University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
McCulloch, GA;Guhlin, J;Dutoit, L;Harrop, TWR;Dearden, PK;Waters, JM

Title:
Genomic signatures of parallel alpine adaptation in recently evolved flightless insects

Date:
2021-12-01

Citation:

McCulloch, G. A., Guhlin, J., Dutoit, L., Harrop, T. W. R., Dearden, P. K. & Waters, J. M.
(2021). Genomic signatures of parallel alpine adaptation in recently evolved flightless
insects. Molecular Ecology, 30 (24), pp.6677-6686. https://doi.org/10.1111/mec.16204.

Persistent Link:
https://hdl.handle.net/11343/299082



O 00 N o Uu B~ W N

W W N N N N NN NN NN R R P B R B B B opRp Ry
P O VW 0 N OO 1 B W N P O O B N OO 1 A W N L O

DR. GRAHAM A MCCULLOCH (Orcid ID : 0000-0003-1462-7106)
DR. LUDOVIC DUTOIT (Orcid ID : 0000-0002-0164-9878)
DR. JONATHAN WATERS (Orcid ID : 0000-0002-1514-7916)

Article type  : Original Article

Genomic signatures of parallel alpine adaptation in recently-evolved flightless insects
McCulloch G.A."*, Guhlin J.2, Dutoit L.!, Harrop T.W.R.2, Dearden P.K.2, Waters J.M.!
! Department of Zoology, University of Otago. PO Box 56, Dunedin, 9054, New Zealand
2 Genomics Aotearoa and Department of Biochemistry, University of Otago. PO Box 56,

Dunedin, 9054, New Zealand

* Corresponding author; email: graham.mcculloch@otago.ac.nz ; phone +64 3 479

4039

Running title: Repeated adaptation in upland stoneflies

Keywords: Plecoptera, stoneflies, wing loss, fecundity, incipient species, genotyping-by
sequencing.

Abstract

Natural selection along elevational gradients has potential to drive predictable adaptations
across distinct lineages, but the extent of such repeated evolution remains poorly studied for

many widespread alpine taxa. We present parallel genomic analyses of two recently-evolved

flightless alpine insect lineages to test for molecular signatures of repeated alpine adaptation.

Specifically, we compare low-elevation versus alpine stonefly ecotypes from parallel stream

populations in which flightless upland ecotypes have been independently derived. We map
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67,922 polymorphic genetic markers, generated across 176 Zelandoperla fenestrata
specimens from two independent alpine stream populations in New Zealand’s Rock and
Pillar Range, to a newly developed plecopteran reference genome. Genome-wide scans
revealed 31 regions with outlier SNPs differentiating lowland versus alpine ecotypes in Lug
Creek, and 37 regions with outliers differentiating ecotypes in Six Mile Creek. Of these
regions, 13% (8/60) yielded outlier SNPs across both within-stream ecotype comparisons,
implying comparable genomic shifts contribute to this repeated alpine adaptation. Candidate
genes closely linked to repeated outlier regions include several with documented roles in
insect wing-development (e.g. dishevelled), suggesting that they may contribute to repeated
alpine wing reduction. Additional candidate genes have been shown to influence insect
fecundity (e.g. ovo) and lifespan (e.g. Mrp4), implying that they might contribute to life
history differentiation between upland and lowland ecotypes. Additional outlier genes have
potential roles in the evolution of reproductive isolation among ecotypes (hedgehog and
Desaturase 1). These results demonstrate how replicated outlier tests across independent
lineages can potentially contribute to the discovery of genes underpinning repeated

adaptation.

Introduction

The question of how species adapt to environmental heterogeneity has long fascinated
researchers (Darwin, 1859). Biologists have long understood that taxa inhabiting similar
environments often evolve similar phenotypes (Juan, Guzik, Jaume, & Cooper, 2010; Pan et
al., 2019). Indeed, similar morphological and physiological adaptations across independent
lineages — in response to comparable environmental shifts — can provide compelling
evidence of the power of natural selection (Delgado, Gorski, Habit, & Ruzzante, 2019; Dyer
et al., 2012; Herman et al., 2018; Hoekstra, 2006; McCulloch et al., 2021; Veale & Russello,
2017) . Until recently, however, the extent of repetitive evolutionary shifts at the genomic

level has remained difficult to assess for many taxa.

