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ABSTRACT  

Compar/ng Neutral and Adapt/ve Genet/c Var/at/on /n Shap/ng Phenotyp/c  

D/vers/ty of the Polymorph/c Bush Cr/cket Isophya r*zeens*s Along an Alt/tud/nal 

Grad/ent  

Ufuk Topalan  

Master of Sc/ence /n Molecular B/ology and Genet/cs  

January 17, 2025  

The accelerat(ng (mpacts of global env(ronmental and cl(mat(c change present 
s(gn(f(cant threats to b(od(vers(ty, emphas(z(ng the need to understand how natural 

populat(ons adapt to env(ronmental grad(ents. Isophya r+zeens+s, a un(volt(ne bush cr(cket 

endem(c to Turkey's Fırtına Valley, offers a compell(ng model for study(ng local 
adaptat(on, ow(ng to (ts str(k(ng alt(tud(nal color polymorph(sm (n males. Lower-alt(tude 

populat(ons predom(nantly exh(b(t black morphs, wh(le h(gher alt(tudes are character(zed 

by pale-green (nd(v(duals, a pattern suggest(ng adaptat(on to m(crocl(mat(c cond(t(ons 
rather than class(cal thermal melan(sm. Us(ng RAD-seq data from 71 (nd(v(duals across 

10 populat(ons, we (dent(f(ed 92,048 h(gh-conf(dence polymorph(c loc(, (nclud(ng 1,113 

putat(vely adapt(ve loc(. Genet(c analyses revealed s(gn(f(cant d(fferent(at(on dr(ven by 
alt(tude, w(th Mantel tests conf(rm(ng (solat(on by d(stance and select(on. M(d-alt(tude 

populat(ons exh(b(ted h(gher genet(c d(vers(ty, wh(le extreme-alt(tude populat(ons 

showed reduced d(vers(ty and f(xat(on of adapt(ve loc(, h(ghl(ght(ng the dual (nfluence of 
gene flow and select(on. Genome-w(de assoc(at(on stud(es (dent(f(ed 42 loc( s(gn(f(cantly 

assoc(ated w(th alt(tude, support(ng the role of d(srupt(ve select(on (n shap(ng genet(c 
var(at(on and ma(nta(n(ng polymorph(sm along the grad(ent. D(scr(m(nant analys(s of 

pr(nc(pal components (DAPC) revealed strong genet(c d(fferent(at(on between color 

morphs, w(th three major loc( contr(but(ng to th(s separat(on. These loc( exh(b(ted b(modal 
genotype d(str(but(ons, (nd(cat(ng the ex(stence of d(st(nct genet(c groups l(nked to color 

morphs and the(r alt(tud(nal d(str(but(on. Th(s study underscores how env(ronmental 

pressures shape adapt(ve and neutral genet(c var(at(on, ma(nta(n(ng d(vers(ty desp(te h(gh 
connect(v(ty. Our f(nd(ngs h(ghl(ght the (nterplay between gene flow, select(on, and local 

adaptat(on, prov(d(ng valuable (ns(ghts (nto the mechan(sms dr(v(ng b(od(vers(ty (n 

montane ecosystems and (nform(ng conservat(on strateg(es (n the face of cl(mate change.  
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ÖZETÇE  

Yüksekl/k Gradyanı Boyunca Pol/morf/k Çalı Çek/rges/ Isophya 

r*zeens*s'te  Fenot/p/k Çeş/tl/l/ğ/n Şek/llenmes/nde Nötral ve Adapt/f 

Genet/k Varyasyonun Karşılaştırılması  

Ufuk Topalan  

Moleküler B/yoloj/ ve Genet/k, Yüksek L/sans  

17 Ocak 2025  

Küresel çevresel ve (kl(msel değ(ş(m(n hızlanan etk(ler(, b(yoloj(k çeş(tl(l(k (ç(n 
öneml( tehd(tler oluşturmaktadır ve doğal popülasyonların çevresel değ(ş(mlere nasıl 

uyum sağladığını anlama (ht(yacını arttırmaktadır. Türk(ye'n(n Fırtına Vad(s('ne özgü  çalı 

çek(rges( olan Isophya r+zeens+s, erkeklerde çarpıcı yüksekl(ğe bağlı renk pol(morf(zm( 
göstermekte ve yerel adaptasyonu (ncelemek (ç(n çok uygun b(r model sunmaktadır. 

Düşük rakım popülasyonları ağırlıklı olarak s(yah morflardan oluşurken, yüksek 

rakımlardak( b(reyler, klas(k termal melan(zmden yer(ne, m(kro (kl(m koşullarına 
adaptasyonu gösteren b(r model olan soluk yeş(l b(reylerle karakter(ze ed(lm(şt(r. 11 

popülasyondak( 71 b(reyden alınan RAD-seq ver(ler(n( kullanarak, 1.113 adapt(f lokus 

dah(l olmak üzere 92.048 yüksek güven(l(rl(kl( pol(morf(k lokus bel(rled(m. Genet(k 
anal(zler, yüksekl(k tarafından sürülen öneml( farklılaşmayı ortaya koydu ve Mantel 

testler( mesafe ve seç(l(m yoluyla (zolasyonu doğruladı. Orta rakımlardak( popülasyonlar 
daha yüksek genet(k çeş(tl(l(k serg(lerken, ekstrem yüksekl(klerdek( popülasyonlar daha 

az çeş(tl(l(k ve adapt(f lokusların sab(tlend(ğ(n( gösterd( ve bu durum gen akışı ve 

seç(l(m(n (k(l( etk(s(n( vurguladı. Genom çapında (l(şk( çalışmaları, yüksekl(k (le öneml( 
ölçüde (l(şk(l( 42 lokus tanımladı ve genet(k çeş(tl(l(ğ( şek(llend(rmede ve yüksekl(k 

boyunca pol(morf(zm( sürdürmede yıkıcı seç(l(m(n rolünü destekled(. Ana b(leşenler(n 

ayırıcı anal(z( (DAPC), renk morfları arasında güçlü genet(k farklılaşmayı ortaya koydu 
ve üç ana lokus bu ayrıma katkıda bulundu. Bu lokuslar, renk morflarına ve bunların 

yüksekl(k dağılımlarına bağlı farklı genet(k grupların varlığını gösteren b(modal genot(p 

dağılımları serg(led(. Bu çalışma, çevresel değ(ş(m(n adapt(f ve nötral genet(k çeş(tl(l(ğ( 
nasıl şek(llend(rd(ğ(n( ve yüksek bağlantıya rağmen çeş(tl(l(ğ( nasıl koruduğunu 

vurgulamaktadır. Bulgularımız, gen akışı, seç(l(m ve yerel adaptasyon arasındak( 

etk(leş(m( vurgulayarak dağlık ekos(stemlerde b(yoçeş(tl(l(ğ( yönlend(ren mekan(zmalara 
(l(şk(n değerl( b(lg(ler sağlıyor ve (kl(m değ(ş(kl(ğ( karşısında koruma stratej(ler(ne katkı 

sağlıyor.  
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 CHAPTER 1:     

INTRODUCTION  

1.1 Adaptat*ons and Cl*mate change  

The accelerat(ng (mpacts of global env(ronmental and cl(mate change pose an 

unprecedented threat to b(od(vers(ty worldw(de, w(th spec(es fac(ng challenges such as 

hab(tat loss, altered resource ava(lab(l(ty, and sh(ft(ng cl(mat(c cond(t(ons (Thomas et al., 

2004; Malcolm et al., 2006; Kearney et al., 2009; Harvey et al., 2020). Unexpected rates 

of ext(nct(on are be(ng caused by these changes, espec(ally for spec(es w(th restr(cted 

d(spers(on capab(l(t(es or constra(ned ecolog(cal n(ches. Understand(ng how spec(es react 

to these env(ronmental changes (s cruc(al for gu(d(ng conservat(on efforts and forecast(ng 

future b(od(vers(ty results (n order to reduce these threats. (Sch(lthu(zen & Kellermann, 

2013; K(ngsolver & Buckley, 2017; Kellermann & Heerwaarden, 2019; Waldvogel et al., 

2020).   

Adapt(ve responses to env(ronmental change can occur across d(fferent t(mescales, 

rang(ng from phenotyp(c plast(c(ty that allows (mmed(ate adjustments to env(ronmental 

stressors, to long-term genet(c changes dr(ven by natural select(on (Mer(lä & Hendry, 

2014; Kelly, 2019).  To promote the long-term conservat(on of b(od(vers(ty, (t (s essent(al 

to (nvest(gate the evolut(onary mechan(sms that enable spec(es to surv(ve (n chang(ng 

hab(tats (Fe(ner et al., 2021). Th(s research (s part(cularly cr(t(cal g(ven that the pace of 

anthropogen(c cl(mate change often outstr(ps the ab(l(ty of many spec(es to adapt, 

h(ghl(ght(ng the urgent need for adapt(ve management strateg(es.   

One of the most effect(ve ways to search adapt(ve responses (s by exam(n(ng 

phenotyp(c and genet(c var(at(on along env(ronmental grad(ents, such as alt(tud(nal or 

lat(tud(nal ranges, wh(ch often serve as natural laborator(es for study(ng evolut(onary 

processes (Wogan & Wang, 2017; Kelly, 2019). These grad(ents g(ve (mportant 

(nformat(on on how env(ronmental factors and genet(c d(vers(ty (nteract, as well as 

(ns(ghts (nto the select(ve forces (nfluenc(ng local adaptat(ons. By analyz(ng how 

populat(ons are adapted across these grad(ents, researchers can (dent(fy (mportant tra(ts 

and genet(c loc( assoc(ated w(th surv(val (n d(fferent env(ronments, contr(but(ng to a better 

understand(ng of the evolut(onary and adapt(ve bas(s of b(od(vers(ty (Mer(lä & Hendry, 

2014; Waldvogel et al., 2020). As global cl(mate cond(t(ons cont(nue to sh(ft, such stud(es 

are cr(t(cal for (dent(fy(ng populat(ons that may act as sources of genet(c d(vers(ty, those 
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at greatest r(sk of ext(nct(on, and the adapt(ve potent(al of spec(es to cope w(th future 

challenges. By l(nk(ng ecolog(cal, genet(c, and evolut(onary perspect(ves, th(s research 

forms the foundat(on for ev(dence-based conservat(on strateg(es that al(gn w(th the 

real(t(es of cl(mate change.   

