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Abstract

Project Code : RSA5680013

Project Title : Phylogenetic community structure of black flies (Diptera: Simuliidae) in
Thailand

Investigator : Associate Professor Pairot Pramual, Ph.D.

E-mail Address : pairot.p@msu.ac.th

Project Period : 3 years (17 June 2014 — 16 June 2016)

The objectives of this study are to examine relationship between morphological
characteristics of black flies and ecological conditions of the habitat and to determine
phylogenetic community structure of black flies in Thailand. Specimens were collected from 171
sites throughout the country. Species were identified using morphology, cytology and DNA
barcode. A total of 44 species were collected in this study. These species were assigned into
five subgenera of the genus Simulium including Asiosimulium (1 species), Daviesellum (1
species), Montisimulium (1 species), Gomphostilbia (13 species), Nevermannia (5 species) and
Simulium (23 species). DNA barcode was successfully associate larva to pupa or adult of S.
bullatum and S. chaliowae leading to morphological descriptions of mature larvae of these
species. Morphological characteristics of the larval labral fan were used for community structure
analyses. These characters were selected because they were strongly related to the habitat
exploitation. Phylogenetic relationship was inferred from sequences of cytochrome ¢ oxidase |,
Il and 18S/ITS1 genes. Phylogenetic community ecology analyses revealed that community
structure of black flies in Thailand is not significantly different from the null community. In
contrast, community structure based on labral fan morphology revealed that species in the
community are morphologically more similar than expected by chance. Because the
morphological characters were significantly related to the habitat exploitation thus, habitat
filtering is a primary factor underlying black fly community structure. Analysis of the relationship
between labral fan morphology and phylogenetic distance found no significant relationship
suggested that this character might have undergone convergent evolution. Therefore, closely
related species potentially used ecologically different habitats, which facilitating population
divergent and could leading to speciation. This finding is consistent with phylogenetic study of
the black flies of the S. tuberosum species group that found that closely related species are
ecologically divergent. Therefore, adaptation to different ecologies could be the factor promoting
speciation. The results also supported by population genetic study of S. aureohirtum that found

that ecological differentiation between populations is a factor responsible for genetic



differentiation. The results of this study indicated that ecological conditions of the habitat are
important factor that could facilitate genetic differentiation at population and species levels. In
addition, ecological conditions are also a primary factor underlying community structure of the
black fly. Therefore, the results strongly suggested that ecological conditions of the habitat play

important role in black fly evolution.

Keywords: community structure, Diptera, ecology, Simuliidae, Simulium
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1. UNU"

FiauvesddiTindunitefiddyvessruuinaiidenlosseninansiTauinisveusas
aUTdrunthideszuuluszuuiing (Cavender-Bares et al. 2004) FpuvasdsiTinduasniudon
SEMINAILNAINVANENINTINNTIANTE AU Ae AMUVAIMNTAIENNIUFNTTY APUNAINTATY
v09aUTd wazAuaINaI8eIsT Uil m’mimmL%ﬂﬁ]@i@ﬂﬁiﬂﬁﬁmasia‘[maa%’wé’mmm
dadfiTindadudhmnendnusznsniawesnisdnednaine) fnsavewunninalniiduledei
fnunlasiadadinuveddidin 3 naln laun n13fnnsesvesunatende (habitat fittering) N1
wAsLgawdstunaziueen (competitive exclusion) wag nsyuun1siiunans (neutral process)
(Ricklefs 1987; Ricklefs and Schluter 1993; Weiher and Keddy 1995; Hubbell 2001) Wy
dAeyveIn1sAnwIlATIEIAL (community ecology) A® ﬂ’lﬁ‘UizLﬁﬂLﬁ@LU%SULﬁSUﬂ’JWﬁWﬁQJ
yasnalnmaniinelasiadnedinnvesddiiin

NsANYIlATIAS19FeANTIITRININTT (phylogenetic  community ecology)  10un1s
ysanmsteyanmsanwateduiusmaiiamins dnainer fugiuine) wasdnuvesdedidin
(Webb et al. 2002; Cavender Bares et al. 2009; Vamosi et al. 2009) N15ANEILATIFS19HIAULT
Faunsaansaldlunsidisudiouanuddyvesnalnfifvunlassadederunedediiin e
nsanwlassEddiruB R Taunsvesadidin shunenalniinivuslaseadiederueededidin fdl
(1) eFdTegludsruiiniuilnddemeanesiimunnisunnnidendildannsasamnnisaiiiingn
MsTINfYRsdIANLUTEY uanain Msdnnsesvesuvasedidunalniidmunlassaiiedsnnves

a

a9did3n (2) al¥anegludianfeiu AANULANA1INI9E1eTTNLINIG WNNINFRUNRAAINNTT

180 UMANITAILUUEN Wana31 Nswisugtstunaziusen Wunalniidinualassadiedenuves

'
a

aaltinluguu uay (3) al¥dnegludnuiianudmusnisagifauimsliunndandmuilaain
N13318011AN18IMLANINNITTINAIVBIFIANLUVEN wana31 nszurunisilunaradunalnd
Mrualassaiadinuvesdalidinlugusu (Vamosi et al. 2009)n1sAnwnluvangiunlunguFslaing
nanvany wansliiiunsAnwlaseassdeniiBelTauinis anansaldiiieussifiunnudrfyue
nalnene Anmualassadrsdennvesd@iliiinlaegrefiusy@nsain (Willis et al. 2010; Kosak et al.
2005; Vamosi and Vamosi 2007)

wuassuandunuasvualanlududu Diptera 19 Simulidae alandisnesunisnu 2,177
aU%d (Adler and Crosskey 2015) wuassumidunuasnnzAfianuddey laeuinnan 2,000 ad3d

4 o ¢ & v o el = ¢ ° P 2 o aAa

AnienndndifesgnaigulkardniUn siudanywd AnTuINalTdvesiuasTuANiseUNIg
wulan Ussunadesas 1.5 Wunimeveslsalunyed (Adler et al. 2010) lsadfiaauddguin
~ A =y o I = . . o~ . . s a -
ganiuuassuanlunive Ae 15A human onchocerciasis %38 river blindness F4AAINNET
Onchocerca volvulus Fsiunassuaueal@d@dunne Tnoaianisaiindauuszuia 40 aruau
a dgl a a 491 d! 1 1 1 2 a L4 o d’l dg
Anwenensyilad Fedhulvgjeglunening wazewisniled ludrwiuiuseuin 250,000 AN ATUBA B9
\Juensigunssiignainnisiisiiie Onchocerca volvulus (Adler et al. 2010) wenwiieainnisilu
Wvzvodlsalunywd N1sinvoIkuassuididinataudaladnd laan1sinvedutassud1vinti

a

nardnulluTIuLTIEnI NSy AUlnanal (Kettle 1990; Adler et al. 2004) LNAITUAIUN

= A

avTds ulummeaes abovirus lriAnlsaludnt (Kettle 1990; Mead et al. 1999) luuszinelng



filifienumaiilsaluuyudviednififuuadsusndunneg uitisieauniswunens Onchocera
sp.lunuassus 3 074 luiuiinandovessemealne Tdun Simulium  nodosum, S,
nigrogilvum Wag S. asakoae) (Takaoka et al. 2003; Fukuda et al. 2003)

woniloarnunuimvesnindunnsvedlsa wuassusdadunumddaluszuuiing
desnszerfseurettasuidondeluuvanilne fanudusuuannwasfussisenou
ndnvosdnflaifinszgniundsvunnlug] (macroinvertebrate) lussuuinauwasiilua (Cummnins
1987) ﬂ’liﬁﬂﬂ’]ﬁL’M’jVIEJ’l“Uax‘lLLiLIaﬂ%juﬁ’]LLﬁﬂxﬂﬁLﬁU’j’]ﬂﬁ]‘{f&W]’Nﬂ’lEJﬂ’WW“UéNLmﬁﬂa’]ﬁlﬂﬁUV}U’Wlﬁﬂﬁﬁy
sennsnszaenegiimansuazlassaiadeny dadeinuiianuddnyiian lHun vunvesdsns
LLazmngwaﬁﬂimLaﬁﬂ (Hamada and McCreadie 1999; Hamada et al. 2002; Scheder and
Waringer 2002; McCreadie et al. 2004; Illé3ova et al. 2008; Pramual and Kuvangkadilok 2009)
uananinsasuulasmesaninineiveivosunadsondonuggnia Ssdssansenuselaseadng
Finnvosuuasusguiy (Pramual and Wongpakam 2010) egslsfinu §aldin1sAnund
ysanmsteyameduiusmadaunnisiudeyainaine WewSsuiiteuanuddyeanalnuio
Hase Aiflansznuselasiasdenuveuuassush

Tutsswalyefseaunisnuuuassusi 92 aU34 (Adler and Crosskey 2015) Suunaglu
6 anaten vasana Simulium  unassumludsznalvednisAnuiludiudieg Iiud Suaingd
(Kuvangkadilok et al. 1999a; Pramual and Kuvangkadilok 2009; Pramual and Wongpakam
2010) Fanu9ind (Thanwisai et al. 2006; Phayuhasena et al. 2010; Pramual et al. 2011a,
2012; Pramual and Nanork 2012) L%aa‘ﬁuﬁqmam% (Kuvangkadilok et al. 1999b, c, 2008; Phasuk
et al. 2005; Tangkawanit et al. 2009; Jitklang et al. 2008; Pramual et al. 2008; Pramual and
Wongpakam 2011) LLasﬁ’uqmam‘L%wismm (Pramual et al. 2005, 2011b; Pramual and
Kuvangkadilok 2012) @feyaanmsfnwundrifuiugiuddgdmiunisineilasiaiiedsa
BeTannnmsvesassusilulsemelne

fnquszasdvasnisfinundl Ao ieAnwauduiussevinsdnuns fuguine1veuuag
Susudedomeiinmingvounaende war WefnwilasiadedinndedTmunsvesuuacsum
Tuuszinelng %@yjaﬁlﬁmﬂmiﬁﬂwm%’jﬁﬁm}aUa'ﬂLa‘%ummL%ﬂﬁ]ﬁmﬁmﬂ‘iwmL%ﬁi’mmmiﬁum
RS Faonatelunmamuuimeiiminzasilunisauauiamizveslse uonINiNaIN
nsanwiarsilidilaunumesuuasusilusyuuinauasilvauniy eeoneviiliamise
vugnadwsanuFduiusseninatad daliaudrdgyegisdedmiunisnauauuimsianis
ninensTinnlusuian



ad =
2. 15NN
2.1 MMSNUAIBEIAZTNITINUNVTALUAITUAN

Lﬁw'hashqLmaqéluﬁwmﬂLmdaﬁgﬁlwaﬁiimwaiu%’aui’mﬁiﬁqG] Yo9UTENANY FI1UIU 171 WA
(il 1) iusedeseulagldunAudnAussouiingaudouiu iewiagaegsauisisiay
Tulsiftaesluilua msdnwreuntimuitnisifusiedadeisnistagillddeadiludun
vosatBdnnuluumasendeléi (McCreadie and Colbo 1991; McCreadie et al. 2004) 21958 aulu
ufisesdhenszauiivgiieduniliuis aodlu Camoy’s fixative (3 @2u absolute ethanol: 1 du
glacial acetic acid) uaﬂmﬂﬁjﬁuﬁuﬁﬁmﬁﬁmwz‘uul‘uLLaxéﬂé’umaaﬁmﬁfﬁLLazmwi’a@G\'W‘] P8
dmsuiinusduaruenusazildlunaauiiidunasayfedasuilifuuasdaseilsaun
dielvsdnudiineanundudufiutedmiunsinuduguinedely Suunvdavesuuasiuilag
1sﬁgﬂﬁﬁwumaqLLuaﬁgueﬁ’ﬂuUistﬂlm imﬁqﬁwa%maé’ﬂwmmaaLmaéuﬁﬂuqﬁmmaL%EJ
(Takaoka and Suzuki 1984, Takaoka and Davies 1995; Takaoka and Choochote 2004) wagly
LUULNUNTSesivesuuudlnaiulasluloudnivadddnliamnsnduundednvugdnuguine,
(Phasuk et al. 2005; Jitklang et al. 2008; Tangkawanit et al. 2009a)

2.2 U228n19iiAINg1v9uiaI91@e

Anwrdadamsdnaingmeswnasondelagtadadeniednainefifseunsinwneu
wﬁﬁﬁwudﬂﬁmmﬁ’mﬁuéﬁumimzmamqqﬁmam%maaLLmaﬁuﬁw laun g InsERUmeLa
(altitude) MNuA31e AINEN Teduma ArLEvesnsruatn sasinisiua Arnisdalniivesii
(water conductivity) 53@17‘;145’16’13 (streambed particles) miﬂﬂﬂquﬁauaaﬂ (canopy cover) W@y
USLLANVBINYIUAIES (riparian vegetation) (McCreadie and Colbo 1991; McCreadie and Adler
1998; Hamada and McCreadie 1999; McCreadie et al. 2004; Pramual and Kuvangkadilok 2009)
ﬁssmwuaﬁa@ﬁué’wmsﬁwLLum“fJu 6 UTZLANAINIUINAINITN1TUDS McCreadie et al. (2006)
(397 2) UszinnvesitaFudisisduunidu 3 Uszina Toun Liflfiy (open) L (brush) waglsl
g (forest) naABn15989 McCreadie et al. (2006) (137971 3) MsUnAguUBaTouaALUALTY 3
sedtu e Taifin1sunaqu (open) UnAgaunsau (partial) wagUnmguiitsnan (complete) nuisnTs
984 McCreadie et al. (2006) (m15747 4)



m397 1 eaziBeavesaauiiiuiegweasuiludsumdle
aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
1 ﬁﬁmmmmu 2.,T89NANT 2.U1U 19° 17 37"N/99° 05" 42"E 304 S. sheilae, S. nakhonense, S. nodosum,
S. quinquestriatum, S. parahiyangum
2 YU a.Aaues 8.97 2.4 19° 10" 55”"N/100° 59" 07"E 382 S. quinquestriatum, S. nakhonense,
S. fenestratum
3 Tty (1) ».9A1 8.0A" 2.1 19° 10" 55”"N/100° 59' 07"E 1,142 S. fenestratum, S. chamlongi, S. fruticosum,
S. doipuiense, S. asakoae
4 i (1) M.0A1 8.0A1 V.41 19° 10" 55"N/100° 59 O7"E 1,142 S. fruticosum, S. inthanonense
T1U509WI $.25UAT 8.97 2.11u 19° 10" 31"N/100° 55" 49"E 283 S. nakhonense, S. nodosum
6 ﬁmﬁmﬁa Gl.‘ﬁ”lu‘ﬁ 2.01UMA 9.4 18° 54" 41"N/100° 27" 49"E 382 S. nahonense, S. siamense, S. parahiyangum,
S. decuplum
7 thentheduils o.Fewihu 2. neen 18° 55 10"N/100° 12 04°E 401 S. chaliowae, S. weji, S. fenestratum,
S. decuplum
9 5161?1%?%1%@\1 9.44099 2.WHLEN 19° 12" 35"N/99° 44" 03"k 404 S. fenestratum, S, phayaoense, S. pahagense
10 ‘mhaﬂﬁﬁamsﬁwmﬁuﬁmmqau A.LgeN  19° 50" 29"N/99° 04° 26"E 951 S. asakoae, S. fenestratum, S. doipuiense
9.6 2.1 7u9lum S. quinquestriatum, S. tani,
11 henudey 0.9euves 9.8edln 18° 26" 23"N/98° 35" 53"E 587 S. rudnicki, S. quinquestriatum, S. nakhonense
12 AuaiUnu NI AR EBUNUUN 18° 33 19"N/98° 28 56F 2,188 S. maeaiense, S. chomthongense, S. rufibasis
91369l
13 13’1(§1ﬂ?1%gﬁ 9.90U99 2.Teelnd 18° 32 47"N/98° 30" 56"E 1,332 S. doipuiense, S. fenestratum, S. asakoae
S. inthanonense, S. malayense
14 1ASINITNAADYDUNUUY 18° 32" 35"N/98° 31" 04"E 1,318 S. maeaiense, S. fruticosum, S. asakoae,

9.99UN99 ALTeIln

S. feuerborni




aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
15 mquﬂwmam%auLﬁﬁ]WizuNLﬁﬁ%ﬁé 18° 53 40"N/98° 51" 38"E 680 S. asakoae, S. yuphae
9.ud3u 2.1 Weslny
16 Trutauru o Udles o.nevazfin 19° 01" 06"N/99° 18 13"E 618 S. nigrogilvum, S. parahiyangum, S. siamense,
RGN S. tani, S. nakhonense, S. fenestratum,
S. quinquestriatum
17 euaawdle o038t a.deslnl 19° 05 10"N/99° 24' 33°E 826 S. tani, S. decuplum, S. fenestratum,
S. asakoae
18 awaaaﬂamugwm 2.A9%AN 16° 45 43"N/104° 07" 53"E 225 S. siamense, S. angulistylum, S. aureohirtum
UNAINT
19 UUEIUFITIA A.NNGN B.AINAI 16° 45" 33"N/104° 10° 50"E 269 S. siamense, S. aureohirtum
UNAINT
20 .newd B.NEwneal 9. NwAUS 16° 29" 58"N/104° 13" 34"E 235 S. oblongum
21 AHINA (1) 8.1UBIGY 2.3INAMIT 16° 27 38"N/104° 26" 26" 204 S. oblongum, S. trangense
22 AHINA (2) 8.1UDIG 2.3INAMIT 16° 27 49"N/104° 26" 07" 206 S. oblongum
23 mwﬁﬂﬁmﬂm@lmg 9.913U 16° 05 16"N/104° 56’ 52°E 144 S. nakhonense, S. siamense,
2.871U191350Y S. kuvangkadilokae
24 ﬁmnmmimg B.U1UUU 16° 04" 05"N/104° 57" 02"E 164 S. nakhonense, S. siamense,
2.871U191350Y S. kuvangkadilokae
25 UIMUNNIY ©.4UDIRY 2188 17° 02" 38"N/101° 45" 19" 676 S. aureohirtum
26 13’161?1%1%14' (1) 2.9umgy 14° 26" 38"N/104° 29 40"E 219 S. siamense, S. angulistylum
q.AFEZLNY
27 13’1@m’°5&1mj (2) p.yUMGY 2.ATETINY 14° 26" 38"N/104° 29 40°E 219 S. siamense, S. aureohirtum
28 13’1(§mmwa’m ﬁ].quaﬁ’ﬂiﬁﬂﬁ 14° 26" 38"N/104° 29" 40"E 166 S. siamense, S. angulistylum, S. chainarongi




aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny

29 madnhnnadesaissn 15° 22 19"N/105° 27 13"E 102 S. siamense, S. quinquestriatum
2.1v438u 2.9UaT1¥511

30 neend 2.luedu 3.9Uas1ueNl 15° 23 46"N/105° 27 26"E 89 S. siamense, S. quinquestriatum

31 heusdsied o.lvuley 2.9uasusil 15° 27° 58"N/105° 30" 28"E 139 S. angulistylum, S. nakhonense

32 ednsun 0.1valel 2.9Ua51951d 15° 28" 31"N/105° 32" 44"E 190 S. aureohirtum, S. siamense

33 aingli 0.lvadu 2.9Uas19eT1l 15° 24' 44"N/105° 28 59"E 160 S. chainarongi, S. angulistylum

34 Weduuen o lvade a.quaswmﬁ 15° 16" 30"N/105° 29" 44"E 140 S. nakhonense, S. quinquestriatum,

S. nakhonense

35 wedunilug o luune 9.83uss 14° 58 08"N/105° 29" 49°E 138 S. siamense
3.9UaT1951

36 5ﬁmﬂﬁ’38‘1/l'§181‘1/1qj 9.YaN3N 14° 55" 10"N/105° 30" 27"E 218 S. chainarongi, S. angulistylum
3.9Ua31%574

37 ‘1;;161ﬂﬁ’38‘1/imﬂ a.qm%% 14° 25" 38"N/105° 24" 25"E 240 S. chainarongi, S. siamense, S. parahiyangum,
3.9Ua31%4571 S. aneulistylum

38 dmnuAsdanu 9.1y 14° 26" 08"N/105° 06" 36"E 179 S. chainarongi, S. nakhonense, S. siamense
3.9Ua31%4571 S. aneulistylum,

39 Fnnbi anIER .88 S. asakoae

40 ﬁﬁﬁﬂi’dmw (1) Qﬂizaﬂ .188 16° 53" 29"N/101° 47 04"E 1,267 S. fenestratum, S. baimaii, S. sheilae

41 131@ﬂ5&ﬂ’;”1& (2) Qﬂizﬁa .LaY 16° 53" 29"N/101° 47 04"E 1,267 S. fenestratum

42 tens1saEnssd gnagie alae 16° 53 3¢"N/101° 46’ 51°E 1,200 S. baimaii

a3 dhendlug gnsed 2. 16° 52 54'N/101° 46’ 42'E 1,200 S. yuphae, S. baimaii

44 13’161?11,1/1’;1/13’18 8.ADUAT ﬁl.ﬁfilaﬂﬁ 16° 40" 40"N/101°42° 01"E 465 S. quinquestriatum

45 13f1mmuﬁau mhwg 9.7UDINU .1aY 17° 02" 49"N/101° 45" 42"E 579 S. weji, S. fenestratum, S. asakoae




aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny

a6 hanidissiu MUK 8. UBIY 2188 17° 03 58"'N/101° 44 53'E 627 S. weji, S. fenestratum

a7 YIUnNUN m.wuaﬁ% a.i’qazwa .188 17° 28 58"N/101° 34" 31"E 292 S. nakhonense, S. siamense, S. fenestratum
S. quinquestriatum, S. asakoae

48 Uwuhean 8.5 .4a8 17° 27 02'N/101° 25" 08'E 747 S. aureohirtum, S. asakoae

49 131mﬂﬂa’1°u"1 a.gﬁa 2188 17° 23 51"N/101° 22" 17°E 649 S. quinquestriatum, S. tani, S. asakoae,
S. fenestratum

50 13'n§maaaﬂau ».Uanun a.gﬁa .18 17° 21" 13"N/101° 24" 24"E 743 S. rudnicki, S. quinquestriatum, S.
fenestratum, S. tani, S. asakoae, S. decuplum

51 thenfiuawdu 0.030 1400 17° 29 59'N/101° 20 09°E 1,156 S. tani, S. fenestratum, S. dojpuiense,
S. asakoae, S. yuphae, S. feuerborni,
S. decuplum, S. bullatum

52 ﬁﬁmmaﬁwu a.qﬁa 2.488 17° 29 19"N/101° 20" 13" 1,152 S. bullatum, S. decuplum, S. tani, S. yuphae,
S. fenestratum, S. doipuiense

54 UUIIEAIA 7. UTUAIEAA 17° 13 44"N/101° 01" 34" 473 S. aureohirtum, S. asakoae, S. siamense

9.AUT8 9.188

55 PIYFADN B.ATUYY 9188 17° 17 40"N/101° 21" 24"E 458 S. aureohirtum, S. chiangmaiense,
S. fenestratum, S. quinquestriatum

56 LNSADIADU B.AUTIY 2.L1a8 17° 09 06"N/101° 50" 31"E 384 S. tani, S. quinquestriatum, S. decuplum

57 TIUUINIAT .U 2.4a8 17° 13" 44"N/101° 01" 34" 492 S. asakoae, S. trangense, S. nodosum, S.
siamense, S. quinquestriatum, S. aureohirtum

58 13’1@?16’133333?7 9.1 .18 17° 29 45"N/101° 03" 56"E 506 S. quinquestriatum, S. fenestratum,

S. siamense, S. nodosum




aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  @UTdnwuy
59 ij‘ﬁmﬂ'%yﬁ 9.4 2.1a8 17° 28 47"N/100° 58 55"E 643 S. rudnicki, S. quinquestriatum, S. tani,
S. fenestratum, S. asakoae, S. siamense
60 ﬁﬂﬁﬂ%ﬁﬂmﬂ .U 2.188 17° 28 57"N/100° 58 38"E 677 S. fenestratum, S. tani, S. quinquestriatum,
S. decuplum
61 Meviuaedaen (1) 9.U1LI 2.4a8 17°30" 09"N/100° 56" 35"E 928 S. fruticosum, S. decuplum, S. asakoae,
S. inthanonense, S. yuphae
62 PYNUADEDA (2) .U 2.48¢ 17° 30" 09"N/100° 56" 35"E 928 S. tani, S. fenestratum, S. asakoae,
S. dentistylum, S. decuplum, S. bullatum
63 11;qmﬂmm§aq 2.4 .48 17° 33" 28"N/100° 59" 53"E 560 S. fenestratum, S. quinquestriatum, S. tani,
S. siamense
64 101AD B.UAB LUNYTYIAL 16° 48" 36"N/100° 57" 56'E 668 S. asakoae, S. tani, S. siamense,
S. parahiyangum
65  1hangrauis s.unsing 3. fiyaylan 16° 53 13"N/100° 47 56"E 337 S. quinquestriatum, S. chiangmaiense,
S. fenestratum, S. parahiyangum, S. asakoae
66 ARDILN B.7IND4 ﬁl.ﬁwzlﬂaﬂ 16° 53" 07"N/100° 39" 55"E 170 S. sp. (A), S. siamense, S. quinquestriatum
67 UTUINETINN 0.14099 ﬁl.qmﬁmﬁ 17° 47 49"N/100° 06" 55"E 130 S. nakhonense, S. chiangmaiense
68 Uuwiuay (1) naudeu oidles a.uns 18° 08 01"N/100° 15" 33"E 236 S. burtoni, S. chiangmaiense, S. nodosum,
S. parahiyangum
69 TIULULAL (2) m.muﬁiau 2.414199 18° 08 01"N/100° 15" 33"E 236 S. chiangmaiense, S. nodosum,
UNS S. parahiyangum, S. fenestratum
70 13’1@?114’1@1/1’1 211099 2N 18° 07" 09"N/100° 17" 59"E 556 S. chaliowae, S. tani, S. fenestratum, S. weji
71 el 9. WY 8.5997979 2UNS 18° 22 58"N/100° 25 50°E 263 S. siamense, S. aureohirtum, S. asakoae,
S

. nakhonense




aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
12 ﬁlmﬂj’]gu f.9A" 9.U7 2.1 19° 11" 30"N/101° 04" 27" 1,125 S. curtatum, S. doipuiense, S. fenestratum,
S. decuplum, S. chamlongi
73 Masendunes n.nan 8.47 2.1 19° 12 43"N/101° 04° 10"E 1,090 S. fruticosum, S. aureohirtum
74 dhwndunes ngan o.ih 2.1 19° 12 39"N/101° 04' 04"E 1,027 S. triglobus, S. weji, S. chaliowae
75 P1uso9d 8.177 2.47u 19° 10" 30"N/100° 55" 49"E 257 S. nakhonense, S. quinquestriatum,
S. nodosum, S. asakoae
76 UTUAUWY ALNEIEAT B9.AT89Na1 2.1 19° 16" 55"N/100° 53’ 04"E 297 S. aureohirtum, S. siamense, S. asakoae
7 13’1@1?1131’38(57145& 2.8 2. NLLY 18° 55" 09"N/100° 12 03"E 361 S. chaliowae, S. lampangense, S. asakoae
S. fenestratum, S. weji, S. decuplum,
78 UMW ALUUDINEN D.ADNATLA 18° 56" 57"N/100° 04" 37"E 582 S. aureohirtum, S. asakoae, S. angulistylum
A.NLLYN
79 thansnsnes 8 Sumile 2.810 19° 04" 11"N/99° 43" 45"E 607 S. weji, S. fenestratum
80 Trutrauiy a. s 0 neazLin 19° 00" 59"N/99° 18" 11"E 615 S. quinquestriatum, S. nakhonense, S. tani,
ORGNAGEY S. chamlongi, S. fenestratum, S. burtoni,
S. asakoae, S. nodosum, S. nigrogilvum
81 unnd3ni 0.90umea 1.13edlml 18°32' 48'N/98° 30' 56°E 1,304 S. doipuiense, S. fenestratum, S. tani,
S. chamlongi, S. asakoae
82 1ATINTUAWIADYDUNUUN ©.99UNB 18° 32" 36"N/98° 31" 03"E 1,330 S. fruticosum, S. inthanonense
91369l
83 13’1(§1ﬂLLaJ'ﬂa’N 9.99u199 2ATeslny 18° 29" 56"N/98° 40" 13"E 259 S. quinquestriatum, S. nigrogilvum,
S. siipoomense, S. tani, S. asakoae
84 Meulua n.UsdNase 8.8099 LUNT 18° 00" 53"N/99° 42" 55"k 156 S. fenestratum, S. parahiyangum, S. siamense,

S. asakoae




aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
85  maeweLiiu a.divalan 17° 15 27°N/100° 3¢ 01" 213 S. aureohirtum
86 danminsznns e.upsing ﬁ].ﬂwaﬂaﬂ 17° 07" 56"N/100° 40" 52°E 194 S. quinquestriatum, S. nakhonense
87  masuinly Thuthense atund 17°09° 17"N/100° 42" 54"E 180 S. siamense, S. parahiyangum,
3. Mwailan S. chiangmaiense
88 ﬂaaa%ﬁaq P.UTUES 9.UATINY 17° 03" 45"N/100° 48 35"E 214 S. siamense, S. kuvangkadilokae,
3. Mwailan S. quinquestriatum
89 vhenaud o.veRs a.nAus 16° 39" 43"N/103° 49" 47°E 169 S. aureohirtum
90 ﬁ?@]ﬂﬁ’lmﬁl B.UDLAD 2.110) ﬁ].mw?iuﬁj 16° 48 49"N/103° 53" 32"E 290 S. aureohirtum, S. siamense
91 VIENTELA A.ANAY B.AINAI A.NIWAUT 16° 49 40"N/104° 08’ 30"E 238 S. aureohirtum, S. siamense
92 Uuniuyu (1) . Junsiiey o.sinsey 16° 53" 44"N/104° 10' 56"E 212 S. aureohirtum, S. siamense
2.@NaUAT
93 Uy (2) n.duniiey 8.y 16° 54' 18"N/104° 10' 56"E 293 S. aureohirtum
.@NaUAT
90 teila A.AUNIINEY M908 2.@nauAsT  16° 54° 59'N/104° 11° 117E 339 S. aureohirtum, S. asakoae, S. siamense
95  Uunuyu (2) nunsiig o190 16° 59 06"N/104° 10" 49"E 269 S. asakoae, S. gombakense
.@NaUAT
96 TIUAIUAITIA A.NNAN B.AINAIN 16° 45 33"N/104° 10° 04"E 250 S. quinquestriatum, S. aureohirtum,
2.4NAIMT S. siamense
97 MNL%jﬁmg’lmml’m A.NAGAN B.AINAIN 16° 45 43"N/104° 10" 06"E 274 S. siamense, S. aureohirtum
2.3NAINT
98 Pr1udlSwNYSH 0.YUNY 2.AALLNY 14° 29" 41"N/104° 31" 35" 194 S. siamense, S. angulistylum, S. aureohirtum
99 ﬁ?@ﬂfﬂmﬁ 0. YUNY 2.AALLNY 14° 26" 38"N/104° 29" 40"E 219 S. aureohirtum, S. siamense, S. angulistylum,
S. quinquestriatum

071



aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
100 thansnauia o Smes 3. fyailan 16° 53 11"N/100° 47 57°E 196 S. fenestratum, S. asakoae, S. siamense,
S. quinquestriatum
101 dhanvos 8. Ymes ﬁ].ﬁwaﬂaﬂ 16° 50" 42"N/100° 45" 02"E 210 S. nakhonense, S. quinquestriatum,
S. fenestratum, S. siamense
102 A3.16 DUURIN — LUADA 84199 2.9 16° 48" 34"N/98° 59" 14"E 303 S. fenestratum, S. sheilae, S. asakoae, S. tani,
S. parahiyangum
103 TIUNUDILVY 815099 2.070 16° 49" 09"N/99° 04’ 09"E 151 S. siamense, S. nakhonense, S. aureohirtum
104 ﬁﬂmﬂaaﬁﬂlﬁ’ﬁ (1) AAVNILNYS 16° 30" 16"N/99° 09" 35"E 236 S. nakhonense, S. quinquestriatum,
S. chiangmaiense, S. sheilae
105 5191?1%@\‘15\%51 (2) AAWNILNYS 16° 30" 15"N/99° 10" 03"E 204 S. chiangmaiense, S. siamense, S. burtoni,
S. tani, S. parahiyangum, S. decuplum
106  Yuraewilua nesewilua 16° 12 32'N/99° 20' 0O4°E 121 S. aureohirtum
9.AA998U 2.AMNINYT
107 Foufu gVENULIITIRRIRN 2.AUNANYS  16° 05 53'N/99° 06' 24°E 1,276 S. laoleense, S. feuerborni, S. asakoae,
S. yuphae
108 Metuteudy ov.uied 16° 05 32"N/99° 06° 50"E 1,201 S. laoleense, S. fruticosum, S. inthanonense,
Q.AUNILNYS S. gombakense
109 ;AR .UM 0.ARDIATY AAWNGNYS  16° 03 43'N/99° 18" 53'E 118 S. chiangmaiense, S. siamense
110 ¥eedd AYYYY 8.99%N0H 2.MYIUYT  14° 42 15'N/98° 40 02E 70 S. nakhonense, S. siamense
111 TIUTIUULT R.IAILVES 14° 35" 05"N/98° 35" 28"E 237 S. siamense, S. nodosum, S. nakhonense,
a.maamgﬁ ’i].miyﬁ]uq%‘ S. weji, S. parahiyangum
112 dumeigs (2) .Meles 8.183W8 14° 37" 00"N/98° 34 38°"E 201 S. siamense, S. tani, S. aureohirtum,
ﬁ].mfgﬁ]uq%‘ S. nakhonense

17



aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
113 ifmmﬂ%mizﬁa @.Vlax‘mmuﬁ f\].miyﬁm‘q% 14° 58 52"N/98° 37" 54"k 265 S. quinquestriatum, S. angulistylum, S. weji
114 thenlegesdes MBI 2.NYIUYT 14° 58 51"N/98° 37" 34"E 200 S. aneulistylum, S. chaliowae, S. weji,
S. quinquestriatum
115 ¥hygdaed 8.199:108 2.0YIUY3 14° 49' 59"N/98° 39 53°E 172 S. nakhonense, S. nodosum, S. siamense,
S. parahiyangum
116 vhwaudy 8. Mesngil 2.0auys 14° 32 44"N/98° 47" 13°E 69 S. nakhonense, S. tani, S. siamense
117 Pulvate n.uueslie 14° 39" 55"N/99° 21" 09"E 213 S. siamense, S. nakhonense, S. nodosum,
2.11U83U38 2.N5YAUYT S. tani
118 thuvjsdile nlen o.A3atan 14° 40 01"N/99° 19 06'E 231 S. aureohirtum, S. tani, S. siamense
2.AYIUY3
119 wasnwiugdaivinddvge dedn 2.03508  14° 17 43'N/99° 19' 06'E 231 S. aureohirtum
120 ;aeedslval o.dvauysal 2.a58um 13°20' 01"N/102° 12 02°E 110 S. aureohirtum
121 ﬁﬁmmmaaama 2.101898A7 a.i’fumu’% 12° 06" 18"N/102° 11" 38"E 316 S. nakhonense, S. siamense, S. parahiyangum
122 AABIYNNITN 0.808017 2.5UNTY3 13°01' 43"N/102° 16’ 08"E 229 S. nakhonense, S. siamense, S. aureohirtum
123 wiiuues 9.u8d .5UNY3 12° 45 59"N/102° 14' 41"E 24 S. aureohirtum, S. quinquestriatum
124 dhaneaosuseal 2. 5unsy3 12° 3¢ 58"N/102° 10" 28"E 43 S. fenestratum, S. tani, S. burtoni
125 ﬁﬁﬁﬂwga ﬁ].%'umq% 12° 31" 40"N/102° 10" 40"E 46 S. fenestratum, S. tani, S. parahiyangum,
S. burtoni
126 AABIDNINY B.UNAUAM 2. 9UNTU3 12° 31" 17"N/102° 10' 21"E 16 S. aureohirtum
127 thenaaeati ool 2.60519 12° 37 11"N/102° 34° 41"E 65 S. angulistylum, S. aureohirtum, S. siamense,
S. burtoni, S. fenestratum, S. tani,
S. parahiyangum
128 @VeIUWRNIAAaRILAT 0.U8ls 9.059 12° 37" 11"N/102° 34" 41"E 65 S. aureohirtum

4!



aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
129 thuswiey o.Snides 2.unsseEn 14° 21' 07"N/101° 52 27°E 407 S. aureohirtum, S. quinquestriatum
130 dwmuvion (2) 0. Suinden 14° 20 58"N/101° 52" 52°E 406 S. siamense
2.UATIIVELN
131 5’16]?11%’385‘141/1% 9.YUNGY 2.A3azINY 14° 31" 48"N/104° 21" 32°E 116 S. siamense, S. quinquestriatum
132 13’161?1%1%@ 9.YUMEY V.ATALINY 14° 26" 38"N/104° 29" 40"E 219 S. chainarongi, S. quinguestriatum,
S. angulistylum, S. siamense
133 huauau asdeu 0.35uss 15°12' 56"N/105° 27" 46"E 114 S. siamense, S. quinquestriatum
.9Uas1%511
134 youaslvadvusasn 9. 1wy 15° 18 41"N/105° 29' 33"E 115 S. oblongum, S. siamense, S. aureohirtum
3.9UaT1951
135 fwmﬂa%’aamﬁﬁ ﬁl.’qua'ﬁﬁsﬁﬁ?ﬁ 15° 27 45"N/105° 34" 21"E 122 S. angulistylum, S. siamense
136 Uuyjaundles 919l 2.9UaT19574 15° 27" 44"N/105° 30" 35"E 114 S. siamense, S. aureohirtum
137 thenuasiuns e lvadew 1.9uanesii 15° 31" 58"N/105° 35" 43"E 150 S. siamense
138 fﬁﬁmmmm 9. UTULNY 2. UATHUL 17° 58 08"N/104° 09" 34"E 122 S. quinquestriatum, S. siamense
139 henaAng 0.0 TN 2. UATNLY 17° 58 29"N/104° 11" 10°E 122 S. quinquestriatum
140 ifmm%ﬁgu a.ﬂﬂﬂéﬁ 9.09n% 18° 15" 51"N/103° 54" 21"E 155 S. quinquestriatum, S. siamense,
S. aureohirtum, S. asakoae
141 ﬁmmml,uu 9.49n7 2.09071% 18° 13" 14"N/103° 53" 07"E 163 S. quinquestriatum, S. siamense, S. trangense
142 dwnided o.9n 2. 0snm 18°09' 36"N/103° 59' 59°E 169 S. quinquestriatum
143 dhendmsy own 2.0 18° 07" 40'N/103° 59’ 40'E 173 S. quinquestriatum
144 13’1@?114’1&%14 D.MUDILLAS ﬁ].qmmﬁ 17° 03" 59"N/102° 44° 06"E 276 S. siamense
145 13’1151ﬂﬁ’1'§ﬁ’m D.AUBDILE ﬁ].qmﬁ’]ﬁ 17°09 11"N/102° 44" 00"E 278 S. fenestratum, S. quinquestriatum

el



aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny

146 51%@@814’1@ D.AUDILLAY ﬁl.qmmﬁ 17°07 14"N/102° 43" 30"E 416 S. angulistylum, S. siamense,
S. quinquestriatum, S. fenestratum

