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Abstract

Project Code : MRG5380053

Project Title : Physical mapping of Random Amplified Polymorphic DNA (RAPD)
markers and localizations of hsp70 and sx/ genes on polytene
chromosomes of black flies  (Diptera: Simuliidae)

Investigator : Assistant Professor Pairot Pramual, Ph.D.
Associate Professor Chaliow Kuvangkadilok, Ph.D.

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

Project Period : 2 years (15 June 2010 — 14 June 2012)

The objectives of this project are to localize hsp70 and sx/ genes and to
construct the RAPD genetic markers map on the polytene chromosome of the black fly
using fluorescence in situ hybridization (FISH) technique. Black fly samples were
collected from the natural habitats. Species were identified based on both morphology
and cytology using the polytene chromosome banding patterns. DNA was extracted
from the larva and the hsp70, sx/, and 18S rRNA genes and the RAPD marker were
amplified. PCR products were used to synthesis DNA probe for FISH using the nick
translation method. The hsp70 and 18S rRNA genes were successfully amplified but the
sxI gene was unable to amplify. The hsp70, 18S rRNA and RAPD markers were
successfully localized on the polytene chromosomes of black flies, Simulium
aureohirtum and S. fenestratum and the chironomid, Chironomus circumdatus. The
hsp70 gene was located on the long arm of chromosome Il (lIL) of S. aureohirtum and
the chromosome arm A of C. circumdatus. Gene 18S rRNA was located on the
nucleolar organizer (NOR) region of the chromosome of both S. aureohirtum which
present on the long arm of chromosome | (IL) and C. circumdatus which present on the
chromosome arm G. Two RAPD markers (400 bp and 900 bp) were successfully
located on the polytene chromosome of S. aureohirtum and S. fenestratum. The 400 bp
RAPD marker was located on the long arm of chromosome | (IL) of S. aureohirtum but
the chromosome arm that this marker hybridized was unable to identified on the
polytene chromosome of S. fenestratum. The 900 bp RAPD marker was hybridized on
the polytene chromosome of S. fenestratum but the chromosome arm was unable to
identify. Cytogenetic study of S. angulistylum revealed that this species was a species
complex composed of three cytoforms (A, B, C). The cytoforms were also differing
ecologically and molecularly based on COI barcoding sequences.

Keywords : fluorescence in situ hybridization, hsp70, 18S rRNA, RAPD, Simulium
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2. 35msdnm

2.1 M3tAudIatauNasIHen

é’mwLma'awaﬁ'uﬁfmaﬁmﬁﬁmuLmdm{ﬂﬁaﬁiiu"ma Juasanlasltindy
\EnAuddaufiinzauionfin Lﬁﬂi’@]q@me]swﬁzaﬁml,aﬂuvlﬁﬁaaﬂlum{ﬂm 11462
éaulumuﬁiaaﬁuﬂmmmﬁmyﬁasﬁ'ﬂﬁﬂﬁuﬁo wisersandldaamin 3 ngy fa M
dauﬂ@;uﬁﬂﬁd@aﬂu Carnoy’s fixative (3 &% absolute ethanol: 1 &% glacial acetic
acid) gwsudns Iwaniulaslulay daué’adauﬂ@;wﬁ 2 laaslu 80% ethanol &wsu
ANENFIUFIWINGN uaﬂmﬂﬁyﬁiﬁLﬁuéﬁéfﬂLL@Tﬁmw:uulmmz&hﬁmaaﬁmﬁma:mwﬁ'&q
64 a8 E%W%’Ué’ﬁé’ﬂLL@TﬁT’mszﬂLL@ia:ﬁalﬂu%aa@LLﬁaﬁﬁuma@qﬁaﬂﬁ%ﬁqm{ﬂﬁ%u
uazTladrodnlsoing Walddanudinaansnidududaiodmiunsdnmamgu
Inenaaly

2.2 NMIUBNBHA

Sunnsiavasunassudilasls keys 189 Takaoka (1979) Takaoka and Suzuki
(1984) Takaoka and Davies (1995) Takaoka and Saito (1996) iaz Takaoka and
Choochote (2004) uaﬂmﬂﬁmﬂ%ﬂwsa‘hLLunI@ﬂ%maﬁﬁuqmamﬂ@ﬂmmﬁﬂmﬁﬂu
LLUULLNumiGmﬁwaoLLuu@ﬁJaaiwﬁﬁuiﬂiiuieﬁuﬁ'uLLNuﬁ'mmgmmaaLLuaﬁu@ﬁLL@i
AeRUTE

2.3 maassalnafinlaslalaa

wssulaslaulondgwsunms@ne In situ hybridization a335n13089 Boakye et
al. (2000) Bandmdauuuadsudfiaasluieninunanin Camoy's fixative (3:1, 95%
ethanol: glacial acetic acid) 3&¢ penultimate larva %aéﬁm@mﬂm‘iﬁ gill histoblast §7217
Waltlumaadoulnadiulaslulon /s abdomen lagldidudaiiasindausinans
(salivary gland) aaﬂmmduuavlaﬁmnﬁ?uﬂm 50% propionic acid muu@iauﬁ’]mﬂ “77{1"[5

W 5 Wil lonszanteslasniadeudalan (siliclonized cover slip) Tanuuas squash



Ejua"l,aﬁﬁqm%n“ﬁ 60 °C W1t 1-2 w17 Lﬁuavlaﬁﬁqm%n“ﬁ 4 °C 3x821981 12 T2lug i
slasuslwlulasawnal  nuwinznzanteslasaan uralasis 50% ethanol 7
amWnnl 4 °C W 2 139 ez 70% ethanol ﬁLmﬁuVLiﬁqmﬂgﬁ 220 °C ¥% 5 W1 N

punnivas LB ladi ks 90% ethanol Witk 5 W7 LAz 100% ethanol W1t 5 W17 NI Laa

=

IWuksngamnives dewilulglunisyi in situ hybridization
v A& a a A& % aaa 1
24 msanamawe nsiadSamdidweaigdjisengnld (Polymerase