1.2 	 Cl*nal var*at*on and color polymorph*sm *n ectotherms.   

Many stud(es (nvest(gat(ng the evolut(onary responses of organ(sms to cl(mat(c or 

env(ronmental change have focused on spec(es or populat(ons exh(b(t(ng cl(nal var(at(on 

(Storfer et al., 2018). Cl(nal var(at(on refers to the gradual change (n spec(f(c tra(ts (e.g., 

allele frequency, body s(ze, colorat(on, behav(or) across env(ronmental or geograph(c 

grad(ents (Endler, 1977). Alt(tud(nal cl(nes, (n part(cular, prov(de (deal systems for 

study(ng spat(ally vary(ng select(ve pressures, as they capture h(gh spat(al and phenotyp(c 

heterogene(ty over short geograph(c d(stances (Chown & Klok, 2003; Flatt, 2016). For 

(nstance, cl(nal var(at(ons (n thermoregulatory tra(ts among montane spec(es have been 

used to uncover phys(olog(cal adaptat(ons to cl(mate and temperature changes, as well as 

the(r genet(c underp(nn(ngs (Mor(tz et al., 2008; Zamora-Camacho et al., 2014, 2016; 

Verheyen et al., 2019; Lymburner & Blou(n-Demers, 2020). Research on mammals and 

amph(b(ans has (dent(f(ed numerous genet(c reg(ons assoc(ated w(th adaptat(on to cl(mat(c 

change (Bon(n et al., 2006; Guo et al., 2016). Moreover, stud(es comb(n(ng alt(tud(nal 

cl(nes w(th genotype-env(ronment assoc(at(on analyses have d(scovered genet(c reg(ons 

l(nked to spec(f(c cl(mat(c or env(ronmental parameters (Hancock et al., 2011; Slatyer et 

al., 2014; Hornoy et al., 2015; Pluess et al., 2016). These (ntegrated approaches have 

s(gn(f(cantly advanced our understand(ng of how env(ronmental factors (nfluence genet(c 

reg(ons and how select(on dr(ves adaptat(on to vary(ng cond(t(ons.  

One part(cularly well-stud(ed natural cl(ne (s color var(at(on (n (nvertebrates, 

espec(ally (nsects, wh(ch prov(des (ns(ghts (nto the evolut(onary and adapt(ve responses 

of organ(sms to env(ronmental changes (Ellers & Boggs, 2002; Zeuss et al., 2014; B(shop 

et al., 2016). Adapt(ve color polymorph(sm, where(n populat(ons w(th alternat(ve color 

morphs occupy d(st(nct ecolog(cal n(ches, has been assoc(ated w(th broader resource use, 

greater stab(l(ty, expanded d(str(but(on capac(ty, and h(gher res(l(ence to env(ronmental 

changes and local ext(nct(ons compared to less var(able spec(es (Forsman et al., 2008; 

Wennersten & Forsman, 2009; Kozlov et al., 2021). Such f(nd(ngs underscore the 

(mportance of study(ng geograph(c var(at(on (n colorat(on and (ts genet(c bas(s, as th(s 
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knowledge not only (nforms conservat(on efforts (Forsman, 2016) but also enhances 

understand(ng of how evolut(onary and ecolog(cal processes dr(ve populat(on 

d(fferent(at(on and spec(at(on (McLean & Stuart-Fox, 2014).  

Color polymorph(sm (n (nsects often correlates w(th temperature var(at(on, w(th 

darker (nd(v(duals warm(ng faster and ach(ev(ng h(gher equ(l(br(um temperatures (n cold 

cond(t(ons, a phenomenon known as thermal melan(sm (Clusella-Trullas & N(elsen, 

2020). However, recent stud(es (nd(cate that (nsect color var(at(on may also relate to other 

env(ronmental factors, such as hab(tat and vegetat(on adaptat(on (Karlsson et al., 2008; 

Forsman, 2011; Valverde & Sch(elzeth, 2015; D(eker et al., 2018; Goodman, 2021). Th(s 

(s supported by genome-w(de scans reveal(ng that p(gmentat(on and melan(n 

accumulat(on, espec(ally (n Drosoph(la, are (nfluenced by well-character(zed molecular 

mechan(sms (nvolv(ng dopam(ne-related genes and the(r (nteract(ons w(th ebony, black, 

aaNAT, tan, and yellow (Wr(ght, 1987; W(ttkopp et al., 2003; W(ttkopp & Beldade, 2009). 

Yet, (n other spec(es, such as ladyb(rds (Harmon(a axyr(d(s), st(ck (nsects, and 

grasshoppers (Tetr(x undulata), the genet(c bas(s of color polymorph(sm often d(verges, 

reflect(ng spec(es-spec(f(c adaptat(ons to env(ronmental pressures, w(th l(m(ted 

connect(ons to known melan(n pathways (M(ch(e et al., 2010; Bast(de et al., 2016; 

Comeault et al., 2015, 2016; Forsman et al., 2002).  

1.3 Isophya r*zeens*s as a model organ*sm  

Isophya r+zeens+s Sevg(l(, 2003 (Orthoptera: Tett(gon((dae: Phaneropter(nae: 

Barb(t(st(n() (s a un(volt(ne (s(ngle generat(on per year) bush cr(cket spec(es endem(c to 

the Fırtına Valley and (ts surround(ngs w(th(n the Kaçkar Mounta(ns Nat(onal Park (n 

Türk(ye's Eastern Black Sea reg(on. The spec(es (s act(ve between May and August 

(Sevg(l(, 2003; Sağlam & Çağlar, 2005). Desp(te (ts geograph(cally restr(cted range, I. 

r+zeens+s occup(es a w(de alt(tud(nal grad(ent, rang(ng from 350 to 2500 meters w(th(n the 

Fırtına Valley (Sağlam & Çağlar, 2005).   

One of the most str(k(ng character(st(cs of I. r+zeens+s (s the h(gh var(ab(l(ty males 

show (n dorsal colorat(on, wh(ch (s strongly correlated w(th alt(tude. Stud(es have shown 

that melan(sm (n males decreases w(th (ncreas(ng alt(tude, d(v(d(ng (nd(v(duals (nto two 

morphs: dark black (nd(v(duals predom(nantly found between 350 and 1000 meters, and 

pale green (nd(v(duals more common between 1000 and 2500 meters (Çağlar et al., 2013).  
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Interest(ngly, th(s d(str(but(on pattern confl(cts w(th the thermal melan(sm hypothes(s, as 

darker (nd(v(duals are assoc(ated w(th relat(vely warmer env(ronments, wh(le paler 

(nd(v(duals are found (n cooler hab(tats. Ecolog(cal and phys(olog(cal stud(es a(m(ng to 

understand the processes dr(v(ng these var(at(ons (n males have revealed that darker 

(nd(v(duals warm faster and ach(eve h(gher body temperatures compared to the(r pale 

green counterparts (Kuyucu et al., 2016). Accord(ng to these results, the observed 

var(at(on (n color (s l(kely an adaptat(on to overheat(ng at h(gher alt(tudes due to (ncreased 

solar rad(at(on.  In subalp(ne hab(tats, where temperatures are h(ghly var(able, vegetat(on 

cover (s sparse, and surface temperatures can exceed 40°C due to d(rect solar rad(at(on, 

pale (nd(v(duals may have a surv(val advantage. The(r slower heat(ng rates could help 

them avo(d lethal temperatures (n these cond(t(ons (Kuyucu et al., 2016).  

Desp(te many stud(es on color polymorph(sm (n cr(ckets, research on (ts genet(c 

underp(nn(ngs rema(ns l(m(ted. Quant(tat(ve genet(c approaches have shown that both 

genet(c and env(ronmental factors contr(bute to total phenotyp(c var(at(on (Forsman et al., 

2002; Ahnesjö & Forsman, 2006; Forsman, 2011; Roff & Fa(rba(rn, 2013). Recent work 

suggests a strong genet(c bas(s for black/green color polymorph(sm (n cr(ckets, potent(ally 

controlled by a few dom(nant genes, though the(r connect(ons to known melan(n pathways 

rema(n unclear (Sch(elzeth & D(eker, 2020; O’Connor et al., 2021; W(nter et al., 2021).  

Collect(vely, these f(nd(ngs pos(t(on I. r(zeens(s as an except(onal model for study(ng 

evolut(onary responses to env(ronmental changes, part(cularly (n understand(ng the 

genet(c mechan(sms underly(ng adaptat(ons to spat(ally and temporally var(able 

cond(t(ons. Its d(st(nct alt(tud(nal color polymorph(sm and env(ronmental adaptat(ons 

prov(de a un(que opportun(ty to unravel how spec(es balance complex ecolog(cal 

pressures through genet(c and phenotyp(c d(vers(ty.  
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F/gure 1.1: Isophya r+zeens+s (nd(v(duals from 800 meters (A) and 1900 meters (B)  

1.4 Next Generat*on Sequenc*ng and RAD sequenc*ng  

Recent advancements (n next-generat(on sequenc(ng (NGS) technolog(es have 

revolut(on(zed genom(c research, enabl(ng the rap(d and cost-effect(ve generat(on of 

large-scale genet(c data across d(verse organ(sms (Metzker, 2009; Goodw(n et al., 2016). 

NGS has the potent(al to produce enormous amounts of data w(thout requ(r(ng a reference 

genome, (n contrast to trad(t(onal moleculer techn(ques that frequently requ(red pr(or 

genom(c knowledge and were restr(cted to a few genet(c markers. Because non-model 

organ(sms frequently do not have annotated genomes, NGS (s espec(ally advantageous 

for study(ng them (Ba(rd et al., 2008; Helyar et al., 2011). Researchers may now analyze 

genet(c d(vers(ty, populat(on structure, and evolut(onary processes w(th unprecedented 

resolut(on because of the ab(l(ty to sequence m(ll(ons of DNA fragments (n 

s(multaneously. NGS has s(gn(f(cantly (mproved our understand(ng of populat(on 

d(fferent(at(on, gene flow, local adaptat(on, and spec(at(on by mak(ng (t poss(ble to 

analyze hundreds to thousands of loc( throughout the genome (Ellegren, 2014; Ekblom & 

Gal(ndo, 2011). Moreover, these tools have transformed the f(eld of conservat(on 

genom(cs, allow(ng for more spec(f(c evaluat(ons of genet(c health and connect(v(ty (n 

threatened populat(ons (Allendorf et al., 2010).   

