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Running title: Genomic divergence across ecological gradients

Abstract

The littlesgeeenbul, a common rainforest passerine feubSaharan Africa, has been the
subject of long-term evolutionary studies to understand the mechanisms leading to
rainforest speciation. Previoussearch found morphological and behavioral divergence
across rainforestavanna transition zones (ecotonesy a pattern of divergence with

gene flow.suggesting divergent natural selection has contributed to adaptive divergence
and ecotones could be important areas for rainforests speciRéoent advances in
genomics and environmental modeling make it possible to exgratterns of genetic
divergence in a more comprehensive fashiana3sess the extent to which natural
selection may drive patterns of differentiatibiere we investigate patterns of genomic

differentiation among populations across environmental gradients and regions. We find
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compelling evidence that individuals form discrete genetic clusters corresponding to
distinctive environmental characteristics and habitat types. PairgjdseEveen

populations in dferent habitats is significantly higher than within habitats, and this
differentiation is greater than what is expected from geographic distance alone. Moreover,
we identified 140 SNPs that showed extreme differentiation among populations through a
genomewide selection scan. These outliers were significantly enriched in exonic and
coding regions, suggesting their functional importance. Environmental association analysis
of SNP*variation indicates that several environmental variables, including temperature and
elevation, play important roles in driving the pattern of genomic diversification. Results
lend important new genomic evidence émvironmental gradients being important in

populatien differentiation

I ntroduction

Rainforests are heralded for their exceptionally high biological diversity, yet the
evolutionary:mechanisms for the generation and maintenance of this diversity have been
debated*fordecades (Haffer 1969; Mayr & O’Hara 1986; Martin 1991; Smithl€9v.,
Schneidegt al. 1999; Moritzet al. 2000; Ogden & Thorpe 2002; Price 2008; Schluter
2009; Hoorn et al2010; Ribaset al. 2011; Smith et al2014; Beheregaray et @015)
Models of rainforest speciation abound. Some emphasize the importance of neutral
processes, for example genetic drift in allopatric populations isolated by historical refugia
(Haffer 24969) some favor processes such as landscape clidogen ef a/.2010; Ribaset
al.201Derdispersal (Smitlet a/.2014), while others point toward a dominant role of
divergent natural selection across ecological gradients and ec{mniglser a/.1997;
Schneiderer a/.1999; Ogden & Thorpe 2002; Smig a/.2005; Schluter 2009; Smitt
al.2011; Beheregaragt a/.2015) Each process is expected to shape the genomes of
natural populations in different ways, leaving a signal that provides insights into the
evolutionary mechanisms that may have led to divergence. Such information is of
importanece,not only to evolutionary geneticists interested in understanding the processes
involved in speciation, but also to conservation decision makers, who are interested in
presering biodiversity and prioritizing new regions for protection in the face of rapid
anthropogenic change and climate change.
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In this studywe explore the rokethat populatiodevel processes play in shaping
biodiversity in Central Africa by examining the genomic diversity in a common songbird,
the little greenbulAndropadus virensThe little greenbul provides a particuladgeful
taxon for this inquiry beagse ithas a broad geographic distribution across sub-Saharan
Africa where it occurs in ecologically diverse habitatsd has been the subject of long-
term studies of intr@pecific diversity and speciation. In the caselofirens as well as
somé' otherainforest taxa, the rainforesavanna transition zonescptoneshave been
shown to"drive phenotypic divergence and likely specigtmnith e a/.1997, 2005;
Kirschel et aL2009; Freedmaet a/.2010; Mitchellet a/.2015; Nadis 2016). Compared
to the central rainforestcetone habitats differ dramatically in numerous ways. For
exampley'ecotones haless tree cover, lower levels of precipitatiand greateintra-
annualvariation in environmental variables. These ecological differences may lead to
distinctivefood resources, pathogens, acoustic environments and predation levels
(Slabbekoorn & Smith 2002; Smitr a/.2005, 2013). Consequentlese differences in
both abietiesand biotic environmerdse hypothesized to resultdivergentselection in
ecotoneand rainforest populations, leadingptaly adapted populationmith et al.
1997,2005; Kirschedt a/.2009; Freedmaet a/.2010; Sehgaét a/.2011; Kirschelet al.
2011).Fhis hypothesis is supported by the fact that paragawicenspopulations across
rainforest-ecotone gradients have undergone significant divergence in morphological (i.e.
body mass, wing, tail, tarsus and beak length) and vocal characteristics despite significant
levels of'gene flowSmith et a/.1997; Slabbekoorn & Smith 2002; Smiha/.2005;
Kirscheletal.2011; Smithet a/.2013). This pattern of divergence with gene flow and the
role of ecotones in driving aday¢ divergence is further supported by the fact that
allopatric rainforest populations &f virensthat were geographically isolated in West and
Central Africa for two million years, had much lower levelpbé&notypiadivergence in
these traits . eompared to the level of divergence observed across a narrow (often 100km)
rainforest=ecotone gradie(®mith et a/.2005). Together, results feét virensand those
from other.species suggest that strong divergent natural selection across the rainforest
savanna ecot@ntransition contributes to adaptive phenotypic divergence despite high
levels of ongoing genftew (Smith ef a/.1997, 2001, 2005Evidence for divergence with
gene flow inA virensis also consistent with models of ecological speciation where
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natural selection caused by shifts in ecology or invasions of new habitats can result in
divergencen fitness related traits and might play a prominent role in speci@ior&
Smith 1998; Schneidexr a/.1999; Ogden & Thorpe 2002; Rundle & Nosil 2005; Schluter
2009; Beheregaragt a/.2015). Opportunities for this kind of divergence are possible
across theilittle greenbul range, as thegur across a widdiversity of habitats, including
mountains_ and islands, which are also known as hotspots of diversification and speciation
(Darwin"1859; Myerset a/.2000; Ormeet a/.2005). Previous research has found that,
comparedtod virenspopulations in mainland rainforests, mountain populations and
island populations also shasignificant divergence imorphological trait$ypically
related to fitness in birds, including bothasswing length, tail lengthtarsus lengtland
bill size"(Smithet a/.2005). Moreover, both habitats hasansiderable gene flowith
mainland rainforegbopulations in Lower Guing®mith et a/.2005), suggesting natural
selection may play an important role in divergence of mountain and island populations in
A virens.