. . a I3 o o A ¢
Chian Reaction, PCR) kazn133ta31siuIaIauitiaala lna

ahaaLEweINGIsaudIAiusSnle Camoy's fixative W33 M3va9 Pramual et
al., (2005) MNMogIuasIuen 4 sUEE laun Simulium aureohirrtum, S. angulistylum,
S. fenestratum L18e S. siamense Lag LL&J@G“Eﬁ@gqu léun chironomus circumdatus,
Bombyx mori 8% Drosophila melanogaster lag/l Genomic DNA extraction mini kit
(RBC BioScience, Taiwan) Lﬁuﬂ‘%mmﬁlﬁma@hﬁﬂﬁﬁ%mgﬂiﬂimaaﬁu hsp70, sxI, 18S
rRNA LLazLﬁuﬂ‘%mmﬁLSuLaLLuuquﬁmﬂﬁﬁ%mgﬂPﬁ RAPD) Tanl#lnsiwasnsimie
fundazdusonaailuansnei 1 amasounanaa PCR lagld 1.5% Agarose gel @afan
¢n8 Ethidium bromide uazavasaunaldizs UV wWSsufisurwevednanda PCR
lagld 100 bp ladder (Invitrogen) ¥nWawaa PCR lﬁu‘%qw?ﬁmlﬁ HiYieldTM Gel/PCR
DNA Extraction Kit (RBC BIOSCIENCE, Ussinaldnin) Jasnzhmdrauinilalng
lasu3¥n  Macrogen Inc. (naloa  Uszmennnale) Tagldlwswosidanuilslu

nyeuInnN1T PCR

@137197 1 s snlddmiumafuyTinmasnugnssudis PCR 1838u hsp70, sxi,

18S rRNA uaz RAPD

Annealing
Gene Primer Sequence (5’93’) temperature | Reference
(°C)
HSP70 | HSP70Chi-F | AAGAATCAAATTCATGATGTCGTTC 56 Yoshimi et
HSP70Chi-R | TTGCTTGCATGGAATT CGAG al. (2009)
Sxl SxI-1 AAYTAYYTICCICARGAYATG 55 Niimi et al.
SxlI-2 DATIGCYTCYTGIGCYTCYTC (2006)
18S 18s/sd50 TGGTGCATGGCCGTTCTTAG 60 Simon et
rRNA 5.8s/sd30 GTCGATGTTCATGTGTCCTGC al. (1994)




Annealing
Gene Primer Sequence (5’93’) temperature | Reference
(°C)
RAPD | OPA02 TGCCGAGCTG 37 -
RAPD OPAO03 AGTCAGCCAC 37 -
RAPD | OPA04 AATCGGGCTG 37 -
RAPD | OPA07 GAAACGGGTG 37 -
RAPD OPNO03 GGTACTCCCC 37 -

2.5 N15L@383 DNA probe

wawan PCR #ldvinliu3anslasld HivieldTM Gel/PCR DNA Extraction Kit
(RBC BIOSCIENCE, Taiwan) WuLaTuN DNA probe A18N3xUIUNNT Nick Translation
lag/l FISH Tag DNA Kit (Invitrogen, UK) mu’i%miﬁLLuzﬁﬂuﬁﬁaI@sm%ﬂ‘w Invitrogen

2.6 In situ hybridization

3N lanlwaniulaslulouauisnisues Phillips et al. (1994) wunaIuday
ianguasisausuduazruontasluiteSnman W (1: 2: 3, lactic acid: distilled
water: glacial acetic acid) fhodeusinansfsInafiulaslulouldasunununszanaslad
A snsnanwlseanm 1 — 2 noa f9ldszanm 2 — 3 Wil niwldladfiazona
Doriuasuunszandasladiddomsiians naudu uildinaielwlaslylounszane
aaseunuldndasgansiad dlaslulounszanslaud sl%ﬂmwau%wﬁiygmme] Uth
nyzantlesladiiatelilaslulounszasddn inaladuslululanawmaitszanm 2 -
3 Sud enuultlufielnuunznszandagladoen shaladluldlunszuiuns
hybridization @NATNNTV8Y Procunier et al. (2005) LLam’]sﬁ%ﬂ’liﬁLLmﬁﬂu@jﬁami
hybrization DNA probe lag1i35n Invitrogen Sefiuaan a4 aladlwafiulaslulauusle
2X SSC ﬁqmﬂgﬁ 65 °C w1t 30 W1 AINGI8NTT dehydration @28 70% ethanol LAz
90% ethanol ?Tﬂﬁuﬁaﬁqm%gﬁﬁaa 15 W19 usaladli 0.5 M NaOH/2X SSC w1 4
wfierlaaisualulwafiulaslulaoufoann (denature) s9aladlu 2x SSC @
fA8n3=UAUM5 dehydration 11 70% ethanol Waz 90% ethanol #osladliuwadi
gunNN%aIuIU 10 WAl wea DNA probe 13u1a3 20 ul vualaglwaiwlaslayloud
w3syl shaladlalu petri dish ﬁsaaﬁwmzmmmaaﬁ@uﬁw ﬂuvl,’?ﬁqmﬁgﬁ 37 °C lufi
fia win 12 72lue usaladln 2X SSC ﬁqmwgﬁ 37 °C ww 5 w1t uazlu 0.4x SCC 7

gUnNH 73 °C wIn 2 — 3 Al WEa laal 2X SCC ngmnnivasuiu 2 wifl ag'uavla@‘lu




PNAUNWA LLéTﬁﬁﬂ"lﬂ@ﬁﬂlﬁLLﬁaluﬁﬁ@ﬁqmﬁnﬁﬁaa nuudanslaalaylid DAPI

u
6

ANERTn 20 ng/ml Taswaed DAPI asunalasusnadilaslulauudnelslw 5 wid
INiuREA SlowFade Gold 1 woa asuuslas Daslasdonszantasladudin
laslulaylUasagaudiuniisvas DNA probe vulwaniulaslulay lasdSouifisu
funisuas DNA probe fuunuinasgwmsaslwafiulasluloudisarnliud donw
LLazszﬁ_ql@i’]LmuwaaﬁmmzﬁumumaaLﬂ'%fammuﬁ'ugmm RAPD  LuWHUANas3L