Among the var(ous NGS-based approaches, restr(ct(on s(te-assoc(ated DNA 

sequenc(ng (RAD-seq) has emerged as a part(cularly powerful method (n populat(on 

genet(cs and evolut(onary b(ology (Davey et al., 2011). By us(ng restr(ct(on enzymes to 
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cleave genom(c DNA at part(cular recogn(t(on s(tes, RAD-seq generates a l(brary of short 

segments that are next to these s(tes and are subsequently read. Even (n spec(es lack(ng a 

reference genome, th(s method makes (t poss(ble to f(nd and genotype thousands of s(ngle 

nucleot(de polymorph(sms (SNPs) throughout the genome (Ba(rd et al., 2008; Peterson et 

al., 2012).  RAD-seq offers several advantages for populat(on genom(c stud(es. F(rst, (t (s 

cost-effect(ve compared to whole-genome sequenc(ng, mak(ng (t an access(ble opt(on for 

projects (nvolv(ng large numbers of (nd(v(duals or spec(es w(th large genomes (Andrews 

et al., 2016). Second, by focus(ng on a sect(on of the genome, (t reduces the computat(onal 

challenge of process(ng whole-genome data wh(le enabl(ng h(gh-throughput marker 

d(scovery. Th(rd, by alter(ng the restr(ct(on enzyme or sequenc(ng depth, RAD-seq data 

may be adjusted to the degree of prec(s(on needed for the study, mak(ng (t an adaptable 

tool for a range of stud(es (Catchen et al., 2013).   

Add(t(onally, by offer(ng genome-w(de (nformat(on on polymorph(c s(tes that may 

be ut(l(zed to p(npo(nt genet(c loc( l(nked to env(ronmental factors, RAD-seq makes 

study(ng adaptat(ons more useful. Study(ng local adaptat(on to ecolog(cal grad(ents l(ke 

elevat(on temperature, and prec(p(tat(on part(cularly (s useful (Narum et al., 2013). 

Furthermore, to evaluate how geograph(c and env(ronmental var(ables (nfluence genet(c 

d(vers(ty across spat(al scales, RAD-seq data may be used w(th landscape genom(c 

techn(ques. In summary, by offer(ng h(gh-resolut(on, reasonably pr(ced genom(c data for 

non-model spec(es, NGS and RAD-seq have revolut(on(zed the study of genet(c d(vers(ty 

and evolut(onary processes.   

1.5 Object*ves and S*gn*f*cance of the Study  

The pr(mary object(ve of th(s study (s to (nvest(gate the genet(c d(fferent(at(on and 

d(vers(ty of Isophya r+zeens+s along (ts alt(tud(nal grad(ent (n the Fırtına Valley and to 

determ(ne genet(c var(at(on assoc(ated w(th color polymorph(sm (n th(s endem(c bush 

cr(cket spec(es. By address(ng key gaps (n our understand(ng of how spat(al var(at(on 

(nfluences genet(c and phenotyp(c var(at(on, th(s research a(ms to (mprove our 

understand(ng of adapt(ve processes (n montane ecosystems.  

Spec/f/c Object/ves:  
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1. Populat/on Structure and Genet/c D/vers/ty o To analyze the populat(on 

structure and genet(c d(vers(ty of I. r+zeens+s across (ts alt(tud(nal range us(ng 

RAD sequenc(ng data.  

 o  To compare genet(c structure patterns (n neutral and adapt(ve loc(.  
2. Genet/c Bas/s of Color Polymorph/sm o To (dent(fy genet(c loc( assoc(ated w(th 

the black and green color morphs. o To evaluate the potent(al role of these loc( (n 

adaptat(on to alt(tud(nal grad(ents.  

1.5.1 S+gn+f+cance of the Study  

Understand(ng the mechan(sms dr(v(ng adapt(ve tra(ts (s v(tal for pred(ct(ng how spec(es 

respond to rap(d env(ronmental changes. Th(s study holds both theoret(cal and pract(cal 

s(gn(f(cance. By uncover(ng genet(c var(at(on assoc(ated w(th color polymorph(sm (n I. 

r+zeens+s, (t sheds l(ght on the evolut(onary processes shap(ng phenotyp(c d(vers(ty under 

spat(ally var(able select(on pressures.  

The focus on a thermoregulatory tra(t that dev(ates from class(cal thermal melan(sm 

theory prov(des a un(que opportun(ty to expand our understand(ng of ectotherm(c 

adaptat(on (n d(verse env(ronmental cond(t(ons. Moreover, I. r+zeens+s represents a 

remarkable model for (nvest(gat(ng the (nterplay between genet(c and env(ronmental 

factors (n shap(ng adapt(ve tra(ts, w(th broader (mpl(cat(ons for understand(ng adaptat(on 

and spec(at(on (n montane ecosystems.  

In the context of chang(ng cl(mates, th(s research offers cr(t(cal (ns(ghts (nto the 

adapt(ve potent(al of I. r+zeens+s. Such knowledge (s essent(al for develop(ng effect(ve 

strateg(es to conserve b(od(vers(ty (n montane and other vulnerable ecosystems. By 

(ntegrat(ng ecolog(cal, genet(c, and evolut(onary perspect(ves, th(s study not only 

enhances our fundamental understand(ng of adaptat(on but also (nforms pract(cal 

approaches to m(t(gate b(od(vers(ty loss am(d global env(ronmental challenges.  
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 CHAPTER 2:    

METHODS 

2.1 Collect*on of Samples and DNA extract*on  

In th(s study, I ut(l(zed pre-ex(st(ng RAD sequenc(ng data from 96 Isophya 

r+zeens+s (nd(v(duals sampled from 11 sub-populat(ons along an alt(tud(nal grad(ent (n the 

Fırtına Valley (F/gure 2.2, Table 2.1). The spec(mens were or(g(nally collected between 

June and August 2006, as descr(bed (n Çağlar et al. (2013). Pa(red-end RAD l(brar(es were 

constructed us(ng the PstI restr(ct(on enzyme, follow(ng the protocol deta(led by Al( et al. 

(2016). Sequenc(ng was performed at 10X coverage on an Illum(na H(Seq4000 at the UC 

Dav(s Genome Center core fac(l(t(es.  
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F/gure 2.1 : D(str(but(on area of Isophya r+zeens+s (n Türk(ye, l(m(ted to the 
northeastern Black Sea reg(on.  

  

2.2 De novo Reference Genome Assembly  

  

Due to the absence of a reference genome for I. r+zeens+s or (n a closely related 

spec(es, we generated a de novo RAD sequence reference genome l(brary from two 

(nd(v(duals sourced from outs(de the F(rt(na Valley, follow(ng the protocol by Sağlam et 

al. (2016). In(t(ally, sequences were ass(gned to (nd(v(dual samples based on un(que 8 bp 

barcodes. Reads that perfectly matched these barcodes, followed by the 8 bp restr(ct(on 

s(te sequence, were sorted (nto separate f(les. Afterward, the 16 bp (dent(f(er sequences 

were removed, and match(ng read pa(rs were grouped based on the(r headers and 

organ(zed (nto (nd(v(dual f(les.  

For de novo d(scovery and extens(on of RAD loc(, we ut(l(zed custom PERL scr(pts, 

Novoal(gn al(gnment software, and the PRICE genome assembler (Ruby et al., 2013). We 

used two (nd(v(duals from the CAYMY populat(on of I. r+zeens+s to (dent(fy un(que 

RADloc(. In br(ef, 88 bp forward reads were tr(mmed to 80 bp from the 3' end, qual(ty-

f(ltered w(th a 20% threshold, and concatenated (nto a s(ngle FASTA f(le. Th(s FASTA 

f(le was (ndexed us(ng Novoal(gn and al(gned aga(nst (tself to produce a pa(rw(se 

al(gnment map. The map (ncluded scores for both (nternal (w(th(n-(nd(v(dual) and 

external (between(nd(v(dual) al(gnments (M(ller et al. 2012). D(st(nct loc( were 

determ(ned us(ng the follow(ng cr(ter(a: a max(mum al(gnment score of 30 between 

sequences w(th(n a locus; al(gnments exceed(ng a score of 90 or perfect (nternal 

al(gnments were excluded; s(ngleoccurrence sequences were (gnored unless they 

perfectly matched a sequence occurr(ng (n mult(ple (nstances externally; and each locus 

had to (nclude at least one sequence from two d(fferent (nd(v(duals.   

Ident(f(ed RAD loc( were then extended (nto longer cont(gs us(ng PRICE. Pa(red-end 

read data were used to (terat(vely extend each RAD locus (nto cont(gs. For each locus, 

three (nput f(les were created: (1) a template f(le w(th the 80 bp RAD locus and (ts 

restr(ct(on s(te restored, (2) a forward read f(le w(th all exact matches to the RAD locus, 

and (3) a reverse read f(le w(th pa(red reads. To prevent upstream extens(on, a 100 bp 

poly-A sequence was added before the restr(ct(on s(te (n the template f(le. These f(les were 
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processed (n PRICE us(ng the follow(ng parameters: 300 bp (nsert s(ze, 95% m(n(mum 

sequence (dent(ty, 40 nt m(n(mum overlap length (-mol 40), and 80% sequence (dent(ty 

threshold (-mp( 80). PRICE was set to extend cont(gs (n a s(ngle cycle (-nc 1) w(th a 100% 

target mode (-target 100 0). The result(ng extended RAD cont(gs w(ll then serve as a de 

novo part(al genome reference for subsequent analyses.  

2.3 Al*gnment and f*lter*ng  

Raw reads were al(gned to the constructed reference genome us(ng the BWA-MEM 

algor(thm (L( & Durb(n, 2010; L(, 2013). Result(ng SAM f(les were converted to 

coord(nate-sorted BAM f(les us(ng samtools (Danecek et al., 2021), and dupl(cate reads 

were marked w(th P(card tools (P(card Toolk(t, 2019). Paralog reg(ons were (dent(f(ed 

us(ng the ngsParalog (https://g(thub.com/tpl(nderoth/ngsParalog) and removed from 

subsequent analys(s. In add(t(on, we f(ltered out any (nd(v(dual w(th fewer than 100,000 

al(gnments.  

