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Abstract

Northern Wild Rice (NWR; Zizania palustris L.) is an aguatic annual grass with
significant ecological, cultural, and economic importance to the Great Lakes region of the United
States and Canada. Understanding the genetic diversity of NWR is essential to conservation
efforts. In this study, we assembled and genotyped a diverse collection of 789 NWR individuals
using genotyping-by-sequencing and obtained 5,955 single-nuclectide polymorphisms (SNPs).
Our collection consisted of samples from 12 wild NWR populations, some of which were
collected temporally, a representative sampling of cultivated NWR germplasm, and a Zizania
aquatica population (outgroup). Using these data, we characterized the genetic diversity,
relatedness, and population structure of this broad collection of NWR genotypes. We found that
wild populations of NWR clustered primarily by their lake or river of origin as well as larger
clustering patterns based on watershed assgnment. Contextualizing some clustering patterns
with historical knowledge of ecosystem management helped to unravel some of the complexity
of the population structure of wild populations. Cultivated materials were genetically distinct
from wild populations, suggesting limited gene flow between the semi-domesticated crop and its
wild counterparts. Estimates of linkage disequilibrium (LD) in NWR demonstrated that LD
decays quickly across the genome and provided insights into the quality of the reference genome
assembly of NWR. The first genome-wide scans of putative selection events in cultivated NWR
were also evaluated. Overall, this study presents alarge set of new SNP markers for use in NWR
genetic studies as well as new insights into the gene flow, history, and complexity of wild and

cultivated populations of NWR.
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Introduction
Northern wild rice (NWR; Zizania palustris L.) is an annual, diploid (2n=2x=30), aquatic
grass native to the Eastern Temperate and Northern Forest ecoregions of North America (Elliot
1980; Grombacher et al., 1993). Predominantly found in shallow, slow-moving waterways
surrounding the Great Lakes of the United States and Canada, NWR’s regional significance in
these areas is vast and complex (De Wet and Oelke, 1978; Drewes and Silbernagel, 2005; Lu et
a., 2005; Myrbo et al., 2017; Biesboer, 2019; Desmarais, 2019). To begin, NWR is a natural
resource that provides food and substantial habitat for a wide range of wildlife (Moyle, 1944,
Fannucchi, 1983) as well as important ecosystem services, such as anchoring soils and inhibiting
aga blooms (Rogosin, 1954). This abundant and nutritional grain did not go unnoticed by
humans and has been hand-harvested from regional lakes and rivers for centuries (Grombacher,
1997). The First Peoples to consume the grain were Dakota and Anishinaabe. The grain is of
particular importance to the Anishinaabe as NWR plays a central role in their origin story
(Matson et al., 2021) and remains an integral component of their lives and culture today. The
species has also been partially domesticated and commercialized, starting in the 1950s when
Minnesota farmers began growing NWR in dike-irrigated paddies (Oeke, 1982). Today,
cultivated NWR, sometimes called paddy rice, is considered a high-valued small commodity
crop, grown primarily in Minnesota and California. Additionally, as a part of the Oryzae tribe in
the Poaceae family, Zizania species are also considered crop wild relatives of Oryza sativa L.
(white rice). Due to the many services described above, the conservation of NWR serves as an
important intersection between our ecosystems, our cultures and food, and our economies.
Worldwide, plant species are experiencing declines and extinction events as a result of

human activities that alter natural ecosystems. It has been widely reported that for at least the last
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century NWR has been experiencing such declines in its native habitats (Norrgard, 2006;
Hansen, 2008) and the species appears to be slowly migrating northward (Terrell et a., 1997).
Recent reports have stated that NWR is at high risk of loss, and the International Union for
Conservation of Nature has added NWR to their red list of threatened species (Maiz-Tome,
2016). Threats to the species include local hydrology changes due to damming and
channdlization, recreational water activity, shoreline development, and water pollution from
industrial activities (Hansen, 2008; Myrbo et al., 2017). The species is particularly sensitive to
high levels of sulfates in its water supply and acts as an important indicator species of water
quality (Fort et al., 2014; Myrbo et al., 2017). In addition to these challenges, NWR seed is
recalcitrant or desiccation intolerant, which reduces seed longevity in storage to 1-2 years
(Probert et al., 1989) and eliminates the feasibility of storing NWR seed in ex-situ seed banks for
its conservation and preservation. Therefore, the genetic diversity of NWR can currently only be
preserved in-situ within its natural range (Porter, 2019).

Genetic diversity represents the extent of heritable variation within and among
populations of a species and is necessary for populations to adapt to changes in their
environment and maintain long-term viability (Frankel, 1970; Ellegren and Galtier, 2016).
Biologists and conservationists have widely recognized the value of characterizing genome-wide
diversity within a species for use in conservation efforts (Sgro et al., 2011; Santamaria, 2012).
However, such studiesin NWR have been limited and have heavily relied on outdated molecular
marker systems (Lu et a., 2005; Kahler et al., 2014; Diller et al., 2018), which are laborious to
produce and often limited in number (Collard et a., 2005). The advent of low-cost high-
throughput sequencing has revolutionized the ability to characterize the genetic diversity in large

germplasm collections through genotyping-by-sequencing (GBS) technologies, which produce
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87  prolific numbers of co-dominant, single-nucleotide polymorphism (SNP) markers (Elshire et a.,
88 2011). In 2019, a study with limited sample size demonstrated the potential for GBS to be
89 appliedto NWR (Shao et al., 2019).
90 In this study, we used GBS data to identify SNPs and conduct population genetic
91 analyses on a diverse collection of NWR genotypes. The collection consisted of wild NWR
92 populations gathered across northern Minnesota and Wisconsin (referred to here as Natural
93 Stands), cultivars and germplasm from the University of Minnesota (UMN) NWR breeding,
94  genetics, and conservation program (referred to here as Cultivated Material), and a population of
95 Zizania aquatica L. A Temporal panel was aso generated to look at the change in diversity over
96 time between two lakes. Cultivated materials were included in this study as the crop is grown
97 primarily within the species centers of origin and diversity and gene flow from cultivated
98 materialsisaprimary concern to Dakota and Anishinaabe First Peoples.
99
100 Materialsand Methods
101 Plant materials. The data we present here consisted of 789 individuals representing three
102 different collections including a Natural Stand collection, a Temporal collection, and a
103  Cultivated collection. Our Natural Stand collection consisted of 530 individual samples collected
104  from 10 wild populations across northern Minnesota (50 samples per lake/river) and 2 wild
105 populations from western Wisconsin (10 from Mud Hen Lake; 20 from Phantom Lake) (Figure
106 1; Table S1). An additional 50 Z. aquatica samples, also collected in northern Minnesota, were
107  used as an outgroup in this study. Three major HUC-8 watersheds defined by the Minnesota
108 Department of Natural Resources were represented in this collection including seven populations

109 from the Upper Mississippi River (UMR) watershed, three populations from the Red River of the
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110 North (RRN) watershed, and two populations from the St. Croix River (SCR) watershed (Figure
111 1; Table S1). A distance (km) matrix for all Natural Stand populations is available in Table S2.
112 Our Tempora collection consisted of 200 samples collected from Garfield and Shell Lakes in
113 2010 aswell as 2018 (50 samples/lake/callection date). GPS coordinates were used to ensure the
114  same population at the same precise location were collected at both time points (Table S1). To
115 avoid confusion, we would like to note that samples from Garfield and Shell Lakes collected in
116 2018 were also a part of our Natural Stand collection. Our Cultivated collection consisted of 209
117 individual open-pollinated samples, representing 3 cultivars and 15 breeding populations from
118 the UMN NWR breeding program, which were collected at the UMN North Central Research
119  and Outreach Center (NCROC) in Grand Rapids, MN in 2018 (Table S1; Figure S1).

120

121  DNA extraction and sequencing. During collection, 8 cm of leaf tissue was harvested on ice and
122  then lyophilized using a TissueLyser Il (Qiagen, Vaencia, CA, USA). Genomic DNA was
123  extracted using a Qiagen DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) according to the
124  manufacturer’s instructions. After checking DNA concentration and mass with a NanoDrop
125  spectrophotometer (Thermo Scientific, Wilmington, DE, USA), samples were submitted to the
126  UMN Genomics Center for library preparation and sequencing. The digestion step was
127  performed using two restriction enzymes, Btgl (5'-C/CRYGG-3') and Tagl (5'-T/CGA-3),
128 initially evaluated in NWR in Shao et al. (2019). After digestion, unique barcodes were ligated to
129 DNA fragments for sample identification and pooling. Single-end 150-bp sequencing to a depth
130 of 2.5 million reads per sample was performed on an Illumina NovaSeq machine (Illumina, San

131 Diego, CA, USA). Raw data were deposited in the National Center for Biotechnology
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132 Information Short Read Archive (NCBI SRA) under accesson number PRINA774842.
133  BioSample accession numbers for individual samples are provided in Table S3.