A A Q‘p o 1 a A 6
gaslwanulaslulouraIniassuanaazstlas

2.7 M3anzidoya
WIsuinaudunieaddin - hsp70, 18S  rRNA  LAZ@IULRUNTEILAIBIRNNE
wWugnIsn RAPD luuuadsududazsiiauuununinasguzasindfinlasluloy Aiemzi
g o 6 1 A A 6 a 6 e o 6 o 1 =
anuFununtraslasiulovnnudasalds  uasdianzRanuFuRusUaIdLRII eItk
LATAUWUIVDILATEINANEWUTNTTY  RAPD ﬁ'umﬂﬁﬂ'éuna§%’uﬁszqﬁummuﬁ
adA Q‘y o 1 A A6
aspulwaiinlaslalovzasuussudndssalos

3. HANIIANEN

3.1 anauiiaaalalnauasdin hsp70, uaz 18S rRNA

8% hsp70 'mmmLﬁwﬂ‘%mmmiﬁugﬂﬁﬂﬁwamﬁﬂ PCR 1@ 244 bp lasld
wswwas HSP70ChI-F waz HSP70Chi-R %a"l,mmﬁf'rmmmLﬁuﬂ%mmmsﬁuﬁqmiﬂﬁ
a1 lud 1T IR InKERLAY (Chi1, Chi2) ik Inswasang wiiamansouia
ﬂ%mmmsﬁuﬁqmmvlﬁl,ml,ﬁaﬁnvlﬂ'imsw:ﬁmﬁwé’uﬁmﬁia%ﬁuﬁqwudﬂLﬂuéwﬁuﬁaﬂﬁ
To'lndamauiilalstn hsp70 Warérduianalalnduesdn hsp70 luuussnuanuas
C. circumdatus A¥NMFIATIZFNUITI8ENINS 2 Frodnafitivansaniaumansaud

o o A = 6 A a o ] a
a’W(ﬂﬁJ%']ﬂﬂIi’]vL‘ﬂ@L%Na%ﬂ%’qﬂ@nuﬁ%\ﬁ (NN 1)



i 1 dreuihadlalndvasiu hsp70 luwuauueas Chironomus circumdatus #l%
fFMTUNNIRILATIZA DNA probe 11n13%1 Fluorescence In Situ Hybridization luuadIh

ALRZABD UL

wWisusudauianilalnaduasiu hsp70 989 C. circumdatus NULURITAADU S
wuindauinealalneuasdiu  hsp70 wed C. circumdatus UANNARIBARINL  C.
yoshimatsui 3nnfiga lapfanuuand9nu 3.3% wazln1uuaned19an Ades aegypti

NNNFARAD 26.6% (MWA 2 Laza319N 2)
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Chironomus
Chironomus
Chironomus
Chironomus
Chironomus
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riparius
tentans
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Chironomus
Chironomus
Chironomus
Chironomus
Chironomus

circumdatusl
circumdatus2
yoshimatsui
riparius
tentans

Apis mellifera

Bactrocera

oleae

Ades aegypti

Chironomus
Chironomus
Chironomus
Chironomus
Chironomus

circumdatusl
circumdatus2
yoshimatsui
riparius
tentans

Apis mellifera

Bactrocera

oleae

Ades aegypti

TCCAAAGATCCAAAAAATGCTTCAAGATTTCTTCTGTGGCAAGAGTTTGAACTTCTCAAT
TCCAAAGATCCAAAAAATGCTTCAAGATTTCTTCTGTGGCAAGAGTTTGAACTTCTCAAT
TCCAAAGATTCAAAAAATGCTTCAAGATTTCTTCTGTGGCAAAAGTTTGAATTTGTCAAT
TCCAAAGATTCAGAAAATGCTTCAAGATTTCTTCTCTGGCAAAAGCTTGAACTTTTCAAT
CCCAAAGATCCAGAAAATGCTTCAAGATTTCTTCTGTGGCAAGAGCTTGAATTTCTCAAT
TCCTAAGATTCAAAAACTTCTGCAAGACTTCTTCAATGGAAAGGAATTGAATAAATCTAT
TCCAAAAGTTCAGAGTCTACTACAGTCGTTCTTCTGTGGCAAAAGTCTGAATCTTTCAAT
TCCAAAAGTACAAACTCTGCTGCAGAACTTCTTCTGTGGAAAATCGCTGAATCTATCAAT

TAATCCAGATGAAGCAGTTGCATATGGTGCAGCAGTTCAAGCAGCCATTCTTACTGGTGA
TAATCCAGATGAAGCAGTTGCATATGGTGCAGCAGTTCAAGCAGCCATTCTTACTGGTGA
TAATCCAGATGAAGCAGTTGCATATGGTGCAGCAGTACAAGCAGCAATTCTTACTGGTGA
TAATCCAGATGAAGCAGTTGCATATGGAGCGGCAGTTCAAGCAGCTATTCTAACCGGTGA
TAATCCAGATGAGGCAGTTGCCTATGGAGCAGCAGTTCAAGCAGCTATTCTCACTGGTGA
CAATCCTGATGAGGCTGTGGCATATGGAGCTGCTGTGCAAGCTGCCATTCTTCATGGTGA
CAATCCGGATGAGGCAGTGGCATATGGTGCAGCCGTCCAAGCTGCTATTCTAAGTGGTGA
CAACCCAGATGAAGCAGTGGCATACGGTGCAGCAATTCAAGCGGCCATCCTCAGCGGAGA