2.4 SNP d*scovery and genotyp*ng  

Polymorph(c reg(ons were (dent(f(ed us(ng the ANGSD platform (Kornel(ussen et al., 

2014), wh(ch (s well-su(ted for non-model organ(sms and low-to-med(um depth genome 

sequences (Fumagall( et al., 2013; Kornel(ussen et al., 2014; Fumagall( et al., 2014). SNP 

d(scovery was carr(ed out by calculat(ng genotype l(kel(hoods (-GL 1), major and m(nor 

alleles (-doMajorM(nor 1), m(nor allele frequenc(es (-doMaf 1), and generat(ng BCF f(les 

(-doBcf 1). Polymorph(c s(tes were f(ltered to (nclude only those w(th a m(nor allele 

frequency (MAF) of 0.05 or h(gher (-m(nMaf 0.05). Add(t(onal f(lter(ng parameters 

(ncluded a m(n(mum base qual(ty score of 20 (-m(nQ 20), a m(n(mum mapp(ng qual(ty of 

10 (-m(nMapQ 10), and a poster(or genotype probab(l(ty threshold of 0.85 (-postCutoff 

0.85). Only properly pa(red reads (reads w(th both mates mapped correctly; 

only_proper_pa(rs 1) were cons(dered, and s(tes were reta(ned only (f the probab(l(ty of 

them be(ng polymorph(c was stat(st(cally s(gn(f(cant (P < 10-12). F(nally, we f(ltered out any 

s(te that had an average per (nd(v(dual read depth under 6X and was not present (n at least 

50% of (nd(v(duals (n each populat(on.  
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2.5 Populat*on Genet*c Structure  

Populat(on structure was assessed us(ng PCAngsd (vers(on 1.02; Me(sner & 

Albrechtsen, 2018), wh(ch computes pr(nc(pal components d(rectly from genotype 

l(kel(hoods. Beagle f(les conta(n(ng these l(kel(hoods were used to est(mate the covar(ance 

matr(x, and the percentage var(ance expla(ned by each pr(nc(pal component was 

calculated. The f(rst two pr(nc(pal components (PCs) were v(sual(zed us(ng a custom R 

scr(pt. The same Beagle f(le was also used to (nvest(gate genet(c adm(xture patterns w(th(n 

the dataset.  

Adm(xture analyses were performed w(th ngsADMIX (Skotte et al., 2013; 

Me(sner et al., 2018), a method that (nfers (nd(v(dual ancestry proport(ons w(thout 

requ(r(ng phased data. To (dent(fy the most l(kely number of genet(c clusters, I explored 

cluster(ng parameters rang(ng from K=2 to K=5, runn(ng 10 repl(cates for each K value 

to ensure rel(able results. The opt(mal number of clusters was determ(ned us(ng Evanno’s 

method (Evanno et al., 2005), wh(ch calculates ΔK based on the rate of change (n 

logl(kel(hood values across success(ve K values.  

To val(date and ref(ne the cluster(ng results, I employed Clumpak (Kopelman et 

al., 2015), wh(ch aggregates and v(sual(zes outputs from mult(ple ngsADMIX runs. Th(s 

approach conf(rmed K=2 as the most l(kely number of genet(c clusters w(th(n the dataset 

(F(gure 2.3). Adm(xture proport(ons were v(sual(zed us(ng ggplot2 (n R, and the 

geograph(c d(str(but(on of adm(xture was mapped w(th ArcGIS Pro (Esr(, 2024), 

h(ghl(ght(ng the spat(al patterns of genet(c d(vers(ty across populat(ons.  

2.6 Genet*c D*fferent*at*on and Isolat*on By D*stance (IBD)  

To determ(ne genet(c d(fferent(at(on, I calculated pa(rw(se FST values between 

populat(ons. Genome-w(de Fst est(mates were obta(ned us(ng ANGSD, start(ng w(th the 

calculat(on of the jo(nt s(te frequency spectrum (2D-SFS) for each pa(r of populat(ons. 

The global we(ghted FST was then computed us(ng the REALSFS module (F(g. A.3; 

N(elsen et al., 2012). To evaluate patterns of (solat(on by d(stance (IBD), I performed a 

Mantel test to assess the correlat(on between geograph(c and genet(c d(stances. A 

Eucl(dean d(stance matr(x between populat(ons was generated us(ng the Geograph(c 

D(stance Matr(x Generator v1.2.3 (Ersts, P. J., 2011) and used as the pred(ctor var(able, 

wh(le the l(near(zed pa(rw(se FST matr(x [FST/ (1- FST)] served as the response var(able. 
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IBD patterns were analyzed us(ng Pearson and Spearman correlat(on Mantel tests w(th 

999 permutat(ons, (mplemented (n R us(ng the vegan package (Oksanen et al., 2001; 

Mantel, 1967).  

2.7 Compar*ng Neutral and Adapt*ve Genet*c Var*at*on  

To d(st(ngu(sh between putat(vely neutral and adapt(ve genet(c var(at(on, I used 

the pcadapt funct(on (n PCAngsd (Me(sner & Albrechtsen, 2018) to (dent(fy outl(er loc( 

assoc(ated w(th populat(on structure (Luu et al., 2017). Pcadapt appl(es the Mahalanob(s 

d(stance (DD) stat(st(c to perform a genome-w(de select(on scan across all s(gn(f(cant K 

pr(nc(pal components. The result(ng z-scores are converted to a test stat(st(c that follows 

a ch(-square (X2) d(str(but(on w(th K degrees of freedom.   

PCAngsd (dent(f(ed one s(gn(f(cant pr(nc(pal component (K = 1) based on 

Vel(c(er’s m(n(mum average part(al (MAP) test (Shr(ner & Vaughan, 2011). To reduce the 

(mpact of (nbreed(ng, I ut(l(zed the --(nbreedS(tes and --(nbreed opt(ons (n PCAngsd to 

f(lter out SNPs that showed s(gn(f(cant dev(at(ons from Hardy-We(nberg equ(l(br(um 

(HWE) due to (nbreed(ng. Th(s f(lter(ng resulted (n a f(nal dataset of 82,976 SNPs, 

y(eld(ng a genome-w(de s(gn(f(cance threshold of 6.03 × 10⁻⁷ (α=0.05; 82,976 SNPs×1 

pr(nc(pal component) for detect(ng outl(er loc( (Me(sner et al., 2021).  

After (dent(fy(ng adapt(ve and neutral loc(, I quant(f(ed genet(c d(vers(ty for each 

populat(on separately for adapt(ve and neutral loc( by calculat(ng average pa(rw(se 

nucleot(de d(fferences (Theay P(, π) based on the global s(te frequency spectrum (SFS). To 

est(mate the SFS for each populat(on, I f(rst calculated allele frequency l(kel(hoods us(ng 

ANGSD (-doSaf 1) and then der(ved the max(mum l(kel(hood est(mate of the SFS w(th the 

realSFS module (saf2theta). The result(ng SFS was used as a pr(or to calculate π for each 

RAD locus us(ng the thetaStat module (n ANGSD (-do_stat). Per-s(te π values for each 

RAD locus were obta(ned by d(v(d(ng the stat(st(c by the length of the loc(, and genome-

w(de averages for both adapt(ve and neutral loc( were calculated by averag(ng across all 

RAD loc( w(th(n each populat(on.  

To compare genet(c d(fferent(at(on between populat(ons and to exam(ne patterns of 

(solat(on by d(stance for neutral and adapt(ve loc(, I calculated pa(rw(se FST values and 

performed a Mantel test between geograph(c and genet(c d(stances, as descr(bed earl(er.  
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2.8 Genet*c Var*at*on Assoc*ated w*th Alt*tude  

To (nvest(gate genet(c var(at(on assoc(ated w(th alt(tude, I performed a 

genomew(de assoc(at(on study (GWAS) based on genotype l(kel(hoods us(ng score 

stat(st(cs (doAsso 2) (n ANGSD. The score test ut(l(zes a general(zed l(near model 

framework, where poster(or genotype probab(l(t(es serve as the dependent var(able and 

alt(tude (yQuant) as the pred(ctor var(able, calculat(ng l(kel(hood scores for each SNP 

(ndependently (Skotte et al., 2012).  

Assoc(at(on mapp(ng was conducted by (dent(fy(ng polymorph(c s(tes (-SNP_pval 

1e-06), (nferr(ng major and m(nor alleles (-doMajorM(nor 1), and est(mat(ng allele 

frequenc(es (-doMaf 1). SNPs w(th a m(nor allele frequency below 5% (-m(nMaf 0.05) or 

fewer than ten observat(ons for each genotype class (homozygous major, heterozygous, 

and homozygous m(nor; -m(nH(gh 10) were excluded. L(kel(hood rat(o test (LRT) scores 

for each SNP were converted to PPP-values, assum(ng a ch(-square (X2) d(str(but(on w(th 

one degree of freedom. A Bonferron( correct(on was appl(ed to account for mult(ple 

test(ng, result(ng (n a genome-w(de s(gn(f(cance threshold of 1.07 × 10⁻⁷ (α=0.05; 468137 

SNPs; LRT>28.25).  

To explore how allele frequenc(es at s(gn(f(cantly assoc(ated s(tes vary w(th 

alt(tude, I plotted the frequency of the reference allele (def(ned as the m(nor allele across 

the ent(re dataset) at each alt(tude. Th(s approach h(ghl(ghts patterns of allele frequency 

changes assoc(ated w(th elevat(on, prov(d(ng (ns(ght (nto alt(tude-dr(ven genet(c var(at(on.  

2.9 Genet*c D*fferent*at*on Between Color Morphs  

To (nvest(gate genet(c var(at(on assoc(ated w(th color morphs, I conducted a  

D(scr(m(nant Analys(s of Pr(nc(pal Components (DAPC) us(ng the R package adegenet 

(v2.1.1; Jombart, 2008; Jombart & Ahmed, 2011). Genotypes were called (n ANGSD 

(doGeno 4) and exported as VCF/BCF f(les (-doBcf 1) us(ng a un(form pr(or (-doPost 2) 

and a poster(or probab(l(ty cutoff of 85% (-postCutoff 0.85). The DAPC was performed 

by reta(n(ng all pr(nc(pal component axes that expla(ned up to 80% of the var(ance, w(th 

color morph (dark vs. l(ght) as the predef(ned group(ng var(able.  

To (dent(fy SNPs contr(but(ng most strongly to d(fferent(at(on between the color 

morphs, I analyzed the var(able contr(but(ons of SNPs to the l(near d(scr(m(nant funct(ons. 

