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Abstract

Genome sequences from North American Drosophila melanogaster populations have
become available to the scientific community. Deciphering the underlying population
structure of these resources is crucial to make the most of these population genomic
resources. Accepted models of North American colonization generally purport that
several hundred years ago, flies from Africa and Europe were transported to the east
coast United States and the Caribbean Islands respectively and thus current east coast
US and Caribbean populations are an admixture of African and European ancestry.
Theses models have been constructed based on phenotypes and limited genetic data.
In our study, we have sequenced individual whole genomes of flies from populations in
the southeast US and Caribbean Islands and examined these populations in conjunction
with population sequences from Winters, CA, (USA); Raleigh, NC (USA); Cameroon
(Africa); and Montpellier (France) to uncover the underlying population structure of North
American populations. We find that west coast US populations are most like European
populations likely reflecting a rapid westward expansion upon first settlements into North
America. We also find genomic evidence of African and European admixture in east
coast US and Caribbean populations, with a clinal pattern of decreasing proportions of
African ancestry with higher latitude further supporting the proposed demographic model
of Caribbean flies being established by African ancestors. Our genomic analysis of
Caribbean flies is the first study that exposes the source of previously reported novel

African alleles found in east coast US populations.
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Introduction

Out of the thousands of species in the genus Drosophila, the single most extensively
studied species is Drosophila melanogaster (Powell 1997). The utility of D.
melanogaster as a model organism can be seen in many fields of research from
medicine to evolutionary biology. To fully take advantage of D. melanogaster as a
model, we need the precision estimates and the history of population admixture during
the species colonization of North America. The advent of next-generation sequencing
(NGS), enabling the high-throughput sequencing of genomes, has generated much
interest in the population genomics of D. melanogaster (Mackay et al. 2012; Pool et al.
2012; Campo et al. 2013) because understanding the population structure of D.

melanogaster can now be approached with whole genome data (Duchen et al. 2013).

According to the currently accepted demographic model, D. melanogaster originated in
sub-Saharan Africa with a migration event into the European continent 10,000 years ago
(David & Capy 1988). Colonization of the Americas is hypothesized to have happened in
two waves. The first wave occurred ~400-500 year ago with African flies being
transported into the Caribbean Islands along with the transatlantic slave trade. The
second wave, which happened in the mid-19th century, was the cosmopolitan flies
arriving with the first European settlers into North America (David & Capy 1988). These
two waves purportedly created a secondary contact zone in the southeast United States

and Caribbean Islands of cosmopolitan-adapted flies from Europe and African-like flies
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from West Africa (Caracristi & Schlotterer 2003; Duchen et al. 2013). The flies
originating from the Caribbean islands have retained African-like behavior and physical
phenotypes despite its close proximity to the US cosmopolitan populations (Yukilevich &
True 2008a; Yukilevich & True 2008b; Yukilevich et al. 2010).

Previous studies looking at genome-wide effects of divergence in these populations
used tiling microarrays to detect highly differentiated regions between the pooled
genomes of cosmopolitan populations (including Caribbean fly lines) and Zimbabwean
populations and then sequenced a subset of fragments to look at genetic divergence
(Yukilevich et al. 2010). Most differentiation was found between populations living in
African versus out of Africa and evidence supporting that most of the variation in North
America and African populations originated from the sorting of African standing genetic
variation into the New World through Europe (Yukilevich et al. 2010). However,
Caracristi and Schlotterer (2003) found high levels of polymorphisms in North American
populations where the proportion of shared alleles between African and American
populations were greater than the proportion of shared alleles between African and
European populations. This evidence supports the hypothesis that there was a separate
migration event to the Caribbean and that this might be the source of these putative
African alleles in North America (Li & Stephan 2006). More recently, Duchen et al.
(2013) showed that North American populations of D. melanogaster are most likely the
result of an admixture event between European and African populations with the African
ancestry accounting for 15% of the mixture. However, it is not clear from their study
whether there was a second migration event to the Caribbean from Africa. The

Caribbean islands have been claimed to be the source of additional African alleles in the
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84  North American populations (Caracristi & Schlotterer 2003) although it has never been
85 confirmed.

86

87  For this work, we have sequenced 23 D. melanogaster genomes from various locations
88 in the southeast United States and the Caribbean Islands. Combined with the current
89  sequencing efforts of other fly populations from Raleigh (NC, USA), Winters (CA, USA),
90 Montpellier (France), and Oku (Cameroon), we can explore African and European
91 admixture of North American populations in an attempt to elucidate the history of D.
92 melanogaster's migration to the Americas and to understand how Caribbean D.
93 melanogaster populations can retain African-like phenotypes while being in such close
94  proximity to European-like neighboring populations from the United States.