Sl e dede IS Ed

TAGCAGCTCAACAATCCAAGATGTCTTACTTGTTGATGTTACACCATTATCATTGGGTAT
TAGCAGCTCAACAATCCAAGATGTCTTACTTGTTGATGTTACACCATTATCATTGGGTAT
TAGCAGCTCAACAATCCAAGATGTCTTACTTGTTGATGTTACACCATTATCATTGGGTAT
TAGTAGCTCAACAATCCAAGATGTTTTACTTGTTGATGTGACGCCATTATCATTGGGAAT
TAGCAGCTCAACAATTCAAGATGTTTTACTTGTGGATGTTACTCCATTATCATTGGGCAT
TAAATCTGAAGAAGTACAAGATCTATTACTTCTTGATGTAACACCTCTATCTCTTGGTAT
CAAGAGCAGTGAAATTCAGGATGTGCTATTGGTCGACGTAGCACCATTGTCCTTAGGTAT
CAAGGACGAGAAGATTCAAGACGTTCTACTGGTTGATGTGGCTCCACTCTCACTGGGCAT

TGAAACAGCTGGTGGTGTAATGACAAAACTTATTGAAAGAAATACTCGAATTCCATGCAA
TGAAACAGCTGGTGGTGTAATGACAAAACTTATTGAAAGAAATACTCGAATTCCATGCAA
TGAAACAGCTGGTGGTGTCATGACAAAACTTATTGAAAGAAATTCTCGAATTCCATGCAA
TGAAACAGCTGGTGGAGTCATGACAAAACTTATTGAAAGAAATGCTCGAATTCCATGCAA
TGAAACAGCTGGTGGTGTCATGACAAAACTCATCGAGAGAAATGCTCGAATTCCTTGCAA
TGAAACTGCTGGTGGTGTTATGACTGCTCTTATTAAGAGAAATACTACCATTCCAACAAA
CGAAACAGCTGGTGGTGTTATGGCGAAAATTGTTGAACGAAATTGCCGAATTCCATGCAA
TGAGACAGCTGGAGGAGTCATGACCAAACTGATTGACCGCAATACCAGAATCCCGTGCAA

120
120
120
120
120
120
120
120

180
180
180
180
180
180
180
180

240
240
240
240
240
240
240
240

Chi2-HSPcChi-F GCAA 244
Chironomus circumdatus2 GCAA 244
Chironomus yoshimatsui GCAA 244
Chironomus riparius GCAA 244
Chironomus tentans GCAA 244
Apis mellifera GCAA 244
Bactrocera oleae ACAA 244
Ades aegypti GCAA 244

NN 2 sauiiadlalneuesiu hsp70 lunuauuas Chironomus circumdatus N4
&1MIUNN5¥I DNA probe ln13@n®1 Fluorescence In Situ Hybridization t3sutisuny

o @ A a 6 a dl
fauiindlanduasuuaisiadug
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N139N 2 mwLL@m@mmaom@ummia%mawu hsp70 VBIRUBULLAN Chironomus circumdatus WIgUINsUNULNAITHAA 9

Species C. circumdatus1  C. circumdatus 2  C. yoshimatsui C. riparius C. tentans  Apis mellifera  Bactocera oleae Ades aegypti
C. circumdatus 1
C. circumdatus 2 0.000
C. yoshimatsui 0.033 0.033
C. riparius 0.078 0.078 0.074
C. tentans 0.082 0.082 0.090 0.090
Apis mellifera 0.258 0.258 0.262 0.287 0.291
Bactocera oleae 0.246 0.246 0.230 0.254 0.266 0.336
Ades aegypti 0.266 0.266 0.266 0.266 0.275 0.336 0.266




msudasnansaazilunniauiinilenauasdn hsp70 wuindeunIaazdly

Pad C. circumdatus NANMUARIUARINULUNINUAWUAI C. tentans mﬂﬁq@ Tasdiaanw

LL@]ﬂ@h\‘ma\‘iﬂo"l(ﬁUﬂ‘iﬂa$ﬁI% 1% LL&&ﬁW@TUﬂi@B&ﬁIW‘H@G C. circumdatus AANMUUANEN

nniaunIneziiluved Apis mellifera ANNAIGALYINAL 18.5% (NN 3 w97 3)