134

135 Read mapping. Quality control was initially performed on the FASTQ files using fastQC version
136  0.11.7 (Andrews, 2010) using default parameters to check for quality and adapter contamination.
137  After adapter trimming with Cutadapt version 1.18 (Martin, 2011), reads were mapped to the
138 reference genome v1.0 of NWR cultivar ‘ltasca-C12' (Haas et al., 2021) using the default
139 parameters of BWA-MEM version 0.7.13 (Li, 2013). Using default parameters, SNPs were
140  called using the mpileup function from BCFtools version 2.3 (Li et al., 2011) and sorted with the
141  sort function from samtools version 1.9 (Li et al., 2009), resulting in 2,183 variant call format
142  (VCF) files, one for each scaffold of the NWR genome. The 17 largest VCF files representing
143  the 15 NWR chromosomes and 2 additional large scaffolds of the NWR reference genome were
144  merged into a single VCF file with the concat function from BCFtools version 1.2 (Li et al.,
145  2011). Filtering of the merged VCF file was carried out using VCFtools with default parameters
146  (Danecek et al., 2011). A maximum missing rate of 20% across all samples and a minimum
147  depth of 4 reads per variant site was used to obtain our final SNP set, which was deposited at the
148 DataRepository for the University of Minnesota (DRUM) under Digital Object Identifier XXX.
149

150 Marker statistics. Summary statistics were calculated for each SNP including their distribution
151  across chromosomes/scaffolds as well as genic regions, their polymorphism information content
152 (PIC) value, and their trangtion/transversion (TsTvV) ratio. Polymorphism information content
153 (PIC) was calculated using the snpReady R package (Granato et al., 2018). The number and type

154  of trangtions and transversions were calculated using VCFtools.
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155

156 Genetic Diversity Assessments. To assess the structure and distribution of genetic variation
157  within our collections, we conducted principal component (PC) analysis (PCA). To generate the
158 PCA, the VCF file resulting from our SNP calling pipeline was imported into PLINK version
159  1.90b6.10 (Purcell et al., 2007) and the PCA function was used to calculate eigenvectors and
160 eigenvalues. These data were imported into the R statistical environment (R Core Team, 2013)
161 for further analysis and visualization. Neighbor-joining trees were created using the R packages
162 adegenet (Jombart, 2008; Jombart and Ahmed, 2011), ape (Paradis and Schliep, 2019), poppr
163 (Kamvar et al., 2014; Kamvar et a., 2015), and vcfR (Knaus et a., 2017). We used the
164 aboot () function (bootstrapped dendrograms) from poppr with the unweighted pair group
165 method with arithmetic mean (UPGMA) algorithm with Prevosti's genetic distance
166  ("bitwise.dst"), 100 bootstrap replicates, and a cutoff value of 50.

167 The population structure of our Natural Stand and Cultivated collections was determined
168 using Bayesian clustering implemented in STRUCTURE version 2.3.4 (Pritchard et al., 2000).
169 Genotypic data for these individuals and our final bi-alelic SNP set were loaded into
170 STRUCTURE and analyzed with the admixture model. The markov chain monte carlo was run
171  for K=2to K=6 and subsequently from K=10 to K=15 with a burn-in length of 1,000 followed by
172 10,000 iterations. Lower K values were used to look for larger structural patterns while the
173  higher K values were chosen to test if we were able to separate each population (K=14=12
174  Natural Stands + 1 Cultivated + 1 Z. aquatica) into their own STRUCTURE-assigned cluster.
175 We were particularly interested in looking for admixture between specific populations using this
176 level of resolution. Each K value was run 10 times. The ideal number of clusters was determined

177 using the DedtaK statistic from the Structure Harvester web tool version 0.6.94 (Earl and
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178 vonHoldt, 2012), which uses the Evanno et al. (2005) method for determining the number of
179  clusters.

180 Analysis of Molecular Variance (AMOVA) was performed using the poppr . amova ()
181 function from the poppr R package (Kamvar et a., 2014; Kamvar et al., 2015) based on the work
182 of Excoffier et a. (1992). We defined groups in a hierarchy based on their collection
183 membership (e.g., lakefriver of origin or cultivar/breeding line identity), species (Z. palustris or
184  Z. aquatica), and, more broadly, their germplasm type (e.g., Natural Stand or Cultivated). We
185 also conducted an AMOVA based on STRUCTURE-assigned population membership. For each
186 AMOVA, we used the "farthest neighbor" algorithm and the "quasieuclid" (default) method to
187  correct for non-Euclidean distance implemented in the ade4 R package using default parameters
188 (Dray and Dufour, 2007). The significance was determined using the randtest () function
189  with 999 repetitions. In order to test for correlation between geographic and genetic distancesin
190 our Natural Stand collection, we conducted a Mantel test using themantel . rtest () function
191 from the ade4 R package (Paradis and Schliep, 2019). We used the same individual genetic
192 distances that were used to create the UPGMA trees, averaged by population membership.
193  Geographic distances were calculated using the distm () function from the geosphere R
194  package (Hijmans et a., 2011) using default parameters. The regression equation was found by
195 fitting the genetic and geographic distances to a linear model using the following code in R:
196 1m(genet ~ geo).

197

198 Gene flow. Pairwise estimations of genetic differentiation (Fsr) between different subgroups
199 based on geographic origin, germplasm type (cultivated population, natural stand, species), and

200 STRUCTURE-defined population subgroups, according to the method of Weir and Cockerham
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201  (1984), were calculated in VCFtools (Danecek et al., 2011). We aso used Dsuite version 0.4
202 (Malinsky et al., 2021) to calculate Patterson's D-datistics, also known as the ABBA-BABA
203  satigtic, in order to test for introgressions between groups. Since the analysis requires four
204  groups, we defined the groups based on their membership in STRUCTURE-assigned groups
205 when K=4. This approach split the Natural Stands into two groups (described in the Results
206  section as Natural Stand | and Natural Stand 1) while the Cultivated collection formed a third
207  group. The fourth and final group (the outgroup) was Z. aquatica.

208

209  Linkage Disequilibrium. To calculate LD, we used the LD.decay() function from the sommer R
210 package (Covarrubias-Pazaran, 2016) using default parameters (gamma = 0.95). We analyzed
211  Natural Stand and Cultivated collections separately. Since the LD.decay() function cannot handle
212  missing data, BEAGLE version 5.1 (Browning and Browning, 2007, Browning et al., 2018) was
213  used to impute missing genotype data for this analysis. The results (r* and pairwise-distance)
214  were plotted in R. We calculated LD for both individual chromosomes as well as the genome as
215 awhole. In order to convert the r measure of LD into the genomic distance a which LD has
216  effectively decayed, we used a known value of y (r?) = 0.20 (Rafalski et al., 2002; Vos et al.,
217  2017) to solve for the value for x (genomic position). Using the genome-wide LD results (r2, D,
218 and the fitted loess curve results), we selected all rows where r was between 0.20 and 0.21 and
219 calculated basic statistics (e.g., mean, median) for the data points that fit our criteria (~100 points
220 for each).

221

222  Genome-wide Scans for Sgnatures of Selection. To begin to identify putative selection eventsin

223  cultivated NWR, we tested for deviations from the model of neutrality in a variety of ways. First,
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224  we calculated site frequency spectra (SFS) for cultivated NWR and the Natural Stands
225 (excluding Z. aquatica) across the NWR genome by calculating the frequency of each alele
226 (reference or aternate) for every SNP and plotting the distribution of the derived (alternate)
227 dlele frequencies with bin sizes of 0.02 (2%). This was done separately for Cultivated and
228 Natural Stands. We calculated nucleotide diversity (w; Nei, 1987) and Tajima' s D (Tajima, 1989)
229  for each SNP using VCFtools (Danecek et al., 2011) by carrying out calculations separately for
230 Natural Stand and Cultivated collections. The results were plotted in the R datistical
231  environment (R Core Team, 2013) by aggregating © values into 1-Mb bins using the mean n
232 value for each bin. In order to explore putative selection events in greater detail, we used the
233  Cross-Population Composite Likelihood Ratio (XP-CLR) test (Chen et al., 2010) to support or
234  refute the potential for the regions of low nucleotide diversity to be caused by selection events.
235

236 Results

237  Genotyping-by-sequencing. Using GBS technology, 739 samples representing our diversity
238  collection along with 50 samples of Z. aquatica, which served as an outgroup, were sequenced to
239 a depth of 2.5 million reads per sample. Samples were categorized into three collections
240 including a Natural Stand collection, which consisted of 530 Z. palustris samples collected from
241  Minnesota and Wisconsin; a Cultivated collection, which consisted of 209 samples from the
242  UMN NWR breeding program; and a Temporal collection, which consisted of 200 samples
243  collected from two Minnesota lakes in 2010 and 2018. A total of 1,833,504,458 reads were
244  generated with an average of 2,100,455 reads per sample. From these data, a total of 5,955 SNP
245  markers were identified that met our filtering criteria, 3,005 (50.1%), of which, reside in genes.

246  Basic marker statistics are shown in Table 1. Using 1-Mb bins, the SNP density ranged from
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247  1.15 - 6.37 SNPS/Mb per chromosome with a genome-wide average of 4.85 SNPs/Mb. In genic
248  regions, the SNP density ranged from 10-20 SNPs/Mb per chromosome. The genome-wide TsTv
249  ratio was 3.15 with aminimum of 1.50 (ZPchr0458) and a maximum of 4.18 (ZPchr0016) (Table
250 $4). Theaverage PIC value was 0.217 (range: 0.030-0.313) (Table S5).

251

252  Genetic Diversity of NWR Collections. To visualize the variation within our diversity collection,
253  wefirst performed principal component analysis on the Natural Stand and Cultivated collections
254  together (Figure 2a). Thefirst PC explained 23% of the variance, with the cultivated collection at
255  one extreme and the Shell Lake population at the other. The Natural Stand collection exhibited a
256 larger range of continuous variation, with samples mostly clustering according to their lake or
257  river of origin. Zizania aquatica fell directly in the center of both PCs. When analyzed separately
258  from the Cultivated collection, the Natural Stand collection formed four distinct clusters with the
259 first two PCs explaining 19% and 13% of the variance, respectively (Figure 2b). The largest
260 cluster, Natural Stand | (NS 1), consisted of six populations including Bass Lake, Dahler Lake,
261 and Decker Lake from the UMR watershed; Mud Hen Lake and Phantom Lake from the SCR
262  watershed; and Upper Rice Lake from the RRN. The second largest cluster, Natural Stand 1l (NS
263 1), consisted of Clearwater River and Ottertail River from the RRN, and Lake Plantagenet and
264  Shel Lake from the UMR. The third cluster, Natural Stand 111 (NS 111), consisted of Garfield
265 Lake and Necktie River from the UMR. The fourth cluster, Natural Stand IV (NS 1V), consisted
266 of the Z. aquatica outgroup, which previously clustered with Upper Rice Lake samples when
267 Natural Stand and Cultivated collections were analyzed together (Figure 2a). It is distinguished
268 by the second PC. In comparison to the Natural Stands collection, there was far less variation and