High-throughput sequencing approaches are revolutionising our understanding of repeated
adaptation, as they allow researchers to identify genomic variants underpinning repeated
morphological changes (Delgado et al., 2019; Herman et al., 2018; Matz, 2018; Nosil et al.,
2018; Sackton & Clark, 2019). Several recent studies have demonstrated that repeated
adaptation in some systems may arise completely independently via distinct de novo

mutations across different populations (e.g. Gould & Stinchcombe, 2017; Hu et al., 2017; Pan
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et al., 2019). By contrast, other analyses have shown that parallel selection on standing
genetic variation often underpin similar evolutionary outcomes across distinct regions and
populations (Terekhanova et al., 2014; Van Belleghem et al., 2018). Intriguingly, some recent
analyses suggest that both de novo mutations and selection on standing variation can facilitate
repetitive evolution within taxa over different spatial scales (Fang, Kemppainen,
Momigliano, Feng, & Merild, 2020; Harer, Bolnick, & Rennison, 2021; McCulloch et al.,
2021; Waters & McCulloch, 2021).

Adaptive shifts in response to ecological variation may occur rapidly via selection on genes
possessing a range of pleiotropic functions (Archambeault, Bértschi, Merminod, & Peichel,
2020; Friedman, Twyford, Willis, & Blackman, 2015; Hohenlohe et al., 2010; Peichel &
Marques, 2017). Additionally, such rapid adaptation may also be facilitated via selection on
genes that are tightly linked in regions of low recombination (Gonzalez, Aramendia, &
Davison, 2019; Ortiz-Barrientos, Engelstédter, & Rieseberg, 2016; Peichel & Marques, 2017;
Roda, Walter, Nipper, & Ortiz-Barrientos, 2017; Todesco et al., 2020; Yeaman, Aeschbacher,
& Biirger, 2016; Yeaman & Whitlock, 2011). Concerted adaptations across multiple linked
traits can also directly facilitate speciation when such loci also influence reproductive
divergence among lineages (Gavrilets, 2004). Such traits are typically referred to as ‘magic
traits’ (in the case of pleiotrophic loci; Salis, Lorin, Laudet, & Frédérich, 2019; Servedio,
Van Doorn, Kopp, Frame, & Nosil, 2011) or ‘pseudomagic traits’ (in the case of tightly
clustered gene complexes; Estandia & Sendell-Price, 2020; Rundle & Nosil, 2005; Servedio
& Biirger, 2020). While such genomic features are hypothesised to be relatively common in
nature, the broader importance of these traits in facilitating speciation remains unclear

(Servedio & Biirger, 2020; Servedio et al., 2011).

Organisms inhabiting harsh upland environments often evolve distinctive suites of characters
to overcome the challenges of montane conditions (Billings, 1974; Hodkinson, 2005;
Somme, 1989). High-elevation grassland habitats, for instance, are subject to high exposure
and low temperatures, as well as reduced air pressure, and limited food availability relative to
lowland (forested) ecosystems (Dillon, Frazier, & Dudley, 2006; Nagy & Grabherr, 2009).
Recent studies suggest that strong winds, for instance, may play a particularly important role
in selecting for wing reduction (Leihy & Chown, 2020; McCulloch, Foster, Ingram, &
Waters, 2019b) which is a common feature of alpine insect assemblages (Roff, 1990).

However, researchers are only beginning to understand the genetic bases of many adaptations
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to harsh alpine conditions (Cheviron & Brumfield, 2012; Guo, Lu, Liao, & Meril4, 2016;
Jackson et al., 2020; Montero-Mendieta et al., 2019).

Widespread dimorphic taxa represent strong systems for understanding the ecological
genomic bases of adaptative shifts linked to environmental heterogeneity (Fang et al., 2020;
Suzuki, Suzuki, & Tojo, 2019; Van Belleghem et al., 2018). The southern New Zealand
stonefly Zelandoperla fenestrata complex, for instance, exhibits widespread dimorphic wing
phenotypes linked to elevational variation (full-winged: lowland; vestigial-winged: upland;
Figure 1a) (Dussex, Chuah, & Waters, 2016; McCulloch, Wallis, & Waters, 2009; McLellan,
1999). The tight association between wing length and the position of the alpine treeline in
this species suggests that flight loss is driven by environmental conditions above the alpine
treeline (e.g. high winds; Foster, McCulloch, Vogel, Ingram, & Waters 2021; McCulloch et
al., 2019a). However, it is possible that wing loss may be an indirect consequence of
selection on other traits associated with alpine adaptation (see Waters, Emerson, Arribas, &
McCulloch, 2020). Recent genome-wide analyses of this complex indicate that wing-reduced
upland ecotypes in each stream are genomically distinct from one another and from their
corresponding flighted population (McCulloch et al., 2019a), and have evolved repeatedly
from lowland source populations (Figure 1c, d; McCulloch et al. 2021). Indeed, repeated
divergence of wing-reduced alpine ecotypes has arisen both locally (among independent
stream populations; McCulloch et al., 2019a) and more broadly (among distinct mountain

ranges; McCulloch et al., 2021).