95

96 Materials and Methods

97

98 Fly Lines for Sequencing

99 A subset of 23 isofemale lines of D. melanogaster from 12 locations used in Yukilevich
100 and True 2008b were selected for sequencing. Origins are as following: Selba, AL (ID#:
101 20, 28 and 20, 17); Thomasville, GA (ID#: 13, 34 and 13, 29); Tampa Bay, FL (ID#: 4, 12
102  and 4, 27); Birmingham, AL (ID#: 21, 39 and 21, 36); Meridian, MS (ID#: 24, 2 and 24,
103  9); Sebastian, FL (ID#: 28, 8); Freeport, Grand Bahamas-west (ID#: 33, 16 and 33, 11);
104  George Town, Exumas (ID#: 36, 9 and 36, 12); Bullock’s Harbor, Berry Islands (ID#: 40,

105 23 and 40, 10); Cockburn Town, San Salvador (ID#: 42, 23 and 42, 20); Mayaguana,
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106 Mayaguana (ID#: 43, 19 and 43, 18); Port Au Prince, Haiti (ID#: H, 29 and H, 25). All
107 flies were maintained at 25 °C in vials on a standard cornmeal diet.
108

109 Libraries and sequencing of southeast US and Caribbean lines

110  All lines were subjected to full-sibling inbreeding for at least five generations before we
111 collected 15 - 20 females from each line for library preparation. DNA was extracted
112 using a Epicentre MasterPure kit (Madison, WI, USA) and cleaned with the Zymo Quick-
113 gDNA Miniprep kit (Irvine, CA, USA). lllumina sequencing libraries were prepared
114 according to Dunham and Friesen (2013) with the exception that DNA was sheared with
115  dsDNA Shearase Plus (Zymo: Irving, CA, USA) and cleaned using Agencourt AMPure
116 XP beads (Beckman-Coulter: Indianapolis, IN, USA). Fragment size selection was also
117  done using beads instead of gel electrophoresis. Libraries were visualized in an Agilent
118  Bioanalyzer 2100 and quantified using the Kapa Biosystems Library Quantification Kit,
119  according to manufacturer’s instructions. Libraries were loaded into an Illumina flow cell
120 v.3 and run on a HiSeq 2000 for 2x100 cycles. Library quality control and initial
121 sequencing were performed at the USC NCCC Epigenome Center's Data Production
122 Facility (University of Southern California, Los Angeles, CA, USA). Additional
123  sequencing to achieve at least 5x genome-wide coverage for all lines was performed at
124  the USC UPC Genome and Cytometry Core (University of Southern California, Los
125  Angeles, CA, USA), in an lllumina HiSeq 2500 following the same run format.

126

127  Sources of other sequenced populations
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128 We used the 35 isogenic lines from Winters, CA, USA and 33 isogenic lines from
129  Raleigh, NC, USA described in Campo et al. (2013). Raleigh lines were a subset of the
130 Drosophila Genetic Reference Panel (DGRP) (Mackay et al, 2012). The 10 isofemale
131 lines from Oku, Cameroon, were sequenced as a part of the Drosophila Population
132  Genetic Panel (DPGP-2 African Survey) (Pool et al. 2012). Sequencing reads for 20
133 isofemale lines from Montpellier, France were downloaded via the Bergman lab
134  webpage (Haddrill & Bergman 2012).

135

136  Mapping

137  For each fly line, the raw sequencing reads were trimmed by quality using the SolexaQA
138  package (ver. 1.12) with default parameters and all trimmed reads less than 25 bp were
139 discarded (Cox et al. 2010). The quality trimmed reads were then mapped to the D.
140  melanogaster reference genome (FlyBase version 5.41) using Bowtie 2 (ver. beta 4)
141 with the “very sensitive” and “-N=1" parameters (Salzberg & Langmead 2012). Following
142  mapping, the GATK (ver. 1.1-23, dePristo et al. 2011) IndelRealigner tool was used to
143  perform local realignments around indels and PCR and optical duplicates were identified

144 with the MarkDuplicates tool in the Picard package (http://picard.sourceforge.net).

145

146  SNP calling, phasing, and filtering

147  SNP variants were identified in all lines simultaneously using the GATK
148  UnifiedGenotyper (ver. 2.1-8) tool with all parameters set to recommended default
149  values. The raw SNP calls were further filtered following the GATK best practices

150 recommendations (Auwera et al. 2013) resulting in 4,021,717 SNP calls. We then used
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151  BEAGLE to perform haplotype phasing as well as impute missing data (Browning &
152  Browning 2007; Browning & Browning 2009). SNPs were further filtered using VCFtools

153  (http://vcftools.sourceforge.net/) for 5% minor allele frequency and biallelic sites resulting

154 in 1,047,913 SNPs across the major chromosomal regions: 2L (222,464 SNPs), 2R
155 (192,120 SNPs), 3L (212,601 SNPs), 3R (268,701 SNPs), and X (152,027 SNPs) to be
156  considered for further analysis.