Todate, the paucity dfigh+esolutiongenomic data for rainforest species such as
A virenshinders a full exploration of thevolutionary mechanisms that may be important
for diversification. Previous genetic studiesArnirenspopulation structure utilized a
handful-ef MDNA markers(Smith et a/.2001)and microsatellite loci (Smitlaf a/.2005).
These limited resources were unable to differentiate ecotone and forest popalations
genetic level, therefore debates still remain whetieiobserved phenotypic divergence
might bertheesults of plasticityn traitsin response to varying environmental conditions
or strictlysgenomic divergence between populations in ecotone and rainforest. Recent
development of next generation sequencing techniques (NGS), especially restriction site
associated DNA (RAD) sequencing, enables or#etoovaassemble hundreds of
thousands.of RADoci across the genome in hundreds of samples without a reference
genome._[his cost effective method to produce genande population data provides
unprecedented opportunities to assess the patterns of diversity with much greater
resolution,.to find potential population structure and to identify candidate loci under local
selection in nomodel species such ds virens

Here we take a population genomic approach leveraging single nucleotide
polymorphism (SNP) data generated from RAD sequencing to survey the gemdene-
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diversity of A virensacross multiple ecological habitats in Camerand Equatorial

Guinea, including rainforests, ectones, mountains, as well as island. Our specific objectives
for this approach were to: gstimateoveralllevels of genetic diversity iA virens 2)

deternine population structure and differentiation across habitats; 3) igeatifdidate loci

that are_petential targets of selection; 4) understand the biological functions of these
candidate loci using transcriptome data; and 5) characterize genetic turnover across

environmeral gradients

Materials and methods
Sampling, DINA extraction and RADseq library construction

For RAD sequencing, blood samples from adulizrenswere collectedn Central
Africa and stored in Queens Lysis Buffer (Snmétha/.1997, 200% Overall, 217 samples
were collected from 15 geographically distant sampling sites (Figure 1A), representing 15
populations. Sampling sites were classified into one of four habitat types by researchers in
the fieldrandhad previously been confirmed using remote sensing data (Slabbekoorn &
Smith 2002;'Smitlet a/.2005, 2013). Low quality samples were removed by filtering,
resulting.in a total of 182 samples included in the final analysisR48seq data
bioinfarmatics processirigelow). This included seven rainforest populations (83 samples),
five ecotone populations (59 samples), two mountain populations (18 samples) and one
population from the island of Bioko (12 samples). Each population was represented by 5-
22 samplesywith a mean representation of 12 samples (Table S1) (\&il&Erng012;
Nazareneetal.2017).

RAD library preparation followed the methods for traditional RAD as described in
Ali et al. (2016) that were slightly modified from the original RAD protocol as described in
Baird et.al (2008). In short, genomic DNA (50 ng) for each sample was digested with 2.4
units of SbflHF (New England Biolabs, NEB, R3642L) at 37 °C for 1 hrina 12 pl
reaction.volume buffered with 1X NEBuffer 4 (NEB, B7004S). Samples were heated to 65
°C for 20"minutes, and then 2 pl indexed Sbfl P1 RAD adapter (10 nM) was added to each
sampleLigation of inline barcoded P1 adaptors was performed by combining 2 pl of the
ligation mix (1.28 pl water, 0.4 ul NEBuffer 4, 0.16 ul rATP (100 mM, Fermentas R0441)
with 0.16 pl T4 DNA Ligase (NEB, M0202M) and heating at 20 °C for 1 hr followed by
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incubation at 65 °C for 20 min. Following the ligation, half the per sample volume or 5 pl

of each of the 96 samples were pooled into a single tube and cleaned using 1X Agencourt
AMPure XP beads (Beckman Coplter, A63881); the remainder of the sample was stored

for use in an additional library preparation if needed. The pooled DNA was then re-
suspendedsin, 100 pl low TE and sheared to an average fragment size of 500 base pairs

using a Bioruptor NGS sonicator (Diagenode). Sheared DNA was then concentrated to
55.5 pl asing"Ampure XP beads, and used as the template in the NEBNext Ultra DNA
Library*PrepKit for lllumina (NEB E7370L; version 1.2). The NEBNext protocol for

library prep was followed apart from the fact that we used custom P2 adaptors which were
created by anmealing an NEBNext Mpltiplex Oligo for Illumina (NEB, E7335L) to the

oligo GATCGGAAGAGCACACGTCTGAACTCCAGTCACIHIIIATCAGAACA*A (the

* represents’a Phosphorothioated DNA base). In addition, instead of the USER enzyme
step, we_used a universal PAR primer
(AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC*G) and a
universaliP2 RAD primer (CAAGCAGAAGACGGCATACG*A) during final

amplification. The final RAD library was cleaned using AMPure XP beads and sequenced
at the'UC Berkeley QB3 Vincent J Coates @ar Sequencing Laboratory (GSkr) an
lllumina*HiSeq2000 (Illumina, San Diego, CA) using singled 100 bp sequence reads.