Chironomus
Chironomus
Chironomus
Chironomus
Chironomus

circumdatus
circumdatus
yoshimatsui
riparius
tentans

Apis mellifera

Bactrocera

oleae

Ades aegypti

Chironomus
Chironomus
Chironomus
Chironomus
Chironomus

circumdatus
circumdatus
yoshimatsui
riparius
tentans

Apis mellifera

Bactrocera

oleae

Ades aegypti

aMnn 3

PKIQKMLQDF
PKIQKMLQDF
PKIQKMLQDF
PKIQKMLQDF
PKIQKMLQDF
PKIQKLLQDF
PKVQSLLQSF
PKVQTLLQNF

ETAGGVMTKL
ETAGGVMTKL
ETAGGVMTKL
ETAGGVMTKL
ETAGGVMTKL
ETAGGVMTAL
ETAGGVMAKI
ET GGVMTKL

faunInaziluuastn

a a o P
LUSUUVHUUﬂuuuaG%u@auﬂ

FCGKSLNFSI
FCGKSLNFSI
FCGKSLNLSI
FSGKSLNFSI
FCGKSLNFSI
FNGKELNKSI
FCGKSLNLSI
FCGKSLNLSI

IERNTRIPCK
IERNTRIPCK
IERNSRIPCK
IERNARIPCK
IERNARIPCK
IKRNTTIPTK
VERNCRIPCK
IDRNTRIPCK

hsp70  TUAKOULAS

NPDEAVAYGA
NPDEAVAYGA
NPDEAVAYGA
NPDEAVAYGA
NPDEAVAYGA
NPDEAVAYGA
NPDEAVAYGA
NPDEAVAYGA

*OO00000L0L0

AVQAAILTGD
AVQAAILTGD
AVQAAILTGD
AVQAAILTGD
AVQAAILTGD
AVQAAILHGD
AVQAAILSGD
AIQAAILSGD

SSSTIQDVLL
SSSTIQDVLL
SSSTIQDVLL
SSSTIQDVLL
SSSTIQDVLL
KSEEVQDLLL
KSSEIQDVLL
KDEKIQDVLL

VDVTPLSLGI
VDVTPLSLGI
VDVTPLSLGI
VDVTPLSLGI
VDVTPLSLGI
LDVTPLSLGI
VDVAPLSLGI
VDVAPLSLGI

Chironomus circumdatus
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19791 3 ﬂ'ﬁ’]l]LL@]ﬂ@]”l\‘]Taﬂa’]@uni@azuiuaﬂaﬂﬂu hSp70 IH%uauLL@G Chironomus circumdatus Lﬂjﬁun’] UuﬂULLNa\‘]Bﬁu@aus]

Species C. circumdatus 1 C. circumdatus 2  C. yoshimatsui C. riparius C. tentans Apis mellifera Bactocera oleae Ades aegypti
C. circumdatus 1

C. circumdatus 2 0.000

C. yoshimatsui 0.025 0.025

C. riparius 0.025 0.025 0.037

C. tentans 0.012 0.012 0.025 0.012

Apis mellifera 0.185 0.185 0.198 0.198 0.198

Bactocera oleae 0.160 0.160 0.148 0.173 0.160 0.247

Ades aegypti 0.160 0.160 0.160 0.185 0.173 0.222 0.136
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laianunsnuiinysan mmsﬁugmmﬁwmﬂﬁﬂ

PCR vLéi’meamn%ﬁ@ﬁﬁﬂmsﬁﬂm NI AANNANN BTNV WL uasNT Tusauuad

£ 18S rRNA wu’j’lmmmLﬁmﬁmmmﬁﬁuqﬂﬁwvlélmmaa‘%uﬁwﬁa 3 sUT& lawdw 18S

rRNA §uNvinnsAnsAanueltszun 589 bp (MW 4)

wwnwn wnwwn wniwnwn wvnwn wn wnwn wnwnwn wwnwn v wnwnwn

wviwnwn

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

aureohirtum
siamense
fenestratum

CGTTACGAACGTGACTCAATACATTAAATAGATTCCTATCAGATAAGTAAACTGTTGATG
CGTTACGAACGTGACTCAATACATTAAATAGATTCCTATCAGATAAGTAAACTGTTGATG
CGTTACGAACGTGACTCAATACATTAAATAGATTCCTATCAGATAAGTAAACTGTTGATG

CTTGCCTATGGCTTGCCTTCGGGTTTGTCATTGGGTGAGTGGAAGTTTACCTGATAGTTT
CTTGCTTATGGCTTGCTTTCGGGTAGGTCATTGGGTAAGTGGAAGTTTACCTGATAGTTT
CTTGCCTATGGTATGCTTTCGGGTGTGTCATTGGGTAAGTGGAAGTTTACCTGATAGTTT

ddkkhh Akkhk FThh AEEAEEEY O AAEAAALALELENY AAASNALAEAALEES NN E NS

GTCAGCTGTAAAAGGTTGACTTTGATCTGCTTAATGAGACAAATTGTGTTTAGCAAAATG
GTCAACTGTCAAAGGTTGGCTTTGATCTGCTTAATGAGACAAATTGTGTTTAGCAAAATG
GTCAACTGTCAAAGGTTGACTTTGATCTGCTTAATGAGACAAATTGTGTTTAGCAAAATG

oS el R e o

AGATTGAGCAATAACAGGTCCGTGATGCCCTTAGATGTCCTGGGTTGCACGCGCGCTACA
AGATTGAGCAATAACAGGTCCGTGATGCCCTTAGATGTCCTGGGTTGCACGCGCGCTACA
AGATTGAGCAATAACAGGTCCGTGATGCCCTTAGATGTCCTGGGTTGCACGCGCGCTACA

ATGAGACCATCAACGTGATACCTGATCTGAAAGGATTGGGAAATCACTTAAATGTGCTCT
ATGAGACCATCAACGTGATACCTGATCTGAAAGGATTGGGAAATCACTTAAATGTGCTCT
ATGAGACCATCAACGTGATACCTGATCTGAAAGGATTGGGAAATCACTTAAATGTGCTCT

B L O T T e T T

TAGTTGGGATTGTGGATTGTAATTATTCACATGAACCTGGAATTCCCAGTAAATGCTAGT
TAGTTGGGATTGTGGATTGTAATTATTCACATGAACCTGGAATTCCCAGTAAATGCTAGT
TAGTTGGGATTGTGGATTGTAATTATTCACATGAACCTGGAATTCCCAGTAAATGCTAGT

CATCAGCTAGCGTTGACTAAGTCCCTGCCCTTTGTACACACCGCCCGTCGCTATTACCGA
CATCAGCTAGCGTTGACTAAGTCCCTGCCCTTTGTACACACCGCCCGTCGCTATTACCGA
CATCAGCTAGCGTTGACTAAGTCCCTGCCCTTTGTACACACCGCCCGTCGCTATTACCGA

TTGGTTATTTAGTGAGGTCTCCGGAGGTAATCGCCGAAGATACTTAGGTATCACTAGGTT
TTGGTTATTTAGTGAGGTCTCCGGAGGTAATCGCCGAAGATGCTTAGGTATCATTAGGTT
TTGGTTATTTAGTGAGGTCTCCGGAGGTAATCGCCGAAGATATTTAGGTATCACTAGGTT