These contr(but(ons were h(erarch(cally clustered us(ng the “Average” method (n the 

snpz(p funct(on of adegenet, group(ng SNPs (nto 'outl(er' and 'non-outl(er' categor(es.  
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To further explore genet(c d(fferent(at(on at the (dent(f(ed outl(er loc(, I categor(zed 

(nd(v(duals based on the(r genotypes at these s(tes (heterozygous, homozygous for the 

m(nor allele, or homozygous for the major allele). Genotype d(str(but(ons were v(sual(zed 

as a heatmap us(ng ggplot2, h(ghl(ght(ng the var(at(on (n genotyp(c states between the 

dark and l(ght morphs.  
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F/gure 2.2: Collect(on s(tes of 11 populat(ons of Isophya r(zeens(s w(th(n the Fırtına 

Valley.  
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F/gure 2.3: The most opt(mal K value by Evanno.  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



Results  

 

  

  

  

 CHAPTER 3:    

RESULTS 

3.1 Reference RAD-loc* assembly, al*gnment stat*st*cs and SNP d*scovery  

  
Us(ng our de novo reference assembly strategy, we (dent(f(ed 386,174 un(que RAD 

loc(, each 80 bp (n length. After extend(ng these loc( w(th reverse reads, 224,187 loc( were 

assembled (nto cont(gs rang(ng from 250 to 800 bp, w(th an average length of 324 bp. Raw 

read al(gnment to the de novo reference ach(eved mapp(ng success rates of 73% to 83%, 

averag(ng 77%, w(th a mean (nd(v(dual read depth of approx(mately 5–6X. Deta(led data 

on raw read counts, raw al(gnments, and al(gnments after f(lter(ng for proper pa(rs and 

remov(ng PCR dupl(cates are prov(ded (n Table A1. Based on al(gnment stat(st(cs, we 

excluded (nd(v(duals w(th fewer than 1,000,000 al(gned reads after all f(lters, result(ng (n 

a f(nal dataset of 71 (nd(v(duals from 11 locat(ons (Table 3.1). Across all collect(on s(tes, 

we (dent(f(ed 9,616 polymorph(c loc( and 92,048 h(gh-conf(dence SNPs (P < 10−12) w(th 

a m(nor allele frequency above 0.05.  

  

  

  

  

  

   

Table 3- 1: Populat(on names, geograph(c coord(nates, alt(tudes, color morphs, and 
sample s(zes of Isophya r+zeens+s.  

Pop_name  Lat,tude  Long,tude  Alt,tude (m)  Color  Number of Ind,v,duals  

IST06  40.9856  40.9646  450  DARK  7  

PLVYL  40.9406  40.9850  850  DARK  6  

IST12  40.9166  40.9456  900  DARK  7  
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IST13  40.9075  40.9479  1000  DARK  7  

IST14  40.8880  40.9297  1100  PALE  7  

CANCK  40.8630  40.9342  1200  PALE  5  

PIKNK  40.8638  40.9501  1300  PALE  5  

ELEVT  40.8548  41.0125  1900  PALE  7  

VRCNK  40.7998  40.9217  2000  PALE  7  

KALEK  40.7995  40.9588  2100  PALE  7  

CKLYU  40.7915  40.9574  2300  PALE  6  

  

3.2 Populat*on Genet*c Structure  

3.2.1 Pr+nc+pal Component Analys+s  

Pr(nc(pal Component Analys(s (PCA), conducted us(ng PCAngsd, revealed two 

d(st(nct clusters along PC1, correspond(ng to dark- and pale-colored (nd(v(duals sampled 

from lower and h(gher alt(tudes, respect(vely (F(gure 3.1). However, both PC1 and PC2 

accounted for only a small proport(on of the total genet(c var(at(on (3.82% and 2.08%, 

respect(vely), suggest(ng l(m(ted overall genet(c d(vergence between the groups. 

Add(t(onally, a trans(t(onal zone was observed along the PC1 ax(s, cons(st(ng of 

(nd(v(duals from (ntermed(ate alt(tudes (1100–1900 meters; IST14, CANCK, PIKNK, and 

ELEVT).  

3.2.2 Adm+xture Analys+s  

Adm(xture analys(s showed a d(st(nct genet(c pattern across populat(ons, w(th 

Evanno's method (2005, F(gure 2.3) (nd(cat(ng that the (deal K value was 2. Ind(v(duals 

from the f(rst three local(t(es, represent(ng the lowest alt(tude populat(ons, showed almost 

no genet(c adm(xture w(th the second cluster, wh(ch predom(nantly cons(st of (nd(v(duals 

from the h(ghest alt(tude populat(ons (F(gure 3.2). Th(s pattern shows the d(st(nct 

separat(on of genet(c clusters based on alt(tude. Furthermore, a trans(t(on zone was 

observed, compr(s(ng (nd(v(duals w(th m(xed ancestry from both clusters at m(d alt(tudes 

(1100 -1900 meters). Th(s observat(on (s cons(stent w(th the results of the Pr(nc(pal 
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Component Analys(s (PCA), wh(ch also (nd(cated m(xed genet(c prof(les (n populat(ons 

from m(d-alt(tude ranges (F(gure 3.1).   

At K=3, the genet(c d(fferent(at(on between the lowest and h(ghest alt(tude 

populat(ons rema(ned obv(ous. Th(s further supports the hypothes(s that color morphs 

contr(bute s(gn(f(cantly to populat(on structure and d(fferent(at(on along alt(tud(nal 

grad(ents. The trans(t(on zone, however, showed clear gene flow between populat(ons, 

(nd(cat(ng ongo(ng genet(c exchange desp(te env(ronmental and morpholog(cal d(vergence 

(F(gure 3.3). These f(nd(ngs underscore the comb(ned (nfluence of alt(tude and color 

morphs (n shap(ng genet(c d(fferent(at(on and connect(v(ty (n Isophya r+zeens+s 

populat(ons.  

  

  
F/gure 3.1: D(str(but(on of (nd(v(duals based on the f(rst two components of the 

pr(nc(pal component analys(s. Var(ance expla(ned by each component (s shown (n 
parentheses. Dark (nd(v(duals are represented by dark colors and pale-green (nd(v(duals 
are represented by green colors. Populat(ons are ordered by lowest to h(ghest elevat(on.  
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F/gure 3.2: Locat(ons of the populat(ons and the accumulated adm(x proport(on for 

two genet(c clusters. The dark color (nd(cates the f(rst cluster, and the green color 
represents the second cluster Alt(tude (n the study area (ncreases progress(vely from the 
topmost locat(on (450 meters) to the bottommost locat(on (2300 meters).  

 
  

F/gure 3.3: Adm(xture proport(ons of 11 populat(ons w(th the K values ranges from 
2 to 5.  

3.3 Genet*c D*fferent*at*on and Isolat*on by D*stance (IBD)  

Pa(rw(se FST compar(sons revealed relat(vely low genet(c d(fferent(at(on along the 

alt(tud(nal grad(ent and between populat(ons (<0.05), (nd(cat(ng substant(al genet(c 

connect(v(ty across the landscape (F(gure 3.4). Desp(te the overall low d(vergence, relat(ve 

genet(c d(fferent(at(on correlated w(th var(at(on (n colorat(on. For (nstance, populat(ons 

dom(nated by black-colored (nd(v(duals, such as IST06-PLVYL and IST12IST13, 

exh(b(ted h(gher genet(c s(m(lar(ty to each other compared to green-pale populat(ons l(ke 

CANCK, VRCNK, and CKLYU (F(gure 3.4). Add(t(onally, a Mantel test revealed a 

s(gn(f(cant relat(onsh(p between l(near(zed FST and geograph(c d(stance for both Pearson 
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(r = 0.805, p = 0.001) and Spearman (r = 0.8242, p = 0.001) correlat(on tests, (nd(cat(ng a 

clear pattern of (solat(on by d(stance (F(gure 3.5).  

  

  

  

 
  

  

  

  

F/gure 3.4: Genet(c d(vergence (s est(mated by pa(rw(se Fst values, shown as heatmap 
plots. Pa(rw(se compar(sons correspond to each box, and values represent the Fst values.  
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F/gure 3.5: The average genom(c d(fferent(at(on (s plotted aga(nst the est(mated   
geograph(c d(stance on a pa(rw(se level. Results of the Spearman and Pearson Mantel 
stat(st(cs are noted (n the lower r(ght corner of the graph. A trendl(ne (s drawn (n red.  

  

3.4 Compar*ng Neutral and Adapt*ve Genet*c Var*at*on  

  

PCAdapt detected 1,113 putat(vely adapt(ve loc( and 81,863 neutral loc(. Mean 

genet(c d(vers(ty was h(ghest at m(d alt(tudes (IST14, CANCK, PIKNK) and fell off at 

both low and h(gh alt(tudes for both putat(vely adapt(ve and neutral loc( (F(g. 3.6). 

However, the compar(son of d(vers(ty at neutral and adapt(ve loc( revealed d(st(nct patterns 

along the alt(tud(nal grad(ent. Populat(ons at m(d-alt(tudes showed relat(vely s(m(lar 

d(vers(ty values for both neutral and adapt(ve loc(, (nd(cat(ng homogene(ty (n these 

measures. However, populat(ons at low and h(gh alt(tudes d(splayed marked d(fferences 

between neutral and adapt(ve loc(. Spec(f(cally, adapt(ve loc( at these alt(tud(nal extremes 

exh(b(ted s(gn(f(cantly reduced d(vers(ty compared to neutral loc(, accompan(ed by an 

(ncrease (n genet(c d(vergence (F(g. 3.6).  
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To compare patterns of genet(c d(vergence between populat(ons (n relat(on to adapt(ve 

and neutral var(at(on along the alt(tud(nal grad(ent, I conducted separate Mantel tests to 

evaluate the correlat(on between geograph(c d(stance and l(near(zed FST values for both 

putat(vely adapt(ve and neutral loc(. The results revealed that genet(c d(vergence (ncreased 

w(th geograph(c d(stance for both types of loc(; however, the slope of th(s relat(onsh(p was 

s(gn(f(cantly steeper for adapt(ve loc( (F(g. 3.7). These f(nd(ngs al(gn w(th the observed 

patterns of genet(c d(vers(ty along the grad(ent, where adapt(ve loc( exh(b(ted greater 

d(vergence and s(gns of allel(c f(xat(on at h(gh and low alt(tudes. Th(s suggests that 

adapt(ve processes m(ght be play(ng a cr(t(cal role (n dr(v(ng genet(c d(fferent(at(on at both 

extremes of the alt(tud(nal grad(ent.  

  

  

 
F/gure 3.6: Compar(son of genet(c d(vers(ty of neutral and putat(vely adapt(ve 

var(at(on along an alt(tud(nal grad(ent for I. r+zeens+s.  
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F/gure 3.7: Compar(son of genet(c d(fferent(at(on of neutral and putat(vely adapt(ve 
var(at(on along an alt(tud(nal grad(ent for I. r+zeens+s. Results of the Spearman and Pearson 
Mantel stat(st(cs are noted (n the top left corner of the plot. Trendl(ne for both loc( classes 
(nd(cated as red (adapt(ve) and blue (neutral).  