RADseq.data bioinformatics processing

We"used FastQhttp://www.bioinformatics.babraham.ac.uk/projects/fagtty/

assess overall data quality of each RADseq sequencing run. To rembawedsiequality

bases, w trimmed all raw sequencing reads (100bp) by 14 bp at the 3’ endsesifg
(https:/lgithub.conih3/seqtk). We processed RADseq reads usingthekipeline

version 1.34Catchenet a/.2011, 2013) in the following manner. First, we demultiplexed

the trimmed.data by P1 barcodes and removed low-quality reads and those containing
adapter.sequences usiogcess_radtaghfter demultiplexing, reads were 80 bp in length
(without'barcodes) and data from different runs were combined together. These reads were
used tode novaassemble RADoci usingdenovo _map.dparameter settings: m=3 M=4

n=4). The parameters fafe novaassembly were determined empirically to limit the

impact of oversplitting of loci following methods described in Ilet a/.(2014) and
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Harveyet al.(2015) Specifically, we chose one sample that had a ddptbverage close
to the median depth coverage of all samples, and ragitihweovcassembly ovea wide
range of values of M (1-8; n=M) usingstacksThe percentage of homozygous and
heterozygous loci plateaued at M=4, suggestirggvalue appropriately minimizexer-
splitting of.alleles (Figure S1). Thus, we used M=4 for the final run on all san§sasks
implements.a multinomial-based likelihood model for SNP calling, by estimating the
likelinood of'two most frequently observed genotypes at each site and performing a
standard'likelihood ratio test using a-slgjuare distribution (Hohenlote# a/.2010;
Catchenet a/.2011). We used the default alpha (shitare significance levebf 0.05.
Paralogeusrlocthat were stacked together wedentified and removed by later quality
control steps built intcstackge.g. max number of stacks per loci 318t ef a/.2014;
Harveyet al.2015). After the first round of assembly usitgyrovo _map.pive ran stacks’
correction moderxstackscstackssstacksusing thebounded SNP model with a 0.05
upper beound for the error rate (bound_high = 0.05)./Kaackgprogram made
correctionsto genotype and haplotype calls based on population information, rebuilt the
cataloglociyand filtered out loci with average log likelihood less 18n
(http:/featchenlab.life.illinois.edu/stacks/).

We then identified a set of high-quality RAD loci for downstream population
genetic analysis usirtge following steps: 1) We only kept RADcI if they were present
in at least 80% of all samples, because loci that only assembled in small subset of samples
had limitedwutility in downstream analyses as well as possibly higher error2pt¥s.
filtered out-RADIoci that had more than 40 SNPs along the 80 bp RADskEmuence, as
these likely represented sequencing errors or-ostering of paralogous lodn the final
dataset, the RAD locus that has the most SNPs possessed 2B8dRselte alignments
look reasonable for the RAD loci that have higher number of SNPs, we did not apply any
additional filters to avoid introducing additionaibses3) We mapped thRAD loci
sequences from virensto the closest reference genome availablezéhea finch genoe
(version'3.24), using BLAT and removed RAD loci that mapped to multiple positions in
the zebra finch genome. We used BLAT to compare RAD loci sequences against each
other, and removed ones that had a match. This step further removeplatieg RAD
loci.
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243 Following these filters, we obtained our final consensus 9eA&f loci (Table S2).
244 Samples that were missing more than 20% of the final consensusoRiAiere identified
245 in a preliminary run and were removed from final analysis because they likely had low
246 quality DNA, low quality libraries, or low sequencing coverage. 182 samples were
247 included.in.the final dataset (see above). Genotypes were aallgilteredusing methods
248 implemented in theStackgipeline (Hohenloher a/.2010). We exported genotypies

249 the final'eonsensus RACcI in VCF format using stacksopulationgprogram (only bi

250 allelic SNPSs). Additional filters based on genotype calls were performedao/s

251 (https:/lvcftools.github.io/index.htmbr using custom scriptsvhich includesemoning

252 SNPs fremthe last Bp of the RAD loci as this part of the locus was enriched for

253 erroneous SNPs due to the lower sequencing quality at the 3’ end of reads, and filtering
254  sites that have genotyping rate less than 80% of all samples.

255 We used theesulting full SNP dataset with SNPs from all frequencies to estimate
256 genetic diversitystatistics such as number of segregating sites (S), average pairwise

257 differencesm®) and Waterson’s 6(8,,) in each population (Table S1). Rare SNPs that had a
258 minor allelesfrequency (MAF) less than 2% in the whole sample set were subsequently
259 removed.usingcifools and the remaining SNPs were used for downstream agalysh

260 as PCAypairwise & calculations Bayescamutlier analysisgradientForesgnalyss.

261

262 RNAextraction, RNAseq library preparatiand transcriptome de novo assembly

263 Avirenslacks a reference genome.order to help determine which of the RAD
264 loci are transcribed, we collected RNAseq data and mader@mvoassembly oA virens

265 transcriptomeFresh tissue samples were collected from 10 live individuals in the field
266 (five tissue types: blood, brain, breast tissue, heart and liver). Tissue samples were stored
267 in either, PAXgene (Blood RNA Tubes, PreAnalytiX/Qiagen, Switzerland) or Allprotect
268 (Tissue Reagent, Qiagen, Germany) buffer and shipped to laboratory facilities at UCLA.
269 RNA wasextracted from each sample and tissue type separately using an RNeasy kit
270 (Qiagen;*Germany), and based on quality of extractions (both overall concentration and
271 260/280 ratio), three RNA samples from three tissue types (brain, heart and liver) were
272 chosen to perform library preparations. RNAseq libraries were prepared using Illumina
273 TruSeq RNA Library Prep Kit v.2 (lllumina, San Diego, California) following the
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274  manufcture’s protocol, and libraries were indexed, normalized, pooled, and sequenced on
275 asingle lane on lllumina HiSeq 2500 (paired end 100 bp reads, Rapid Run mode) at GSL.
276 We obtained one lane of pairedd RNAseq data pooled from three tissue types.
277 Wefirst remaved bases with quality scores lower than 20 and minimum sequence length of
278 30bp usiagitim_galorghttp://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
279 We then pooeled the remaining pairexdd reads from different tissues togetherafole

280 novoassembly othe transcriptome using the/nity pipeline (Grabheret a/.2011) We

281 assessedthe quality of the assembly using scripts provided Tty package, and

282 predicted the coding regionsthe assembled transcriptome usifignsDecoden Trinity.