Fedkdededed Rk kR ARk ARk kAR kR kR R Rk h R ARk h  dhdhRdAhdh Rhdddd

GTTTTGCCAAAGTTGACCGAACTTGATGATTGAGAGGAAATAAAAGTCGTAACAAGGTTT
GTTTTGCCAAAGTTGACCGAACTTGATGATTGAGAGGAAATAAAAGTCGTAACAAGGTTT
GTTTTGCCAAAGTTGACCGAACTTGATGATTGAGAGGAAATAAAAGTCGTAACAAGGTTT

CCGTAGGTGAACCTGCGGAAGGATCATTACTATA---TTATTTCC-ACAAAAT 589
CCGTAGGTGAACCTGCGGAAGGATCATTACTATA---TTATTTCC-ACAAAAT 589
CCGTAGGTGAACCTGCGGAAGGATCATTACTATA—— IATTTCC ACAAA T £89

LLae S. fenestratum

60
60
60

120
120
120

180
180
180

240
240
240

300
300
300

360
360
360

420
420
420

480
480
480

540
540
540

AN 4 s1auinailainduasiin 18S rRNA aILNRIIWAN Simulium aureohirtum, S. siamense
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3.2 N1332YALAKIVBIEW hsp70 uaz 18S rRNA unlnAdinlaslalss

3.2.1 ALKAIVIEW hsp70 uwlnaTiwlaslaulauwas Chironomus circumdatus Way
Simulium aureohirtum

wnpnInafinlasTulauvasvuoutas C. circumdatus URSUNAISUAN S. aureohirtum, S.
siamense WRe S. fenestratum ﬁ]’]ﬂ@iaw‘lf{’law (salivary glands) @NATM IV Rothfels and
Dunbar (1953) lagn3gaud Feulgen Lﬁﬂl%ﬁ’]%%"].lﬂ’]iﬁ%’]dLLNW?]IN’W]SE’]WBadiwaﬁ‘lﬂﬂﬂ&ﬂ‘ﬁw
LUBIRWOWLEN C. circumdatus Jlwaniwlaslalan 4 uvis uriefl 1 Uszneudrouamn B uss F uas
WUGNLLRYUS nucleolar organizer (NO) U%LYY% B Wit 2 Usznoudlsuan C uas D WL
NO Umipw C uisil 3 Usnoudisuan A uaz E Wasundf 4 uaw G WUFUWIS NO uay
Balbiani Ring (BR) (Wi 5)

AN 5 INaAulaslulouuadrnawias Chironomus circumdatus
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InafiulaslaulonwaiuuaiSudn S. aureohitum 8 3 U4 (MNN 6) wridh 1 Nanuadu
WUU metacentric Usznaudlsuuuddan (IS) wazwandisenn (L) laswy NO tjUwUI IL
laslulonurisn 2 1Juuuy metacentric Usznaumauuudnagy (IIS) wazuaud19817 (IIL) Wu

Balbiani Ring Uwkaudnsan (I1S) laslulonwrisf 3 1uuuy submetacentric Usznaudiauan

T8 (I1IS) Uazlawdg812 (L)

AN 6 IwanulaslulouvasuladiSuwen Simulium aureohirtum (NO, nucleolar organizer; BR,

Balbiani Ring)
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Inafulaslulovaasuuadsuen S. siamense § 3 uvia (MW7 7) urieft 1 Danwoin
WUL metacentric Usenausiauauings (1S) uazurudnoens (L) legwy NO ayuuUI IL
Toslulowurisht 2 1fuuuy metacentric Usznandlsuandnsdn (IS) wazuauinaen (IL) Wy
Balbiani Ring Uwiawinams (I1S) lasTaulouurisii 3 1Iuuuy submetacentric Usznaudlsuan

& (I1IS) Uazlaud9812 (L)

AN 7 InanwlaslulauaduuadIuwa Simulium siamense (NO, nucleolar organizer; BR,

Balbiani Ring)
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Inafiulaslulonwaiuuadsudn S. fenestratum 8 3 wrid (MW 8) wrieh 1 Nanusazidn
WUU metacentric Usznaudlsuuuddan (IS) wazuwaudisenn (L) laswy NO DtjUnUI IL
laslulonurisn 2 1Juuuy metacentric Usznaumauuudnags (IIS) wazuaud19817 (IIL) Wu

Balbiani Ring Uukaudn9an (I1S) laslulonwrisf 3 1{uuuy submetacentric Usznaudiauan

T198% (I1IS) Uazlawd9812 (L)

nnn 8 InwafiulaslaulonvasunaiSudn Simulium fenestratum (NO, nucleolar organizer; BR,

Balbiani Ring)
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Twadiulaslulouasuuadsudn S. angulistylum & 3 uvis (Mwit 8) urish 1 Fanwaiin
WD metacentric Usznaudisuaudnedn (IS) uasuauinaenn (L) legwy NO atuUUIL IL
Toslulouurish 2 1Huuuy metacentric Usznaudlsuaudnsds (IS) uazuauinagn (IL) Wy
Balbiani Ring unuawinigs (1S) laslulouuris 3 luuuy submetacentric Usznaudlsuun

798% (I11S) Uazlhant198173 (L) (MW 9)
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mwﬁ 9 Iwﬁﬁuiﬂiiuimumaol,mm%vu@‘h Simulium angulistylum (NO, nucleolar organizer; BR,
Balbiani Ring)

FILATIZH DNA probe INNWAKNEHN PCR Y n hsp70 NNULURINUBWUAN C. circumdatus
Tael4n32021mT Nick Translation #7281 FISH Tag'" DNA Kit (Invitrogen) 91niiiin DNA probe
Aaluvin hybridization AuTwaTiulasTalouaIuNaInUaWLAs C. circumdatus URS WUAIIWN
S. fenestratum Was S. aureohirtum WaN13 hybridization W31 DNA probe Va8 hsp70 LNEUH
wan A vaslwaiinleslulowues C. circumdatus (MWA 10) seandasAusnwmMIansnle
LURIRWBWLAS C. riparius Awuindn hsp70 agiu@‘mmuuamﬁ'ﬂu (Morales et al. 2011)

