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Abstract

Understanding population genetic structure is an important component of evolutionary
study because it allows us to determine the evolutionary forces involved in the generation of
biodiversity including the generation of genetic diversity within species and particularly speciation.
In addition, understanding the pattern of genetic structure and diversity also has a role to play in
biological resource management and conservation. In this study, the population genetic structures of
three black fly species, namely, Simulium tani, S. nakhonense and S. quinquestriatum, were
determined using 720 base pairs of the cytochrome oxidase I (COI) gene of mitochondrial DNA. All
of these black flies had similar patterns of population genetic structure and diversity. Populations
from the northern region have greater diversity and highly structure in this region as well as genetic
differentiation from populations in other regions. Both geographical (e.g. mountain ranges) and
ecological conditions of the habitat seem to be important factors in limiting gene flow and allowing
populations to genetically differentiate. The greater diversity and higher genetic structure of the
northern populations is likely due to the longer history of populations in this region. In contrast,
populations from the south were colonized recently from a subset of the haplotypes from the lower
north or central regions approximately 100,000 to 200,000 years ago followed by population
expansion. The absence of genetic structure in the southern populations is most likely due to the
recent history of populations in this region rather than a high level of gene flow between
populations. The similar pattern of genetic structure and diversity among geographically co-
distributed species observed here reflects the shared contemporary ecological or historical (e.g. due
to Pleistocene climatic change) conditions of the region. Although these black fly species share a
common pattern of genetic structure and diversity each species also has species-specific pattern
which can be explained in large part by the differing ecological conditions of these species. The
similarity of pattern of genetic structure and diversity between S. nakhonense and S.
quinquestriatum revealed by mitochondrial DNA could also be due to mitochondrial introgression
which is inferred from the greater genetic similarity between sympatric populations of different
species than between allopatric populations of the same species. Although ongoing genetic
introgression is probably still occurring historical introgression seems to have played a greater role

in determining the genetic structure and diversity of these species.
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4 uthanln e.1he v.imidgesdeu MS2 1itle 19° 26'N/98° 21°E 840 06.06.46
sahanuiinemans 8. 545w v.ums PR 1itle 17° 58'N/98° 35°E 300 04.12.46
6.0W U N1.16 0,119 9.01N TK ile 16° 46°N/99° O1’E 250 29.06.46
71hangaeea 8.1inha 9.9asdad UT witlo 17° 42°N/100° 57°E 650 18.10.46
8. ihanaanuen o.ifeq vmysysal PB witlo 167 21°N/101° 21°E 468 25.10.46
9. 1haninaesan o.a08AT 2. 3UNYS CBI Az DN 137 06'N/102° 11°E 320 20.06.46
10.ihAnAaeuNT1eal 0.5i09 9. 5uM1f3 CB2 Az uoon 12° 34°N/102° 10°E 70 19.06.46
11hAnYEI 8.0%20N 9.52009 CB3 Az DN 12° 54'N/101° 43°E 65 19.06.46
12.81515000 B.1j0MARY 2.AMYIVYS KB naN 14° 39°N/99° 18°F 282 12.08.46
13.1hanneding e.iles VUINYTYYS PE naN 12° 50°N/99° 19°E 400 16.08.46
14.1hanunnTe 8052155 9,53 1B RN 14 107 22°N/98° 51°E 65 15.07.46
15.%1039 015109 953104 RN2 14 107 02°N/98° 39°E 80 14.07.46
16.1hanmiloania e.dhunans SR 14 08" 45°N/99° 26°E 120 29.07.43

s A
VHINYYITIU
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Andaman Sea

v 4 H
MNA 1 Usennsuuadsuaiviia Simulium tani ﬁ“ﬁWﬂﬁﬁﬂ’HTﬂﬂﬁ&%ﬂﬂﬂl@ﬂﬂiz%"]ﬂiuﬁﬂ\‘]iu

A
ATNN 1



v Y H
ﬂ]i]\‘iﬁ 2 5']8@3!5ﬂﬂﬂl'ﬁ)\‘]ﬂigﬂﬂﬂillﬂﬁ\ﬁuﬁﬂfu@ Simulium nakhonese 31UIU13 ‘]Jig“]ﬂﬂiﬁ‘ﬁ1ﬂ'liﬁﬂ‘191

Usz1ns Foyanuol 2UMA azAYA /003990 anugs  Twdeudl fhudedis
1. han¥anne ox.aveBumuL v.Fesl CM1 Milo 18°30° N/98°40°E 506 14.11.03
2. thanuwenih 0%.ABFINN-1]o 21T 11w CM2 Milo 19°06° N/98°46°E 545 7.06.03
3. evdnlarride v.uideen MS 1ile 19°25" N/97°59°E 500 6.06.03
4. Thanmanuen ex.mANen VLUNFTYTO PB Milo 16°21’N/101°21"E 468 25.10.03
5. rhanaaesiudh a.mn TK1 ilo 16°30°N/99°09°E 506 14.11.03
6. 1hananuaseth o%.a e 9.010 TK2 ilo 16°46’N/99° 0’ E 260 29.06.03
7. W09 0.M09W00 9.MeYIUY3 KB na 14°37 N/9&°31’E 202 29.02.04
8. thunsruaul 0%.unAINTZIIM LUNYTYS PE nan 12°47N/99°27°E 318 16.08.03
9. ¥aemiieq o.ilee 2.52u04 RN1 14 09°44’N/98°36'E 46 14.07.03
10. ﬁyMﬂGIﬁJLLﬁQ 9.1381J3 .53 UD4 RN2 14 10°31°N/98°54°E 35 8.01.04
11, thandmif ev.afiaa 9.0 PG 14 08°59° N/98°2T°E 43 7.01.04
12. thuiifasln A o.dranan NS1 14 08°20°N/99°40°E 80 13.07.03

VUATATFITUIY

Y

13. Wheansvulan 0.M1eNa1 2. UATATFITUIIY  NS2 14 08°31° N/99° 48’ E 50 13.07.03
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M 4 H
N 2 Usemnsvoumass umzila Simulium nakhonense ﬁﬁ"lﬂﬁﬁﬂ‘]elﬁ%’]ﬁ&%ﬂﬂl!ﬁg

¥ o L4 1 1
ﬁq‘lﬁﬂﬂﬂ!ﬂl@%ma$ﬂﬁ3615'Iﬂﬁllﬁﬂ\‘lﬁlu§ni']\1ﬁ 2



v 2 H
a o a o o =
ﬂ]i]ﬂﬁ 3 518@3!5EJ@’IﬂJEJ\‘]IJi%"]ﬂﬂiLLiJﬁQiH@W“]fU@ Simulium quinquestriatum 91UIU 11 “]Ji%"]ﬂﬂiﬁi/ﬂﬂ?iﬁﬂ‘]&ﬂ

Uszang Foyanwal oA azAQa/av9390 anugs  Jueuilihudeds
1. shanvuenih 9%.AEINN-1o 21383 11) CM2 ilo 19°06’ N/98°46°E 545 7.06.03
2. thanuivs ex.aevdum 2. 58l CM3 1ile 18°20° N/98°20°E 500 13.12.02
3. ﬁ’mﬂnﬁywq 0.AvBEINA 2503wl CM4 ilo 19°06’N/99°27°E 663 11.11.03
4, Thuwigae o.yueIw v.igesdou MS2 141o 18°49°N/98° 02" E 1,000 5.06.03
5. thanaaeai lia o.Aaesa Y . AN KP1 1ile 16°11’N/99° 1S°E 300 28.06.03
6. 1hANAABIAY B.AABIAY . A3 KP2 141o 16°07° N/99° 16'E 250 28.06.03
7. thannefing ex.unenszany VINYIYS PE nag 12°50°N/99°19°E 400 16.08.03
8. 1hANUANIE 9.5 184 RN3 14 10°22° N/9&°51E 65 15.07.03
0. vhanTaw'us 8. fhemiles . aa PG2 14 08°25"N/98°18°E 29 7.03.04
10. shanaadh e 15wy e DR AN SR 14 08°51°N/99°28° E 260 14.07.03
1. ﬁymnmjmiyi 0. 5oUNYAd 9. UATAIFITNIIY NS3 14 08°09°N/99°49°E 74 6.03.04
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v 2 v
/WA 3 Usemns Vo uuaISURBUA Simulium quinquestriatum NAMFANYT T10Z1D8ALAY

o s A
ﬁﬂluﬁﬂ‘]elﬂ!ﬂlﬂﬂﬂig%1ﬂillﬁﬂ\‘lﬁluﬁﬁ1\‘lﬂ 3
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3.4 MRTIHveYa

ﬁﬂyﬂﬂiea%mmﬁuﬁﬂﬁimJENLmaqguﬁﬂﬂﬂ%’ﬁﬁuﬁaﬂﬁia"lﬂﬁmm'lﬂmau
EoarSue TAANY MR URFR Simudium tani 114 147 §r061ann 16 Uszan3
(@519 1 1azn it 1) S. nakhonense 31471 123 10619910 13 Uszanns (@1319% 2 uaznm
7 2) uaz S, quinquestriatum 1 84 §79619910 11 V524105 (137195 3 waznwdi 3) Sases
anead e Iagls1a5unsu CLUSTAL X (Thompson ef al., 1997) 141151n53 MODELTEST
3.06 (Posada and Crandall 1998) tilenag@oum TuMaves DNA substitution Ay Tagls
hierarchical likelihood ratio test 1a8W131 HKY + I + G (Hasegawa et al. 1985) Lﬂuiumaﬁ
Wnsanfigad My S, ani F90A1 T = 0.6360 1AZ G = 0.6365 AN transition/transversion —
12,0953 paslsznouiiindlo ndfidadudll A = 0319, G = 0.160, C = 0.124 na T = 0.347
TMTY S. nakhonense 4% S, quinquestriatum Tu1Aa Y04 nucleotide substitution ‘ﬁmmza Nﬁfﬁ]
A9 TEN + 1 + G (Tamura and Nei, 1993)Taofin1 1 = 0.7457 wag G = 1.3022 dm5U S
nakhonense 1ag 1= 0.7886 1ag G = 1.2046 §1M31 S, quinguestriatum MdAaIUIATZNOY
110810 INAv04 S. nakhonense i® A = 0308, C = 0.174, G = 0.153 uaz T = 0.364 LAY .
quinquestriatum Ao A= 0.308,C=0.178, G=0.156 itag T=0.358

3.4.1 MIINTIHANSFHNUTUDI haplotype (haplotype network)

Iz aeduRuTue haplotype Taely median-joining algorithm (Bandelt et
al., 1999) @2811/51n51 NETWORK 3.x (www.fluxus-engineering.com) 1a81i1A131AI1£1 6N
Lmaéuﬁwﬁﬂ S. tani OONIN S. nakhonense WUQE S. quinquestriatum MM AATIEHane
13109 D3 haplotypes 1AgMIa319 UPGMA tree 928 11/511A53 MEGA (Kumar ez al., 2004)

3.4.2 ANNHAINHAWMINUENIsIMazIAs I3 1 aManugnIsuvaslszrins

MUIUAINNUNRAINHANGUD haplotype (haplotype diversity) AMNHAINAY
¥0911203 10 1n@ (nucleotide diversity) A1 0, = 2Nep 1Az Fy, s2119szns TagTilsunsu
ARLEQUIN 2.000 (Schneider et al., 2000) Tas14A1 Gamma distribution (G) 910 MODELTEST
NAADUANUUANANNIADA 1AY permutation VoA 1,000 replications 14 11/511055 SAMOVA
(Dupanloup ef al., 2002) tfiesAnguUszHINIMUIZAVANIIANA 1M UENTTNVe 529N
Tagmstmuaswaunguuestlszyins () Tdsunsuegdanguiliznns laeliszauniu
uanaemaiugnIsumelungy (£ Smdiigatazmanuand e eiugnIsusznig
ngu (F.) Smgefiiga imsdinsis1Usunsy SAMOVA @98 100 simulated annealing
processes TABRMUAAT k = 2 84 10 2 — 8 § W5V S. quinquestriarum) nguilszansisn 1aTa

[

A A g 1Y J Aaa . .
F.. gangadeindlumstanguilszannsnanga Mimsnaden Isolation by distance 1ag

L)