3.5 Assoc*at*on mapp*ng of alt*tud*nal var*at*on  

Genome-w(de assoc(at(on stud(es us(ng alt(tude as a quant(tat(ve var(able (dent(f(ed 42 loc( 

s(gn(f(cantly assoc(ated w(th genet(c var(at(on along the alt(tud(nal grad(ent (LRT > 28.25, 

Table 3-2). Allele frequency changes at these loc( across the alt(tud(nal grad(ent revealed 

two d(st(nct patterns. At some loc(, frequency of the reference allele (def(ned as the m(nor 

allele (n the full dataset) was elevated (n populat(ons at low alt(tudes (F(g. 3.8), wh(le at 

other loc(, the reference allele frequency was elevated at h(gh alt(tudes (F(g. 3.9). Th(s 

oppos(ng pattern suggests that d(fferent loc( may be under select(on at the extremes of the 

grad(ent. Such d(vergent allele frequency sh(fts are cons(stent w(th the act(on of d(srupt(ve 

select(on, potent(ally play(ng a key role (n shap(ng genet(c var(at(on and promot(ng local 

adaptat(on across the alt(tud(nal grad(ent.  
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F/gure 3.8: M(nor allele frequency changes across 12 loc( show a decreas(ng trend 
w(th (ncreas(ng alt(tude. Each po(nt along a l(ne represents the same locus across d(fferent 
alt(tud(nal populat(ons. The y-ax(s (nd(cates m(nor allele frequency, wh(le the x-ax(s 
represents populat(ons ordered by alt(tude.  

  

  

 
  

F/gure 3.9: M(nor allele frequency changes across 30 loc( show an (ncreas(ng trend 
w(th (ncreas(ng alt(tude. Each po(nt along a l(ne represents the same locus across d(fferent 
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alt(tud(nal populat(ons. The y-ax(s (nd(cates m(nor allele frequency, wh(le the x-ax(s 
represents populat(ons ordered by alt(tude.  
Table 3-2: Genome-w(de assoc(at(on results us(ng alt(tude as a quant(tat(ve var(able, 
(dent(fy(ng 42 loc( s(gn(f(cantly assoc(ated w(th genet(c var(at(on along the alt(tud(nal 
grad(ent (n Isophya r+zeens+s. Columns represent the locus (dent(f(er (Chromosome), 
nucleot(de Pos(t(on, Major and M(nor alleles, M(nor allele Frequency, sample s(ze (N), 
l(kel(hood rat(o test stat(st(c (LRT), and genotype counts for homozygous w(ld type 
(h(gh_WT), heterozygous (HE), and homozygous alternat(ve (HO) genotypes.  
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3.6  Genet*c D*scr*m*nat*on between Color Morphs  

D(scr(m(nant analys(s of pr(nc(pal components (DAPC) based on dark and pale 

color morphs successfully separated (nd(v(duals (nto two d(st(nct groups along the f(rst 

d(scr(m(nant funct(on (DF1), w(th h(gh poster(or probab(l(t(es of ass(gnment (0.97; F(g. 

3.10). Pale (nd(v(duals were class(f(ed w(th perfect accuracy (poster(or ass(gnment success 
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= 1.0), wh(le 92.6% of dark (nd(v(duals were correctly ass(gned, w(th two (nd(v(duals 

m(sclass(f(ed as pale (F(g. 3.11).  

Analys(s of load(ngs across DF1 (dent(f(ed three loc( w(th major effects that 

s(gn(f(cantly contr(buted to genet(c d(fferent(at(on between the two color morphs (F(g. 

3.12). Genotype analys(s at these loc( revealed two clear genotyp(c blocks correspond(ng 

to color morphs: pale (nd(v(duals were nearly f(xed and homozygous for the major allele, 

whereas dark (nd(v(duals were predom(nantly heterozygous (F(g. 3.13). Moreover, all 

three major effect loc( (dent(f(ed (n the DAPC analys(s were also detected to be 

s(gn(f(cantly assoc(ated w(th alt(tude (Table 3-2). Th(s overlap (nd(cates that ma(ntenance 

of color polymorph(sm (s also l(nked to alt(tud(nal var(at(on.  

  

  

 
  

  
F/gure 3.10: The dens(ty plot shows D(scr(m(nant analys(s for part(t(on(ng genet(c 

var(at(on between color morphs (n I. r+zeens+s. Dark color represents Group 1, wh(ch 
conta(ns dark-color (nd(v(duals, and green color represents Group 2, wh(ch conta(ns green-
color (nd(v(duals.  
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F/gure 3.11: Bubble plot represents DAPC analys(s, ass(gnment probab(l(t(es (x ax(s 
pr(or (nformat(on and y ax(s poster(or class(f(cat(ons, 97% successful class(f(cat(on.)  
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F/gure 3.12: The load(ng plot of contr(but(ons of loc( to the DAPC. A h(erarch(cal 
cluster(ng analys(s us(ng the average cluster(ng method was performed on the d(stance 
matr(x to separate loc( (nto those that contr(bute to group d(vergence and those that do not. 
The threshold (s represented as a black hor(zontal l(ne.  
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F/gure 3.13: Genotypes of 3 s(gn(f(cant outl(ers detected w(th two d(fferent 
approaches and the(r changes among d(fferent subpopulat(ons w(th(n d(fferent alt(tudes. 
Color of dark and green represent the body colors of I. r+zeens+s. Ind(v(duals' names are 
on the r(ght y-ax(s of the plot.  
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CHAPTER 4: 

DISCUSSION 

  

Global b(od(vers(ty (s under unprecedented threat due to the accelerat(ng (mpacts of 

cl(mate change and env(ronmental degradat(on, part(cularly for spec(es w(th restr(cted 

ranges or spec(al(zed ecolog(cal requ(rements (Thomas et al., 2004; Malcolm et al., 2006; 

Harvey et al., 2020). Pred(ct(ng future b(od(vers(ty outcomes and des(gn(ng effect(ve 

conservat(on strateg(es requ(re a thorough understand(ng of how spec(es respond to 

env(ronmental changes (Sch(lthu(zen & Kellermann, 2013; K(ngsolver & Buckley, 2017; 

Kellermann & Heerwaarden, 2019; Waldvogel et al., 2020).  

Research (nto the genet(c and phenotyp(c processes that enable spec(es to surv(ve (n 

chang(ng env(ronments (s cr(t(cal for develop(ng adapt(ve management strateg(es that can 

promote long-term b(od(vers(ty conservat(on (Mer(lä & Hendry, 2014; Kelly, 2019; 

Fe(ner et al., 2021). Study(ng phenotyp(c and genet(c var(at(on along env(ronmental 

grad(ents, such as alt(tude, offers a powerful approach for (nvest(gat(ng adapt(ve 

responses. These natural laborator(es prov(de (ns(ghts (nto the evolut(onary processes 

shap(ng populat(on d(fferent(at(on, local adaptat(on, and the genet(c mechan(sms 

underly(ng key tra(ts (Wogan & Wang, 2017; Kelly, 2019).  

Th(s study represents the f(rst comprehens(ve exam(nat(on of the genet(c bas(s of 

color polymorph(sm (n I. r+zeens+s, an endem(c bush cr(cket, along an alt(tud(nal grad(ent. 

By analyz(ng assoc(at(ons between genet(c arch(tecture, color morphs, and alt(tude, th(s 

research sheds l(ght on how populat(ons of th(s spec(es adapt to vary(ng env(ronmental 

cond(t(ons along a cl(ne. The f(nd(ngs h(ghl(ght the role of alt(tude as a select(ve force, 

(nfluenc(ng loc( l(nked to color polymorph(sm and dr(v(ng genet(c d(fferent(at(on.   

Th(s work not only advances our understand(ng of the genet(c mechan(sms 

underly(ng adaptat(on (n I. r+zeens+s but also serves as a valuable case study for explor(ng 

how montane spec(es adapt to cl(mat(c and ecolog(cal grad(ents. By (ntegrat(ng genet(c, 

phenotyp(c, and env(ronmental perspect(ves, th(s research prov(des cr(t(cal (ns(ghts (nto 
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the evolut(onary dynam(cs of adaptat(on and (nforms conservat(on strateg(es for spec(es 

fac(ng env(ronmental challenges (n rap(dly chang(ng ecosystems.  

4.1 Populat*on Structure and Genet*c Connect*v*ty  

Our f(nd(ngs revealed clear genet(c structur(ng along the alt(tud(nal grad(ent (n I.  

r+zeens+s, w(th d(st(nct genet(c clusters observed at h(gh and low alt(tudes and a 

trans(t(onal zone at m(d-elevat(ons. Th(s structure, as (nd(cated by PCA and adm(xture 

analyses, reflects the (nfluence of alt(tude on genet(c d(fferent(at(on. Adm(xture analys(s 

(dent(f(ed two pr(mary genet(c clusters, w(th (nd(v(duals from m(d-alt(tudes show(ng 

m(xed ancestry, h(ghl(ght(ng the trans(t(onal nature of these populat(ons (F(gs. 3.1–3.4).  

Desp(te the genet(c structur(ng, pa(rw(se FST values (<0.05) (nd(cate substant(al 

genet(c connect(v(ty across populat(ons. Th(s suggests that wh(le gene flow reduces 

absolute (solat(on, local(zed select(on pressures at d(fferent alt(tudes dr(ve d(vergence at 

adapt(ve loc( (T(gano & Fr(esen, 2016; Wang & Bradburd, 2014). The s(gn(f(cant Mantel 

test results (Pearson r=0.805, p=0.001) conf(rm a pattern of (solat(on by d(stance, but the 

overall weak genet(c d(fferent(at(on (mpl(es that m(grat(on cont(nues to play a s(gn(f(cant 

role (n ma(nta(n(ng connect(v(ty along the grad(ent. S(m(lar patterns of part(al genet(c 

(solat(on have been reported (n other mounta(n-dwell(ng spec(es, where gene flow 

coex(sts w(th local adaptat(on to alt(tude-spec(f(c env(ronmental pressures (Ors(n( et al., 

2013; Sexton et al., 2014).  