269  structure evident among the 3 cultivars and 15 breeding lines of the Cultivated collection (Figure
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270 2aand c). When the Cultivated collection was analyzed alone, the first and second PCs explained
271  12% and 7% of the variation, respectively (Figure 2c). The most distinct cluster within the
272  Cultivated collection consisted of ‘K2' samples. While the beginnings of other clusters (i.e,
273 ‘FY-C20', Itasca-C12, ‘PM3E’) can be seen, there was an overall lack of population structure
274  among Cultivated materials.
275 The UPGMA clustering analysis supported some of the clustering observed in the PCA
276  (Figure S2). In particular, monophyletic clades, which could be defined for many of the sampling
277 locations, included the majority of the samples from those populations. Notably, all samples
278  from Clearwater River clustered, as did 92% of the samples from Lake Plantagenet and 86% of
279  the samples from Dahler Lake. Over 90% of NSIII clustered in a single clade. Similarly, 88% of
280 the samples from Shell Lake and 82% of the samples from Ottertail River identified as NSII
281  clustered together. However, NSIII clustered most closely with Lake Plantagenet and Clearwater
282  formed a separate clade. NSl is spread throughout the tree with Decker Lake and Bass Lake each
283  forming two distinct unrelated clades. Upper Rice Lake, Phantom Lake, and Mud Hen Lake were
284  all aso distributed through the tree. Consistent with the PCA, there was minimal structure within
285 the breeding program. However, unlike the PCA samples from Shell Lake, Ottertail River,
286  Phantom Lake, Decker Lake, Necktie River, Dahler Lake, Bass Lake, Plantagenet Lake and
287  Upper Rice Like as well as asingle sample of Z. aquatica fell within the clade containing 82% of
288  the breeding germplasm. A second breeding germplasm cluster at the base of the tree consists
289  entirely of a subset of K2EF-C16 samples (10/20). Perhaps most surprising, Z. aquatica did not
290 form abasal clade. Although the vast mgjority of the Z. aquatica samples formed a single clade,

291  six breeding lines, three samples each from Shell Lake and Phantom Lake, two samples each
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292 from Garfield Lake and Dahler Lake, and a sample from Mud Hen Lake and Upper Rice Lake,
293 werebasal to the Z. aquatica cluster.

294 STRUCTURE analysis (Figure 3) recapitulated the results observed in the PCA (Figure
2905 2a) and UPGMA plots (Figures S2). Assuming a K value of 2, we observed one cluster
296 consisting of NS Il and another consisting of Cultivated Material and NS | (Figure 3a). As
297  expected, the results from the DeltaK plot (Figure S3) of the Evanno analysis (Evanno, 2005)
298 confirm that a K=2 is not appropriate for our collections. At K=3, we observed two clusters
299 representing NS | and NS 1, and the third representing the Cultivated material (Figure 3b).
300 When higher values of K were considered, additional clusters with biological meaning were
301 observed. At K=4, we observed NS I, NS II, Cultivated material, and the addition of a Z.
302 aquatica cluster (NS 1V) (Figure 3c) along with a few minor exceptions. For example, while
303  Phantom Lake consistently clustered with NS | at lower K values, some samples at K=4 showed
304  admixture with the Cultivated group and the Z. aquatica group (NS 1V). Additionally, Mud Hen
305 Lake clustered with NS IV at K=4 but previously clustered with NS | populations at lower K
306 values. At K=5, we observed the four groups represented at K=4 (Cultivated material, NS I, NS
307 11, and NS IV) with the exception that we observed a new NS Il cluster (Garfield Lake and
308  Necktie River), which previously clustered with the NS Il group at lower K values (Figure 3d).
309 Beyond K=5, the value of DeltaK began to increase (Figure S3), so there was no benefit to
310 considering higher K values. These results suggest that a K value between 3 and 5 is appropriate.
311 Wesdected K=5 asthe most likely value as it minimized DeltaK (Figure $4).

312 We also evaluated K= 14, which represented the 12 individual Natural Stand populations,
313 the Cultivated materials, and Z. aquatica to further evaluate admixture among samples (data not

314  shown). The vast mgjority of the collections showed limited admixture (<1%) between different
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315 populations with the exceptions of Upper Rice Lake and Phantom Lake. Upper Rice Lake
316 showed heavy admixture with Decker Lake, Dahler Lake, Bass Lake, Ottertail River, and Shell
317  Lake populations. Phantom Lake showed an average of 21.43% admixture with the Cultivated
318 materials.
319
320 Analysis of Molecular Variance. Analysis of Molecular Variance (AMOVA) was conducted
321 between several different groupings including: 1) Natural Stands vs. Natural Stands, 2)
322  Cultivated vs. Cultivated; 3) Natural Stands vs. Cultivated; 4) STRUCTURE-defined populations
323 (K=5); and 5) Z. paludtris vs. Z. aquatica. The AMOVA results revealed more variation within
324  rather than between groups (Table 2). All of the 5 comparative groupings listed above identified
325 3.37%-8.10% of the variation could be attributed to differences among individuals in the
326  groupings rather than differences within individuals (91.90%-96.63% attributed variation). The
327 highest and lowest variation among individuals was identified in the Natural Stand vs Natural
328 Stand analysis (8.10%) and the Cultivated vs Cultivated analysis (3.37%), respectively (Table 2).
329
330 Gene Flow. Genetic differentiation (Fsr) results are shown in Table 3 and include comparisons of
331 our Natural Stand collection (Table 3a), our Cultivated collection (Table 3b), and a comparison
332  of the two (Tables 3c). Overall, genetic differentiation between our collection of Natural Stand
333  populations, including Z. aquatica, was 0.0913 (0.0886 without Z. aquatica). The lowest and
334  highest Fsr values were between Necktie River and Garfield Lake (Fsr = 0.0387; 8.9 km between
335 the two populations), and Shell Lake and Mud Hen Lake (Fsr = 0.1578; 265.9 km between the
336 two populations), respectively (Table 3a). Mud Hen Lake was highly diverged from all other

337 Natural Stand pairwise comparisons (range: Fs=0.0861-0.1578). Z. aquatica pairwise
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338 comparisons with the Natural Stand populations ranged from 0.0734 - 0.1291. In contrast, Fsr
339 values between Cultivated populations were much lower (average: 0.0162; range: 0.0058 —
340 0.0337; Table 3b). When comparing Natural Stands to Cultivated material, the average Fsr value
341  was 0.0488. The lowest and highest Fsr values were between PM3E and Upper Rice Lake (Fsr =
342  0.0240), and Itasca-C20 and Mud Hen Lake (Fsr = 0.0803), respectively (Table 3c).

343 To further examine the basis for the observed genetic differentiation, we used a Mantel
344 test to look for correlation between genetic and geographic distances of the Natural Stand
345  collection. A positive correlation between the two was observed (r? = 0.3981) and the best fit line
346 yielded aregression equation of y = 78.22 + 0.0086x (Figure S5). Permutation tests showed that
347 the observed results were unlikely to have occurred by chance (Figure S6). We were also
348 interested in whether we could detect any admixture between our Natural Stand and Cultivated
349  collections. Using D-statistics, we analyzed three groups including Cultivated Material, NS 1, NS
350 Il, dong with Z. aquatica, which served as an outgroup, and found that there was no significant
351 difference between the groups (Z=1.66, p=0.098; Table S6).

352

353 The Temporal Collection. We were also interested in how genetic diversity changes over timein
354  wild populations of NWR. Using two populations, Garfield Lake and Shell Lake, collected in
355 2010 and 2018, we identified distinct clustering patterns between the two lakes (Figure 2d). We
356 aso observed changes in Shell Lake samples collected over time with samples collected in 2010
357 showing a wider range of variation than those collected in 2018. In contrast, Garfield Lake
358 samplesdid not show a considerable change in genetic variation over time.

359
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360 Linkage Disequilibrium. We calculated the rate of LD decay genome-wide (Figure 4) as well as
361 on a pe chromosome/scaffold basis (Figure S7) for both Natural Stand and Cultivated
362 collections. For both collections, the LD decay curves on ZPchr0002, ZPchr0009, ZPchr00010,
363  ZPchr00011, and ZPchrO00013 chromosomes did not fit the standard LD curves for this type of
364 anaysis (Figure S7). On these chromosomes, LD initially decreased but then rose again with
365 increasing distance. For the Natural Stands, the genome-wide rate of LD decay was 0.018 and
366 ranged from 0.013 (ZPchr0007) to 0.0226 (ZPchrO008) for all seventeen chromosomes and
367 scaffolds evaluated. The median distance at which LD decayed to r’=0.2 was 28,389 bp (range:
368  1-468,619 bp). For the Cultivated collection, the genome-wide rate of LD decay was 0.034 and
369 ranged from 0.031 (ZPchrO017) to 0.036 (ZPchrO008) for all seventeen chromosomes and
370 scaffolds evaluated. The median distance at which LD decayed to r’=0.2 was 63,452 bp (range:
371  1-625,024 bp).
372
373 Scanning for Sgnatures of Sdlection. To identify genomic regions that have putatively
374  undergone selection in cultivated NWR, we plotted the site frequency spectrum (SFS) for both
375 Natural Stand and Cultivated collections (Figure S7). The SFS plots for both collections feature a
376  peak of alternate (derived) allele frequencies at values beneath 0.10. The peak gradually declines
377 in the Cultivated material whereas the drop is more pronounced in the Natural Stands. In both
378 collections, there is a dight increase in derived allele frequency between 0.4 and 0.5 before
379 declining to a lower, but evenly distributed, distribution of derived allele frequencies at values
380 above0.5. Both SFS Natural Stand and Cultivated histograms were similar and neither showed a
381 fixation peak of derived alleles associated with evidence of selection or domestication. However,