Funtsp09in HSP70 unlnadiulaslulouvasuuassudiwuin DNA probe aansnfia
imeunlaslalawves Simulium aureohitum unwaudnssvaslaslulouunsdt 2 (L) waly

aﬁmim:q@‘hmemaaﬁuﬁaﬂdﬁauuiﬂsiuisﬁumaoLLuaﬁm‘iwﬁ@%u (MW 11)
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AINN 10 Fluorescence In Situ Hybridization uwlwafiulaslulonvasruanuad C. circumdatus
A) TasTulouusn A uazuan E fiffoudisd DAPI (B) @uniksnas DNA probe 18984 hsp70 1%
laslulouuwan A 289 C. circumdatus (C) $W%Iu8d DNA probe 28384 hsp70 unlasiulas

WUW A VW84 C. riparius (Morales et al. 2011)
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AMNA 11 Fluorescence In Situ Hybridization vulndfinlaslulouvasuuaisudr  Simulium

aureohirtum DNA probe 2898w hsp70 hybridized unlwafinlaslulouuriefi 2 uwusnasna (L)

3.2.2 A9 BaIdw 18S rRNA uwlwanulaslulaanas Chironomus circumdatus

ae Simulium aureohirtum

mﬁzq@mmuwaaﬁu 18S rDNA wudwﬁué’aﬂﬁmagjummwﬁwm’maﬂﬂﬂﬂsﬁmmoﬁ
1 (IL) US138w nucleolar organizer (NO) T3uuas3uen S. aureohirtum (MWA 12) WRZDEUBUDY G
Tuduni NO 289uaadnuaniad C. Circumdatus W@uWU31 DNA probe ffatnzuwlwanulas

Tulguiinnszany (Mwh 13) lasannlasluloudiunisninaninisnaisaivasidn DNA
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AMNA 12 Fluorescence In Situ Hybridization vulwafinlaslalouvasuuadsudn  Simulium
aureohirtum DNA probe U838% 18S rRNA hybridized Uwlwafiulaslalonurisn 1 wuudnen

(IL) USRS nucleolar organizer (NO)
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msszq@‘immumaaﬁu 18S rDNA wudwﬁué’oﬂﬁna%iummu G ludunis NO was
WUWaULAd C. Circumdatus 1@8wu31 DNA probe foaimzumnlwanulasiulauinisnszans
Wasannlasluloudunianina1ninnsnansalivadids DNA (AN 13)

AN 13 Fluorescence In Situ Hybridization vulwaniulaslulouvasnuaniad Chironomus
circumdatus DNA probe 28384 18S rRNA hybridized uulwafiulaslaulouurie G uSimdiunie

nucleolar organizer (NO)
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3.3 maadSanmaiawalaginaia Random Amplified Polymorphic DNA (RAPD)
madudSanadiduelasmaiia RAPD drglnsiwas 5 lwswas (@131 1) wuiudas

& A ™ A= @ a A & Aa ) % P
VLW?L;Jaiﬁqquﬂlswwﬂiuqm@l’aulﬂvl@ I@ﬂllLLU%@@LauLa‘ﬂN“ﬂu’]@LW]ﬂ@nﬂﬂu (an‘ﬂ 14 — 18)

NaNR® PCR N7
FRIULAIUN DNA
probe LBy

o 1 r=|
FUAUILUING
Aulaslulouvad

LURITUG

AN 14 Wanda PCR aaainaila RAPD lagldlnsinas OPA02 (TK, Simulium takense; FN,

Simulium fenestratum; AG, Simulium angulistylum; SM, Simulium siamense; M, 100 bp DNA

ladder)

TK TK FN FN AU j G AG 5M SM
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AN 15 HaNda PCR drawmnaiin RAPD lagltlwsinas OPA03 (TK, Simulium takense; FN,
Simulium fenestratum; AG, Simulium angulistylum; SM, Simulium siamense; M, 100 bp DNA

ladder)

SM SM

AT 16 nawda PCR showmafin RAPD lagldlwsiues OPAO4 (TK, Simulium takense: FN,
Simulium fenestratum; AG, Simulium angulistylum; SM, Simulium siamense; M, 100 bp DNA

ladder)

NINN 17 HaNda PCR drawmnailn RAPD laultlwsinas OPAO7 (TK, Simulium takense; FN,
Simulium fenestratum; AG, Simulium angulistylum; SM, Simulium siamense; M, 100 bp DNA

ladder)



23

NN 18 HaKA® PCR drawmnaiin RAPD lagldlwsiuas OPNO3 (TK, Simulium takense; FN,
Simulium fenestratum; AG, Simulium angulistylum; SM, Simulium siamense; M, 100 bp DNA

ladder)

3.4 A1UAIVD9 RAPD markers unlwaninlaslalasvas Simulium aureohirtum wazg
S. fenestratum

N133:1A1UNUIT89 DNA probe fldaninefin PCR-RAPD WUIRINIIDIZYAWAUIUY
laslulouvas S. aureohirtum Waz S. fenestratum 'lé lag DNA probe 2#1@ 400 bp Adnuwmibe
yosfuunlaslalanurisfl 1 waudrsenn (L) (Mni 19 — 20) &MU DNA probe 111@ 900 bp
wodaimzuulaslulanwes S. fenestratum (WA 21) udt ldsunsnszydunibivaslaslalawle

Lﬁ;aaﬁnﬂqmmwmaﬁwaﬁﬂﬂﬂﬂmvmﬁ
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AINN 19 Fluorescence In Situ Hybridization vulwafinlaslulouvasunassud Simulium
aureohirtum DNA probe FIATITHIIN RAPD au1a 400 bp VaILNAIIUAT  Simulium
angulistylum ARnUTIN AL uamelwsiuas OPA02 DNA probe hybridized uulwafinlasla