The assoc(at(on between genet(c clusters and color morphs underscores the role of 

alt(tude (n shap(ng populat(on d(fferent(at(on. Black morphs dom(nate low-alt(tude 

populat(ons, wh(le pale morphs are prevalent at h(gher alt(tudes, a d(str(but(on pattern 

cons(stent w(th local adaptat(on to env(ronmental var(ables such as temperature, 

vegetat(on, and UV rad(at(on. Th(s correlat(on suggests that color polymorph(sm (n I. 

r+zeens+s (s an adapt(ve tra(t (nfluenced by select(ve forces operat(ng along the alt(tud(nal 

grad(ent. S(m(lar assoc(at(ons have been documented (n other orthopterans and (nsects, 

where color polymorph(sm reflects responses to ecolog(cal select(on pressures (Ahnesjö 

& Forsman, 2006; Sandoval, 1994).  

Although the presence of gene flow (n the trans(t(onal zone suggests that genet(c 

d(fferent(at(on (s not absolute, the observed structure (nd(cates that select(ve pressures 

may ma(nta(n genet(c d(vergence (n key tra(ts such as color morphs. Th(s al(gns w(th 

f(nd(ngs from other spec(es (nhab(t(ng env(ronmental grad(ents, where local adaptat(on to 
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m(crocl(mat(c cond(t(ons re(nforces genet(c d(fferent(at(on even (n the face of substant(al 

m(grat(on (Nos(l, 2012; Wang & Bradburd, 2014). The results h(ghl(ght the (nterplay 

between gene flow and select(on, emphas(z(ng the complex dynam(cs shap(ng genet(c 

structure and connect(v(ty (n I. r+zeens+s.  

4.2 Adapt*ve and Neutral Var*at*on  

Analys(s of adapt(ve and neutral loc( (n I. r+zeens+s revealed d(st(nct patterns of 

genet(c d(vers(ty and d(fferent(at(on along the alt(tud(nal grad(ent. A total of 1,113 

adapt(ve loc( and 81,863 neutral loc( were (dent(f(ed, h(ghl(ght(ng the contrast(ng 

(nfluences of select(on and dr(ft across populat(ons. Neutral loc( exh(b(ted relat(vely 

un(form d(vers(ty across populat(ons, suggest(ng m(n(mal (nfluence of select(on, wh(le 

adapt(ve loc( showed s(gn(f(cant reduct(ons (n d(vers(ty and (ncreased d(vergence at the 

alt(tud(nal extremes. Th(s pattern (s cons(stent w(th strong select(on pressures dr(v(ng 

local adaptat(on (n contrast(ng hab(tats, as pred(cted by cl(nal select(on theory (Savola(nen 

et al., 2007).  

At m(d-alt(tudes, populat(ons ma(nta(ned h(gher levels of genet(c d(vers(ty for both 

adapt(ve and neutral loc(, l(kely due to gene flow and the m(x(ng of alleles from h(gh- and 

low-alt(tude populat(ons (Endler, 1977; Savola(nen et al., 2007). In contrast, h(gh and low 

alt(tude populat(ons exh(b(ted reduced d(vers(ty and (ncreased d(vergence at adapt(ve loc(, 

suggest(ng select(ve forces promot(ng the f(xat(on of alleles su(ted to spec(f(c 

env(ronmental cond(t(ons. Th(s d(vergence (n adapt(ve loc( underscores the role of local 

adaptat(on (n shap(ng genet(c var(at(on, where tra(ts advantageous for surv(val and 

reproduct(on are selected for under the un(que pressures of lowland and h(ghland 

env(ronments (Hereford, 2009; T(gano & Fr(esen, 2016).  

The steeper slope of genet(c d(vergence w(th d(stance for adapt(ve loc( compared to 

neutral loc( further supports the hypothes(s of (solat(on by env(ronment (IBE). Wh(le 

geograph(c d(stance expla(ns some of the genet(c structure, adapt(ve responses to 

env(ronmental pressures—such as temperature, hum(d(ty, and vegetat(on—dr(ve 

add(t(onal d(fferent(at(on, part(cularly at alt(tud(nal extremes (Herm(sson & Penn(ngs, 

2005). Th(s dual (nfluence of (solat(on by d(stance (IBD) and IBE h(ghl(ghts the 

complex(ty of genet(c d(fferent(at(on (n montane env(ronments.  
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These f(nd(ngs al(gn w(th stud(es (n other taxa show(ng that select(on can lead to the 

f(xat(on of adapt(ve polymorph(sms even (n the presence of gene flow (Hoffmann & Sgrò, 

2011; Wakam(ya et al., 2023). For I. r+zeens+s, adapt(ve loc( l(kely confer advantages (n 

spec(f(c hab(tats, fac(l(tat(ng surv(val (n d(verse env(ronmental cond(t(ons along the 

alt(tud(nal grad(ent. Th(s trend (s further supported by assoc(at(on stud(es, wh(ch show 

allele frequency sh(fts at adapt(ve loc( cons(stent w(th select(on at h(gh and low elevat(ons 

(F(g. 3.8–9).  

Overall, these results underscore the cr(t(cal role of adapt(ve loc( (n the evolut(onary 

response of I. r+zeens+s to env(ronmental var(at(on, h(ghl(ght(ng the (mportance of 

select(on (n ma(nta(n(ng genet(c d(vers(ty and promot(ng local adaptat(on across 

ecolog(cal grad(ents.  

4.3 D*srupt*ve Select*on Along the Lat*tud*nal Grad*ent  

Genome-w(de assoc(at(on stud(es (dent(f(ed 42 loc( s(gn(f(cantly assoc(ated w(th 

alt(tude, w(th allele frequency sh(fts at these loc( show(ng d(st(nct patterns at h(gh and low 

alt(tudes. These oppos(ng allele frequenc(es suggest the act(on of d(srupt(ve select(on, 

where d(fferent loc( are under select(on at each end of the grad(ent, promot(ng local 

adaptat(on to contrast(ng env(ronmental cond(t(ons (Fre( et al., 2013; Schluter, 2000). 

D(srupt(ve select(on, wh(ch favors extreme phenotypes over (ntermed(ate ones, l(kely 

ma(nta(ns genet(c var(at(on across populat(ons by favor(ng d(vergent alleles su(ted to 

h(gh- or low-alt(tude hab(tats (Anderson et al., 2013; Zhao et al., 2021). Th(s form of 

select(on dr(ves genet(c d(vergence by promot(ng d(st(nct allele frequenc(es at h(gh and 

low alt(tudes, where populat(ons encounter d(fferent select(ve pressures, such as vary(ng 

vegetat(on, temperatures, hum(d(ty, and UV exposure (Fre( et al., 2013; Ha(der et al., 

2012).  

In th(s study, d(srupt(ve select(on appears to dr(ve adaptat(on by ma(nta(n(ng 

genet(c polymorph(sm across elevat(ons, w(th a near-f(xat(on of spec(f(c alleles at the 

extremes of the grad(ent, reflect(ng the spec(al(zed adaptat(ons requ(red for surv(val (n 

these contrast(ng env(ronments. The loss of spec(f(c alleles at one end of the grad(ent and 

the(r predom(nance at the other suggests that env(ronmental pressures, act(ng as 

ecolog(cal f(lters, select for genet(c var(ants that opt(m(ze f(tness under local cond(t(ons 

(Nos(l, 2012; Yeaman & Wh(tlock, 2011). Th(s pattern (s cons(stent w(th f(nd(ngs (n alp(ne 
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and montane spec(es, where d(srupt(ve select(on often ma(nta(ns genet(c d(vers(ty by 

favor(ng locally adapt(ve alleles su(ted to spec(f(c alt(tud(nal ranges (Ch(ou et al., 2022; 

N(u et al., 2024; Anderson et al., 2013).  

As d(srupt(ve select(on promotes genet(c d(fferent(at(on across ecolog(cal zones, 

populat(ons at extreme alt(tudes may become genet(cally d(vergent, wh(le populat(ons at 

m(d-elevat(ons exh(b(t a m(x of alleles from both ends of the grad(ent, enabl(ng them to 

cope w(th a broader range of env(ronmental cond(t(ons. Th(s process (llustrates how 

d(srupt(ve select(on can preserve h(gh levels of genet(c d(vers(ty w(th(n spec(es (Schluter, 

2000; Freeland, 2020; Zhao et al., 2021).  

  

4.4 Genet*c D*scr*m*nat*on of Color Polymorph*sm  

D(scr(m(nant analys(s of pr(nc(pal components (DAPC) conf(rmed strong genet(c 

d(fferent(at(on between dark and pale color morphs, w(th three loc( show(ng s(gn(f(cant 

contr(but(ons to th(s separat(on. A strong genet(c separat(on was observed (n DAPC 

analys(s when two groups (dark and green-pale color morphs) were set as pr(or( clusters 

(F(g. 3.10-11). Th(s suggests that env(ronmental factors related to alt(tude are cruc(al (n 

preserv(ng th(s d(fferent(at(on. Genotyp(c analys(s revealed that pale morphs were nearly 

f(xed for the major allele, wh(le dark morphs were predom(nantly heterozygous at these 

loc(. The observed b(modal genotype d(str(but(on at these loc( suggests the ex(stence of 

two d(screte genet(c classes w(th(n I. r+zeens+s populat(ons, correspond(ng to the 

alt(tudedr(ven color morphs. B(modal d(str(but(ons (n genet(c data often (nd(cate select(ve 

pressures promot(ng the ma(ntenance of d(st(nct phenotyp(c classes across env(ronmental 

grad(ents, a phenomenon observed (n other spec(es w(th polymorph(c tra(ts l(nked to 

env(ronmental factors (Lee & M(tchell-Olds, 2012; Haldane, 1948; Lande, 1980).  

The overlap between loc( (dent(f(ed (n the DAPC analys(s and those detected (n 

assoc(at(on mapp(ng w(th alt(tude further supports the (dea that these genet(c reg(ons are 

under select(on (n response to alt(tud(nal var(at(on, (n add(t(on to d(fferent(at(ng color 

var(ants. These loc( l(kely play a key role (n the adapt(ve responses along the alt(tud(nal 

grad(ent. The vary(ng allele frequenc(es observed at m(d-alt(tudes (1100–1900 meters) (n 

the m(nor allele frequency (MAF) plots (F(g. 3.8-9) also suggest that other ecolog(cal 

factors—such as vegetat(on, temperature, hum(d(ty, and UV rad(at(on—may dr(ve 
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adapt(ve var(at(on (n these loc(, beyond just alt(tude (Mullen & Hoekstra, 2008; 

V(lloutre(x et al., 2023).  