Based on this evidence for repeated evolution of alpine ecotypes, we predict that
independently-evolved flightless Z. fenestrata ecotypes should thus show evidence of
repeated selection at genes associated with alpine adaptation. To test this hypothesis, we
conduct parallel genomic analyses of genetically-divergent flightless ecotypes from separate
streams in New Zealand’s Rock and Pillar Range. We map SNPs to a newly annotated
stonefly genomic assembly, and use outlier approaches to test for genomic convergence

linked to repeated alpine adaptation.

Materials and Methods
Stonefly sampling and genotyping-by-sequencing
179 Zelandoperla specimens were sampled from two independent alpine stream populations

in the Rock and Pillar Range, southern New Zealand (Six Mile Creek; Lug Creek; Figure 1)

This article is protected by copyright. All rights reserved



134  as described by McCulloch et al. (2019a). Specimens were collected across a range of

135  elevations within each stream (Table S1). Both streams display elevational clines in ecotype
136  frequency, with full-winged ecotypes dominating lowland samples, and flightless ecotypes
137  dominating alpine samples. Previous coalescent phylogeographic analyses of these

138  populations indicate that each flightless ecotype was independently derived from the

139  corresponding lowland flighted ecotype (McCulloch et al., 2021; McCulloch et al., 2019a).
140  Details of stonefly sampling, rearing, phenotypic analysis, and genotyping-by-sequencing
141  (GBS) details are provided in McCulloch et al. (2019a).

142

143  Genome annotation

144  We annotated the Z. fenestrata genome (hosted at https://www.genomics-

145  aotearoa.org.nz/data) using funannotate v. 1.7.2 (Love et al., 2019). We trained with
146  funannotate train using RNA-seq reads from McCulloch et al. (2019¢). This created 21,429
147  PASA gene models (Haas et al., 2003). We then used funannotate predict with fly as the

148 initial BUSCO seed species, and with the optimize augustus parameters. We iterated the
149  predict step a further two times to improve gene prediction, replacing fIy with the newly
150 created Z. fenestrata species for the remaining two steps. The predict step obtained 41,098
151  predictions from EVM (Haas et al., 2008). The removal of 4,776 primarily transposable

152  elements left 36,322 gene models. Published files are available at https://www.genomics-

153  aotearoa.org.nz/data. Scripts are available at: https://github.com/jguhlin/stonefly anno.
154

155  Variant calling

156  Single nucleotide polymorphisms (SNPs) were extracted from the GBS dataset (NCBI

157  Sequence Read Archive PRINA530622) via Stacks 2.53 (Rochette, Rivera-Colén, &

158  Catchen, 2019) using the Z. fenestrata reference genome vl (McCulloch et al., 2021). The
159  detailed SNP calling procedure and associated code can be found in Supplementary

160  Appendix A. Briefly, reads were demultiplexed using the process_radtags module of Stacks.
161  Reads were then mapped to the reference genome using the Burrows-Wheeler aligner

162  implemented in BWA-MEM v(.7 (Li & Durbin, 2009). Mapped files were sorted and

163  compressed using SAMtools v1.10 (Li et al., 2009). We used the ref align pipeline of Stacks
164  with the default parameters to call the SNPs. Following genotyping, we used the populations
165 module of Stacks to further filter the data, retaining only SNPs that were genotyped in at least
166  75% of samples, following filtering optimised using similarly constructed dataset in

167  McCulloch et al. (2021). Three samples were subsequently removed from the dataset, as
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preliminary principal component analysis indicated that they were the wrong species, leaving
176 individuals in the final dataset (43 vestigial-winged from Lug, 44 full-winged from Lug,
47 vestigial-winged from Six Mile, 42 full-winged from Six Mile).