382  whilethe Natural Stand SFSfits the expected pattern of the neutrality model, the Cultivated SFS
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383  appeared flatter with some higher peaks in the middle, which may be indicative of balancing
384  selection.
385 We aso calculated genome-wide statistics for nucleotide diversity (), Fsr, and XP-CLR
386 tests (Figure 5). Nucleotide diversity (n), Fsr, and XP-CLR scores were evaluated genome-wide
387 in 1-Mb increments for a total of 1,223 bins. A total of 1,012 (83%) bins contained at least one
388 SNP. While we observed considerable similarity between © values of the Natural Stand and
389 Cultivated collections across the genome (Figure 5a), we also observed 25 bins with negative
390 Tajima D values in the Cultivated collection (Table S7). The most negative Tajima's D was -
391 0.192 a ~50 Mb on ZPchr0009. Genome-wide scans of Fsr values calculated between Natural
392 Stand and Cultivated collection identified 166 individual pairwise comparisons above 0.10; 63
393  above 0.20; 24 above 0.30; 9 above 0.40; and 3 above 0.50 (Figure 5b). Genomic positions for
394 these hits are listed in Table S7. The 3 highest Fsr values were identified on ZPchr0007,
395  ZPchr0009, and ZPchr0013. Finally, we identified 9 regions of the genome with XP-CLR scores
396 above 40 and 5 regions with scores above 60 (Figure 5¢). Genomic positions for these hits are
397 listed in Table S7. The 5 regions with XP-CLR scores above 60 were found on ZPchr0005,
398  ZPchr0006, ZPchr0011, and ZPchr0013. Allele frequencies of SNPs in these regions were all
399 fixed in the Cultivated materials and ~0.50/0.50 in the Natural Stand collection. Interestingly, we
400 did not observe the same high XP-CLR scores for regions on ZPchr0009 that we observed in our
401 nucleotide diversity and Fsr analyses.
402 To identify candidate genes that are under selection pressure in cultivated NWR, we
403 looked into genomic regions of interest with high Fsr (>0.40) and/or XP-CLR scores (>60),
404  which were located on ZPchr0004, ZPchr0005, ZPchr0006, ZPchr0007, ZPchr0009, ZPchr0011,

405  ZPchr0013, and ZPchr0015 (Table S7). For many of these regions, we found genes without


https://doi.org/10.1101/2022.08.25.505308
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.25.505308; this version posted August 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

19
406  annotation, which hampered our ability to conduct enrichment analyses. However, numerous
407  genes known to confer abiotic stress tolerance, disease resistance, nitrogen use efficiency, and
408 male sterility in other crops fell within these regions. Eleven genes specifically related to drought
409  stress and abscisic acid (ABA) signaling in other species included the following: a calmodulin-
410  binding receptor-like cytoplasmic kinase 3 (Yang et al., 2010; Sun et al., 2021) on ZPchr0004; a
411  calcium-dependent protein kinase family protein (Campo et al., 2014; Wei et a., 2014) on
412  ZPchr0005; two copies of coatomer subunit beta-1 isoform X1 (Mirzaei et a., 2014), a zinc
413 finger CCCH domain-containing protein 43 (Peng et al., 2012), and a receptor-like protein kinase
414  At5g2005 (Marshall et al., 2012) on ZPchr0006; a CBL-interacting protein kinase 32 (Tai et al.,
415  2016) on ZPchr0011; two copies of ras-related protein RABC2a (Mérida-Garcia et al., 2020) and
416  E3 ubiquitin-protein ligase RZFP34 isoform X2 (Ding et al., 2015; Shu and Yang, 2017) on
417  ZPchr0013; methyltransferase-like protein 13 isoform X2 (Gupta et al., 2020) on ZPchr0015. We
418 aso identified five genes in these regions known to confer disease resistance in other species
419 including a LRR receptor-like serine/threonine-protein kinase At1g06840 isoform X1 (Kumar et
420 a., 2018; Guo et a., 2022), a respiratory burst oxidase homolog protein H (Sagi et al., 2004;
421 Wang et a., 2018), a hydrolase, NUDIX family protein (Bartsch et al., 2006; Ge and Xia, 2008),
422  a60Sribosomal protein L3 (Di et a., 2010; Kant et al., 2012), and the barley B recombinant-like
423  protein A (Ameen et al., 2020).
424  For nitrogen use efficiency-related genes, we identified a urease accessory protein G on
425  ZPchr0005 (Witte, 2011) and five copies of an early nodulin-93 gene on ZPchr0006 (Bi €t al.,
426  2009). Two genes, pentatricopeptide repeat-containing protein At1g11900 isoform X1 (Bentolila
427 et a., 2002) and cytochrome ¢ oxidase subunit 5b (Isaac et al, 1985), were identified that are

428  associated with male sterility.
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429

430 Discussion

431 NWR is a species with ecological, cultural, and agricultural significance. For these reasons,
432 NWR merits heightened attention for conservation of its natural habitat. In this study, we used
433 GBS to genotype a diverse collection of NWR individuals representing wild populations from
434  across its native range and time as well as cultivated materials from the UMN NWR breeding
435  program. Compared to previous studies based on isozymes (Lu et al., 2005), AFLPs (Diller et al.,
436 2018), and SSRs (Kahler, 2010, Kahler et al., 2014), we generated orders of magnitude more
437  markers. Our expectation was that we would be able to discern fine-scale population structure
438  and reaffirm previous findings due to the scale of our genotyping data. Additionally, knowledge
439 of gene flow from cultivated NWR to natural stands and vice versa is particularly important,
440  especialy as the cultivated industry and breeding programs strive to be better stewards of their
441  domesticated plants.

442

443  Assessment of Genetic Diversity of Northern Wild Rice via Genotyping-By-Sequencing. Cost-
444  effective sequencing technologies that are capable of generating robust sets of genome-wide
445  molecular markers, such as GBS, are providing researchers, especially those working with
446  complex plant genomes and limited public resources, an avenue for rapid variant detection. The
447  large, informative datasets that can be generated via GBS have been used for a wide array of
448  studies in plant species including genetic diversity assessments (Schreiber et al., 2018, Serba et
449  a., 2019), quantitative trait loci (QTL) mapping (Sonah et al., 2015; Pereira et al., 2018), and
450 genome-wide association mapping (Sonah et al., 2014). These studies can inform a variety of

451 plant breeding and conservation processes including parental selection and targeting of
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452  populations of interest, respectively. In this study, we provide a large genome-wide SNP dataset,
453 aigned to the NWR reference genome, for future use and as evidence that GBS is a useful
454  platform for genetic diversity assessments in NWR. However, we want to emphasize that this
455 GBS approach, which is based on Btgl and Tagl restriction enzymes, may have introduced a bias
456 in aleefreguencies dueto polymorphismsin restriction sites (Arnold et al., 2013) and therefore,
457  may have dlightly skewed the inferences we made regarding the population genetics of NWR.
458

459  Gene Flow in Wild Populations of Northern Wild Rice is Tied to Geography and a Conmplex
460 History of Ecosystem Management. In natural populations, gene flow can be regarded as either a
461  constraining or creative force in the evolution of a species, which determines the extent to which
462  genetic changes in individual populations are independent from outside sources (Slatkin, 1985;
463  Satkin, 1987). Gene flow can prevent populations from adapting to local environmental
464  conditions as new alleles adapted to other conditions are introduced but conversely, can aso
465  introduce superior alleles that increase a population’ s fitness. While the role that gene flow plays
466 islargely species-dependent, the geographic distribution of a species (fragmented vs. continuous)
467 is particularly important (Lenormand, 2002). For example, habitat fragmentation can lead to
468 smaller populations and declines in genetic diversity that can incur fitness costs (Ewers and
469  Didham, 2006; Keyghobadi, 2007). As natural ecosystem landscapes continue to be fragmented
470  and threatened by human activity, evaluating the extent of gene flow across natural populations
471  of aspeciesis critical to understand how a species may be impacted by extensive environmental
472  change.

473 Previous genetic analysis of NWR wild populations have indicated limited gene flow

474  between populations and a lack of data to support a correlation between genetic variation and
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475  geographic distance (Lu et al., 2005; Kahler et al., 2014; Xu et a., 2015). In this study, we
476  observed wild NWR samples generally clustering according to their lake or river of origin in
477  PCA, UPGMA, and STRUCTURE analyses, indicating that they are largely genetically distinct
478  from one another. However, we also observed a continuous range of variation between some
479 populations and larger clustering patterns that can be explained by watershed membership
480 (Figure 1, Figure 2b). These results along with those from the Mantel test (Figure $4), which
481 identified a positive correlation between genetic and geographic distance (r> = 0.3918), imply
482  that while gene flow may be limited between distant drainages, it does in fact occur across
483  populations in close proximity to one another. Thisis especially evident in the genetic smilarity
484  between Garfield Lake and Necktie River populations (Figure 2b; Table 3a), which are close to
485  one another geographically (8.9 km). For future studies looking into the relationships between
486  watershed membership and gene flow, collection of samples in the Rainy River and Gresat
487  Lakes/Laurentian watersheds will also be important to include as those watersheds were not
488  represented in this study.

489 Historical knowledge of the management and development of lakes across NWR's
490 natural range can lend insight into the population structure we identified in this study. Efforts to
491 establish new locales of NWR and address declining population sizes has resulted in large
492 reseeding efforts across the species natural range (Porter, 2019), which can complicate
493  population genetic studies in NWR. For example, Upper Rice Lake in the RRN basin, known for
494 large reseeding efforts (A. Kern, personal knowledge), clustered primarily with UMR
495 populations in NS I, while also showing a continuous variation with other RRN basin
496  populations (NS Il) (Figure 2b; Figure 3). Upper Rice Lake also showed heavy admixture with a

497 number of lakes at K=14 in STRUCTURE analyses. Taken together, these results appear to
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498  confirm historic reseeding efforts of Upper Rice Lake. Additionally, Phantom Lake of the SCR
499 watershed also showed heavy admixture, not from other Natura Stand populations but with
500 Cultivated materials. These results were surprising as Phantom Lake is one of the most
501  geographically distant Natural Stand populations from cultivated NWR production and multiple
502 Natural Stand populations much closer to cultivated production showed little to no admixture
503  with Cultivated materials. However, Phantom Lake is part of the Crex Meadows State Wildlife
504 Area and was artificialy created in the 1950s when a series of dykes were installed. NWR
505 restoration began in 1991 when 500 lbs (227 kg) of wild rice were seeded in this area over the
506 course of three years (Thompson and Sorenson, 2000). We hypothesize that at least a portion of
507  the seed utilized in these efforts came from cultivated NWR production, which further highlights
508 the complexity of population genetic studies in NWR as well as the importance of documenting
509  seed sources for reseeding efforts. We also suggest that future reseeding efforts should not use
510 Phantom Lake populations as a seed source. While additional research with more balanced
511 digribution of watershed membership is necessary to improve our understanding of the
512 population structure of wild populations of NWR, contextualizing the data with historic
513 management of NWR ecosystems, when possible, appears to be important in unraveling the
514  history of NWR diversity.