147 dhenvzlun e.law 2.9A3511 17° 48 56"N/102° 15" 22°E 220 S. quinquestriatum

148 1316]?1’5’131/]@@ 9.49AU 2.1UDIAY 18° 01" 40"N/102° 21" 54"E 187 S. parahiyangum, S. siamense,
S. angulistylum

149 5ﬂmﬂﬁﬂiﬁwé 9.89A% 2.91UBIANY 18° 07 27"N/102° 11" 08"E 217 S. siamense, S. parahiyangum,
S. angulistylum, S. asakoae, S. fenestratum

150 ﬁﬂmqwaﬂ ﬁ].qmﬁ’]ﬁ 17° 55" 25"N/102° 15" 22"E 266 S. siamense, S. parahiyangum

151 dnnusdnans (1) 0.90umes 2.dedlml 18° 29 39"N/98° 40’ 07"E 304 S. asakoae, S. quinquestriatum,
S. siipoomense, S. nigrogilvum

152 denusinens (2) e.9eumes 2dedll 18° 29 39"N/98° 40 07"E 304 S. asakoae

153 vnouwlasu 0990 2.4T89lm 18° 13" 00"N/98° 26' 43'E 372 S. siamense, S. asakoae

154 yheliouass 0.990 2.13e9lnd 18° 09 22°N/98° 13 06"E 852 S. fenestratum, S. quinquestriatum,
S. nodosum, S. tani, S. chamlongi, S. asakoae,
S. siamense

155  a19ne a.uile o.ildazises 9.ulgesdeu 18° 09 46"N/98° 03 19"E 890 S. feuerborni, S. inthanonense

156 @198 9.LUEYS8d 9.uUF9EaU 18° 08 33"N/97° 58 35"E 203 S. nakhonense, S. fenestratum, S. nodosum,
S. chiangmaiense, S. asakoae

157 dzwiukiianuoy oluianios 9.ulgosaeu  18° 22 41°N/97° 56 32°E 270 S. chiangmaiense, S. nakhonense, S. sheilae,
S. asakoae, S. siamense, S. nodosum

158 UNUNUDILIN fLlpUoU BROMIPE 18° 38" 39"N/97° 56" 29"E a7l S. siamense, S. asakoae, S. chiangmaiense,

2.Wlgosanu S. nakhonense, S. parahiyangum,

S. decuplum

1A
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19° 31" 17"N/98° 05" 32"E

19° 30" 37"N/98° 15" 46"E

19° 26" 14"N/98° 21" 16"

19° 26" 12"N/98° 21" 17"

19° 25" 13"N/98° 24’ 13"

19° 07 35"N/98° 45" 14"

19° 06" 47"N/98° 45" 147

495

379

610

787

849

548

703

705

S. parahiyangum, S. angulistylum, S.
fenestratum, S. chiangmaiense, S. asakoae,
S. siamense, S. angulistylum

S. siamense, S. parahiyangum, S.
chiangmaiense, S. nakhonense, S. tani
complex, S. fenestratum, S. nodosum,

S. asakoae

S. chiangmaiense, S. nakhonense, S. tani
complex, S. quinquestriatum, S. nodosum,
S. asakoae, S. fenestratum

S. nakhonense, S. quinquestriatum,

S. asakoae, S. fenestratum, S. chamlongi,
S. tani complex

S. asakoae, S. fenestratum, S. inthanonense,
S. angulistylum, S. feuerborni, S. yuphae,

S. gombakense

S. nakhonense, S. nodosum, S. tani complex,
S. nigrogilvum

S. fenestratum, S. asakoae, S. siamense,

S. dentistylum, S. parahiyangum, S. tani
complex

S. tani complex, S. parahiyangum, S.

siamense, S. asakoae

GT



aeufi  aanuiiiudiegng Latitude/Longitude Altitude (m)  aU¥ddiny
167 U UL f.UILSN 9,650 2.1l 18° 54’ 00"N/98° 52" 37" 504 S. nakhonense, S. quinquestriatum, S. tani
complex
168 Uulaevian LIy o.uasy 2.4%eslnd 18° 54° 02°N/98° 52' 55" 508 S. nakhonense, S. nodosum
169 13/’](§]ﬂﬂ8LU’]3 ORIAICE .YUNT 10° 44" 40"N/99° 12" 39" NA S. nobile
170 ‘13’1@?1@18@@' D.YNULNLBY 9.9 NA NA S. nakhonense, S. trangense
171 13’161?11%?1’;335 9.u1l84 2.959 07° 21" 44"N/99° 57" 41~ NA S. trangense, S. nakhonense, S. parahiyangum

91
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M137199 2 N13TMUNUTELANVRITARNNUAI51S (streambed particles) talglun1sitAsginieada
AIBNI5VDY McCreadie et al. (2006)

Uizmmamaqwumms YIALEUEIAUINA1Y (mm) Ranking
Mud/Silt <1 1
Sand 1-2 2
Small stone 2-32 3
Rubble 32-256 a
Boulder >256 5
Bedrock - 6

a v o A a goj . . . = a L4 aa
A15719% 3 N15INTILUNUSELANVBINYSNUN (riparian vegetation) e lHluN15IATIZYINS@D AR
35715089 McCreadie et al. (2006)

Ussnnvasiaduti ANWUTVDINDY Ranking
Open Vjavie) 1
Brush Tuvuman 2
onaflsuldlugusliinn
Forest Unldl siuldaunalngy 3

M13197 4 MITATWUNUTEANTDINITUNARUUBATBULDA (canopy cover) WBN1TIATIBANINERRA
MUIBN15909 McCreadie et al. (2006)

Uszim 52AUNSUNAAY Ranking

Open fesninsesay 10 1

Partial Fogar 10 - So8az 90 2
Complete 11nAI15e8aY 90 3

2.3 MTIATINANUULAUFIUINGIVIUNAIITUM

nsfnweilidenIneanvuzdugIne veILtatumlagdondnuneved labral fan
Fadulassadndrdyvesszuzimosuiildlunisnsesems nsfinwineuniiinuil labral fan 3

= o (%

AnuduiusegnildsdrAyAuladensiinaingivesunasendy (Zhang and Malmaqyist 1996;

w
[

Palmer and Craig 2000) fatf labral fan %ﬁwmmﬁ’]ﬁmﬁﬂ"mummsmzmamqgﬁmam‘%ﬂ
LUAY3URI (Palmer and Craig 2000) ldseuszuzaniine (ast instar lanva) e Tndnuazves
labral fan 3 dnwaue (m‘wﬁ 1) lawn AMuAI19989 fan ray AINNYNIVEN fan ray LA fan ray
aeléindesganssailagld micrometer Lilaan1ndnuazuea labral fan fannuudsiunieluadidd
(Lucas and Hunter 1999; Adler et al. 2004) FalunsiadnvarauLUsiuved labral fan 3999
Pndregefifivanuatelszving uwiasalTdindnuauzves labral fan agetoy 30 éhasm gL

dd&l

Simulium siripoomense ey S. malayense PiAIDEILABY 5 az 10 A AIUAIAY \enaaeuin
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f1urusneeng 30 fegnitiaiismeduiunuresmuulsiunelualddviold Suinsvmaaey
ANLLANANIYRIEN ALY labral fan Szminangusnetng 30 e fungusnegieiiuinainnneluad]
PRI NaN1TIATILINUIINGUAIDE1T 30 F79813 iTauInnITldiAuLAna19ee 1 ldedAny
Uaihmsifiuediedealduntulifinadenisudsuuiamavesraunlsiuresdnvae dagu
InevesuaGumiiAnw warlsdimedillilumsinwaitifiaesomsinwaunystures
é’ﬂwmsﬁmgm%wmsuaaLmaa’%%wh

individual fan ray
N\

I
I\ fan ray m@\\%{;

=)

AR 1 N5TRaNwaedugIUING Va1 labral fan VBRI ULLAITUR

2.4 M3ANYIYAANUGANENS

A igadiugmansuauuatiuiandiseusy sy s09aate (penultimate-instar larva)
Tnedindousias @bdomen) tielUAnwiwadiusaansuuyidaui (anterion Wiusnwilu 80%
ethanol figauvigdl -20° C leldlunisfnwieyiugmans nsAnvuvadiugmanslagnisnoy
TnadiulasTulsuandestinans (salivary glands) ﬁwua&éu’%nmﬁaaﬁaq wssnlnanulaslulenlaenis
foud Feulgen m1333n15909 Rothfels and Dunbar (1953) Kdagosviasnunuiens antuuy
fhogdluinindu 20 uit deuftagiitlutalu 1 N HCL figamndl 65° C wu 10 - 15 unfi éhedasou
awdlud Feulgen Usvanm 1 alus antudnefidousie sulfur water wazinfu wisualad
Tasluloalneusnwadanseuianefifindiulaslalonandrogeasundladiisl 50% acetic acid
nntunadladifielflaslalounszane asedeulasiulunlaonisiUisuiiouuuuinunsiioiaves
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wuuslnaulasTuloufuumuiiuasgiuveslastuleufifisisen (Pramual et al. 2008; Tangkawanit
et al. 2009a; Pramual and Wongpakam 2013)

2.5 M3AnyIaRUSAENT

afafduenseuve AR ALAEN15983 Collins et al. (1987) wisldynaraiiduie
Tnglduuamenisdanissegeafiiusnuilu Camoy’s fixative MIUNEUINNTV8Y Pramual et al.
(2005) uag Pramual et al. (2011a) fhegsdiduelidmiunsiindinamsiugnssufemaia
PCR (polymerase Chain Reaction) lud@auves8u cytochrome c oxidase subunit I, Il (COI, COIl)
way 185/TS1 Taelalwsmosdusudu COI fin LCO1490 (5-GGTCAACAAATCATAAAGATATTGG-3)
waz HCO2198 (5-TAAACTTCAGGGTGACCAAAAAATCA-3') (Folmer et al,, 1994) lwsiuasdnsudu
COll fip TL2-J-3034 (5-ATTATGGCAGAT TAGTGCA-3) kag TK-N-3785 (5-GTTTAAGAGACCAGTAC
TTG-3) wazlnsiwesamsudu 185/TS1 laun 18s/sd5 (5-TGGTGCATGGCCG TTCTTAG-3) Way
5.85/5d3" (5-GTCGATGTTCATGTGTCCTGC-3) (Simon et al. 1994) lnglusunsugauniidmsudu COl
Usznoume 94° C 3 W1l aue 35 59U U89 94° C 30 Ju¥ 45° C 1w 72° C 1 Wil ey 72° C
7 ui Tsunsugaungiivesdy COIl muIgni15ues Conflitti et al. (2010) Usznaumie 94° C 2 U1l
49° C 453U 72° C 45 Fu @AY 36 SoUUD9 94° C 30 Tu¥1 49° C 45 Fu? 72° C 45 Fu A
wag 72° C 7 uii WWsunsugaumildmsudu 185/ITS1 Usznaumie Usenaunig 94° C 2 Uil 60° C
45 U 72° C 45 U aueie 36 59U89 94° C 30 U 60° C 45 Juil 72° C 45 Funil uag
72° C 7 ¥l ms1vdeunanan PCR Inaly 1% agarose gel electrophoresis viwandn PCR Iﬁﬁqwé
Tngld HighYield Gel/PCR DNA Fragment Extraction Kit (RBC BioScience, Taiwan) anntugsnanan
PCR ﬁﬁﬂﬁu’%qm%{ué’ﬂﬂiLﬂiwﬁmé’wﬁuﬁaﬂﬁialwﬁimifﬁﬁmmm Macrogen DNA Sequencing
Service UsginAnvala

2.6 N15ATITVNA

Y

2.6.1 N1531A5129% DNA barcode dusun1sseysatad

Ianuiinpalalnavesdu COl Tunsszyriinvesuuatiuni lngldinalin DNA barcode
AATIENN15T8YBtalagldisnis best match uag best close match Aa8lusuNsy TaxonDNA
(Meier et al. 2006)

2.6.2 M3FUATIXAANUWYTHUNIWUFNTTN 1AT9aF19MeiUgNTTY wazUsediRmIansvas
Uszyng

AnsgnanuslsiunIsiugnssunglualddlagldrminiunainvaigve suanlnalnd
(haplotype diversity) WagainuraInatevesiinalelng (nucleotide diversity) Taaldlusunsu
Arlequin ver. 3.5 (Excoffier and Lischer 2010) Atas1gsanudunusnsasdnuintsnaelualad
1ae1438n15 median-joining network (Bandelt et al. 1999) aaglusinsu NETWORK ver. 4.6.1.0

(www.fluxus-engineering.com)
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AAT1EAlATIETIINITNgNIsuTeIUssvInslaeldan For aaelusunsy Arlequin ver. 3.5
NAFDUAIMINEDATDIAT For AIBTDNTT permutation 97U 1,023 119 Sequential Bonferroni
correction (Rice 1989) d1msunisusziliuamtsdifydmiunisidisuiivunatenn Lasizi
ANUAUNUSTENINTLILMNNNTUTNITUIINAT Fgr  AUTTEENMQIManivasuszunsingly
Mantel test (Mantel 1967) sgn1svnadau Isolation by distance lnalalusinsu IBD ver. 1.52
(Bohonak 2002) va@eUAIMINEDRAAY 1,000 permutations 1glUswATU SAMOVA ver. 1.0
(Dupanloup et al. 2002) d%TUNIINAFRUIMTILIUNGULATIAT 1IN UGN TTUTVDIUTEYINTINETY
sEfuAILANAITUgNTTITEMIUszang Taeduiungy (0 Adululdunnfianfenguiiien
ANLANANINITUENTTNTENINEN (Fer) gafign uawilsziumnuumnstanaiugnssunelungs
(Fsc) ﬁaaﬁqm 1PgYNNITIATIEHNIBNISANUUAAT k 581319 1 - 10

WAT1ENUTEIRMENTVIUTEAINTIAUNITILATIZY mismatch  distribution  Uszainsues
FaiTinfiTnnsUasuulasvensrunegariaiilueiia (population expansion) 9giidnvaznsn
W94 mismatch distribution LUl UU unimodal (Rogers and Harpending 1992) Mag@auAIM
WANA195ENI19ANINT0YAT (observed) WazA1AINN1TIN@BILUUUTEYINT (simulation) Aneld
Houlvvesnisuensvuinvesuszansegasindalaelde sum-of-square deviation (SSD) Hagan
Harpending’s raggedness index (Harpending 1994) Tnglalusunsu Arlequin ver. 3.5 a1Use91ns
WARSANWAIE NSVENBYUINBE195IAL52 TR ALY NTAIUIUMITINIAVBINTTVENBYUIAYTEIINS
staTaElngldaunts © = 2ut o u = mru Tag my MueEsAuETesaduiinale Insldly
N15ANYY U Ae eRTIN1TNaNeretandlolng uag t Ao generation time (Rogers and Harpending
1992) Tnefvusldsnsnisilasunlaciauimsvesdiduirdlolndveuuassudndusng
wenAUluLLasdUAU Diptera Ain 2.3% sio 1 a1uU (Brower 1994) Wag generation time UBIUUAS
Jusfte 12 $29u slo 1 T (Pramual et al. 2005) AT igdaTniinBulnas (gene flow) seing
Uszanstaeldlusunsy MIGRATEN ver. 3.2.6 (Beerli and Palczewki 2010) Tagfinnunm13us
SMSUNSTIATIEREEA For 581319058905 N5ReANNNTIAsIERUsEnauTagld 10 short chains
5,000 steps luusiay chain waz 2 long chains FaUsznaudag 500,000 steps luusias chain

2.6.3 NNSIATIZHEYFUNUSNI9IIAIUING

Asedemeduiugmaaunsvesassuslagldssuianalelnsvesdu COI, COIl was
185/ITS1 9835115 maximum  parsimony  (MP), maximum likelihood (ML), uag Bayesian
analysis (BA) n133A312982835 MP Taeldlusunsa PAUP* (Swofford 2002) Taesiedn heuristic
search 19 1,000 random addition replicates, TBR branch swapping, MulTree effect A1U20uA"
bootstrap Tagld 1,000 81 SasreaneduiusmaiTauinissieds ML Ingldlusunsa PhyML 3.0
(Guindon et al. 2010) ﬁﬂmmﬁhmiaﬂ’uaqu node lagl438n15 approximate likelihood-ratio test
(Anisimova and Gascuel 2006; Guindon et al. 2010) LﬁaﬂgﬂLLUUﬂﬂﬁLUﬁauLLUaaLmuﬁ'ﬁuaaéﬁu
Tandlalnadmiun1siasizst maximum likelihood @aelusuasu jModeltest v.0.1.0 (Posada
2008) lawld Akaike Information criterion (AIC) ANSALATITRAWFUNUTNIITAIUINITAIYTD
Bayesian analysis TalUsunsy MrBayes 3.04b (Huelsenbeck and Ronquist 2001) a8 run
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1UsunY 2,000,000 generations wagliiu tree N generation 7 100 14TUswnsu Tracer v.1.5
(Rambaut and Drummond 2007) Tun1s3as1esiiaeiian log likelihood Al tree MAUADUNTINYI
Hazlidunlglun1simsgiian posterior probability

2.6.4 AN5IATIZRIATIEIFIRNTIIAUINTVIUAsSUA TuUsEmAlne

Anreilassadredenndadimuins (phylogenetic community structure) vasuaassua-lu
Usemalnelaglduuinianisiinsnzsinia Cavender-Bares et al. (2004) dsldnszurumsiasesiann
foya 3 du weoyunuiadefitmuslassadisdsauasuuasiud 1iun (1) msvaasuauufgiuiy
wassusfinusuiuluuaierfedaulnddameanedTauinisedreditodda (2) Wanvarves
labral fan iilenedevaufiguuassuiinuluuasedofioafuiinnuadendvosdnuoe
Fugruingnnnidaenieiiinannsdiiassdinuuuuda (3) naaeununliivosauduius
FEMINANUAREATIVDITN UL ARGV U8 US19TTAIUINTT (phylogetic signal) HaaIn
mMsnsediTa 3 du agldifieeyuutiafeiidivualassadresdsauvesuuassudilulssmalng o
WUIVNITRY Cavender-Bares et al. (2004) Tngvnnsimsgsinuitdnunie labral fan Wudnuwaed
finsouint (conserved) MuaeAiannnis namie dnwvae labral fan vesaUTdnTaalnddeama
e TamnnsiauederdatuinnnindenFeuiisuiualddfianuiameansiTauinig waza
Vdiondeluundsondeifierfulimnundiondefuvesdnene bbral  fan  egeivedfy
(morphological clustering) azayuulaiN1sAndenvaIunatode (habitat filtering) 1Tullady
ddnismualasiadrdenuvsnuassusiluussmelng udmnanuin adddfiondeluunasende
WReAUlAULANANTDIENYaE labral fan 8819iitud1At (morphological overdisperse) ay
auguliinnIsuAugUsiukasiueean (competitive exclusion) udaduddnyismunlasat
Fipuvasuuassuiiluusymalng d1nsTinszininuduiusseninadnvazduguineifuans
RS TUINIINUI AR conversence evolution w89dnwae labral fan nanfe alddnd
anuitlnaniuaiedimuinsidnvazues labral fan adieadeiuuinninadiE@nlnddanisane
Faunng waralTdinuluuadiondeiierfuinnuwansiavesdnune abral fan N58UIUNITUUY
g4 (random process) wduledeiiddaiimmualasadadnuvauuacsum wimnalddfionde
Tuunasedetpelfiuiiniuaaiendauesanyauy labral fan aglidedIAy NTzUIUNITANEDNTDY
Lméqmﬁ’a%Lﬂuﬂﬂ%’aﬁ"]é’zy,ﬁﬁmumiﬁma%wé’mmmLLaJaa%yw‘if]

nmTeilasEsdinuded Taunnisvesuassuilulssmalngdinseiagldlusunsu
Phylocom ver. 4.2 (Webb et al. 2008) Feldlunsduaair mean phylogenetic distance (MPD)
Wa¥ mean nearest taxon distance (MNTD) Tagfin MPD JaAnadsninuuandanisansdfmuinis

guieatTdinuluunasedodieatu A1 MNTD SaAdsnnuuanaaniaasdTmunissewing
alFdAtalnddamsanedTuninisunniian s MPD wag MNTD 1ilU standardized 1fudn net
relatedness index (NRI) Waz nearest related taxon index (NTI) @#1ua1au (Webb et al. 2002) A1
NRI wag NTI Tlun1sUseifiuanuunnanes e nineanss g ®esenIaUaddnuasTimuinig
Wibuifbusywinainguinednafidine (observed) fuAiaindsaudias (null community) A1 NRI
waz NTI uvan snefs a¥dfegsniilummuundiofeiforfuiinimlnddansaneiiamuinis
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WNNIIAIAIAYIIY 61A1 NRI wag NTI Wuaununetealidlunnasendeifaiuiiniiuiieamg
a8 muIn1sNINAINAIAIANRLIY (Webb et al. 2002) nagauAmMIsadAues NRI way NTI Tagld
33115 independent swap Wiaa319 null communities lagldndninaeiinalydludruilonia
windeufuazidnluludien nageudmeadfifieiUiouifisuanuuanensenined1ann1sdsam
LazA1INEIANTIa09 (null community) Iagniswseuigudn NRI wag NTI fuaud aglyd t-test
(Ingram and Shurin 2009; Razafindratsima et al. 2013)

IATERlAssasedeanananuuy labral fan (trait-based community structure) lagldy
TWsunsu Phylocom Bnsrzilagldaadernuunnenesenineaddd (mean pairwise trait distance,
MPD) uazAaasraLANAIYeddn Yy Eninatddfiinnulnddamaasd Tamuinisfian (mean
distance to nearest-neighbor trait distance, MNTD) Tnestsaesnagldvadnisnsyanevesdnune
meludeanvotuuadsui Anisnsyaevesdnvazasludeauiluldlunisadte standardized
effect size (SES) WiiarUSouriieufiudanusians (Weither and Keddy 1995; Webb et al. 2008) Ing
A1 SES WuvinUstindnuarvesdugiuinelugueuuuasiusiiauuanaisiu (overdispersion)
f1A1 SES 1 Huaunansiidnunvesdugiuiveilugurunuasiudiiianuadieadety (trait
clustering) 14 ttest lun1smagauen SES uandnangudeteiivdrAgmniol (ngram and
Shurin 2009; Razafindratsima et al. 2013)

naaoUdnyng labral fan Indudnuwaeifiniseyiny (conserved) mua1sITALINg
(phylogenetic signal) Tagldn153tA5124 analysis of trait (aot) Tulusunsu Phylocom lagnis
Anrgimanuilsuniuresdnuardusuinenuisuisuiumumisuuaegiiamunns adddad
AulnaTANIEngTImuINsEaN vz dUgIWINg1ATEATATUNINNTY A1AURUUTINYBIAN YL I
mnidleSeudisuiurdiasswesdnuaaeldsuuuudass (null model) (Webb et al. 2008)



=
3. HAN1IANE
3.1 LABMINEWUINTIU DNA barcode d1915UNM552YBUALNALIUM

fostaiiddusenmavidunsnundndinevesuassusdonisszysinveuaasius
Tuszozioeu (anva) Fuluszerildlunsinunining tidewinfesuednvasvosuuas
Fusmanevialiaseunquszaeiagou faun1sinwl DNA barcode Liteszywiinlagldnisaing
AwduSsEeszsgfseuiussazdug Afimesunsdnvurazamsolilunsszyriaveusas
Jusld lun1s@nw1 DNA barcode ﬂ%ﬂﬂfﬁﬂwﬂuLLuaéueﬁﬂdua?J%é Simulium multistriatum &4
L.Uuﬂauaﬂﬁuawwuﬂﬁvﬁnaﬂ’mm’]ﬂuﬂiuL‘wﬁlwa nsAnwIASaiviinsAng DNA barcode luuuas
iuvﬁ’mau S. multistriatum Sy 7 a3 (115197 5)

mamiﬂﬂmimmﬁaswmaauwuﬁma’nwmm'ﬁLﬁaiwmﬁmaqé”aasmﬁaéaw,maéuoﬁ’w
$117U 53 §eehe nuansdsiuga Tamnsuuadu 5 clades (MWA 2) unassus S, takense,
S. malayense, S. triglobus waz S. bullatum sufUFBEEIsouTlins Vel 4 fede uiay
aﬂ%éuamﬂuﬂaju monophyletic clade waziiA1 bootstrap support G L@ S. fenestratum,
S. chainarongi waz S. chaliowae saufusegsssouiilingIvalTdsn 11 fregre nondu
1 clade W08l S. chainarongi wae S. chaliowae saufussauTlinTIValTdsuIu 11 Fegrawen
Ju monophyletic clade YUz S, fenestratum Hu paraphyletic clade Lﬁa\‘ﬁ]’miammﬂdmm
S. Chomarong/ waz S. chaliowae LummﬂmaEmmaaumimmmmiuwuml@mmu 11 989
mmumﬂmmmﬂm NTALUNT iamﬂaﬂummmmmiﬂumama S. chaliowae ezmwmumﬂ
szoednud (Pramual and Nanork 2012) feuiaegnafioudiuu 11 mamamﬂmmm@m Ex
Jusheeuresuuasiud S. chaliowae lagmsaaserausUsiunsiusnssunelualadnuing
ANSEWINN 0% - 2.25% uazdiAade 0.60% (M15197 6)

fhogssouiasIumTlanaualfdonfminnesndundy monophyletic fufeg
903 S, bullatum (nwil 2) aespdestunanisinulagldn1s3nsizi DNA barcode Fsnuindoeng
feeufilinswadddnduiiluadidientu s bullatum Fadufredrafissyrdaanszezdnug
uaNINEEIN15AN DNA barcode wauaasium S, triglobus daluunasiudilunguatad
S, multistriatum  #ifis1eumsnuiiissiaiionie tandunes 3.4 Tnefidanuwdsiunig

Wugnssunelualadsening 0% - 1.03% wazilAiade 0.29%



A5197 5 @UTd unasiinuiiegna S1uaudieg e waz Genbank accession numbers 98suyassumngualTd Simulium multistriatum AlHun1s@ANY
DNA barcode

Species anuiiiusaagng Latitude/ Longitude Altitude  9MU7UAIBEN  Genbank accession
(tuns3) number

Simulium bullatum ﬁqmﬁuam%u a.QL%E] .L8¢ 17°29'59"N/101°2009" E 1156 3 KJ649638 — KJ649638
Takaoka & Choochote
WIANLAANY a.gﬁa 2.b88 17°29°11" N/101°20'13" E 1152 5 KJ649641 — KJ649645

S. chainarongi ‘131@m"fﬂ1‘vmuj 2. YUNGY Q.F3azINY a4 JF916851- JF916854
Kuvangkadilok & Takaoka

S. chaliowae Takaoka & ‘fmnmqm AUNI 18°07°09” N/100°17°09" E 556 17 JF916855 — JF916856
Boonkemtong KJ649623 — KJ649623
S. fenestratum Edwards dhananuiey 2.a8 17°02'49" N/101°45'42" E 579 1 JF916857 — JF916860

=

dhanmasaunseal 2JUNYS 1 JF916862 — JF916864

dhanmeios A15150U33 1

Uszvsulneussanauan

dhan¥anig a.ae

dhaniignu .1ae

thansmes a.1ae
S. triglobus vhandunes 0.7 9.1 19°12'39” N/101°04'04" E 1027
S. takense Takaoka & ihanladestos 2.01mauy

3
Choochote UANINTINTEIY 2.NYIUYT

KJ649646 — KI649652
JF916865 — JF916870

A N N W - -

(#i311: Pramual and Wongpakam 2014)

%4
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Ly

= i o A i N 2 o oA
AN 6 ﬂ’]ﬂ’g’mLL‘LJiN‘IJVI’N‘WUﬁﬂiﬁJﬂWEJIUﬁU‘UﬂLL@%izWJNﬁﬂ‘ljéimma\‘]iumﬂﬁjmﬁﬂ Simutium

3
de’dd

multistriatum 3NUIU 7 @UTANANWY

Species FIUIUAIDE AMNAIAMULUSHUNIY  AINEIAIUUUISAUNIY
ﬁuqnsmmﬂuaﬂma wugnssunelualayd
(Aads) % (Aads) %

S. bullatum 8 0 - 0.86 (0.36) 7.04 - 13.37 (9.65)

S. chainarongi 4 0.17 - 0.69 (0.54) 1.03 - 15.38 (6.88)

S. chaliowae 17 0 - 2.25(0.60) 0.51 - 18.64 (8.99)

S. fenestratum 8 0 -2.98(1.85) 0.51 - 16.27 (6.85)

S. malayense 3 2.78 - 7.19 (5.72) 7.04 - 18.64 (12.25)

S. takense 6 0.34 - 2.43 (1.16) 9.13 - 18.56 (12.52)

S. triglobus 7 0 - 1.03(0.29) 9.09 - 13.21 (10.73)

Total 53 0-7.19 (1.15) 0.51 - 19.53 (9.41)

(#ian: Pramual and Wongpakam 2014)

a S . s o a )
IINNISABUAISUAN S. chaliowae wag S. bullatum FelifiAaSulednwuEI9ITEeLR19aU

[
[ Y =

‘?Qﬁﬂﬂﬂﬁﬁﬂ‘bﬂﬂ%\‘iﬁWU’jWﬁﬁmﬁﬂizu%ﬁﬂ‘ﬂ@ﬂGT’JEJ"e]‘uGEJENLLllaﬂiu{ﬂWl\‘i 2 at3dlelneldinTomane

1% v
a o o

WugN35u DNA barcode AaiiuwiN1505UILAN BaE U TRURNAITUMYY 2 aUFd Al

Simulium (Simulium) bullatum Takaoka and Choochote, 2005

v
a o

Mature larva: A21318198163 5.6 — 6.2 mm (n = 10) §1dimavum wermiauns cephalic
apotome (Al 3a) Amdesentniausnaduninardimadudiunds fuavdduusng
posterior margin WazUsIng positive head spots BHNTALIU AUTIMALATUNBIVOS head
capsule @93 antenna 817A71AUBY labral fan Usgnouaae 3 Uded wag apical sensillum Tawil
dndrumuenvesUdosd 1, 2 uay 3 0y 1:1.4:0.8 labral fan fi51u9u fan ray Uszana 44 (&u
mandible (it 3b) dnwaifiu comb-teeth AuENvBsHUAANEUINWIST 1 4 3 mendibular
serrations Usznause 2 %u ﬁﬁmmiwajuammmﬁn Tngladl numerical supernumerary serrations
hypostomium (Al 3¢) Usgnauseiiu 9 @ fiudinans (median tooth) fualuajfanunsi 2 3
PIUVDU 2 T1UBY hypostomium HurarAsut1slug) larteral margins U89 hypostomium disa8uén
hypostomal bristles 1121 6 L& postgenal cleft Svunnlvgizusrsadglulng (ami 3d) uslsl
ﬂamu%mmmugm ANNE1IUTELIA 1.5 11 U89 postgenal bridge thoracic cuticle uag
abdominal cuticle l3inu protuberances uag setae sniiufundIvosUdosgavnediunaquievy
TausunIuY19989 anal sclerite rectal organ Usgnounae 3 lobes wiag lope Usgnounie 12 —
14 secundary lobes anal sclerite §nw5% X-shape lagdau anterior arm $A8717 0.9 111983
posterior arm WU accessary sclerite Waz ventral papillae posterior circlets #3113 90 — 92
We7 wAazlaIUTENaUME 12 hooks
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Simulium siamense

S. aureohirtum

S. fenestratum

S. fenestratum
88/1.00/0.99 S. chainarongi
91/0.91/0.98 S. chainarongi
S. chainarongi
61/0.93/0.97
S. chainarongi

S. fenestratum

/’ S. fenestratum

. fenestratum

100/1.00/0.99

65/0.95/0.94

S. fenestratum
95/1.00/0.99 S. fenestratum
Gt S. fenestratum
—S. chaliowae
56/0.80/0.91 LS. chaliowae
~S. chaliowae

LS. chaliowae

FCW2873 Larva
FCW2874 Larva
_10.99/0.99 —CW2875 Larva
FCW2876 Larva

S. chaliowae
FCW28710 Larva
FCW28711 Larva
CW2877 Larva

S. chaliowae
CW28712 Larva
CW28713 Larva
90/1.00/1.00—CW28714 Larva
CW28715 Larva

S. triglobus
78/1.00/0.99 |_ S. triglobus
100/1.00/1.00

S. triglobus

89/1.00/0.99

95/1.00/1.00

62/0.95/0.98

S. triglobus
93/0.60/0.72L 5. triglobus
S. triglobus
S. triglobus
BUL2704 Larva

BUL2691 Larva

S. bullatum

83/1.00/0.99 100/1.0000.99 [ o i
BUL2706 Larva
S. bullatum
0897096 53/0.97/0.99 BUL2693 Larva
S. bullatum
S. malayense
100/1.00/1.00 :
S. malayense
99/1.00/0.99 S. malayense
S. takense
100/1.00/0.99 S. takense
S. takense
94/0.97;
S. takense
61/0.93/0.97] & tokense
0 6310.73/0.8TL—g yakense

MNT 2 aeduiudn1dTauinsuuy Bayesian ad19anasuianalelvdaesdu cytochrome ¢
oxidase subunit | YeIuNAYIURINGUATIIA Simulium multistriatum luuszndlnedon 7 aU34
A1 bootstrap @11SUN1TILATIZRAETT neighbor-joining wazA posterior probability d1%15UN1%
AT1ZEY Bayesian waz maximum  likelihood wamuuwIuAINaISU (fn: Pramual and
Wongpakam 2014)
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(d)

A 3 SnvaizinseuveLatI Ui Simulium bullatum (3) cephalic apotome (b) mandible
(c) hypostoma (d) postgenal cleft scale bar = 0.1 mm @115U A (a) wag (d) 0.02 mm d1nfu
A b waz 0.04 mm @5 (o) (M31: Pramual and Wongpakam 2014)
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Simulium (Simulium) chaliowae Takaoka and Kuvangkadilok, 1999

Mature larva: m1ue1981863 4.9 — 6.1 mm (0 = 10) ad@dendy viedimaunsusin
thoracic Udasit 1 uwazthaaseuludiudu cephalic apotome (A it 4a) Fivdssgevuoutinia i
LAUAINUTIIN posterior margin kagU31ng) positive head spots 374 antenna &13031A UV
labral fan Uszneusie 3 Udes uay apical sensillum laefdndiunnuenivesudosd 1, 2 way 3
W 1:1.2:0.8 labral fan #4719 fan ray Uszanas 40 U mandible (nwil 4b) dnwaszifu comb-
teeth AUEMIVEIHUANTALINWIN 1 §9 3 mendibular serrations Usznausie 2 T ﬁﬁmm‘tmj
wazvwndn laglddl numerical supernumerary serrations hypostomium (m‘W‘ﬁ 4c) Usznaunay
#lu 9 & Hufanans (median tooth) fvalvgfigavazil 2 Ffudiesesanyhonazaey 2 H19ve9
hypostomium — fv1aAsut19lugdaLau larteral  margins 89 hypostomium — fs08udn
hypostomal bristles 91u3u 6 1du postgenal cleft Hvualvgsusanauuiiiulaivgn (Al ad)
ﬂam%wmﬁ’mgmlﬁﬂﬁaa A1INE1IUTEUI 2 L1 VDS postgenal bridge abdominal cuticle W
protuberances 1 glusiazUdos lainu setae sniufruvdsvesdosaavheiiunnausevulauiia
AU919%84 anal sclerite rectal organ Usznoumie 3 lobes usag lope Usznauniy 12 - 14
secundary lobes anal sclerite @nwsg X-shape lagdau anterior arm #AN817 0.6 11184
posterior arm WU accessary sclerite Way ventral papillae posterior circlets {31131 80 a2
uRazwaIUIZNaUAIY 17 hooks

3.2 lUaanugAan SLAZaRUSANENTYBILNAYIUA Simulium feuerborni
3.2.1 L9AGWUSANENIVDILUAIUAT Simulium feuerborni

ﬁﬂmmaa‘ﬁuqmam%ﬁuaaLmaﬁjuoﬁ’w Simulium feuerborni AMNUsEMANLALTELALUTELNA
Suladi@usiuan 158 fhegs (st 7) Wisuiisufudegsannysemalveiifisnsaunisdne
NOUMIN (Kuvangkadilok et al. 1999b; Pramual and Wongpakam 2013) Han15@n®InUITLNaY
Fush S. feuerborni MnUszimAdulnTifauazaniadeiinuudsiumatugnsuszsulaslaleus
(mM37371 8) Tnemuduniesfunudlained (floating inversion) Wissguuuulfien fe 1S4 9nUszans
Cameron Highlands (n1w 5) Fafipnudluuszwnsldiiu 6% sgrslsnunuiiuszsnsan
Uszimmniaifeiinanuiives B chromosome g4 (1137971 8) Inudnwaizues B chromosome finuil
YUIALENUUY metacentric (A7l 6) Alwiawes centromere  §atnmainsuntenisidngiv
Taslulguund (A chromosome) wwudnewilaves B chromosome dnwae fluffy end wazdndnadl
wuuAdNvwIatvg 2 wuud Tnanusumiadulnsiiios wazuuunang 1 wuuausuUassoIuay
UsgrIn591n Puncak Java Uszwedulati@elinuaundsiuvesdasiulauag B chromosome

PNATUSBUBULUULHUN SIS Bfvaanuualnanulaslulgussninsussrinsandseina
wadsuarduladidsfuunuiiuinsgiues S. feuerborni 1ndeeslulssmalnenuituszang
nUszmanastazdulaiidsiauwansisveddasiulenduuszansanlszmalng wazakun
U cytoform Tugl il
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(a) (b)

Al 4 SnvarfieaureuNasusi Simulium chaliowae (a) cephalic apotome (b) mandible
(c) hypostoma (d) postgenal cleft scale bar = 0.1 mm @115U A (a) wag (d) 0.02 mm d1nfu
AN b uaz 0.04 mm d@usunIw (c) (111 Pramual and Wongpakam 2014)



a a 2 o . . . a a a e
A9 7 518982L08AVDIUTEVINTUDILUAITUAN 5/mul/umfeuerborn/ T\]WﬂﬂigLV]ﬂiJ’]LaL"’UEJLLag‘UﬁgLWﬂQUIWUL%UV]ﬂﬂ‘HW

=

Usgainsg Code Latitude/ Altitude AUNTIE ANEN AT pH Dissolved 9Nl
Longitude (m) (m) (m) nSYuAh oxygen O
(m/s) (mg/L)
Brinchang, CH15-1 N 04°31.461 1,813 0.75 0.1 0.25 7.36 5.5 15.9
Cameron E 101°23.338
Highlands, CH15-2 N 04°31.461° 1,813 0.20 0.05 0.22 6.69 2.4 15.4
1AL F 101°23.338'
Tanah Rata, CH11-1 N 04°28.738 1,405 0.03 0.22 0.54 6.81 7.4 17.0
Cameron E 101°22.979
Highlands, CH11-2 N 04°28.738 1,405 0.03 0.22 0.54 6.81 7.4 17.0
1LaLTe E 101°22.979'
CH11-3 N 04°28.738 1,405 0.03 0.24 0.41 6.60 3.59 17.0
E 101°22.97%
Puncak, Java, PUN NA 1,200 0.30 - 0.20 NA 7.00 NA NA
dulniiige 0.40