157

158  Population structure analysis

159  We used VCFtools (Danecek et al. 2011) to calculate Fst via the Weir and Cockerham
160 estimates (1984) as a proxy for genetic distance between all our populations.
161  Additionally, we used the R package SNPRelate (Zheng et al. 2012) to perform principal
162  component analysis (PCA). We did PCA with all populations and then removed the
163  Cameroon population for another PCA to investigate North American patterns further
164  without the influence of the African population.

165

166 ADMIXTURE (Alexander et al. 2009) estimates ancestry of a given set of unrelated
167  individuals in a model-based manner from large autosomal SNP genotype datasets.
168  The program outputs the proportion of ancestral population for each individual. To run
169  the program, a prior belief number of ancestral populations (K), must be provided. We
170 used a cross-validation procedure of ADMIXTURE to propose the number of ancestral
171 populations (K). Optimal K values will have lower cross-validation error compared to
172  other values. We ran a 5-fold cross validation on the plink file (.ped) which was

173  generated using a custom PERL script from the Variant Calling File (VCF). Linkage
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174  disequilibrium can affect the results of ADMIXTURE thus the marker set used for this
175  analysis was further filtered to include only autosomal markers that were at least 250 bp
176  apart resulting in a total of 234,497 SNPs.

177

178  Chromosome painting

179  We utilized the software Chromopainter (Lawson et al. 2012) to estimate which parts of
180 the genome each North American individual were contributed by European or African
181  ancestors. We ran Chromopainter for 60 iterations to estimate parameters of the
182  algorithm and then ran Chromopainter with the estimated parameters to obtain the final
183  results as recommended in the user manual. Additionally, we implemented hierarchical
184  clustering in R (heatmap.2 with standard options in the gplots library) to examine the
185  similarity of Chromopainter results across each chromosomal region between all the
186  North American individuals.

187

188  Linkage Disequilibrium Analysis

189 To look at linkage disequilibrium decay over genomic distance, measures of D’ were
190 estimated using VCFtools (Danecek et al. 2011) in 10,000 bp windows across the
191  genome.

192

193  Results

194

195  Investigating Population Structure by Principal Component Analysis
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196 To explore initial relationships between populations, we performed PCA on the
197 1,047,913 quality-filtered SNPs using the R package SNPRelate. The first principal
198 component represented the separation between African and non-African populations
199  and the second principal component was the variation within the Cameroon population
200 (FIGURE 2). Upon closer inspection of the non-African cluster (FIGURE 2), the first
201 principal component could also be a proxy to how genetically close each non-African
202 population is to the Cameroon population, with the Caribbean population located the
203 closest. The non-African populations were roughly grouped into two sub-clusters of
204 Caribbean and non-Caribbean. There were, however, a few Caribbean fly lines that
205 clustered close to and within the non-Caribbean group. The four Caribbean lines that
206 clustered with the US populations were collected from locations on islands closest to the
207 US and Caribbean border (i.e. Freeport, Grand Bahamas-west and Bullock’s Harbor,
208 Berry Islands). Along with these four Caribbean lines, the sequenced fly lines from
209 locations in the southeast United States were interspersed with fly lines from Raleigh,
210 indicating a potential east coast US admixture zone. The Raleigh population clustered
211 very closely with the Winters, but both Raleigh and Winters appeared to still be distinct
212  populations. The 20 French lines appeared dispersed in the non-Caribbean cluster,
213  which supports the notion that there is much European influence in North American
214 populations.

215

216  Upon inspection of additional principal components (FIGURE S1), principal components
217 3 and 4 explained variation within the Cameroon population indicating there was much

218 diversity in the African population, which may have been masking patterns in the non-

10
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219  African populations. We removed the Cameroon population and performed a second
220 PCA using non-African populations (FIGURE S2). The first principal component in this
221 second PCA explained the variation within the North American populations, while the
222  second principal component separated the French population from the North American
223  populations. Clustering patterns of the second PCA were similar to those in the first
224  PCA, but we saw that the French population formed a distinct cluster and was located
225 closest to the group containing Winters, Raleigh, and southeast US populations. The
226 third and fourth principal components accounted for more variation within the North
227  American populations (FIGURE S3).