515 The data we present here for 12 wild populations of NWR demonstrates that each
516  population harbors unique genetic variation that is not found in other populations. This indicates
517 that for conservation efforts, each individual population of NWR is incredibly important to
518 consider as each harbor unigue alleles and importantly, some may be less adaptive to
519 environmental change. While we currently don’t understand whether gene flow between NWR

520 populations can be regarded as a constraining or creative evolutionary force for change, it stands
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521 to reason that improving our knowledge of the population structure and genetic relationships
522  between wild populations could aid in decision-making for reseeding efforts.
523
524  Spatio-Temporal Genetic Diversity Analyses Can Aid in Conservation Efforts. Genetic variation
525 determines the extent to which a species is able to survive and thrive across the variability of
526  both the spatial and temporal conditions of a landscape. Species-specific characteristics, such as
527  mating systems; population dynamics, such as genetic drift and natural selection; availability of
528 key nutrients, such as light; and anthropogenic-induced factors, such as pollution, can all
529 contribute to the extent and structure of natural populations across space and over time
530 (Ruokolainen, 2013). Therefore, comprehensive monitoring of the spatio-temporal genetic
531 diversity of a species could provide a better understanding of the evolutionary changes a species
532  can undergo over time, and importantly, help to identify targets for conservations efforts. While
533 many studies offer a snapshot of the present-day genetic diversity for a wide array of plant
534  gpecies, the majority of spatio-temporal diversity assessments have focused on large agricultural
535 commodity crops (Le Clerc et al., 2006; Deu et al., 2010; Arya et a., 2019). Few studies have
536  focused on natural populations (Ozbek et a., 2007; Fackovcova et al., 2020) and many, only
537 theoretically (Gray, 1996; Gonzalez-Megias et al., 2011).
538 As a species of great conservation interest, we suggest that monitoring the spatio-
539 tempora diversity of wild NWR populations would provide impactful data for resource
540 managers and environmental agencies interested in the health and preservation of NWR
541  populations across the species natural range. As a preview of what a more extensive study on the
542  spatio-tempora genetic diversity of NWR could provide, we evaluated two wild populations

543 from Shell Lake and Garfield Lake over time (8 years). Across time, we identified a reduction of
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544  diversity in samples collected from Shell Lake in 2018 compared to those collected in 2010,
545  while observing limited change in the Garfield Lake population across time (Figure 2d). This
546  suggests that Shell Lake has experienced a loss of genetic diversity during the eight years
547  between collection times. At the same time, the 2010 Garfield Lake samples were already less
548 diverse than the 2010 Shell Lake samples. Of course, a wide array of factors could have
549  contributed to this reduction in diversity including the 3-5 year boom and bust cycles of NWR
550 (Waheed, 2021) or favorable environmental conditions for specific genotypes in the population’s
551  seed bank. Anecdotally, however, Shell Lake harbors multiple campgrounds and resorts that
552  could represent significant shoreline development and recreational activity, which are both
553  known to negatively impact NWR populations (Hansen, 2008). Conversely, Garfield Lake has
554  seen no to little development in the 8 years between collection times. Clearly, a deeper
555  understanding of all factors affecting genetic diversity is needed to aid in the conservation of
556 NWR and research featuring additional lakes and more frequent sampling time points is needed
557 to answer these questions. New research in remote sensing and landscape modeling techniques
558 could also help to identify specific drivers of change in wild populations of NWR (O’ Shea et al.,
559  2021; Cavender-Bares et al., 2022).

560

561 Cultivated Northern Wild Rice is Genetically Distinct from Wild Populations. Concerns
562 regarding gene flow between domesticated crops and their wild counterparts often include an
563 increase in weediness and the potential effects on the genetic diversity and identity of wild
564  populations and compatible species relatives (Gepts and Papa, 2003). For these reasons, the
565  extent of gene flow between crops and their wild cohorts has been evaluated in numerous species

566 and found to be dependent on a variety of factors including, but not limited to, a species mating
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567 system (e.g. out-crossing vs selfing), the type and frequency of pollination (e.g. insect vs wind),
568 the sdlective (dis)advantage of particular domestication traits (e.g. seed shattering resistance
569 reducing seed dispersal), genetic drift, and genotype x environment interactions (Sonnante et al.,
570 1994; Evans and Kermicle, 2001; Gepts, 2002; Gepts and Papa, 2003). Some studies, such as
571 those in soybean (Glycine max), have identified limited gene flow and monophyletic
572  domesticated clades separate from their wild counterparts (Li et al., 2010; Jeong et al., 2019).
573  Other studies have identified significant historical gene flow during domestication, such as
574 Emmer wheat (Triticum dicoccon; Luo et a., 2007) as well as on-going gene flow between crop-
575  weed complexes, such as those in cowpea (Vigna unguiculata (L.) Walp; Coulibaly et al., 2002),
576 pearl millet (Pennisetum glaucum; Mariac et al., 2006), and species in the Sorghum genus
577 (Arriola et al., 1996; Sagnard et al., 2011). Cultivated NWR is commercially produced within
578  both the centers of origin and diversity of Z. palustris. Given the out-crossing nature of NWR, a
579  solid understanding of gene flow between cultivated and wild populations is important for both
580  breeders and conservationists alike.
581 In this study, Cultivated and Natural Stand collections are genetically distinct from one
582 another based on PCA (Figure 2a), UPGMA tree (Figure S2), and STRUCTURE analysis
583 (Figure 3). These findings indicate that thereis little to no gene flow between these two groups
584  (with the exception of Phantom Lake), agreeing with previous diversity studies in NWR using
585 different marker systems (Lu et al., 2005; Kahler et al., 2014; Diller et al., 2018). Limited gene
586 flow in NWR is further supported by recent pollen-mediated gene flow studies that estimated the
587 magority of NWR pollen only travels short distances (7 m) (Gietzel et al., 2021). Limited pollen
588 travel has been reported for a close relative of NWR, Zizania texana, as well (Oxley et al., 2008).

5890 ABBA-BABA (D-dtatistics; Table S6) also support the lack of significant recent introgression
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500 between the two largest Natural Stand groups (NS | and NS Il) and the Cultivated collection,
591 athough there may not be enough time since the cultivation of NWR began (~65 years) to
592  accurately evaluate introgressions between wild and cultivated NWR. However, many
5903 domestication traits, such as seed shattering resistance, heavily selected for in cultivated NWR,
594  are recessively inherited (Kennard et al., 2002), further reducing the likelihood that such
595  agronomic traits would become fixed in wild populations. These findings should alleviate some
506 concernsthat cultivated NWR is affecting the genetic identity of wild NWR populations.

597

598 Cultivated Northern Wild Rice Lacks Distinct Population Structure. Assessing the genetic
599 diversity and population structure within and among available germplasm is an important piece
600 of the plant breeding process to develop new and improved varieties with desirable traits. Only
601 one such study has been conducted in cultivated NWR using eleven SSRs transferred from Z.
602 texana, which revealed alack of genetic differentiation between cultivated populations (Kahler,
603  2014). Our analyses in this study reaffirm these findings. While the lack of population structure
604 among Cultivated material is in stark contrast to the structure observed among Natural Stand
605 populations of NWR, this is likely due to the common ancestry of populations in the breeding
606 program (Kahler, 2014) as well as high levels of pollen-mediated gene flow due to the close
607  proximity in which cultivated populations are grown (Grombacher, 1993). A major exception is
608 the clear separation of K2 from the rest of the Cultivated materials (Figure 2c). Specia efforts
609 have been made to keep K2 from cross-pollinating with other breeding populations through
610 gpatia separation in small, isolated paddies. These findings along with those from Gietzel et al.
611 (2021), suggesting the majority of pollen-mediated gene flow occurs within 7 m from the pollen

612 source, indicate that increasing spatial separation between Cultivated material would increase
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613 genetic differentiation and maintain the purity of populationsin NWR breeding programs. Buffer
614  zones between populations grown in close proximity (within the same paddy) and growing small
615 populationsin stock tanks that are spatially separated could help this effort.
616
617 Linkage Disequilibrium Decays Quickly in Northern Wild Rice. Understanding LD, or the
618 nonrandom association of alleles at different loci, and its rate of decay isimportant for numerous
619 genetic analyses as the rate of LD decay determines the number and density of molecular
620 markers as well as the experimental design required to detect marker-trait associations (Flint-
621 Garcia et a., 2003). Several evolutionary forces contribute to and maintain LD in a species
622 (Hartd and Clark, 1997; Rakshit et al., 2007), including a species mating system, wherein LD
623 generally decays more rapidly in outcrossing species, like NWR, in comparison to selfing
624  species (Nordborg, 2000). In outcrossing maize (Zea mays) and selfing white rice (O. sativa), for
625 example, LD is estimated to decay at arate of 1-10 kb (Yan et al., 2009) and 75-500 kb (Mather
626 e al., 2007), respectively. Additionally, larger haplotype blocks in domesticated crops in
627 comparison to their wild counterparts has been observed in several crop species, such as maize
628 (Remington et a., 2001), soybean (Hyten et a., 2007), and white rice (Mather et a., 2007). We
629 found similar patterns of a rise in LD in cultivated NWR (63.4 kb rate of LD decay) in
630 comparison to wild NWR populations (28.4 kb rate of LD decay), which suggest the ongoing
631 domestication of cultivated NWR is affecting LD patternsin the species.
632 We also identified atypical LD patterns on several chromosomes where LD decayed and
633  then began to rise gradually as genomic distance increased (Figure 4; Figure S6). We suggest a
634 likely explanation for this observation is the draft status of the NWR genome (Haas et al., 2021),