Linkage disequilibrium

We assessed linkage disequilibrium decay using the --geno-r2 option of VCFtools (Danecek
et al., 2011). This analysis was conducted for full-winged and vestigial-winged ecotypes from
each stream independently (i.e. four comparisons). Samples from different elevations were
combined, as there is no geographic genetic structure within ecotypes in either of the streams
(McCulloch et al., 2019a). In addition, we also estimated linkage disequilibrium decay for the
complete data set (all 176 individuals included). After estimating »? for all the within-contig
SNPs pairs, we randomly selected 100,000 SNP comparisons located within the same 100kb.
A weighted regression was then fitted using a loess model (Cleveland, Grosse, & Shyu,
1992), as implemented in the base package stats for R (R Core Team, 2019). We determined
the extent of linkage among SNPs in the genome by assessing when 7? values reached
background levels. This empirically-derived value was subsequently used when testing for
shared outlier regions across the two streams, and for identifying genes closely linked to

outlier SNPs (see below).

Outlier detection and analysis

The flightless alpine ecotypes inhabiting Six Mile and Lug Creek are recently and
independently derived from the corresponding lowland flighted ecotype (McCulloch et al.,
2021; McCulloch et al., 2019a). We therefore tested for SNPs significantly differentiated
among the full-winged and vestigial-winged lineages in each stream, to identify genes
potentially involved in alpine adaptation. We utilised two conceptually contrasting
approaches to search for outlier SNPs: BayeScan 2.1 (Foll & Gaggiotti, 2008) and pcadapt
v4.3.2 (Privé, Luu, Vilhjalmsson, & Blum, 2020). Prior to outlier detection, we removed
uninformative SNPs by applying a minor allele frequency filter of 5%. Outlier SNPs were
detected in pcadapt using a principal component analysis approach. The first principal
component (K=1) was used for estimating the test statistics. We converted the P values
outputted by pcadapt to Q values using the R package gvalue (Storey, Bass, Dabney, &
Robinson, 2020). We tested for outlier loci strongly differentiating ecotypes using BayeScan,
with the default parameters used. We pooled samples from different elevations together for

this analysis, as no geographic genetic structure has been detected within ecotypes within

This article is protected by copyright. All rights reserved



202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

these streams. SNPs with a Q value < 0.05 using either pcadapt or BayeScan were considered

as potential outliers.

As the full-winged and vestigial-winged ecotypes in each stream are genomically distinct
(McCulloch et al., 2021; McCulloch et al., 2019a; Fig. 1¢), it is possible that outliers detected
in individuals within individual stream comparisons may be the results of neutral processes
(e.g. genetic drift), rather than positive selection. We therefore focused primarily on outlier
regions shared across both independent stream comparisons, as these parallel shifts are
unlikely to be the result of such drift. Although repeated evolution may be the result of
parallel selection on standing genetic variation ("repeated sorting"; Magalhaes et al., 2021;
Waters & McCulloch, 2021), independent de novo mutations in the same genomic regions
may also lead to repeated morphological shifts (e.g. Gould & Stinchcombe, 2017). If
adaptation were underpinned by de novo mutations, we would expect to find different SNPs
linked to these mutations across distinct stream populations. Therefore, in addition to looking
for outlier SNPs shared among streams, we also tested for shared outlier regions. We
considered outlier SNPs to be in a shared outlier region if they were located within 20kb of
one another (based on the extent of linkage disequilibrium among makers in this species; see

results).

We estimated the number of ‘potential outlier regions’ in our analysis by combining all SNPs
within 20kb of one another into regions, and then calculating how many of these regions
there were. These ‘potential outlier regions’ could potentially extend beyond 20kb if three or
more SNPs were involved. We used Fisher’s exact test to determine whether there were more
shared SNPs among streams, or more shared outlier regions among streams, than would be
expected by chance. We plotted allele frequencies of outlier SNPs against elevation, to

compare their clinal distributions relative to background SNPs.

We used the Z. fenestrata reference genome to search for candidate alpine adaptation genes
within 20kb of outlier SNPs. Putative functions of such genes were determined using the

UniProtKB database (https://www.uniprot.org/). In addition to focusing on genes potentially

associated with flight loss, we also searched for genes potentially associated with additional
alpine adaptations, including potential olfactory shifts (Neupert, McCulloch, Foster, Waters,
& Szyszka, 2020), increased body size (McCulloch & Waters, 2018a), delayed emergence
(McCulloch & Waters, 2018b), increased longevity (McLellan, 1999), increased fecundity
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(Guerra, 2011), as well as genes that might potentially be involved in reproductive isolation
among sympatric ecotypes (e.g. sexual development; Kroos, Waters, & McCulloch, 2021;
McCulloch et al., 2021; McCulloch et al., 2019a).