16

y v o d 1
Mantel (1967) test A28115unsy IBD 1.52 (Bohonak, 2002) Ie¥IANNENWUFIZHING
T NNNYUMAATAUILAUANUUANANNNHUTNT T
v v ' 4 d
343 ﬂ'JnJ!!ﬂﬂﬂk‘i‘ﬂNWHizﬂ‘i‘iNﬁ%‘H’JNﬁﬂ"’lﬁﬁ
a J 1 @ 1
UATTIEUANTVUANANNNNUTNITTNISHIN S. nakhonense uae S.
quinquestriatum Tae35Ms Analysis of Molecular Variance (AMOVA) (Excoffier et al., 1992)
@ ] A S o J aay . g‘ Y
Iﬂﬂﬁ]ﬂﬂquﬂizﬂﬂﬂi@'m@’fﬂ%ﬁ MMTNATDUMNNADANIY  permutation 1,000 €51 Iﬂﬂﬁlﬂf
T4s1ns4 ARLEQUIN
Jd
3.4.4 Usziamansdsering (Population history)
o a d A J v . . . .
MmsanszlsziaendailszsInsa1e mismatch distribution Iag T1l5inTa
1 @ @ a 4
ARLEQUIN $uA UM 1%4dNA15 coalescent theory LAYMIAATIZHAIY maximum likelihood
9 o a 4 vAa 4
framework 108/1% 11/511n53 LAMARC 1.2.2 (Kuhner et al., 2004) inmsansizviilseiaendas
Uszmnimunguilserinanialaglisunsy SAMOVA Tagmavad mismatch distribution 9%
{ o o { a . . IS
lanswilugd unimodal dwisvUszInsiAa population expansion taznsWlaziduzl
multimodal Tuszmnshtivinalinaesuulas (stable population) (Roger and Harpending,
1992) MMINATOUANULANANNNADAUDS mismatch distribution 1Y permutation 1000
replications maww’ffayauaz simulation %’ayamaiﬁﬁ@u"lwm stepwise expansion model
4
NPRUASeueUAT Sum of Square Deviation (SSD) 3$¥INA1 observed A1 simulation
9 1
UBNNUEIMIINMIAMUIUA population expansion parameters F91lsznouaie expansion time (T
= A a a R A o = A .
= 2ut, I@’IEJ u=m.u B3I m,; ﬂ’f)ﬂ’ﬂilﬂ'l’)"’ll’l’)ﬂu?ﬂﬁI@llﬂﬂﬁjuﬂvnﬂﬁﬁﬂ‘ﬂ'] ae p 19 mutation
A . . . 1 A 1 1 a
rate 1102 t AD time in generation) A1 0, = 2uNe 1Az 6, = 2uNe 1Ay O, ADA1 theta NOUINA
population expansion Lo 6, ADA theta HALAA population expansion Tagan 0, AN
0, nlunsaiAtNe population expansion A1M5UN1TAATIZHAIY LAMARC Ti)sunsuagsiinis
a o v 1
AUATIEHWIAT effective population size (O = 2uNe), A1 growth rate (g) LLAE migration rate
A ' . 2 .
(M=m/p Tas m Ao migration rate 19 generation {lQ¥ p AD mutation rate)
yw o a d A J .. ..
wennniieimsinerlseiamansdsennsAe Tajima’D (Tajima, 1989) LAz
3 1 dy S 1 3 A a . . i
Fs (Fu, 1997) Tagnsgesmiazianiuanludszannsimna population expansion NATDUA

9y
NNADAVDY Tajima’D LA Fs A permutation 1,000 ¢
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4. HAMSANEN
Y o W A J
4.1 anamseiuveadautinnale Inavedlulnaeuasaandue
Simulium tani
a = P o = a = o [ 1 A asxl
NNANVENMILIAG I Indnihmsdnw1 720 danale Induazdiediandnuinavua 147
o 1 1T A @ a = 4 ) [l £ Qs}l 1] A
fedranuiunaanuulsAuvesiiiaalelng 127 dwwis  Fiamvatlumsunuig  (base
. . ) ] I ~ L. o ] I
substitution) 198 110 (86.61%) @MU T UMTUNUNUL transition ag 17 (13.39%) Auvua Hums
{ o L4 :/l 4 L
UNUALDY transversion 31uULEWInalnil (haplotypes) Mavinannune 121uewinalni Tasuan
o .
Twa lnilatimsnsznenteuneiganylu 4 dsennsnnamamile (TK3) manan (PE1) uaznmnld
(RN3 tiaz RN4) manunanvatgveasaninalni (@15190 4) 1A1521919 0.857 — 1.000 AR

Y

a = I 1 Y a = JAA
WﬁWﬂﬁﬁWUﬂl@ﬁu’)ﬂﬁIﬂq‘ﬂﬂ AIEHIN 0.003 — 0.016 IﬂEl‘igﬂ‘]Jﬂ’NlJ‘l’ia1ﬂ1’i'€ﬂil"llﬂﬂu’z]ﬂai’ﬂhl1/]ﬂ y

IS v a

v o JIda 1 o w aa H
ANVFTUNUTIIUINDINUUITIAYNNADANUALHAIA (R2: 0.3501, p=0.016, 2NN 4)

U

Simulium nakhonense
0o v A =S o'osz' A o = 1 % 1 AR 09/’
MINANNENVBIR A VIING To InananuafimsAny 720 gua tazd0d NAANEINIHUA
o 1 1T A ] o v A = 4 ) 1 QaJJ 3
123 §19819910 13 Y3235 wuunanNuulsiuveaddutionale lng 92 dumialasnavuaiiy
= . . ~ ] ] o [ A I A
MIUNUNLUE (base substitution) MIunuMUAFIU Y (87 AHUI 130 94.57%) UM IUNUNUDLY
... ° ' 3| ~ . ° o A o A
transition (A% 5 AMHUN (5.43%) L‘]J‘L!ﬂ”ISLLVI‘L!‘I/ILL‘]JTJ transversion mmuuawTwa"lwﬂmwumwmﬂa
) L .
78 wenIwalnil TasuenInalnilnfimsnszaeniniiganulu 3 dsznnsnnmamile (CM2) uay
o 1 [ H
MANaa (KB2 tag PE2) anuvainvatgveduan Ina lniiiaiszna1e 0.318 — 1.000 (13199 5) AW
a 2 J . . . A S ' ISP =
Ha1INHA1wUDIIAA 10 INA (nucleotide diversity) (15199 5) UA1THIN 0.0005 — 0.017 Tasiinunae
@ a = c’dyd 9 Y = Y] .
0.015 5£AUANUMAINYABUDINIAE 1o madiuud Ivanaslulszmnsmaldu@eIny S. wani
Simulium quinquestriatum
0o v A (3 1 [ 1 { 3 Y] 1
1INANIIVOIR N VUING 1o InaANanua 720 QLU 1azAI9ENNANENHNA 84 4219619910
1 A @ 0o v Aa =S 4 o 1 3 I ~ &
11 Uszn3 wudunaanuulsiuvesdiduiionalelng 88 dwnua Tasnauadlumsunuie 9
1 1 o 1 1< P .. o ] 1<
daulvg) (79 S wnus ¥3o 89.77%) 1JUMSUNUNUDY transition 1Az 9 AUHUN (10.23%) (Tums
v o P :j H 1
UNUALUD transvesion 3 11IULEN Ina Indianuainufe 71 haplotypes AANNHAINHABVDIULLEN
1| 1 1 { 1 1 [
Twa IndTiaszn319 0.000 — 1.000 (31991 6) Taedsemnsadaulvg (7 10 11 Uszng) Tanam
o < 1 a = 4 =l A
nanvatevoan Ina lniilu 1.000 Apanuvainvateveiiinalelng 0.000 — 0.018 Tasliaunae
1 a =S = 9 9 = 1Y
0.016 tazMANNHaINaIevedInd e Inatuui Tdvasadlulsznnsnnmaldmu@eIny . ani

Ay S. nakhonense
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4
TusuuuanInalnilves COI Buvee S. nakhonense Wag S. quinguestriatum NIVNA WU 4

' Y '
san Iwa Indanwuluns 2 a8 Tae 3 wewlnwa lnidwuludszsnsannmalduay 1 wewlnalnin

9
T o v

A ~ I ~ 1 A o 1] A A
masnunMana  (PE1)  WumidunainszansnduenIna nilsruiuvesaesatsainsgeu
ANV TAUNINUFNTTUNA

[y o v A ¢ d a a da
4.2 amumilsiuvesdiauiiinale Inavesiunaasawue
MMsAnEI§ e uiIna o Inauee 28S ribosomal DNA @24 D3 49Use50T S. nakhonense
d! = = = [ dy

1A S. quinguestriatum FINT1WALIDIAVOINANTANE AN

Simulium nakhonense

o v A = J . ' v A o =2 = qﬂ// 1
81911909 1o InAv04 28S ribosomal DNA @71 D3 daufihimsfnyinueInaug 251 ¢

1 9 Y

Wa MATIUIUAIDINNMIMIANYINNUA 14 @20813 WUIURAANULIHUNIMNA 3 durie Tag
I { ) ] a o ] o & qgj
Wumsununwea 1 dwvdaazna insertion/deletion 2 dwwua s1uuuean Ina lniliavua 2 taw

o o {
Twa'lnil uenIwa'lnilasinsnszaonduiganuly 9 Uszmnsninmamile (CM2, MS3, PB uaz
TK2) n1anaN (KB2 itay PE2) waznald (RN1, NS2 ttag PG1)

Simulium quinquestriatum

° = o o ' it o ¥ a A P A o = A

MMTANEININUA 19 @10619 ANVININIMNAVBIAVUINE 18 InaaIunmmsAnyIfe

1 o QaJJ o ] [ . . . o 1 I {

251 gruawuanuulsAiuaue 4 Anrua Taely insertion/deletion 2 MvvuazUMIUINUND A

o 1 o 1 o o {

2 dwvids SwnuvewIwalndinude 4 vewlwa'lnd TaouawIna'lnidinszaeneiiganulu s
1521n5AMAMNID (CM3 taz KP2) uaznald (SR1, NS3 uag PG2)

A = =) 0o v A =) 4 1 Qy o a dy 1 g
Lilﬂlﬂi‘c’l‘]JWlfJ‘Uﬁ"lﬂ‘]Ju?lﬂaTE]ll“l/lﬂ‘ll’e)\‘] D3 WUNUUAITUA 2 “Ifl!ﬂull‘JJMLﬁWIWﬁllﬂﬂiﬂmmz

e

=t

FaWuT fixed nucleotide difference S¥HAINEADITUTFN 1 Guina
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A15199 4 Nucleotide diversity (7T,), haplotype diversity (7T,), 0, Tajima’ D and Fs Y93 16 szwng uaz 3 ﬂqu‘ﬂﬁzﬂnﬂiﬁumuummﬁwu@ Simulium tani

521103 n 7T, (SD) 0. (SD) 7T, (SD) Tajima’D Fs
CM2 11 0.010 (0.006) 0.010 (0.005) 1.000 (0.039) -0.277 -5.485%
CM5 9 0.016 (0.009) 0.020 (0.009) 1.000 (0.052) -1.189 -2.648%
MS1 6 0.008 (0.005) 0.009 (0.004) 0.933 (0.122) -0.198 -0.055
MS2 7 0.009 (0.006) 0.010 (0.005) 0.905 (0.103) -0.662 0.797
PR 9 0.014 (0.008) 0.017 (0.008) 1.000 (0.052) -1.168 2.911%
TK3 10 0.012 (0.007) 0.015 (0.007) 1.000 (0.045) -1.240 -4.116*
UT 10 0.011 (0.006) 0.015 (0.007) 1.000 (0.045) -1.435 -4.302%
PB 11 0.012 (0.007) 0.013 (0.005) 1.000 (0.039) -0.609 -4.990*
KB1 10 0.010 (0.006) 0.011 (0.005) 1.000 (0.045) -0.553 -4.692%
PEI 8 0.009 (0.005) 0.007 (0.004) 0.964 (0.077) 0.499 -1.520
CBI 10 0.010 (0.006) 0.013 (0.006) 1.000 (0.045) -1.252 -4.738%
CB2 10 0.012 (0.007) 0.013 (0.006) 0.978 (0.054) -0.606 -2.181
RY 10 0.010 (0.006) 0.010 (0.005) 0.933 (0.077) -0.368 -1.181
RN3 9 0.006 (0.004) 0.008 (0.004) 0.972 (0.064) -1.085 -3.176*
RN4 7 0.003 (0.002) 0.003 (0.002) 0.857 (0.137) -0.734 -1.447
SR2 10 0.009 (0.005) 0.012 (0.005) 1.000 (0.045) -1.266 -5.051%
Milo 73 0.012 (0.006) 0.029 (0.008) 0.995 (0.004) -2.050* -24.793%*
Ay TuogN 30 0.011 (0.006) 0.015 (0.005) 0.986 (0.013) -1.105 -14.517%*
nan/la 44 0.008 (0.004) 0.014 (0.004) 0.981(0.011) -1.612% -25.430%%

*P<0.05, **P<0.001
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0.018 -

0.016 -

0.014 - ]

0.012 -

0.01 -

0.008 -

0.006 - -

Nucleotide diversity

0.004 -

0.002 -

Latitude

H v o J ' a J . . .
/WA 4 AUEAIRNUFNTUTILHINANNHAINHA8YD9HIAE 18 1NA (nucleotide diversity)

[

VazAgA (latitude)
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M3199 5 A1 Nucleotide diversity (), haplotype diversity (m,), 0, Tajima’D 11ag F's Y94 13 UsemNTUONAITUAMSUA Simulium nakhonense

s?