283

284  Detecting population structure using genomic data

285 To detect the underlying population structure among samples, we performed a
286 Principal Component Analysis (PCA) using the bioconductor packAg&e/atdZhenget

287 al 2012). 47,482 SNPs with MAF >=2% were used in PCA. The first six principal

288 components were visually examined to identify clustering patterns of samples and to

289 determine'whether these genetic clusters tend to segregate with ecological factors or
290 geography. We also used the program ADMIXTURE (Alexarader/.2009)to estimate

291 the aneestry of individual genotypes, using only the first SNP of each RAD loci to limit the
292 impact of linkage disequilibrium. The analysis was run for K = 1-15.

293 To quantify pairwise population differentiation, we calculated pairwise F

294 between'populations usirgVPrelateThe correlation of population genetilifferentiation

295 (pairwiseskst) and geographic distance, in other words, the presence of isolation by

296 distance (IBD)was estimated by a simple Mantel test with 999,999 permutations using
297 veganz.2-1 in RMantel 1967; Oksaenet a/.2017) Mantel tests are reporteding both

298 raw Fsp,and Fst/(1- Fst), as well aboth raw Euclidian geographic distance éogh

299 transformed.distances (Slatkin 1995; Rousset 1997).

300 Mereover, ve found that pairwisedr between populations from different habitats
301 were higher.than pairwisesFcomputed betwegpopulations from the same habiate

302 Results) In principle, this pattern could solely be driven by isolation by distance as

303 populations from the same habitat tend to be located closer geographically to each other
304 compared to population from different habitats.determine whethehe elevatedrsrt
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between populations from different habitats (comparedtdE&tweerpopulations from

the same habitatould be explained simply by tlgferences ingeographic distance, we
performed permutation tests that accounted for the fact that populations from different
habitatgend to be further apart. Specifically, we divided the population pairs into five bins
basedupon.thé geographic distances from eaather (i.e. <200km, 200-400km, 400-

600km, 600-800km, >800km). Thentkin eachbin, we permutated whether the pairwise
Fstvaluesare from awithin-habitatcomparison oa betweerhabitat comparison. We
generated™0,000 such permutations and, for each permugasiormed a t-test on

whether the Er values for betweehabitat comparisons were higher than those for within-
habitat eomparisons. From the permuted dagbwilt a null distribution of statics

which aecounted for the effect of geography. Our final empipsadlluefor the observed
datawas calculatd aghe percentage of permutated datasets that hathtistic as large

or larger than the one seen in the original datail& permutation analyses were applied

to the dataset including all habitais well as t@ dataset that only considered rainforest

and ecotone populations. In the null distribution sfatistics for the test of whethegHs

higher between than within habitats, we found that none of the 10,000 permutated datasets
had a‘tstatistic of lstas large or larger than the one seen in the original data, suggesting a
p-value<"1e04. However, for the null distribution ofstatistics for the test of whether
distance is higher between or within habitats, 1581 of the 10,000 permutated datasets had a
t-statistic as large or larger than the one seen in the original data, suggestaige

0.158. Fhistssuggests that our null distribution sfatistics accounts for the fact that
populatiensfrom similar habitats tend to be closer together geographically.

As an alternative method to test whether habitat contributed to the observed pattern
of population differentiation above and beyond geographic distance, we created a binary
matrix that.indicated whether a pair of populations was from the same habitat\%ienot.
tested the carrelation of genetic distance matrix and this matrix while controlling for
geographic distance using a parivéntel test using vegan 2.2-1 in R (Mantel 1967;
Oksanenwet.al2017). Partial Mantel tests are performed using both warkd Fst/(1-

Fst), as well as bothaw Euclidian geographic distance and togasformed distances
(Slatkin 1995; Rousset 1997).

This article is protected by copyright. All rights reserved



336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

ldentifying outlier SNPs under selection

We usedBayeScal.1(Foll & Gaggiotti 2008) to identify highly differentiated
SNPs thatirecandidates to be under natural selection. This program takes a Bayesian
approach to search for SNPs exhibiting extremeviglues that could be due to local
adaptations,Outlier SNPs were identified using SNPs with MAF >=a@fgss all samples,
specifying all 150pulations or four habitats€e supplemental Note§Ye ran 5000
iterations using prior odds of 10 and assessed the statistical significance of a locus being an
outlier usinga false discovery rate (FDR) of 5%.

To explore the spatial patterns of population differentiation across chromosomes,
we mappedithe consensus RAD ltecihe zebra finch genome using BLAT with default
parameters«For the uniquely mapped RAD,lo@ plotted the & of each SNP by
genome coordinates to examine spatial patterns of outlier SMRserpret the potential
biological function of the outlier SNPs identified by Bayescan analysissea aizebra
finch genome annotatiofv3.2.4.78) to identify outlieBNPs mapped to annotated genic
regions:

We further examined whether candidate loci under selection were enriched in
exonic (transcribed) or coding regions. To do this,mappedRAD loci to thede novo
assemble® virenstranscriptome using BLAT withefault parameters. Any RAD locus
that mapped to the transcriptomasconsidered from exonic regions of the genome, and
the remaining RAD loci were labeled “noranscribed” regions of the genome. Similarly,
we mappediRAD loci to predicted coding sequences and categorized them into coding and
non-coding-RAD loci We then used a orsded Fisher’s exact test to examine whether
there was significant enrichment of outlier loci in exon or coding regions of the genome.
Finally,. we crosshecked these outliers to see if there was any significant associations
with environment using Latent Factor Mixed Mod@isichot e a/.2013) 6ee

Supplemental Notef®r more details).

Detecting environmental drivers of genomic variation

In addition to population structure, we ategsted whether allele frequencies in
different populations werassociated with environmental variables across the randge of
virensusing the packaggradientForedEllis etal. 2012)in the R statistical framework
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(R Working Group, 2014). Gradient forests are an extension of random {@estean

2001) that treat response variables (in this case, individualr8iNor allele frequencies

within each population) as members of a larger community (the total genome), and
provides summary statistics based on ensembled forest runs to indicate an overall
association,othanges in allele frequenty particular environmental variables (Elega/.