(1'71|m: Pramual et al. 2015)

0¢
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A1519% 8 AUDNVRIBUIBSTULAY B chromosome Tulseansuuassus Simulium feuerborni
NNUTEALa B LAz B uln T

Code Usznea IIUIUADEN Chromosome B chromosome Cytoform
(male: female) inversion
CH15-1 WAL 6:14 IS-4 (6%) llIL-  70% C
&

CH15-2 WAL 20:22 -5 62% C

CH11-1 ALY 3:9 -5 33% C

CH11-2  wuade 57 lL-5 83% C

CH11-3 ALY 5:6 -5 64% C

PUN dulallidy  24:37 -4 - D

39U 63:95

? SunestumunaIf (Mu: Pramual et al. 2015)

A9 5 Taslulanuns | waud19du (IS) UosuNassuan Simulium feuerborni AnUsENANLALTY

LERIALIUINTSANDULIBSTU 1S-4 (Mun: Pramual et al. 2015)
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(A) (B)

HS

AT 6 B chromosome Y83tiad3ua Simulium feuerborni AMNUIEINANUALTY (A) LaARIFILALUS
centromere () waz fluffy end (F) (B) ectopic pairing %3139 B chromosome AU laslulaw i
(#137: Pramual et al. 2015)

Simulium feuerborni Cytoform C

S. feuerborni cytoform C Tdnwagveslashileuuanssnuauiiinasgiulasiilauain
Uszwalveannsiiindunesduauiae (fixed inversion) Uusvudnaenivestastulew 11 (IL-5)
(it 7) LimuBunesduiiAenidesiuiwe (sex-linked inversion) U B chromosome A1MAGY
Tnemuaud 33% - 83% ludseans uuassusn S. feuerbomi cytoform C wuludssansan
Cameron Highlands UsginAunialdey
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IS

*"*"“M‘ﬁ# S

11
68 169 | 70 |71|72 \ 16\

6
73 | 74|75

2?7 TasTulasunis (Il 90uuassus Simulium feuerborni IAUTENALNALTE LAAIFILNRUINT
AnBuostu IL-5 wWisumeuiuwaununsguvesatad (1un: Pramual et al. 2015)

Simulium feuerborni Cytoform D

S. feuerbomni cytoform D fidnwazveslasulauunnsaninuuuiiuiasgiulasluleuain
Uszwalveainnsindunesduauiae (fixed inversion) vuwvudseivedastuley Il (IL-4)
(it 8) Lilnudunesduiiiieniosiuing (sexlinked inversion) uwuassusn S. feuerborni
cytoform D wuluusewinsann Puncak Java Useinasulailide
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27 8 TAsTUlasivg I LU NEMIVBIUNAIIUAT Simulium feuerborni AnUszmnedulatliTneans
FUMLANISANDUBITY IIL-4 1T U UUMNLNNINTEINY0ETd (Mun: Pramual et al. 2015)

3.2.2 AULUSHUNISNUINTINTZAUDYWRUTAIEATULATANLANAIINIINUFNTTUTEN TN
cytoforms

AnwiAnuuUsHumaiugnssuseRvaiusmansinglddrduiiandlelndvestiu COl Ay
617 586 bp il suLilsuaLLANAIIMITUENTINTEWINY cytoforms YIUUAITUAN
S. feuerborni lag@nw1Use91n5910 Cameron Highlands UsginAnlaldes 31u7U 10 A18879 WA
ogslsfAmuiliiannsafiuunamsiugnssiluduvesiu Col dmiusegnanuszmadulaiide
1) mamﬁmswﬁ%’agawuiwﬂimﬂﬂwmLLmaQ‘éuuﬁfl S. feuerborni MNAUTEINANNALGBTAULUTHU
matugnssudidieSsuifisuiuiegnannuszimalng (cytoform A uag B) (An5197 9) anduauy
Mg 10 Aeeg1e nuwenlnalnl 7 suuuu lnelAanurainraieveswanlnalnl (haplotype
diversity) 0.869 wagA1ANNAINNAI8IdIAalaINA (nucleotide diversity) 0.008 A15ILATITH
AN UGYNTTAUINITAIID median joining network WUI1FBE19U9e cytoform C LUILEAIN
nquvad cytoform A uag B a1nUsemelneagiednian (AN 9) mﬁmmvﬁmmmmem"mm
Wugnssulaglda For WUARUANAIMIITUGNTINTZAUZa T8I cytoforms (M"37971 10) s
aoAAdDetUNITATIZY DNA  barcode  finudndaogsiinuaiiiiaszdiasndiuunmiy
cytoforms lﬂgﬂmaﬂ
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P s . .
A13519%0 9 Anunainnateveskanlnalnl (haplotype diversity) Wa¥AIINNAINUAIDUD
Hmalalne (nucleotide diversity) anasufiandlelnavesdu COl Tuuuassuan Simulium

feuerborni

Cytoform n Haplotype diversity Nucleotide diversity
A 30 0.869 (:0.059) 0.008 (+ 0.005)

B 29° 0.579 (0.110) 0.015 (+ 0.008)

C 10 0.911 (+0.008) 0.007 (+ 0.004)

a

%’a%amﬂ Pramual and Wongpakam (2013) (in: Pramual et al. 2015)

A1971990 10 A1 pairwise For 589118 cytoforms UBILNaIIUAT Simulium feuerborni

Cytoform A B C
A

B 0.684*

C 0.760% 0.696*

* P < 0.001 (‘ﬁm: Pramual et al. 2015)

L]
/ \ Cytoform A

Cytoform B
Cytoform C o oO;
o
o O
o oQOo
.
L ]
o 2 9
e »® (o]
. ® ® 00
o

2N 9 EYANNUFNITIAUINITUUU median joining network ana1dutiipdlelnauesdiu COI 69
F0819 VOMUAIIUAN Simulium feuerborni MUsEAlnawazIaLy 29nauvnedlenlnalnd
unvasnalidudndiutuinuiudiogvaswiazwanlnalnd (u1: Pramual et al. 2015)
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3.3 WUFANANSLTIUITLYINTVDUUAIIUA Simulium aureohirtum

Anwauulsiunarlassadameiugnssuresuuasiud S, aureohitum Tudsemele
Tnsuuasiud S, aureohitum iuusassudiifinisnssatemanimansiinisranemuldlumans
Qﬁmﬂﬁgﬂuwm Palearctic @z Oriental (Adler and Crosskey 2015) ImﬁlLLuaéuﬁﬂ
S. aureohitum  fi¥oWas (synonyms) 1éwA S, ceniculare Shiraki  TuuUszinaldniu
S. ph/(/pp/nense Delfinado a1nUsewnaNaduTuE S. tuaranense Smart and Clifford 91nUszine
snady uuasiud S aureohitum wuluundsendefiidnuurmaininefivainvans i
mmmﬂiumlmmmaLmaamﬂwgﬂiumu‘lmwwa (Pramual and Kuvangkadilok 2009) n3@n®
waawugmanslulszansandsemalvenuaudsiuveslasiulongs lnonudunosduanuilsl
AsHl 14 Unuv Taeilunestu 2 sunuuidanudguasfamuifianuduiusosradvodfyfu
Hademsfinaingwesuvaiode Idun azfign Auganssdutimeia wargaugfl (Pramual et
al. 2008) aeislsfinudslainundngufiazannsoutsusn cytoform 484 S. aureohirtum lulseine
neld aenadesfunanisinwiaindiognnnussmad uinuiuuuiaunsiesiavesuuuding
laslgumiiouiudiegeanussmelny (Reeves and Adler 2011) N15ANW1 DNA barcode wuin
wasiud S, aureohirtum Tulspimdlnefinruusiugs Tnsdaeuuusiunmelualidd 7.429%
Fefuisdaiuguierndualdddudon (Pramual and Adler 2014) ionsadeunuutsiuuas
lassasrameugnssuiazunumeesdadenisdnmingideninuudsiuniaiugnssuves
S, aureohitum Fa@nwtugaiansiBauszunslaglidifuianalelndveadu oIl Taodrud
MNSANEILAINE1 697 bp

3.3.1 AMUUUSHUNIINUFNTTY

Anwn S, aureohirtum Tulszwdlnesiuiu 158 fege 910 14 Uszvns (5199 11)
wuhfisuuuueninalndvisnun 128 usnlnalnd dernrumainvansvesuswinalndluuszeng
559119 0.714 — 1.000 wazild1ads 0.994 (m151971 11) Armnunainransvesioadlelnaly
Uszmnsilansewing 0.006 — 0.035 waziidnads 0.03¢ nsinwasduiusnedTauinisaely
aUTd98738 median - joining netwok WuuNass U S. aureohirtum ludssmAlneutsaonidu
3 @e3TuInIs (A, B uaz ©) (Al 10) laganedTmuinisiianuduiusiuiunimiagiamans
Ve @eiTaunnig A WushegsiinanmansTusnuazneny Tusenidsanie wazunsdiuain
AMAanle @183TwuIn1s B 1131nnanangdueen wagd@1e3dauinis C 11ana1amiianaynia
L RRIGINYIG

3.3.2 lasead1amnesiugnssy

nsAnunlAssadmaiugnssunUilaes U sE sl sEAuANILANA M ST NTTHAN
MnFwnnsieudisussriisUssnnaianan 91 A ANULANAaNIIRugNSTHREeiTyd Ay
WiBa 13 g (14%) (115197 12) MBaseianuduiusszningzesitaneglimansfusziuaim
LANAINNNAUGNTTUAIE Mantel’s test wudnlifiauduiuseeeldeddny (R" = 0.003, P =
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0.641) MNATNEiiiensraaeunadulaseailamiesiugnssudie SAMOVA (spatial analysis of
molecular variance) wuiansnsadanguuszansle 3 nau Fadudwaunguidia For awam (Fer
= 0511, P < 0.001) Imsmaumml@ummau‘wuﬁﬂummemqﬂumamﬂuawiwmm ﬂamnl
Usenaumiguseunsannaiamile 2 Usevng (AU293, AU271) ﬂqzm 2 Usznaumiguseyngann
Aenziusanideanile 8 Uszwins (AU248, AU307, AU310, AU314, AU317, AU337, AU295,
AU288) Uszuinsniangiunn (AU336) wazdseuinsainaiawmile (AU295, AU288) ﬂfj;ﬂ?'i 3
UsgnaumiglszvnsananangTuesn (AU346, AU34T uay AU341)

(&) (A)

- B) | °

Northeast
@ North
@ East e g s O\
@ West ) C.

a o w & awv AN Y Y ad . .. o w
2NN 10 angdunusnITauin1snelualidasnenieds median - joining network 31n&1AU
Tealalnauesdu COIl 317U 158 F1aend VBIWUaISUAN Simulium aureohirtum TuUszwmelne
(9131: Thaijarern et al. 2014)



d' Qy o . . . d‘ o = v a U U
A9 11 UTLNTUBILUAIIUAN Simulium aureohirtum NNIANTANE LL@%WU‘UWN@JLL‘UiNumNWUﬁqﬂiiﬂﬂu‘Uiz“U’]ﬂi

Useung Code 31U Latitude/Longitude Altitude Haplotype Nucleotide
79814 (m) diversity diversity

Uumgdnsyn elvaden 2.9uaswsll AU248 11 15728 N/ 105732 E 190 0.891 +0.092 0.015+0.008
Wenawl 3.0 1WaWS AU307 15 16°39'N/ 103°49" E 169 0.895 +0.070 0.019 +0.010
UunIuyu 8.461908 3.8NaUAT AU310 8 16°53' N/ 104°10 E 212 1.000 +0.062 0.010+0.006
UMUEIUEITIA B.AME 2YNANMNT AU314 10 16°45" N/ 104°10 E 250 0.978 +0.054 0.015 +0.008
Wandslvg) 8.gumgy .e3asiny AU317 12 14°26' N/ 104°29' E 219 0.969 +0.044 0.014 +0.008
9.UrMa.y3sud AU337 15 14°17' N/ 102°44° E 231 0.962 +0.040 0.013 +0.007
UUEIURY 9.391RE80 9.UATIIEUN AU347 16 14°21" N/ 101°52°F 407 0.991 +0.025 0.006 +0.004
truiuuas 2.9uny3 AU341 12 12°45" N/ 102°14 E 24 1.000 +0.034 0.011 +0.006
119NAABILAL 2.0579 AU346 12 12°37" N/ 102°34" F 65 0.985 +0.040 0.013 +0.007
TIUTILANN D.ATULNY U488 AU2T1 10 17°18' N/ 101°12' F a73 0.911+0.077 0.025 +0.014
PLUAI 9.599N319 LNS AU288 18°22" N/ 100°25 F 263 1.00 +0.052 0.033 +0.018
TIUAULI B.L1889Na19 9.4 AU293 19°16' N/ 100°53 E 297 0.714 +0.181 0.035 +0.020
TIUTIYUI B.ABNATLG 2NN AU295 18°56' N/ 100°04" E 582 1.000 +0.052 0.034 +0.019
thuisdile o.elatan 2.ngaus AU336 12 14°40N/ 99°19'E 231 0.954 +0.057 0.007 +0.004
593 158 0.994+0.002 0.034+0.017

(F: Thaijarern et al. 2014)

8¢



M13°9% 12 A1 population pairwise For 5¥WINUTEVINTVBIUNAIIUAT Simulium aureohirtum Tulszialne

Ussuns AU248 AU271 AU307 AU310 AU314 AU317 AU337 AU347 AU288 AU293 AU295 AU341 AU346 AU336
AU248

AU2T71 0.099

AU307 -0.016 0.097

AU310 0.057 0.046 0.056

AU314 0.066 0.036 0.065 0.011

AU317 0.069 0.059  0.068 0.016 0.010

AU337 0.072 0.062 0.071  0.020 0.030 0.034

AU347 0.057 0.047 0.056  0.004 0.015 0.019 0.023

AU288 0.056 0.045 0.055 0.000 0.011 0.016 0.020 0.004

AU293 0.189 0.180 0.183  0.139 0.145 0.146 0.114 0.129 0.136

AU295 0.056 0.012 0.055 0.000 0.011 0.016 0.020 0.004 0.000 0.136

AU341 0.054 0.044  0.054 0.000 0.011 0.015 0.019 0.004 0.000 0.130 0.000

AU346 0.062 0.051 0.061 0.008 0.019 0.023 0.027 0.012 0.008 0.138  0.008 0.008

AU336 0.077 0.067 0.076  0.014 0.034 0.038 0.042 0.026 0.023 0.154  0.023 0.023 0.030

SNWIAINU N80 TAuLANANeENTTEdIAYNNETANTEAU p-values UouniIAT p NUSUAIL Bonferroni correction
(#131: Thaijarern et al. 2014)

6¢
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3.3.3 UsednAansuseanns

nMenTesiUse manssernsvesmeiaunnis A, B uar C wudwis 3 agdfwuinsd
mMsinawnUsznsegesanslusin (population expansion) Tnefdnwanswaes mismatch
distribution HuWUY unimodal (Al 11) deandesiuAnisiassmanissl (simulation) aneld
Foulwwesnsiinnsvenefiognsnniiivesssying mMelnsizsien Fs waz Tajima’s D fidduay
wazuandsngudedaditedifey atvayuinUszansinsiivruinegresiniiluedin dan1s
AuINTIIABINSINTUIAUTEINTEE195 A IRBY TN 18,000 T fikusndmiuans
Fau1ns A wag 10,000 U AinusndmsuansITauinis B way C

MsAeTginIsenenTznineUszanslusfinseninaserng 4 ngu AuUuenamiumLs
maiienans wudinisenenliauna lneussuinsinisenenainniangiusenideanilelugingy
UszrnsnmawileludnsiguileiSsuiisusunmsewenlufismanssiudnudififossnn vauzifediu
Uszvnsnguniane Tueenidueniiadinsonemidnunannaulsssnsn1ang TUANIIUIULINLANTT
onenlufimmensaiutiummn msenewsznineUszansnmans Jusenfulsyainsnndue difos
170 (137971 13)
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(a) 600+

5004 ~—~
I’ N

4004
Tajima’D test = -1.91646%*

Fu’s Fs test = -24 81503 %%
Tau = 6.885

Frequency
Lad
=
=

— Observed
---- Simulation

20 25

0 5 10 15
No. of differences

(b) 160
1404
f“-
1204 ',' "“
1 ]
wof{ F Tajima’D test = -1.58369*
g . Fu’s Fs test = - 24.80615%*
z 807 Tau=3.914
- 1
704 |
'
604 '.‘ — Observed
! ---- Simulation
401§
I
)
204}
/""'/.-\.A.._ e
0 5 10 15 20 25 30 35 40
No. of differences
(c) 50
45
40
35 Tajima’D test = - 1.40897
20 Fu's Fs test = -24.26484**
g Tau=3.719
é 25
— Observed

=== Simulation

10 5
No. of differences

ATWN 11 Mismatch distribution 99 (a) @w3iwuin1s A (b) @187imuIn1s B wag (@) ae
ATuns C vaaiuassuan Simulium aureohirtum Tulssimndlng (#an: Thaijarern et al. 2014)
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M19199 13 MTAATIERVIAUTEEINT (0 = 2N:U) WagdnIInI1sonne (M = m/u) 58nIengy
UsEmNIU0Iassusm Simulium aureohirtum luusewmelng

BNIINITONWY
NquUIEYING 0=2N u N— | NE — i E—i W— i
witla (N) 0.0582 : 290.17 4.5x10 "  3.33x10
arusanidsawiia(NE) 0.0425 9.10x10 "> - 1.23x10° 90.501
azTusan (E) 0.0965 10.483 7.305 . 3.35x10
azTuan (W) 0.0187 9.3x10 " 1.76x10° 2.01x10~ -

(117 Thaijarern et al. 2014)
3.4 EYFUNUSNIITRUINITVIUNAFUANGNEUYS Simulium tuberosum Tuuszmalne

LLJJaﬂ%uﬁ'mﬁjﬂJa?J%ﬁ Simulium  tuberosum  (Lundstrém)  dnegluanades Simulium
Latreille s1alanils1ea1uniswu 49 @374 (Adler and Crosskey 2015) LLuaﬂ§uﬁ1ﬂdua%%ﬁ
5. tuberosum finsnsganevsgfimaniiinirauans wuldvalansisluiun Nearctic, Palearctic uay
Oriental  Tuuszwalnedsissuniswu 7 aad Usenouniy S, doipuiense  Takaoka and
Choochote, S. manooni Takaoka and Choochote, S. rufibasis Brunetti, S. setsukoae Takaoka
and Choochote, S. tani Takaoka and Davies, S. weji Takaoka, Wag S. yuphae Takaoka and
Choochote MsANWIARIUGANARTHUTIUNASIUR S. dojpuiense waz S. tani \HualTdduteu
Usgnoumey 2 cytoforms way 10 cytoforms auasu (Tangkawanit et al. 2009a)

sAnwEeduTLEI9T TunsvesIasIungualdd s, tuberosum Tagldnuudsiuy
31nnstinduiestuveslastuley (Tangkawanit et al. 2009a) wazdnwausdugIUINg,
(Tangkawanit et al. 2009b) WUIMLATTUA S, tani TATmuAn9INaTTdduY uInfian Lie
edouaLLRgILTIhmMsEnwaeduiusmMa Taunsvessass uingualidd s. tuberosum Tu
Uszinelnelngldiaiemneiugnssussdueyiusmaniandunanesuvis léun COI, COIl uag
185/ITS1 91u7u 70 f9g19 910 5 aUTd Usznaunay S. doipuiense, S. tani, S. weji, S. rufibasis
wae S. yuphae (37991 14)

3.4.1 ANULUSHUYBIEAIAUTIAE LR INA

aauiliadlelnavesdu COI wag COIl dnuudsiugendngu 185/TS1 uin lngdu COI du
fvn15An®1A70817 720 bp 3AURUSHULUY parsimony informative $1131 158 S u
COll drudifinwaue 697 bp fAuwUSAUKUY parsimony informative 149 funia vaugdigu
185/ITS1 dhnfiinuimnueni 633 bp flauwdsiuuuy parsimony informative Wi 25 Susi
LRSI S, doipuiense TAuuUTumatugnssunelualddgeaad miuiu COl wag COIl ud
auulsiunelualTduesdu 185/TS1 én unassusn S. tani was S. rufibasis Sisydunnuuysiu
IndPesiudmsugu COl us S. rufibasis IANuLUIRUYRIEY COIl g9ndn S. weji HAuuUsiuas
dmSuTiu COll uaz 185/TS1 wimuuUsiurasdu COI /i unassush . yuphae Sianaudstiusi
figalunndy (m3adt 15)



M19199 14 uuassumngualad Simulium tuberosum vinn1sAinwuwag Genbank accession numbers @usugu COI, COIl ua 185/ITS1

A0UMNUAIDE4

Species Cytoform AIUFIIN Accession number
sedutimza (m)  COl coll 185/ITS1
Simulium doipuiense A ﬁﬁuﬁ%%uELgﬂﬁa.ﬂﬂu 1,142 KF550246 KF550190 KF550264
complex KF550243 KF550187 KF550265
KF550244 KF550188 KF550266
- KF550186 KF550264
A 1handind 2. 3edlml 1,332 KF550245 KF550189  KF550264
- KF550192 KF550267
- KF550191 KF550268

KF550237 - -

KF550238 - -

KF550239 - -

KF550240 - -

KF550241 - -

KF550242 - -

A danthensemaes a.13ednl 1,050 KF550233 - -

KF550234 - -

KF550235 - -

KF550236 - -
Simulium rufibasis ﬁamiﬂm 990411849 . LWealnl 2,188 KF550224 KF550193 KF550268
KF550225 KF550194 KF550268
KF550226 KF550195 KF550268
KF550227 KF550197 KF550268

%%



Species Cytoform amuﬁtﬁuﬁqadw AIUFIIN Accession number
sedutimza (m)  COl coll 185/ITS1
KF550228 KF550198 KF550268
KF550229 KF550199 KF550269
KF550230 KF550196 KF550268
KF550218 - -
KF550219 - -
KF550220 - -
KF550221 - -
KF550222 - -
Simulium tani C 5%615@8@ ﬂ.frwy%uq§ 262 KF550232 KF550208 KF550270
complex - KF550209 KF550271
AY855980 - -
C,GH AunIALUle 2. W9 826 KF550231 KF550210  KF550272
- KF550210 KF550273
- KF550211 KF550273
B dnnunnsne 1. spues 65 AY855922 - -
B vede 9. sru 80 AY855931 - :
G Hrut1audn 2. wigesdaay 840 AY855934 - -
C,GH Uuinenile 2. Wwedlnd 814 AY855938 - -
B thanpassuseed 9. FunY3 70 AY855946 - -
B dhannaesn 9. Juny3 65 AY855949 - -
C vhanmavsen 1. INYTYT 468 AY855955 - -
c dhanusiifanans 9. uns 300 AY855960 - -

12%



Species Cytoform amuﬁtﬁuﬁqadw AIUFIIN Accession number
sedutimza (m)  COl coll 185/ITS1
B dnninnszan 9. svees 65 AY855967 - .
I thanviefing 1. s 400 AY855987 - -
c 13’1@1?1:361@&1@'11 3. Junys 650 AY855988 - -
A vhanvuendh 1. 1Bl 545 AY855994 - -
A dnnanuans 9. an 250 AY856000 - -
B, dnnmilosmn 1. g31u4)5571 120 AY856013 - -
G Hruuii 9. uwlgesaou 814 AY856031 - -
Simulium weji ﬁﬁmﬂmuﬁau 9. Loy 596 - KF550200 KF550274
- KF550202 KF550276
UTUEIUTDYL 2. 1A 636 - KF550201  KF550275
dhanaeduils 2. weien 401 KF550255  KF550205  KF550277
- KF550206 KF550277
haninTansgie 2. mayauy3 246 KF550247 - -
KF550248 - -
2. WUNTE 2. BN 400 KF550249 - -
KF550250 - -
13’](5]?1'5’]'3‘1/]8\1 2. 81U19 700 KF550256 KF550204 KF550279
- KF550203 KF550278
AY251527 - -
KF550251 - -
KF550252 - -
KF550253 - -

S



Species Cytoform amuﬁtﬁuﬁqadw AIUFIIN Accession number
seduthmeia (m) COl coll 185/ITS1

KF550254 - -
Simulium yuphae 8. w3y 2.3edlnd 680 KF550257  KF550207  KF550280
KF550258 KF550207 KF550280
KF550259 KF550207 KF550280
- KF550207 KF550280

dandnlng 2. e 1,200 KF550260 - -

KF550261 - -

9. WA 9. UATEIIIA 486 KF550262 - -

KF550263 - -

(Fin: Sriphirom et al. 2014)

ov
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M19199 15 AnuwUsRumsiugnssunelualidvesuuassuingualdd Simulium tuberosum lu
Uszwealny Annulagldluea Kimura 2-parameter

Species Mean (%) (min.-max.)

col call ITS
Simulium doipuiense  2.28 (0 — 5.36) 2.40 (0.58 - 3.70) 0.08 (0 - 1.13)
Simulium rufibasis 1.82(0.14 - 6.11) 0.77 (0.14 - 1.31) 0.09 (0 - 0.32)
Simulium tani 1.48 (0.14 - 4.34) 1.70 (0 - 2.49) 0.66 (0.16 — 0.97)
Simulium yuphae 0.36 (0 - 0.98) 0 0.07 (0 - 0.161)
Simulium weji 0.71 (0.14 - 1.41) 1.98 (0.14 - 5.67) 0.58 (0 - 0.97)

(Fian: Sriphirom et al. 2014)

3.4.2 A18FUNUSNIITAUINITVDIUNABUAINGUAUTS Simulium  tuberosum  Tu
Usznalng

gudunusnIITauInITiAszBananuianalolvavesdu COl lagidaneq lanaly
wanse FeuSswanamEHanITIATIERRe3E Bayesian analysis (Nl 12) n1siaseviang
Fuitusmaitaunistaeldlagldasuianalelnivesiuiia 3 du §re38n156e Ianamiloudy
FIUS AR INANTTIAT 1A 83515 Bayesian analysis tigauuuLiien (Mndl 13) anedusiugma
Faunnsresuuassusnguadtid S tuberosum lutssimelvesiuan 5 alFduendu 2 clades
198 clade | ﬂi”ﬂauﬁammaﬂ%uﬁ? 4 aU%d lawn S. doipuiense complex, S. rufibasis, S. weji Lay
S. yuphae clade I flunassue S. tani complex meaﬂﬁuamm Tnouuassus S. tani complex
S. weji Wy S. yuphae Hu monophyletic species Faflein bootstrap support g4 LLmLLnaﬂium
S. doipuiense Wag S. rufibasis Ju polyphyletic

\f19997n1153A51294 haplotype network azaunsauaniANduRusszninadTdifiay
Tn&Fameansiaunnslaania dafuitedmssiauduiugsewing S. doipuiense complex uay
S. rufibasis complex 39¥1MN153LATIEI median joining network tagldaduiianalelnavesdu COI
NAN1TIATITNUIT01twe AT usTaesalTduenainfuludiulng Suies 3 wenlnalnd
whiuiideusefuenlnalndvesadddsu (il 14) 1oun 2 ueninalndees s dojpuiense
complex Waufuwaninalniass S. rufibasis uwaz 1 wewlnalndues S. rufibasis L%auﬁmzjm
wanlwalndaes S. dojpuiense complex



a8

Simulium si se

Simulivm avveohirtum

Simulium doipuiense

t

1 Simulivm rufibasis

0.99/1.00/100 ‘F Simulium doipui
LE | Simulivm rufibasis

~|i ‘ Simulium rufibasis
Stmulivm doipuiense

Simulinm rufibasis
L PUIDASIS

- L

Simulium doipuiense

5

Simulivm doipuiense

1.00/1.00/100 |_

0.74/0.67/68

0.99/0.99/83 0.78/0.99/78

Simulinm weji

0.99/0.99/70

1.00/1.00/100 E

|

Simulinm yuphae

0.99/1.00/100

Simulivm tani complex

0.71/0.73/96

ﬁrqur':‘\_'ll“l‘

AW 12 Bayesian tree VowNasIuUANAuaUTA Simulium tuberosum Tudsemelneasngain

O w a

Sduilanalelndvasdu COI (fiun: Sriphirom et al. 2014)
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Simulium aureohirtum

1.00/0.99/91

1.00/0.99/64

0.95/0.

1.00/1.00/100

Simulium siamense
- Simulium rufibasis
Simulium rufibasis

Simulium rufibasis

72 Simulium rufibasis

Simulium doipuiense

1

Simulium doipuiense

Simulium doipuiense

1.00/0.99/96 L— Simulium doipuiense

Simulium doipuiense

Simulium doipuiense
Simulium doipuiense

Simulium rufibasis

Simulium rufibasis
Simulium rufibasis
— Simulium weji

.00/1.00/100 Simulium weji

Simulium weji

0.99/1.00/96 Simulium weji
Simulium weji
Simulium weji
Simulium weji
Simulium yuphae

Simulium yuphae
1.00/1.00/100

1.00/1.00/100

Simulium yuphae
Simulium yuphae
Simulium yuphae
Simulium tani
Simadium tani

Simulium tani

4F Simulium rani
1.00/0.99/99L Simulium tani

A7 13 Bayesian tree vedUuUaI3UAINGUaUTA Simulium tuberosum Tudszmalngadieain

O W a

asuteralelndaesdu COI, CONl way 185/ITS1 (Tiun: Sriphirom et al. 2014)
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AT 14 Median joining network U9LUANIUAY Simulium doipuiense complex ag S. rufibasis
Tulszwalngassananuiiindlelnavesdu COI (Mun: Sriphirom et al. 2014)

3.4.3 M3nszarenenimansiaziadenedinaingrvesunade

foyatlidomsdnmineveuvadsendovesuuasiusngualdd s. tuberosum Tulsemelng
wanslunns1afl 16 13 3LAsERFE35 Canonical correspondence analysis (CCA) Wu3In15n32ane
magilmansvesalidlnnuduiusivdadensdingingige (>0.84) dmiue canonical axes 2
Sudunsn (1519 17) Fsaenndesiu Monte Carlo permutation test Faufasauufgiuinlail
muduTugstwiadidtuladeneilnivenvosunaonde (P = 0.001) Faturan1sAsIzRa
Vet tademeinminewewnasonde ildlunisinuiiauduiusegadaiunisnszarens
plmansvesuuassusingualdd S, tuberosum Tulsemelng lnewuitmuinvestagudisns
(streambed particle) wazAmstiliiwest (water conductivity) Wutlademsineineiiddy
flgnves axis | LLazmmqqmﬂizﬁUﬁfmzLaLLazﬂ'gmn”i']wa%?’lﬁﬁLméqmﬁaﬁjuﬂﬁaﬁﬁﬁzﬁqm
993 axis || (AWl 15 #5199 17) uuassus S. doipuiense complex aglusuniInIUg18v09
lnovunsu CCA UstiuuasiusatTdidauduiussuundsendoiiitaniugisnsvuialig uuas
Jus S, yuphae wag S. rufibasis ﬁmmé’uﬁuﬁ‘ﬁuL,ma'ﬂmﬁaﬁﬁmmqqmmzéﬁ’uﬁmzLa:um 1oy S.
rufibasis WuiuLszﬁ'aaﬁaﬁagjqauﬁﬂﬂdﬁ S. yuphae L@ S. weji wuluuvdsendedidanisii
lw%suaqﬁwqa wiasswi S, tani nuluwndsedediinrunararuEnvesdisisun

Ny iAsIEAtayailiirineg e Principal Component Analysis (PCA) #u31aan3adnng
yaaladanieiliaminegn (principal component, PC) 14 3 nqu FaodureAuuUsUsaufiiannang
wUsUsaustaviug 85.39% (115199 17) PC-1 aduremnuuususiu 47.34% flanuduiugideuiniu
Ansilaiiwesiuargamniveni warduiusifeauiuanugeanssfutmeLauazvuna fan i
815713 PC-2 o3uneAuulsUsuld 22.70% vesmnuuUsusiuiovan Tneflauduiudideuniu
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AN LA PNENYDIA51S wavduTuSBsauRuAN TR PC-3 oBuneAuwYsUSIU
15.34% 993r1uuUsUsIuvun Tnedanudusiugidauinfunnuninuasanuanyesuna il
mumi’aqﬁuéﬂﬁﬁ wazUszINNBINYIUAISIT (riparian vegetation) wazdiusIBeauiuaAINITUn
Titwestin (115197 17) N1534AT1% MANOVA (multivariate analysis of variance) wuinnns
N528YIFVTALANUBANANN W RIAINEIMIULAY PC-1 (F = 20.053, P < 0.001) way PC-2
(F = 9.124, P < 0.001) (i 16)



M19199 16 Yadeneiiimine1vesunaionduveuuassuanguatyd Simulium tuberosum luusewmelneg

Stream variable/Species S. doipuiense S. rufibasis S. tani S. weji S. yuphae
(n=1 (n =3) (n =28) (n=9) (n=9)
Altitude (m) 1116+115.20 1912.67+332.91 580.07+60.70 587.33+26.36 1209.56+80.83
mean+S.E. (min-max) (750 — 1400) (1250 - 2300) (94 - 1226) (401 - 700) (680 — 1615)
Width (m) 2.24+0.47 2.50+0.29 3.20+0.36 1.19+0.41 1.02+0.42
mean=S.E. (min-max) (0.73 - 4.67) (2.00 - 3.00) (0.22 - 7.00) (0.13 - 3.50) (0.17 - 4.00)
Depth (m) 0.16+0.03 0.12+0.01 0.20+0.02 0.08+0.02 0.05+0.01
mean=S.E. (min-max) (0.05 - 0.27) (0.10 - 0.15) (0.06 - 0.60) (0.02 - 0.21) (0.01 -0.12)
Velocity (m/s) 0.55+0.12 0.60+0.12 0.58+0.06 0.89+0.14 0.61+0.15
mean+S.E. (min-max) (0.23 - 1.17) (0.40 - 0.80) (0.19 - 1.51) (0.31 - 1.53) (0.05 - 1.60)
pH 7.70+0.22 7.13+0.07 7.86+0.10 7.39+0.44 7.29+0.45
mean=S.E. (min-max) (6.90 - 8.63) (7.00 - 7.20) (6.73 - 8.88) (6.00 - 9.73) (5.50 - 9.20)
Conductivity (uS/cm) 42.46+17.01 10.67+0.67 73.46+12.21 266.71+£31.17 30.07+14.13
mean+S.E. (min-max) (19.10 - 144.00) (10.00 - 12.00) (10.93 - 280.00) (99.40 - 414.00) (8.00 — 142.00)
Water temperature (°C) 17.21+£1.27 15.67+1.20 22.60+0.67 24.11+0.38 18.28+0.88
mean=S.E. (min-max) (13.40 - 22.50) (14.00 - 18.00) (13.50 - 27.50) (22.40 - 26.50) (15.00 - 23.70)
Streambed particle 5(3-6) 6(5-6) 5(2-6) 2(1-6) 6 (4 - 6)
median (min-max)
Riparian vegetation* 3(1-23) 3(3) 3(1-3) 1(1-23) 3(1-23)

median (min-max)

(Fan: Sriphirom et al. 2014)

4
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A1919% 17 AERRAINA1TILATIZI canonical correspondence analysis (CCA) tag principal
components analysis (PCA) va3buas0IfevekuassuanNgualdd Simulium tuberosum lu
Uszinalng 919U 56 un

CCA PCA

Axis 1 Axis2 Axis 3 PC-1 PC-2 PC-3
Eigenvalue 0.749  0.604  0.208 4.261 2.043 1.381
Cumulative percentage 20.9 16.9 5.8 a7.3 22.7 15.3
variance
Pearson’s correlation for 0.873 0.849 0477
species-environment
Spearman’s correlation
coefficients
Elevation -0.397 -0.624  -0.068 -0.803*  -0.069 0.113
Width -0.224  0.357  -0.204 0.339 0.521*  0.475%
Depth -0.213  0.444  -0.266 0.217 0.856*  0.776*
Velocity 0.009 0.100 -0.013 0.291 0.282*  -0.201
pH -0.069 0.252  -0.037 0.237 -0.303 0.053
Conductivity 0.764 -0.029 -0.088 0.735*  -0.470* -0.519*
Water temperature 0.455 0357  0.040 0.756* 0.063 -0.339
Streambed particles -0.523 -0.148  0.136 -0.679*  0.159 0.362*
Riparian vegetation -0.341  -0.097  0.073 -0.189 0.045 0.555%

(Fan: Sriphirom et al. 2014)



54

N
° ko)
>
<
FaN
A A
A
S. tani é AfA
Fa A
FaY A Fa
depth
water temperature
A A
width N
A, Aa Axis 1
= B Conductivity
& streambeda &
L
S. doipuiense A o8
AA
A : 5
elevation Fil &S weji
iy
A
& A
O
S. yuphae Ta
FaX
PN
@ S rufibasis
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(CCA) vaatademailinming1veunasede 56 it AuklassuAINgUaldd Simulium tuberosum

Tudszinelng nmanumdsuvuefiawnatede Jenaununefaldd anasuansdadenieiliamine,

Y9UnaIede (fian: Sriphirom et al. 2014)
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ATWN 16 Scatter plot Y89AT scores AMNN1TILATIZIY principal components analysis (PCA) 194

Tadumedinaing1vesunatenfevosutassunnguaddd Simulium tuberosum luussinelng
(#1317: Sriphirom et al. 2014)

3.5 1A59851989AULBIIIRAIUINTVRINATTUA LU semalng

aaa

adlaneadefifinansenunsetadefismuslassaidinuvesdaddiadudmuned
ddgusensnilsvesnisanudnmineaziTauinis lnenguiinalnfidify 2 nalnfidivun
Trseasederunesdadidin twn n19Annsesveunate1f (habitat filtering) (Weiher and Keddy
1995; Chesson 2000) LazN1LNILEINTNEINT (competitive exclusion) (MacArthur and Levins
1967) M3fANTOIBIAIDIFBLAE TN Nen sy uerafiAndelasiadsdenure @ idie
uanFsfuRfUan YU dug AN e aeduiusnsi Taunsvesalddluguau msnwilag
Msysannsdeyaanineine duguinet waraneduiusnisiianns SaSenuuimianising
i “msdnuilasiadiedinndad Tauantg” (phylogenetic community ecology) @1u1301U1
AinsgiiioTouiisuanuddyreanalndnalunistivunlaseadedanuvedaidinle (Webb
et al. 2002; Emerson and Gillespie 2008; Cavender-Bares et al. 2009; Vamosi et al. 2009)
mnalTdfegrufuludnuiidnvaurdugiuineindioadeiu uazaunnulnddanisae
FWamnnnsegafived iy nsAnnsesvesunasendeasduladefiddyfismualasiaisdany wa
vnatTdnegmiuludenuiianuuansisvesdagiuineuazanoduiusnisifauinisesidl
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oy nsunsgminensasidutafefddydmunsimunlasaiedenu (Cavender-Bares
et al. 2004; Vamosi et al. 2009)

miﬁﬂmﬁmﬁ‘mmmaqLLmaﬁuﬁwﬁmmﬁnuﬁwasmu'mﬁy’ﬂuﬂﬁzlmﬂimLLazQﬁmﬂgusruaa
1an (Pramual and Kuvangkadilok 2009; Pramual and Wongpakam 2010; Hamada et al. 2002;
Scheder and Waringer 2002; McCreadie et al. 2004; McCreadie and Adler 2006, 2012) i#
nsAnwAUduTUSTEnIlATE i Ui Ine Az e duTus I T sdadidegnn
dosnesdamudinueynaisuaslnaivevesuuasiuslulsemalnednswamfunn ddy
wuassusluvszmdlneiadungudsditiedurauladmiunsinuiiafeifinansenudelaseang
deen lunsinuilivhnsinumerudiiusssmindasasdiag fugiuine wavaeduiusnig
HWaunsvesusassusiluuszmdlne ngl¥dnvaedagiuan labral fan iesinnsinwideu
nhnuhdnyaeiinanianuduiusedniidedfyiunisnszaienagiimansuaznisifenunes
mﬁwauma&%uﬁw (Zhang and Malmaqyist 1996; Palmer and Craig 2000) labral fan L‘fJu
Tassadavesszezisou (arva) filddmiunisnsesenms Useneumelduunyus (ray) Faun R
funauazdwuusninstuluusioraldd Insalddfiendeluwmdnhiifinnudivenssuatiuiness
labral fan wuInLdn Uneflalddiondluumaniddenudvesnssuaieiiagd abral fan uin
gy (Zhang and Malmaqyist 1996; Palmer and Craig 2000) 5’6\@‘05%&5%&miﬁﬂwm%’jﬂiﬁa
nedeUALNAg LA uATledelunAseAfe fulanuadeedeturesdng wineuas
aeduiusneTiannsesaiiteddny wazifienaaeuauuigiuindnvurdugiuved labral fan &
AdTusvaneduiusnI Taunisvsely

