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Abstract 
The extinct passenger pigeon was once the most abundant bird in North America, and 
possibly the world. While theory predicts that large populations will be more genetically 
diverse and respond more efficiently to selection, passenger pigeon genetic diversity was 
surprisingly low. To investigate this we analysed 41 mitochondrial and 4 nuclear genomes 
from passenger pigeons, and 2 genomes from band-tailed pigeons, passenger pigeons’ 
closest living relatives. We find that passenger pigeons’ large population size allowed for 
faster adaptive evolution and removal of harmful mutations, but that this drove a huge loss in 
neutral genetic diversity. These results demonstrate how great an impact selection can have 
on a vertebrate genome, and invalidate previous results that suggested population instability 
contributed to this species’ surprisingly rapid extinction. 
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The passenger pigeon (Ectopistes migratorius) numbered between 3 and 5 billion individuals 
prior to its 19th century decline and eventual extinction (1). Passenger pigeons were highly 
mobile, bred in large social colonies, and their population lacked clear geographic structure 
(2). Few vertebrates have populations this large and cohesive, and according to the neutral 
model of molecular evolution, this should lead to high genetic diversity (3). Preliminary 
analyses of passenger pigeon genomes have, however, revealed similar genetic diversity to 
birds with population sizes three orders of magnitude smaller (4). This has been interpreted 
within the framework of the neutral theory of molecular evolution as the result of a history of 
dramatic demographic fluctuations (4). However, in large populations natural selection may 
be particularly important in shaping genetic diversity: selection on one locus can cause the 
loss of diversity at physically linked loci (5–8), and natural selection is predicted to be more 
efficient in species with larger population sizes (9). It has been suggested that this impact of 
selection on genetic diversity is widespread and that it explains the long standing paradox of 
population genetics that the genetic diversity of a species is poorly predicted by its 
population size (3, 10, 11). Here we investigate the impact of natural selection on passenger 
pigeon genomes through comparative genomic analyses of both passenger pigeons and one 
of their closest living relatives, band-tailed pigeons (Patagioenas fasciata) (12). While 
ecologically and physiologically similar to passenger pigeons, band-tailed pigeons have a 
present-day population size three orders of magnitude smaller (2, 13). 
 
We first applied a Bayesian skyline model of ancestral population dynamics to the 
mitochondrial genomes of 41 passenger pigeons from across their former breeding range 
(Fig. 1A and table S1) using a lineage-specific evolutionary rate estimate (14). This returned 
a most recent effective population size (Ne) of 13 million (95% HPD: 2-58 million) and similar, 
stable Ne for the previous 50,000 years (Fig. 1B). While this Ne is much lower than the 
census population size, it is greater than previous estimates based on analyses of nuclear 
genomes (4), and it is likely to be conservative [see supplementary materials section 2.1 
(SM2.1)].  
 
We then compared nucleotide diversity (π) in the passenger pigeon nuclear genome to π in 
the band-tailed pigeon nuclear genome. We analysed four high-coverage passenger pigeon 
genome assemblies (two newly sequenced and two from published raw data; table S2), and 
two high-coverage band-tailed pigeon genome assemblies. We found that π was greater in 
passenger pigeons (average π = 0.008) than in band-tailed pigeons (average π = 0.004), but 
that the difference is less than expected given their population sizes. We estimated π for 
non-overlapping 5 Mb windows across the genome, and found that these species had a 
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correlated regional variation in π, but with much greater variation in passenger pigeons (Fig. 
2A and fig. S1). 
 
To explore this variation, we mapped our scaffolds to the chicken genome assembly (15), 
which should approximate the correct chromosomal structure since karyotype and synteny 
are strongly conserved across birds (16). We found that low genetic diversity regions of the 
passenger pigeon genome are generally in the centres of macrochromosomes, while the 
edges of macrochromosomes and microchromosomes have much higher diversity (Fig. 2B). 
Although this pattern is largely absent from the band-tailed pigeon genome, it is not likely an 
artefact of ancient DNA damage: our assemblies had high coverage depth (table S2), we 
used conservative cut-offs for calling variants, and we recovered similar patterns after 
excluding variants more likely to result from damage (fig. S2; SM2.2).  
 