2012; Fitzpatrick & Keller 2015). Gradient forests were run using the following changes to
the default'settings: number of trees run for each environmental variable = 500, number of
SNPs included in each bin = 1000. &lit frequencies across the genome were predicted
for unsampled geographic locations by generating a random set of 100,00@&pa@ass

the range oA virens Then we used our final gradient forest model to predict allele
frequenciesat each of those points, given their environmental charactebisdicsry

Kriging (Oliver & Webster 1990) was then used within ArcMap (ESRI, Redlands, CA) to
generate a cdinuous surface across the known rangd afrensin Cameroon.

We used a suite of 17 environment variables (Table S6), including bioclim
measuresrof temperature and precipitation (n=9; any variables showing a Pearson’s
correlation'coefficient > 0.7 were removed) downloaded from the Worldclim database
(www.waerldclim.org) measures of vegetation and tree cover captured using the NASA
MODerate-resolution Imaging Spectroradiometer (MODIS, n=4), elevation and slope
captured via the Shuttle Radar Topography Mission (n=2), and surface moisture estimates
measures using the Quick Scatterometer (QuikSCAT, n=2). In addition to these variables,
and to aecount for purely geographic associations, we also included Eucliskzaces

(measured-as Latitude and Longitude) as predictor variables in all model.

Results
SNP discovery and overall genetic diversity

We used RAD sequencing to survey the genome-wide diverstywfens The
final sample set included 15 populatidram four different habitatgncluding rainforests,
ecotones; mountainandan islandFigure 1A; Table S1). After removing low quality
reads and samplesge obtained a total of 916 million reads for 182srenssamples
(SRA:xxxxxx). The number of raw sequence reads per sample ranged from 1.60 to 20.73
million. On average, 99.2% tfiesereads were utilized in thete novo assembly of the
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398 RAD loci. The mean coverage depth ranged from tb6k36«< per sample (mean = 38

399 median = 32xFigure S2). Using this dataset, a&sembled anidentified 34,657 high

400 quality RAD locithat passed our quality filters and were genotyped in more than 80% of
401 all final,samples. On these 34,657 consensus RAD loci, there were a total of 255,290
402 SNPs. Themedian number of SNPs per RAD locusévenWith a minimum minor allele

403 frequeney.dilter.of 2%, we retained 47,482 SNPs that were present on 23,882 RAD tags
404 (Table S2 SupplementaNotes).

405 The number of segregating sites ranges from 25,936 to 70,598 per population.
406 Waterson’s 0(0,,) was estimated tbe 0.0049 - 0.0076/bp (mean = 0.0064/bp), and

407 rangedrom 0.0034- 0.0037/bp (mean = 0.0036M@able S1), which is comparable to ©

408 estimated from other bird speci@éadachowskdrzyskaet a/.2013; Romiguieet a/.

409 2014) Overall levels of genetic diversity are comparable in eachatalicluding the

410 island poepulatioriTable S1). The finding that 6, is larger tham indicates an excess of

411 low-frequency varianteelative to the standard neutral model which could be driven by

412 recent population expansions.

413  Transcriptome assembly and annotation

414 Transcriptome assembly was performed udiég million pairedend RNAseq data

415 from three different tissue types. The assembled transcriptome had a GC content of 45%.
416 The average contig length was 815 bp and N50 was 1,619 bp. In total, trinity produced
417 237,226.,genes and 286,494 transcripts, and predicted 81,018 coding sequences from these
418 transcipts (Table Sh Of the 34,657 RAD loci we genotyped, 8412 RSDI (24.2%)

419 were mapped to thee novaassemble® virenstranscriptome, and 3,618 RAD loci

420 (10.4%) were mapped to the predicted coding sequences (Figure S3). The RAD tags

421 overlapping eoding sequence tend to have fewer SNPs than those that do not overlap with
422 coding sequences (Figure)Sdonsistent with th fact that the coding regioase likely

423 under stronger selective constraint.

424
425  Populatiomstructure
426 We usedPCAto identify population structure iiitle greenbuls. The first two PCs

427 revealed a clear clustering patterrirafividualsfrom the same habita(Eigure 1B).

428 Populations from island, mountains, rainforests, and eceformaed four disreteclusters,
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429 suggesting genomic\krgence across ecological gradieanighabitatsIsland and

430 mountain populations were most distinct (Figure 1B), howemmpges fromall four

431 habitatsseparatedn PC1, including those from ecotone and rainforest haldR@t2.

432 further separated island and mountain samples from rainforest and ecotone samples.
433 Remarkably, results suggebkat within rainforest and ecotone habitats, individual

434  populations.could be distinguished soletythe basis ajenomic markers, mostly by PC1,
435 with individuals from the same sampling sitdusteing together Figure 1G. The level of

436 separation‘of ecotone populations from rainforest populations along PC1 roughly followed
437 a latitudinal gradient, corresponding to environmental and rainfall gradients that

438 distinguishrecotonm the northfrom rainforest in the south of Cameroon (see

439 environmental analyses below). Specifically, samples collected from sites Wakwa and
440 Ngaoundaba Ranch, toward the more extreme edge of the ecotone habitat and had the most
441 extreme ecotone environmental conditions, formed clusters that were most distant from the
442 rainforest samples, while samples collected from Betare Oya, at lower ecotone that was
443 closestdorthe central rainforests, formed a clusteestds the rainforest (Figure LO he

444  pattern of genomic differentiation across habiteds confirmed sing the program

445  Admixture (Figure S5).

446 Pairwise kst between populations ranged from 0.017 to 0.078 (mean = 0.038;

447 Figure 2A-B Table 3), indicatinglow overall levels of genomic differentiation across

448 populations There was significant correlation between pairwisealRd geographic