Results

Our GBS analyses of 176 Z. fenestrata specimens from the Rock and Pillar Range identified
67,922 SNPs mapped across 2,275 contigs. After removing SNPs with minor allele
frequencies of <0.05, we retained 21,496 SNPs mapped across 1,932 contigs. Linkage
disequilibrium was similar across all groups, with r? values reaching background levels at

distances greater than 20kb (Figure S1-S3).

BayeScan tests for outlier SNPs significantly differentiated between full-winged and wing-
reduced ecotypes within streams identified 124 outlier SNPs across 63 regions within the Six
Mile Creek population (Table S2), and 48 outlier SNPs across 35 regions in the Lug Creek
population (Table S3). Crucially, ten of these regions contained significant outlier SNPs in
both the Six Mile and Lug among-ecotype comparisons (Figure 2a, Table 1). By comparison,
pcadapt analyses identified 195 outlier SNPs differentiating ecotypes across 107 regions
within the Six Mile population (Table S4), and 309 outliers across 176 regions in Lug Creek
(Table S5). Seventeen of these regions contained significantly differentiated SNPs in both the
Six Mile and Lug Creek among-ecotype comparisons (Figure 2b). The majority (8/10) of
outliers detected across both streams using BayeScan were also detected with pcadapt

(Figure S4; Table 1).

In combination, the two outlier tests revealed 19 regions containing significant outlier SNPs
for both Six Mile and Lug ecotype comparisons (Table 1), and almost half (8/19) of these
outlier regions were detected in both populations for both methods (Figure S4; Table 1). In
some cases, the same outlier SNP was significantly differentiated across both Lug and Six
Mile ecotype comparisons (e.g. on contig 192), with a Fisher’s exact test indicating that there
were significantly more shared outlier SNPs among streams than would be expect by chance
(P =0.0034). In these cases, the nucleotide shifts among ecotypes occurred in the same
direction in both streams. In other cases, different SNPs within the same outlier region were
detected in each stream (e.g. on contig 6423). In many of these situations, the same allelic
shift was evident across both ecotype comparisons, but this change was only statistically

significant in one of the streams. By contrast, in almost half these cases (15/34; 44%) the
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outlier SNPs were detected in only one of stream ecotype comparisons, perhaps consistent

with de novo mutation within a single stream.

Outlier SNPs were detected at one or both streams by both pcadapt and BayeScan across 60
distinct outlier regions. Overall, although outlier SNPs were detected at only a small
proportion (1.5%; 60/3,908) of regions examined, a significant number (13%; 8/60) of these
outlier regions showed differentiation among ecotypes for both Lug and Six Mile populations
(P =2.0 x10°'% Figure 2¢). Overall, these findings suggest that selection has occurred
repeatedly at similar parts of the genome across these geographically independent ecotype
comparisons. We identified concordant elevational clines in the allelic frequencies of outlier
SNPs shared across Six Mile Creek and Lug Creek (Figure 3). No such patterns were evident

for non-outlier SNPs (i.e. SNPs that are not under selection; Figure 3).

Almost half of the outlier regions detected by either BayeScan or pcadapt (9/19) were located
within 20kb of at least one annotated gene (Table 1). Fourteen outlier SNPs were located
directly within a gene, with five of these SNPs in introns, versus nine in coding regions. The
majority of the SNPs in noncoding regions (8/9) caused synonymous mutations, but the SNP
in contig 192 caused a nonsynonymous mutation. Half (6/12) of the genes linked to outliers
in both Six Mile and Lug Creek populations have functions potentially associated with
documented phenotypic differentiation between alpine (flightless) and lowland (flighted)
ecotypes (Table 1). For instance, several of the identified genes have previously been
associated with insect wing development, including hedgehog (hh) and disheveled (dsh).
Several additional genes tightly linked to outlier SNPs have known roles in determining
additional characteristics that differ between upland and lowland ecotypes, including insect
fecundity (e.g. ovo) and mating behaviour (e.g. Desaturase 1 (Desatl)). Several of the outlier
SNPs associated with ecotype differentiation in only a single stream were also linked to

genes with potential roles in upland adaptation (Table S6, S7).