We next investigated the impact of selection on the evolution of protein-coding regions of the 
genome in both species. We calculated the rate of adaptive substitution relative to the rate of 
neutral substitution (ωa) and the ratio of nonsynonymous to synonymous polymorphism 
(pN/pS) for 5 Mb windows across the genome. A higher ωa suggests stronger or more 
efficient positive selection, and a lower pN/pS suggests stronger or more efficient selective 
constraint. We found that ωa was higher (Mann-Whitney U test, p = 1.1x10-4) and pN/pS 
lower (p = 2.7x10-12) in passenger pigeons than band-tailed pigeons (Fig. 3 and fig. S3). We 
also found that ωa was higher (p = 1.2x10-8) and pN/pS lower (p = 6.6x10-10) in high-diversity 
regions of the passenger pigeon genome compared to low-diversity regions (Fig. 3 and fig. 
S3). In addition, we found that codon usage bias, which is thought to reflect selection for 
translational optimization (17), was greater in passenger pigeons than in band-tailed 
pigeons, and greater in high-diversity regions (SM2.3).  
 
We also estimated the difference between the proportions of substitutions and 
polymorphisms that are nonsynonymous (the direction of selection, DoS) for individual 
genes, where a positive DoS indicates adaptive evolution. We found that DoS was more 
often positive in passenger pigeons than in band-tailed pigeons and, in passenger pigeons, 
DoS was correlated with diversity (fig. S4). McDonald-Kreitman tests identified 32 genes with 
strong evidence of adaptive evolution in passenger pigeons (table S3). Among them are 
genes associated with immune defense (e.g. CPD (18)), seasonal consumption of high-
sugar foods in passerine birds (SI) (19), and stress modulation (FAAH) (20). Selection on 
these gene functions is consistent with the ecology of passenger pigeons: they had a 
distinctive diet (2), and larger and denser populations tend to endure an increased burden of 
transmissible pathogens (21) and social stress (22). 
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Differences in the efficacy of selection between passenger pigeons and band-tailed pigeons 
could derive from several factors (e.g. recombination rate, mutation rate, the distribution of 
fitness effects). However, since the close relationship between these species makes 
substantial differences in most of these factors unlikely, the most parsimonious explanation 
is the difference in population size. Theory predicts that larger populations will experience a 
greater efficacy of natural selection, and evidence of this has been found in comparisons 
across a number of other species (9, cf. 23).  
 
A greater efficacy of selection could lead to a greater impact of selection on linked sites: 
selection can lead to both reduced diversity at linked neutral sites and reduced efficacy of 
selection at linked selected sites (3, 5–8, 24). The impact of this will be greater where 
recombination rates are low, and in bird genomes recombination rates are lower in the 
centers of macrochromosomes, relative both to their edges and to the microchromosomes 
(16) (SM2.4). Therefore, the recombination landscape of the bird genome, combined with 
the an extremely large population size, could have driven the patterns we observe across 
the passenger pigeon genome: their large population size increased both neutral genetic 
diversity and the efficacy of selection, but linkage between sites, particularly in genomic 
regions with lower recombination rates, acted to reduce genetic diversity and the efficacy of 
selection. This conclusion is supported by studies of other birds, which have reported a 
correlation between recombination rate and both diversity (25, 26) and the efficacy of 
selection (27–29). Although, it has been argued that the correlation with the efficacy of 
selection could be an artefact of GC-biased gene conversion (gBGC) (30). 
 
Regions of the genome with higher recombination rates are expected to accumulate GC 
substitutions faster as a result of gBGC. gBGC promotes the fixation of A/T to G/C mutations 
and the loss of G/C to A/T mutations by preferentially replacing A/T bases with G/C bases 
when recombination occurs at a heterozygous locus (31). gBGC is predicted to have a 
greater influence in larger populations (32). We observe a higher GC-content in high-
recombination regions of both species’ genomes (fig. S5), which indicates a long-term 
influence of gBGC. We also observe a higher rate of A/T to G/C substitution and a lower rate 
of G/C to A/T substitution in passenger pigeons than in band-tailed pigeons, which suggests 
a greater influence of gBGC in passenger pigeons (Fig. 4A,B).  
 