635 where severa chromosomes (ZPchr0002, ZPchr0006, ZPchr0009, ZPchr0010, ZPchr0011, and
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636 ZPchr0013) exhibit high gene density in the centromeric regions, rather than their typical
637 location in the telomeric regions of eukaryotic species (Sidhu and Gill, 2004). High BUSCO
638  scoresindicated that the gene space of NWR was well assembled in v1.0 of the NWR reference
639 assembly (Haas et al., 2021). However, a low Long-Terminal Repeat (LTR) Assembly Index
640 (LAI) score (Ou et al., 2018) indicated that the repetitive regions of the genome were only
641 indicative of adraft assembly, which could have resulted in misassemblies of various scaffolds,
642  coverage gaps, or difficulty collapsing aternative contigs in heterozygous regions (Haas et al.,
643 2021). The unexpected gene density distribution and low LAI scores of the NWR reference
644 assembly along with the unexpected LD patterns we identified in this study suggest that
645 improvements to the assembly are needed. Optical maps have helped to assemble genomic
646 regions difficult to capture by DNA sequencing in other species and could help to resolve the
647  completeness of the NWR genome assembly (Aston et al., 1999; Yuan et a., 2020). Despite the
648 concernsregarding LD decay on several chromosomes, our data still suggest LD decays quickly
649 across the NWR genome and that dense marker sets are needed to conduct future genetic
650 analysesin NWR.
651
652 Genome-wide Scans for Selection Sgnatures in Cultivated Northern Wild Rice Reveal the Crop
653 isonly Semi-Domesticated. Domestication is typically viewed as a process rather than a specific
654 event (Zeder et a., 2006) and thus, different species exhibit varying levels of domestication. In
655 cereals and other major agricultural crops, a common set of traits artificially selected for during
656 their domestication processes include those associated with seed retention and size, seed
657 dormancy and germination, plant growth habit, and plant size (Harlan, 1992). The comparative

658 analysis of these common traits identified across multiple taxa is known as the domestication
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659 syndrome, which differentiates domesticated species from their wild counterparts. While many
660 of today’'s largest agricultura commodity crops have undergone mass selection for thousands of
661 years, the advent of new technologies, such as genomic sequencing, provide today’s plant
662  breeders with new opportunities for the rapid, targeted domestication of new crops. Additionally,

663 these technologies afford researchers the opportunity to study the domestication process in real-

664 time.
665 To begin exploring the domestication process of cultivated NWR, we evaluated changes
666 in

667 nucleotide diversity levels, alele frequency distributions, and LD using a wide array of genetic
668 tools and tests. We found limited evidence for large selective sweeps in cultivated NWR. The
669 pattern of allele frequencies in the SFS histogram of our Cultivated collection (Figure S7)
670 suggest that while selection is affecting allele frequencies in cultivated NWR, it is not driving
671 adleles to fixation. The process of domesticating NWR is a recent one (~65 years of selection)
672 and it is possible there ssmply hasn’'t been enough time for the fixation of alleles to occur. The
673  pattern in the SFS histogram also suggests the effectiveness of selection in NWR may be limited
674 and that a heterozygous state is being maintained, creating what is in effect balancing selection.
675 Given the spatial limitations of the paddies in which cultivated breeding germplasm is grown, it
676 islikely that selection has been hindered by pollen travel between open-pollinated populations
677 grown in very close proximity to one another.

678 Aside from large selective sweeps, we did identify some evidence for putative smaller
679 sdection events based on reduced nucleotide diversity values as well as the highest Fsr values
680 and XP-CLR scores. A preliminary scan of genes in these regions show a preponderance of

681 drought tolerance-related genes. Unlike wild populations of NWR, cultivated NWR is grown in
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682 man-made irrigated paddies, which are drained during or shortly after flowering (principal
683 phenological stage 6; Duquette and Kimball, 2020) to allow for mechanical harvesting of the
684 grain. Therefore, during production, cultivated NWR experiences conditions similar to upland
685 crops where standing water is not available during the development of fruit, ripening, and
686  senescence. It is possible that drought tolerance genes were heavily selected for in cultivated
687 NWR to allow for this drastic change in environmental conditions. Other genes associated with
688  disease resistance and nitrogen use efficiency were also identified and have been selected for in
689  breeding programs. The detection of male sterility genes in these regions of interest may also
690 reflect the significant selection of a male panicle type called “bottlebrush”, which is linked to
691 male sterility, for several varieties released in the 1990s (Cregan, 2004). Today, this panicle type
692 isdtill present in numerous breeding populations of cultivated NWR. Interestingly, these regions
693  were not associated with shattering resistance despite the notable differences in seed shattering
694  between cultivated NWR and wild NWR populations and the heavy selection for seed retention
695 in cultivated NWR. Despite these limits to our current study, we think these regions merit further
696 investigation in future studies.
697 Domestication indices to account for varying levels of domestication have been purposed
698 for several species and typically include the following: the extent of phenotypic differentiation
699  between the domesticated species and its wild counterparts; the length of a species domestication
700 history; if major genetic changes to the domestication species has been identified; if the species
701 has been adapted to agricultural settings through targeted breeding efforts; and the extent of the
702  gpecies cultivation (Clement, 1999; Dempewolf et al., 2008; Hammer and Khoshbakht, 2015).
703  Cultivated NWR is somewhat phenotypically distinct from wild NWR, mainly in its growth habit

704  and seed retention characteristics, which have been made possible through a short history of
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705  concentrated breeding efforts. The species has also been cultivated for a short time, but
706  production has expanded to California, which is outside the species natural range. For these
707  reasons, we suggest cultivated NWR be classified as semi-domesti cated.
708
709 Conclusons.
710  Northern Wild Rice is an enigmatic species with ecological, cultural, and economic importance
711  to the Great Lakes region of the United States and Canada. Our results suggest that wild and
712  cultivated NWR are genetically distinct and that gene flow between the two groups of NWR is
713 limited. Wild NWR populations are genetically distinct from each other, but on a larger scale,
714  appear to be structured based on watershed membership. With the exception of K2, cultivated
715 NWR has no such dructure. Compared to other commercial crops, cultivated NWR has
716  experienced a shorter period of domestication pressures. Therefore, it is unsurprising that there
717 are no strong selection signals that are often found in major crops. Nevertheless, we found
718 putative selection signals that may be associated with traits that are unique to cultivated NWR
719 including drought tolerance and the bottlebrush panicle type.
720
721 Code and Data Availability. All data generated from this project have been deposited at the
722 NCBI Sequence Read Archive under BioProject PRINA774842. Other supporting data are
723  available at the Data Repository for the University of Minnesota under the DOI (xxx). All code

724  for the analysis described can be found at https.//github.com/UMNKimballLab/genetic_diversity.
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Tables

Table 1. Summary marker statistics for 5,955 Northern Wild Rice (NWR; Zizania palustris L.)

bi-allelic single nuclectide polymorphism (SNP) markers generated via genotyping-by-

sequencing (GBYS).

Chr/Scaffold | Size # of % of total | # of SNPsin % of SNPsin genic

(Mbp) | SNPs SNPs genicregions | regions per chromosome

ZPchr0001 954 483 8.11% 74 15.32%
ZPchr0002 103.4 435 7.30% 56 12.87%
ZPchr0003 58.8 302 5.07% 37 12.25%
ZPchr0004 98.7 491 8.25% 24 4.89%
ZPchr0005 66.6 350 5.88% 41 11.71%
ZPchr0006 118.0 598 10.04% 126 21.07%
ZPchr0007 42.6 181 3.04% 66 36.46%
ZPchr0008 75.7 367 6.16% 38 10.35%
ZPchr0009 95.1 481 8.08% 25 5.20%
ZPchr0010 1114 568 9.54% 75 13.20%
ZPchr0011 63.2 285 4.76% 41 14.39%
ZPchr0012 105.9 410 6.88% 86 20.98%
ZPchr0013 111.3 583 9.79% 66 11.32%
ZPchr0014 24.0 91 1.53% 28 30.77%
ZPchr0015 39.1 237 3.98% 12 5.06%
ZPchr0016 13.8 88 1.48% 6 6.82%
ZPchr0458 4.3 5 0.08% 3 60.00%



https://doi.org/10.1101/2022.08.25.505308
http://creativecommons.org/licenses/by/4.0/

47

Table 2. Analysis of molecular variance (AMOVA) of a diversity collection of Northern Wild Rice (NWR; Zizania palustris L.)
grouped by germplasm type (Natural Stand and Cultivated collections), STRUCTURE groupings at K=5, and species type (Z.

palustris vs Zizania aquatica) based on 5,955 single nucleotide polymorphism (SNP) markers generated via genotyping-by-

sequencing (GBYS).