Discussion

Our genome-wide analyses identified a number of genes potentially involved in repeated
alpine adaptation across two independently-evolved upland Z. fenestrata lineages. Crucially,
a significant proportion of outlier genomic regions (>10%) were strongly differentiated
across both independent ecotype comparisons. These findings imply that natural selection has

acted repeatedly on similar regions of the genome in these distinct alpine populations,
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suggesting repetitive adaptation has produced similar evolutionary outcomes across multiple
lineages (e.g. Hill et al., 2019; Jones et al., 2012; Soria-Carrasco et al., 2014; Van Belleghem
et al., 2018; Villoutreix et al., 2020). While it is possible that some of these shared outlier
regions may have non-adaptive explanations (e.g. background selection; see Hoban et al.,
2016; Matthey-Doret & Whitlock, 2019), the over-representation of genes with potential
roles in alpine adaptation implies a substantial role for positive selection. Future functional
validation of these candidate genes will nevertheless be needed to confirm their direct role in

alpine adaptation (see Wolf & Ellegren, 2017).

Several of the identified genes closely linked to outlier SNPs have key roles in insect wing
development. For instance, for both Lug and Six Mile alpine ecotypes we detected outlier
SNPs in close proximity to the important insect developmental gene hedgehog, which has a
key role in specifying cell-fate (Ingham & McMahon, 2001). Intriguingly, this gene is also
strongly differentially expressed in the wing buds of full-winged versus vestigial-winged Z.
fenestrata ecotypes (McCulloch et al., 2019a), suggesting it may indeed contribute to wing
loss in this system. Hedgehog has also been shown to influence insect sexual development
(Chen, Christiansen, & Baker, 2005; Kopp, 2012; Price, Egizi, & Fonseca, 2015). It is
therefore conceivable that mutations at this pleiotropic developmental gene might influence
both wing-reduction and reproductive compatibility among Zelandoperla ecotypes,
ultimately underpinning the ecological speciation of these diverging lineages (McCulloch et

al., 2021).

Desaturase 1, another gene closely linked to outlier SNPs across both stream populations,
plays an important role in the production and perception of sex pheromones in Drosophila
(Bousquet & Ferveur, 2012; Bousquet et al., 2012). This gene is also involved in free-flight
odor tracking in Drosophila (Houot et al., 2018), and thus has potential to influence flight
behaviour (Houot, Gigot, Robichon, & Ferveur, 2017). It is therefore conceivable that
mutations at this gene could be linked to changes in both flight ability and reproductive
compatibility among ecotypes of the Z. fenestrata complex (Kroos et al., 2021; McCulloch et
al., 2021). Ideally, the potential role of parallel outlier regions detected in the current study
should be validated more widely across the range of the Z. fenestrata complex, including
additional regions where alpine and lowland ecotypes co-occur, to shed further light on their

possible contributions to both alpine adaptation and speciation processes.
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Although our study tested for outliers across a large suite of SNPs, the total number of
markers examined covers only a fraction of the genome. It is therefore likely that the effects
of many genes associated with alpine adaptation remain undetected in our study (see Catchen
etal., 2017; Lowry et al., 2017). Furthermore, while we detected several shared outlier loci
differentiating ecotypes across the two independent populations, a high proportion of outlier
SNPs were unique to one or other populations. It is possible that some of the outlier SNPs
detected within individual streams may have diverged via neutral processes (genetic drift)

rather than through selection.

The proportion of outlier regions shared across independently-diverged populations in the
current study (>10%) exceeds the proportions of parallel-divergent loci reported by
comparable studies from some comparable repetitive adaptation systems (e.g. Feulner &
Seehausen, 2019; Salisbury et al., 2020). We suggest that the close physical proximity of our
populations (parallel mountain streams just a few km apart, exhibiting similar selective
regimes) may contribute to this relatively high proportion of shared outlier genomic regions.
Furthermore, the ancestral lowland (full-winged) Z. fenestrata populations (from which the
vestigial-winged upland lineages were derived; Figure 1) share very similar genetic
backgrounds (McCulloch et al., 2019a). This recent shared ancestry is likely to help fuel such
repeated adaptive processes, given that replicated evolutionary processes often arise via
repeated selection on standing genetic variation (e.g. Haenel, Roesti, Moser, MacColl, &
Berner, 2019; Lai et al., 2019; Van Belleghem et al., 2018). Our results suggest that the
genetic background of lineages subject to similar selective regimes may play an influential
role in the determining the extent of genomic parallelism associated with such processes
(Delgado et al., 2020; Fang et al., 2020). Interestingly, in many cases, different outlier SNPs
within the same outlier region were identified across the two stream populations. While these
results might, to some extent, be an artefact of missing data that commonly affects GBS
analyses (see Hoban et al., 2016), they might alternatively indicate that both sorting of
standing variation and independently derived de novo mutations have combined to facilitate

repeated adaptation across these closely related populations (Waters & McCulloch, 2021).