228

229  Genetic differentiation between populations

230 To quantify the level of genetic differentiation, we calculated Weir and Cockerham
231 (1984) Fst between all pairs of populations per SNP and averaged the Fst estimates per
232 chromosomal region. We found a consistent pattern in which Cameroon was highly
233 differentiated from all cosmopolitan populations, but was closest to the Caribbean
234  population (FIGURE 3). The French and Winters populations were the most
235 differentiated from the Cameroon lines. As expected, the greatest differentiation
236  between the Cameroon population and the non-African populations was on the X
237 chromosome (FIGURE 3), since this chromosome has been suggested to evolve faster
238 than the autosomes (Presgraves 2008).

239

240 The French population was the least genetically differentiated from the Winters and

241 Raleigh populations (FIGURE 3). Interestingly enough, the Caribbean population was

11
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242  slightly more differentiated from the Winters population than from the French population
243  in the 2L and 3R chromosomal regions (Supplementary TABLE 1,2), perhaps indicating
244  aslightly larger European influence in the Caribbean than the west coast US.

245

246  Admixture patterns

247  From our cross-validation procedure, it was determined that the optimal number of
248 ancestral populations for ADMIXTURE was K=2 (FIGURE S4). According to the
249  ancestral proportions (FIGURE 4A), it appears that the North American lines are a
250 composite of European and African ancestry. Furthermore, the proportion of African-like
251  markers is higher in Caribbean individuals and decrease in proportion with increasing
252 latitude (FIGURE 4B).

253

254  Genome-wide African and European influences

255  While results from ADMIXTURE are useful in understanding how populations are
256  structured and point towards approximate the influences of African and European
257  ancestors, we cannot determine the pattern of influence across a genome with those
258 results. We used Chromopainter to predict the ancestry of all the North American
259 sequenced fly lines across the genome. The most striking result from visualizing the
260 local ancestry of all genomes (FIGURE 5) was that larger chunks of African or European
261 ancestry seemed to be retained in telomeric and centromeric regions known to have low
262 recombination (Comeron et al. 2012).

263

12
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264  When we clustered individual genomes by genomic inheritance patterns, the patterns of
265 individuals within one population clustered more with each other than with other
266  populations except for chromosomal region 2R where Caribbean and southeast US
267 individuals seem to be evenly dispersed between Winters and Raleigh populations.
268 Chromosome X appeared to be the least influenced by African ancestry (FIGURE 5),
269  which is in agreement with the large X effect (Presgraves 2008).

270

271 Individuals from the Caribbean populations and some from the southeast US seemed to
272  have a larger percentage of African painted alleles, which was especially apparent in the
273  chromosomal regions of 2L and 3R (FIGURE 5). The long stretches of the African-
274  painted SNPs in these chromosomal regions coincided with the locations of common
275  cosmopolitan inversions, In(2L)t and In(3R)P (Corbett-Detig & Hartl 2012).

276  Overall the expected proportion of probable African ancestry ranged between 3.6%
277  (Winters, CA) to 47% (Caribbean Islands) for the painted genomes. On average over the
278 whole genome, the expected percentage of African ancestry was highest in the
279  Caribbean population at 24.75% and the lowest in the Winters population at 8.68%.
280 Raleigh and southeast US populations had 14% and 15.6% of predicted African
281  ancestry, which is consistent with previous findings (Duchen et al. 2013). In summary,
282 populations had decreasing African ancestry with respect to distance from the
283  Caribbean Islands in all genomic areas. Out of all the chromosomes, the X chromosome
284  had the lowest expected percentage of African-inherited alleles for all North American
285  populations (FIGURE S5).

286

13
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287  Linkage disequilibrium patterns

288 Elevated levels of linkage disequilibrium (LD) can be an indicator of admixture in
289 populations because inherited ancestral tracts have not had sufficient time to be broken
290 down by recombination (Loh et al. 2013). We calculated D’ as a measure of LD and
291 averaged the absolute value of D’ to get approximate LD levels in our populations
292  across different genomic regions. We found that on average Cameroon and France
293  populations have lower LD values than North American populations (FIGURE 6). Out of
294  all the North American populations, the Caribbean population had one of the lowest LD
295 values on most chromosomal regions except on the X chromosome. This is consistent
296 with the notion that African flies colonized the Caribbean Islands a good 200 years
297 before European flies arrived on the east coast of the US making the Caribbean
298  population older than the US populations (David & Capy 1988).