Population n h n, (SD) n, (SD) 0, (SD) Tajima’ D Fs
CM1 10 9 0.012 (0.007) 0.978 (0.054) 0.015 (0.007) -1.025 -1.99
CM2 11 2 0.005 (0.003) 0.327 (0.153) 0.005 (0.002) -0.176 6.013
MS3 9 9 0.017 (0.010) 1.000 (0.052) 0.015 (0.007) 0.336 -2.423
PB 10 6 0.012 (0.007) 0.778 (0.137) 0.012 (0.005) -0.159 1.604
TK1 10 8 0.010 (0.006) 0.956 (0.059) 0.012 (0.005) -0.930 -1.089
TK2 8 8 0.013 (0.007) 1.000 (0.063) 0.014 (0.006) -0.559 -2.412
KB2 10 6 0.014 (0.008) 0.889 (0.075) 0.011 (0.005) 0.987 1.696
PE2 12 3 0.0005 (0.0006) 0.318 (0.164) 0.001 (0.001) -1.451%* -1.325%
RNI 8 8 0.006 (0.004) 1.000 (0.063) 0.006 (0.003) -0.411 -4.414%*
RN2 4 4 0.002 (0.002) 1.000 (0.177) 0.002 (0.002) -0.754 -2.367*
PG1 10 8 0.006 (0.004) 0.956 (0.059) 0.007 (0.003) -1.093 -2.595
NS1 10 8 0.007 (0.004) 0.933 (0.077) 0.009 (0.004) -1.182 -1.976
NS2 11 10 0.011 (0.006) 0.982 (0.046) 0.015 (0.006) -1.415 -3.038
Total 123 78 0.015 (0.008) 0.976 (0.007) 0.024 (0.006) -1.240 -24.339%*

Note: * P < 0.05, ** P<0.001; h = number of haplotypes in the population
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M15137 6 A1 Nucleotide diversity (), haplotype diversity (m,), 0, Tajima’ D (1a¢ Fs U3 11 U3 INTVOINAITURYUA Simulium quinquestriatum

Population n h* n_ (SD) w, (SD) 0, (SD) Tajima’ D Fs
CcM2 10 10 0.018 (0.010) 1.000 (0.045) 0.018 (0.008) -0.115 -2.890%*
CM3 11 10 0.015 (0.008) 0.982 (0.046) 0.016 (0.007) -0.514 -2.144
CM4 6 3 0.008 (0.005) 0.600 (0.215) 0.009 (0.005) -1.285 3.056
MS4 9 9 0.016 (0.009) 1.000 (0.052) 0.018 (0.008) -0.779 -2.605
KP1 5 5 0.012 (0.008) 1.000 (0.126) 0.013 (0.007) -0.583 -0.574
KP2 9 9 0.016 (0.009) 1.000 (0.052) 0.019 (0.008) -1.032 -2.618
PE1 4 1 0 0 0 NA NA
RN3 8 8 0.008 (0.005) 1.000 (0.063) 0.011 (0.005) -1.422 -3.447*
PG2 10 8 0.008 (0.005) 0.933 (0.077) 0.010 (0.005) -1.243 -1.749
SR1 6 6 0.007 (0.004) 1.000 (0.096) 0.006 (0.003) 0.576 -2.242%
NS3 6 6 0.006 (0.004) 1.000 (0.096) 0.008 (0.004) -1.246 -2.358%*
Total 84 71 0.016 (0.008) 0.994 (0.003) 0.024 (0.007) -1.295 -24.444%*

Note: *P<0.05, **P<0.001; h = number of haplotypes in the population
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(MINN 7) WaMINATOY Isolation by distance WUINTEAVANUUANANNNWUFATINIZHIN

A o [
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Y
4 1 4 a o a
of molecular variance (AMOVA) Meoluadlsd varsenIea)Faveauass U YU Simulium nakonense WAL Simulium

quinquestriatum
Source of variation Variance components Percent of total F_, F, F.
Within species
S. nakhonense
Within population 3.22 57.03
Among populations 242 42.97 0.430%*
S. quinquestriatum
Within population 4.16 27.31
Among populations 1.56 72.69 0.273*%*
Among species (S. nakhonense and S. quinquestriatum)
Within population 3.60 62.93 0.367**
Among populations 2.09 36.50 0.371%*%*
within species
Among species 0.03 0.57 0.006

Note: * p< 0.05, **p<0.001



v Y
135197 9 Pairwise Fy 5eMINUTLHNTVOINAISURISUA Simulium nakhonense

CM1 CM2 MS3 PB TK1 TK2 KB2 PE2 RN1 RN2 PG1 NS1 NS2
CM1
CM2 0.542**
MS3 -0.006 0.401%*
PB 0.136* 0.488**  0.143*
TK1 0.231**  0.709**  0.187* 0.428**
TK2 0.092%* 0.651*%*  0.069 0.339*%*  0.101*
KB2 0.045 0.530**  0.035 0.218* 0.126* 0.064
PE2 0.654**  0.791*%*  0.566**  0.618**  0.782**  (0.755**  0.548**
RN1 0.299%*  0.779**  (0.243* 0.512%*%  0.125* 0.100* 0.193* 0.877**
RN2 0.314* 0.832**  0.243* 0.516**  0.072 0.112 0.191* 0.962**  0.082
PG1 0.335**  0.790*%*  0.293**  0.529**  0.119*%*  0.137**  0.231**  0.874**  0.047 -0.026
NS1 0.270%*  0.762**  0.242**  0.485**  0.153**  (0.078* 0.192%* 0.843**  0.022 0.161%* 0.108%*
NS2 0.179* 0.681**  0.152* 0.401**  0.072* 0.028 0.109* 0.757**  -0.037 0.017 0.044 -0.023

Note: P<0.05 **P < 0.001
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Log Geographic distance (km)
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v Y
M3199 10 Pairwise Fy FEHINYTZHNTVOWNAITURIFUA Simulium quinquestriatum

34

CM2 CM3 CM4 MS4 KP1 KP2 PE1 RN3 PG2 SR1 NS3
CM2
CM3 0.076
CM4 0.228* 0.350%*
MS4 0.037 0.027 0.292%*
KP1 0.130%* 0.141%* 0.463* -0.034
KP2 0.130%* 0.104* 0.335%* -0.024 -0.119
PE1 0.407%* 0.479%* 0.694* 0.488** 0.677* 0.516**
RN3 0.323%** 0.291** 0.594** 0.137* 0.038 0.057* 0.713*
PG2 0.333%** 0.279** 0.602** 0.147* 0.068 0.079%* 0.705** -0.033
SR1 0.323%* 0.325%* 0.618%** 0.193* 0.148%* 0.115%* 0.801* 0.208* 0.235%*
NS3 0.322%** 0.328** 0.654** 0.186* 0.135%* 0.130%* 0.824** 0.195%* 0.216** 0.141

Note:* P<0.05, **P<0.001
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anan1eldaeu lvvesmsiAa population expansion (SSD = 0.004 p = 0.364) FedoAnaeINUM
.. A g ~ a P
Tajima’ D (-1.295 p=0.095) 1ag F, (-24.44 p<0.0001) nauuay (M3 NN 6) MIUATIZH growth
k4 . . . ~ A & = 1 1 =
rate 9128 maximum likelihood (M99 13) WUNTANTULIN (g = 404.625) HAZUAMANADE1IN
v o w aa . . Y v A A A 2
WodAYN19adAINms simulation Yeyamelaoulvveslszannsiiivinansit (¢ = 10.007
Y
p<0.005) NANATNAULIFNYTEINTUOY S, quinguestriatum DA population  expansion
1 a o a { 1 { a
A5 INMBTVDINSIINA population expansion ta@AdluaIT9N 14 Tagxranainanelseun
Ala 1 < [} =) [ v o J o A
760,000 Tnrumn oe191sAAUFWABINY S, nakhonense WavosaneduRuTvaauan Ina Iniln
1 ] 8 1T W { 3 S o I & o
wuwen Ina Inilannialddaunenquiudie branch Ndunazlisnumeiiu star-like shape Failu
@ A a [} ] A a I'd
anyazueelsznnsMina population expansion 1uFIIA IURMIUIN 1INMIAATIZH ALY
] {2 {
mismatch  distribution  veduan Ina’lndainmaldwuildas iy unimodal (WA 18¢)
9 1Y a . . 1 d' a A = d' ]
AOANQDINLUNINA population expansion 1AgTIIAIMNAADUTZINY 400,000 VNHIUNT 1NWA
4 4 v [
§ana1H1UIYINUTLINTVOS S, quinguestriatum 0@ population expansion 8819108 2 ATINIANY

v v v
HANANNIAWHUINNALAZ I NN UIABINY S, tani
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v £4
1 a 4 a a o a
M319f 11 MWNTIUAD5YINISINA population expansion UBNUNAITUANYURA Simulium tani

QuMA N T = 2ut (95% interval) 0,=2uN, (95% interval) 0,=2uN, (95% interval)
Mile 73 8.884 (6.189-10.739) 0.006 (0.000-2.821) 88.242 (45.849-6619.492)
azIUeDN 30 8.221 (4.912-10.366) 0.000 (0.000-2.762) 75.469 (34.044-6795.469)
naa/1d 44 1.774 (0.409 — 6.337) 4.225(0.000-12.032) 6657.500 (32.266-7542.500)

H a 4 4 1
M9 12 NMIAATIEHAY Maximum likelihood WOV TLHINT (0= 2N,), growth rates (g) 148 migration rates (M=m/p) VD 3 ﬂquﬂiwmimm;,mm

v
SUAYUA Simulium tani.

M
nausz9103 (i) 0=2Np g N i E=Di csDi
WHo(N) 3.740 1929.776 - 11.08 55.63

AL IUDDN(E) 0.189 1081.865 45.66 5.78 x10°

nany/1d (CS) 0.240 1435.017 164.36 2.7x10" -
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{ o . - v 4 . L e -
3197 13 growth rate 81129 TAg maximum likelihood M 1dGou lvues exponential growth model YDUNAITUANYUA Simulium nakhonense

Uag Simulium quinquestriatum

2

Model 0 Growth rate (g) In L 4

S. nakhonense stable 0.1252 (0.0960 — 0.1713) - 0.4048 8.054%*
Growth 0.4925 £ 0.0362 430.399 4.4320

S. quinquestriatum stable 0.1087 (0.0889 — 0.1355) - 2.2210 10.007**
Growth 0.2880 £ 0.0160 404.625 12.2283

**P<0.005

v £4
1 a 4 a a o a o
M3197 14 AMWNTIUADTVDINTINA population expansion UBNUNAITUANYURA Simulium nakhonense W Simulium quinquestriatum My

stepwise expansion model

Region N

T = 2ut (95% interval)

0,=2uN, (95% interval)

0,=2uN, (95% interval)

Simulium nakhonense

North 80
South 43
All 123

Simulium quinquestriatum

North 54
South 30
All 84

13.156 (6.511-18.149)
4.599 (2.006-7.612)

14.618 (4.675-22.618)

12.935 (7.827-16.682)
6.721 (3.449-8.842)
12.616 (5.626-17.561)

0.004 (0.000-6.390)
0.373 (0.000-3.126)
0.003 (0.000-8.716)

0.005 (0.000-4.781)
0.003 (0.000-3.082)
0.073 (0.000-6.109)

47.697 (24.741-4548.197)
45.898 (13.391-7504.648)
24.344 (10.008-148.407)

111.016 (45.664-6548.516)
123.594 (24.733-8871.094)
44.077 (18.743-6634.077)
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4.8 sz iamsonan
Simulium tani

a 4 H 1
NNMITAATIZHNTONINVDIUTLHINT 1A8 maximum likelihood (A1519N 12) WUIAS

IS 1 [ A

awennmMAmileo lldsmaduglisigenimsonenainiszynsouundimamile  Tuvmziinmg
1 1 [} (% 1 Y A c; A [P=N d?
aneNTzHINNaNLTEIINIMaaz Iueennunquilszaninmanay/ld daduwnnieein lumadu
10
Simulium nakhonense
MNMIAMIUAMITONINTZHINNGUUIZINTMAMTD (CMI, CM2, MS3, PB, TKI,
TK2, KB2 uaz PE2) nunguisgnsmald (RNI, RN2, PG1, NSI 1ag NS2) 428 maximum
likelihood  WuNMseNewnnmamile lldumalatimgeniimsenenluianeasatudwun
(mM3199 15) Tagmsenenanmamiie ldamaldsialszue 5 whveamsenewainniald lds
A
NAHUD
Simulium quinquestriatum
MINMIAIIUAIMTONENTEUINNGUTZINTMIAMTE (CM2, CM3, CM4, MS4, KPI,
KP2 uag PE1) nunguilszanninald (RN3, PG2, SR1 1az NS3) @28 maximum likelihood W71
1 A [ 1 YA 1 a (Y
msenennngulszrnimamiie ludinguiszansmaldtmganiimsonenlunianisasaiu

Y A A 5 Y 1 1
YINUIN (M1TN 15) Tﬂﬂﬂﬁ@WﬂW%1ﬂﬂ1ﬂl1’il!61‘1JEJ\1§11FI1¢I11?’IT]J5$11"I£1! 30 IMUBINITOIWYININ

mald ldamamiio



M35197 15 valszanns (0= 2NL), exponential growth rates (g) 118 migration rates (M=m/|1) A1 1ag maximum likelihood "UENﬂfjiJ

9
UseNTUOUNAITURVYUA Simulium nakhonense Wag Simulium quinquestriatum

Population group (i) 0=2Np g N i s i
S. nakhonense

North (N) 0.087 176.283 83.94 -
South (S) 0.174 1310.280 - 17.17
S. quinquestriatum