449 distancerbetween the populations (Mantel0.34; mantel simulateg-value = 0.003

450 suggestingsisolation by distance contributes to population differentiation. However,

451 pairwise kstbetween populations from different habita@ssignificantly higher than

452 pairwise ksthetween populations within the same habitae(@iled t test, {walue =

453 1.36e-10; Figure 2A). Pairwise geographic distances between populations from different
454 habitats were also significantly higher than pairwise distances between populations within
455 the sameshabitat (one tailetest, pvalue = 1.015e-06). To account foeflact that

456 populations.from different habitatgerealsogeographically further apart, werformed a

457 permutation test, where wandomized whether@opulation paiwasfrom thesame or

458 different habitats in different bins stratified by their geograpistancelUsing permutated

459 datasets, we builtraull distribution ofthese tstatistics(that already includes the effect of
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geographic distanceyvhich we used to evaluate the significance of our observed value.
Thehigher Fst valuefor betweerhabitat comparisowas highly significanivhen

compared to this improved null distributionplue < 1e-04, Figure 2C and Figure S6),
suggestinghatisolation by distance alorennotexplain the higher & between habitat

than withinhabitats. SimilarJyonly consideng rainforest and ecotone populations,
pairwise Fszawassignificantly highetbetween habitats as compared to within habitats (one
tailed'ttest, pvalue = 9.79365). Application of the same permutation test shows the
higher FsTbetween ecotone and rainforest populationgalpe=0.0055) cannot be
explained by geographic distance alone (Figure 2D and Figure S6).

To eonfirm this finding using malternative statistical approacete used partial
Mantel tests‘to determinthe contribution of habitat types of population pdatheir
genetic differentiation (1), controlling for geographic distance. \Weind ahighly
significant and positive correlation between genetic distance and whether a pair of
population cones from he same habitagnd greater genetic differentiation (highex)F
from betweerhabitat populations compared to within-habitat populations, while
controllingfor geographic distanc&dble ). Taken together these results suggésit
factorssether than geographic location, such as local adapségimificantly contribute to
population differentiation betwedrabitats.

In addition, mountain and island populations were more diverged from other
populations (Figure 2B). Interestinglysfbetween two mountain populations were
exceptionadiphigh (Fst= 0.060) compared to other within habitat pairwise (Fangng
from 0.047:t0 0.040, Figure 2A), despite the fact that the two mountain populations were
geographically very close to each other. Thevalues between mountain populations and
lowland forest/ecotone populations were larger than pairvgsediues between lowland
populations,.suggesting mountain populations are highly differentiated both from one

another.and/from lowland populations.

Candlidate.loci under selection

To further explore potential candidate loci under selection, we identified SNPs with
extreme allele frequency differences across populations, which should be enriched by
targets of local adaptatiowe identified 140 outlier SNPs across all populations with a
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491 False Discovery Rate of 5% usiBgyescan. These candidate SNPs are potential targets of
492 divergent selection across different sampling sites (Figure S7). The 140 outlier SNPs reside
493 in 119 loci, and 40 of these loci mapped to the zebra finch genome (Figure S9). Of these,
494 36 mapped to main scaffolds of known chromosomes and four mapped to the Z

495 chromoseme. Only 13 of these outlier loci mapped to annotated genic regions on the zebra
496 finch genome and nine mapped to genes with functional annotations (Table S4).

497 In“order to uncover the functional significance of outlier lociused thele novo

498 assemblyof'greenbul transcriptome to partition the RAD loci and SNPs into different

499 categories depending on whether they mapped to coding regions or transcribed (exonic)
500 regions«(Figure 80). This enabled us to test for enrichment of outlier SNPs in putatively

501 functional regions. Of the 47,482 SNPs, 9677 mapped to the transcriptome, and 42 were
502 outliers based on a Bayescan analysis. Using @idieel Fisher’s exact test, we detected

503 significant enrichment of outlier loci in exonic regions of the genome (p=0.0044; Table S2;
504 Figure $10). Using the predicted coding sequence from the transcriptome, 3,602 SNPs
505 mapped-torthe predicted coding sequences and 21 of these were outliers. We again detected
506 a significant‘enrichment of outlier SNPs in proteading sequences (p=0.002; Table S2;

507 Figure"S10). Taken together, these enrichment results provide additional confidgnce

508 the outlier loci found using Bayescan captured functionally important, biologically relevant
509 genetic variants, whictvere not merely loci that fell within the tail of a neutral

510 distribution.

511

512  Genomiesfurnover Across Environments

513 Because some envirommital adaptation may involve shifts in allele frequency at

514 many loci across the genome (emplygenic selection involvingnany genes of small

515 effect), we usethegradientForest approach to look for correlations in allele frequencies

516 associated.witenvironmental variables. A total of 7238 SNPs, ~15% of all SN&$R

517 values abov® (0.0073-0.83)vhen testing for a correlation between frequency and an

518 environmental variable. Of the 19 environmental and geographical variables included in
519 models (Table S6), variables capturing temperature variation (Min Tempnum

520 temperature of the coldest month, Temp Range: mean diurnal temperature randeamand

521 temp mean annual temperature) and elevation were most important in explaining
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522 environmentally assoaied variation in SNPs (Figure 3A). In some cases, measures of

523 surface moisture or tree cover were also important, but axes for these variables largely
524 overlapped with temperature or elevation measures along PC plot (likely the result of co
525 linearity in environmental variables) (Figure 3BResults from LFMM analyses indicated

526 these same variables were also associated with differentiation observed at hundreds of
527 individual locl, although exact functions of these regions remain unknown (see

528 Supplemental Notes).

529 Geographic variables alone were not as important in explaining variation in allele
530 frequency, again suggesting that geographic distance cannot fully account for all variation
531 in SNP frequencies across the rangbtitdé greenbuls. Above and beyondutel

532 processes, selective pressures imposed by differences in these environments best explains
533 the observed genomic patterns of variation. Predictions across Cameroon suggest strong
534 genomic turnover (defined as coordinated shifts in allele frequencies across the genome)
535 througheut the forest, savannah, and ecotone regions, with diagnostic genomic variation
536 occurringineach of these habitats (Figure 3). Distinct SNP frequencies at high elevations
537 (Figure3B€), and the fact that elevation explains a large proportion of variattiaitele

538 frequenciesn the greenbul genome (largely allied with PC1, Figure 3B) also suggest

539 unique.genetic signature in populations at elevation.