Broadly, our analysis provides evidence that parallel selection can lead to repeated
divergence across the same genomic regions in independent alpine lineages. Future whole-
genome resequencing analyses promise to resolve in more detail the genomic dynamics of

these intriguing repetitive evolutionary processes.
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Tables

Table 1. Regions containing outlier SNPs associated with alpine-lowland ecotype differentiation in both Six Mile and Lug Creek Zelandoperia
fenestrata populations. Genes within 20kb of outliers are listed. Genes in bold have identified functions in insect development that make them
strong candidates for roles in the adaptive differentiation between alpine (wing-reduced) versus lowland (full-winged) ecotypes. BS = BayeScan,

PCA = pcadapt. Putative functions of the annotated genes are from http://www.uniprot.org/.

Position of outliers SNP/s on contig Detection
Contig Annotated genes
Lug Six Mile method

cl192 35394 35394 ppk26 BS,PCA
c323 388712, 388722 373858 BS,PCA
€662 186591, 186595 168784, 186591 RplI15, dsh'? BS
c790 73298, 73327 73298, 73316 PCA
c986 212711, 212719 212711, 212719 BS,PCA
cl774 274485 274536 abd-A? PCA
cl1781 153552 153543 BS,PCA
c1888 1636037 1651644, 1651654 BS,PCA
c2119 87855 87855, 87924 Nadsyn, ovo? BS,PCA
€2925 72997, 83453, 83454, 83488, 83547 83547 PCA
€3220 91435, 91488 91475 BS
c3480 347262 347264 PCA
c4272 9059 9059 Cad96Ca PCA
c5096 304752 304752 Mrp4's PCA
c5096 407313 407404 NT1 PCA

This article is protected by copyright. All rights reserved



c5868 135978

c6423 53262
cl17370 181960
s2188 551292, 551307

135988
53299 hh!?

179152, 179176 Desat14¢, Rab14
551292

PCA
BS,PCA
PCA
BS,PCA

! wing development, 2 sexual development, 3 fecundity, 4 sensory perception, > adult lifespan, ® mating behavior
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Figure 1.

Repeated evolution of wing-reduced alpine ecotypes in neighbouring Six Mile and Lug Creek
stream populations in southern New Zealand. (a) Vestigial-winged and full-winged
Zelandoperla fenestrata ecotypes. (b) Transect sampling from the Rock and Pillar Range,
showing parallel elevational clines in ecotype frequencies (modified from McCulloch et al.,
2019a). (c) Principal component analysis illustrating genetic differentiation between
vestigial-winged and full-winged Z. fenestrata ecotypes within Six Mile Creek (left) and Lug
Creek (right) (modified from McCulloch et al., 2019a). (d) Coalescent analysis demonstrating

independent ecotype divergence (white stars) in the Six Mile versus Lug Creek Z. fenestrata
populations (modified from McCulloch et al., 2021).
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Figure 2.
Shared outlier regions across Six Mile and Lug Creek Zelandoperla fenestrata populations.
Venn diagrams indicate the number of regions containing outlier SNPs in Six Mile Creek

(brown) versus Lug Creek (yellow) populations (and across both streams), as detected using
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different analytical approaches. (a) Outliers detected by BayeScan; (b) outliers detected by
pcadapt, and (c) outliers detected by both BayeScan and pcadapt.
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Figure 3.
Parallel elevational clines in the allelic frequencies of outlier SNPs shared across adjacent Six
Mile Creek (orange lines) and Lug Creek (purple lines) Zelandoperla fenestrata populations.
Outlier SNPs are shown from (a) contig 192, (b) contig 790, (c¢) contig 2925, (d) contig 986,
and (e) contig 662 (see Table 1). These outliers are strongly differentiated among ecotypes,
and hence broadly track clinal ecotype frequency shifts within each stream (Fig. 1b). The
black dashed line indicates the average frequency of the common allele in each stream. Grey

lines show 50 randomly selected neutral SNPs.
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