North (N) 0.287 450.386 175.35 -
South (S) 0.145 1200.026 - 6.65
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5. anUnemazagwamsfnmn
Simulium tani
2 v Y
FLAUANULTAUNRUTNTINVOITUAITHA S, fani g TUIZAUNGIUIFINT21NT
Qy o a dyd = 9 [ a 4 ~ 1
VOIUUAIT UM UAU LA DITNINADAANDINUNTUATIZHHAVOWUIAYTLTINT  (0) AWUN
Uszansiivunalvg msiie population expansion Tuaenarsvesgyn nalndu (Pleistocene)
4 aA v g 4 2, a2 \
Wedszana 500,000 Ynuaro1atunan191nNMsNUs2NTVOWUAITURMFHANAD LT UDIAD
a ) ] o 1 v A A A
mslasuutasvesanzanonlusisaidinansuurnadutiosninmsiasuuilas
Yosanmglemsveslan nguilszynsninamanaiy/1diina population expansion w3
damevosgalwalndu szt 100,000 ) onwmannmsnlszmniainaninmg
.. A4 Y a ¢ wa P
colonization  91NUYTLHINTYDINAKUBFIADAATOINVNAVOINTAATIEHUTIAMEAATNS
d' 1 = A [ d‘ d! a dg’ ]
ANINANUNYTENATVRY S, fani UMsewenanaiile lddannouaseeranatulurg
=\ = dyw Y [ @ [ o ~
NaNvIgn Iwa Tndu HANMIANUILEITANdINUTZAVVDIA MUY THUN N UTNTTUN
1 [ [ I a [ a 1
WUNUANUTURUTIFIUINAVaZAYA nannelszmnIMamilelinnuraINHaleng
v Y
WUFNTTVNINNGALALIZTAVANUHAINHAWNWNHUFNTTNHaAa TuMInaua WYR T2
Y Y
Ysernssud luunazginIANANUIANA NN UENTTUEENNTId A YN NaD ALY
1 Y] 1 ~ 1 Y @ v o J ]
NILAVMINGIU (gene flow) pgluTZAUA ToandDINUNAVRIMEdURUTYR N Tna Ind]
{ 1 a . 1 1 a Y t g
#litAa phylogeographic break uatimamznguuoenIna lndangiimadorsuguily
v d‘d ' ~ o w . d! Y % d‘o % ' = dy a
ANV TZIINTNUMINGIUIING (Avise ef al., 1987) Failadendnansnlgsuilo1ana
NNANUUANANYONAIN At IRsuaz Tlatenamenm nquilszanniamamilenunin
[ A 1 ng 1 1 R < v o w 1A A 1
aziueeninIguAnIenINnguilsznnsgieauilededamsagsny maznIUgu
(% 1 1 1 oy & J 1 o A Qy o a . dy
aana1ee luiuvauir lveduuuraserdeNivans auueuuass umvta S. ani UoNINT
ANHAULNNUNAINGIVDINAMLBLAZNANZ IUDDNEINANULANANNAY 1B A1Aaz Iuseni
a oy d' 1 A dyoj = 1 1 [ d! 1
Ysuaniwungannmamiiio  uennnHldllsznnuea wananuy - FINNVLANAININI
A =) dy I U @ o @ o w 1 ~ [ 1 = '
unmmnteauilitedidylumsinansmssuseninnguilszannimamiiionaznguy
Usgrinsmnldui nquilsznimaaz Tueeniunguilszanimanais/1diiniu
9 4 I
uanaamaiugnssuluszauge  msewensenin 2 nguilsennsiidees lumaduds
Y Y A 1 3 1= o Y I 1 1 ~ 1
doandosnumsnnguilszaninsaes liluenTnalndsaw uaadliimuimsoegduszrin
1 1 Aa -4 1 '3 ' 1 ] I v o w
2 nqualszanns ldmedu Taenzia (811 Ine) Nuszran 2 nquilszrnnsieziuiladedinn
Y
Tumsiinanmsneguseninilszmniiidoingy
Simulium nakhonense W% Simulium quinquestriatum
Y Y
52AUANNUTAUNNHUFNITUVBWNAITUAIN S. nakhonense (0.015+ 0.008)Uas S.

. . [l o A 2L A 1 a = J
quinquestriatum (0.016 + 0.008) pgluszALNGY FallAganIIANUNAINUALVDING 10 1N
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Y03 COI V0N UL a03 dnopheles dirus ToiFens Jueomdeald (4nopheles dirus A = 0.0042
Y
+ 0.0002, An. dirus D = 0.0064+ 0.0002) (Walton et al., 2000) UATZAUANNKHAINUAIBUTIAT
IndiRssnunnuluuuasiumalil Bacrrocera depressa (0.013) (Mun et al., 2003) 3¥AUANN
U v d‘ 1 dyl = = = ]
mJ:iwumawu‘qﬂﬁwqmwmﬂizmﬂimaaﬂimwuagu effective population size mumiwmu
TagA female effective population size U®3 S. nakhonense Imyszanu 720,000 Loz S.
1 1 < o a 1
quinquestriaum HA)szanns 1,200,000 0613 lsnauluszaugiimaiinnuuanaisvesnau
a = g [ A 1 (=) @ o
Wa'lﬂﬁa'lﬂGUﬂQLl'JﬂaI@llﬂﬂﬂﬁl'l\i%ﬂlﬂu IﬂEJTJ3Z6]5']ﬂ31Uﬂ1ﬂlﬁu@ﬁ3uﬁlﬁmuﬂizﬂﬂﬂ31ﬂLlﬂiwu
1 4 A 1 v E4
ngeninlszanninnmaldvessuding 2 vile Fedeandesnuinulunuassudwia S. ani
dy a o v 4 o 1 9 ay o 09.:’ a
u@ﬂi]']ﬂui]']ﬂﬂ'li'JLﬂ3'13Wﬂﬁ$']Q‘]‘f”“ﬁ@]ﬁTJ53%1ﬂ583WU31ﬂ3$%1ﬂ3ﬂ1ﬂ1ﬁ"U’E)\‘]il!ﬂ'nfl\‘] 3 YU
Y
1AA population expansion 11939381 TN (152394 400,000 — 100,000) TINNIANVLANAI
o ' 1 A Jo 1 o o A 1= !
VI'NW‘H‘Eﬂ3ﬁNiZW'J'N‘IJ'igelﬂﬂﬁsU’ﬂ\ulﬁagﬁﬂGlfﬁ"(’l\i’@gcll‘lﬁZﬂ‘U@'lﬂﬁﬂulmuﬂ'lnﬂ!@]ﬂ@n\iﬂ'm

Y
o

v 2 E4
Wwugnssuednltedingnuana  msfuuasiudme 3 atadfiligduuuvesinssadanig
o o o o ~ 9 2K o dyl 3 A
NUFNIINLazIzAUANNMSHUMIRUgNIsuNnaenaIn Uiz uNanIINMs
Qy o 3 a Yo a A v A o £ I @
Yszmnsvouwassuame 3 wialasueninanniletemeddn  swrniuiladonnms
{ ) . N < Y
Wasuutlasvesannziadenlus@n 13U Pleistocene climatic change #3001 duiladves
a a Y 1 a o (2 4 9 9 A 1A a
anminaine luilagiu uamannmsunsgrilsziamaasdszmnsdreaunnunimsinag
. . v v . I '
Population expansion 1u39IndiAsariulugalwalngu (Pleistocene) dafinaudu'lalld
k4
@ o R~ 1
anuadenaenuuesgluuy Taseademeiugnssuiniunamannaeuauesaons
nasumlasvesaningiormalugalwalngu
2
FZAUANVLANA NN NN UFNTTUILHINUTZINNTVOWNAITUMYUA S, nakhonense
1 A o 9
waz S quinquestriatum lR@mWIzszrHINUsEmnImamtenulsznnimnlduazaelu
A 1 (% d' 1 dyl [ 1 ~ 1 (% 1
UszmnimamiteegluseAUNGIIITNILAUMINEGIU (gene flow) TeHINUTTHINTAINGT
1 o Ao & Y Y v o d oA 1A 1 o
agluszaunMFedoandosnumeduiusvesanIna lnddwunimsmeznguiuvesen
] J] A 1w R o A
Twa Indl TaomwizuenwIna Indlmaldntimamenquin - Faulludnvuzveslszmnsiinmg
1 =~ o d'(; 1 = a 1 d' 1
metuluszaundwa lilinsimamsuiwenveslseanns luszoznanenuiumsie luwy
a . v o d ] 1 < @ 1
MsNA phylogeographic break luaodusiusvossnwinalnil sdrlsnaminmsianqgu
v
dszanni Taeldseauanuuanaemanugnssulunuassudivia S nakhonesne wag S.
4 k4 Y
quinquestriatum i ldansotanguilszanng Idednedanunsimsgnnimaungs
= [ 1 @ v A A Y 2 [ & 1 dyl
YsernsUszauANUANANNIIUgnI sy lussaungaim Indimesdy  daisnlulserns
AQ" o a J, a 4 v o J o 1
VOWNAITUA 2 yHANNHWIUNE  MIIUATIEHANNAUNUTVOITLAVANVLANA NI
4
% Y] [ a 1 @ % d v o W an 1 [
WugnITuAUszeyianegiimaas nunlianuduiusedaidedagynadaentedinms

1A o v 9 v a 4 1 3 A = dy kY
DYYUYNIINAAIYTSYS T NN NYUATANT ﬂsmhlsﬂmmumi}1ﬂmiﬂﬂmuﬂszﬂﬂumﬂ
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v Y
Uszmnsnnuategiinaninnuuanaiaiuludminaine AT UANVUANA1IUD
a a < ~ 1 @ 1 = 1 Y
HNAINGIND1INUHANDIZTAVNTDEIUTEHINUTZINTA

v o J ~ A g o ay o =
nnmedusiusved luInawas sadwuousn Ina Inivoamaisudiviia
Y Y
S. nakhonense 1% S. quinquestriatum NUILUAITUA 2 ¥ilattnnulndFadumaiugnisy
Y v Y Y Y
waz luenusanenandu ldedaFanusuninares AMOVA NUNFILLAITUR 2 wiiadl 1)
[ @ 1 v o w an LY 1Y @ 4
lanuuana NN UENIsHedeiiodnyneana  deandosnuramIAnEIaEFURUEN
aov Qy o Yo o A = 4 d' 1 Qy o
Wannmsveawassusr lulszmalne TaslddauiinnaleIndves ITS2 ANLINUVAITUM
a dyd . . @ .. (SRR <} A Qy o a dy

2 WA sister species NU (Thanwisai ef al., 2005) Lm’e)EJNll‘iﬂGniJmimmeﬁum 2 ¥UAU

[ [ @ =3 a g Y I~ a
lifianuuanaraneiugnssunnraves lu Inaouas sadwwetorniunainmsinag

. . . . 4 QBJJ dy a I Y o w A = P
mitochondrial DNA introgression ‘lﬂ mmwswwamﬂmﬁamﬁwwﬂmgammmﬂumﬂaia%ﬂ

a o <3 1 1 Qy o a Y I 1 1 Y] Y
YOIUUARYTADUDAIUYDI D3 WUIWNAITUA 2 Filatieniiu 2 NgUadFaY UonaINil
{ 1 Qy o a 0o w A 4

UAIMINANWY fixed nucleotide difference 321 UNAITUA 2 A luddVIIAG To IMau0d D3
A a a Jda g £ ~ . . . ' = aa = "o
MUt AARTABUIBHIN effective population size 1A 11 InABUIAS BAABUBD 4 1M1TY

v 2 . . . ] ya ) A g
Tivinvzifurauian incomplete lineage sorting LWi”I%ﬂ”Iﬂ’J”I?ﬂﬂﬂ%ﬂTleuﬁﬂiiﬂJ‘m‘]JuNamﬂ
. . . ] A 1 o <
incomplete lineage sorting 1U19ZIAAANULANANNINNUENTTHUDI 11 Inao AT saROUID 11
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MANUIN 1

9
1. Mitochondrial DNA haplotypes 121 haplotypes VOIUNAITUANYUA Simulium tani (WAAUANE variable sites)

Positions

Haplotypes 1 1111112111 1111222222 2222222222 2333333333 3333333333 3344444444 4444444455
111333344 6677789990 0112223344 6668901111 2235567789 9011222233 3444567778 9901112233 3455778911
9258016928 6925870362 5170365817 2589240367 5812823902 5358124703 6257492581 6954786925 8716143239

5555555555 5555555666 6666666666 6666777
2222334566 6778899011 1233457778 8999012
2358143214 8091547625 8739810250 7038840

TN3181 TTGGATAAAC AATATACCTT AACATTTCTT CTATATAAGC CCCACCAACG CTTTATACTA TTCCCAAATA

TN3182 ... ... C e e e L C.
TN3183 i e e iiaas e meeaaa- O
TNBL84 i e i eeae e eaas meeememeaa memaeeae meeeaaas C.
TN3L86 .o i e e Al L. .. L C.
TNBLB8 oo s e iiiees eeeeeeaas seeeeeeeas eeeeeeeaas eeeeeeeaan
TN3L89 L s eeeeieee eeeeeaaa- N € T.. .T.To....
TN31829 .. ... ... ..., e Gs e eeeeeeeaas
TNBLBO . i e e e Gov wunns Coms e
TNBLBL8 . it i iiiiiiss meeeeeeaes seeeeeeaas eeeeeeeaas eeeeeeeaan
TNBLBLO . AL L i s e e e L T.To .
TN2833 . ......... R J ..T.T....C
TN2836 ..o .. C e it i iiiiaes eeeeaeaeae eeeaeaaaan L T.To .
TN28310 ...l oo o
TN2831L ... Gttt i e e e e L T.To .
TN26L17 e s eeeeeiee eeeeeeaes eeeeeeaaan (R € . L T.To .
TN26L16 . AL o i e e e e L T.To .
TN26114 L e e eeeeae eeeaaaan A - .CTTT...C.
TN26113 .......... -.CG.. ... G L LI ..T.T....C
TN26111 .. i e eeaaas O G.o eeea- - T.. C.T.T.....
TN26118 ..o i el C o e e e LLTLTo .
TN2614 ... ... ..... T e e C..A A LLTLTo .
TN29613 ... A...... L A G..... G..... LLTLTo .
TN2969 ...... R Al oGoolool ooolils C. ..T.T...C.
TN29710 ..o i e ieaae aeaas C..A. ..Gooil ool .T.T..G..
TN29711 L i e ieeaae eaas C..A G L LT T. ol
TN29712 ... ... G A [CHR—— G..... LT T. ol
TN29715 .. AL i e s A [CHR—— G..... LT T. ol
TN2977 i .. C o o C..A L LT T. ol
TN2978 C.oiiii i i e e C..Al T.Goiiiis iiieeaa T.T... .
TN2979 L e eeeeeeae eeaas C..A G e L T.To ol
TN33411 .ot e e Cove e Ao . .T.T...C.
TNBB412 . e e e e e C T.T... .
TN33414 ... ... ... T Coee e Ao . .T.T...C.
TN33415 . i e e T e e ool T. T.T....C
TN33416 ..o i e e A i e T.T.. ..
TNB343 L s e eiiiee eeeeeeees eeeeeeaaan J T.T....C
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TN29612
TN29614

TN29615 ....