The opposition of gBGC by selection, for example in purging deleterious G/C mutations, 
could therefore create the appearance of greater efficacy of selection in passenger pigeons. 
The impact of gBGC on signals of selection can be seen most clearly in a higher rate of 
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nonsynonymous substitution relative to synonymous substitution (dN/dS) for substitutions 
opposed by gBGC and a lower dN/dS for substitutions promoted by gBGC in high-diversity 
regions of the passenger pigeon genome (Fig. 4C,D and fig. S6). We also find that it 
influences ωa and pN/pS (fig. S7 and S8). To test whether our inference of more efficient 
selection in passenger pigeons is an artefact of gBGC, we estimated ωa and pN/pS 
separately for G/C to G/C and A/T to A/T mutations, which are unaffected by gBGC. For 
these mutations, we again observed higher ωa and lower pN/pS in passenger pigeons than 
in band-tailed pigeons (figs. S7 and S8), confirming that selection was genuinely more 
efficient. However, when comparing high- and low-diversity regions of the passenger pigeon 
genome, we only observe a difference in pN/pS. This indicates that differences in ωa across 
the passenger pigeon genome were driven by gBGC. 
 
A previous study suggested that passenger pigeons’ low genetic diversity was the result of 
drastic population fluctuations driven by resource availability (4). This conclusion was based 
on Pairwise Sequentially Markovian Coalescent (PSMC) analyses (33) of the nuclear 
genome. In contrast, our analyses reveal both population stability preceding the species’ 
extinction and a surprisingly pervasive influence of natural selection. Moreover, the extent of 
the influence of selection across the passenger pigeon genome means that analyses that 
are based on genome-wide diversity, such as PSMC, are unlikely to reliably inform us of 
demographic history (34) (SM2.5). Our results therefore undermine the argument that 
natural demographic fluctuations contributed to the passenger pigeon’s extinction, and 
instead suggest that natural selection could have played a role: following the onset of the 
commercial harvest, low genetic diversity may have made passenger pigeons less able to 
respond to new selective pressures, and while the species benefitted from higher rates of 
adaptive evolution and efficient purifying selection, previously adaptive traits may have made 
it more difficult for passenger pigeons to survive in smaller numbers (2). 
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Fig. 1. Passenger pigeon range, sample origins, and Ne estimate from mitochondrial genomes. (A) Range of passenger pigeons at time 5 

of European contact (dark red: breeding range; light red: full range) (1) and current range of band-tailed pigeons (purple) (13), with inset 6 

showing the location of origin of the 41 passenger pigeon samples analyzed here. Locations of the four samples from which nuclear genomes 7 

were generated are indicated with a blue box. (B) Inferred Ne and mitochondrial phylogeny from a Bayesian coalescent analysis. Colors in (A) 8 

inset match the phylogeny in (B). The structure of the phylogeny does not correlate with geography, which is consistent with an absence of 9 

geographic population structure.  10 
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 18 

Fig. 2. π across passenger pigeon and band-tailed pigeon genomes. (A) A histogram describing mean π for 5 Mb windows across the 19 

passenger pigeon (red) and band-tailed pigeon (blue) genomes. (B) Genomic distribution of individual pairwise estimates of mean π in 5 Mb 20 

windows across the two species’ genomes. Each between- and within-individual pairwise comparison is plotted as red (28 passenger pigeon 21 

comparisons) or blue (6 band-tailed pigeon comparisons) lines. Chromosome boundaries are indicated as vertical dashed lines. Chromosomes 22 

are ordered by their size in the chicken genome.  23 
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 31 

 32 
Fig. 3. Estimates of ωa and pN/pS. Estimates are averages for 5 Mb windows and are plotted against the window’s genetic diversity in 33 

passenger pigeons relative to band-tailed pigeons (on a log10-scale). Comparisons are drawn between (A) ωa and (B) pN/pS in passenger 34 

pigeons (PP; red) and band-tailed pigeons (BTP; blue), and between low-diversity (πPP < πBTP; point-down triangles) and high-diversity (πPP > 35 