540

541 Discussion

542 Ip-this study, we used genomeéde RADseq SNPs to characterize the overall level
543 of genetiediversity in A. virenpopulations across four different habitatée found

544  evidence of populatiostructure ofA. virens consistentvith habitat type and previously

545 observed phenotypic divergence. We demonstrated that population differentiation across
546 habitats.cannot be explained solely by isolatgrdistance, suggestiigcal adaptation

547 further contributes to genomic divergence among habitats. We identified 140 outlier SNPs
548 that are potential targets of selection and the fact that they are significantly enriched in
549 exonic and,coding regions suggests they are functionally important. Environmental

550 association analysis further supports this conclusion and shows environvaeiatale s

551 including temperature and elevation, are highly associated with patterns of genomic

552 variation across the range of the little greenbul.
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In addition to thealifferencesetween rainforest and ecotone populatiatiser
habitatswvere found to harbor distinct patterns of genetic variation. The population from
Bioko island formed a distinctive genetic cluster based on PCA, and also was identified as
distinct in enyironmental association mod@gigyure 1B and 3), consistent with previous
studieg(Smithet al. 2005). Bioko island is 32 km off the coast of Africa, separated from
mainland ~10,000 years ago and hasarea 02,017 kni. Island populations and species
may have'smaller effective population sizan mainland populations or sister taxa
(Robinson“et'al 2016), due to possible population bottleneck and considerably smaller
rangesAs a result, island populationsay have lower genetic diversity compared to their
mainland counterparts (Frankham 19%pwever, several recent empirical studies
suggested this may not always be the case, particuldslydis(Franciscaet al. 2015;

James et al2016). In our study, the estimates of genetic variation using genome wide SNP
markers ingreenbul population on Bioko island are comparabtadse from mainland
populationgTable S1)Thisis consistent with theecentfindingsthatisland populations

do notalwayshave lower genetic diversity (Francisgial. 2015; Jamest al. 2016), and

the factthatBioko island is a largdand that only recently separatiedm the mainland.

Tropical mountains are well known to support disproportionally high biodiversity
and arghought to be hotspots for avian speciafiBoy 1997; Myert al. 2000; Smith et
al. 2000; Ormeet al. 2005; Fjelds&t al. 2007, 2012; Drovetskdt al. 2013) Little
greenbuls are founat elevatios up to 2400 m, where environmental variables,
paticularlytemperature and veigd¢ion change rapidly along altitudinal gradients. Our
two mountain populations have higbrielespite being geographically close and from same
habitat(type. Although the Euclidean distance betweeseth® mountain populations is
short, the environmentahanges along altitudinal gradients are steep, causing isolation
between populations from different mountains and forming “sky islands”, between which
the level of gene flow probably is much lower than among lowland populations. Moreover,
we foundsthat théwo different mountain populations exhibited the loweishin-
population,genetic variation among all sampled populations (Table S1). While this
difference was not statistically significant (likelye to small sample size#is decreased
level variation can inflate &t the relative measurement of population differentiation. |
alsosuggests that mountain populations may have overall smaller effective population
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sizes (consistent with presumably smaller suitable habitat size for mountain jpmgiilat
and/or have experienced serial bottleneck/founder effects as range expansions occurred.
These processes chmther contributed to divergence due to stronger genetic drift within
each subpopulation leading to faster changes in allele frequBmeydea that elevation

can drive.genomic changes is supported by previous estimates of morphological
divergence (Smitket al. 2005), and emphasizes the impada of preserving elevational
gradientsiin‘tropical ecosystems in general (Thomagts#n2011).

Meostof the genes containing outlier SNPs only have annotairedscted from
humanihomologs, except two that have annotations from bird spectefBhese two
genesare ofpariular interest. One outlier locasapped to the 5UTR/coding junction of
EDILS3, a‘calciumbinding protein that has been found to function in avian eggshell
biomineralizationMarie et al. 2015) Avian eggshells protect the developing embryo and
keep the egg free fropathogens. Environmental factors such as temperature, humidity,
and partial oxygen pressure haverbesported to affect avian eggshell structure, and
previoussstudies documented rapid evolution of eggshell structure in response to
colonization‘of novel environments in theuse finchStein & Badyaev 2011)The
secondwoutlier locus mapped to MLXIMLX interacting proteidike), which is ce
activaterof thecarbohydrate response element binding protein that has been cdrrelate
with fat deposition in caged chicken (Proszkow®eglarz et al.2008; Liet al. 2015).
Interestingly, seven mogenes that contain outlier SNRave annotation linked with
metabolic*traits or diseases in hursaRor example, outlier SNPs were found in RGS6
(Sibbeletal«2011 p. 6), CSAO0Comuzzie et al2012) and UNC13Bntron (Trégouett
al. 2008), which were associated with dietary fat intake, food preference, adiposity/obesity
and diabetes.in humans. Althoughtaimlic traits were not measurediultlittle
greenbuldrom the rainforest hae significantly smaller body mass and body size
compared.to ecotone, mountain, and islpopulationgSmithet al. 1997, 2005), which
could besthe result of divergent selection of these genes associated with metabolic traits.
Several reeent studies have discussed the limitations of identifginguBier as loci under
divergent selection, and suggest results should be interpreted carefully, because many other
factors,including demgraphic history, &combination rate heterogeneignd background
selectiormayalso create & outliers(Roestiet al. 2012; Lotterhos & Whitlock 2014;
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Cruickshank & Hahn 2014). Current work to model the demographic histéuywvoiens
should help examine these variquessibilities in greater detail