TN29616
TN32310
TN32311

TN32312 ..

TN3234
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Y
2. Mitochondrial DNA haplotypes 78 haplotypes UBUNa5 UAYUA Simulium nakhonense (MAARNWIE variable sites)

Positions
1111111 1111122222 2222222333 3333333334 4444444444 4445555555 5555555556 6666666666 77
haplotype 112333455 6791123355 6689902236 7777899223 4456667890 1112245556 6780012334 4566888990 1122256679 02
9587069345 6501405836 2902315857 0369045170 5873468795 4586916795 8491498173 9818235453 5814770603 20

N35615 TGGTGAAAAC AATAGTCTAT CAAACACCCC GGAATTCTCT ATCGCATTAC CCTAATGGCC AATCCAGAAC TCTGGTTATT AAACCCCAAT AT

N35614  .......... ..Co.... GC ....T..... R CR AL B O Ao oL R CHRRR G.
N35616  .......... ..C..... L G A G.. ..G...T...
N35618  .......... ..C..... G. ..G.Tooos oot Cooo.. L . S €.
N775 ... O R CHRR
N772 ... R G L . G.. ..G...T...
N1691 .......... ..C..... G. ... Tooooo oooos C..TC .C........ e G Gov ieeans [C R T....
N1692 Comeenaat ..C..... L CLALGC.G. i i e G.. ..G..T..G.
N1693 ...C....G. ..C..... G. oo T ol O A e
N29112  ........ G. ..C..... G. ....T..... Al TC .C.A..G... .. .Guooil ciiaiaaas T oooa... G .... T....
N27912 .. ....... ..C..... L O Guov e
N2791 R T O a-sALL L S €.
N27913 C..C...... ..C..... L T... .C.A.G..G. ........ T e e ..G..T..G.
N27916  ........ G. ..C..... G. -...T..... Al TC .C.A..G... ....G..A.. ... . ... T ... G.. .... T....
2 R [ I CCTR
N2708 e e e e e e I R C T
N2799 Commeaanot ..C..... L .C.AG..G. ........ T. oa... Al ..GT.T..G.
N27910 oA L O ..GT.T..G.
N33412  .......... L C .C.AL....L B O 2 R CTRR
N3344 .. ....... ..C..... L Co..... L, ALl R C T
N3345 oAl ..C..... L S €
N33210 Commeaaot ..C..... G. oo T o CLALGALG. L i e G.. ..G..T..G.
N3321 ... ..Co.... G. ... T T ooo. C..TC .C........ R [ G .... T....
N3343 ......... G L TC Cii i e e AG.. ....... [C T....
N3032 R ..Coo..... T e e eee e eeaee eeeeeaaaan aalALL L R R [
N3036 AL T.Covronnnn T i iiiiies seeeeeeeas seeeeeeeee eeeeeeeean AL G.Govunnnn
N302410  .......... R G G. ....T.o.... R CR O Aol ool G.. ..C....... R CHR G.
N302510 R ..Co...... T e i eieeee emeeaaes eeaaaa 2 R C T
N302610 R ..Coo..... T e e eee emeeeaaee eeaaaa S N € I
N302101 AL . CollL J L ) 2 R ) I
N3025 LaaALL R G T e i mme e eeaaee eeeaaaa- aalALLL R CTRRR
N3035 Cooeiaanot G.CG....G. .. Toooos oot .C.AG..G. ........ T e e C. ..G..T..G. ..
N30511 oAl ..C..G.... G........ A e e e ee e eeae eeeeeeaaan S C . C ..
N30512  .......... ..C..... G. oo T ol Cooo.. L O G.C ..Gouunn..
N30516 oAl R C T e lALL L R CHRR .-
N30517 R .CoGolll A e i iee e meeeeee eeeeeaaaan S C TR C ..
N30518 A Al . I GG.. ...,

N3052 i e e e O S GG ...,
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N3054
N3053
N41813
N4188
N4189
N32610
N32613
N3266
N3146
N3148
N3149
N314410
N31411
N31412
N31413
N4291
N4293
N42610
N42611
N42613
N4261
N4265
N4267
N4268
N3114
N31116
N31117
N31118
N3119
N3117
N31120
N31121
N3093
N3096
N1161
N30914
N30916
N30922
N30926
N30924
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.......... R G C R .
Al ..Co...... J
....... G.. ..C.....G T.TT.
__________ ..C.....G T.TT.
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J I
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Y
3. Mitochondrial DNA haplotypes 72 haplotypes Y8N35 UAYUA Simulium quinquestriatum(UL@ARNNIE variable sites)

Positions
haplotypes 1111111111 1222222222 2222233333 3333333333 4444444444 4555555555 5555566666 66666677
133455679 1124566789 9223355677 7788923333 4566677889 0011112247 8000112333 4578901256 77788901
9509845610 1407325402 3584558703 6908570369 8134658479 2845786951 9147398147 9272495170 05857384

Q3532 TGGATACATT AGTTACAAAA TCCTCTACAG AATACCCTTT CTACAATTTA TCCCATAGGA TCCATAAGTA TTGGACGACC ATTCTTCT

03533 e s Y S c PR T oG .. A.. ....C.GA.. ...... AGT. «oeee...
Q3534  ...oo.... C .AC....... ieCee 2 Guowe ceaColAe ciA i ..
03535 e e e e T c
035310  .A..-.... C A G e, GA -G Teue TG e, A.. C.GA.. .C.AT.A.T. «eueo...
035312 C..owo.... [ I G oeenn. T... .C..GGA..G ....... A.. C.GA. G.AGT. G.......
Q3537 e e e e T e . N o2 c7.
03538  C.uoon... CoeeeBoe e G oo Teee ceeGG..G ... AG ....C.GA.. C..... AGT. Goovnee.
03539 e e eeCoie . L P S CoiAe oo, Acce oo,
Q2304  C..oo.... [ R G. G..... Teee GG .. A.. -...C.GA.. ...... AGT. G.uww...
Q2305 C..oo.... C....G..... i Te..G. G..... L I T A.. ....CGA.. ...... AGT. G..oue..
Q2306 ... C .eeGGuuu Coeen. [T it U i c HO A C.GAC. --.... AG.. -.... A
Q2307 AL s D S c Teee oGuoeen.. e...G..A.. CoiAe oo, AGT. oo
Q2308 AL N T ceCoee . LT T A.. C.GA.. —..... AGT. «eeee...
Q23010  ...oo.... (o T G oeenn. T e . A.. C..A G.AG.. woeen..
Q23011 C.ueen... CooeeBoee e G. Gowu.. Teee oG.GGee .. A C.GA.. —oo... AGTT GC......
Q23012 e A S TCee i .. T e Cuoeeees e CllALL .. Acce oo,
Q2302 B e i
Q23014 C..oo.... (R T G. G..... To.. ..G.G..... ie..G..A.. ....CGA.. ...... AGT. G.ooen.
Q3422 e e . B c G e e
Q3426 ... CooeeBoee .. G eoenn. T e STe...A.. _...C_.A AG.AT. ...... T
Q3428  ..o.... (R T G eeenn. T e LTe Al ...Co.... AG.AT. ...... T
Q28110  -eoen... GA-eeenn. T T L eGP e .
028111  ..A...T..C uoGuuno. CTennn. G eoenns L o cHU A L.C.GA.. wuo... AG.e oo
Q28112 C.uveen... CoooeBoe .. G. Gown.. Teee GG e, A ..C.GA AL AGT. G.oo....
Q28113  ..oo.... CoeeBoee e Ge eeenn. T oOTeee .. A.. ....C..A AG.AG. . ...
Q2814 AL C....G....GCouuun.. G eeenn. T TG .. A.. ....C.GA.. ..... TAG.. «eooe...
Q2817 R o ¢ B c SO L c SO A CCoAi .. AG.. ooen-.. T
Q2813 e A ieCoeei P Cuovrenn. A CCoAl ... A.. Counnn
Q2818 AL (R I T T T TG .. A.. ....C.GA.. _..... AG.. oo
Q2819 ... [ I G oeenn. T .. C. ....GC.A.. CGA.. ... G..Goo oo,
Q2996 AL C ....G..... Cuoenns G oeenn. L A.. ....CGA.. -...G.A... —euoo...
Q2995 o e e e e s e Y U
Q2994 AL C ....G..... Cuoeenns G. Go.... T T e A.. C.GA.. —o.... AG.. oo
Q2993  ......... CG...6.G.o. Corrnn. Ge ooouTTeu. TGueeon.. c..To..A.. ....C.GAC. -...... [T A..
Q2992  ......... CoieeBoe e TG. GuoweTeue oG e, A.. ....C..A.. ....G.AG.. .C......
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4. Sreuianale'lnaves D3 region VDY 28S ribosomal DNA UYDNTUANYUA Simulium nakhonense, Simulium quinquestriatum Wag Simulium fenestratum 31U

33 sequences (Simulium nakhonense (NK) 13 AU Simulium quinquestriatum (QT) 19 A0g1aLaY Simulium fenestratum (SRTFN) 1 GTTE)EJ'N)

SR7FND3  TGAGATTTAT AAACCTCAGA GGCGGAATTA ACATAACTAT TTTTTTGTTT GGGATTACAA ATTCTGTATT AATAGAGAAT TTCTCCATCC CTGGGTATCC ATTAGTCTTG TTTCGTTTTA 120

NK305AD3 -« e eeeee e e e e e e e e i il A S
NKA268D3 - oo eeee e e e e e e e e e S U
NK279ID3 - oo eeee e e e e e e e e e e e T
NK3099D3 - - ceeee e e e e e e e e e e cel AL T
NK328ID3 - ceeeee e e e e e e e e i T
NK3345D3 - oo eeee e e e e e e e e e e e T
NKB532D3 - o oecoeocoe e e e e e e e e e e i T
NKBL4ALID3 - oo ome s e e e e e e i S U
NKALBLIIDS - nooee e oo e e e e i S U
NKB1117D3 - conoeee e oo e e e e i S U
NKB1121D3 - noome e oo e e e e e i i C A S U
NKA293D3 - o oeoee e e e e e e i S U
NK3025D3 - o eeeme e e e e e e e i S U
NK311L9D3 - eeonee s eme e e e e e e e e i i S S
QT2996D3 - - eeeee e e e e e e e i i T S SO
QTB28ID3 - e e e e e e e e e e e i i GooAe... S SO
QTA2LBND3 - - e e e e e e e e i i Gueeeeens S SO
QTBL38D3 - ceeeeeee e e e e e i i Gueeeeens S SO
QTA218D3 - oo oo e e e e e e i i Gueeeeens S SO
QT2302D3 - ceceee e e e e e e i il Gueeeen s S S
QT3426D3 - ceeceeee e e e e e e e i i GuoAo... T
QT2304D3 - oo e e e e e e e i i Gueeeen s T
QT281AD3 - ceecee e e e e e e e e i i Gueeeens T
QT2992D3 - oo e e e e e e e i i GuoAee... T
QT3002D3 - - ecee e e e e e e e e i i Gueeeen s T
QT3003D3 - oo e e e i i Gueeeeens T
QT3007D3 - oo oo e e e i i Guoeeeen s T
QTA213D3 oo e e e e e e e e Guoeeeens T
QTA2110D3 - - e cee e e e e e e e e e e Guoeeeens T
QTA251ID3 - - oo ceee e e e e e e e e e e Guoeeeens T
QT3L3LI0D3 - - eceee e e e e e e e e e e Guoeeeens T

QT4219D3 L. e e e f e e et eeeseseses mememenene ememesenes meeeeseses semememen- Goveeeeas T
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NK3054D3 A e e e i
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QT3281D3 ....A..... N
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QT3138D3 ....A..... N
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Abstract

Intraspecific phylogeography has been used widely as a tool to infer population history.
However, little attention has been paid to Southeast Asia despite its importance in terms
of biodiversity. Here we used the cytochrome oxidase I gene of mitochondrial DNA (mtDNA)
for a phylogeographic study of 147 individuals of the black fly Simulium tani from Thailand.
The mtDNA revealed high genetic differentiation between the major geographical regions
of north, east and central/south Thailand. Mismatch distributions indicate population
expansions during the mid-Pleistocene and the late Pleistocene suggesting that current
population structure and diversity may be due in part to the species’ response to Pleistocene
climatic fluctuations. The genealogical structure of the haplotypes, high northern diversity
and maximum-likelihood inference of historical migration rates, suggest that the eastern and
central/southern populations originated from northern populations in the mid-Pleistocene.
Subsequently, the eastern region had had a largely independent history but the central/
southern population may be largely the result of recent (c. 100 000 years ago) expansion,
either from the north again, or from a relictual population in the central region. Cytological
investigation revealed that populations from the south and east have two overlapping fixed
chromosomal inversions. Since these populations also share ecological characteristics it
suggests that inversions are involved in ecological adaptation. In conclusion both contem-
porary and historical ecological conditions are playing an important role in determining
population genetic structure and diversity.