πBTP; point-up triangles) windows (median values are shown as horizontal lines; ‘*’ indicates p ≤ 1x10-4 and ‘-’ p ≥ 0.1 in a Mann-Whitney U test). 36 

In (B) pN/pS estimates are for derived mutations present in 1/4 and 2-3/4 individuals. A higher pN/pS for lower frequency mutations could 37 

reflect the slow purging of weakly deleterious mutations. Estimates are based on analyses of two individuals from each species (see figure S3 38 

for estimates using all passenger pigeon samples). 39 
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 42 
 43 

Fig. 4. Patterns of substitution for nucleotide base changes that are opposed (A, C) 44 

and promoted (B, D) by gBGC. (A) The rate of G/C to A/T substitution relative to G/C to 45 

G/C substitution in passenger pigeons, divided by the same parameter in band-tailed 46 

pigeons. (B) The rate of A/T to G/C substitution relative to A/T to A/T substitution in 47 

passenger pigeons lineage, divided by the same parameter in band-tailed pigeons. (C) 48 

dN/dS for G/C to A/T mutations in passenger pigeons, divided by the same parameter in 49 

band-tailed pigeons. (D) dN/dS for A/T to G/C mutations in passenger pigeons, divided by 50 

the same parameter in band-tailed pigeons. All estimates are for 5 Mb windows across the 51 

genome, and are plotted on a log10-scale against diversity in passenger pigeons relative to 52 

band-tailed pigeons. Trend lines were estimated using the ‘stat_smooth’ function in ggplot2 53 

(method = ‘loess’) in R. Shading reflects 95% confidence limits around the trend lines.  54 

55 

A" B"

C" D"

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 23, 2017. ; https://doi.org/10.1101/154294doi: bioRxiv preprint 

https://doi.org/10.1101/154294


 
 

11 

References: 56 

 57 

1. A. W. Schorger, The Passenger Pigeon: Its Natural History And Extinction (Literary 58 

Licensing, LLC, 1955). 59 

2. E. H. Bucher, “The causes of extinction of the Passenger Pigeon”, in Current 60 

Ornithology, D. M. Power, Ed. (Springer US, 1992), pp. 1–36. 61 

3. E. M. Leffler, K. Bulluaghey, D. R. Matute, W. K. Meyer, L. Ségurel, A. Venkat, P. 62 

Andolfatto, M. Przeworski, Revisiting an old riddle: what determines genetic diversity 63 

levels within species? PLoS Biol. 10, e1001388 (2012). 64 

4. C.-M. Hung, P.-J. L. Shaner, R. M. Zink, W.-C. Liu, T.-C. Chu, W.-S. Huang, S.-H. Li, 65 

Drastic population fluctuations explain the rapid extinction of the passenger pigeon. 66 

Proc. Natl. Acad. Sci. U.S.A. 111, 10636–10641 (2014). 67 

5. J. M. Smith, J. Haigh, The hitch-hiking effect of a favourable gene. Genet. Res. 23, 68 

23–35 (1974). 69 

6. D. J. Begun, C. F. Aquadro, Levels of naturally occurring DNA polymorphism correlate 70 

with recombination rates in D. melanogaster. Nature. 356, 519–520 (1992). 71 

7. A. D. Cutter, B. A. Payseur, Genomic signatures of selection at linked sites: unifying 72 

the disparity among species. Nat. Rev. Genet. 14, 262–274 (2013). 73 

8. B. Charlesworth, The effects of deleterious mutations on evolution at linked sites. 74 

Genetics. 190, 5–22 (2012). 75 

9. A. Eyre-Walker, The genomic rate of adaptive evolution. Trends Ecol. Evol. 21, 569– 76 

575 (2006). 77 

10. R. C. Lewontin, The Genetic Basis of Evolutionary Change (Columbia University 78 

Press, 1974). 79 

11. R. B. Corbett-Detig, D. L. Hartl, T. B. Sackton, Natural selection constrains neutral 80 

diversity across a wide range of species. PLoS Biol. 13, e1002112 (2015). 81 

12. K. P. Johnson, D. H. Clayton, J. P. Dumbacher, R. C. Fleischer, The flight of the 82 

Passenger Pigeon: phylogenetics and biogeographic history of an extinct species. Mol. 83 