It seems that both genet(c d(fferent(at(on and select(on forces enable the pers(stence 

of color polymorph(sm (n I. r+zeens+s across a broad alt(tud(nal range. Th(s pattern al(gns 

w(th f(nd(ngs (n other taxa, where d(screte color morphs are ma(nta(ned through local 

adaptat(on to contrast(ng env(ronmental cond(t(ons, such as those along elevat(onal 

grad(ents (Mullen & Hoekstra, 2008; V(lloutre(x et al., 2023). In such cases, color 

polymorph(sm often represents a balance between gene flow and select(on, where 

env(ronmental d(fferences enforce the ex(stence of mult(ple morphs w(th(n a populat(on. 
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Conclus(on and Future D(rect(ons  

  

 CHAPTER 5:    

CONCLUSION AND FUTURE DIRECTIONS  

  

Th(s study h(ghl(ghts the complex (nterplay between gene flow, select(on, and local 

adaptat(on (n shap(ng the genet(c and phenotyp(c d(vers(ty of I. r+zeens+s. Wh(le h(gh 

connect(v(ty across populat(ons fac(l(tates gene flow, d(vergent select(on pressures at h(gh 

and low alt(tudes cont(nue to shape genet(c and phenotyp(c tra(ts, ma(nta(n(ng d(st(nct 

color morphs and adaptat(ons su(ted to d(fferent env(ronmental cond(t(ons. These f(nd(ngs 

strongly suggest that a comb(nat(on of env(ronmental factors, (nclud(ng vegetat(on, 

temperature, hum(d(ty, and UV rad(at(on along the alt(tud(nal grad(ent, contr(bute to the 

evolut(on and ma(ntenance of color polymorph(sm (n th(s spec(es. By exam(n(ng how 

local adaptat(on (nfluences genet(c d(fferent(at(on, th(s study prov(des (mportant (ns(ghts 

(nto the processes that allow spec(es to adapt to alt(tud(nal grad(ents, contr(but(ng to a 

broader understand(ng of the mechan(sms underly(ng b(od(vers(ty (n montane ecosystems 

and the(r (mpl(cat(ons for conservat(on  

Future research should (nvest(gate the ecolog(cal and phys(olog(cal funct(ons of the 

(dent(f(ed adapt(ve loc(, part(cularly the(r role (n surv(val and adaptat(on across var(ous 

env(ronmental cond(t(ons. Further explorat(on (nto the adapt(ve s(gn(f(cance of color 

morphs w(ll be cruc(al for (nform(ng conservat(on strateg(es that address the challenges 

posed by cl(mate change and hab(tat alterat(on.  
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F/gure A. 1: Overall Taj(ma’s D values for Isophya r+zeens+s populat(ons  

  

  

 

F/gure A. 2: Overall Theta P( Values for Isophya r+zeens+s populat(ons.  
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F/gure A. 3: Unfolded SFS barplots for all populat(ons after paralogs el(m(nat(on.  

  

  
  

 
F/gure A. 4: Overall Watterson’s Theta values for Isophya r+zeens+s populat(ons.  
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F/gure A. 5: Taj(ma’s D values for putat(vely adapt(ve and neutral loc(.  
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F/gure A. 6: M(nor Allele Frequency changes for 3 s(gn(f(cant loc( across 

populat(ons.  
  

  
  

  

  
  
  
  
  



  

61  
  

 
F/gure A. 7: sNMF results for the best K value (K = 2) are cons(stent w(th the 

adm(xture analys(s.  

  

  

  

  

  

  

  

  

  

  

  

  
  

Table A- 1: Summary of Read Mapp(ng Stat(st(cs for Ind(v(dual Samples  
Ind$v$dual  Total_Re 

ads  
Mapped_re 
ads  

Pa$red&Ma 
ted  

Properly_Al$g 

ned  
Percent_Al$g 

ned  
CANCK_007  188029 

4  
1457202  1394817  1212354  77  

CANCK_00 
D  

371375 
3  

2872027  2751031  2404263  77  

CANCK_010  413511 
5  

3166137  3022983  2615446  76  

CANCK_011  461292 
0  

3526001  3381866  2987618  76  
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CANCK_013  227784 
8  

1746437  1665093  1434526  76  

CAYMY_00 
2  

132008 

87  
10515887  10001028  8466644  79  

CAYMY_00 
4  

180033 

87  
14233575  13534679  11462426  79  

CIMLY_001  948717 
4  

7187103  6770389  5580035  75  

CIMLY_003  815284 
7  

6135283  5780805  4801693  75  

CKLYU_001  102995 

38  
7884366  7480795  6334991  76  

CKLYU_002  107330 

82  
8277139  7831688  6549889  77  

CKLYU_004  123195 

39  
9517809  9009467  7552610  77  

CKLYU_006  948077 
4  

7296626  6898170  5745462  76  

CKLYU_007  716362 
6  

5628767  5372965  4622561  78  

CKLYU_008  107994 

09  
8507187  8103852  6914081  78  

CKLYU_010  24236  15408  14714  13148  63  

ELEVT_001  133845 

96  
10270600  9794359  8389109  76  

ELEVT_002  642429 
9  

4969309  4758912  4135826  77  

ELEVT_003  836824 
9  

6381673  6077200  5196714  76  

ELEVT_005  592921 
0  

4525720  4324083  3733509  76  

ELEVT_006  594774 
1  

4576900  4359669  3733874  76  

ELEVT_007  513738 
7  

3986262  3808410  3278853  77  

ELEVT_008  141325 

19  
11007028  10462548  8829452  77  

IST06_010  176996 

65  
13651474  12863816  10620563  77  

IST06_011  269769 

50  
19884407  18638649  15163675  73  

IST06_012  162450 

05  
12497863  11751688  9643402  76  

IST06_014  174305 

58  
13399937  12622347  10408325  76  

IST06_015  104423 

91  
7743033  7285646  5973732  74  

IST06_016  167156 

90  
12897325  12147188  9975883  77  

IST06_018  108487 

23  
8381111  7909968  6541399  77  

IST09_001  190541 
2  

1481381  1418557  1235616  77  

IST09_003  51296  32929  31789  30252  64  

IST09_004  195694  136708  131563  119659  69  

IST09_005  399052  290551  279876  250166  72  

 
IST09_007   600558  454875  435245  380888  75  

IST09_008   141873  70999  68432  66136  50  

IST09_010   119504  66005  63284  59106  55  
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IST11_001   220397  142852  138788  137096  64  

IST11_004  
8  

178015 1174046  1137985  1123965  65  

IST11_006   330057  214159  207619  203584  64  

IST11_008   418780  275659  267047  262100  65  

IST11_010  
0  

162063 1069259  1034191  1015395  65  

IST11_015   939309  620746  601631  582729  66  

IST11_020   246805  160036  154854  148380  64  

IST12_001  
2  

427105 3340688  3207430  2830601  78  

IST12_002  
0  

499736 3916977  3755619  3282121  78  

IST12_003  
27  

119295 9285710  8879229  7717793  77  

IST12_004  
4  

395547 3090713  2965469  2602165  78  

IST12_006  
1  

332116 2579615  2488134  2229783  77  

IST12_007  
5  

469595 3665321  3524147  3111008  78  

IST12_013  
1  

280469 2216449  2138677  1906883  79  

IST13_001  
7  

222630 1752410  1674746  1443594  78  

IST13_002  
5  

350401 2645249  2534252  2236277  75  

IST13_003  
8  

722167 5677734  5423570  4687285  78  

IST13_004  
5  

769241 6086540  5836503  5068738  79  

IST13_005  
3  

623009 4789041  4538951  3815729  76  

IST13_006  
30  

164557 12750280  12113527  10309764  77  

IST13_007  
29  

101174 7739327  7398278  6442066  76  

IST14_018  
3  

821852 6407026  6125430  5298815  77  

IST14_019  
8  

401939 3090422  2942185  2527816  76  

IST14_020  
5  

512616 3981817  3815789  3331962  77  

IST14_021  
6  

785607 6065814  5778016  4954806  77  

IST14_023  
9  

488708 3765392  3577413  3043257  77  

IST14_024  
1  

487750 3579320  3413060  2946215  73  

IST14_025  
0  

571734 4412226  4193031  3559989  77  

KALEK_001  
5  

797082 6252403  5935582  5010067  78  

KALEK_002  
09  

105460 8090899  7648716  6399616  76  

KALEK_003  
48  

140968 10898078  10298291  8553754  77  

KALEK_004  
51  

135500 10481954  9889982  8195928  77  

KALEK_005  
8  

447605 3526383  3366569  2895995  78  

KALEK_007  
3  

622835 4868267  4622842  3906316  78  
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KALEK_008  
68  

154039 11878531  11193509  9241305  77  

OVITY_002  
8  

694633 5317356  5042193  4272332  76  

OVITY_003  
5  

551760 4232881  4013158  3396365  76  

OVITY_005  
9  

349174 2673787  2541496  2170852  76  

PIKNK_001  
1  

406976 3183373  3028623  2572275  78  

PIKNK_002  
1  

748794 5883319  5597231  4739650  78  

PIKNK_003  
8  

332523 2586887  2471425  2132175  77  

PIKNK_004   64233  38493  36924  33463  59  

PIKNK_005  
6  

753653 5974430  5696328  4856381  79  

PIKNK_006   736149  581574  558099  486683  79  

PIKNK_007  
0  

854898 6971746  6703654  5812480  81  

PLVYL_002  
5  

697660 5418660  5175505  4470602  77  

PLVYL_003  
90  

196121 1898088  1743146  1547493  9  

PLVYL_014  
2  

944940 7177658  6771970  5591035  75  

PLVYL_016  
0  

739143 5734330  5436938  4558937  77  

PLVYL_017  
19  

108288 8241483  7770952  6423011  76  

PLVYL_018  
9  

653455 5114747  4882470  4191993  78  

PLVYL_039  
37  

162292 12395271  11703801  9714141  76  

VRCNK_002  
7  

840487 6483918  6120179  5048115  77  

VRCNK_003  
0  

839852 6542944  6195922  5179307  77  

VRCNK_005  
84  

221619 17123696  16114630  13222280  77  

VRCNK_006  
3  

772970 5983161  5649487  4689242  77  

VRCNK_008  
7  

353671 2746294  2609601  2217975  77  

VRCNK_009  
65  

148970 11322775  10675696  8826062  76  

VRCNK_010  
79  

151772 11592817  10884049  8835145  76  

  