3.5.1 @NgaUNUSNIIIAUINIG

AnwaeduiusmadTauinisvesuuassusludssmalnesiuau 35 4938 fnuluunds
91BN 150 wis Ineldanuiiindlelnauesdiu COI, COIl way 185/ITS1 A MY 1,875 bp Aag
33 Bayesian analysis nan1sAnwnuIaeduRusaTauinisutasandu 2 clades (nwdi 17)
Tneuuassusanages Asiosimulium #o Simulium oblongum saufuanages Nevermannia léuf
S. aureohirtum, S. fruticosum wag S. feuerborni complex 8glu clade | LLmad‘%}uﬁ’laqaﬂ%
Gomphostilbia Way Simulium aglu clade || sﬁaﬁaaaqaqasjamwmﬂu monophyletic clades 9€14
oLy

3.5.2 1As9as19d9nudaidauInig

Mnmsieneideyaresuuasiusluuvaiende 150 wis Tuussmalye wuusassus 35
aU74 Tuusazunatonfoduuassuiisyning 3 - 8 aU3d nsinseilasiadrsdenudaiTmuinis
WU 73 WA (48.66%) fiA1 NRI Wuuan wag 77 wint (51.34%) fian NRI iWuau A1 NTI 35Uuuy
AanuARaiL TReanudn 62 Wit (41.33%) a1 NTI Wuuin way 88 wiie (58.67%) &A1 NTI 1uau
(n31971 18) N3mAaEBUAT NRI waz NTI wudiliusandraangus (ansefl 18) fedulassadredsn
B3 Tmuinisveuuassuslulssmelngliuanaeain A1 NSRBI IALILLIAIT U
LUUg (A3797 18)
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Parasimulium crosskeyi

- | Asiosimulium
S obl
™~

0.79

8. aureohirtum

0.85

Nevermannia

S. fruticosum

1.00

S. feuerborni complex

087 ’—S. angulistylum complex
\

S. kuv

§. asakoae

1.00
S. curtatum

0.96 0.92 S. inthanonense

Gomphostilbia
S. sheilae

0.92 1.00

S. trangense
0.69

S. decuplum

LR k6 &R

1.00 S. gombak

S. parahivagum
1.00 ! s
\— S. siamense complex

S. baimaii

0.99 §. siripoomense

S, chami

S. bullatum
0.62 1.00
0.71 \—S malayense

1.00 —————— . chainarongi
1.00

§. chaliowae

1.00
1.00
0.81 S. fenestratum

0.83 S. wriglobus

S, ruelniki

Simulivm
S. nigrogilvum

S. nodosum

0.96 8. rufibasis

S. doipuiense

1.00 { S. tani complex
S. yuphae

0.78

5. weji

S. nakhonense

8. quinquestriatum

¥ ‘,é'%*‘*'ﬁa‘*“-’*%"%ﬁ*##iﬁ'&*%f% ¥ L

Al 17 aneduiusnadiTaunnisuuu Bayesian asslagldasudandlolndvesiu COI, COIl uaz
185/ITS1 wesusassusluuszmalnesiuau 35 aU3d fn posterior probability LEAIULLILYDS
a1e33uIn1g uag labral fan vasusiazaldduanslnavatvgavesasITauinis (scale bar = 200
um) (Fa: Pangjanda and Pramual 2016)
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M15197 18 AadakasfrdniunITinssilasaiednuneineine 3 iuuinisaglasasng
danuLadiun1sanduguine veawtassuatuUsEmeAlnedIuIU 150 wh

SES
NRI NTI Fan ray Fan ray Number of
width length fan rays

Positive (%) 73 (48.67) 62(41.33) 27 (18.00) 21 (16.00) 33 (22.00)
Negative (%) 77 (51.33) 88 (58.67) 123 (82.00) 126 (84.00) 117 (78.00)
Mean difference 0.063 0.059 -0.495 -0.616 -0.538
(confidence interval) (-0.074, (-0.110, (-0.614, (-0.726, (-0.655,

0.200) 0.227) - 0.375) -0.506) -0.421)
t-test 0.915 0.686 -8.209 -11.119 -9.087
P-value 0.362 0.494 <0.001 <0.001 <0.001

(Hun: Pangjanda and Pramual 2016)

3.5.3 1A59831989nuLB9 3 TnuIn1suasduguinen

AadsvesdnyudngILYes labral fan wandlumis1ai 19 dnvardngiuves labral fan 3
anwilg UenoumednuILI@ULIus (fan ray) AN8717 WagAINNINS 84 labral fan dAaudunus
fupgnafifaddny (1157991 20) wazduiusiuladeniedinaiveivesunasede (ins1ed 21) Vet
Snunedgiuves labral fan Hilfudaduddyiidivuanisdonldundiendevesuuadsud ns
AT NLATIFTIFIANTITTAUUINITIINAN WULEUFIVINGIVBIAIINNTINTOY fan ray WUTIWIAT
91fy 27 una (18%) A1 SES 1uuan ﬂa%ﬂﬁwmzé’mgm%wm%a labral fan ludspuvaauuas
Sudluundsordomdriificuuansiaty (overdispersed) anndtAAAVENBIINEIANLUGN Wit
91duS NI 123 uske (82%) T SES 1Huau Vst ihdnuasduguinewesuuassusiluundsende
wienidauedieedatu (clustering) annniimAmaninendseuuudy n1siiaTgRlassasdny
WA TAUINITIINAN WL ENFIVINGIVBIAIINIVY fan ray WUIUUAIDAY 24 WiAe (16%) 31A7
SES 1Huuan vsihdnunedagiuineives labral fan ludsauvesuuassudiluudsendowmais
AULANAAAY (overdispersed) HMNNIIAIAIANLNIYIINFIAULUFN UWAAIRIRETIUIU 126 Uk
(84%) fle SES 1Tuau Ustindnuwardnguinewesuassusiluurasendomarifiniundieads
iy (clustering) 11ANTIAIAIANLIEAINFIRUKUFN  N1TILATIBALATIATNFIATITTAIUINTIN
SnunrdnguAMevessiuIy fan ray WUTUMEYEIRY 33 Wi (22%) Ten SES (Huuan Uadn
Snwaugdgine1veas iy labral fan Tudseumesusasiuiluunasofomeaniifauuand ey
(overdispersed) 1MNNIAIAIAVLNBIINSIAURUEN UraIe1FABTIuIY 117 wits (78%) fian SES 1lu
au ﬂﬁdw%wmzé’mgm%wmmaaLL@Jm?;mﬁ’ﬂmméamﬁ&JLwéﬂﬁﬁﬂmmé’wﬂﬁﬂﬁ’u (clustering)
UINNINANAIANLNEINFIANLUE



M19197 19 ALRAYRIANBEdNgIWINE1VRY labral fan Tuluasiuen 35 alTdludszwmelneg

. A21UN319Y04 fan ray A21UY1VB4 fan ray 31U rays

Species (n)
(+SE) (um) (+SE) (um) (£SE)

Subgenus Asiosimulium
S. oblongum Takaoka & Choochote (62) 1516.94 (14.21) 762.90 (7.66) 42.63 (0.51)
Subgenus Gomphostilbia
S. angulistylum Takaoka & Davies complex (42) 1032.14 (17.27) 539.29 (9.79) 33.50 (0.69)
S. asakoae Takaoka & Davies (66) 1202.27 (20.86) 603.41 (6.67) 37.80 (0.71)
S. curtatum Jitklang, Kuvangkadilok, Baimai, Takaoka & Adler (30)  1310.83 (17.23) 673.33 (9.66) 38.57 (0.36)
S. decuplum Takaoka & Davies (30) 924.14 (13.16) 488.79 (5.05) 29.86 (0.34)
S. doipuiense Takaoka & Choochote (30) 1116.67 (16.23) 583.33 (9.84) 36.97 (0.66)
S. gombakense Takaoka & Davies (30) 1037.93 (12.07) 532.76 (5.56) 40.97 (0.59)
S. inthanonense Takaoka & Suzuki (30) 1235.00 (21.73) 624.17 (10.75) 31.30 (0.56)
S. kuvangkadilokae Pramual & Tangkawanit (30) 820.00 (18.39) 421.67 (6.86) 33.30 (0.57)
S. parahiyangum Takaoka & Sigit (30) 880.00 (6.93) 441.67 (7.80) 26.73 (0.43)
S. sheilae Takaoka & Davies (30) 1146.55 (15.83) 547.41 (9.15) 40.48 (0.83)
S. siamense Takaoka & Suzuki complex (51) 1019.12 (15.04) 510.29 (7.71) 37.88 (0.83)
S. trangense Jitklang, Kuvangkadilok, Baimai, Takaoka & Adler (30) 1059.38 (11.14) 582.29 (11.70) 39.63 (0.53)
Subgenus Nevermannia
S. aureohirtum Brunetti (55) 1262.27 (23.99) 619.55 (11.19) 37.22(0.95)
S. feuerborni Edwards complex (30) 1298.33 (37.56) 701.67 (16.03) 35.70(0.42)
S. fruticosum Takaoka & Choochote (30) 1410.00 (12.43) 739.17 (5.32) 26.40 (0.32)
Subgenus Simulium
S. baimaii Kuvangkadilok & Takaoka (30) 1351.67 (18.76) 700.83 (7.34) 55.40 (0.48)
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Species (n)’

A21UN119%84 fan ray

(£SE) (pm)

AYUY1IVDY fan ray

(£SE) (um)

31U rays
(£SE)

S.
S.
S.
S.
S.

bullatum Takaoka & Choochote (30)
chainarongi Kuvangkadilok & Takaoka (38)
chaliowae Takaoka & Bookemtong (30)
chamlongi Takaoka & Suzuki (30)

chiangmaiense Takaoka & Suzuki (30)

S. fenestratum Edwards (70)

S.
. hakhonense Takaoka & Suzuki (61)

. nigrogilvum Summers (30)

nh hh Lh hh h;kh i i 1 »n

malayense Takaoka & Davies (10)

. nodosum Puri (30)

. quinquestriaum Shiraki (30)

. rudnicki Takaoka & Davies (30)

. rufibasis Brunetti (30)

. sirpoomense Takaoka & Saito (5)

. tani Takaoka & Davies complex (30)

. triglobus Takaoka & Kuvangkadilok (30)
. weji Takaoka (30)

S. yuphae Takaoka & Choochote (30)

1387.50 (27.51)
1172.37 (12.85)
1115.83 (10.75)
631.67 (11.37)

1015.00 (26.39)
1258.93 (17.45)
1081.82 (26.56)
1052.46 (12.20)
1187.50 (20.08)
1133.33 (7.98)

1221.67 (25.90)
1310.00 (34.19)
1335.83 (9.79)

418.75 (11.97)

1024.17 (20.04)
1355.83 (21.40)
1021.67 (16.86)
1066.67 (27.63)

(
(
(
(
(
(

706.67 (13.34)
590.13 (6.83)
555.83 (7.55)
565.83 (26.76)
570.83 (11.50)
596.79 (9.58)
545.45 (16.10)
532.17 (5.67)
592.50 (9.90)
573.33 (4.31)
613.33 (16.11)
695.83 (17.21)
629.17 (7.00)
875.00 (0.00)
531.67 (10.38
620.00 (12.48
541.67 (14.35

)
)
)
555.83 (13.54)

46.13 (0.58)
43.61 (0.59)
40.00 (0.22)
41.10 (0.48)
39.23(0.41)
43.03 (0.71)
43.91 (1.54)
40.67 (0.85)
39.20 (0.88)
37.00 (0.21)
47.43 (1.16)
46.40 (1.17)
43.57 (0.54)
37.50 (0.29)
32.37(0.98)
57.00 (0.37)
36.00 (0.58)
39.87 (0.74)

Tnuegnildinnanvasduguiven (finn: Panganda and Pramual 2016)
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M13799 20 N Pearson correlation coefficients s¥ninednuwazdugIuInNeIvas labral fan Tuusas
Susn 35 aUTdlulssmalng

Fan ray width Fan ray length Number of fan ray
Fan ray width -
Fan ray length 0.632% -
Number of fan ray 0.431* 0.317* -

*P < 0.01 (fian: Pangjanda and Pramual 2016)

3.5.4 Phylogenetic signal YasanuasdugIuiInenvad labral fan

N1TIATIEAAIIUFURUTIEWINA IFUNUTN T UINITAUTEAUAIUAAIEAR I UTD
anwnrdugIuIne1ves labral fan wudnludianuduiusedelitudAgynisaifvesainuning fan
ray (P = 0.16) wagduiufan ray (P = 0.06) umegslsAnmunuinanuenives fan ray i
AMUFLTUSAUaNsTIaun1segsltedfy (P = 0.03)



M135799 21 @1 Pearson correlation coefficients 5¢1inaanwsdugIUINeIv8e labral fan Tukuassui 35 aU¥d Auladen1alnaing1veiunaiade
91U 150 Wi Tuussmalne

Morphological trait Stream variable
Width Depth Velocity Discharge Elevation Conductivity Streambed Canopy Riparian
particle cover vegetation
Fan ray width -0.131*  -0.139*  -0.091* -0.161* 0.305* 0.020 0.025" -0.006°  0.126*°
Fan ray length -0.147*  -0.064 -0.095* -0.133* 0.236* 0.019 -0.021° -0.010°  0.090*°
Number of fanray  0.032  -0.161*  0.162* -0.149* 0.201* 0.118* 0.189*" 0.062"  0.206*"

(Fian: Pangjanda and Pramual 2016)
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4. 397150INaN1SANEI

4.1 DNA barcode du3un1sszysinvasuuassumlulssndlng

'
[ 1 a '

Toyasunsuisiuiainudidyegagenenisfnuiliaaineivesuuassudi ag13lsinng

o
'
[ [

= a Qy o A Y o o I a ) 1 o
ﬂ’ﬁﬁﬂﬁ;’ﬂ@ﬂéﬂiﬂﬂﬁ’]u‘ﬂ@ﬂLLJJ@\WUWINGUEJ"\]W?’I@V]G’]ﬂmﬂ@ﬂﬂiiﬁqsﬁuﬂiu%a’]ﬂﬁﬂﬂiﬂuﬂﬁuﬁiﬂmﬂmu

>
[%

szegdhseulilesndanndeyarosuednuas fauunislfiesemineiugnssuimduounslanas
ansatelunsssyviafsoundilimmuatdlilaonsidenlesdoyaiduiourslaatugudeya
Filuusassuilutsamdlne mnmsenuneunthnuidduiiandlelndvestu Col fiuszansam
ogannlunssryriavesdsditin nufnindenlssseninalTdveumasilifegnanszogainag
Y99N136a3 YU (Miller et al. 2005; Zhou et al. 2007; Ruiter et al. 2013) FeUs¥ANBNINYDS
Fnnsiartusgfunuauysaivesguteyafidueuislén mnnisinyiluwiasiudluussmelng
uazQiinedug nuimededuiounslaniiuszansamgalunisszyvda (Rivera and Currie 2009;
Pramual et al. 2011a; Hernandez-Triana et al. 2012; Pramual and Adler 2014) Tuusewalned
swrumsinuAduouEldaluaiiuiuda 41 2034 SediuszAninmaslunisssyriauuadsy
i1 Tnsannsnszyaialdgnieandn 96% (Pramual and Adler 2014) feiudaudugudeyadidty
dmsunsdenlosiiuennslanseninshegadiseuilinsualddiuesnefinsualidudy
TunsAnwmdueufldnfiedenleaseninsdseudilinsuadddiusogsiinsuaddd
wdvoskLasEuINaNalTd Simulium  multistriatum  wuiifegsiagouiiiuamitanuigma
9. uwng Fudunnacondeiisnesunisnuuuassus S, chaliowae (Humdausn (Takaoka and
Kuvangkadilok 1999) figrdudandlelnduesdiu COl adeadefuietgimes S. chaliowae @
sreuneuntnlaeldied1sainszesanus (Pramual and Nanork 2012) n193tATIERLOULE
mﬁﬁﬂiﬂaiﬁms best match felusinsy TaxonDNA %’mﬂa'u&haéwqﬁaéauﬁiﬁmmuaﬂ%émﬂ
mmnmﬂ‘m Huusassus s chaliowae muumamqmaammaﬁummﬂumﬂmmﬂmﬂm
2. NI ‘Lumwauﬂmmaﬁum S. chaliowae 1NNITIATIY Maﬂwmvmaauwmmuaﬁum
S. chaliowae fianwurAEARIAU S. chainarongi Takaoka and Kuvangkadilok F957189IUN TN
TuusswalneuAeaiu wayaaneaasiu S. hirtinevis Edwards a1nUseinAulaly (Takaoka and
Davies 1995) T,mmaaum 3 @UTdd dorsal protuberances U3t abdomen agnelsiny
S. Chol/ovvoe AN IUUNANaUTdmaN e protuberances 971 abdomen Uo7 2 - 6
YUz S. chainarongi WU protuberances nUdesii 1 - 6 (Takaoka and Kuvangkadilok 1999)
wuedl S. hirtinevis WU protuberances vuUdosii 1 - 8 (Takaoka and Davies 1995)
msmsgigsuianalelnduesdu COl dufidnufdueuislénues S. bullatum nwuind
AuLUsu Tnefiaianunysiunisiugnssunsluadddasan 0.86% wazildads 0.36%
faueglifiseaumsineisueunslfnvesuuasius S. bullatum snfouLASNYaIzYBIRNLG
vosuvassuRalFdiidnvasruilldsuunanuuasiuiatdddun lunqualdd s. multistriatum
Tadnedensiineula (unpigmented organ) aunlugustaalauves ll filaments a7nnSIAY
fhogrefseusiuiy 4 feg Mnuratefelientusnudnuindisuianalolndvessgoumani
sunguiufegnsvesinuiannniessdaeduiusmafauinis ainfeavanidifualdd
Feniu frseuves S. bullatum fi8nvaradeadaiu S. malayense Takaoka and Davies 1i84a1n
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postgenal cleft fignuaizadielulng wazlinu dorsal protuberances U384 abdomen syo
fgeureuatsui S. bullatum @unsaskunan S. malayense 31nn158 head spot laziau
AuUszASwMTleves cephalic apotome laeszezfiseuves S. malayense liwudnuwaus
sananlaedl cephalic apotome @Ld04314 (Takaoka and Davies 1995)
usnaNENURBUEUSIARYRS S. chaiowae way S. bullatum Fslugnnsidadeaddd
sufenmsinrhmesuisdnuazvessserioou nsfnuidfisenuidueuiidaveuuasiu
S. triglobus Huadausn lagnudnANULUIRUNAITUEN TNV S. triglobus G ATERFIRIE TN
wugnssunelualidgean 1.03% uaziianads 0.29% Jeiruuusiuneiugnssuaeluadddeii
wazlidauriuiuainnuuysiunisiugnssuszninalidinliaunsaldfoweuisidalunissey
AT dosuaasiud S. triglobus Tdpgnsgnias
MNNFTATIERaeduTs I Taunsresuassusnguadd S multistriatum WU
S.  fenestratum \Ju paraphyletic species L‘f‘jaﬂmmﬂamm S.  fenestratum 3EAVTS
S. chainarongi Wa S. chaliowae snansfinuiaisiaonndostussaunsfnunountiiinuiy
S. fenestratum \Uu paraphyletic species (Pramual and Nanork 2012) %ﬂmmﬁmﬂﬂwmamm&;
Usznaume (1) gene paralogy (2) F’YJ’]JJLLUiﬁWUENLﬂ%@\iﬂu’lﬂﬁuqﬂ’iiuﬁi‘mﬁL‘WENW@ (3) NMSWaEy
U1uaU%d (interspecific hybridization) (4) anuldauysalvesnisfinyraunsuisnu (imperfect
taxonomy) wag (5) AulilanysalvesnsAnkenaIeITauinis (incomplete lineage sorting)
(Funk and Omland 2003)
nsAnwInountiInudN gene paralogy lalldaimnues species paraphyletic (Pramual and
Nanork 2012) n153ns1eianedurusineadauinsinuindniswlanenvesaliddug ogredman
Uatindu Col fmnuulsiugaaiiganadmun1siaTeianeduius I TaeInis aumnain
Anuldanysaivesn1sAinweaunsuisnu anauianaInven skuneia it lganveguse i
\desnsnegnasnegeaiidnuildsaniunsinuneuniiduunsialaglfuuuusunisiosiives
wuuslwaiulasluloudwiumsounielddnguinglussesdnug daduszoeiiauiidetouas
wiurdmiunisszysinvesusassudingualidd s. multistriatum lutszinelve (Takaoka and
Kuvangkadilok 1999; Takaoka and Choochote 2005) @wfainniskauduaenusiiauiuly
Ifosunn iesanmniinsingnisaifananasduiusmafauinmsaginuuunuresnulndda
syrsadinanunaiedaifisriuvdeangdaiaiedtu (Funk and Omland 2003) dslsinuly
AsAned ﬁﬂﬁuﬁaﬁﬂﬁﬁ’l%Lﬂuiﬂlé’u’mﬁqmﬁdmﬂﬁ S. fenestratum \Ju paraphyletic species
A ldauysalveansAnuena1eITmuINIs (Pramual and Nanork 2012) fsuiidIn153LATIEvane
duiumaifaunisasnuinunad@dlaiiu monophyletic wiannsinseideyaiiieszyatdd
Tneldagviemaitugnssumuhiegsaninsnssyaladldgniesianmn
ansFnwivetiieiemnetusnssumduenildnivssansamedaunnlunsidoules
TENINTLHLNITAITYWAUIA) YAt lansaademesunednuazvessreriagouly
WA Ui S. chaliowae waz S. triglobus Feaziduusylewdeseddlunsinuiludusiie ves
uassudad nslamgegneBamsinuiingine Wesnnsdnudedddidoyanunainvany
vosuasuiluszeyfgeu
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4.2 \waanugAEn LA RUGANENTYBILNAYIUA Simulium feuerborni

[J

LL@JaQ‘%IuW]ﬁﬁﬂﬁﬂi”f\ﬂEWl’Nﬂﬁﬁﬂﬁﬁi‘ﬂ’f}’?w’ﬂﬂ wuluwndsendefivannvanedanudululs
wnfazdualdddudon (species complex) (Adler and McCreadie 1997) LA UAN
S. feuerborni WULaww‘LuLmaqmmﬁf&’wﬁﬂiuﬁuﬁqqLmﬂf’u ogndlsfmuuassumatididnunszane
n1199219 Taedisneaunisnululssinalneg ua@e waydulati@y (Adler and Crosskey 2015)
n1sfnwngadiugaanslulszinalnenuin S feuerbomi  \Wual¥ddudeulsznousieg
2 cytoforms (A W@z B) %qLmﬂﬁmf‘ﬁ’umﬂmslﬁméuna%%’ummﬁmﬁwmagﬂl,wu (Pramual and
Wongpakam 2013) uanniinisinwlussduegitugmanslaelfieiesmnoiugnssuaindu Col
‘W‘Uiﬂ:ﬁmmLLUiﬁum\‘iﬁuqﬂﬁugﬂ (Pramual and Wongpakam 2013; Pramual and Adler 2014)
NansANEIASIENUILLATI U S feuerborni 1l cytoforms didiy 2 cytoforms (C uag D)
S. feuerborni cytoform C wuluusew1nsa1n Cameron Highlands Usginanialde lag cytoform C
$IuUNIN cytoforms  Buq RnsARBunesTuauAaIiukudsevestasTaley Il (IIL-5)
YoNINEEINU B chromosome Ium’mﬁqa (33% - 83%) IngUni B chromosome avnuluuuassy
GTWIULﬂJm@UEju (temperate region) (Procunier 1975; Brockhouse et al. 1989; Adler et al. 2010)
feudinariisnesiunisnu B chromosome lunuassusludszmalne Wy S, tani complex
(Tangkawanit et al. 2009a) way S. nakhonense (Kuvangkadilok et al. 1999b) winulumudan
17M (0.5% wa 7% mudndiu) fafunisny B chromosome ‘Lummﬁ'gjamﬂiu S. feuerborni 39.9u
endnvalfidfyvesuuassuiluwnfeuiu fideraduiusiuundionfovocunasusi
S. feuerborni %awuiuﬁaq (> 1,400 LunS mﬂivﬁuﬁmwa) %aﬁﬁﬂwmvﬂﬁmmﬂﬂé’wmﬁqf"fwum
auau muuaﬂwmvamwmmmmaaLmaamﬁamwmumwuaaﬂ‘umsu B chromosome Tulsias
Jud mmmzﬁm‘wmmammﬂumiﬂimgmaﬂ B chromosome ’Luﬂswmmsuaammm (Camacho
et al. 2000) LLmﬂWiUiWﬂg“Luﬂawmaqammw B chromosome 819iinaidsunnsiedsfidin unumues
B chromosome luunassusdsldfinis@nviunninudisissuainuduiusseninanisi
B chromosome fURINITUM9TIINE1U19US2N1T 19U Kachvoryan et al. (1996) wuinminudves
B chromosome IuLLmaﬂ‘%UWﬁ Cnetha zakhariensis Rubzov wag Tetisimulium condici
fnuduiusiunaniizveiunasende Procunier (1982) Wu3inn13usINges B chromosome 1u
AU Cnephia dacotensis Dyar and Shannon LfisUsean5A1mu09n15§9AT1EN rRNA dana
Tnsiasyimunga

Laassush S, feuerborni cytoform D wulu Puncak tumaingiunn Ussinasulatide
Hean#iegne cytoform D sieanumnaadiiunmnaafisnearuniswu S. feuerborni Hundausn
Uszan 800 Alawms Seaglulummingfuoen (Edwards 1934) ddudedlaianuisnszyléin
S. feuerborni cytoform D \Uu fuluuves S. feuerborni W3o il LA UM S, feuerborni cytoform
D $1uuN91n cytoforms 3¢ Tnensiindunestuninudaefivulastuley I woudieens (IL-4) 39
furdmesnisiindunestulndifsetudunestufidsisauunneuly cytoform B 91nUszmeabng
(Pramual and Wongpakam 2013) liwu B chromosome u S. feuerborni cytoform D

MsRsiUssuiieudedomeilnmingwesuraofoveingouuassus S. feuerborni
cytoforms #1199 Wuuaaz cytoforms HAuunnasuesladenistnaineivosinaiode lay
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S. feuerborni cytoform C ‘W‘UIL!Lmd\‘imﬁ'ﬂﬁqwmizﬁuﬁmzLau’mﬂ’i’l cytoforms Bu7 Inenuly
Lméamﬁaﬁmmqﬁwdw 1,405 - 1,813 A5 9nsEdULNgLa cytoform A Wuﬁizé’ummqq
1,185 — 1,615 LUn3 nsedudmeia cytoform B wuﬁszﬁummqa 950 — 1,320 LUAT 1N
seduneia cytoform D wuﬁizﬁummqq 1,200 WA 9nsEFUvzEa uenand cytoform C €4
wuluundaordedislen pH sndn cytoforms 8uq Tae cytoform C wuluunasirfida pH 6.60 -
7.36 vzl cytoform 3uq wuluundeendedifian pH 11nn31 7.00 S. feuerborni cytoform C @
D wuluundsirlwaiianndn (0.05 - 0.24 41n3) N1 cytoform A uaz B (uaamfl 0.07 Lun9)
(Pramual and Wongpakam 2013) mamiﬂﬂmuaamaaﬁﬂumiﬂﬂwmawmwmw cytoforms
veuuassuiinnuluurasefefiiinnuunnsnswesdadenedinninen (Adler and McCreadie
1997; Kuvangkadilok et al. 2008; Tangkawanit et al. 2009a; Pramual and Kuvangkadilok 2012)
N15LATIEVAIULANANNNAUTNTTUTEAUB YT UTAARTTENTIN cytoforms atiuayunIs
wialen cytoforms lagusiag cytoform HAIUUANAINAINNTITIATIENA For @9 Yo
WAL TRILINITNUITINTLUENNELB g9 TARUYR IR 199 INIARE cytoform
Ustinsutusnmeiugnsuwarane I iann1aves cytoforms WATHNNETILY (Avise 2000) 89
atvayun1sAnwineuntludiedns S feuerbomni anUsemnalng (Pramual and Wongpakam
2013) AIMILANANMNITUGNTTTEAUGIADRRdBIfUNTIAT TR ule U STARTINU AN nTEY
cytoforms égnaesitanue GawanisAnwidamiseinluussgnddiniunissiuun cytoforms 1u
svprn1saTRaLIduY Jelianunsafnulasialls
nanNsAnEASsinuddmnumannnanedeuduluntadsus S, feuerborni iuLaL%
nziusoni@esls LuaqmﬂLLuaaiumaﬂﬂjauwumw’1JLuLmaqmﬁwaammmm‘umm giaunn Fadinis
LauaammgmﬂawmmmaLUuLmaqaﬂa (refugium site) dwm3uAaiTAnlugianaieideny Tuoen
dodlilugalnaalndu (Pleistocene) (Pramual et al. 2005) FaifunisAnwanedusiusmediaming
L%qgﬁmam%ﬁuaqLLuaqguﬁwa?J%éﬁﬁﬂﬁmmu'wauia]aéwqéqﬁfm%’umiﬁwmmL%"}%Uﬂnmmaqms
l:dﬁ'smuﬂammwgﬁmmﬁiuqﬂlwaaIm%wiamwwmﬂumamq%amwiugﬁmﬂﬁ UONNHNT
ysannisteyaainnsanuszduimadiugmansuazoyiugmans vinliamnsaidouleadeya
sunafdsuanehilusseznnaigianiie 1§ fsormhllussandldtunmsfinuluusassud
Fidunvzvedlsafiddyls

4.3 ggdunusn1iauinsBiaansvasuuassud Simulium aureohirtum

WASIUA S, aureohirtum fimsnsratemagdimanifiniierans wuldvisluin Palearctic
uag Oriental Tasilsnssumsnuludssmaduiie gu Ju iz Suladids duu uade
wiha Unitaanu faudud ridnt Ténsu uazlne (Adler and Crosskey 2015) Wwalas3usin
s. aureohirtum Tuusgwelnewuldlunngina uazwuluundsorfeidemmannansvosiade
N191LIAINE (Pramual et al. 2008; Pramual and Kuvangkadilok 2009) miﬁﬂw%%aﬁﬁuqmam%
wunmulsiuveslaslulougs lnewudunesdummuilia 14 3Uuuu uenanddmuiiarud
YoaduLIeifuugULuudlianuduiusiuladenedneing1ve sundsede Wy asign A1ugs

[
a0

MnsrAvdmela kazaumnl Uatinduneituiraiilensdianuieidesiunalanisusudaseanin
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fneingrfiuandnefy (Pramual et al. 2008) egnslsAmudslaifindngiuiuuaiud
S. aureohirtum Tutszwalnadualddudounuioulunissuun cytoform vas Rothfels (1979)
wandaldausaujiasnisdualiddudoulunsdl homosequential sibling species N153LATIZ4
Twddtulaslulewes S. aureohitum anmmIEnImLazingleAunn Ussimady Jsvinsanussine
Inguseunns 3,500 wag 4,000 Alawns aruaiy ldnuanuuwandisvedlastalauiiuiy (Reeves
and Adler 2011)

Anuulsiumaiugnssulusgdugamnnisfnyigadiugmaniaanadasiun1sdnyily
sedfuonyitugmans lnensAnwimiBuen1sldnaindu COl wuiuuassu S. aureohirtum fiAan
wsiumeiugnssunieluadfidaean 7.24% (Pramual and Adler 2014) wantsAnuluasailngly
anuihadlelnavestu COIl lanaaanndasiu Iagnudn S. aureohirtum fAUWUSAHUNNINUENTTY
a9 flé1 nucleotide diversity 0.034 Bsganiriinulunuassusialdddudon Wu S siamense
complex (0.0057) (Pramual et al. 2011a) S. feuerborni complex (0.025) (Pramual and
Wongpakam 2013) wag S. angulistylum (0.0249) (Pramual and Kuvangkadilok 2012) @313
manuaneyaugnIsufigaunnluuiasiud S aureohitum WHunaannisiiansdtauinisd
wauen 3 @ (A, B, O) 9anm1sitas1eilag median joining network @swudnmma 3 anediaunnisd
Audusi UMb gimansusdiu laglanigargIimuinis B Fesegsiemuainannia
Mg IUoDN

M371f10819989 S, aureohitum NANARE TUBDNINNENGURLLATUUILENINUSTYINT
niimeduq Tnsfururesagifannsduudnuarvesszrnsinausnandultduim udBulnan
seninaUsznsgnaniin (Avise 2000) denpdosiunsiiazsiduliiaiseninsUszansiinuinng
Andulnaanusznnsnliniadug mdsmang fusentesunn vazfiduliaininniang Susenluds
medulsiAntuas aArauandsestiademsinainewesuvatordoduyamgivinlfAanisside
yosfulrlasgvieUszrnsluiasiumneng fusenduginadug lukuassusi S tani (Pramual
et al. 2005) lumsAnwiadsiitiademsdininerfidnu 1in aruniia Anudn weadisns A
yoenszuat Antsilaiheni gamgiiveth pH vuiatagiuds1s nsunequiieusen wa
Usgnvnssaulilzud1sns ldfimnuwnnsineseninadsennsees S. aureohirtum Tunipng fusanuas
AaduY veUseinelng aehelsfAnuninfinnsanaindadenednminetlussiuunaiaiui
manzFuooniidnuasuandnannnindu egstaay tnsnany SusenvesUszimalnednogluin
{1197 (ecoregion) Cardarmom Mountains rainforest aaizfinirnilouaznians Tuesndeunile
noglutvaiiiag broadleaf forest fs1Bamunsfnuilunuasiusmatsiufinuiinisnszatsms
glenansiiauduiusivaiiig 1wy JUasalidvesalddudon S, tuberosum  complex
Tuoudnuwidenvluwainaiiuansisfu (Adler and McCreadie 1997) wazdUdsalTdues
S. damnosum complex fAuEURUsSAULREETUUILazUY 999uanTn (Boakye et al. 1998)
Anuduiusszninantsnsrevesdivialidsundnaaiinisiabularseniinandina
annsgndiald nan1snwaalatuayuansfgudosrnuunnisvesiiadonedngineituns
dguaSulAiAnnswanuuLIvesalTdla

aedtanns C fnnuansanaiugnssuiuaedianinisdug wndign lnediszduainy
LANFNYNaRUENTTINNANEITALINTG A 7% waraneITmuinis B 9.4% vuziansiTmuinig A fu
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B Slennuuansnaiuifien 3.2% anuusnsamsitugnssusesugaUstmeitaniavantoradua
Vdfunndneiu egslsfmunisinsgiuuuununsiosivesuudlndfiulasiulealinuaig
WANAN AuBnvesasIuuIntg A way C wuluiluilieatu (sympatrio) Tnewdudaognadiunan
Usgrnsnamile nangyTuoenideanie uaznianeTuan nsfivssrnsandiufineatuiiong
uisuenanedtaunisidunadnunrvesUszvnsiAnaInnsHaNKaIY (admixture) YosaTni
wouvsueniusieulusfin (Avise 2000) Tuuszmalnglifiivgns vicarance flagiinlugnis
wlausnynagiimanivesussrnsesnedaian edlsimunisinuislufivwasdafuaesiausdi
mMaAsuuasanimadeuuazniiemalugalnaalndu (Pleistocene) dnasiolnssainauazai
vannvaeynaugnssa TudeUseRmansusernsvesded@ialugiinied (Cannon and Manos
2003; Pramual et al. 2005; O’Loughlin et al. 2008; Morgan et al. 2010; 2011) lugalwaalnduy
anmgfisnimagiinruuiudiuargamgiisininagtiu (Vors 2000; Penny 2001) Fatuunasi
Inadafuundsendovesuuassusorauiaudnlng lasenaiivisdiununieiiesanindng i
fauduifisanelufiuiiongs (Gathome-Dardy et al. 2002) dsduiiufiingsluniamile
meanzfusenidsunie wazaiansTunn onaduundiendevessudlugauiaudsosinaalniy
(Pramual et al. 2005; Pramual et al. 2011a) MNaeduiusNTInuINIsKULLASIELENINaln]
nuiimegnNAAne Tuanludmianigyauys mawllenndwminuiu waznirng Juesniuunile
NN INQUATIVEY s‘ﬁqmmﬂﬁuﬁLﬁammqaagjL“‘ﬁJumeuaamaJﬁ’Gummiaﬁuauuamag’m
fanann wenaniinisinseisy SRmansuszrnsdmuininnsueneuiaveslsyringesig
sandaluiis 3 aedtannstaielutisaisyalnaalndy (Uszana 18,000 U fiduan) aduayu
wwAail

Wii91U5891n5909 S, aureohirtum  AEAAINUUUTHUNIIRUTNTTUGUAZINITUUIRENENY
TINUINTT 3 818 WANTTIATIZYALLANA IR UFNTTUTENINIUTEHINTNUIIAANILLANFAIIN
fugn5INTEnINaUszangi Tnensiaseaian Fo wuinandiudu 91 giTeuifisusening
Usgrns Do 13 ¢ viduiifiauusndaegieiidodidy aruuandiamisiugnssusgdus
seriasernTes S. aureohirtum eraliuranisdadeludlagtunasUse Rmaniuseaing ns
RTINADUNUNITVEBTUINVDIUTTTINTOE 9IS tusfnlugaUasvesinaalndudszaia 18,000
T fiuan uandlfifuindszansiuse Timanssusudelduiudidiumn venaininisinu
fneAnendanuiuaasium S. aureohirtum annsaldundsendeldvannuas sufsusudlédse
nsiAsuuUasanmunasedBNAINTTNTeIYEd FtuuiastumalTaldmuldiluiuiiviuas
fufinuasnssy dewaliunasendeves S. aureohitum Teusaidesuardnaiunisindulna
sywinadsyng Fauansnennat@dinuanizluiiuiitn wu s. aneulistlum Aflaauuansnams