Numerous hypotheses have been proposed for how biodiversity is generated in
rainforestqMayr & O’Hara 1986; Moritzet a/.2000). With the rapid advances in
genomics.and environmental modeling in the last decade, it is now possible to examine
these mechanisms in greater defptbing more powerful genomeide data, we have
shown, forthe first time, strong patterns of population structure and genomic
differentiation between rainforest and ecotone habitats in A. iFégsre 1). Previously,
no genetic differentiation was found between morphologically divepggmilations in
rainforest and ecotorfeabitats leaving open the possiity that theobserved
morpholegical difference could simply be the result of a homogenized meta-population
that differentiallyresponds to environmental gradients. Although identifying the
underlying genetic basis of morphological traits that differ between rainforest and ecotone
populations was beyond the scope of this study, our results complement previous work by
demonstrating that populations along the rainforest - ecotone gradient are diverging at the
genomic'level, and raigbe possibility that local adaptati@ould account for the patterns
of morphological variation previously observed across ecatainderest gradients
Results-also complemepast research amproductive behavior, which found differences
in song characteristiadong the foresecotone gradienand showed experimentatlyat
singing males respond more aggressively to male songs from their own habitat, suggesting
incipientreproductive isolation driven by habi{&labbekoorn & Smith 2002; Kirschet
al. 2011;:Smith et al2013). Thesgatterns of differentiation are consistenthamodels of
ecological speciation, where natural selection caused by shifts in ecology can promote
speciation (Orr & Smith 1998; Schneidetral. 1999; Schluter 2000; Ogden & Thorpe
2002; Rundle & Nosil 2005; Price 2008; Rasanen & Hendry 2008; Schluter 2009;
Beheregaragt al. 2015; Hansomt al. 2016). However,Urther research is necessary to
more fullysinderstand the evolutionary significance of divergence across ecological
gradientsrand ecotones. In particuudies investigating the underlying genetic basis of
phenotypic differentiation anghate choice experimenigould provideadditional insights
into ther importance irdivergence and speciation.
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Fst nontransformed distance | 0.34 0.003

Fst log-transformed distance | 0.29 0.008
Fst/(1- Fst) log-transformedlistance | 0.28 0.007
857
Partial Mante| test: test for the effect of haiwvhile controlling for IBD
correlation between control for Mantel r p

Fst same habitat or not| nontransformed distand0.48 9.00E-06
Fst same habitat or not| log-transformedistance|0.50 1.00E-06
Fst/(1- Fsy) same habitat or not| log-transformed distanc|0.50 3.00E-06

858 P-values were generated by 999,999 permutations.

859 Here “distance” refers to the geographic distance separating the pair of populations on
860 which the kv value was computed.Figure L egends

861 Figure Z#Sampling and population structure. (A), Sampling locations. Each point is a
862 samplingieecation, and habitat types are indicated by color same to (B). (B-Q)sPGA
863  SNPs that have a minor allele frequency higher than 2%. Eaclppsants a sample, and
864 samples are colored by their habitat types (B) and by populations (C).

865

BTss . Cle
=} v =1 -
=] se =]
- ) | = oee Re*
- L o~ L
o
|§S_-Eontuna fg_ &
| = o | = Forest - prl @is
| — « Island . e - .“1._‘
oy “| = Mountain * . . 15} e L
T | e 8%, |[F2| s, 2%,
9 . - T -
b, e . . .
-
T s ] .
T 1 1 1 1 ] ) 1 C‘) I I I T ] ] T
-0.25 =0.18 -0.05 0.05 -0.:25 -0.15 -0.05 0.05
866 PC2 ( 0.89 %) PC2 ( 0.89 %)

868 Figure 2#Pairwise population differentiation. (A), Pairwise kst between populations

869 correlates with pairwisgeographiaistance between populatioi&mpty circleslenote

870 pairs of populations from the same type of habitat (shown by the color of the circle). Solid
871 circles argpairs of populationgrom different types bhabitats (shown by colors of the

872 circle and inside)B), Heat map of pairwisedr. Sampling locations are grouped by

873 habitat type in both axes. (C) and ()eTpairwise &t of populations from different
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habitats are greater than the pairwisg of populations from the same habitat, even at the
same geographic distance. (C) includes all populations from four habitats, and (D) includes
only rainforest and ecotone populations. Histogram showsuthdistribution of t-

statistics generated by 10000 permutations of habitats within different bins of geographic

distance (see Methods). Red dot shows the observed value.
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Figure3"Environmental driversof genomic variation. (A), Environmental and
geographical variables ranked by their importance in explainingg8Ble frequency

variation. (B), PC plot indicates the contribution of the environmental variables to the
predicted patterns of frequency differentiation, with labeled vectors indicating the direction
and magnitude of environmental gradients with greatest contributigrP(€Jicted spatial
variation in population-level genetic composition from SNPs. Red points in (C) are
locations where actual samples were colleaigtlis studyColorsin (B) and (C) represent

gradients in gnomic turnover derived from transformed environmental predictors.
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889 Locations with similar colors are expected to harbor populations with similar genetic
890 composition.

891
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Table 1. Simple Mantel test for IBD (isolatioby-distance) and partial Mantel test for

the effect of habitat.
Simple Mantel test: test for IBD

correlation between Mantel r p
Fst non-transformed distance| 0.34 0.003
Fst log-transformed distance | 0.29 0.008
Fst/(1- Fst) log-transformed distance | 0.28 0.007

Partial Mantel test: test for the effect of habitat while controlling for IBD

correlation between control for Mantel r p
Fst same habitat or not| non-transformed distan(0.48 9.00E-06
Fst same habitat or not| log-transformed distang0.50 1.00E-06
Fst/(1-4Fs7) same habitat or not| log-transformed distand0.50 3.00E-06

P-values'were generated by 999,999 permutations.
Here “distance” refers to the geographic distance separating the pair of populations on

which the fs7 value was computed.
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