, sample size, and year of harvest for Helianthus maximiliani seed

863 Sources.

State Collected Year of
Seed Source Population ID n From Latitude Longitude Cultivated harvest
Ex situ
ES-A 20 ND 47.4333 -98.3333 N 1991
ES-B 20 ND 46.9167 -97.1833 N 1991
ES-C 19 ND 47.4333 -98.1167 N 1991
ES-D 19 ND 46.3500 -98.3333 N 1991
ES-E 20 MN 46.9833 -96.7500 N 1995
ES-F 20 ND 46.6500 -97.2333 N 1995
Wild Contemporary
W-1 13 ND 46.8758 -97.2321 N 2016
W-2 20 MN 46.8554 -96.4814 N 2016
W-3 13 ND 46.7278 -96.8339 N 2016
W-4 20 ND 46.2459 -97.4060 N 2016
W-5 20 ND 46.0216 -97.3462 N 2016
W-6 20 ND 46.0177 -97.0537 N 2016
Commercial
C-1 20 MN 45.5895 -95.7600 N 2017
Cc-2 20 ND 46.8697 -96.8903 Y 2018
C-3 20 SD 44,4031 -99.9997 Y 2016
c-4 20 SD Y 2016
C-5 19 ND N 2017
Selected Lines
51 20 KS Y 2014
5-2 20 KS Y 2014

864

865 Note:

866  n: number of individuals in each population retained for genetic analysis.

867  State Collected From: MN, Minnesota; ND, North Dakota; SD, South Dakota.

868  Cultivated: N, seed collected from naturally growing stands; Y, grown in an agroecosystem for at
869  least one generation prior to seed harvest

870
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871 Table 2. The effect of isolation by distance and seed source on pairwise Fs. Reduced models were
872  compared to the full model using the likelihood ratio test. P-values in bold indicate significant
873  differences between the reduced and full model.

Model Log-likelihood Df  P-value
Distance + Seed Source Comparison 223.75 - -
Distance 223.49 1 0.42
Seed Source Comparison 228,98 1 0.001
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891

892  Figure 1. Sampling locations of Helianthus maximiliani seed across the northern United States.
893  Location data was available for all native remnant and ex situ seed sources and three of the five
894  commercial seed sources used in this study. Location data for the remaining commercially
895  produced seed was not available.
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898

899  Figure 2. Genomic variation of Helianthus maximiliani partitioned by (A) principal components
900 analysis (PCA) and (B) discriminant analysis of principal components. Both analyses were
901 conducted on the full SNP dataset for all ex situ, wild contemporary, commercial, and selected
902  populations. Missing data (2.5% of all observations) in the PCA were replaced with the mean allele
903  frequency value. Different seed source types are depicted as different colors (yellow: ex situ; green:
904  wild contemporary; brown: commercial; orange: selected).
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Figure 3. The site frequency spectrum for wild contemporary, ex situ, and commercial seed

collections shows a greater number of low frequency alleles in commercial populations.
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Figure 4. Estimates of (A) expected heterozygosity (He), (B) linkage disequilibrium effective
population size (LD-Neg),(C) inbreeding coefficients (Fis), (D) coancestry coefficients (), and (E)
genome wide Tajima’s D for commercially produced, ex situ, native remnant, and experimentally
selected Helianthus maximiliani seed sources. Points depict population means for panels A-D.
Error bars for LD-Ne and 0 are bootstrapped 95% confidence intervals estimated with 2000

replicates.
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Figure 5. The per-locus relationship between Fst and He for a) wild and ex situ populations, b) wild
and commercial populations, and c) wild and selected populations. In all comparisons, there are
no loci with low He and moderate to high Fs, which matches patterns from simulation studies in

which the effects of selection and neutral evolution are equivalent in magnitude.
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