WUgNTINTENINUIEYINTAT (Pramual and Kuvangkadilok 2012) vaugiadadnnuisluiuiiiuas

14 1
A A

AN YATNTIUTTANNUANANMNITUENTTNTENINUTEEINTIN 19U S. siamense (Pramual et al,
2011a)

HANANSANYIATAEUEI S aureohitum misRarsadualdddudouiiosandeaniy
vannmaenIaTugnIINgITalae T aunnsiudeniudaiay desmnanTamnnisimanilal
aunsansraaeuldainnisineduguingwaziwadiugmans fadunanisfnuniatsdin

ﬂ'1iﬁﬂ‘iﬂ’]ﬂ’)’mﬁfia’]ﬂﬁfia’]EJVl’N%’lﬂ’]WsU@QLLM@Q%‘UGT’]‘-&’]Lﬂu(ﬁ@ﬂgim’m’ﬁ%@ﬂua%’]ﬂwﬁ’]ﬂ‘Via’WEJLL‘Vialﬂ AU
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ManTaBTaLNATIUR S. aureohitum nuindunamndsiadeluiagiu Wy mnuusndisves
Jadoymaiineinenssrinsgiinim uaznsiwasuulasanminndeslusin Tnglaniznisiasuuyas
anmgfiennievedlanlugalnaalndu Guiazinansenuiiddysomnumanvatsuaslnssasnmis
fiugnIsvedaiTinlussmalne

4.4 ggdUNUENIITAUINITVBNAGUAMNGNEUTE Simulium tuberosum

MTeTzRaeduRus A TauInsveuIass s ngualdd S, tuberosum Tagldgdu
hndlelndanraneBunyuiuuasiusi 3 alddlungualtdiiamumarnuaiensiusnasugs 1iun
S. doipuiense complex, S. rufibasis Wwag S. tani complex ﬂ'wmmLmﬁﬁumqﬁuqﬂisuﬂwaiuaﬂ%é
vosusastuiaiialndidssiuiineniluiassusadiddudouluensnunie (Rivera and
Currie 2009) wansAnwiaiataenadeuaratiuayunisdnuigadiugmanifinenunounti
WUTWLAIIW S, doipuiense wax S, tani Wualiddudeu Ussnausie 2 cytoforms waw 10
cytoforms AMN&a19U (Tangkawanit et al. 2009a) aﬂﬁﬂliﬁmummmwmﬂwaﬂawﬂ’uﬁqﬂismﬁga
wniaraeTiauntsiwendisiuluuiasiud S ufibasis daudsfunanisinyisadiusmansd
wuANNLUSEUM LN sTudIn Tnenudunesdunnudliasiifisssuuuuiieadsiinnuialy
Uszans (Tangkawanit et al. 2009a) HanisAnwEUIE G Emmmainaneigeuduluuassus
figslianunsansaaseuldlasldimaianisAnuzuuuulaguuuunis ddunisfnweuvannvany
madanmveautassusdudeddnisysannisaannisineideisnisiivainvats (Adler and
Huang 2011; Pramual and Kuvangkadilok 2012)

WUa93UM S. yuphae 1ANURUsHUNITugnIsuelualTdinan ulidiegandinying

9
= )

AL AULINNULNAIDIFENUAINUANEIINTINIPNL DAL NIANZIUD D NLEE NN DTl T2 8L 19N

a [

niimansuinnit 500 Alawms AnuvanaemMeiugnasuislusiasiud S, yuphae raifiedios
fufinmine1vesunadends nsuuassusatdddannuluwdnilneddvuadndsdloniagefiay
uwisvanlugguas willdilvadnadslunauu daduussringmes S yuphae unazdidnwasidutging
vsnnsgyiuiinunaserdelugquisuaznessusseinsluailugguu (ocal  extinction -
recolonization)  #sazdswaliadtunainuateniaiugnssuluuszvinsanas (Pannell  and
Charlesworth 2000) wenaniinisAnelustasumadddoun lulssmalnedamuiiauwUsiu
matugnssuludsznnsienaléfunansenuanus Amansuszens TaslanizesBanarednis
Wasuulasanmgfienauazanundouvasdlanlugalwaalydu 1wy lusassus S siamense
(Pramual et al. 20011a) aglsfimudeditavesruuiesdlunsinuadadvililiasn
TasUsyiRmansvesUssansia

nsAnwaneduiusmed iaunisvesusasiusnguaddd s. tuberosum lulsemelvlagld
Snunrdnguineuasisadiugmansldnafiaenndaatu fo aedfmuinsvesusassudingud
womdu 2 ﬂa;m ny S, tani LLSﬂQWﬂLLHﬁQ%ﬂﬁWﬁ%%éSuﬂ (Tanhkawanit et al. 2009a,b) wan1s
Anevimedutusmaliannnsiaelfiadosmmnetusnssusefuegiugmanslinafiaonadesiv
n1sfnulasdugiuineuaviwadiugenans L@ U S. tani complex wenanalTdeuy ogns
FALU AULANANIVEIMNATI U S, tani complex MNuLaGUETTdEU denadastudnua
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o

uguAneilosan S. tani complex fdnuai terminal hook Tuszezdnugd Falamuluuuasiud
aﬂ%é‘ﬁlu‘] IUﬂa'ﬂJ S. tuberosum (Tangkavvanit et al. 2009b)

iuﬁvmuaﬂﬁaawmmuaﬁum S. tani complex S. weji Wag S. yuphae Hu monophyletic
species WazilAn bootstrap  support 6N LLuaﬁium S. rufibasis Wwag S. doipuiense Ju
polyphyletic species mamwaqLL:JaqiummaaaaﬂmiwaaiuLﬂaﬂLﬂaaﬂuLLﬁ”:Jﬂw bootstrap
support @9 mamsﬁﬂmuaamﬂaaaﬂuaﬂwmvammmwmLLa LszjaawuﬁmamwwumLLmaqaﬁum
S. doipuiense complex Wag S. rufibasis umm‘lﬂammamamwmmsmanﬂ faaduldle
Mmaﬂssmiﬁm%’umio%mamLmﬁﬁ’jqaoqaﬂ%ﬁlm%u monophyletic species awn (1) gene
paralogy (2) N1swaudualTd (interspecific hybridization) (3) aulyauysalveteoynsuIsiy
(imperfect taxonomy) (4) AnauUsHuve A svINefugnIsuTldAnwliifiame way (5) Anulal
auysalveIn sAnueNaeITwuINTg (incomplete lineage sorting) (Funk and Omland 2003)

Gene paralogy lsithazifuauvavesnislaiiiu monophyletic species \ilaaainlainuaiiud
Anunfvesnisdsuwlaswuiivaivilinsnesiludsuwlas (nonsynonymous substitutions)
NSUNINEDA/N13U1AME (indel) N1snasuuuidounsauwUasia (frameshift mutation) #3asia
e (stop codon) Iué’su%ﬁuﬁﬁﬂw’l (Funk and Omland 2003; Conflitti et al. 2010, 2012)
msfnvwaditugmansaniegeiiivluiiufideatunieanundsendeiieatulinuvdngiures
nsHaNtLalTd (Tangkawanit et al. 2009a) N1TAlATIERENsdUR U1 TN T Tualadlng
Talaseteunawinalnd (haplotype network) 21n6i90E19 32 A10E19U94 S. dojpuiense complex
way S. rufibasis wuinh 2 atddldlduenandiuiomn aonedestunslinseiasduiugnig
Fauins uanuniswondududinlng fidtes 3 fegrasiduiiiniznguiuadddsu duuis
é%nﬁmagmdﬁmmlajﬁugiaﬂmaamsﬁﬂL,Lsmmaﬁi’wmmiﬁwxu“]ummqsuaamslajlﬂu
monophyletic species Lﬁamaouamagmé’ﬂﬂa'wﬁw‘hmﬁmeﬁmmawaamil,mﬂLLsmmsJ
aunsvesuuassusng 2 al7dlneldlusunsy MDIV (Nielsen and Wakeley 2001) wanas
3Lﬂiwzﬁ%’auuawudﬂmsLﬁmgu‘IWa’aidea’fJ%ﬁGﬁ"mm (M = 0.6) A1 effective population size (Ne)
fiAn 1,240,000 § FaflA1Uszune 2 Wihweatianaii 2 aUfdusnainiu (diversence time) o
Uszanas 568,000 U firnuan tilesanlenadialddazidu monophyletic species fananduldlegs
Sraanenit 2 adFduenanedTmuimsiuiunit 4 wihwes effective population size (4Ne) fatiu
mam'ﬁmﬁwzﬁﬁfﬁaaﬁfuaquLLmﬁmﬁdﬂmmhjamyﬁmmmiﬁmmew%’wmm'ﬁm%L‘ﬁummmaq
nslsiilu monophyletic species uaﬂf\nmfmﬂmmﬁumaqLﬂ%'ammaﬁuqmimﬁi%’ﬁﬂmlﬂLﬁmwa
Lﬂuﬁﬂa’lmaﬁﬁﬂﬁaﬂ%ﬁlmﬁu monophyletic 1 (Funk and Omland 2003) wuiinulunis@nunly
wuassuiifinnulnddanisanedamanis (Conflitti et al. 2010, 2012) Fuwdirdduiandlelns
vosfululnaeuniedli@nulunsnuidasfianunlsiugs wazanunsouenaldd 3 alidd
Usenoumie S. tani complex, S. weji Wag S. yuphae laegnatalau ualdanuisauen
S. doipuiense complex wag S. rufibasis 9 n133A1 bootstrap support i (< 50%) nelu
nauitlaiifiu monophyletic clade Usdimnunlsiuresieiommaneiugnssulumsdnuadsionals
Wissnadmsunssuunalidifinnulnddamsanedauinisunn (Conflitti et al. 2012)

nsUSuivesLassusdean milnaine1fiiedestiunisiindunestuvedaslalandy
nalniideindunumdddensunnuauswesadiduar s Tann1svesuuass us (Rothfel 1989)
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ﬂﬁﬁﬂmsiamwmwamwﬁmﬁ%wmsuaLma'amﬁaﬁwumﬁﬁﬂﬁzgﬁiamﬁi’mmmwmLLmaa‘%uuﬁw Sy
nsUSUFaInNs I uma s fBuuUIan (cascade) 1HuAI51sUI LT Wunalndrddenns
LLmﬂLLsuuwaan%aLLaunmmmwaqLLmaqsumﬂu Society Islands (Joy and Conn 2001; Joy et al.
2007) maﬂaummai’]%amqunmwmauq Funnenety Wy m"mmmﬂimummm ALLS VDY
nsvuann wazAn s lniwe s ummauwuﬁﬂummLLmﬂmwaqaﬂ%ﬂuuuawmﬂuﬂszmmima
(Pramual and Nanork 2012; Pramual et al. 2012) Lmaﬁuﬁmzjuaﬂ%é S. tuberosum Tuuseina
Inefinnuunneneeedaden1elnAINg 1 v rasonfe n153LA51E% CCA  nuILAasaldddl

aNa e

ANMUFUNUSAUTITNNTIAINYINLANANAU UBNAINTNITIATIZI !\/\ANOVA FINUIP AL AVUTEL

o

[y

msnszaemutadonsinminenfiuandetusgnefitoddoy WLasSUR S, rufibasis SiAnudusius
fuundserefieggeainsedutimeiann (>1,200 1wAs) (Tangkawanit et al. 2009a) wiAIILA
S. yuphae wuluuwidiendeilaggeanseduimeainnuaegluseduiidnndt S, rufibasis unasiud
s. weji wunszeamgluwderdeiiiuinndeduTnafuyuunn (Takaoka 2001) Feundsende
Snwazidazdaninilniveniigs feanuduiusseninsmanssaemanimanstudadonis
fneingesundsedelunsassuingualidd s. tuberosum 1 atuayuuuIRmABfunsUSUsA
soanmiieinefiuanseiuna Msusnuasvesatidlunasium anuudsiuredaslaleuiing
wnluuiassusnguaddid S. tuberosum luuszmealng (Tangkawanit et al. 2009a) e1audululéi
vsduneituisdestunsuiusdeanminmineuasylyialddusas alTdl iU selovianumas
ondafiuansneiy esnndunesfunarsdunestunuaniyluuadiduie aptoform iy
ER cytoforms WETEIIAILAN AT AINen (Pramual et al. 2005; Tangkawanit et al. 2009a)
ogalsAmudaliannsoagldinuunndvestashilentlugnisususseanindnmined
wansigiunsaAUwANANYRsan TN dmalilasiu LNy

4.5 1A59851989AULBIIIRUINTVRIUASTUA TuUseindlne

nan1senulassadedinnvesasuilulstmdlne Ui lasadedinundad Taunisues
wassuildlgldudeclunmennalnddanieansdTaminis (phylogenetic clustering) wieAau
WANAIINIIA18TTMUINTT (phylogenetic overdispersion) namRewLasusTiedsluuasede
denmuldliuunTufiluaddaningdntuviownndnasumeaedTamnnsegadaay gnslsfiniu
Lﬁa‘imiwﬁimaa%qé’mmi@aﬁmimwmﬂﬁﬂwmzﬁmgm‘iwm‘wmf'lLL@JméJuﬁwﬁmﬁﬂmmmmﬁa
Wernuilanuaaeadeiuvesdn e dugIuingeg1lidedAy Inenudunasedendn 78% i
wassusifEn v dng i fiedeadsfuinnitdannngandseuuuudy SeUsdiinis
ANNT09UDILMEID1AY (habitat filtering) Lﬁuﬂﬂ%’aﬁflﬁzgﬁﬁmumimqa%ﬁqé’mmaﬂLLuaﬁuﬁi’w
nan1sAnwiTaudsunuAndindd e i snvarduguedwedstuasiinnulnddansane
7TUIN1T (Webb et al. 2002; Emerson and Gillespie 2008) ﬁﬂﬁuaﬂ%ﬁﬁﬁﬁﬂwwﬁmgm%m
AareAdanumIsiinLlnaIanieansITauinis egslsinunisfnnsesvesunasendeluuiensdlens
TduiusiuanulndansansiTauinisvesalidluunasondeddnvausfiduius funsidunds
pfedudnwaeITauin1sid1m (convergent evolution) (Losos et al. 2003; Cavender-Bares et
al. 2004; Kraft et al. 2007) miﬁﬂmﬁawﬁﬂuLLmaq'%uﬁwwudwé’wmzé’mgm%wmsuaﬂ labral fan
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AlunsinwedeifldfinnuduiusfuaneiTauinisvesatdd (Zhang and Malmavist 1996;
Palmer and Craig 2000; Joy and Conn 2001) A153tATIzAANENNUSTENINANway labral fan
fuaneduiusmafaunnsluadiiidenadosiunsenuneunti Tnewuinauniiauazsiuau fan
ray lalfimudius fuaneduius T annsvesaldd Faman1senunivadinnisiiaunnisidm
orfutlafeiidniidmaronnuunnsisuesdnuasdusuineive labral fan veuuasius

AN IEdeyaTilinunmduiussEnItednuasdug1uIne1ves labral fan Auane
FuiusmaiTaunisuanslidiuinuuassusitnlnddaneaneiTauinisenaiidnuae labral
fan Auanerafuld Feamuuansnsvesdnunzdngiuine1ves labral fan dwalvalddndain
TndTavnsansdTauinisanusaldundsorfefivandraiuld Ssonaduladeddyfiduasulmin
AULANAIVDIEUTE (Zhang and Malmavist 1996; Joy and Conn 2001) 13u wuassusisinay
Tnd¥anisansdITuuinis 2 al¥dludssinelveluanages Gomphostilbia 9 S. inthanonense
Takaoka and Suzuki wag S. curtatum lJitklang, Kuvangkadilok, Baimai, Takaoka and Adler %QW‘U
IuLméqmﬁ’aﬁqammsé’uﬁmsLamm’jw 1,000 a3 Wuiy wanand1sfudesannuuassusi
S. inthanonense wuluuvasilnaiiiruiévesnszuaing (0.23 wns/Aund) saedt S, curtatum
WUiULLMéaaﬂﬁaﬁﬁﬂ’muL%W@ﬂmmmﬁwqqmﬁ(o.49 WAs/AU9) (Pramual et al.  2012)
nsLSeufisudnuae daguine ves labral fan nudikuassusi 2 adfddenuuansieves
Snwae labral fan egreflfuddy Tnouuasius S, curtatum  Svwin labral fan 1&nnd
S. inthanonense aduwusfiupnuivenseuaiivesunasendeiiuanseiu InoalTdriondelu
wdaidanngamnniesiivuie abral fan Bnndn LﬁmmﬂLLW%WTM”’&aaqaﬂ%éﬁmfmiﬂé’%m
MsaeIiauIng (Pramual et al. 2012) AmLANFA1YBILMasdallosNdn vz duguAne,
mmﬁuuﬂam@wmLaﬁmﬁmmmmmmﬂLLsuuwaqusuasuaaLLaJaaiumlﬂ (Joy and Conn 2001; Pramual
et al. 2012)

nansAnwReuntsandrantsanulunSeiuandfidiuin bral fan Saudusiusiv
mwm%waqmmaﬁwaqLmdqmﬁa (Zhang and Malmaqvist 1996; Malmaqvist et al. 1999; Palmer
and Craig 2000) uazUsiianuiesnszuatindutafoiiddyiiantadonieiifinadeninien
uwdsefeveuLassus (Palmer and Craig 2000) nsTinuassusfiondeluunasondoiieniu
fi&nwaie labral fan wileufunserdrendstutsdintadomednaingwewnaiefodudadoi
AnNTEUTd muummmmmmuLLau’mmmﬂuﬁﬂ%maunmm’mmmwawmﬂimaﬂﬂjamm
wassusiluundsends nan1sAnwidenndesfunisdneineuntimatsdu Wy Pramual  and
Wongpakam (2010) wuiusassusndigosnstladomeinainedindendsiuarerdosuiuly
uwatedELAeIty Malmauist et al. (1999) wuitlassadedinuvesuuassudilussineeadinud
AnuduRusiudadenisiinminevesunaionde laua Aundng Anudn Y0815 ANSITES
nszuai LLassummaﬁa@ﬁuéwms McCreadie and Adler (2006) wuinlassasadanuueauuassy
atunivewsnunilognimualaeladenieiliaaing) Usenauaie pH AugaveInsyLatn uas
YuaTaniug57s

nansenwnSstinuintadeninmingvesunasondolutladed
Tnsvadsdenuvasuaasiud fadunsinnseswesunadionfesadunalnd @i

Ry anlunisimug
frmualassadiedaay
YosutassusluUsemelne aEJleﬂmmﬂﬂiﬂﬂmmauwmimmﬂmayjaﬁLﬁuLawwsmqqﬁmam%m
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fanadoyatiananieqania fsoradinansenusielasiainedsnnmasunasiudlfisuiy (Pramual
and Wongpakam 2010; McCreadie and Adler 2012) fsifufanasiinisdnwniufuludsziiv
fanam wan1sAnwaSagiudienuuanimesdnunrduguine lneanziiieadestunisld
Usdleminnunasendeoradulladeddniiduasaliinmsunnueumosaidluuiasusils

4.6 a3UuNansAneN

nsfnwATIvnsAnulasaassdiaualinuinisvetkuassuimiulssnelng Fanuind
Todinfddgylunsfnyfedeyaeunsuistuvesiassuiualiddalilinsuiiulussugdgou
Fuduszezildlunsfinuidnegineg) sgulsinuleaninisfnufdueuislinvesuuaisudily
Usgalnevililigiudeyadeanunsaldseualvdlaenisiwenlosiuguteyadnss ugn1sias i
o Y o | A o v o a 9 - NN ey
auq 16 inlugnisszyaldduessseviigaunaznisasidesuivdanvagiielglunisseyaladane
dauguinen lnensineinsadlaldmaiiafouieuisidaiioweulosssovisouiuszezduy Tu

wuassURINGualdd Simulium multistriatum uazdnThAioSUIBdNYLETsTEBERIBDUTBILAY
Jush 2 %4 Agslaifisnesunisfinuniou fle 5. bullatum way S. chaliowae

nsfnuilassadredsnurasuuasiuilulssmalnenuinlassad sdsnuvosuuasiusign
nmualaeladenstinainervesnasonds lnadadenstinmeivesunasedofnnsosalidvos
LLuaﬁuﬁi’%%gﬁmemﬁa wan1sAneiasieuliiiuunummuddyuesefeneinineves
WiaeefEReNsT U TRUIN1sTe AT UM saenndasiunsAnwae duiusmed Taunnas
L%qgﬁmamﬂmmaq%uﬁw S. aureohirtum fiwuinanuuansrsvestlademsiineineidaaaliin
ALUANANINIINUENTIUTENIINUTEIINT WagnIANWIAIBFUR LS TALIN ST UNAIT U
nuatdd S tuberosum  nuinadTdndnnalndiadunisaneitauinisianuunniani
Snringvesunaerfe yenaninanisanuilasiadisdinndel Tauinisdmuindnuae labral
fan Fufulassadedduilddmiunisnsesemsvesszersseulunuassuslulssindlned
sULUUNSIamnsdin (convergent evolution) dswalialddfisinulnddnmaeansd famnnis
o1aildnway labral fan uandneuldtinlugnsldunasendeiunndrefuuardauaialifnay
wansatlugnisunnuauavesatadla
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Abstract A primary aim of community ecology is to
determine mechanisms that shape community struc-
ture. In this study, we used trait-based and phyloge-
netic community ecology approaches to determine the
factors underlying the species assemblage of black fly
larvae in tropical streams of Thailand. Ecological data
were obtained from 150 collections. Morphological
traits were measured from 35 species. The phyloge-
netic relationship of these species was inferred from
cytochrome ¢ oxidase I, II, and 18S rRNA/ITS1
sequences. Phylogeny-based community analyses
indicated that species in the community did not skew
toward phylogenetic clustering or overdispersion.
However, the trait-based community structure analysis
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based on labral fan morphology revealed that species
in most (=78%) communities were more similar
morphologically than expected by chance. As labral
fan morphology is strongly related to habitat exploita-
tion, it is considered that habitat filtering is a major
factor shaping community structure of black fly larvae
in tropical streams of Thailand.

Keywords Aquatic insects - Black fly - Community
structure - Simuliidae - Simulium

Introduction

Understanding factors underlying biological commu-
nity structure is one of the primary goals of community
and evolutionary ecology. Two principal mechanisms
have been proposed as factors shaping community
structure—habitat filtering (e.g., Weiher & Keddy,
1995; Chesson, 2000) and competitive exclusion
(MacArthur & Levins, 1967). Habitat filtering and
competitive exclusion predict different outcomes of
morphological trait similarity and phylogenetic relat-
edness of the coexisting species. Phylogenetic com-
munity ecology, which integrates phylogenetic and
morphological traits as well as species assemblage
data, can be used to examine the relative importance of
these mechanisms (Webb et al., 2002; Emerson &
Gillespie, 2008; Cavender-Bares et al., 2009; Vamosi
et al., 2009). If the coexisting species possess similar
traits and are more phylogenetically related than a
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random community, the community structure can be
interpreted as a result of habitat filtering. On the other
hand, if the co-occurring species in the community are
different in morphological traits and are phylogenet-
ically distantly related, competitive exclusion is
suggested as the principal factor determining commu-
nity (Cavender-Bares et al., 2004; Vamosi et al.,
2009). Several studies have now used phylogenetic
community ecology to test hypotheses about the
factors underlying biological community structure
(e.g., Kozak et al., 2005; Vamosi & Vamosi, 2007,
Willis et al., 2010).

Black flies are insects belonging to the family
Simuliidae, in the order Diptera. A total of 2177
species have been reported worldwide and 92 species
have been recorded in Thailand (Adler & Crosskey,
2015). Adult female black flies feed on vertebrate
blood, and some species are important pests of both
humans and livestock (Crosskey, 1990; Adler et al.,
2004). However, the immature stages are aquatic and
are significant components of stream ecosystems
(Cummins, 1987). Ecological studies revealed that
the distribution of black fly species is determined
mainly by environmental factors, such as stream size,
flow wvelocity, pH, water conductivity, temperature,
altitude, riparian forest cover, and presence of
impoundments (Hamada & McCreadie, 1999;
Hamada et al., 2002; Scheder & Waringer, 2002;
McCreadie et al., 2004; Tllésova et al., 2008; Pramual
& Kuvangkadilok, 2009). Among these factors,
stream size, velocity, and presence of water impound-
ments play particularly important roles. In addition to
individual species’ distributions, species richness and
species assemblage are also affected by the physical
and chemical factors of the stream (McCreadie &
Adler, 2006, 2012; Pramual & Kuvangkadilok, 2009;
Pramual & Wongpakam, 2010).

Although the patterns of the species distribution and
species assemblages of larval black flies are well
documented in terms of their relationship to stream
variables, the pattern reflecting phylogenetic related-
ness, morphological similarity, or only environmental
conditions has rarely been examined. As knowledge of
the taxonomy and ecology of black flies in Thailand is
well developed, they provide a good model for phylo-
genetic community ecology. In this study, we investi-
gated the relationship between species assemblage,
morphology, and phylogenetic relationships among
black fly species in tropical streams of Thailand. The
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labral fan was selected as the morphological character
for our study as it has been shown in previous studies
that this character was strongly related to habitat
exploitation (Zhang & Malmgqvist, 1996; Palmer &
Craig, 2000). The labral fan is a food-filtering organ of
the larva which comprises numerous rays with the size
and number of the rays being related to the current
velocity of the stream. Species that occupy slow flowing
water usually have larger fan rays than species in fast
flowing streams (Zhang & Malmqvist, 1996; Palmer &
Craig, 2000). Our purpose is to examine the following
questions: (i) are black fly species that share a habitat
more similar in labral fan morphology or phylogeny?
and (ii) does the labral fan morphology relate to species
phylogeny?

Materials and methods
Sample collection and identification

A total of 150 black fly collections [87 collections
from present study and 63 collections from previous
publications (Pramual & Kuvangkadilok, 2009; Pra-
mual & Wongpakam, 2010)] were made from
118 sites in Thailand (Fig. 1; Table S1). Larvae
and pupae were collected by hand from the
substrates (such as submerged leaves or trailing
grass), using fine forceps. Previous studies have
demonstrated that samples collected by this proce-
dure are representative of species occurring in a
locality (McCreadie & Colbo, 1991; McCreadie
et al,, 2004). Larvae and pupae were preserved in
modified Camoy’s solution (3:1, 95% ethanol/acetic
acid). The fixative was changed twice within 1 h and
again after 24 h. Species were identified morpho-
logically using the keys and descriptions of black fly
species in Thailand and Southeast Asia (e.g.,
Takaoka & Suzuki, 1984; Takaoka & Davies,
1995; Takaoka & Choochote, 2004). We measured
the physical parameters of the larval habitats that
previous studies found were associated with black
fly species distribution (elevation, stream width,
depth, discharge, velocity, water conductivity, dom-
inant streambed particle size, canopy cover, and
riparian vegetation) (McCreadie & Colbo, 1991;
McCreadie & Adler, 1998; Hamada & McCreadie,
1999; McCreadie et al., 2004; Pramual & Kuvang-
kadilok, 2009). Types of streambed particles were
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Fig. 1 Map showing
approximate locations of

118 collection sites of black
flies in Thailand. Details of
sampling sites are given in
Table S1

20° N 4

15N

10° N

classified into six categories based on the size of the
dominant particle as described in McCreadie et al.
(2006). Riparian vegetation was classified into three
types (open, brush, and forest) according to the
vegetation forms (McCreadie et al., 2006). Canopy
cover over the stream was visually estimated using
three criteria (complete, partial, and open canopy)
following the description of McCreadie et al. (2006).
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Black fly trait data

We selected the primary labral fan rays as the
morphological trait for trait-based phylogenetic com-
munity structure analysis. Previous studies have
demonstrated that the labral fan morphology was
related to stream variables (Zhang & Malmgqvist, 1996;
Palmer & Craig, 2000). Therefore, this larval character
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is the principal morphological trait that determines
species distribution (Palmer & Craig, 2000). Last
instar larvae were used for morphological trait anal-
ysis. Labral fan morphology was assessed by measur-
ing the fan ray width and length and number of rays of
the completely opened primary fan, under a compound
microscope using a microscopic micrometer. As
intraspecific variation of the labral fan morphology
has been reported (Lucas & Hunter, 1999; Adler et al.,
2004), we selected larvae from several sampling sites
for morphological measurement. For each species, at
least 30 larvae were measured. The only exceptions
were larvae of Simulium siripoomense Takaoka &
Saito and S. malayense Takaoka & Davies where only
five and ten larvae were available respectively. To test
whether the sampling size was enough to capture
intraspecific morphological variation, we compared
the means of morphological characteristics between
groups with different sampling sizes (i.e., 30 and
larger) in eight geographically widespread species. All
comparisons revealed no significant differences in the
mean morphological characteristics, which indicates
that an increase in sampling sizes is unlikely to alter
the results and that our sampling size is suitable to
capture intraspecific morphological variation.

DNA extraction, polymerase chain reaction,
and sequencing

Most (32 species) of the DNA samples were obtained
from previous studies (Pramual et al., 2012; Pramual
& Adler, 2014; Sriphirom et al, 2014). Larval
specimens of three species (Simulium baimaii
Kuvangkadilok & Takaoka, S. -chiangmaiense
Takaoka & Suzuki and S. siripoomense) were obtained
in the present study. For molecular work, we selected
one representative specimen of each species from one
sampling site that was included in morphological trait
analyses. Previous phylogenetic studies (Pramual
et al., 2012; Pramual & Adler, 2014; Sriphirom
et al., 2014) revealed that the specimens included in
our analyses were from monophyletic species. In
addition, we also found no significant morphological
differentiation within species across different sam-
pling sites (data not shown). Thus, we assumed that the
specimens are representative of the species. Genomic
DNA was extracted from the larvae following the
method of Collins et al. (1987). Polymerase chain
reaction (PCR) methods were conducted for
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cytochrome ¢ oxidase subunit I (COI) using primers
LCO1490 (5-GGTCAACAAATCATA AAGATATT
GG-3") and HCO2198 (5-TAAACTTCAGGGTGAC
CAAAAAATCA-3) (Folmer et al., 1994); cyto-
chrome ¢ oxidase subunit II (COI), using primers
TL2-J-3034 (5'-ATTATGGCAGATTAGTGCA-3")
and TK-N-3785 (5'-GTTTAAGAGACCAGTACTT
G-3"); and 18S/ITS1, using primers 18 s/sd5’ (5'-TG
GTGCATGGCCGTTCTTAG-3') and 5.8 s/sd3’ (5'-
GTCGATGTTCATGTGTCCTGC-3") (Simon et al.,
1994). PCR conditions were as described by Conflitti
et al. (2010). PCR products were checked with 1%
agarose gel electrophoresis and cleaned using the
HiYield Gel/PCR DNA Extraction Kit (RBC
BIOSIENCE, Taiwan). Sequencing was performed
at Macrogen (Seoul, Korea) using the same primers as
in the PCR.

Phylogenetic analysis

DNA sequences for COIL, COII, and 18S/ITS genes of
35 species were included in the phylogenetic analysis
(Table S2). The combined dataset was 1875 bp (586 bp
for COIL, 697 bp for COII and 592 bp for 18 S/ATSI).
Most (138) sequences were available from previous
publications (Pramual et al., 2012; Pramual & Adler,
2014; Sriphirom et al., 2014). The remaining 34
sequences (Table S2) were obtained in this study.
Phylogenetic relationships were analyzed by Bayesian
methods using MRBAYES 3.04b (Huelsenbeck &
Ronquist, 2001). The best-fit model for Bayesian
analysis was selected by hierarchical likelihood ratio
tests implemented in MrModeltest (Nylander, 2004).
The general time-reversible (GTR) model was selected
as the best fitting model. Bayesian analysis was run for
20,00,000 generations, with a sampling frequency of
100 generations. Parasimulium crosskeyi Peterson was
used as an outgroup because the morphological evi-
dence indicates that itis a member of the most primitive
lineage of black flies (Adler et al., 2004).

Analytical framework of phylogenetic community
structure

The phylogenetic community structure of black flies in
Thailand was examined following the analytical
framework of Cavender-Bares et al. (2004). Three
sets of analyses are required to infer the mechanisms
underlying the community structure. Firstly, the
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hypothesis that co-occurring black fly species are
more closely related than expected was tested.
Secondly, labral fan morphology was used to test the
hypothesis that co-occurring black fly species are
more morphologically similar than expected (i.e., they
are morphologically clustered). Then the phylogenetic
signal of the labral fan morphology was examined. A
combination of the results of these analyses was used
to infer the mechanism underlying the community
structure [see Fig. 2 of Cavender-Bares et al. (2004)]
of black flies in Thailand. If the phylogenetic signal
analysis indicates that the labral fan morphology is
conserved (i.e., closely related species possess similar
fan morphology or phylogenetic conservatism) and the
co-occurring species are morphologically clustered,
then habitat filtering is a primary factor determining
community structure. However, if the co-occurring
species are morphologically overdispersed, then the
community structure will be dominated by competi-
tive exclusion. If the phylogenetic signal analysis
indicates convergence of the labral fan morphology
and the co-occurring species are morphologically
divergent, then the random process is the primary
factor that governs community structure. Otherwise, if
the co-occurring species are morphologically clus-
tered, then habitat filtering is the primary mechanism
determining the community structure (Webb et al.,
2002; Cavender-Bares et al., 2004).

Phylogenetic community structure

The computer package Phylocom version 4.2 (Webb
et al., 2008) was used to calculate mean phylogenetic
distance (MPD) and mean nearest taxon distance
(MNTD). MPD measures the mean pairwise phylo-
genetic distance between each taxon within the
community. MNTD measures the average distance
to the closest relative for each taxon. These two
measures were standardized into a net relatedness
index (NRI) and nearest related taxon index (NTI),
respectively (Webb et al., 2002). The NRI and NTI
describe the differences between phylogenetic dis-
tance in the observed and null communities. Positive
values of both indexes indicate that species in the
community were more phylogenetically related than
by chance. Alternatively, negative values reflect that
species are less phylogenetically related than by
chance (Webb et al., 2002). High level of trait
conservatism at a deep phylogenetic level will result

in high NRI and NTI. Conservatism at more terminal
levels significantly increases NTI relative to NRI
(Webb et al., 2002). The independent swap method
was used to generate null communities by considering
all species represented in the communities as the
potential source pool. T tests were used to determine if
the means of the NRI and NTI differed from zero
(Ingram & Shurin, 2009; Razafindratsimaet al., 2013),
which demonstrates that the community is either
clustering (positive) or overdispersed (negative).

Trait-based community structure

Phylocom was used to measure morphological trait
dispersion within samples across the range of com-
munities and species pool. The matrix from the mean
pairwise trait distance among taxa (MPD) and mean
distances to nearest-neighbor trait distance (MNTD)
were used to measure trait dispersion of the commu-
nity. Dispersion values in observed and null distribu-
tions were used with standardized effect size (SES) of
the trait dispersion metrics relative to the null distri-
bution communities (Weiher & Keddy, 1995; Webb
et al., 2008). These values provided a signature of the
trait clustering or evenness. Negative values for SES
indicate trait clustering. Positive values of SES
indicate overdispersion of the trait. We used ¢ tests
to determine whether that mean SES values across the
community were significantly different from zero
(Ingram & Shurin, 2009; Razafindratsimaet al., 2013).

We also tested the phylogenetic signal of the labral
fan morphology. The analysis of trait (aot) module in
Phylocom was used to test the tendency for closely
related species to share similar morphology (i.e.,
phylogenetic signal). The phylogenetic signal mea-
sured the magnitude of the trait variation of species
relative to the phylogenetic position. If closely related
species are more similar to each other, there will be
small variance when compared to the expectation
under the null model of randomly swapping trait
values across the tree (Webb et al., 2008).

Results
Phylogenetic relationships

The Bayesian tree of 35 black fly species included in
the analysis revealed two main clades (Fig. 2). A
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Fig. 2 Bayesian tree for 35
species of black flies in
Thailand based on 1875 bp

P fum crosokeyi

* Asiosimaiun

5. obiongam

sequences combined dataset
of COI, COII, and 18S/ITS1
genes. Posterior
probabilities for Bayesian
analysis are shown above or
near branches. Labral fan of
each species was placed near
tip of tree. Scale bar
represent 200 pm

1196

R ——— ] = ,’

!f:.‘ Nevermannia
5 fenerhoni complex ‘l‘ -

a8 ,—s. angulinylom comples g

ALES.

190 5 fruricosmm

62

L]

]

5. wvangkadifoboe

5. avakoge

& corimun

047

8 inrhanowense

8 sheilos
092 1.06)

5 tromgense

Gamphosiilbia

. decuplum

100 5 pombake

5. parahivagim

5 stamense complex

5 baimaii
Lon

059 5. siriponumense

083

8 chamiongi
S bublatu
8. maiayense

8. chainarongi

5 chaliwme

100

021

5. femettratm

. trighabus

5 swluihl
§ Simdinm
5, mgragitvim

5, swciaseony

5. rufibasis
0

5. daipuictse

S, nmi complex
1.00 o5 P

8. yupho

5 ey
5 nakhanesse

1.0 8. quinguestriarum

single species of the subgenus Asiosimulium (Simu-
lium oblongum Takaoka & Choochote) formed a
distinct clade with the members of subgenus Never-
mannia. Subgenera Gomphostilbia and Simulium
formed a second large clade that further divided into
two subclades. The 11 species of the subgenus
Gomphostilbia included in this study formed a mono-
phyletic clade with strong (0.96) support. Members of
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the subgenus Simulium (20 species) formed a mono-
phyletic clade although with moderate (0.78) support.

Phylogenetic community structure
Black fly assemblages from a total of 150 sites were

included in this study. There were 35 species recorded
(Table S2). The number of species in each assemblage
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ranged from three to eight. Phylogenetic community
analysis revealed that 73 (48.66%) sites had a positive
NRI. Seventy-seven communities (51.34%) had a
negative NRI. Similar patterns were observed for the
NTIL. Among 150 communities, 62 (41.33%) had a
positive NTI and 88 (58.67%) had a negative NTI
(Table 2). However, the 1 tests indicated that the mean
NRI and NTI values across the communities were not
significantly different from zero (Table 1), thus the
phylogenetic community of black flies in Thailand is
not different from that expected by chance.

Trait-based community structure

The means of the morphological characteristics of the
primary fan ray of each black fly species are shown in
Table 2. Three morphological traits included in this
study were significantly correlated (Table 3). These
morphological traits also correlated significantly,
albeit rather weakly, with stream variables (Table 4)
indicating that they were important morphological
traits that determine species distribution. A trait-based
community ecology analysis revealed that 27 (18%)
communities had positive SES values for fan ray
width. Positive SES values suggest that the trait values
for these communities were overdispersed. One-hun-
dred and twenty three communities (82%) had nega-
tive SES values for the fan ray width, which indicated
that these communities were trait clustering. Twenty-
four communities (16%) had positive SES values for
the fan ray length. One-hundred and twenty six (84%)
communities had negative SES values for the fan ray
length. Thirty-three communities (22%) had positive
SES values for the number of fan rays and 117 (78%)
had negative SES values. The SES values of all three
labral fan morphological characteristics were highly
significantly different from zero (Table 1), which
indicated that with respect to labral fan morphology,
species in the community were different from that
expected randomly.