Keywords: black fly, genetic structure, mitochondrial DNA, population expansion, Simulium tani,

Thailand

Received 31 January 2005; revision accepted 6 May 2005

Introduction

Mitochondrial DNA sequences have been used widely as
a genetic marker for population genetic studies particularly
for intraspecific phylogeography. By relating genealogical
relationships and geographical information, phylogeography
has been used very successfully to determine factors
underlying the genetic structure of species. These factors
include historical events (e.g. Pleistocene climatic change,
Randi et al. 2004), contemporary factors (e.g. ecological

Correspondence: Dr Chaliow Kuvangkadilok, Fax: +66 (0) 26448706;
E-mail: scckv@mahidol.ac.th

© 2005 Blackwell Publishing Ltd

conditions, ongoing gene flow, Pfenninger et al. 2003) as
well as their integrated effects (e.g. Whorley et al. 2004).
Phylogeographic studies have been conducted extensively
in North America and Europe. However, such studies are
rare in Southeast Asia (SE Asia) (e.g. Walton et al. 2000;
Chen et al. 2004) although it is considered to be one of the
most biologically diverse areas of the world (Myers ef al.
2000). Even within SE Asia, such studies have been biased
towards the Sundaic region while less attention has been
paid to the Indo-Chinese mainland. In North America and
Europe, phylogeography has provided a particularly good
understanding of the effects of the periodic (c. 100 000
years interval) glaciations of the Pleistocene on present-day
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Fig. 1 Distribution of the sampling locations of Simulium tani.
Populations are grouped according to the group composition
defined by saMoOvA (see Results).

patterns of genetic diversity (reviewed in Hewitt 1996).
Pleistocene climatic and environmental fluctuations also
affect the tropics as during glaciations it will not only
be cooler but also drier, resulting in the contraction and
fragmentation of forests (Brandon-Jones 1998) which are
the source of much of tropical biodiversity.

Penny (2001) has pointed out that the Indo-Chinese
mainland is a biogeographically interesting area because it
is located on the boundary between evergreen tropical
rainforest characteristic of the Indonesian region and
the temperate floras of East Asia. Although Thailand lies
mainly in the Indo-Chinese region characterized by more
open mixed deciduous forest, there is a transition of forest
types to the evergreen tropical forest at the Isthmus of Kra
on the southern Thai peninsula (just above RN1, see Fig. 1).
It has been suggested that this transition is due to ingres-
sion of the sea at this point separating what is now southern
Thailand from peninsular Malaysia during the Pliocene, or
it may be due to a change in seasonality (Woodruff 2003).
The change in forest types appears to correspond to a
change in animal species distributions, e.g. birds (Hughes
et al. 2003). Due to a paucity of studies of genetic structure
in Thailand the effects within species that cross this boundary
are unknown.

In Thailand black flies are one of the most taxonomically
well-studied groups and are geographically widespread
making them interesting models for population genetic
study. Population genetic studies using allozyme variation
(Feraday & Leonhardt 1989) failed to detect population

subdivision in several species of North American black
flies. This was thought to be due to long-distance migration
in this insect: biting flies can be found > 100 km from the
nearest known breeding sites (Rempel & Arnason 1947);
and mark-recapture using radioactive labelling found that
flies migrated up to 35 km (Baldwin et al. 1975). In contrast,
cytological studies have revealed an extensive level of
genetic structure leading to the description of cytological
sibling species (cytospecies) using criteria such as fixed
chromosomal inversion differences, the presence of different
sex-chromosome systems, or differences in the frequency
of inversions (Rothfels 1956). Many morphologically
described species are found to be composed of several cyto-
species that often occur in different ecological conditions
(Adler 1988; Adler & McCreadie 1997). Chromosomal
inversions within species of Diptera have often been impli-
cated to have a role in adaptation to different environ-
ments such as climatic conditions (e.g. precipitation rate
and temperature; reviewed in Hoffmann et al. 2004). In
black flies, several studies have revealed the association of
different cytospecies to different environmental conditions.
For example, different sibling species of the Simulium
tuberosum complex have been found in different ecore-
gions of North America (Adler & McCreadie 1997) and
different sibling species of the Simulium damnosum complex
are associated with the savannah or forest zones of West
Africa (Boakye et al. 1998). Phylogenetic studies at a higher
taxonomic level further support the important role of eco-
logical conditions in black fly evolution: Joy & Conn (2001)
found that adaptation to different larval habitats (i.e. dif-
ferent stream types) is the primary mode of speciation of
the Society Island black flies.

Simulium tani Takaoka & Davies (1995) belongs to the
S. tuberosum species group. At least five species in this group
have been found in Thailand (Takaoka & Choochote 2004).
The distribution patterns of these species appear to be
related to the different ecological conditions of streams.
For example, S. rufibasis is found only in small streams at
high altitude (> 1000 m above sea level) and Simulium weji
is restricted to streams with high calcareous sediment
(Takaoka 2001). In contrast S. fani has the most widespread
distribution of the species in this group in Thailand. The
larvae of this species can be found in streams of varying
size at a wide range of altitude (from sea level to > 1000 m
Takaoka & Davies 1995; Kuvangkadilok ef al. 1999). As it is
widely distributed both geographically and ecologically,
S. tani is an interesting model species to test the relative
importance of geographical and ecological conditions in
shaping the genetic structure of black flies which may,
ultimately, lead to speciation.

In this study we use mitochondrial DNA (mtDNA)
sequences to infer the genetic structure, phylogeography and
demographic history of S. tani on a large geographical scale
from northern to southern Thailand over which environmental

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 39894001
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conditions vary. In addition to increasing our fundamental
understanding of the generation of biodiversity in
Thailand, this study is also relevant to current efforts to
conserve biodiversity. Many species in Thailand are at risk
due to increasing anthropogenic activities, particularly
deforestation, leading to the reduction and fragmentation
of natural habitats (Pattanavibool & Dearden 2002). Since
black flies are only found in pristine, usually forested, en-
vironments the spatial distribution of their genetic diversity
is likely to be indicative of forest species (usually those
most at risk) in general. The identification of evolutionary
significant units (i.e. populations with independent evolu-
tionary histories and therefore unique genetic diversity,
Avise 1994) and areas of high genetic diversity has a role to
play in determining conservation priorities.

Materials and methods

Sample collection and species identification

Simulium tani were collected from 16 sites throughout
Thailand during 20002003 (Table 1 and Fig. 1). Black flies
were collected as larvae and pupae from plant roots,
trailing grass and fallen leaves along streams. To attempt
to take a random population sample and avoid an excess of
consanguinity only one or two samples were collected from
the same substrate (e.g. fallen leaf, plant root) since black
flies lay multiple eggs at a time (Crosskey 1990). Larvae
and pupae from the same stream were pooled together as
one population. Pupae were preserved in absolute ethanol
and stored at —20 °C. The collected larval specimens were
preserved in Carnoy’s fixative (absolute ethanol : acetic
acid; 2:1) and stored at 4 °C. Previous work has shown that

samples preserved in Carnoy’s fixative can be used for
molecular study (Xiong & Kocher 1991) thus enabling
information to be obtained from each sample at both the
cytological and molecular level. Both morphological and
cytological criteria were used for species identification. For
morphological identification we used the key of Takaoka &
Davies (1995). Before a larval specimen was subjected to
polytene chromosome preparation the head and thorax of
the larva was cut off, transferred from fixative to absolute
ethanol, and stored at —20 °C for further molecular work.
The remainder of the larva was then used for salivary gland
polytene chromosome preparation following the method
of Rothfels & Dunbar (1953). The polytene chromosome
banding patterns were read band by band using the
standard map of S. tani (Kuvangkadilok ef al., unpublished).

DNA extraction, polymerase chain reaction and sequencing

Most DNA samples were obtained from the heads of larval
specimens for which species status had been confirmed
by cytological criteria but some were obtained from pupae.
DNA was extracted following the method of Collins
etal. (1987). An c. 800-bp fragment of the mitochondrial
cytochrome oxidase I (COI) gene was amplified using the
primers C1-J-2195 (5-TTGATTTTTTGGTCATCCAGAAGT-
3’; Simon et al. 1994) and UEA10 (5’-TCCAATGCACTA-
ATCTGCCATATTA-3; Lunt et al. 1996). Polymerase chain
reaction (PCR) was performed in a total volume of 50 uL
containing 1x reaction buffer, 2.0 mm MgCl,, 0.2 mm of
each dNTP, 0.4 um of each primer, 2 units of Tag DNA
polymerase (Promega) and 2 uL. of DNA sample (diluted
1:20 to 1:40 in ddH,O). The temperature profile was as
follows: 94 °C for 5 min, followed by 36 cycles of 95 °C for

Table 1 Details of the sampling locations of the 16 populations of Simulium tani

Population Code Region Latitude/longitude Altitude (m) Date

1. Morkfah WEF, Chiangmai province M1 North 19°06'N, 98°46'E 545 07.06.03
2. Ban Huai Mo, Chiangmai province CM2 North 19°02'N, 99°20'E 850 03.06.03
3. Ban NaNgew, Maehongson province MS1 North 18°49’N, 98°02'E 814 05.06.03
4. Ban PangPeak, Maehongson province MS2 North 19°26'N, 98°21'E 840 06.06.03
5. MaeKerngLuang WF, Phrea province PR North 17°58'N, 98°35’E 300 04.12.03
6. Lansang WF, Tak province TK North 16°46'N, 99°01'E 250 29.06.03
7. PhuSoiDao WF, Uttaradit province UT North 17°42’N, 100°57’E 650 18.10.03
8. TadMork WF, Petchabun province PB North 16°21°N, 101°21'E 468 25.10.03
9. KhaoSoiDao WEF, Chanthaburi province CB1 East 13°06'N, 102°11'E 320 20.06.03
10. ClongNaRai WF, Chanthaburi province CB2 East 12°34'N, 102°10’E 70 19.06.03
11. KhaoChaMao WF, Rayong province CB3 East 12°54’N, 101°43’E 65 19.06.03
12. TamTanLod WF, Kanchanaburi province KB Central 14°39°N, 99°18'E 282 12.08.03
13. ToTip WF, Phetchaburi province PE Central 12°50'N, 99°19’E 400 16.08.03
14. Bokkrai WF, Ranong province RN1 South 10°22'N, 98°51'E 65 15.07.03
15. Huai Rung, Ranong province RN2 South 10°02'N, 98°39'E 80 14.07.03
16. MeaungTuat WF, Surat thani province SR South 08°45'N, 99°26’'E 120 29.07.00

Note: WF, waterfall.
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40s, 45 °C for 50 s and 72 °C for 60 s, and final extension
at 72 °C for 5 min. PCR products were checked on a 1%
agarose gel containing 0.5 ug/mL of ethidium bromide
and purified using the GENECLEAN Kit (BIO101). Both
directions of PCR products were sequenced using the PCR
primers and the sequences were assembled and edited
using the sEQED software (ABI 1992). Sequencing reactions
were performed on ABI 3100 automated sequencer (Applied
Biosystem).

Data analysis

Mitochondrial DNA sequences were aligned using CLUSTAL_x
(Thompson et al. 1997). The program MODELTEST 3.06
(Posada & Crandall 1998) was used to determine the
best fitting model of DNA substitution using the hierar-
chical likelihood-ratio test. The Hasegawa-Kishino—Yano
(HKY) (Hasegawa et al. 1985) with gamma distribution rate
heterogeneity and a significant proportion of invariable
sites (HKY + G +I) is the best fit model of nucleotide
substitution selected by mMODELTEST. The proportion of
invariable sites (I) was estimated to be 0.6360 with a gamma
distribution shape parameter of 0.6365. The transitions/
transversion (ti/tv) ratio is 12.0953. Base frequencies were
estimated as: A =0.319,C=0.174, G=0.160 and T = 0.347.