299

300 4.4 Discussion

301

302 Caribbean flies most likely established by African ancestors

303 Although all non-African populations pairwise Fsrt values were high throughout the
304 genome when compared to the African sample, the Caribbean population had on
305 average the lowest values. With the Caribbean population located closest in the first PC
306 analysis to the Cameroon population and the highest percentage of predicted African
307 ancestry out of all the North American samples we analyzed, these pieces of evidence
308 do seem to further support the migration event of west African flies to the Caribbean

309 islands via the transatlantic slave trade (David & Capy 1988).

14


https://doi.org/10.1101/009092

bioRxiv preprint doi: https://doi.org/10.1101/009092; this version posted September 13, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

310

311 African and European admixture in North America

312 Recently admixed populations exhibit more linkage disequilibrium than older long-
313  established populations (Loh et al. 2013). This is because newer populations, which are
314 a combination of genetic material from older base populations have not gone through
315 enough generations for recombination to break down LD blocks. We do detect higher LD
316  in the North American populations than in our African and European samples. Although
317  this is a common signature of admixture, higher LD values can also result from other
318 demographic events such as a population bottleneck. However, previous studies have
319 already established the existence of admixture in some North American populations,
320 particularly Raleigh, (Duchen et al. 2013) which would support that elevated LD in our
321 case is most likely due to admixture.

322

323 We are able to extend the admixture scenario in North America with our 23 sequenced
324 genomes from the southeast US and Caribbean islands. It has been postulated that
325 American D. melanogaster are more genetically variable than European D.
326 melanogaster due to admixture from the Caribbean islands (Caracristi & Schlotterer
327  2003). Our results from ADMIXTURE (FIGURE 4) and chromosome painting (FIGURE
328 5) clearly show a clinal pattern of African introgression into the United States, which
329 supports the notion that these non-European African alleles in the US are originating
330 from the Caribbean Islands. Furthermore, the PCA groupings (FIGURE 2) also illustrate
331 that the border between the southeast US and Caribbean Islands is where fly

332 populations are experiencing the most admixture.

15


https://doi.org/10.1101/009092

bioRxiv preprint doi: https://doi.org/10.1101/009092; this version posted September 13, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

333

334  Westward expansion of Drosophila melanogaster

335 Our analysis of the Winters, CA genomes revealed that the Winters population is more
336 related to our European population than the other US population. There appears to be
337  very little to no African ancestry in the genomes from Winters, CA. Either there was a
338 separate colonization event in the west or when D. melanogaster arrived in North
339  America with European settlers, it quickly expanded west shortly after arriving (Campo
340 et al. 2013). The latter explanation may be more plausible given that the first sighting of
341  D. melanogaster was in the mid-19th century (David & Capy 1988), which was when the
342 United States was in the midst of active westward expansion with the rapid construction
343 of a transcontinental railway to transport supplies out to early settlers in the west
344  (Billington 1949).

345

346  Conclusions

347 Understanding the origins and genomic patterns of North American D. melanogaster will
348 be useful for researchers working with populations from this area of the world especially
349 with the emerging public sequencing data becoming available (Mackay et al. 2012;
350 Remolina et al. 2012). Our genome analyses of southeast US and Caribbean fly
351 populations in relation to other North American populations and to their African and
352  European ancestral populations further elucidate the history of Drosophila melanogaster
353  colonization of North America. We reveal clinal patterns of African ancestry from the

354  Caribbean Islands to the southeast United States illustrating African and European

16
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355 admixture maintained in those populations, which is likely influencing populations that lie

356 farther north on the east coast of the United States.

17
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357 FIGURES

358
359 FIGURE 1: Map of sequenced populations with number of whole genome sequences in

360 circles. Arrows indicate currently accepted migration history of D. melanogaster into the
361 Americas.
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FIGURE 2: First and second principal components (PC) from principal components
analysis with populations from Cameroon (CAM), Caribbean lIslands (CAR), France
(FRA), Raleigh (RAL), southeast US (SEU) and Winters (WIN). Population structure of
individuals in the grey highlighted box are magnified in secondary enlarged plot.
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FIGURE 3: Average Fst values between populations for chromosome X (lower
diagonal) and all autosomes (upper diagonal). Shades of grey illustrate the degree of
genetic differentiation with larger Fst values being darker and smaller Fst values being

lighter.
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corresponds with F=26.42 and a significance of P < 0.0001.
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FIGURE 5: Painted chromosomal regions heatmap with hierarchical clustering of
individuals. Each row in heatmap represents one individual. Population membership of
individual designated by vertical bar to the right of each chromosomal heatmap (Green:
Winters, CA, Blue: Raleigh, NC, Pink: Southeast US, Purple: Caribbean). Red
represents SNPs that are most similar to the Cameroon donor population; Yellow
represents SNPs that are most similar to the French donor population.
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