Phylogenetic signal of labral fan morphology

Tests on the phylogenetic signal of the labral fan
morphologies indicated no phylogenetic conservatism
(Fig. 2) (i.e., no significant relationship between
phylogenetic position and trait) of the fan ray width
(P=0.16) and number of fan rays (P = 0.06).

Table 1 Summary of phylogenetic community ecology indexes based on phylogenetic and trait-based analysis of 150 communities of black flies in Thailand

SES

NTI

NRI

Number of fan rays

Fan ray length

Fan ray width

21 (16.00) 33 (22.00)

27 (18.00)

62 (41.33)

73 (48.67)

Positive (%)
Negative (%)

126 (84.00) 117 (78.00)

88 (58.67) 123 (82.00)

77 (51.33)

—0.616 (—0.726, —0.506) —0.538 (—0.655, —0.421)
—9.087
<(0.001

—11.119
=0.001

—0.495 (—0.614, —0.375)

—8.209

<0.001

0.059 (—0.110, 0.227)

0.686

0.063 (—0.074, 0.200)

0.915

Mean difference (confidence interval)

t test

0.494

0.362

P value
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Table 2 Mean of morphological characteristics of primary labral fan for 35 species of black flies in Thailand

Species (n)*

Fan ray width
(£SE) (um)

Fan ray length
(£SE) (um)

Number of fan
rays (£SE)

Subgenus Asiosimulium

S.

oblongum Takaoka & Choochote (62)

Subgenus Gomphostilbia

S.

Lr La La Lba La La La La L L

L

angulistylum Takaoka & Davies complex (42)

. asakoae Takaoka & Davies (66)

. curtatum Jitklang, Kuvangkadilok, Baimai, Takaoka & Adler (30)
. decuplum Takaoka & Davies (30)

. doipuiense Takaoka & Choochote (30)

. gombakense Takaoka & Davies (30)

. inthanonense Takaoka & Suzuki (30)

. kuvangkadilokae Pramual & Tangkawanit (30)

. parahivangum Takaoka & Sigit (30)

. sheilae Takaoka & Davies (30)

. siamense Takaoka & Suzuki complex (51)

. trangense Jitklang, Kuvangkadilok, Baimai, Takaoka & Adler (30)

Subgenus Nevermannia

S.
S.
S.

aureohirtum Brunetti (55)

feuerbomi Edwards complex (30)
fruticosum Takaoka & Choochote (30)

Subgenus Simulium

S.

Ln Lba Lba La Lba La Lba La L La g bn bn bn bn bn bn n

. baimaii Kuvangkadilok & Takaoka (30)
. bullatum Takaoka & Choochote (30)

. chainarongi Kuvangkadilok & Takaoka (38)
. chaliowae Takaoka & Bookemtong (30)
. chamlongi Takaoka & Suzuki (30)

. chiangmaiense Takaoka & Suzuki (30)

. fenestratum Edwards (70)

. malayense Takaoka & Davies (10)

. nakhonense Takaoka & Suzuki (61)

. nigrogilvum Summers (30)

. nodosum Puri (30)

. quinguestriatus Shiraki (30)

. rudnicki Takaoka & Davies (30)

. rufibasis Brunetti (30)

. siripoomense Takaoka & Saito (5)

. tani Takaoka & Davies complex (30)

. triglobus Takaoka & Kuvangkadilok (30)
. weji Takaoka (30)

. yuphae Takaoka & Choochote (30)

1516.94 (14.21)

1032.14 (17.27)
1202.27 (20.86)
1310.83 (17.23)
924.14 (13.16)
1116.67 (16.23)
1037.93 (12.07)
1235.00 (21.73)
§20.00 (18.39)
880.00 (6.93)

1146.55 (15.83)
1019.12 (15.04)
1059.38 (11.14)

1262.27 (23.99)
1298.33 (37.56)
1410.00 (12.43)

1351.67 (18.76)
1387.50 (27.51)
1172.37 (12.85)
1115.83 (10.75)
631.67 (11.37)
1015.00 (26.39)
1258.93 (17.45)
1081.82 (26.56)
1052.46 (12.20)
1187.50 (20.08)
1133.33 (7.98)

1221.67 (25.90)
1310.00 (34.19)
1335.83 (9.79)

418.75 (11.97)
1024.17 (20.04)
1355.83 (21.40)
1021.67 (16.86)
1066.67 (27.63)

762.90 (7.66)

539.29 (9.79)
603.41 (6.67)
673.33 (9.66)
488.79 (5.05)
583.33 (9.84)
532.76 (5.56)
624.17 (10.75)
421.67 (6.86)
441.67 (7.80)
547.41 (9.15)
510.29 (7.71)
582.29 (11.70)

619.55 (11.19)
701.67 (16.03)
739.17 (5.32)

700.83 (7.34)
706.67 (13.34)
590.13 (6.83)
555.83 (7.55)
565.83 (26.76)
570.83 (11.50)
596.79 (9.58)
54545 (16.10)
532.17 (5.67)
592.50 (9.90)
573.33 (4.31)
613.33 (16.11)
695.83 (17.21)
629.17 (7.00)
§75.00 (0.00)
531.67 (10.38)
620.00 (12.48)
541.67 (14.35)
555.83 (13.54)

42.63 (0.51)

33.50 (0.69)
37.80 (0.71)
38.57 (0.36)
29.86 (0.34)
36.97 (0.66)
40.97 (0.59)
31.30 (0.56)
33.30 (0.57)
26.73 (0.43)
40.48 (0.83)
37.88 (0.83)
39.63 (0.53)

37.22 (0.95)
35.70 (0.42)
26.40 (0.32)

55.40 (0.48)
46.13 (0.58)
43.61 (0.59)
40.00 (0.22
41.10 (0.48)
39.23 (0.41)
43.03 (0.71)
43.91 (1.54)
40.67 (0.85)
39.20 (0.88)
37.00 (0.21)
47.43 (1.16)
46.40 (1.17)
43.57 (0.54)
37.50 (0.29)
32.37 (0.98)
57.00 (0.37)
36.00 (0.58)
39.87 (0.74)

* Number of larvae used for morphological measurement
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Table 3 Pearson correlation coefficients between labral fan
morphological traits of 35 black fly species in Thailand

Fan ray Fan ray Number
width length of fan ray
Fan ray width -
Fan ray length 0.632% -
Number of fan ray 0.431* 0.317* -

* P <001

However, the fan ray length had significant conser-
vatism across the phylogeny (P = 0.03).

Discussion

Our results indicate that the community structure of
black flies in tropical streams of Thailand was not
skewed toward phylogenetic clustering or overdiper-
Phylogenetic community structure analysis
revealed similar proportions in the communities that
show signals of phylogenetic clustering and overdis-
persion. In contrast, the trait-based community struc-
ture analysis found that black fly species assemblage
was largely determined by habitat filtering mecha-
nisms. Members of the black fly species in most
(=>78%) communities are more similar in labral fan
morphology than would be expected from the null
community. The results are counter intuitive as it has
been suggested that closely related species usually
possess similar morphological characteristics (Webb
et al., 2002; Emerson & Gillespie, 2008). Therefore,
phylogenetic clustering was expected with the habitat
filtering. However, habitat filtering does not always
produce phylogenetic clustering if the trait under study
is governed by convergent evolution (Losos et al.,

sion.

2003; Cavender-Bares et al., 2004; Kraft et al., 2007).
Previous studies found that black fly labral fan
morphology was not related to the species phyloge-
netic relationships (Zhang & Malmgqvist, 1996; Palmer
& Craig, 2000; Joy & Conn, 2001). The results of our
phylogenetic conservatism analysis for fan ray width
and number of fan ray support the previous findings
and indicate that convergent evolution could be a
factor responsible for the species” differences in these
labral fan traits.

Non-phylogenetic conservatism of the labral fan
morphology implies that closely related species could
have differences in this trait. Differences in labral fan
morphology allow closely related species to exploit
different habitats, thus it could be a factor promoting
species divergence (Zhang & Malmgqvist, 1996; Joy &
Conn, 2001). For example, two closely related species
of the subgenus Gomphostilbia in Thailand, Simulium
inthanonense Takaoka & Suzuki and S. curtatum
Jitklang, Kuvangkadilok, Baimai, Takaoka & Adler,
occur in high elevation habitats (=1000 m above sea
level), but the two species utilized streams with
different velocities (0.49 m/s for S. curtatum and
0.23 m/s for S. inthanonense) (Pramual et al., 2012).
Comparisons of the labral fan morphology indicated
significant differences between the two species (fan
ray length, r = 2.734, P = 0.008; fan ray width,
t=3401, P =0001; number of fan rays,
t = 10914, P < 0.001). The smaller labral fan in S.
curtatum is consistent with the prediction that this
species occupies faster streams. As these species are
closely related according to molecular evidence
(Pramual et al., 2012), the differences in larval habitats
due to morphological divergence (or vice versa) could
possibly be a driving force of speciation in black flies
(Joy & Conn, 2001; Pramual et al., 2012).

Table 4 Pearson correlation coefficients between morphological traits of 35 black fly species and stream variables from 150

sampling sites in Thailand

Morphological Stream variable
trait
Width Depth Velocity Discharge Elevation Conductivity Streambed Canopy  Riparian
particle cover vegetation
Fan ray width —0.131%  —0.139*  —-0.091* —0.161*  0.305% 0.020 0.025* —0.006"  0.126%*
Fan ray length —0.147%  —0.064  —0.095% —0.133*  0.236% 0.019 —0.021" —0.010*  0.090**
Number of fan ray 0032 —0.161* 0.162%  —0.149*%  0.201* 0.118* 0.189%* 0.062*  0.206%"

*P <001

* Spearman’s rank correlation
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Previous studies as well as our data have shown
that labral fan morphology is correlated with stream
velocity (Zhang & Malmgvist, 1996; Malmqvist
et al., 1999; Palmer & Craig, 2000), and it has been
suggested that stream velocity is one of the most
important factors determining black fly species
distribution (Palmer & Craig, 2000). Shared mor-
phological characteristics related to habitat usage
indicate that environmental conditions are the major
factors that select species into a community (i.e.,
habitat filtering). Thus, stream velocity could be
primarily an environmental factor filtering black fly
species in the community. Our finding that habitat
filtering is a primary mechanism determining black
fly species assemblage was consistent with several
previous studies. Pramual & Wongpakam (2010)
found that species that require similar ecological
niches co-exist in several communities in tropical
streams of northeastern Thailand. Environmental
factors associated with black fly assemblage have
also been reported in other geographic areas such as
Europe and North America. Malmqvist et al. (1999)
found that species assemblages of black fly larvae in
56 Swedish streams were significantly associated
with stream variables such as stream width, depth,
velocity, and streambed particle size. McCreadie &
Adler (2006) found that species assemblages of
North American black flies were determined primar-
ily by ecological factors such as pH, stream velocity,
and streambed particle size.

In conclusion, the results suggest that environmen-
tal conditions in the habitat play an important role in
black fly community assemblages. Thus, habitat
filtering is likely to be the most important mechanism
determining black fly community structure in Thai-
land. Nonetheless, our sampling regimes restricted us
to analyzing data that could only be used to examine
the spatial aspect of the community. However, the
temporal dynamics of black fly species assemblages
has also been reported (Pramual & Wongpakam, 2010;
McCreadie & Adler, 2012) and further studies should
consider including temporal factors. Our results also
indicate that morphological divergence among the
closely related species was related to habitat exploita-
tion and it could be the factor promoting speciation.
Therefore, integrating phylogenetic and morphologi-
cal characters of the closely related species could be
used to test this hypothesis in a future study.
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MORPHOLOGY, SYSTEMATICS, EVOLUTION

Cytogenetic and Molecular Evidence of Additional Cryptic
Diversity in High Elevation Black fly Simulium feuerborni
(Diptera: Simuliidae) Populations in Southeast Asia

PATROT PRAMUAL,">* JIRAPORN THAI]AREBN,] MOHD SOFIAN-AZIRUN,* ZUBATDAH YACOB,*

UPIK KESUMAWATI HADL® axo HIROYUKI TAKAOKA*

. Med. Entomol. 1-8 (2015); DOIL: 10.1093/jme/tjv080

ABSTRACT Simulium feuerborni Edwards is geographically widespread in Southeast Asia. Previous
cytogenetic study in Thailand revealed that this species is a species complex composed of two cytoforms
(A and B). In this study, we cytologically examined specimens obtained from the Cameron Highlands,
Malaysia, and Puncak, Java, Indonesia. The results revealed two additional cytoforms (C and D) of
S. feuerborni. Specimens from Malaysia represent cytoform C, differentiated from other cytoforms by a
fixed chromosome inversion on the long arm of chromosome IIT (ITI1-5). High frequencies of the B
chromosome (33-83%) were also observed in this cytoform. Specimens from Indonesia represent the
cytoform D. This eytoform is differentiated from others by a fixed chromosome inversion difference on
the long arm of chromosome 1 (TT1-4). Mitochondrial DNA sequences support genetic differentiation
among cytoforms A, B, and C. The pairwise Fgr values among these cytoforms were highly significantly
consistent with the divergent lineages of the cytoforms in a median-joining haplotype network. ITowever,

alack of the sympatric populations prevented us from testing the species status of the eytoforms.

KEY WORDS  polytene chromosome, Simuliidae, Simulium, species complex

Black flies (Diptera: Simuliidae) are significant blood-
sucking insects. The adult females of many species are
important pests and vectors of disease, such as human
onchocerciasis or river blindness. This disease was clas-
sified as the second placed cause of infectious blindness
(Adler et al. 2010). Black fly biting can reduce poultry
and cattle productivity (Crosskey 1990, Adler et al
2004). On the other hand, the larval stage of the black
fly plays an important role in nutrient turnover in
stream ecosystems (Malmqvist et al. 2004). Therefore,
taxonomic knowledge about black flies is crucial for
understanding all aspects of their biology.

Banding patterns of the salivary gland polytene chro-
mosomes have an indispensable role in black fly taxon-
omy and systematics (Rothtels 1979, Adler et al. 2010).
Cytological differentiation of the morphologically insep-
arable species is based on the fnllnwing three eriteria:
1) fixed chromosome inversion differences: 2) sex
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chromosome differences; and 3) different floating in-
versions (Rothfels 1956). Cytogenetic studies have of-
ten revealed cryptic diversity in many black ﬂy species
(e.g., Tangkawanit et al. 2009, Pramual and Wongpa-
kam 2011, Pramual and Kuvangkadilok 2012). Despite
a highly successtul use of banding patterns in the poly-
tene chromosome for black fly taxonomy and systemat-
ics, recent studies have also pointed out the necessity
of using an integrated approach based on multiple
characters (Ilmonen et al. 2009, Adler and Huang
2011, Pramual and Kuvangkadilok 2012, Diaz et al
2015). Therefore, in addition to the cytogenetic level,
information from molecular genetics is also requiring
to fully understand black fly biodiversity.

Simulium  feuerborni Edwards is  geographically
widespread, being recorded from Thailand, Malaysia,
and Indonesia (Adler and Crosskey 2014). However,
this species is ecologically restricted to high elevation
streams (>700m above sea level), which are usually
small and slow flowing (Pramual and Wongpakam
2013). A previous cytogenetic and molecular population
genetic study in Thailand revealed that this species is a
species complex composed of two cytoforms (A and B)
differentiated by several fixed chromosome inversion
differences. The two cytoforms also show high levels of
genetic differentiation based on mitochondrial eyto-
chrome ¢ oxidase T (COI) sequences (Pramual and
Wongpakam 2013). In this study, we further examine
the genetic diversity of S. feuerbomi from two addi-
tional countries, namely, Malaysia and Indonesia.

@ The Authors 2015. Published by Oxford University Press on behalf of Entomological Society of America
All rights reserved. For Permissions, please email: journals permissions@oup .com
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Polytene chromosome banding sequences and the mi-
tochondrial DNA COI gene were compared with those
previously reported from Thailand.

Materials and Methods

Sample Collection and Species Identifi-
cation. Black fly samples were collected from six col-
lections in two countries, namely, Puncak, Java (one
collection), Indonesia and the Cameron Highlands (five
collections), Malaysia (Table 1). Larvae were preserved
in Carnoy’s solution (3:1, 95% ethanol: glacial acetic
acid) for cytogenetic and molecular genetic studies
(Pramual et al. 2011). Species were identified morpho-
logically using the most recent keys of the Simulium
(Nevermannia) feuerborni species group (Takaoka and
Srisuka 2011).

Cytogenetic Study. Salivary gland polytene chro-
mosomes were prepared from penultimate-instar lar-
vae. The abdominal segment of the larvae was cut
transversely. The anterior portion of the larval body
was placed in 80% ethanol tor further molecular works.
The abdominal segment that contained the salivary
glands was slit ventrally and then stained using the
Feulgen method of Rothfels and Dunbar (1953). Chro-
mosomes were examined under compound microscope.
Banding patterns of the polytene chromosomes were
read band-for-band and compared with those of the
polytene chromosome map of S. feuerborni reported
by Pramual and Wongpakam (2013). Name of the chro-
mosome mversions were numbered in order of their
discovery beginning after the inversion reported by
Pramual and Wongpakam (2013).

DNA Extraction, Polymerase Chain Reaction
(PCR), and Sequencing. DNA was extracted from
the anterior portion of the larva following a procedure
described previously (Pramual et al. 2011). The barcod-
ing region of the COT gene was amplified using the
primers LCO1490 (5'-GCGTCAACAAATCATAAAGA-
TATTGG-3) and HCO2198 (5-TAAACTTCAGGGT
GACCAAAAAATCA-3'; Folmer et al. 1994). PCR was
performed in a total volume of 50 pl containing 5pl of
10x reaction buffer, 3 pl of MgCl, (50 mM), 1.6 pl of
dinucleotide triphosphates, 2ul of each primer
(10 uM), and 0.4 pl of Tag DNA polymerase (5 U/pl).

AL EnTOMOLOGY

Temperature profile was as follow: 96°C for 1min fol-
lowed by 35 eycles of 94°C for 1min, 55°C for 1 min,
and 72°C for 1min and a final extension at 72°C for
Tmin (Rivera and Currie 2009). PCR products were
checked on a 1% agarose gel containing 0.5pg/ml of
ethidinm bromide and cleaned using the HiYield Gel/
PCR fragment extraction kit (RBC Bioscience, Xindian
City, Taiwan). Cleaned PCR products were sequenced
by the Macrogen sequencing service (Seoul, Korea)
using the same primers as in the PCR.

Data Analysis. Mitochondrial COI sequences were
deposited in GenBank under accession numbers
KP770123-KP770132. Haplotype diversity and nucleo-
tide diversity were calculated in Arlequin v.3.5 (Excofl-
ier and Lischer 2010). Genetic differentiations among
cytoforms were estimated by population pairwise Fgy
in Arlequin. Significant test statistics were obtained
from 1,000 permutations. A median-joining (M]) haplo-
type network (Bandelt et al. 1999) was calculated using
Network v4.6.1.0 (http/Avww.fluxus-engineering.com).
The “best match” and “best close match™ methods in
the program TaxonDNA (Meier et al. 2006) were used
to test the frequency of successful identification of the
specimens into c}tnfnrm&

Results

Chromosome Polymorphisms. In total, 158 lar-
vae of S. feuerborni from three locations, two from the
Cameron Highlands, Malaysia, and one from Puncak,
Java, Indonesia, were cytologically examined. Overall,
we found a low frequency of pnl}-'mnqﬁgic chromosome
inversion. There was only a single floating inversion
(IS-4; Fig. 1) with relatively low frequency (6%) from
the Cameron Highlands site (Table 2). However, a high
frequency of the B chromosome was found in this loca-
tion (Table 2). This B chromosome is a small metacen-
tric (Fig. 2A) where the location of the centromere was
determined by the ectopic pairing to the A comple-
ment centromere (Brockhouse et al. 1989) (Fig. 2B).
One arm of the B chromosome consists of fluffy end
and another arm consists of two heavy bands near the
centromere and one lighter band near the end (Fig
2A). No chromosome inversion polymorphism and

Table 1. Collection sites, number of specimens, aml stream variables of S, fewerborni in Malaysia and Indonesia used in this study

Location Code  Collectiondate  Latitude/longitude  Altitude  Stream Stream  Water pH  Dissolved Temp.
(m) width (m) depth (m) velocity oxygen (°C)
(m/s) (mg/L)
Brinchang, CHI15-1 26 Dec. 2012 04° 31.461" N, 1,513 0.75 0.1 0.25 7.36 5.5 159
Cameron Highlands, 101° 23.338' E
Malaysia CHI15-2 21 Mar. 2013 04°31.461' N, 1,813 020 0.05 0.22  6.69 2.4 154
101°23.338' E
Tanah Rata, CHI11-1 24 Nov. 2012 04°28 738 N, 1,405 0.03 0.22 054 681 7.4 17.0
Cameron Highlands, 101°22979" E
Ma|a}-'sia CH11-2 27 Dec. 2012 04°28.738' N, 1,405 0.03 0.22 054 681 7.4 17.0
101°22979' E
CHI11-3 25 Dec. 2013 04°28 738 N, 1,405 0.03 0.24 0.41 6.60 3.59 17.0
101°22979" E
Puncak, Java, Indonesia  PUN 3 Apr. 2012 NA 1,200 0.30-0.40 0.20 NA 7.00 NA NA
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Fig. 1. Chromosome IS of §. fenerborni eytoform C from Cameron Highlands, Malaysia. Breakpoints of the 1S-4 floating
inversions are indicated with brackets. C, centromere; NO, nucleolar organizer.

Table 2. Chromosome characteristics of 8. feuerborni in Malaysia and Ind i pared with the standard
polytene chromosome maps of this species from Thailand of Pramual and Wongpakam (2013)

Code Country No. of specimens Chromosome B chromosome Cytoform

(male: female) inversion assignment
CHI15-1 Ma]aysia G:14 1S-4 (6%) II1L-5* T0% C
CHI15-2 Ma]aysia 20:22 HIL-5* 62% C
CHI11-1 Ma]aysi.a 39 ITIL-5 33% C
CHI1-2 Ma]aysia 57 IIL-5" 83% C
CHI11-3 Malaysia 5:6 IL-5¢ 6% o
PUN Indonesia 2437 IIL-4" - D
Total 63495

“Fixed inversion.

Fig. 2. The metacentric B chromosome of 8. feuerborni. (A) B chromosome of the larva of 8. feuerborni from Cameron
Highlands, Malaysia, showing the location of centromere (C) and fluffy end (F). (B) Ectopic pairing of the B chromosome with

chromosome 1.
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Chromosome I of 8. fenerborni cytoform C from Cameron Highlands, Malaysia. Limit of inversion TTIL-5 that is

fixed in 8. feuerborni eytoform C is indicated by brackets. C, centromere.

B chromosome were recorded from Puncak, Java,
Indonesia.

Comparisons of the polytene chromosome banding
patterns between Malaysian and Indonesian popula-
tions with the standard polytene chromosome map of
this species from Thailand (Pramual and Wnngp:iam
2013) revealed two additional cytoforms.

S. feuerborni Cytoform C. Cytoform C was char-
acterized by a fixed chromosome inversion on the long
arm of chromosome TIT (ITTL-5), compared with the
standard polytene chromosome-banding sequences
(Fig. 3), and undifferentiated sex chromosome. Larvae
(n=97) were examined from two populations in the
Cameron Highlands (CHI1 and CHI5), Malaysia
(Table 2). In addition, these populations also possessed
a high frequency of the B chromosome (Table 2),
which ranged between 33 and 83% in each collection.

S. feuerborni Cytoform D. Cytoform D was char-
acterized by a fixed chromosome inversion on the long
arm of chromosome II (I1L-4) (Fig. 4) and undifferen-
tiated sex chromosome. This inversion has break points
very close to the TIL-2 inversion previously reported in
cytoform B (Pramual and Wongpakam 2013). Larvae
(n=61) were examined from a population from Pun-
cak, Java, (PUN) Indonesia (Table 2). No floating inver-
sion or B chromosome was found in this population.

Mitochondrial DNA Sequence Variation and
Genetic Differentiation Among Cytoforms. Ten
specimens from the Cameron Highlands, Malaysia,
were sequences for a 586-bp fragment of the COI
gene. The PCR with the specimens from Indonesia
was unsuccessful, despite various PCR conditions being
tried. In total, 69 sequences (10 from Malaysia and 59
from Thailand) were included in the data analysis.

Fig. 4.
from Puncak, Java, Indonesia. Limit of inversion ITL-4 that is
fixed in 8. feuerborni cytoform D is indicated by brackets. C,
centromere; PB, parabalbiani marker.

Chromosome arm IIL of S. feuerborni eyform D

Nucleotide substitutions were detected in 72 positions
(Fig. 5). No deletions or insertions were found.
Genetic diversity at the molecular level based on the
COI gene revealed lower diversity in the S. feuerborni
ulation from Malaysia compared with those from
Thailand (Table 3). Seven haplotypes were recognized
from 10 specimens with a nucleotide diversity of 0.008
and a haplotype diversity of 0.869 (Table 3).
Mitochondrial DNA genealogy between sequences
of S. feuerborni revealed that 10 specimens from
Malaysia that represent cytoform C were clustered
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Position

111 1111111112 2222222333 3333333333 4444444444 4444555555 55

11
11122223 3556700112 2344466690 0355777001 1233444469 0002333577 8999035566 78

Sequence 1D
i 1806924581 7284413257 8735803992 8530147470 3528036947 0697016735 1036826925 73
FB%(O]SLS CCACATTTTT CAAAGATAGA TTTAAACCTA CAGACCTGCA TTTCGCATGA ACAGCCTCCT GACGACAAAC TC
FB 1T  Laaiileih caesiilaa slivaanceia s
EB2O2ET Siiaol BELLEERE shai Goi s DS RaEEE R
FBROZTF il s ieiBini AWl seessisEel el
EBZOZLY cisesseavin sesiseiswssl sSame i@ Sedie BemEe cawi
EBZOZLE = st raervasiesn o lmn G rieiGo: v siele mieseg el s i e
FB2042 = L. AAL L eieiiee aiean
i A R S i s i R i e
FB3305 C...G Cytoform A
FE33011 P P A T e AT e s
ERIION2 Ciolilionn GianiaiEe saaiidiidas
FBIFOLS s i€ coidiieivian sheemmasiey
FB33019 ccciiaasns peveesaalel e s
FB40925
EBEQU2P i maessmsies s anite e e e s
FE40931
R (o e e e R e e S s i o L o A S M
FBAOD3IZ i Toinnvs: inisreness sasvsiasan danessseen mes e s e e e
FE3605 i CoaTMhivves GieesTauee G.AGT, .,
FB36019 B C..TA..CA. g O SR T
FB36020 e C..TA..CA. .T..T..T.. A..A.T..
FB2249 C. C..TA.GCA. T.. A....T..
FB22412 C. C..TA..CA i A T, )
F622410 C. C..TA..C iy D Cytoform B
FB3574 il C..TA..... vee- .G.AGT..
FB3I577 s CLiTA i
FB35723 e Ly | caes G.AGT..
FB36114 C. CoaThLCo Toa wBuvuTan
FB3613 [« C..TA..CA. p T T o
AFBCH1112 s C..TA..C T.. AGTA.T.
BFBCH111l C C..TA..C TA. AGTA.T.
CFBCHL110 [ C\ . TA, C T.. AGT..T.
DFBCH1109 o E C..TA..C T.. A.TA.T. Cytoform €
GFBCHL106 G C..TA..C T.. AGT..T.
HFECHLLDS . C..TA..C T.. A.TA.T.
IFBCH1104 ik (ot ¢ VR ol iy & Too AJTALT.
Fig. 5. Variable positions in 586 bp of the COT gene for the 36 haplotypes of S. feuerborni eytoforms A, B, and C.

Table 3 Genetic diversity indices of the eytoforms of 8. feuer-
borni based on mitochondrial COIL sequences

Cytoform n Haplotype diversity Nucleotide diversity
A 30 0.869 (*£0.059) 0.008 (+0.005)
B 2 0.579(*0.110) 0,015 (=0.008)
C 10 0.911 (£0.008) 0,007 (£0.004)

“ Data from Pramual and Wongpakam (2013)

together and well separated from the other cytoforms
(Fig. 6). Population pairwise Fgr indicated a high level
of genetic differentiation among the cytoforms (Table
4). This was supported by the analysis of the DNA bar-
code using the best match and best close match meth-
ods, which revealed that all specimens were perfectly
assigned into cytoforms.

Discussion

Black fly species that are geographically widespread
and capable of using diverse habitats are likely to be a
species complex (Adler and McCreadie 1997). S. feuer-
borni is ecologically restricted into high-elevation habi-
tats. However, this species is geographically widespread
being recorded from Thailand, Malaysia, and Indonesia
(Adler and Crosskey 2014). Previous cytogenetic study
in Thailand revealed that this species is a species com-
plex composed of two cytoforms differentiated by sev-
eral ﬁxegn chromosome inversion differences. This
species also possesses high levels of intraspecific
genetic divergence based on the COI barcoding
sequences (Pramual and Wongpakam 2013, Pramual
and Adler 2014).

Our results revealed two additional eytoforms (C and
D) of 8. feuerborni. Cytolorm C was found in the
Cameron Highlands, Malaysia. This cytoform was sepa-
rated from the other by a fixed chromosome inversion
on the long arm of chromosome IIT (IMT1-5). Tn addi-
tion, this eytoform was also characterized by a high fre-
quency of the B chromosome. The B chromosome was
ound in each collection from the Cameron Highlands
population ranging from 33 to 83%. A high frequency
of the B chromosome in black fly populations is usually
found in the temperate and arctic species (Procunier
1975, Brockhouse et al. 1989, Adler et al. 2010).
B chromosomes have been reported in tropical black
fly species such as Simulium tani Takaoka & Davies
(Tangkawanit et al. 2009) and Sinulium nakhonense
Takaoka & Suzuki (Kuvangkadilok et al. 1999) but the
frequencies are very low (0.5 and 7%, respectively).
The high frequency of the B chromosome in S. feuer-
borni cytoform C, therefore, is a unique character of
the tropical black fly species. As S. feuerbomi eytoform
C occurs in high elevation habitats (>1.400m above
sea level) where the climatic condition resembles that
of the temperate region, it is likely that the climatic
condition could play a role in the occurrence of the
B chromosome in black flies. There are several possible
explanations for the presence of the B chromosome in
the populations (Camacho et al. 2000), but occurrence
at agigh frequency suggested that it might have a posi-
tive effect. The role of the B chromosome has not been
fully determined in black fly, but there are some
relationships between the presence of the B chromo-
some and biological activities. For example, Kach-
voryan et al. (1996) found that the frequencies of the
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Fig. 6.

b

M] network of the 69 COI sequences of S. feuerbori from six populations from Thailand, one population from

Malaysia, and one population from Indonesia. Circles represent haplotypes and the sizes are relative to the number of

individuals sharing the specific haplotype.

Table 4. Population pairwise F; hetween  eytoforms  of
Table 4. Popula Fer bet viofe f
5. feuerborni based on mitochondrial COI sequences

Cytoform A B C
A

B 0.684*

C 0.760* 0.606%

* P < 0.001.

B chromosome in Cnetha zakhariensis Rubzov and
Tetisimulium condici were related to water pollution.
Procunier (1982) found that the presence of the
B chromosome in Cnephia dacotensis (Dyar and Shan-
non) increased rRNA production efficiency that
resulted in faster development of the larva.

S. feuerborni cytoform D was found in Puncak, West
Java, Indonesia. Because §. feuerborni cytotorm D was
collected from the location ~800 km far from the type
locality of East Java (Edwards 1934), thus we cannot
conclude that this eytoform could represent the typical
S. feuerbomi. S. feuerbomi cytoform D was character-
ized by a fixed chromosome inversion on the long
arm of chromosome II (ITL-4). Break points in this
inversion were very close to those previously reported

in cytoform B from Thailand (Pramual and Wongpa-
kam 2013). No B chromosome was found in this
cytoform.

Ecological comparisons among the larval habitats
indicated that cytoforms of S. feuerborni seem to occur
under different ecological conditions. S. feuerborni
eytoform C was found at a relatively higher elevation
(1,405-1,513m) than the other cytoforms (cytoform A,
1.185-1,615m; cytoform B, 950-1,320 m [Pramual and
Wongpakam 2013]; eytoform D, 1,200m). In addition,
S. feuerbomi cytoform C was also found in more acidic
water (pH 6.60-7.36) than the other cytoforms
(pH >7.00). S. feuerborni cytoforms C and D were
found in deeper streams (0.05-0.24m) compared with
cytoform A and B (<0.07 m) (Pramual and Wongpakam
2013). Our results agree with several previous studies
finding that different cytoforms of black flies are associ-
ated with different stream ecologies (Adler and
McCreadie 1997, Kuvangkadilok et al. 2008, Tangkawa-
nit et al. 2009, Pramual and Kuvangkadilok 2012).

The high level of the population pairwise Fgp and
the clear separation of the haplotype in the M] network
suggest that there is a long historical isolation of these
cytoforms  (Avise 2000). The high level of genetic
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differentiation among cytoforms found in this study
supports a previous finding (Pramual and Wongpakam
2013). We also found that the COI barcode could
effectively differentiate the cytoforms of S. feuerborni.
Therefore, the COI barcoding sequences could be
used to identify eytoforms of S. feuerborni. This could
be applied to the other life stages (e.g. pupa and
adult), in which polytene chromosome study cannot.

In conclusion, our study revealed additional diversity
in S. feuerborni, one of high elevation black flies in
tropical Asia. Molecular data based on the COT barcod-
ing sequences further support the cytoform differentia-
tions. As this species occupies high elevation habitats,
which were previously suggested as being refugium
sites for black flies during the dry conditions of the
Pleistocene glaciation (Pramual et al. 2005), phylogeo-
graphic study of this species would be interesting to
examine the effect of the Pleistocene climatic change
on high elevation faunas in this biodiversity hotspot
region. In addition, our integrated method enables us
to obtain information from both cytogenetic and molec-
ular levels. Therefore, this method could be applied to
the onchocerciasis vectors that are known to be cyto-
logically species complex. Because limitation of cytoge-
netic for adult identification thus association of the
molecular data from cytological typing larva might ena-
ble identification of the adult into cytospecies. This
could encourage current effort to control onchocercia-
sis vectors.
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Phylogeography of the black fly Simulium aureohirtum
(Diptera: Simuliidae) in Thailand
Jiraporn Thaijarern, Pivamas Nanork Sopaladawan, Komgrit Wongpakam, and Pairot Pramual

Introduction

Abstract: The black fly Simulium aurechirtum Brunetti (Diptera: Simuliidae) is geographically widespread and utilizes diverse
habitats. Previous studies revealed high genetic diversity. suggesting that this species could be a species complex. In this study.
we used mitochondrial cytochrome ¢ oxidase I sequences to examine genetic structure and demographic history of 5. aureohirtum
in Thailand. High level of genetic variation was observed due to the existence of genetically divergent lineages (A, B, and C).
Lineages A and C were geographically widespread, while lineage B was geographically restricted to the eastern part of Thailand.
The geographic localization of lineage B suggested limitations in gene flow, which is most likely a result of ecologically different
habitats. Large genetic differences between individuals of lineages A and C. but geographically sympatric distributions of the
members of these lineages. are considered to represent an admixture of the populations that have evolved allopatrically.
Historical environmental change during the Pleistocene glaciations is possibly the factor that drove the lineage divergence.
Population demographic history analyses revealed recent population expansions in the three lineages dating back to the last
glaciations. These observations further highlight the significance of the Pleistocene climatic change on current genetic structure
and diversity of living organisms of the Southeast Asian mainland.

Key words: black fly, phylogeography, Pleistocene, Simuliidae.

Résumé : La mouche noire Simulium aurechirtum Brunetti (Diptera: Simuliidae) est largement répandue dans le monde et occupe
des habitats divers. Des études antérieures ont révélé une grande diversité génétique, ce qui suggére que cette espéce pourrait
en fait regrouper un complexe d'espéces. Dans ce travail. les auteurs ont employé des séquences de la cytochrome ¢ oxydase II
mitochondriale pour examiner la structure génétique et I'histoire démographique du 5. aurechirtum en Thailande. Une grande
variation génétique a été observée en raison de la présence de lignées divergentes (A, B et C). Les lignées A et C étaient largement
répandues tandis que la lignée B était limitée a la partie orientale de la Thailande. La circonscription géographique de la lignée
B suggére un flux génique limité, lequel serait vraisemblablement le résultat d'habitats différents sur le plan écologique. Les
grandes différences génétiques entre individus des lignées A et C. en dépit d'une distribution géographique sympatrique,
découleraient du mélange de populations qui ont évolué de maniére allopatrique. Des changements environnementaux surve-
nus lors des glaciations du Pléistocéne constitueraient possiblement le facteur qui a alimenté la divergence de ces lignées. Des
analyses de I'historique démographique de ces populations révélent des expansions récentes des populations au sein des trois
lignées qui remonteraient a la derniére glaciation. Ces observations soulignent davantage I'importance des changements
climatiques survenus lors du Pléiostocéne sur la structure et la diversité génétiques actuelles chez les organismes vivants de
I'Asie du Sud-Est. [Traduit par la Rédaction]

Mots-clés : mouche noire, phylogéographie, Pléistocéne. Simuliidae.

Cytogenetics has contributed significantly to our knowledge of
black fly biodiversity (Rothfels 1979; Adler et al. 2004). However,

Molecular genetic markers can be used to separate the effects of
historical factors from contemporary ones on the current genetic
structure and diversity of species (Templeton 1998; Walton et al.
2000). The Pleistocene climatic and environmental change is among
the most important historical factors that significantly contrib-
uted to the current genetic structure and diversity of organisms
globally (Hewitt 1996). In Southeast Asia. several studies on di-
verse organisms revealed that climatic and environmental change
during the last glaciation played a critical role in shaping the
genetic structure and diversity of living organisms (Cannon and
Manos 2003; Pramual et al. 2005: O'Loughlin et al. 2008: Morgan
et al. 2010, 2011).

recent studies using molecular genetic markers have frequently
revealed hidden diversity in species that had not been detected
at the cytological level (e.g., Pramual et al. 2011b; Pramual and
Wongpakam 2013; Pramual and Adler 2014). Although the reverse
(i.e.. high diversity at the cytological level but low diversity at
the molecular level) has also been found (Pramual et al. 2011a).
Therefore, fully understanding black fly biodiversity requires in-
tegrated approaches using information from morphology, cytol-
ogy. and molecular genetics.

Simulium aureohirtum Brunetti is a geographically widespread
species. This species has been recorded in both Palearctic and
Oriental regions (Adler and Crosskey 2014). Three synonyms of
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Table 1. Details of the sampling locations, haplotype diversity, and nucleotide diversity of Simulium aureohirtum in Thailand.