Grouping Sour ce of variation df MS Sigma % of total Probability

Natural stand vs. Natural stand Variations between individuals 12 7440.64 133.71 8.10 0.001
Variations within individuals 567 1516.08 1516.08 91.90 0.001 o
Total of variation 579 1638.87 1649.78 100.00 0.001 5
Cultivated vs. Cultivated Variations between individuals 20 1841.49 49.61 3.37 0.001 g
Variations within individuals 166 1421.51 1421.51 96.63 0.001 ®
Total of variation 186 1466.67 1471.11 100.00 0.001 §
Natural stand vs. Cultivated Variations between individuals 1 20,955.05 68.42 4.09 0.001 >
Variations within individuals 765 1604.18 1604.17 95.91 0.001 9
Total of variation 766 1629.44 1672.60 100.00 0.001 %
STRUCTURE grouping K=5 Variations between individuals 5 8508.68 57.96 3.53 0.001 E
Variations within individuals 761 1584.24 1584.24 96.47 0.001 o
Total of variation 766 1629.44 1642.20 100.00 0.001 %
Z. palugtris vs. Z. aquatica Variations between individuals 1 9517.98 86.37 5.05 0.001 3
Variations within individuals 578 1625.24 1625.23 94.95 0.001 S
Total of variation 579 1638.87 1711.61 100.00 0.001 2
df, degrees of freedom; MS, mean of squares 2
[©]
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Table 3. Fixation index (Fsr) values derived using the weighted Weir and Cockerham method (Weir and Cockerham, 1984) based on
5,955 single nucleotide polymorphism (SNP) markers generated via genotyping-by-sequencing (GBS) for a diversity collection of
Northern Wild Rice (NWR; Zizania palustris L.) consisting of a) A Natural Stand collection; b.) A Cultivated collection; and c.) A

comparison of Natural Stand and Cultivated collections. Sample sizes can be found in Table S1.

a
Clearwater Dahler Decker  Garfidld 'ﬂgﬁ' Necktie ~Ottertal  Phantom . Shell UFggg  aouation
River Lake Lake Lake River River Lake g Lake -aq
Lake Lake
BassLake | 01040 | 00722 | 00487 | 00802 |0.1529| 00979 | 01201 | 00678 01080 | 0.1254 | 0.0434 |  0.1201
C'eg‘ir\‘/’fer 01060 | 00934 | 00679 | 01406 | 00734 | 00670 | 0.0902 00410 | 0.0553 | 0.0493 | 0.1004
DLa:lf 00782 | 00996 | 01519 | 01156 | 01233 | 0.0563 01132 | 01255 | 0.0483 | 0.1135
Decker
e 00696 | 01490 | 00824 | 01076 | 0.0680 00931 | 01034 | 0.0388 |  0.1037
Gﬁr;'gd 01515 | 00387 | 00791 | 0.0885 00589 | 00731 | 0.0450 | 01100
Mﬁgk';m 01580 | 01353 | 0.0861 0.1468 | 01578 | 01107 | 0.1201
'\:?eﬁ/‘(et:e 00923 | 0.099 00545 | 00838 | 0.0646 | 0.1221
Ottertail 0.0952 0.0668 | 0.0494 | 0.0638 | 0.1072
River
Phantom 00944 | 01077 | 00417 | 00734
Lake
Plantagenet 0.0538 | 0.0570 | 0.1024
Shell Lake 00628 | 01175

"9SUd2| [eUONRUIBIU| 0'Y A-DD © Japun a|qe|rene
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Upper Rice

Lake
b.

FY-C20 | Itasca-C12 | Itasca-C20 | K2EF-C16 PM3E
Barron 0.0099 0.0058 0.0155 0.0273 0.0111
FY-C20 0.0063 0.0065 0.0233 0.0086
Itasca-C12 0.0078 0.0279 0.0121
Itasca-C20 0.0337 0.0190
K2EF-C16 0.0276
C.

Barron | FY-C20 | Itasca-C12 | ItascaeC20 | K2EF-C16 | PM3E

Bass Lake 0.0362 | 0.0342 0.0342 0.0436 0.0440 0.0276
Clearwater River | 0.0456 | 0.0464 0.0472 0.0595 0.0584 0.0431
Dahler Lake 0.0412 | 0.0418 0.0398 0.0504 0.0515 0.0369
Decker Lake 0.0412 0.0424 0.0422 0.0559 0.0466 0.0338
Garfield Lake 0.0542 0.0500 0.0540 0.0663 0.0571 0.0435
Mud Hen Lake 0.0709 | 0.0648 0.0694 0.0804 0.0684 0.0693
Necktie River 0.0600 | 0.0574 0.0589 0.0734 0.0667 0.0510
Ottertail River 0.0530 | 0.0505 0.0517 0.0586 0.0562 0.0485
Phantom Lake 0.0313 | 0.0267 0.0316 0.0360 0.0342 0.0262
Plantagenet 0.0495 | 0.0469 0.0492 0.0587 0.0532 0.0441
Shell Lake 0.0566 | 0.0561 0.0574 0.0719 0.0621 0.0504
Upper Rice Lake 0.0298 0.0305 0.0296 0.0423 0.0352 0.0240
Z. aquatica 0.0487 | 0.0479 0.0479 0.0572 0.0518 0.0445
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Figure 1. A HUC-8 watershed map of the US states of Minnesota and western Wisconsin
showing where leaf tissue samples of a Northern Wild Rice (NWR; Zizania palustris L.)
diversity collection were collected. Colors and shapes correspond to those featured in the
principal component analysis (PCA) plots (Figure 2a-b). Each Natural Stand population has its
own color and shapes correspond to watershed membership (circles=sUpper Mississippi River;
squares=Red River of the North; diamonds=St. Croix River). Exact GPS coordinates can be
found in Table S1. The Unweighted Pair Group Method with Arithmetic averaging (UPGMA)
cluster analysis with bootstrapping of our Natural Stands and Cultivated collections of Northern

Wild Rice (NWR; Zizania palustris L.) is aso shown to the right of the map.
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Figure 2. Principal component (PC) analysis (PCA) plots showing the differentiation of the 1%
and 2™ PCs of a) the Natural Stand and Cultivated collections of Northern Wild Rice (NWR;
Zizania palustris L.); b.) the Natural Stand collection; c.) the Cultivated collection; and d.) the
Temporal collection based on 5,955 single nucleotide polymorphism (SNP) markers generated

via genotyping-by-sequencing (GBYS).
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Figure 3. Population structure analysis of Northern Wild Rice (NWR; Zizania palustris L.)
Natural Stand and Cultivated collections using the program STRUCTURE with 10,000 reps and
a burn-in length of 1,000 including: a.) K=2; b.) K=3; c.) K=4; d.) K=4, and e.) K=5 based on
5,955 single nucleotide polymorphism (SNP) markers generated via genotyping-by-sequencing

(GBS).
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Figure 4. Genome-wide linkage disequilibrium (LD) decay of a.) A Natural Stand collection and
b.) A Cultivated collection of Northern Wild Rice (NWR; Zizania palustris L.) based on 5,955

single nucleotide polymorphism (SNP) markers generated via genotyping-by-sequencing (GBS).
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Figure 5. Genome-wide scans of a.) nucleotide diversity on a per-site basis (w; Nei, 1987); b.)
Fixation index (Fsr) values derived using the weighted Weir and Cockerham method (Weir and
Cockerham, 1984); and c.) XP-CLR scores for a diverse collection of Northern Wild Rice
(NWR; Zizania palugtris L.) based on 5,955 single nucleotide polymorphism (SNP) markers

generated via genotyping-by-sequencing (GBS).
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Table S1. List of samples in our diversity collection of Northern Wild Rice (NWR; Zizania

palustris L.) genotyped with 5,955 single nucleotide polymorphism (SNP) markers generated via

genotyping-by-sequencing (GBS). HUC 8 watershed designations include Upper Mississippi

River (UMR), Red River of the North (RRN), and St. Croix River (SCR) basins.

Sample|D Sample# Coallection Type GPS Coordinates Water shed
Bass Lake 50 Natural Stand 47.28716 -93.63132 UMR
Clearwater River 50 Natural Stand 47.51838 -95.46291 RRN
Dahler Lake 50 Natura Stand 46.71888 -93.97281 UMR
Decker Lake 50 Natural Stand 47.63515 -94.40492 UMR
Garfield Lake 50 Natural Stand/Temporal | 47.21361 -94.74380 UMR
Mud Hen Lake 10 Natura Stand 45.77005 -92.47173 SCR
Necktie River 50 Natural Stand 47.29363 -94.74724 UMR
Ottertail River 50 Natural Stand 46.38005 -95.86430 RRN
Phantom Lake 20 Natura Stand 45.81839 -92.65074 SCR
L ake Plantagenet 50 Natura Stand 47.36758 -94.91755 UMR
Shell Lake 50 Natural Stand/Tempora | 46.94510 -95.48486 UMR
Upper Rice Lake 50 Natura Stand 47.40030 -95.28659 RRN
Zizania aquatica 50 Natura Stand 45.94473 -94.24821 UMR
Garfield Lake 2010 50 Temporal 47.21361 -94.74380 UMR
Shell Lake 2010 50 Tempora 46.94510 -95.48486 UMR
14PD-C10 2 Cultivated n/a n/a
14S*PM 3/PBM-C3 3 Cultivated n/a n/a
14S*PS-C3 5 Cultivated n/a n/a
Barron 25 Cultivated n/a n/a
Itasca-C12 (Dovetail) 15 Cultivated n/a n/a
Itasca-C12 31 Cultivated n/a n/a
Itasca-C20 11 Cultivated n/a n/a
FY-C20 29 Cultivated n/a n/a
GPB/K2B-C2 3 Cultivated n/a n/a
GPN-1.20 2 Cultivated n/a n/a
GPP-1.20 6 Cultivated n/a n/a
K2B-C16 4 Cultivated n/a n/a
K2EF-C16 20 Cultivated n/a n/a
K2EFBP-C1 5 Cultivated n/a n/a
KPVN-C4 4 Cultivated n/a n/a
KSVN-C4 5 Cultivated n/a n/a
PLaR-C20 4 Cultivated n/a n/a
PM3/3*PBM-C3 6 Cultivated n/a n/a
PM3/7*K2EF 3 Cultivated n/a n/a
PM3E 17 Cultivated n/a n/a
VE/2*14WS/* 4K 2EF 2 Cultivated n/a n/a
VN/3*K2EF 4 Cultivated n/a n/a
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Table S2. Geographic distance (km) matrix of US states of Minnesota and Wisconsin lakes and rivers where Northern Wild Rice
(NWR; Z. palustris L.) leaf tissue samples were collected along with watershed designations for the Upper Mississippi River (UMR),

Red River of the North (RRN), and St. Croix River (SCR).