Haplotype network

The genealogical relationships of the haplotypes were esti-
mated using the median-joining algorithm (Bandelt ef al.
1999) in the software package NETWORK 3.x (Www.fluxus-
engineering.com). All variable sites were weighted equally.
Nested clade analysis (NCA) (Templeton 1998) can be use-
ful to extract phylogeographic information from the
genealogical relationships of the haplotypes. However,
there is concern that the lack of statistical support to dis-
tinguish among alternative phylogeographic scenarios may
lead to erroneous interpretation of the data (Knowles &
Madison 2003). The statistical parsimony network of our
data constructed using Tcs 1.13 (Clement et al. 2000) has
many ambiguous closed loops (data not shown). Since this
prevents reliable construction of the nested design and
subsequent analysis we consider NCA to be inappropriate
for our data set.

Genetic diversity and population genetic structure

Haplotype diversity, nucleotide diversity, the population
parameter, 6, = 2N u and pairwise Fg; were calculated
using ARLEQUIN 2.000 (Schneider et al. 2000). Because the
HKY model is not available in ARLEQUIN we used the
Tamura & Nei (1993) model with the gamma distribution
shape parameter of 0.6365 (from MODELTEST) to calculate
the genetic diversity indices and Fgy. The significance of test

statistics was obtained by 1000 permutations of the data.
The program samova 1.0 (Dupanloup ef al. 2002) was used
to define groups of populations using genetic (rather than
geographical) criteria. Given an a priori number of groups
(k), samova uses a simulated annealing procedure to define
the group composition in which populations within a group
are as genetically homogeneous as possible (Fg~ minimized)
and groups are maximally differentiated from each other
(For maximized). saMova was run using 100 simulated
annealing processes for k = 2 to 10. The highest F~ value
achieved from these runs was retained as the best popu-
lation grouping scheme. A Mantel test (1967) was used to
determine the relationship between genetic distance (Fg; from
ARLEQUIN) and geographical distance to test an isolation-
by-distance model. The Mantel test was implemented in
1BD 1.52 (Bohonak 2002) using 1000 randomizations.

Demographic history

To infer the demographic history of the species we used
two different approaches. First we used the frequency
distribution of the number of pairwise differences among
all sequences (i.e. the mismatch distribution). The mismatch
distributions were calculated using ARLEQUIN. Because
mismatch distributions can be affected by population
subdivision (Marjoram & Donnelly 1994) we estimated
them separately for each population group defined by
saMOVA. The bootstrap approach (1000 replications) was
used to test the observed data with the simulated data
under the model of sudden expansion by comparing the
sum of squared deviations (SSD) between the observed
(8SD.;,) and simulated (SSDg;,) data. The following
parameters were also estimated using ARLEQUIN: (i) the
expansion time, T = 2ut (Note that u = mu where m is the
number of nucleotides of the sequences under study and u
is the mutation rate per nucleotide (Roger & Harpending
1992); (ii) the theta parameter before expansion, 6, = 2 uN;
and (iii) the theta parameter after expansion, 6; = 2 uN;.
The second method of demographic history inference
we used was the program LaMARc 1.2.2 (Kuhner et al. 2004)
which is based on coalescent theory using a maximum-
likelihood framework. LAMARC uses the Metropolis—Hastings
Markov chain Monte Carlo sampling algorithm to simultane-
ously estimate effective population size (from 6 = 2uN;
where 1 is mutation rate per site and N; is the female effec-
tive population size), growth rate (¢) under the exponential
growth model, and migration rate (M =m/u, where m is
the per generation migration rate and p is the mutation rate
per site). LAMARC was run with 10 initial chains with 10 000
sampled genealogies each and two final chains with 200 000
sampled genealogies each. Both initial and final chains used
sampling increments of 20. An additional run was used to
check the consistency of the results. LAMARC was imple-
mented on the three population groups defined by saAmovA.
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The Fj statistic (Fu 1997) and Tajima’s D statistic (Tajima
1989) were used to test the equilibrium of the populations. The
Fgstatisticand Tajima’s D are expected to have large negative
values for demographic expansion (and also background
selection and hitch-hiking associated with a selective sweep).
These statistics were estimated and tested for significance
by random permutation using 1000 replicates in ARLEQUIN.

Ecogeographical conditions of the sampling sites

The following ecogeographical information of the sampling
sites was used for principal components analysis (PCA):
latitude, longitude, altitude, stream width, depth, velocity,
pH, dissolved oxygen (DO), temperature, annual rainfall
and relative humidity. Environmental conditions were
measured when the sampling was conducted with the
exceptions of annual rainfall rate and relative humidity
where the information was obtained from the Meteorological
Department of Thailand for the province in which the
black fly specimens were collected. PCA was implemented
in the spss statistical package (SPSS Inc.).

Results

A total of 217 individuals were examined for their polyetene
chromosomes. The chromosomal banding patterns of the
polytene chromosomes of Simulium tani revealed two
different cytoforms which differed from each other by two
overlapping fixed inversions on the long arm of chromosome
III (IIIL). Hereafter these are called S. tani form A and form

Table 2 Nucleotide diversity (r,), haplotype diversity (m,), 6

s/

B. Simulium tani form A (n =130) is found in northern
populations (CM1, CM2, MS1, MS2, TK, PR, UT and PB)
whereas form B (n = 87) is found in the east (CB1, CB2 and
CB3) and south (RN1, RN2 and SR). In the central region
(KB and PE) almost all of the larvae are form A, with only
one exception with one individual from PE that is form B.
Further chromosomal study of five populations (CM1,
CB1, CB2, CB3 and SR) supports our result (Tangkawanit
et al., unpublished). They found that all individuals from
the CM1 population (1 = 51) were S. tani form A whereas
all samples from CB1, CB2, CB3 and SR (n = 245) were
S. tani form B.

Mitochondrial DNA sequence variation

A total of 720 base pairs from 147 individuals of S. tani from
16 populations were sequenced. Representative sequences
were deposited in GenBank under Accession nos AY855922—
AY856042. Nucleotide substitutions were detected in
127 positions, of these, 110 were transitions and 17 were
transversions. No deletions or insertions were found. A
total of 121 unique haplotypes were identified. The most
geographically widespread haplotype is shared by four
populations in the north (TK), central (PE) and south (RN1
and RN2) regions. Haplotype diversities ranges from 0.857
to 1.000 with most (9 of 16) populations having a haplotype
diversity of 1.000 (i.e. all the sequences in the population
are unique). Nucleotide diversities ranges from 0.0030
to 0.0155 (Table 2) and there is a significant positive
relationship with latitude (R2 = 0.3501 P = 0.016, Fig. 2).

Tajima’s D and Fg of 16 populations and three population groups of Simulium tani

Population n n, (SD) 6, (SD) m, (SD) Tajima’s D Fg

CM1 11 0.010 (0.006) 0.010 (0.005) 1.000 (0.039) -0.277 —5.485*
CM2 9 0.016 (0.009) 0.020 (0.009) 1.000 (0.052) -1.189 —2.648*
MS1 6 0.008 (0.005) 0.009 (0.004) 0.933 (0.122) -0.198 -0.055
MS2 7 0.009 (0.006) 0.010 (0.005) 0.905 (0.103) -0.662 0.797
PR 9 0.014 (0.008) 0.017 (0.008) 1.000 (0.052) -1.168 -2.911*
TK 10 0.012 (0.007) 0.015 (0.007) 1.000 (0.045) -1.240 -4.116*
uT 10 0.011 (0.006) 0.015 (0.007) 1.000 (0.045) -1.435 —-4.302*
PB 11 0.012 (0.007) 0.013 (0.005) 1.000 (0.039) -0.609 —-4.990*
KB 10 0.010 (0.006) 0.011 (0.005) 1.000 (0.045) -0.553 —4.692*
PE 8 0.009 (0.005) 0.007 (0.004) 0.964 (0.077) 0.499 -1.520
CB1 10 0.010 (0.006) 0.013 (0.006) 1.000 (0.045) -1.252 —-4.738*
CB2 10 0.012 (0.007) 0.013 (0.006) 0.978 (0.054) -0.606 -2.181
CB3 10 0.010 (0.006) 0.010 (0.005) 0.933 (0.077) -0.368 -1.181
RN1 9 0.006 (0.004) 0.008 (0.004) 0.972 (0.064) -1.085 -3.176*
RN2 7 0.003 (0.002) 0.003 (0.002) 0.857 (0.137) -0.734 -1.447
SR 10 0.009 (0.005) 0.012 (0.005) 1.000 (0.045) -1.266 -5.051*
North 73 0.012 (0.006) 0.029 (0.008) 0.995 (0.004) -2.050* —24.793**
East 30 0.011 (0.006) 0.015 (0.005) 0.986 (0.013) -1.105 —14.517**
Central + South 44 0.008 (0.004) 0.014 (0.004) 0.981 (0.011) -1.612* —25.432**

Note: *P < 0.05, **P < 0.001.
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Fig. 2 Scatter plot showing the relationship between latitude and
nucleotide diversity of 16 populations of Simulium tani.

Mitochondrial DNA genealogy

The genealogy of 147 sequences of S. tani (Fig. 3) revealed
no major phylogeographic breaks but there was some
geographical clustering of the haplotypes. Haplotypes from
the east are clustered together and have relatively long
branch lengths. Haplotypes from the south cluster largely
with haplotypes from the central region and with some
haplotypes from the north. Overall, the network has a

® o)
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@ = Central ® C
® — Sputh ¢

starlike shape, characteristic of population expansion
(Slatkin & Hudson 1991). The haplotypes from the north
fall into three divergent lineages (A, B and C, Fig. 3). The
largest lineage is A which forms the core of the network
comprised of a larger number of dispersed haplotypes. A
subset of the A lineage gives rise to the eastern haplotypes
and a different subset gives rise to the central/southern
haplotypes.

Population genetic structure

SAMOVA revealed very similar F; values for different
numbers of groups (k) (Fig. 4). However, when k > 4 the
grouping structure started to disappear, that is, one of the
groups was composed of only one population. Thus we
used k = 3 as the best grouping scheme. These three groups
correspond well to the geographical position of the popu-
lations (Fig. 1). The first group is composed of populations
from the north (CM1, CM2, MS1, MS2, TK, PR, UT and PB),
the second group of populations from the east (CB1, CB2
and CB3), and the third group of populations from central
and south (KB, PE, RN1, RN2 and SR). Hereafter the central
and south group is referred to as the CS group. Pairwise
Fgp values between these three population groups (Table 3)
are highly significant. The east and CS groups are similarly
divergent from the north group (Fg; = 0.2) but they are

Fig. 3 Median-joining network computed by
NETWORK (all sites are weighted equally) for
147 sequences of Simulium tani. Each haplotype
is represented by a circle. The sizes of the
circles are proportional to the frequency of
the haplotype. Circles of the same colour
represent haplotypes from the same geo-
graphical region (yellow, north; pink, east;
green, central; and blue, south).
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Fig.5 Scatter plot showing the relationship between genetic
distances (Fgp) and geographical distances (km) of 16 populations
of Simulium tani.

Table 3 Fg between three population groups defined by samova

North East CS
North —
East 0.240* —
CSs 0.192* 0.449* —

Note: *P < 0.001; CS, central and south.

highly divergent from each other (Fg; = 0.449, P < 0.001).
The Mantel test revealed a significant positive relationship
between genetic and geographical distances (r=0.5146
P <0.001, Fig. 5).

Demographic history

The Fq and Tajima’s D-test statistics are significantly
negative in all three population groups (with the exception
of Tajima’s D in the east, Table 2). The mismatch distri-
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Fig. 6 Mismatch distributions of the (a) north (b) east and (c) CS
population groups. The distributions fit the model of the sudden
population expansion as none of the SSD values are significantly
different from the distributions of the simulated data under the
sudden population expansion model (see Materials and methods).

butions of all three population groups are fitted to simulated
data under the model of sudden population expansion
(Fig. 6). A large difference between 6,and 6, in all population
groups indicates a rapid increase in the population size
(Table 4). The maximum-likelihood estimates of exponential
growth rates from LAMARC are also high in all three groups
(Table 5). Thus, these results indicate that there has been
population expansion in all three population groups.

The population demographic parameters estimated
by the stepwise expansion model (Table 4) indicate that
expansion times of haplotypes from the northern and



3996 P. PRAMUAL ET AL.

Table 4 Estimated parameters of the population expansion of Simulium tani from the stepwise expansion model

Region N T =2ut (95% interval) 6, =2 uN, (95% interval) 6, =2 uN, (95% interval)

North 73 8.884 (6.189-10.739) 0.006 (0.000-2.821) 88.242 (45.849-6619.492)
East 30 8.221 (4.912-10.366) 0.000 (0.000-2.762) 75.469 (34.044—-6795.469)
Central + South 44 1.774 (0.409-6.337) 4.225 (0.000-12.032) 6657.500 (32.266-7542.500)

Table 5 Maximum-likelihood estimates

M of the population sizes (8 = 2Nu), exponen-
) ) ] ] ] tial growth rates (g) and migration rates
Population group (i) 6=2Nu g N-—i E—i CS—i (M = m/y) for three population groups of
Simulium tani
North (N) 3.740 1929.776 — 11.08 55.63
East (E) 0.189 1081.865 45.66 — 5.78 x 10-5

Central + south (CS) 0.240 1435.017 164.36

2.7 x 104 —

eastern regions are very similar (t = 8.884 and 8.221, re-
spectively). The mismatch distribution of the CS group is
bimodal (Fig. 6¢) suggesting that the mtDNA haplotypes
from these regions have experienced two expansions at
differing times. The dominant peak on the left-hand side
indicates a recent expansion (t = 1.774). The smaller right-
hand peak is comparable in position to that of the north and
east. The population sizes (6) estimated from the exponential
growth model from LaAMARcC (Table 5) indicated a much
larger population size in the northern population group
(6 = 3.740) compared to the eastern (6 =0.189) and CS
population groups (8 = 0.240).