Phylogenet. Evol. 57, 455–458 (2010). 84 

13. T. A. Sanders, Band-tailed pigeon population status, 2014. U.S. Department of the 85 

Interior, Fish and Wildlife Service, Division of Migratory Bird Management, 86 

Washington, D.C. (2014).   87 

14. B. Nabholz, R. Lanfear, J. Fuchs, Body mass-corrected molecular rate for bird 88 

mitochondrial DNA. Mol. Ecol. 25, 4438–4449 (2016). 89 

15. International Chicken Genome Sequencing Consortium, Sequence and comparative 90 

analysis of the chicken genome provide unique perspectives on vertebrate evolution. 91 

Nature. 432, 695–716 (2004). 92 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 23, 2017. ; https://doi.org/10.1101/154294doi: bioRxiv preprint 

https://doi.org/10.1101/154294


 
 

12 

16. H. Ellegren, Evolutionary stasis: the stable chromosomes of birds. Trends Ecol. Evol. 93 

25, 283–291 (2010). 94 

17. R. Hershberg, D. A. Petrov, Selection on codon bias. Annu. Rev. Genet. 42, 287–299 95 

(2008). 96 

18. S. Tong, J. Li, J. R. Wands, Carboxypeptidase D Is an avian hepatitis B virus receptor. 97 

J. Virol. 73, 8696–8702 (1999). 98 

19. N. Ramírez-Otárola, P. Sabat, Are levels of digestive enzyme activity related to the 99 

natural diet in passerine birds? Biol. Res. 44, 81–88 (2011). 100 

20. F. A. Moreira, N. Kaiser, K. Monory, B. Lutz, Reduced anxiety-like behaviour induced 101 

by genetic and pharmacological inhibition of the endocannabinoid-degrading enzyme 102 

fatty acid amide hydrolase (FAAH) is mediated by CB1 receptors. 103 

Neuropharmacology. 54, 141–150 (2008). 104 

21. B. T. Grenfell, A. P. Dobson, Ecology of Infectious Diseases in Natural Populations 105 

(Cambridge University Press, 1995). 106 

22. R. K. Murton, A. J. Isaacson, N. J. Westwood, The significance of gregarious feeding 107 

behaviour and adrenal stress in a population of Wood-pigeons Columba palumbus. J. 108 

Zool. 165, 1, 53-84 (1971). 109 

23. N. Galtier, Adaptive protein evolution in animals and the effective population size 110 

hypothesis. PLoS Genet. 12, e1005774 (2016). 111 

24. W. G. Hill, A. Robertson, The effect of linkage on limits to artificial selection. Genet. 112 

Res. 8, 269–294 (1966). 113 

25. B. M. Van Doren, L. Campagna, B. Helm, J. C. Illera, I. J. Lovette, M. Liedvogel, 114 

Correlated patterns of genetic diversity and differentiation across an avian family. Mol. 115 

Ecol. mec.14083 (2017).  116 

26. L. Dutoit, N. Vijay, C. F. Mugal, C. M. Bossu, R. Burri, J. Wolf, H. Ellegren, Covariation 117 

in levels of nucleotide diversity in homologous regions of the avian genome long after 118 

completion of lineage sorting. Proc. Biol. Sci. 284, 20162756 (2017). 119 

27. A. Künstner, J. B. W. Wolf, N. Backström, O. Whitney, C. N. Balakrishnan, L. Day, S. 120 

V. Edwards, D. E. Janes, B. A. Schlinger, R. K. Wilson, E. D. Jarvis, W. C. Warren, H. 121 

Ellegren, Comparative genomics based on massive parallel transcriptome sequencing 122 

reveals patterns of substitution and selection across 10 bird species. Mol. Ecol. 19 123 