Natural Mud Upper

Population Bass Clearwater Dahler Decker Garfield Hen Necktie Ottertail Phantom Lake Shell Rice

(Watershed) Z. aquatica | Lake River Lake Lake Lake Lake River Lake Lake Plantagenet Lake Lake

Z. aquatica

(UMR) 156.7 198.2 88.7 188.6 146.3 139.1 154.9 133.7 124.6 166.4 146.3 180.4

Bass Lake

(UMR) 156.7 140.4 68.4 69.9 84.5 190.8 84.3 197.8 179.9 97.5 145.5 125.5 o
Clearwater §,
River (RRN) 198.2 140.4 143.7 80.5 64.0 300.2 59.4 130.3 286.3 44.4 63.8 18.7 g
Dahler Lake ©
(UMR) 88.7 68.4 143.7 107.1 80.4 156.6 86.9 149.6 142.8 101.7 117.9 125.2 5
Decker Lake &
(UMR) 188.6 69.9 80.5 107.1 53.4 254.7 45.9 178.3 242.5 48.7 112.0 713 ®
Garfield Lake 8
(UMR) 146.3 84.5 64.0 80.4 534 236.9 8.9 126.1 223.2 21.6 63.6 459 o
Mud Hen Lake <
(SCR) 139.1 190.8 300.2 156.6 254.7 236.9 243.2 270.6 14.9 258.2 265.9 281.6 g
Necktie River =1
(UMR) 154.9 84.3 59.4 86.9 45.9 8.9 243.2 132.6 229.6 15.3 68.0 42.4 @
Ottertail Lake 3
(RRN) 133.7 197.8 130.3 149.6 178.3 126.1 270.6 132.6 255.8 1314 69.3 121.8 5
Phantom Lake 3
(SCR) 124.6 179.9 286.3 142.8 242.5 223.2 14.9 229.6 255.8 244.5 251.2 267.6 =
Lake ju
Plantagenet @
(UMR) 166.4 97.5 444 101.7 48.7 21.6 258.2 15.3 1314 2445 63.7 28.1 ’
Shell Lake

(UMR) 146.3 145.5 63.8 117.9 112.0 63.6 265.9 68.0 69.3 251.2 63.7 52.8

Upper Rice

Lake (RRN) 180.4 125.5 18.7 125.2 71.3 45.9 281.6 42.4 121.8 267.6 28.1 52.8
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Table S3. List of samples in our diversity collection of Northern Wild Rice (NWR; Zizania
palustris L.) sorted according to the National Center for Biotechnology Information Short Read
Archive (NCBI SRA) BioSample accession numbers. The BioProject ID for the collection is

PRINA774842.

See External Excel File ‘Table S3'


https://doi.org/10.1101/2022.08.25.505308
http://creativecommons.org/licenses/by/4.0/

58

Table $4. Marker statigtics including the-transition/transversion (TsTv) ratios for 5,955 single nucleotide polymorphism (SNP)

markers generated via genotyping-by-sequencing (GBS) using our diversity collection of Northern Wild Rice (NWR; Zizania

1 $1 (MaIAR) Jagd Ag paliiad 10U Sem ydiym)
OTT 0T/Blo"10p//:sdny :1op Jundaid AIxHoIq

palustrisL.)
ZPchr 0001 ZPchr0002 | ZPchr0003 | ZPchr0004 ZPchr 0005 ZPchr0006 | ZPchr0007 ZPchr0008 | ZPchr0009

Scaffold size (bp) | 95,470,783 103,377,072 | 58,865,324 | 98,769,966 66,616,710 %18’006’09 42,614,780 75,690,682 | 95,187,837
Number of SNPs 483 435 302 491 350 598 181 367 04515
SNP density s % N
(SNPs/Mb) 5.06 4.21 5.13 4.97 5.25 5.07 4.25 4.85 &iﬁ%
AlC 40 33 30 38 17 60 23 29 §§4&§
AIG 169 171 108 205 147 197 57 128 iéﬂ%
AIT 22 16 12 18 17 26 10 13 SFE
CIG 19 19 17 19 13 34 17 16 g%‘(”g
cIT 197 174 109 178 131 233 58 152 ggas
GIT 36 22 26 33 25 48 16 29 g_;é?%
Ts 366 345 217 383 278 430 115 280 %gi
Tv 117 90 85 108 72 168 66 87 (131(%42
TsTv ratio 3.13 3.83 2.55 3.55 3.86 2.56 1.74 3.22 3.:_:

ZPchr0010 | ZPchr0011 | ZPchr0012 ZPchr0013 ZPchr0014 | ZPchr0015 ZPchr0016 | ZPchr0458 Genomewi; g
Scaffold size (bp) 111,429,323 | 63,217,741 | 105,879,435 | 111,260,184 24,058,870 | 39,125,943 13,817,767 | 4,333,358 1,227,721,8%:%
Number of SNPs 568 285 410 583 91 237 88 5 59,5%;5;
SNP density 22
(SNPs/Mb) 5.10 451 3.87 5.24 3.78 6.06 6.37 1.15 4.@
A/C 49 21 25 43 7 15 6 0 4§(§

apew s
juuda
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Table S5. Polymorphic Information Content (PIC) values for 5,955 single nucleotide
polymorphism (SNP) markers generated via genotyping-by-sequencing (GBS) using our

diversity collection of Northern Wild Rice (NWR,; Zizania palustrisL.)

Mean Median Minimum Maximum Star_1da_1rd
Deviation
Barron 0.1649 0.1557 0.0216 0.3125 0.1043
FY-C20 0.1639 0.1557 0.0199 0.3125 0.1052
Itasca-C12 0.1531 0.1379 0.0166 0.3125 0.1064
Itasca-C20 0.1840 0.1829 0.0449 0.3125 0.0981
K2EF-C16 0.1803 0.1829 0.0261 0.3125 0.1053
PM3E 0.1774 0.1829 0.0292 0.3125 0.1041
Bass Lake 0.1484 0.1287 0.0010 0.3125 0.1093
Clearwater River 0.1523 0.1369 0.0113 0.3125 0.1084
Dahler Lake 0.1541 0.1373 0.0142 0.3125 0.1079
Decker Lake 0.1540 0.1395 0.0091 0.3125 0.1111
Garfield Lake 0.1471 0.1263 0.0091 0.3125 0.1090
Mud Hen Lake 0.1924 0.1999 0.0493 0.3125 0.0982
Necktie River 0.1500 0.1260 0.0113 0.3125 0.1108
Ottertail River 0.1528 0.1353 0.0010 0.3125 0.1104
Phantom Lake 0.1637 0.1702 0.0248 0.3125 0.1049
(Lake) Plantagenet | 0.1534 0.1353 0.0010 0.3125 0.1105
Shell Lake 0.1477 0.1221 0.0010 0.3125 0.1116
Upper Rice Lake 0.1420 0.1141 0.0010 0.3125 0.1088
Zizania aquatica 0.1496 0.1313 0.0010 0.3125 0.1107
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Table $6. D-statistics (ABBA-BABA) results for adiversity collection of Northern Wild Rice (NWR; Zizania palustrisL.).

P1

P2

P3

ABBA?®

BABA®

BBAA®

D

p-value

F4-ratio

Zb

Cultivated

Natural Stands |

Natural Stands |

348.181

336.828

367.406

0.017

0.098

0.193

1.655

#Number of ABBA and BABA sites. Z. aquatica was used as an outgroup for comparisons.

b 7. 7-score
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Table S7. Significant values for Tgjima's D, Fsr, and XP-CLR scores for a diversity collection
of Northern Wild Rice (NWR; Zizania palustris L.) based on 5,955 single nucleotide
polymorphism (SNP) markers generated via genotyping-by-sequencing (GBS).

See External Excel File ‘Table S7’
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Supporting Figures
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Figure S1. A county-level map of the United States of Minnesota and western Wisconsin
showing where leaf tissue samples of our Northern Wild Rice (NWR; Zizania palustris L.)
diversity collection were collected and highlighting counties with significant production of
cultivated NWR. Colors correspond to those featured in the principal component analysis (PCA)

plots (Figure 2a-b).
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Figure S2. Unweighted pair group method with arithmetic averaging (UPGMA) cluster analysis
with bootstrapping of our Natural Stands and Cultivated collections of Northern Wild Rice

(NWR; Zizania palustris L.).
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Figure S3. The Evanno method (Evanno 2005) was carried out by uploading our results from
STRUCTURE (Pritchard et al. 2000) into the program STRUCTURE harvester (Earl and
vonHoldt, 2012). DeltaK is minimized at K=5, suggesting that there are 5 subpopulations present

in our diversity panel.


https://doi.org/10.1101/2022.08.25.505308
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.25.505308; this version posted August 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

66

Correlation between genetic and geographical distance
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Figure $4. Mantel test results. The plot shows the correlation between geographic distance (x-
axis) and genetic distance (y-axis). Geographic distance (in kilometers) and genetic distance (as
Prevosti's distance, also used in our UPGMA trees) were used as input. Units shown are not the

same as the input units.
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Mantel test
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Figure S5. Results of permutation testing. The histogram shows the frequency of simulated
correlation tests resulting from permutation tests. The black diamond with a vertical line beneath
it shows the actual correlation value from our Mantel (Figure $4) test using real data. This

signifies that our results are unlikedy to have been reached by chance
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Figure S6. Linkage disequilibrium decay for all chromosomes and scaffolds of Northern Wild

Rice (NWR; Zizania palustris L.) based on 5,955 single nucleotide polymorphism (SNP)

markers

generated

via

genotyping-by-sequencing

(GBS).
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Figure S7. Site spectrum frequency histograms for our a.) Natural Stand collection and b.)
Cultivated collection of Northern Wild Rice (NWR; Zizania palustris L.) based on 5,955 single

nucleotide polymorphism (SNP) markers generated via genotyping-by-sequencing (GBS).
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