Geographic Latitude, Alttude Collection Haplotype Nucleotide

Location Code region N longitude (m) date diversity diversity

Ban Huai Jak kwa, Ubon Ratchathani  AU248 Northeast 11 15°28'N, 105°32'E 190 02 Feb. 2014  0.891+0.092  0.015+0.008
Huai Gud Kae, Kalasin AU307 Northeast 15 16°39'N, 103°49'E 169 03 Jan. 2014 0.895+0.070 0.019+0.010
Ban Guan Bun, Sakon Nakhon AU310  Northeast & 16°53'N, 104°10'E 212 03 Jan. 2014 1.000%0.062  0.010%0.006
Ban Suansawan, Mukdahan AU314 Northeast 10 16°45'N, 104°10'E 250 03 Jan. 2014 0.978+£0.054  0.015%0.008
Wang Yai waterfall, Si Sa Ket AU317  Northeast 12 14°26'N, 104°29'E 219 15 Feb. 2014 0.969%0.044 0.014+0.008
Dong Yai Wildlife Sanctuary, Buriram AU337 East 15 14°17'N, 102°44'E 231 04 Mar. 2014 0.962%0.040 0.013+0.007
Ban Suan Hom, Nakhon Ratchasima AU347 East 16 14°21'N, 101°52'E 407 06 Mar. 2014 0.991%0.025 0.006%0.004
Ban Tap Nakon, Chanthaburi AU341 East 12 12°45'N, 102°14'E 24 04 Mar. 2014  1.00030.034  0.011£0.006
Klong Kaew Waterfall, Trat AU346 East 12 12°37'N, 102°34'E 65 05 Mar. 2014  0.985%0.040 0.013+0.007
Ban Huai tat, Loei AU271  North 10 17°18'N, 101°12'E 473 27 Nov. 2013 0.911+0.077  0.02510.014
Huai Maekhammi, Phrae AU288 North 18°22'N, 100°25'E 263 06 Dec. 2013  1.000+0.052 0.033+0.018
Ban Khan Na, Nan AU293 North 7 19716'N, 100°53'E 297 07 Dec. 2013 0.714+0.181  0.0350.020
Ban Huai Muang, Phayao AU295 North 9 18°56'N, 100°04'E 582 07 Dec. 2013 1.000%0.052  0.034+0.019
Ban Tung Lam Yai, Kanchanaburi AU336 West 12 14°40'N, 99°19'E 231 22 Feb. 2014  0.954%0.057 0.00710.004
All 158 0.994+0.002  0.034%0.017

S. aureohirtum were recognized including Simulium geniculare
Shiraki from Taiwan, Simulium philippinense Delfinado from the
Philippines, and Simulium tuaranense Smart and Clifford from
Sabah, Malaysia (Adler and Crosskey 2014). Simulium aureohirtum is
found in diverse habitats and is well adapted to areas disturbed
by humans, such as agricultural land and manmade streams
(Pramual and Kuvangkadilok 2009). A previous cytological study
in Thailand found extensive chromosome polymorphisms with
14 floating inversions observed. Of these, two inversions were
found at high frequencies and were significantly related to lati-
tude, altitude, and annual temperature (Pramual et al. 2008). How-
ever, there is no evidence of cytological sibling species within Thai
populations. Polytene chromosome analyses of specimens from
Okinawa and Guam islands, which are geographically isolated
from Thailand by more than 3000 km, revealed identical banding
patterns (Reeves and Adler 2011). DNA barcoding analysis revealed
extremely high genetic diversity in . aurechirtum with maximum
intraspecific genetic divergence based on a Kimura 2-parameter of
7.24%. Thus, this species was suspected to be a species complex
(Pramual and Adler 2014). In this study, we used mitochondrial
cytochrome ¢ oxidase II (COII) sequences to examine the genetic
structure, diversity, and demographic history of 5. aureohirtum in
Thailand. In addition, a phylogeographic study of a geographically
widespread organism would enable us to determine the effect of
historical and contemporary factors on the current genetic struc-
ture and diversity of species in the Southeast Asian mainland. Due
to the paucity of phylogeographic studies in this region, our re-
sults will also contributed to current knowledge of this biodiver-
sity hotspot.

Materials and methods

Samnple collection and identification

Black fly specimens were collected from 14 locations in Thailand
(Table 1; Fig. 1). Larvae of S. aureohirtum were collected in Carnoy’s
fixative (3:1 95% ethanol - acetic acid) and stored at —20 °C. Black
flies were identified morphologically using the key of Takaoka
and Choochote (2004).

DNA extraction, polymerase chain reaction, and sequencing

DNA was extracted following the method of Collins et al. (1987).
The COII gene was amplified using the primers and PCR conditions
described by Conflitti et al. (2010). PCR products were checked by
1% agarose gel electrophoresis and purified using a HighYield Gel/
PCR DNA Fragment Extraction kit (RBC BioScience, Taiwan). Se-
quencing was performed at the Macrogen DNA sequencing service
(Seoul, Korea) using the same primers as in the PCR.

Data analysis

A total of 158 specimens were sequenced for the COII gene.
Sequences were deposited in GenBank under the accession num-
bers KM076768-KMO076925. Haplotype diversity and nucleotide
diversity were calculated in Arlequin ver. 3.5 (Excoffier and Lischer
2010). Genealogical relationships between haplotypes were
estimated using the median-joining (M]) network algorithm
(Bandelt et al. 1999) in the software NETWORK ver. 4.6.1.0 (www.
fluxus-engineering.com).

The genetic structure was estimated by population pairwise Fg.
The significance test statistic was obtained from 1023 permuta-
tions. Sequential Bonferroni correction (Rice 1989) was applied
for the multiple tests. A Mantel test (Mantel 1967) was used to
determine the relationship between genetic distance (Fgp from
Arlequin) and geographic distance (km) to test an isolation-by-
distance (IBD) model. The Mantel test was implemented in IBD
ver. 1.52 (Bohonak 2002) using 1000 randomizations. The program
SAMOVA ver. 1.0 (Dupanloup et al. 2002) was used to define groups
in the populations using genetic criteria. Given an a priori num-
ber 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- mini-
mized) and groups are maximally differentiated from each
other (Fzy maximized). SAMOVA was run using 100 simulated
annealing processes for k = 2 to k = 10. The highest F; value
achieved from these runs was retained as the best population
grouping scheme.

Mismatch distribution analysis was used to test for a signature
of historical demographic expansion. Populations that have un-
dergone recent past demographic expansion are expected to show
a unimodal mismatch distribution (Rogers and Harpending 1992).
The sum-of-squares deviation and Harpending’s raggedness index
(Harpending 1994) were used to test deviation from the sudden
expansion model. Mismatch distribution analysis was performed
in Arlequin. If the mismatch distribution revealed a signature of
population expansion, the expansion time was calculated from r=
2ut (where u = mpp, my is the length of the nucleotide sequences
under study, p is the mutation rate per nucleotide, and t is the
generation time) (Rogers and Harpending 1992), assuming a diver-
gence rate of 2.3% per million years for insect mtDNA (Brower
1994} and 12 generations per year for tropical black flies (Pramual
et al. 2005). Fu's F; (Fu 1997) and Tajima’s D (Tajima 1989) tests
were used to test the population equilibrium.

The software MIGRATE-N ver. 3.2.16 (Beerli and Palczewski 2010)
was used to estimate gene flow between populations based on the
coalescent framework. Populations were grouped according to
geographic regions including north (AU271, AU288, AU293, and
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Fig. 1. Collection sites of 14 populations of Simulium aureohirtum in Thailand. Details of the sampling sites are included in Table 1.
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AU295), northeast (AU248, AU307, AU310, AU314, and AU317), east
(AU337, AU347, AU341, and AU346), and west (AU336). The starting
values for the migration rates were estimates based on pairwise
Fsr. The searching strategy was composed of 10 short chains with
5000 steps for each chain and two long chains with 500 000 steps re-
corded for each chain.

Results

Mitochondrial DNA sequernce variation
A 697-bp fragment of the COII gene was sequenced from
158 individuals of 5. aureohirtum from 14 populations throughout

T
105° E

Thailand. A total of 128 haplotypes were identified. Haplotype
diversity within populations ranged between 0.714 and 1.000 with
amean value of 0.994 (Table 1). Nucleotide diversities ranged from
0.006 to 0.035 with a mean value of 0.034 (Table 1).

Mitochondrial genealogy

The genealogy of the 158 COII sequences of S. aureohirtum revealed
three divergence lineages (A, B, and C) (Fig. 2). These lineages were
partially associated with geographic origins. Most of the individuals
of lineage A were from northeastern and western Thailand, although
some were from the north. Lineage B comprised individuals from the

- Published by NRC Research Press
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Fig. 2. Median-joining network for 158 COII sequences of Simulium aureohirtum in Thailand. Circles represent haplotypes and sizes are relative
to the number of individuals sharing the specific haplotype. Haplotypes are labeled according to geographic origin.
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Table 2. Population pairwise Fg; values between 14 populations of Simulium aureohirtum in Thailand.

Population AU248 AU271 AU307 AU310 AU314 AU317 AU337 AU347 AU288 AU293 AU295 AU341 AU346 AU336
Al248

AU271 0.099

AU307 -0.016  0.097

AU310 0.057 0.046  0.056

AlU314 0.066 0.036 0.065 0.011

AU317 0.065 0.059 0.068 0.016 0.010

AU337 0.072 0.062 0.071 0.020 0.030 0.034

AU347 0.057 0.047 0.056 0.004 0.015 0.019 0.023

Al288 0.056  0.045 0.055 0.000 0.011 0.016 0.020 0.004

AlU293 0.189 0.180 0.183 0.139 0.145 0.146 0.114 0.129 0.136

AlJ295 0.056 0.012 0.055 0.000 0.011 0.016 0.020 0.004 0.000 0.136

AU341 0.054 0.044 0.054 0.000 0.011 0.015 0.019 0.004 0.000 0.130 0.000

AU346 0.062 0.051 0.061 0.008 0.019 0.023 0.027 0.012 0.008 0.138 0.008 0.008
AU336 0.077 0.067 0.076 0.014 0.034 0.038 0.042 0.026 0.023 0.154 0.023 0.023 0.030

Note: Bold indicates significance at p values less than the Bonferroni adjusted value.

eastern populations. Lineage C comprised individuals from the
north and northeast.

Population genetic structure

Population pairwise Fsr analysis revealed an overall low level
of genetic structuring among populations of S. aurechirtum in
Thailand. Among 91 pairwise comparisons, only 13 (14%) were sta-
tistically significant (Table 2). Mantel’s test found no significant
relationships between genetic and geographic distances (R? = 0.003,
P = 0.641). SAMOVA analysis revealed that the F value was high-
estat k=3 (F- = 0.511, P < 0.001). Thus, we retain this as the best
grouping scheme. The population grouping scheme based on ge-
netic distance from SAMOVA corresponded well with geographic
locations. Group I comprised two populations from the north
(AU293 and AU271). Group II is the largest group and was com-
prised of populations from the northeast (AU248, AU271, AU307,
AU310, AU314, AU317, AU337, AU295, and AU288) and west (AU336).
However, two populations from the north (AU295 and AU288) also

belong to group II. Group III consisted of populations from the
east (AU346, AU347, and AU341).

Demographic history

Mismatch distribution analyses were conducted separately for
lineages A, B, and C. All three lineages showed unimodal mis-
match graphs (Fig. 3) that were consistent with the simulations
under the sudden expansion model. The F; and Tajima’s D values
were significantly negative in all three lineages, except for the
Tajima’s D of lineage C (Fig. 3). Therefore, the data suggested that
there was demographic expansion in these lineages. Population
expansion times were estimated to be approximately 18 000 years
ago for lineage A and 10 000 years ago for lineages B and C.

Historical migration patterns

Historical migrations among the four population groups were
asymmetric (Table 3). Migration from the northeastern to the
northern population groups was high compared to the negligible
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Fig. 3. Mismatch distributions of three mitochondrial lineages
representing the observed and expected pairwise differences under
the sudden population expansion model. (a) Lineage A, (b) lineage B,
and (c) lineage C. Mismatch distribution of all three mtDNA lineages
of Simulium aureohirtum are consistent with the sudden population
expansion model as the sum-of-square deviation (SSD) and
Harpending’s raggedness index are not significantly different
between the observed and the expected from the simulation.
Significant negative values for Tajima’s D and Fu’s F, tests further
support the population demographic expansion.
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migration in the opposite direction. The northeastern group re-
ceived migrants from the western population, but migration in
the opposite direction was negligible. The eastern population
group received migrants from the northern and northeastern
groups albeit with low numbers. Migrations out from the eastern
population group were negligible in all cases.

Discussion

Black fly species that are geographically widespread and oc-
cupy diverse habitats are possibly species complexes (Adler and
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McCreadie 1997). Simulium aureohirtum is geographically distrib-
uted across the Palearctic and Oriental regions. This species has
been recorded in India, Bhutan, China, Guam, Indonesia, Japan,
Malaysia, Nepal, Pakistan, the Philippines, Sri Lanka, Taiwan, and
Thailand (Adler and Crosskey 2014). In Thailand, S. aureohirtum
was found throughout the country in habitats with a wide range
of ecological conditions (Pramual et al. 2008; Pramual and
Kuvangkadilok 2009). A cytogenetic study in Thailand found high
levels of chromosome polymorphisms with 14 floating inversions
observed (Pramual et al. 2008). There is also clinal variation of
the inversion frequencies related to latitude, altitude, and tem-
perature. However, there is no evidence to support the presence
of cytological sibling species (Pramual et al. 2008) according to the
criteria of Rothfels (1979), but this does not exclude the possibility
of homosequential sibling species within 5. aurechirtum. Further
study is required to test this hypothesis. Polytene chromosomal
analysis of the specimens from Guam and Okinawa found identi-
cal banding patterns with Thai specimens, despite large geo-
graphic separations (4500 and 3000 km, respectively) (Reeves and
Adler 2011).

A high level of genetic diversity has also been detected at the
molecular level. DNA barcoding analysis based on the mitochon-
drial DNA COI sequences suggested that this species is likely to be
a species complex because of the high intraspecific genetic diver-
gence (maximum K2P distance of 7.24%) (Pramual and Adler 2014).
Our results based on COII sequences support previous findings.
High levels of nucleotide diversity were found in S. aurechirtum
(0.034) compared to other black fly species complexes in Thailand,
such as the Simulium siamense complex (0.0057) (Pramual et al. 2011a),
Simulium feuerborni complex (0.025) (Pramual and Wongpakam
2013), and Simulium angulistylum complex (0.0249) (Pramual and
Kuvangkadilok 2012). High genetic diversity in S. aureohirtum at
the molecular level is due largely to the presence of three geneti-
cally divergent lineages (A, B, and C) in the mtDNA genealogy.
These lineages were partially related to geographic origins. Lin-
eage A is the largest and is comprised of individuals from wide
geographic origins in the northern, northeastern, and western
parts of Thailand. Lineage C is comprised of the individuals from
northern and northeastern regions, while all the members of lin-
eage B are from the east.

Localized clustering of the haplotypes of the eastern popula-
tion, with short branches isolating this lineage from the main
lineage, is a characteristic of a population that has not experience
long-term isolation but in which gene flow has been limited (Avise
2000). This is consistent with the historical migration analysis
that found a low migration rate from other populations to the east
and no migration from this region to the others. Ecological diver-
gence between populations was suggested as the gene flow barrier
between eastern and northern populations in another black fly
species in Thailand, Simulium tani (Pramual et al. 2005). The mea-
sured environmental conditions (stream width, depth, velocity,
water conductivity, water temperature, pH, streambed particles,
canopy cover, and riparian vegetation types) of the larval habitats
of S. aureohirtum were not different between the eastern popula-
tions and the other geographic regions. However, in the wider
ecological context, the eastern region is considered to be the trop-
ical rain forest ecotype of the Cardamom Mountains rainforest
ecoregion. In contrast, the northern and northeastern regions
belong to a dry broadleaf forest ecoregion. Several studies found
associations between black fly distributions and ecoregions.
McCreadie and Adler (2006) found that distributions of black flies
in South Carolina, USA, were associated with different ecoregions.
Different sibling species of the Simulium tuberosum complex have
been found in different ecoregions of North America (Adler and
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). The association of black
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Table 3. Maximum-likelihood estimates of the population sizes (§ = 2Ny) and dispersal rates
(M = m/u) for four population groups of Simulium aureohirtum in Thailand.

Dispersal rate

Population group (i) Population size North —i Northeast — i East —i West —i
North 0.0582 — 290.17 4.5x10~1 3.33x10°1
Northeast 0.0425 9.10x10-13 — 123x10-2  90.501
East 0.0965 10.483 7.305 — 3.35x10—%
West 0.0187 9.3x10-4 1.76x10-12 2.01x10-2 —

fly species with ecoregions suggests that different ecological re-
gimes could prevent gene flow between different ecoregions. Our
results thus strengthen the hypothesis of ecological conditions
promoting black fly speciation.

Lineage C is extremely genetically divergent from the other
lineages. The genetic divergence of this lineage compared to lin-
eage A was 7.0% and was 9.4% compared to lineage B, while be-
tween lineages A and B it was 3.2%. High genetic divergence
between lineages suggested that they might be representing dif-
ferent species. However, chromosome analyses showed that the
individuals of these lineages have identical polytene chromosome
banding patterns. Members of lineages A and C were geographi-
cally broadly sympatric. The individuals of these lineages were
from the northern, northeastern, and western parts of Thailand. A
deep divergence in the genealogy but with members of the lin-
eages being broadly sympatric are characterizations of admixture
populations that have evolved allopatrically (Avise 2000). There
has not been a major vicariance event in the Southeast Asian
mainland that could have promoted allopatric divergence. How-
ever, evidence from both plants and animals point to the influ-
ence of the Pleistocene glaciations on the genetic structure and
diversity of floras and faunas of this region, including Thailand
(Cannon and Manos 2003; Pramual et al. 2005; O’Loughlin et al.
2008; Morgan et al. 2010, 2011). During the glaciation period, cli-
matic conditions were thought to be drier and cooler (Voris 2000;
Penny 2001). Thus, much of the running water, the habitat of
immature black flies, could have dried up. However, the evi-
dence suggests that some streams persisted during the dry pe-
riod of the Pleistocene glaciations, mostly in high mountain
areas (Gathorne-Hardy et al. 2002). Therefore, the mountainous
regions of the northern, northeastern, and western regions could
have been refugia for black flies during the Pleistocene glaciations
(Pramual et al. 2005, 2011a). The interior positions in the mtDNA
genealogy of the haplotype from the western population (Kan-
chanaburi Province), northern population (Nan Province), and
northeastern population (Ubon Ratchathani Province), which
were from mountainous areas, supported this hypothesis. Signals
of population expansions in these lineages revealed by mismatch
distribution analysis further support the role of the Pleistocene
glaciations on the genetic structure and diversity of 5. aurechirtum.
The population expansions in the three lineages date back to the
end of the Pleistocene glaciations (approximately 18 000 years
ago).

Although high levels of genetic diversity and genetically diver-
gent lineages within S. aureohirtum were found, the populations of
this species were, surprisingly, largely genetically homogenous.
Population pairwise Fs; values were significantly different in only
13 out of 91 comparisons. Low-level genetic differentiation be-
tween populations of this species could be a combination effect of
historical and contemporary factors. Recent demographic expan-
sion dating back to the end of the last Pleistocene glaciation
(18 000 years ago) indicated that populations of S. aureohirtum
shared a recent history. This could reduce the chance of the accu-
mulation of genetic differentiation between populations. In addi-
tion, this species utilizes a wide range of ecological conditions and
is also well adapted to anthropogenic disturbed habitats such as
agricultural areas and artificial flowing water (Pramual and

Kuvangkadilok 2009); thus, the geographic distributions of this
species are not confined to forest areas like many other black flies.
Therefore, the geographic distribution of this species is continu-
ous, thus facilitating gene flow between populations. A popula-
tion genetic study in the forest-dependent species S. angulistylum
in Thailand found high levels of genetic structuring (Pramual and
Kuvangkadilok 2012), while species that were found in both forest
and open areas (e.g., S. siamense) were genetically homogenous
(Pramual et al. 2011a).

In conclusion, we found that S. aureohirtum should be consid-
ered a species complex because of the high level of genetic diver-
sity and occurrence of genetically divergent lineages. As three
synonyms of this species were recognized, it could be possible
that these names might be applied to one or more of these lin-
eages in future study. Since the genetically divergent lineages
could not be detected at the morphological and cytological levels,
our result strongly suggest that an integrated approach is neces-
sary for fully understanding black fly biodiversity. Both historical
and contemporary ecologies were found to be important factors
shaping the genetic structure and diversity of this species. As this
species is geographically widespread in Palearctic and Oriental
regions, further study would be interesting and should include
specimens from those other geographic regions.
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Introduction

Black flies (Diptera: Simuliidae) are an important insect vector of
human onchocerdasis or river blindness disease, which is the second
leading cause of infectious blindness (Adler et al., 2010). Black fly larvae
are usually present as a major component of stream macroinvertebrates
(Malmqvist et al, 2004) and play significant roles (e.g. in nutrient
turnover) in stream ecosystems. Taxonomic knowledge of black flies,
therefore, is crucial for both epidemiology and ecological studies.

Like many other insects, morphological classifications of black flies
seldom incorporate all developmental stages. Adult and pupa are rich
in species-level characters and are important for taxonomic study yet
the larvae of many species remain undescribed. Rearing from pupa to
adult is straightforward enabling pupae to be readily associated with
adults, but rearing from larva to adult is a difficult endeavor and not
always successful (Adler et al., 2004). Black fly larvae need flowing
water for their development, thus an elaborate system is require for
rearing them from larva to adult. Therefore, the larval stage of many
species remains unknown.

Molecular markers have been used successfully to associate unknown
larva with adults of the known species in other insects (Miller et al., 2005;
Cattolliat and Monaghan, 2010). For black flies, the DNA barcoding

* Corresponding author. Tel /fax: +66 43 754245,
E-mai addresses: pairotp@msuwacth (P, Pramual), komgrit_w@yahoocom
(K. Wong pakam).
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sequence based on a fragment of the cytochrome ¢ oxidase subunit [
(COl) of the mitochondrial genome is among the most effective molecu-
lar marker for species identification (Rivera and Currie, 2009; Pramual
et al, 2011; Hernandez-Triana et al., 2012; Pramual and Adler, 2014).
This indicates that the DNA barcode could be used to associate unknown
specimens from unknown life stage with the known species. The main
advantage of molecular markers over traditional taxonomy (e.g. mor-
phology) is that it is easier to associate species from different life stages.
This is particularly useful for organisms where species identification is
reliable only from some life stages.

Twenty-nine species of the Simulium multistriatum group of the
subgenus Simulium are known globally (Adler and Crosskey, 2013). Of
these, nine species have been recorded in Thailand (Takaoka and Saito,
1996; Takaoka and Kuvangkadilok, 1999; Takaoka and Choochote,
2004, 2005a,b,c; Adler and Crosskey, 2013) including S. bullatum
Takaoka and Choochote, S. chainarongi Kuvangkadilok and Takaoka,
S. chaliowae Takaoka and Boonkemthong, S. chanyae Takaoka and
Choochote, S. fenestratum Edwards, S. lampangense Takaoka and
Choochote, S. malayense Takaoka and Davies, S. takense Takaoka and
Choochote and S. triglobus Takaoka and Kuvangkadilok. Among these,
the larval stage remains unknown for five species; S. bullatum,
S. chaliowae, S. chanyae, S. lampangense and S. takense.

Simulium chaliowae was described from specimens collected from
Na Khu Ha waterfall, Phrae Province, northern Thailand (Takaoka and
Kuvangkadilok, 1999). This species is distinguished from other species
of the S. multistriatum-group by a distinct cocoon shape ( shoe-shaped
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instead of fenestrate cocoon type) and some other characters of the
adults. Simulium bullatum was described from Chiangmai Province,
northern Thailand (Takaoka and Choochote, 2005a). In addition to
some other morphological characters of the adult, this species could
be easily distinguished in the pupal stage from other species of the
S. multistriatum-group by having a large, unpigmented organ at the
base of the gill filament (Takaoka and Choochote, 2005a). However,
the larval stage of these species remains unknown.

The objectives of this study are to associate unknown larvae collected
from the same location with the known pupa of two species (5. chaliowae
and S. bullatum) of the S. multistriatum group in Thailand using DNA
barcoding sequences. If the DNA barcoding successfully associates
the unknown larva with the known species, descriptions of the
mature larvae of these species will be provided. We also report the
DNA barcoding sequences of S. triglobus, another member of the
S. multistriatum group.

Materials and methods
Sample collection and identification

Black fly samples were collected from three locations in Thailand
(Table 1). Larva and pupa were picked from the substrate (e.g. fallen
leaves, trailing grass) along the stream using fine forceps. Both larva
and pupa were collected in modified Carnoy's fixative (3:1 95%
ethanol/glacdial aceticacid) and stored at — 20 °C until processing. Spec-
imens were identified morphologically following the keys and descrip-
tion of species by Takaoka and Choochote (2004, 2005a,b,c) and
Takaoka and Kuvangkadilok (1999).

DNA extraction, polymerase chain reaction (PCR) and sequencing

Genomic DNA was extracted using the methods of Collins et al.
(1987). Manipulation of the specimens preserved in Carnoy’s solution
for molecular study followed the method of Pramual et al. (2005). The
polymerase chain reaction (PCR) methods followed those of Rivera
and Currie (2009), using the primers LCO1490 (5'-GGTCAACAAATCAT
AAAGATATTGG-3") and HCO2198 (5'-TAAACTTCAGGGTGACCAAAAA
ATCA-3'") (Folmer et al., 1994). PCR products were checked with a 1%
agarose gel and cleaned using the HiYield Gel/PCR DNA Extraction
Kit (RBC Bioscience, Xindian City, Taiwan). Sequencing was performed
at Macrogen (Seoul, Korea), using the same primers as in the PCR.

Table 1
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Data analysis

Fifty-three mtDNA COl gene sequences (30 obtained in this
study and 23 obtained from our previous publications) (Table 1) were
included in the analyses. Two methods were used to associate unknown
larvae with the known species. First, we used phylogenetic analyses to
examine the genetic relationships of unknown larval specimens with
the known species. Phylogenetic analyses were estimated for 53 COIl
sequences representing seven species of the S. multistriatum-group
in Thailand with S. aureohirtum (genbank accession no. JF916850) of
the subgenus Nevermannia and S. siamense (genbank accession no.
HM775226) of the subgenus Gomphostilbia as the outgroups. Phyloge-
netic analyses were conducted based on three methods including
maximum likelihood (ML), maximum parsimony (MP) and Bayesian
analysis. The ML tree was implemented in PhyML 3.0 (Guindon et al,,
2010). Branch support was calculated using approximate likelihood
ratio tests (Anisimova and Gascuel, 2006). Maximum parsimony analy-
ses were performed in PAUP* (Swofford, 2002 ), using a heuristic search
with 1000 random addition sequence replicates, TBR branch swapping
and MulTrees effect. Bootstrap support was estimated for 1000 repli-
cates. Phylogenetic relationships were analyzed by Bayesian methods
using MRBAYES 3.04b (Huelsenbeck and Ronquist, 2001). The best-fit
model for Bayesian analysis was selected by hierarchical likelihood
ratio tests implemented in MrModeltest (Nylander, 2004). The general
time-reversible (GTR) model (Rodriguez et al., 1990) with gamma
distribution shape parameter of 0.8406 and proportion of invariable
sites of 0.6625 was selected. Bayesian analysis was run for 2,000,000
generations, with a sampling frequency of 100 generations. Tracer ver-
sion 1.5 (Rambaut and Drummond, 2004) was used for visual inspec-
tion of the point where the log likelihood is stationary. Trees sampled
before this point were discarded as burn-in. The remaining trees of
two simultaneous runs were included in posterior probability calcula-
tions. The second method used the “best match” criteria for species
identification in TaxonDNA (Meier et al., 2006) to test the species status
of an unknown specimen. This method assigns specimens to species,
according to the best-matching barcode sequence (Meier et al., 2006).

Results
Identification of unknown larva
All three phylogenetic methods revealed identical tree topologies al-

though the branch supports varied among different analytical methods,
thus only the Bayesian tree is shown (Fig. 1). There are five main clades

List of species, collection sites, number of C0l sequences and haplotypes and Genbank accession numbers of samples of Simulium multistriatum species-group used in this study.

Species Locality Latitude/longitude  Altitude Numberof Genbank accession number
(m asl) samples
Simulium bulatum Takacka & Choochote  Hinsamchan waterfall, Phu Rue, Loei 17°29'59" N/ 1156 3 KJ649638 -K] 649638
101°2009" E
Lertpop waterfall, 17°20'11" N/ 1152 5 KJ649641 -K] 649645
Phu Rue, Loei 101°20113" E
5. choingrongi Kuvangkadilok & Takaoka  Wang Yai waterfall, Sisaket 4 JF916851-]FO16854"
S chaliowne Takaoka & Boonkemtong Ma Ku Ha waterfall, Phrae 18°07°09" N/ 556 17 JF916855-]F16856" KJ649623-K] 649623
100°1709" E
5 fenestratum Edwards Suan Hom waterfall, Leoi 17°02'49" N/ 579 1 JFO16857-]FO16860" [FO16862-]F0 168647
101°4542" E
Klongnarai waterfall, Chanthaburi 1
Tad Yieang waterfall, Champasak, Lao PDR 1
‘Wang Kwang waterfall, Loei 1
Pen Pop Mai waterfall, Loei 1
Cham Pa Thog waterfall, Phayao 3
5 triglobus Ton Tong waterfall, Pua, Nan 19°12739" N/ 1027 7 KJ649646-K] 649652
101°04°04" E
5 takense Takaoka & Choochote Dai Chong Thong waterfall, Kanchanaburi 2 JFO16865-]FO1 6870
Kreng Kra Via waterfall, Kanchanabur 4

? Data from Pramual and Adler (2014).
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Fig. 1. Bayesian tree for the cytochrome oxidase [ (COl) sequences of the seven species from the Simubum multistriotumn species group in Thailand. Bootstrap values for maximum parsi-

mony analysis, posterior probabilities for Bavesian analysis and likelihood-ratio test for maximum likelihood are shown above or near the branch. -, denote bootstrap support less than 508,
Scale bar represents 0.1 substitutions per nucleotide position.
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among seven species included in the analyses. Simulium takense,
S. bullatum and four unknown larvae from Loei province, S. malayense
and S. triglobus each represents monophyletic clades with strong sup-
port. Simulium fenestratum, S. chainarongi, S. chaliowae and 11 unknown
larval specimens from Na Khu Ha waterfall formed another clade.
Simulium chainarongi and S. chaliowae plus 11 unknown larvae each
formed a monophyletic cluster with strong support within this clade.
Simulium fenestratum is paraphyletic because its clade included
S. chainarengi and S. chaliowae.

As the unknown specimens from Na Khu Ha waterfall were all clus-
tered with the pupa specimens of S. chaliowae and with two S. chaliowae
sequences reported previously (Pramual and Nanork, 2012) it suggests
that these unknown larvae are S. chaliowae. This is also supported by the
distance-based species identification method. The best match method
in TaxonDMA identifies all of these specimens as S. chaliowae. Taken
together, the results strongly suggested that the unknown larvae from
Na Khu Ha waterfall are S. chaliowae. Intraspecific genetic divergences
within the clade of S chaliowae range from 0% to 2.25% with a mean of
0.60% ( Table 2).

Four unknown larvae from Loei Province, northeastern Thailand
formed a monophyletic clade with the pupa of S. bullatum, with strong
support ( Fig. 1). This is consistent with the distance-based species iden-
tification criteria. The best close match method for species identification
in TaxonDNA assigned these four larvae to S. bullatum. The intraspecific
genetic divergences of the S. bullatum clade range from 0% to 0.86% with
a mean of 0.36% (Table 2).

The DNA barcoding sequences of S. triglobus of the S. multistriatum
species group collected from the type locality (Ton Tong waterfall)
(Takaoka and Kuvangkadilok, 1999) were also reported. Seven barcoding
sequences of this species formed a monophyletic clade with strong
support (100% bootstrap and 1.00 posterior probability) (Fig. 1). All of
these sequences were correctly identified as S. triglobus based on the
best match criteria. Intraspecific genetic divergences ranged from 0% to
1.03% with an average of 0.29% (Table 2).

Descriptions of the mature larva

Simulium (Simulium) bullatum Takaoka and Choochote, 2005a,
2005b, 2005c.

Mature larva. Body length 5.6-6.2 mm (n = 10). Body color grayish
brown or reddish brown. Cephalic apotome (Fig. 2a) yellowish brown
on the 1,2 anterior and dark brown on the 1/2 posterior, narrowly dark-
ened along posterior margin, with distinct positive head spots. Lateral
and ventral surface of head capsule darken. Antenna longer than stem
of the labral fan composed of three segments and apical sensillum, pro-
portional length of 1st, 2nd and 3rd segments is 1:1.4:0.8. Labral fan
with ca. 44 main rays. Mandible (Fig. 2b) with comb-teeth, decreasing
in length from 1st to 3rd; mandibular serrations composed of one large
and one small teeth with no supemumerary serrations. Hypostomium
(Fig. 2c) with anterior row of nine teeth. Median tooth is very prominent,
the two outermost and the comer teeth moderately developed; lateral

Table 2

! L~ P

Fig. 2. Larva of Simulium bullatum (a) cephalic apotome showing distinct head spots;
(b) mandible; (¢) hypostoma; and (d) ventral view of head capsule showing postgenal
cleft. Scale bars = 0.1 mm for a and d; 0.02 mm for b; and 0.04 mm for c.

margins serrated apically; hypostomal bristles six, slightly divergent pos-
teriorly from lateral margin on each side. Postgenal cleft ( Fig. 2d) large,
deltoid, not constrict basally, ca. 1.5 as long as postgenal bridge. Thorac-
ic cuticle bare. Abdominal cuticle without dorsolateral protuberances and
with no distinct setae except the last segment moderately covered with
short colorless setae on each side of anal sclerite. Rectal organ has
three lobes, each with 12-14 finger-like secondary lobes. Anal sclerite

DMA barcode statistics for seven species of black flies in the Simulium multistriatum species group in Thailand. All specimens are identified comrectly based on best-match methods in

TaxonDNA (Meier et al, 2006).

Species Number of COf sequences Range of intraspecific genetic divergence (mean) % Range of interspecific genetic divergence (mean) %
S bullatum 8 0-0.86 (0.36) 7.04-1337 (9.65)

§ chainarongi 4 0.17-069 (0.54) 1.03-1538 (6.88)

8 chaliowae 17 0-225 (0.60) 0.51-18.64 (8.09)

5. fenestratum 8 0-298 (1.85) 0.51-1627 (6.85)

5. malayense 3 278-7.19 (5.72) 7.04-1864 (1225)

S. takense [ 0.34-2.43 (1.16) 9.13-1856 (12.52)

S, triglobus 7 0-1.03 (029) 9.09-13.21 (10.73)

Total 53 0-7.19 (1.15) 0.51-19.53 (9.41)
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X-shape, with anterior arm ca. 0.9 times as long as posterior arm. Acces-
sory sclerite absent. Last abdominal segment lacking ventral papillae. Pos-
terior circlet with ca. 90-92 rows of hooklets with 12 hooks per row.

Specimens examined

Larvae were collected from a small (0.6 m wide, 0.06 m depth),
moderate flowing stream (0.7 m/s) at high altitude (1156 m above sea
level) at Hin Sam Chan waterfall, Phurua District, Loei Province,
Northeastern Thailand on 27 November 2013. Specimens are deposited
in the Department of Biology, Faculty of Science, Mahasarakham
University, Thailand.

Simulium (Simulium) chaliowae Takaoka and Kuvangkadilok, 1999.

Mature larva. Body length 4.9-6.1 mm (n = 10). Body color dark
greenish or reddish brown on thoracic segment 1 and light brown on
the rest. Cephalic apotome (Fig. 3a) light yellowish brown, narrowly
dark brown along lateral and posterior margins, with faint positive

Fig. 3. Larva of Simulium chaliowae (a) cephalic apotome; (b) mandible; (¢} hy postoma;
and (d) ventral view of head capsule showing postgenal cleft. Scale bars = 0.1 mm for a
and d; 0.02 mm for b; and 004 mm for c.

head spots. Antenna longer than stem of the labral fan composed of
three segments and apical sensillum, proportional length of 1st, 2nd
and 3rd segments is 1:1 2:0.8. Labral fan with ca. 40 main rays. Mandible
(Fig. 3b) with comb-teeth, decreasing in length from 1st to 3rd; man-
dibular serrations composed of one large and one small teeth with no
supernumerary serrations. Hypostomium (Fig. 3c) with anterior row
of nine teeth. Median, the 2 outermost and the comer teeth very prom-
inent; lateral margins serrated apically; hypostomal bristles six, slightly
divergent posteriorly from lateral margin on each side. Postgenal cleft
(Fig. 3d) large, round apically, slightly constrict basally, ca. 2 x as long
as postgenal bridge. Thoracic cuticle bare. Abdominal cuticle with a
pair of small dorsolateral protuberance each on segment 2-6, and
with no distinct setae except the last segment moderately covered
with short colorless setae on each side of anal sclerite. Rectal organ
has three lobes, each with 12-14 finger-like secondary lobes. Anal scler-
ite X-shape, with anterior ca. 0.6 times as long as posterior arm. Acces-
sory sclerite absent. Last abdominal segment lacking ventral papillae.
Posterior circlet with ca. 80 rows of hooklets with 17 hooks per row.

Specimens examined

Larvae were collected from type locality (Na Khu Ha waterfall) of
S. chaliowae in Phrae Province (18°07'09" N/100°17'36" E) Northern
Thailand on 6 December 2013. This location is in medium size (4 m
wide, 0.11 m depth), moderate flowing stream (0.98 m/s) at an altitude
of 556 m above sea level. Specimens are deposited in the Department of
Biology, Faculty of Science, Mahasarakham University, Thailand.

Discussion

Mitochondrial COI sequences have been used successfully in insects
to associate life stages of unknown species with a life stage of a known
species (e.g. Miller et al., 2005; Zhou et al,, 2007; Ruiter et al, 2013). The
success of using DNA barcoding sequences to associate different life
stages depends on the availability and efficiency of this marker for spe-
cies identification. Previous studies have revealed that DNA barcoding
sequences were used effectively to distinguish nominal black fly species
(Rivera and Currie, 2009; Pramual et al,, 2011; Hernandez-Triana et al.,
2012; Pramual and Adler, 2014). In Thailand, the DNA barcode
sequences of 41 species were available that had high success rates for
species discrimination at 96% (Pramual and Adler, 2014).

In this study, we have shown that the unknown larvae could be
associated with the known species using COl barcode sequences. The
unknown larval specimens from Na Khu Ha waterfall formed a strongly
supported monophyletic clade with the pupa of S. chaliowae and with
two barcoding sequences of this species previously reported (Pramual
and Nanork, 2012). The best match criteria in Taxon DNA also assigned
these unknown larvae to 5. chaliowae. Thus, the result strongly suggested
that these larvae were S. chaliowae. The larva of 5. chaliowae are similar
those of S. chainarongi Takaoka and Kuvangkadilok (1999) described
from Thailand and 5. hirtinervis Edwards from Malaysia ( Takaoka and
Davies, 1995) as they have a pair of dorsal protuberances on the abdo-
men. However, 5. chaliowae can be distinguished from these species
by having a pair of dorsal protuberances on segments 2-6 instead
of segments 1-6 in S. chainarongi (Takaoka and Kuvangkadilok, 1999)
and 1-8 in S. hirtinervis (Takaoka and Davies, 1995).