(suppl. 1), 266–276 (2010). 124 

28. K. Nam, C. Mugal, B. Nabholz, H. Schielzeth, J. B. Wolf, N. Backström, A. Künstner, 125 

C. N. Balakrishnan, A. Heger, C. P. Ponting, D. F. Clayton, H. Ellegren, Molecular 126 

evolution of genes in avian genomes. Genome Biol. 11, R68 (2010). 127 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 23, 2017. ; https://doi.org/10.1101/154294doi: bioRxiv preprint 

https://doi.org/10.1101/154294


 
 

13 

29. T. I. Gossmann, A. W. Santure, B. C. Sheldon, J. Slate, K. Zeng, Highly variable 128 

recombinational landscape modulates efficacy of natural selection in birds. Genome 129 

Biol. Evol. 6, 2061–2075 (2014). 130 

30. P. Bolívar, C. F. Mugal, A. Nater, H. Ellegren, Recombination rate variation modulates 131 

gene sequence evolution mainly via GC-biased gene conversion, not Hill–Robertson 132 

interference, in an avian system. Mol. Biol. Evol. 33, 216–227 (2016). 133 

31. L. Duret, A. Eyre-Walker, N. Galtier, A new perspective on isochore evolution. Gene. 134 

385, 71–74 (2006). 135 

32. T. Nagylaki, Evolution of a finite population under gene conversion. Proc. Natl. Acad. 136 

Sci. U.S.A. 80, 6278–6281 (1983). 137 

33. H. Li, R. Durbin, Inference of human population history from whole genome sequence 138 

of a single individual. Nature. 475, 493–496 (2011). 139 

34. D. R. Schrider, A. G. Shanku, A. D. Kern, Effects of linked selective sweeps on 140 

demographic inference and model selection. Genetics. 204, 3, 1207-1223 (2016). 141 

 142 

143 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 23, 2017. ; https://doi.org/10.1101/154294doi: bioRxiv preprint 

https://doi.org/10.1101/154294


 
 

14 

Acknowledgments: 144 

We thank L. Shiue, S. Weber, J. Kapp, M. Stiller, T. Kuhn, S. Wagner, and R. Shaw for 145 

assistance generating data. We thank J. Novembre for advice on analysing codon usage 146 

bias. Research was supported by the Packard Foundation, the Gordon and Betty Moore 147 

Foundation, and Revive & Restore. A.E.R.S. was funded by Ciência sem Fronteiras 148 

fellowship - CAPES, Brazil. Sequencing was supported by the Dean's Office, the Vincent J. 149 

Coates Genomics Sequencing Laboratory at UC Berkeley (Berkeley sequencing supported 150 

by NIH S10 Instrumentation Grants S10RR029668 and S10RR027303), and the Danish 151 

National Sequencing Centre in Copenhagen (sequencing supported by Lundbeck 152 

Foundation grant R52-5062).  153 

 154 

The sequence data generated in this study are archived in the relevant NCBI databases: the 155 

band-tailed pigeon assembly and RNA-seq reads used for its annotation can be found in 156 

Bioproject PRJNA308039 and reads from passenger pigeon samples in PRJNA381231 (with 157 

accessions provided in the supplementary materials).  158 

 159 

Competing interests 160 

The authors declare no competing interests.  161 

 162 
Author contributions: 163 

B.S. conceived and designed the study with critical input from G.G.R.M, A.E.R.S, R.E.G, and 164 

R.B.C-D.; B.S., T.L.F, and B.J.N. led sample collection; A.J.B., A.D., J.R.D., A.G.S., K.S., 165 

G.S., M.T.P.G., and M.P. provided samples; A.E.R.S., T.L.F., B.L., B.J.N, and R.R.DaF 166 

performed DNA extraction and library preparation experiments; A.E.R.S and P.D.H 167 

performed mitochondrial genome assembly and analyses; A.E.R.S, N.K.S, E.S.R, J.A.C., 168 

S.H.V., and P.D.H. performed nuclear genome assembly and analyses; G.G.R.M. designed 169 

and performed selection analyses; B.S., G.G.R.M, A.E.R.S, and R.E.G. wrote the paper; and 170 

all authors contributed to editing the manuscript. 171 

 172 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 23, 2017. ; https://doi.org/10.1101/154294doi: bioRxiv preprint 

https://doi.org/10.1101/154294