Historical migration patterns

Maximum-likelihood estimates of the migration rates
between the three population groups (Table 5) revealed
asymmetric migration rates. The migration rate from north
to east is approximately four times higher than in the
opposite direction. Similarly the migration rate from north
to south is approximately three times higher than in the
opposite direction. Migration between the east and CS is
negligible (2.7 x 10-4 and 5.78 x 10-5 migrants).

Ecological differentiation of the sampling sites

PCA results revealed that the primary factor (PCI, 38.15%)
of ecological variation in the sampling sites is climatic
condition (i.e. annual rainfall, relative humidity and stream
temperature). The second most important factor (PCII,
17.81%) is determined mainly by the physical and chemical
conditions (i.e. DO, stream depth and velocity). The third
axis (PCIII, 13.56%) is determined mainly by physical
conditions (i.e. stream width and altitude) of the sampling
sites. Together the plot (Fig. 7) of these three axes revealed
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Fig. 7 Plot of the first three principal components scores (PCIL, II
and III) derived from PCA of the 11 environmental conditions of
16 sampling sites.

that the sampling sites from the northern and central
regions are distinct from those of the east and south.

Discussion

Mitochondrial DNA sequence diversity, population size
and oviposition behaviour

Maximum-likelihood estimates of 6 (Table5) indicate
effective population sizes of = 3 000 000, = 160 000 and
=200 000 flies in the north, east and CS population groups,
respectively. Although the estimates are much greater

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3989-4001
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for the northern than the east or CS groups, the effective
population sizes are nonetheless considerable for all popu-
lation groups. However, ecological observations reveal
that there must be large seasonal fluctuations in the actual
population sizes due to reduced numbers of larval breeding
sizes during the dry season. For example, in the northern
region, S. tani can only be collected at six sampling sites in
the dry season compared to 25 sites in the cool season (the
cool season follows the rainy season so a large amount of
running water is still available) (Jitklang et al., unpublished).
Most of these populations are likely to undergo local
extinction and recolonization. Aestivation of the eggs as a
mechanism for drought survival cannot be ruled out but
is less likely since most black fly eggs cannot tolerate
desiccation (Zhu et al. 1998). A behavioural study of
the Simulium venustumfverecundum complex found that
oviposition was related neither to larval nor to adult site
fidelity (Hunter & Jain 2000). Instead they tend to oviposit
randomly in ‘apparently suitable” habitat. Larval or adult
site fidelity is expected to be associated with low genetic
diversity particularly the number of haplotypes in the
population (Wishart & Hughes 2001, 2003). However, high
levels of genetic diversity were detected in populations of
S. tani, particularly haplotype diversity, with more than
half (9 of 16) of the populations having a haplotype
diversity of 1. This suggests that the process of local
recolonization is accomplished by many, unrelated females.
The source of these females is presumably from the
relatively small numbers of breeding sites that do not
dry up during the dry season (e.g. MS2, CM1). A greater
availability of such dry season breeding sites in the north
where there is often year-round running water may, in
part, explain the larger effective population size in the
north. However, this is also largely due to demographic
history (see next section).

Population history

Evidence from the mismatch distributions and LAMARC
analysis indicates that there have been population expan-
sions in all three regions (north, east and CS). Using © = 2ut
and assuming 12 generations a year for S. tani (P. Adler,
personal communication) and a divergence rate of 2.3%
per million years (Myr) for insect mtDNA (Brower 1994),
the expansion times are estimated to be 540 000 and
500 000 years ago in the north and the east, respectively.
The bimodal peaks of the CS mismatch distribution have
a dominant left-hand peak that indicates a very recent
expansion (c. 100 000 years ago) occurring only in the CS
region. The smaller right-hand peak is comparable in mean
number of pairwise differences to those of the north and
east. This might suggest that populations in the CS region
have also undergone expansion during the mid-Pleistocene
along with the northern and eastern regions. However,

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3989-4001

although such an expansion may well have occurred, the
signal would probably be largely or wholly obscured by
that of the more recent expansion. It is therefore most likely
that the older peak in the CS mismatch distribution (which
presumably corresponds to pairwise comparisons made
with and among the small number of highly divergent
CS haplotypes) is the result of more recent gene flow from
the north.

One possible explanation for the older, mid-Pleistocene
expansion is that populations in the different regions
expanded independently in response to the same factor(s),
perhaps the change in climatic (and consequently environ-
mental) conditions during the mid-Pleistocene. However,
the evidence supports an alternative explanation that the
regional populations have resulted from the same wave of
demographic expansion as in a combined analysis (data
not shown) there is a single peak in the mismatch distribu-
tion (Excoffier 2004). The interior position of the northern
haplotypes (Fig. 3) and their higher level of genetic diver-
sity (Table 2) suggest that haplotypes from this region are
ancestral (Crandall et al. 1993). The decreasing level of
genetic diversity moving southwards (Fig. 2) coupled with
the evidence of unidirectional migration from the north to
CS and the east (Table 5) further suggests that black fly
populations in CS and the east originated entirely from
range expansions from the north (Hale & Singh 1987;
Caracristi & Schlotterer 2003). In addition three divergent
lineages have been detected in the north (A, Band C, Fig. 3)
but not in other regions. Instead haplotypes in the east and
CS regions are derived from one of the northern lineages
(lineage A, see below) suggesting that the north has a
longer history. The three divergent lineages in the north may
have resulted from Pleistocene climatic fluctuation which
enabled lineages to differentiate in different Pleistocene
refugia. During glacial periods the climatic conditions are
not only colder but also drier in the tropics (Voris 2000 and
references therein; Penny 2001) with a lower precipitation
rate than at the present time (Woodruff 2003 and references
therein). Thus many of the streams, the larval habitats of
S. tani, are likely to dry up during such periods. However,
some of the streams in high-altitude areas (e.g. mountain
tops) may still have been present as they can receive
enough moisture by intercepting the weak monsoon and
fog (Gathorne-Hardy et al. 2002). As the northern region is
composed of several mountain ranges with high altitude,
this area is likely to contain the refugium sites of S. tani dur-
ing the dry periods of the Pleistocene glaciations.

The relatively long branch lengths of the eastern haplo-
types indicate that they have maintained a large and
relatively stable population size after the colonization. As
the eastern region is in proximity to the sea, it probably
receives enough moisture from the sea to allow running
water to be retained in this region during the dry period of
the glaciations (Gathorne-Hardy et al. 2002). In contrast to
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the east, the CS haplotypes have shorter branch lengths
and a more starlike shape suggestive of a more recent
expansion that is also reflected by the lower mean number
of pairwise differences in the dominant peak of the mis-
match distribution. The lack of genetic differentiation
between the central and southern mtDNA haplotypes sug-
gests that the recent expansion was from a single source.
The reduction in diversity from north to south suggests
this source was either from a residual population that sur-
vived in the central region or from a small subset of haplo-
types from further north that colonized southwards when
environmental conditions improved after a period of gla-
ciation. Interestingly, recent southern population expan-
sion is also detected in other black flies (Pramual et al. in
prep.) and Anopheles dirus mosquitoes (O’Loughlin ef al.
submitted). This general pattern perhaps indicates a response
to the same environmental/geographical factor(s).

Population genetic structure: geographical and ecological
barriers to gene flow

The genetic structure of a population can result from
both ongoing (e.g. gene flow) and historical events (e.g.
population expansion, fragmentation). Information in the
genealogy of the haplotypes can be used to separate the
effects of these events (Templeton 1998). The mtDNA
genealogy of S. tani revealed no major genetic breaks but
there was some localized clustering of haplotypes. This is
characteristic of a species that has not experienced long-
term zoogeographical barriers to dispersal but where the
level of gene flow is limited (Avise et al. 1987). The results
from samova and Fg; further support the limitation of gene
flow between geographical regions (i.e. North, East and
CS) as populations from each geographical region group
together based on genetic criteria with high levels of
genetic differentiation between the groups (Fig.1 and
Table 3).

Mountain ranges are unlikely to be a physical barrier
to dispersal between north and east, and north and south,
in S. tani as the species can be found breeding even in
high-altitude areas (more than 1000 m above sea level;
Kuvangkadilok et al. 1999). It is possible that extensive areas
of lowland may provide a barrier to gene flow if there is
insufficient fast running water. This may be the case in the
area intervening the north and east regions where we did
not find S. tani despite sampling at several sites. A greater
sampling effort needs to be made in this area before we can
infer that S. tani is likely to be absent there. The correlation
between genetic and geographical distance suggests isolation
by distance. However in a situation where environmental
conditions vary with geographical distance, the interpreta-
tion of limited gene flow as a function of geographical
distance may be misleading (Geffen et al. 2004). Recent
studies indicate that ecological differentiation between

populations can play an important role as a barrier to
gene flow potentially leading to speciation (reviewed in
Schluter 2001; Pfenninger et al. 2003). The differentiation
in environmental conditions between north and east, and
north and south, is likely to be a major factor limiting gene
flow between these populations with different selection
regimes operating in different regions (see below).

The high level of genetic differentiation, negligible
migration rates, and no common haplotype sharing
between the east and CS regions suggested that gene flow
between these regions is absent. The sea (Gulf of Thailand,
Fig. 1) separating the east and CS is likely to be an effec-
tive barrier to gene flow. Although wind-assisted long-
distance migration across the sea is possible for black flies
(Crosskey 1990), it seems unlikely for S. tani because even
the shortest distance between two populations separated
in part by the sea (PE from CS and CB3 from the east) is
very far at 260 km. The lack of genetic differentiation of
mtDNA between the central and southern regions could be
due to ongoing gene flow or the sharing of a recent com-
mon history (Templeton 1998). Given the recent popula-
tion expansion the latter is likely to be the main reason but
ongoing gene flow cannot be ruled out. Indeed, given the
lack of obvious physical barriers between the central and
southern regions ongoing gene flow from the south to the
central region seems the most likely explanation for the
occurrence of the S. tani form B (in a homozygous state) in
the central region given that all other cytotyped individuals
are S. tani form A. The alternative explanation, that repro-
ductive barriers have formed between the cytoforms, seems
less likely given their recent shared history.

The inference of historical migration associated with
population expansion suggested that populations in the
east and CS are derived from the north during the mid-
Pleistocene (see above). No more recent connection
between the east and CS has been detected. However, cyto-
logical investigations found that populations in the east
and south are both of the same cytological form (S. tani
form B). Thus S. tani form B in the east and south is most
likely to have been derived from a common ancestor in the
north. We cannot rule out the possibility of independent
origins for the same chromosomal inversion but this is
uncommon (Caccone et al. 1998). Since the PCA indicates
that ecological conditions in the east and south are similar
to each other but different from the north, it seems likely
that fixation of the chromosomal inversions of S. tani form
B in these regions is due to adaptation to the ecological con-
ditions in the east and south (most probably the high rela-
tive humidity and precipitation rate of tropical rainforest).
Conversely, in the northern and central regions (that
are drier and have a low precipitation rate, i.e. mixed
deciduous forest) S. tani form A appears to be favoured.
Although ecological adaptation seems the most likely
explanation of the fixed chromosomal differences it is
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possible that there are alternative causes such as
behavioural difference.

The differentiation in chromosomal arrangement cou-
pled with limitations to gene flow suggests that adaptation
to different ecological conditions is important in black fly
evolution. This result is consistent with a previous study
which indicated that adaptation to different ecological con-
ditions of larval habitats played an important role in pro-
moting speciation in black flies (Craig ef al. 2001; Joy &
Conn 2001) At present, we cannot infer if the cytoforms of
S. tani represent early stages in the speciation process or not.
However, it is interesting to note that the situation here,
particularly between the south and central regions, appears
somewhat analogous to the model of parapatric speciation
put forward by Navarro & Barton (2003) in which speciation
is driven by the differential adaptation of genes located
within inverted regions of the genome in the face of gene flow.

Conclusion

Our study is the first comprehensive phylogeographic
study of black flies. Integrating information from mtDNA
and chromosomal inversion polymorphism has enabled
us to postulate the origin of cytoforms and their role in
ecological adaptation that could ultimately lead to speciation.
Our results also indicated the important role of historical
events (e.g. Pleistocene climatic change) and contemporary
ecological conditions in conjunction with behaviour (oviposi-
tion and dispersal) in the generation and maintenance of
genetic diversity and the shaping of the genetic structure of
the species. If the phylogeographic results presented here
are found to be similar in other organisms, it may indicate
the need to consider the northern, southern and eastern
regions as different management units for conservation
purposes.
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