The DNA barcoding sequences of 5. bullatum possess low intraspecific
genetic divergence with a maximum value of 0.86% and an average
of 0.36%. Although there are no available barcoding sequences of this
species in the database, the pupa specimens are easily recognized due
to fenestrated cocoon and large, unpigmented organ at the base of the
gill filaments. Four larvae collected from the same location as the pupa
were clustered with the sequences from the pupae with strong support
indicated that they were of the same species (i.e. S. bullanum). Larva of
S. bullatum is similar to S. malayense Takaoka and Davies because of its
deltoid-shape postgenal cleft and absence of dorsal protuberance on
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the abdomen. However, the distinct head spots and darker posterior half
of the cephalic apotome in S. bullatum could easily distinguish this spe-
cies from S. malayense, which has indistinct head spots and a pale
yellow cephalic apotome (Takaoka and Davies, 1995).

The DNA barcoding sequences of 5. triglobus were reported for
the first time in the present study, and they also showed low intra-
specific genetic divergence with a maximum value of 1.03% and an
average of 0.29%. Low intraspecific and high interspecific genetic di-
vergences with no overlap of the two values mean that the DNA
barcoding of this species was highly successful. However, our
results were based on the limited geographic sampling because
specimens were collected from only a single location. Thus, further
study is required to verify whether hidden diversity exists in this
species or not.

Phylogenetic analyses revealed that S. fenestratum is paraphyletic be-
cause its clade included S. chainarongi and S chaliowae. The results of the
present study agree with the previous work (Pramual and Nanork, 2012;
Pramual and Adler, 2014). There are several possible explanations for
species non-monophyly, including (i) gene paralogy; (ii) inadeguate
phylogenetic signal for the genetic marker used; (iii) interspecific hybrid-
ization; (iv) imperfect taxonomy; and (v) incomplete lineage sorting
(Funk and Omland 2003). A previous study indicated that gene paralogy
is unlikely for COl sequences of 5. fenestratum (Pramual and Nanork,
2012). Inadequate phylogenetic signal is also unlikely. Deeply divergent
clades among species of S. multistriatum indicate that COI sequences
have enough phylogenetic signals to resolve species relationships. Imper-
fect taxonomy (ie. species misidentification) is unlikely because the COI
sequences of S. fenestratum included in the present study were obtained
from a previous publication in which species were identified chromo-
somally for the larval stage or morphologically for the pupal stage
(Pramual and Nanork, 2012) where species recognition is straightfor-
ward (Takaoka and Kuvangkadilok, 1999; Takaoka and Choochote,
2005a). Interspecific hybridization is also an unlikely explanation. Our
results revealed no indication of geographic localization of the closely
related haplotypes between species, which is a signal of interspecific
hybridization (Funk and Omland, 2003 ). Therefore, incomplete lineage
sorting is the most likely explanation for the species non-monophyly of
S. fenestratum (Pramual and MNanork, 2012).

Despite species not being recovered as a monophyletic group, the
distance-based (i.e. best match) criteria for species identification
perfectly identified specimens of S. fenestratum. The best match method
used the distance between sequences as the criteria for species identifi-
cation. If the closest sequences were from the same species then the
identification was considered successful (Meier et al., 2006). Although
specimens of 5. fenestratum did not form a monophyletic clade, the
closest sequence of each query was from the same species; therefore,
all sequences were identified as S. fenestratum.

In conclusion, we found that DNA barcoding sequences could be
used effectively to associate unknown life stages with the known
black fly species. As this molecular marker is accumulating rapidly in
public databases (e.g. www.boldsystems.org), future studies using
DNA barcoding to associate an unknown life stage with the known
species could be even more effective and would facilitate further taxo-
nomic studies in this group.
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Introduction
Black flies (Diptera: Simuliidae) are medically and ecologically

Abstract: Black flies are medically and ecologically significant insects. They are also interesting from an evolutionary standpoint
regarding the role of chromosomal change and ecological adaptation. In this study. molecular genetic markers based on
multiple gene sequences were used to assess genetic diversity and to infer phylogenetic relationships for a group of cytologically
highly diverse black flies of the Simulium tuberosum species group in Thailand. Ecological affinities of the species were also
investigated. High levels of genetic diversity were found in cytological species complexes, 5. tani and S. doipuiense, and also in
5. rufibasis. which was cytologically nearly monomorphic. The results highlight the necessity of integrating multilevel markers
for fully understanding black fly biodiversity. Phylogenetic relationships based on multiple gene sequences were consistent with
an existing dendrogram inferred from cytological and morphological data. Simulium tani is the most distinctive taxa among the
members of the S. tubersosum species group in Thailand based on its divergent morphological characters. Molecular data
supported the monophyletic status of 5. tani, S. weji, and 5. yuphae, but 5. doipuiense and S. rufibasis were polyphyletic, most likely
due to incomplete lineage sorting and inadequate phylogenetic signals. Ecological analyses revealed that members of the
S. tuberosum species group have clearly different ecological niches. The results thus supported previous views of the importance
of ecology in black fly evolution.

Key words: black fly, Simulium, Simuliidae, phylogenetic. tuberosum species group.

Résumé : Les mouches noires sont des insectes qui présentent un intérét médical et écologique. Elles sont également intéres-
santes d'un point de vue évolutif en ce qui a trait aux changements chromosomiques et d I'adaptation écologique. Dans ce travail,
des marqueurs génétiques provenant de I'étude de plusieurs séquences géniques ont été employés pour mesurer la diversité
génétique et déduire les relations phylogénétiques au sein d'un groupe de mouches noires appartenant au groupe des Simulium
tuberosum de Thailiande, lesquelles sont trés diversifiées sur le plan cytologique. Les affinités écologiques entre les espéces ont
également été étudiées. Une grande diversité génétique a été constatée au sein des complexes d'espéces définis sur une base
cytologique, soit le 5. tani et le 5. doipuiense. de méme que chez le 8. rufibasis qui est pratiquement monomorphe au plan
cytologique. Ces résultats soulignent la nécessité d'intégrer des marqueurs de divers types pour mieux comprendre la biodiver-
sité des mouches noires. Les relations phylogénétiques basées sur plusieurs séquences géniques étaient conformes avec un
dendrogramme existant produit & partir de données cytologiques et morphologiques. Le Simulium tani constitue le taxon le plus
distinct parmi les espéces du complexe 8. tuberosum en Thailande sur la base de ses caractéres morphologiques distincts. Les
données moléculaires confirment le statut monophylétique du 5. tani. du 5. wefi et du S. yuphue. tandis que les espéces S. doipuense
et 5. rufibasis se sont avérées polyphylétiques, vraisemblablement en raison d'une séparation incompléte des lignées et de signaux
phylogénétiques insuffisants. Les analyses écologiques ont révélé que les membres du complexe d'espéces 5. tuberosum occupent
des niches écologiques trés différentes. Ces résultats viennent renforcer les hypothéses voulant que 1'écologie joue un réle
important dans I'évolution des mouches noires. [Traduit par la Rédaction]

Mots-clés : mouche noire, Simulium, Simuliidae, phylogénétique, complexe d'espéces tuberosum.

Simuliidae) is comprised of 49 nominal species (Adler and Crosskey
2M3). This species group is geographically widespread. being re-

significant insects (Adler et al. 2004; Currie and Adler 2008). They
are the sole vector of onchocerciasis, the second leading cause of
infectious blindness (Richards et al. 2000, 2001; Adler et al. 2010).
Black fly larvae, moreover, are major components of stream macro-
invertebrate assemblages (Cummins 1987); thus, they play an im-
portant role in aspects of stream ecology, such as nutrient turn
over (Malmqvist et al. 2004).

The Simulium tuberosum (Lundstrom) species group of the subge-
nus Simulium Latreille of the genus Simulium Latreille (Diptera:

corded from Nearctic. Palearctic, and Oriental realms (Adler and
Crosskey 2013). In Thailand. seven morphological species, namely,
Simulium doipuiense Takaoka and Choochote, 2005; Simulium
tanooni Takaoka and Choochote, 2005; Simulium rufibasis Brunetti,
1911; Simulium setsukooe Takaoka & Choochote, 2004; Simulium tani
Takaoka & Davies, 1995; Simulium weji Takaoka, 2001; and Simulium
yuphae Takaoka and Choochote, 2005, have been described
(Tangkawanit et al. 2009b). Extensive cytological examination re-
vealed that two morphological species, S. doipuiense and §. tani,
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Table 1. List of species in the Simulium tuberosum species group and Genbank accession numbers for COI. COIL and 185/IT51 sequences used in this
study.

Accession number

Species Cytoform Location Elevation (m) PCR Co1 Ccom 185/ITS1

Simulium doipuiense A Ban Nam khan, Phuka, Nan 1142 KF550246 KF550190 KF550264
complex KF550243 KF550187 KF550265
KF550244 KF550188 KF550266
X — KF550186 KF550264
A Siriphume waterfall. Chiangmai 1332 KFs50245 KF550189 KF550264
® — KF550192 KF550267
x — KF550191 KF550268

KF550237 — —

KF550238 — —

KF550239 — —

KF550240 — —

KF550241 — —

KF550242 — —

A Huai Sai Lenang waterfall, 1050 KF550233 — —

Chiangmai KFs50234 2 — —

KF550235 — —

KF550236 — —
Simulium mifibasis Kew Mae Pan, Doi Inthanon, 2188 KF550224 EF550193 KF550268
Chiangmai KF550225 KF550194 KF550268

KF550226 KF550195 KF550268
KF550227 KF550197 KF550268
KF550228 KF550198 KF550268
KF550229 KF550199 KF550269
KF550230 KF550196 KF550268

KFs50218 — —

KF550219 — —

KF550220 —_ —

KFs50221 — —

KF550222 — —
Simulium tani C Khao Lod Cave, Kanchanaburi 262 KF550232 KF550208 KF550270
complex x — KF550209  KF550271

AY855980 — —

C.G. H* Mae Tho check point, Chiang Rai 826 KFs50231 KF550210 KF550272
x — KF550210 KF550273
® — KFs50211 KF550273

Be Bok krai waterfall. Ranong 65 AYss5922 — —

B= Huai Rung. Ranong 80 AYB55031  — —

G2 Ban Pang Peak, Meahongson 840 AYB55934 — —

C. G, He Ban Huai Mo, Chiangmai 814 AYB55938 — —

Be Klongnarai waterfall. Chanthaburi 70 AYB55946 2 — —

Be Khaosoidao waterfall, Chanthaburi [ AYB55949 _ —

Ca Tad Mork waterfall, Petchabun 468 AYB55955  — —

Ca Mae Kerng Luang waterfall, Phrea 300 AY855960 — —

B Khao Cha Mao waterfall, Rayong 65 AYB55967 — —_

I Tho Thip waterfall, Phetchaburi 400 AY855987 — —

Ca Phu Soi Dao waterfall, Uttaradit 650 AYB55988 2 — —

As Morkfah waterfall, Chiangmai 545 AYB55994 _ —

As Lansang waterfall, Tak 250 AYsse000  — —

B.D* Meaungtuad waterfall. Surat Thani 120 AY856013 — —

Ge= Ban Na Ngew. Maehongson 814 AY856031 — —

Simulium wejfi Suanhom waterfall, Nong Hin, Loei 596 ® — KFss0200  KF550274
® — KF550202 KF550276
Ban Suan Hom. Nong Hin. Loei 636 x — EF550201 KF550275
Huai Ton Pung. Chiangmuan, Phayao 401 KFs50255 KFs550205 KF550277
® — KF550206 KF550277
Krerngkrawia waterfall, 246 KF550247 — —
Kanchanaburi KFs50248 2 — —
Pop phra, Tak 400 KF550249 — —
KF550250 — —
Than Thong waterfall, Lampang 700 KFs50256 KF550204  KF550279
x — KF550203 KF550278
AY251527 — —
KF550251 — —
KF550252 — —
KF550253 — —
KF550254 — —
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Accession number

Species Cytoform Location Elevation (m) PCR Co1 con 185/ITS1
Simulium yuphae Mae Rim Botanic Garden, Chiangmai 680 KF550257 KF550207 KF550280
KF550258 KFs50207 KF550280
KF550259 KF550207 KF550280
] — KF550207 KF550280
Tham Yai waterfall, Loei 1200 KFs50260 — —
KF550261 — —
Mae Wong, Kampaengphet 486 KF550262 — —
KF550263 — —

Note: = represents unsuccessful amplification of COI gene.

“Cytoform assignments according to the sampling location where such cytoform was reported (Tangkawanit et al. 2009a) because sequences were obtained from
previous publication (Pramual et al. 2005) in which the cytoform has not been identified.

were cyrological species complexes composed of 2 and 10 cyto-
forms. respectively (Tangkawanit et al. 2009a).

The species relationships of the members of the S. tuberosum
group in Thailand have been inferred from chromosome inver-
sions (Tangkawanit et al. 2009a) and from morphological charac-
ters (Tangkawanit et al. 2009b). Both cytology and morphology
revealed similar dendrograms. Simulium tani is the most divergent
from the other species, and 5. rufibasis and S. doipuiense are the
most closely related taxa among the members of the S. tuberosum
group in Thailand (Tangkawanit et al. 2009q, 2009b). Although
morphology and cytology provide significant insight into the bio-
diversity and systematics of 5. tuberosum in Thailand, several stud-
ies have revealed that integrating molecular genetic data could
uncover hidden diversity that cannot be detected at the morpho-
logical and cytological levels (e.g., Pramual et al. 2011b; Pramual
and Nanork 2012). Molecular systematic studies have included
members of the S. tuberosum group. but with limited sampling
size. All species were represented by only a single individual, ex-
cept for S. tani where three specimens were included (Thanwisai
et al. 2006; Phayuhasena et al. 2010). Small sample size could lead
to misleading inferences about phylogenetic relationships be-
cause it does not allow identification of intraspecific genetic vari-
ation (Hedin 1997).

In this study, molecular genetic markers based on multiple
gene sequences were used to infer the phylogenetic relationships
of the members of the 5. tuberosum group in Thailand. The objec-
tives of this study were to quantify molecular genetic diversity
and to test the existing hypothesis of the species relationships
previously proposed based on cytological and morphological data.
We also investigated the ecological affinities of members of the
5. tuberosum group in Thailand.

Materials and methods

Sample collections and species identification

In the present study, only five species from the S. tuberosum
species group were included (Table 1) because some species are
rare, 5. manooni was not available, and the polymerase chain reac-
tion (PCR) for specimens of 5. setsukoae was not successfinl. Manip-
ulation of the specimens was as previously described (Pramual
et al. 2005. 2011b). Species were identified using the keys and
descriptions of Takaoka and Choochote (2004) and Tangkawanit
et al. (2009a), and with the cytological identification of Tangkawanit
et al. (2009b).

DNA extraction, amplification, and sequencing

Genomic DNA was extracted using the Genomic DNA extraction
kit (RBC Bioscience. Xindian City, Taiwan). The §00-bp fragment of
the cytochrome oxidase [{COI) gene was amplified using the prim-
ers C1-]-2195 (3" -TTGATTTTTTGGTCATCCAGAAGT-3'; Simon et al.
1994) and UEA10 (5"-TCCAATGCACTAATCTGCCATATTA-3'; Lunt
et al. 1996) with polymerase chain reaction (PCR) conditions as
described by Pramual et al. (2005). Cytochrome oxidase II (COII)

gene and 185 ribosomal ENAjinternal transcribed spacer 1 (185/TT51)
fragment were amplified using the primers and PCR conditions de-
scribed by Conflitti et al. (2010). PCR products were checked by 1%
agarose gel electrophoresis and purified using the HiYield Gel/PCR
fragment extraction kit (RBC Bioscience). The sequencing reaction
was performed on an automatic analyzer (ABI3730XL; Perkin-
Elmer Applied Biosystems) by the Macrogen DNA sequencing ser-
vice (Seoul. Korea).

Data analysis

Thirty individuals representing five species of the . tuberosum
group in Thailand were sequenced for COII and 185/ITS1. Repre-
sentative haplotypes for each gene were deposited in GenBank
under accession numbers as shown in Table 1. A larger dataset
was obtained for COI gene where 70 individuals from five spe-
cies were sequenced. Sequences were aligned using Clustal X
(Thompson et al. 1997) with a final visual inspection. Sequence
length and parsimony informative sites are shown in Table 2.
Intraspecific sequence divergences based on Kimura 2-parameter
(K2P) were calculated separately for each gene in PAUF v.4.10b
(Swofford 2002).

Phylogenetic analyses were conducted for COI sequences and
for the combined dataset (COIL COIL and 185/TTS1). Sequences
from S. (Nevermannia) aureohirtum (accession numbers FJ477847,
JF916871, JF916839) and S. (Gomphostilhia) siamense (accession num-
bers KF550212, JF916872, JF505387) were used as outgroups. The
maximum parsimony (MP) tree for COI sequences was calculated
in PAUP* using a heuristic search with 1000 random addition se-
quence replicates, TBR branch swapping., and MulTrees effect.
Bootstrap support was estimated for 1000 replicates. Maximum
likelihood (ML) analyses were performed in PhyML 3.0 (Guindon
et al. 2010). Node support was carried out using an approximate
likelihood-ratio test (Anisimova and Gascuel 2006; Guindon et al.
2010). The program jModeltest v.0.1.1 (Posada 2008) was used to
select the best-fit DNA substitution model for ML analysis based
on the Akaike information criterion (AIC) algorithm. The best-fit
maodel for the COI sequence was the transversion model (TVM)
with a proportion of invariable sites of 0.0650 and with a gamma
distribution of 0.2710. Phylogenetic relationships were also ana-
lyzed by Bayesian methods using MrBayes 3.04b (Huelsenbeck and
Ronquist 2001). The best fit model for Bayesian analysis was se-
lected by hierarchical likelihood ratio tests implemented in
MrModeltest (Nylander 2004). The general time-reversible (GTR)
model (Rodriguez et al. 1990) with a gamma distribution shape
parameter of 0.4857 and a proportion of invariable sites of 0.4051
was selected for the COI data. Bayesian analysis was run for
2 000 000 generations with a sampling frequency of 100 genera-
tions. Tracer v.1.5 (Rambaut and Drummond 2007) was used for
visual inspection of the point where the log likelihood is station-
ary. Trees sampled before this point were discarded as burn-in.
The remaining trees of two simultaneous runs were included in
the posterior probability calculations.
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1209.56180.83 (680.00-1615.00)

1.02+0.42 (0.17-4.00)

30.07+14.13 (8.00-142.00)
18.28+0.88 (15.00-23.70)

6(4-6)
3(1-3)

Simulium yuphae (n

0.05H0.01 (0.01-0.12)

0.61+£0.15 (0.05-1.60)
7294045 (5.50-9.20)

587.33+26.36 (401.00-700.00)
1.19+0.41(0.13-3.50)
266.71£31.17 (99.40-414.00)

24 11+0.38 (22 40-26.50)

2(16)

0.08+0.02 (0.02-0.21)
1{1-3)

0.89+0.14 (0.31-1.53)
7.3940 .44 (6.00-9.73)

Simulium weji (n = 9)

580.07460.70 (94.00-1226.00)
3.2040.36 (0.22-7.00)
73,4612, 21 (10.93-280.00)
22.6040.67 (13.50-27.50)

5(2-6)

3 (1-3)

0.20+0.02 (0.06-0.60)

0.58+0.06 (0.19-1.51)
7.8640.10 (6.73-8.88)

Simulium tani (n = 28)

3
1912.67£332.91 (1250.00-2300.00)

2.5040.29 | 2.00-3.00)
0.12+0.01 (0.10-0.15)

15.67+1.20 (14.00-18.00)

6 (5-6)

3 (3)

Simulium rufibasis (n
0.60+0.12 (0.40-0.80)
7.1340.07 (7.00-7.20)
10.6720.67 (10.00-12.00)

7)

1116.00£115.20 (750.00-1400.00)

2.2440.47 (0.73-4.67)
0.160.03 (0.05-0.27)
0.55+0.12 (0.23-1.17)

42,46%17.01 (19.10-144.00)
1721427 (13 40-22.50)

5 (3-6)

3 (1-3)
Note: All values are mean + 5E (min-max ), except streambed particle and riparian vegetation which are median {min=max.).

7704022 (6.90-8.63)

Simulium doipuiense (n
“Values for the streambed panticle size range from 1 (sand | to 6 (bed rock); and vahies for dparian vegetation range from1 (grass land ) to 3 {trees) along stream (McCreadie et al. 2006).

Table 2. Mean and range of stream variables for larval habitats of five black fly spedes of the Simulium tuberosum species group in Thailand.

Stream variable
Alrimade (m)

Width (m)

Depth (m)

Velocity (mys)
Conductivity (pS/cm)
Water temperature (°C)
Streambed particle®
Riparian vegetatdon®

pH
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For the combined data analysis. 30 individuals were included.
Among these, 18 have three gene (COL COI and 185/TS1) se-
quences and 12 have two (COII and 185/ITS1). We were unable to
obtain COI sequences from 12 individuals included in the com-
bined data because PCR was unsuccessful (Table 1). Although in-
complete data potentially influenced the phylogenetic analysis,
both simulation and empirical studies indicated that including
more taxa, even if they have incomplete sequences, can greatly
improve the accuracy of the phylogenetic analysis (Wiens 2003;
‘Wiens and Tiu 2012). Therefore, we included all 30 individuals
into the combined data set for phylogenetic analysis. The congru-
€nce among separate genes was tested using the partition homo-
geneity test (Farris et al. 1995) with 1000 replicates, implemented
in PAUP". The results indicated that there were no significant
differences between the separate gene regions (P = 0.250). There-
fore, genes were combined for MP, ML, and Bayesian analyses.
Maximum parsimony analysis was conducted with PAUF using
the settings specified for the COI dataset. For ML analysis, the
best-fit model selected by jModeltest (GTR +1 + G, [ = 0.6468, G =
1.2393) was used. For Bayesian analysis. the best-fit model selected
by MrModeltest (GTR + I + G. I = 0.6468, G = 1.2393) was used.
Bayesian analysis was implemented in MrBayes using the param-
eLer sertings as for the COI dataset.

Canonical correspondence analysis (CCA) was used to examine
the relationship between environmental variables and species oc-
currence. Stream variables including elevation. width, depth., veloc-
iy, streambed particle sizes, water temperature, water conductivity,
PH. and riparian vegetation types (Table 2) were included in the
CCA analysis. In addition to the data from the present study.
stream variables were also obtained from previous publications
(Pramual and Kuvangkadilok 2009; Tangkawanit et al. 2009a). The
CCA analysis was performed in PCORD v.5.14 (McCune and
Mefford 2006).

To determine the ecological divergence among the members of
the S. tuberosum group, we followed the approach described by
Graham et al. (2004) and Pramual et al. {2012). First, the principal
components analysis (PCA) was used to reduce the number of
stream variables into groups of independent components (PCs).
The PCs with eigenvalues greater than 1.0 were retained as vari-
ables. To interpret PCs, Spearman rank correlations were used to
detect relationships between stream variables and PC scores
(McCreadie et al. 2006). Multivariate analysis of variance (ANOVA)
(MANOVA) was used to determine whether species were signifi-
cantly distributed along the environmental space. For MANOVA
analysis, species were assigned as a fixed factor and the PC score
for each axis was the dependent variable (Graham et al. 2004).

Results

Sequence variation

The COI and COII sequences possessed much higher variability
in sites than the 185/IT51 sequences. Among the 720 bp of the COI
sequences, 158 sites were parsimony informative. The 697-bp frag-
ment of the COII sequences contained 149 variable parsimony
informative sites. The 633-bp fragment of the 185/ITS1 sequences
contained only 25 variable parsimony informative sites (Table 3).

The S. doipuiense complex possessed the greatest intraspecific
genetic divergence for the two mitochondrial genes (COI and
COI). However, diversity for the nuclear gene (18S/IT51) was low.
The S. rufibasis and S. tani complex showed similar intraspecific
genetic divergence for the COI sequences, but the latter species
showed much greater diversity for the COI gene. Simulium weji
possessed high diversity for COII and 185/ITS1 sequences but low
COI sequences divergence. Simulium yuphae showed the lowest di-
versity in all genes (Table 4).
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Table 3. Statistics for individual gene segments.

Sequence Variable Variable
Gene length Invariant uninformative informative
COI(n="70) 720 512 50 158
COIl (n = 34]) 697 533 15 149
18SITS1 n=34) 633 596 12 25

Table 4. Intraspecific genetic divergence among the members of the
Simulium tuberosum species group in Thailand based on the Kimura
2-parameter model.

Species CoI1 Con ITS

Simulium doipuiense 2.28 (0.00-5.36) 2.40 (0.58-3.70) 0.08 (0.00-1.13)
Simulium rufibasis 182 (0.14-6.11) 077 (0.14-131) 0.09 (0.00-0.32)
Simulium tani 148 (0.14-4.34) 170 (0.00-2.49) 0.66 (0.16-0.97)
Simulium yuphae  0.36 (0.00-0.98) 0 0.07 (0.00-0.16)
Simulium weji 0.71(0.14-1.41) 198 (0.14-5.67) 0.58 (0.00-0.97)

Note: Allvalues are mean (%) (min—max.).

Phylogenetic relationships

Phylogenetic analyses based on the COI sequences using three
methods (MP, ML, Bayesian) revealed the same tree topology. thus,
only the Bayesian tree was shown (Fig. 1). Phylogenetic analysis
based on MP, ML. and Bayesian methods for the combined data
also shows the same tree topology: thus. only the Bayesian tree
was shown (Fig. 2). The five species of 5. tuberosum in Thailand were
divided into two main clades. Clade I composed of four species
including the S. doipuiense complex, 5. rufibasis, S. wefi, and S. yuphae. A
single species, the 5. tani complex. represented clade I1. According
to the COIand combined data trees, the 5. tani complex, 5. weji. and
5. yuphae were monophyletic with high support. The §. doipuiense
complex and S. rufibasis were polyphyletic.

As the haplotype network is better than a phylogenetic tree o
reveal genetic relationships between closely related species, the
COI sequences of 8. rufibasis and §. doipuiense complex were subjected
to median joining (M]) haplotype network (Bandelt et al. 1999) anal-
ysis using Network v4.6.1.0 (http:fwww.flixus-engineering.com).
The M] network (Fig. 3) revealed that the haplotypes of the two
species were largely isolated. There were only three haplotypes
that were connected to different species. Of these, two haplotypes
from S. doipuiense complex were connected to the haplotype clus-
ter of S. rufibasis. and one haplotype of S. rufibasis was connected to
a cluster of §. doipuiense complex. This suggested that these species
were genetically largely isolated.

Species distribution and stream variables

CCA revealed that the relationship between species and stream
variables was high (>0.84) for the first two canonical axes {Table 3).
which was consistent with the Monte Carlo permutation test that
rejected the null model of the non-association between species
occurrence and stream variables (P = 0.001). The results thus indi-
cate that the variables used in this study were strongly related to
species distribution. Streambed particles size and water conduc-
tivity were the most important factors on axis I, and the elevation
and stream width were the most important factors on axis II
(Table 5; Fig. 4). Simulium doipuiense complex was situated on the
lower left side of the biplot, associated with the large streambed
particle sites. Simulium yuphae and 5. rufibasis were associated with
high elevation sites, but the latter species was associated with
very high altitude sites. The stream site that was situated on the
lower right side of the biplot had high water conductivity. The
species associated with this site was 5. weji (Fig. 4).

PCA extracted three PCs with eigenvalues greater than 1.00.
These PCs explained 85.39% of the total variation in stream con-
ditions (Table 5). PC-1, which accounted for 47.34% of the varia-
tion, was significantly positively related to conductivity and water
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temperature, and significantly negatively related to elevation and
streambed particles. PC-2 accounted for 22.70% of the variation
(Table 5) and was significantly positively related to stream width
and depth, and significantly negatively related to water conduc-
tivity. PC-3 accounted for 15.34% of the variation and was sig-
nificantly positively related to stream width, depth, streambed
particle, and riparian vegetation, and significantly negatively re-
lated to water conductivity (Table 5: Fig. 5). MANOVA analysis
revealed significant differences along PC-1 (F = 20.053, P < 0.001).
PC-2 (F= 4.073, P= 0.006). and PC-3 (F = 9.124, F < 0.001). Thus, the
results indicated that members of the 5. tuberosum group were
significantly separated along the environmental space.

Discussion

Molecular data based on multiple gene sequences revealed high
genetic diversity in the three black fly species of the 5. tuberosum
group in Thailand, including S. deipuiense complex, §. rufibasis, and
S. tani complex. The maximum intraspecific genetic divergences
for COI sequences were comparable with those of other black fly
species complexes (Rivera and Currie 2009). These results are
consistent with and support a cytogenetic study that found that
5. doipuiense and S. tani were cytological species complexes compris-
ing 2 and 10 cytoforms, respectively (Tangkawanit et al. 2009a).
However, the high genetic diversity (maximum value of 6.11% for
COIsequences) found at the molecular level and a divergence lineage
in the mitochondrial DNA haplotype network for 5. rufibasis was con-
tradictory to the cytogenetic results. Chromosome study revealed
that this species was a cytogenetically single lineage with only two
low frequency floating inversions (Tangkawanit et al. 2009a). This
indicates that hidden diversity remains to be explored in this
species. The results, therefore, highlight the significance of the
integrated approach for fully understanding black fly biodiversity
{Adler and Huang 2011; Pramual and Kuvangkadilok 2012).

Low genetic diversity was found in S. yuphae, although speci-
mens were obtained from geographically distant locations in the
upper north, lower north, and northeast regions. which were iso-
lated by more than 500 km. Low genetic diversity in this species
was probably related to species ecology. Larvae of 5. yuphae pre-
ferred bedrock rivulet or small cascade streams (<2 m wide)
(Tangkawanit et al. 2009a). which are prone to drying out during
the dry season but are refilled and flowing in the rainy season.
Therefore, populations of 5. yuphae are likely to experience local
extinction and recolonization, which could reduce within popu-
lation genetic diversity (Pannell and Charlesworth 2000). Low ge-
netic diversity in this species could also be influenced by population
history. For example, low genetic diversity was found in geograph-
ically widespread species (e.g.. 5. siamense), which was due to the
recent demographic history (Pramual et al. 2011a). However, small
sampling size prevents this hypothesis being tested.

Phylogenetic relationships berween the members of the
5. tuberosum group in Thailand have been inferred previously from
chromosomes and morphology. Tangkawanit et al. (2009a) used
chromosome inversion differences to infer relationships between
18 cytologically distinct taxa, corresponding to seven morpholog-
ical species of the S. muberosum group in Thailand. A cytological
dendrogram revealed two lineages. Ten cytoforms of 5. tani com-
plex comprised one lineage, and the other species formed another
lineage (Tangkawanit et al. 2009a). Species relationships inferred
from eight morphological characters also found that 5. tani com-
plex was isolated from other species (Tangkawanit et al. 2009b).
Our molecular data based on multiple gene sequences mirrors
the inferred species relationships based on morphology and
cytology. Simulium tani complex formed a separate clade from
the other species with strong support from both COI and com-
bined trees. The genetic isolation of S. tani complex. compared
with the other members of S. tuberosum in Thailand. was sup-
ported by morphological characters. This species possesses a
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Fig. 1. Bayesian tree for the cytochrome oxidase I (COI) sequences of the five species from the Simulium tuberosum species group in Thailand.
Posterior probabilities based on likelihood-ratio test for maximum likelihood. and for Bayesian analysis and bootstrap values for maximum
parsimony analysis. are shown above or near the branch. Scale bar represents 0.1 substitutions per nucleotide position.
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terminal hook in the pupa. whereas all other members of the 5. doipuiense complex formed a single clade with strong support
5. tuberosum group in Thailand lack this character (Tangkawanit (100%). The phylogenetic tree inferred from molecular genetic
et al. 2009b). data in the present study was consistent with the morphological

At the species level, S. tani complex, S. weji, and 5. yuphae were and cytological studies that also found S. rufibasis and S. doipuiense
monophyletic with strong support. However. S. rufibasis and complex were the most closely related species among the mem-
5. doipuiense complex were polyphyletic. Samples of §. rufibasis and bers of the 5. tuberosum group in Thailand. There are several
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Fig. 2. Bayesian tree for the combined dataset of the cytochrome oxidase I (COI). cytochrome oxidase II (COII). and 185 rRNAJITS1 (185/T51)
sequences of the five species from the Simulium tuberosum species group in Thailand. Posterior probabilities based on likelihood-ratio test for
maximum likelihood, and for Bayesian analysis and bootstrap values for maximum parsimony analysis, are shown above or near the branch.

Scale bar represents 0.1 substitutions per nucleotide position.
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possible explanations for the non-monophyletic species of the
S. rufibasis and S. doipuiense complex including (i) gene paralogy, (if)
interspecific hybridization, (iff) imperfect taxonomy, (iv) inadequate
phylogenetic signal for the DNA sequences being used, and (v) incom-
plete lineage sorting (Funk and Omland 2003).

Gene paralogy is unlikely given that there is no evidence of an
elevated frequency of nonsynonymous substitutions, indels, frame-

shifts, and stop codons in the sequences (Funk and Omland 2003;
Conflitd etal. 2010, 2012). An extensive chromosomal study found no
evidence of interspecific hybridization even when the specimens
were collected from the same stream (Tangkawanit et al. 2009a). The
haplotype network of the 32 COI sequences of S. nifibasis and S.
doipuiense complex agrees with the phylogenetic analyses in which
the two species were not completely differentiated, but revealed that
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Fig. 3. Median joining network for cytochrome oxidase I (COI) sequences of Simulium rufibasis (open circles) and 5. doipuiense (closed circles).

Table 5. Summary of canonical correspondence analyses (CCA) and principal components analysis (PCA) of five
species of the Simulium tuberosum species complex and nine environmental variables for 56 sampling sites in

Thailand.

CcA PCA

Axis 1 Axis 2 Axis 3 PCa PC2 PC3
Eigenvalue 0.749 0.604 0.208 4.261 2.043 1381
Cumulative percentage variance 209 16.9 5.8 47.3 22.7 15.3
Pearson’s correlation for 0.873 0.849 0.477

species—environment

Spearman correlation coefficients
Elevation -0.397 —-0.624 —0.068 —0.803" -0.069 0113
Width -0.224 0.357 -0.204 0.339 0.521* 0.475%
Depth -0.213 0.444 -0.266 0.217 0.856" 0.776"
Velocity 0.009 0.100 -0.013 0.291 0.282° -0.201
pH —0.069 0.252 -0.037 0.237 -0.303 0.053
Conductivity 0.764 —0.029 —0.088 0.735" -0.470° -0.519*
‘Water temperature 0455 0.357 0.040 0.756° 0.063 -0.339
Streambed particles -0.523 -0.148 0.136 -0.679" 0.159 0.362°
Riparian vegetation -0.341 —0.097 0.073 -0.189 0.045 0.555"

Note:*, P < 0.0L

they were largely genetically isolated because almost all sequences
were clustered with their own species. Thus, we hypothesized that
incomplete lineage sorting is an explanation for the species non-
monophyly of S. rufibasis and S. doipuiense complex. To test this hy-
pothesis, the program MDIV (Nielsen and Wakeley 2001), which
simultaneously estimates population divergence time (T). migration
(M), and the population parameter () using the maximum likelihood
approach, was implemented for the S. nfibasis and S. doipuiense com-
plex COI sequences. The divergence time was estimated as /2N,
where t is ime in years, § was estimated as 2N.u, where p is the
perfragment mutation rate assuming a divergence rate of 2.3% per
million years for insect mitochondrial DNA (Brower 1994) and N_, is
the effective population size. The MDIV results indicated a negligible
migration rate (M = 0.6). The effective population size (approximately
1240 000) was estimared to be approximately twice the divergence
tme (368 000 years ago). Given that the probability to receive recip-
rocal monophyly is high if the divergence time is larger than 4N,
(Avise 2000). our results suggested that incomplete lineage soTting is
a likely explanation for species non-monophyly of 5. rufibasis and S.
doipuiense complex.

An inadequate phylogenetic signal could also lead to species
non-monophyly (Funk and Omland 2003): as has been found for
closely related black fly species (Conflitti et al. 2010, 2012). Al-

though the mitochondrial genes included in the present study
show a high level of genetic variation and successfully differenti-
ate three nominal species (S. tani, 5. weji, and 5. yuphae), they fail to
separate the closely related species, S. doipuiense and S. rufibasis.
Low {<50%) support for the nodes within the non-monophyly
clade (S. doipuiense + S. rufibasis) suggested that the gene sequences
used in our analyses may provide insufficient genetic variation to
separate recently diverged taxa (Conflitti et al. 2012).

Ecological adaptation associated with chromosome inversion has
been proposed as the important factor driving black fly speciation
(Rothfels 1989). Several studies indicated the significant role of ecol-
ogy on black fly evolution. For example, the larval habitat shift from
cascade to river and stream habitats has been proposed as the most
important mechanism promoting black fly speciation in the Society
Islands (Joy and Conn 2001; Joy et al. 2007). Adaptations to different
stream ecologies, such as different elevaton, stream velocity, and
‘water conductivity, have been shown to be associated with species
divergence of black flies in Thailand (Pramual and Nanork 2012;
Pramual et al. 2012). Members of the 5. tuberosum group in Thailand
were ecologically divergent. The CCA revealed that the distributions
of the members of 5. tuberosum complex in Thailand were associ-
aved with different ecological variables. MANOVA analysis also
found statistically significantly different distributions along the
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Fig. 4. Ordination diagram of the first two axes of the canonical correspondence analysis (CCA) of the 56 sampling collections. Arrows denote
environmental variables with strength of the environmental condition indicated by arrow length and closeness to the CCA axis. Open
triangles represent sampling sites and closed circles represent the centroid niches of the species.
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ecological space. Simulium rufibasis was associated with high eleva-
tion (>1200 m above sea level) streams (Tangkawanit et al. 2009a).
Simulium yuphae also had a restricted altitude range, but this spe-
cies was found at elevations lower than §. rufibasis. The distribu-
tion of S. weji was associated with highly calcareous streams
(Takaoka 2001). This stream type often shows high water conduc-
tivity; thus, the CCA result indicated a strong association of 5. weji
with high water conductivity streams. There is ecological diver-
gence among the closely related members of the S. tuberosum
group, thus strengthening the view of ecological adaptation driv-
ing black fly evolution. Extensive chromosome polymorphisms
were found in populations of the S tuberosum group in Thailand

. — conductivity

A S wefit

(Tangkawanit et al. 2009q). Some inversions were probably associ-
arted with ecological divergence as they were unique to particular
cytoforms, which show ecological differences from the others
(Pramual et al. 2005; Tangkawanit et al. 2009a). However, whether
differences in ecology lead to chromosome divergence or the
chromosome difference lead to the ecological adaptation remains
to be studied.

In conclusion, a phylogenetic tree inferred from molecular
genetic data based on multiple gene sequences was consistent
with previous studies using chromosome and morphological
darta. The results thus strongly suggested two divergent lineages of’
5. tuberosum in Thailand. Members of 5. tuberosum show distinct
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Fig. 5. Scatter plot of the scores from principal components analysis (PCA) of stream variables for five black fly species of the Simulium
tuberosum species group in Thailand. Factor score 1 (PC-1) explained 47.34% of the total variation and was related positively to conductivity and
water temperature, and negatively to elevation and streambed particles. Factor score 2 (PC-2) explained 22.70% of the total variation and was
positively related to stream width and depth, and negatively to conductivity. The habitats of five taxa were separated in environmental space

along the two axes.
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ecological niches, indicating that ecological adaptation could play
a significant role in black fly evolution.
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