Toruyiaf 1 wantn9e1a (IL)
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AN 20 Fluorescence In Situ Hybridization vulwanulaslulouvaswuadsudn  Simulium
fenestratum DNA probe RIATNEHIIN RAPD 2w1@ 400 bp VAILNAIIWG  Simulium

angulistylum ARSI Ewass wIwes OPA02 DNA
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AINN 21 Fluorescence In Situ Hybridization vunlwafinlasiulasvasuuassnd Simulium
fenestratum DNA probe RILATNZHAN RAPD U11@ 900 bp VBILUAIIUGT Simulium takense f

WS e nada e InTiias OPA02
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v
3.5 LHAANHIANEATYDIUANIIWA Simulium angulistylum

anwuzsanugmaaslasSouifisuunuununmaesiizauuudlndiiulaslalanan
daninany (salivary gland) 2a9uuaddudn S. angulistylum $1WAw 172 §18819  WaMISANEN
WU S. angulistylum Usznaumslnafiulasiulay 3 uwrid (2n = 6)

Toslulowurish 1 Usznaudnouauinams (IS) (Mwi 22) uazuaudnsenn (L) (Mwd
23) TieTasminalasluloufidAnde nucleolar organizer (NO) Tudunialaslulousiufl 19 Ga
Aurulnsifies (centromere) WIBUABULUULNUWANTSBIAIVBILLUA INaAWlaTlalouwu g
LLtthLlLLNuﬂladLLﬁJu@TmﬁauﬁuLLNuﬁmmgﬁumad S. siamense (Kuvangkadilok et al. 2008) LW\

UWHUANNAI3NUVINGURTITA S. ceylonicum (Jitklang et al. 2008)

i 22 Taslulauurisn 1 wuudnaan (IS) 2a3uNasIudn Simulium angulistylum ludszine Ine

miLLa_idmuImIsﬂmJLL‘LiomuLLNuﬁmmgmmamum’%u@‘hﬂéuaﬂ%é S. ceylonicum (Jitklang et

al. 2008) NO, nucleolar organizer
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A g 23 TasTuloy
Wheft 1 wandneen
(IL) POILURIIUN
Simulium
angulistylum lu
Uszinalng duniie
2899128304 IL-
ceylonicum Wae IL-
ceylonicum,siamense
waasuulaslulaufa
AUAUIVDID W
asTuiuaneng
ILHWIN S.
angulistylum ﬁ'ﬁ.lﬂfcjua
3% S. ceylonicum
Wae S. siamense C,

centromere
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laslulouuwrisn 2 (AN 24) Usznaudiouant9au (I1S) WazhuwdnIen (IIL) wuudng
suiiasasnanelasluloundamde ring of Balbiani (BR) USImsduniafl 43 uaz double
bubble (db) LStamd AT 44 Taslaulouuen 2 wandrssndieTosnunslaslulounsdayfa
jagged group (jg) LS IELAUN 59 Waz parabalbiani ring (PB) USIIGILAUIN 60 WUB
nestumulualfd 3 jduuy nanvawuuulaslulouueudrie ldud L1, 1L2 uaz 1L-3
lagdunastu lIL-2 1udunassunnudad (fixed inversion) Lazdwiia3su IIL-1 waz IL-3 1Tu
duasTuanud liain (floating inversion) lasfianuddn (<4%) WaldToufisunuuam
anasguvaslnditulaslulonveingualda S. ceylonicum uaz S. siamense wuiilaslulouves
S. angulistylum uandnianlaslulayvas ngusllTs S. ceylonicum uaz S. siamense laydu

6 o el U v 1 . . . .

IDITUTUDTAW 2 gﬂ wuy leun I1S-ceylonicum, siamense Wae lIL-ceylonicum, siamense

Taslaulonurian 3 (MWA 25) Ysznaudisuaudnags (1IS) wazuuudn9en7 (I1IL) wuwdng
& a A Ao, o A . A . A a
sulliasaananolaslulonfiddfe blister marker (Bl) auTmlaslulandiuil 75 wudu
naitunmoluslfd 2 sUuuy nuewuusleslulouwauinoma ldud ms-1 waz NL-1 ladu
V83T 11S-1 Wuduastuanudasn (fixed inversion) wazdwiassn NL-1 tHuduiastu

AN A i . X A A o A ~ = o A a

anunlaiaef (floating inversion) HauD (<4%) LWollSpugUNUUNBANIAIIUDBILWE
finlaslulanvanguallda S. ceylonicum uaz S. siamense wuinlaslulanvas S. angulistylum
uwand9nlaslulanvas ndualdd S. ceylonicum lasBuiaiiuanuiain llS-asakoae waz
lllL-asakoae laslaulonwad S. angulistylum wandnsanlasiuloswes S. siamense lasdu
LB3TUANNNAIN IlIL-siamense

nnjuusrasmiiieduneituveslaslulauminindautdszoinzes
S. angulistylum Tudszinalnoaandu 3 cytoforms (ﬂ’l‘wﬁ 26) A9t

Simulium angulistylum cytoform A

= ra [ = s 1

fyduvnleslaloumnesgn  uazlaslulouwalifimaudaen annsdnsenadng
MIRW 95  @redean 3 drmnshluaialdiaznaasineandisanilavaslsanalng
Usznauaat uaIsing éﬂmaﬁﬂuﬁngu IIENaUAT IanwInTuTeal waziianlan
LANTT IRIATEWES (MW 24)

Simulium angulistylum cytoform B

' A a & A A a '

WLIKBNANN cytoform B lasduwaituanuiash IIL-2 laslulouwe lailinsuduen
INNNTANENAIBENINIRY 38 @288 370 4 Usznslumaaziuaanidoanilavastszinalng
ldun shandslng wazdrmamadhihenislng Swdadiazine hanmigia aneuuiana

) V) A ¥ a o o [ A
1N lng PIRIABATTITENN wazan9Fan JIRIAFIZUN (NN 26)

Simulium angulistylum cytoform C WU4WgnaN cytoform 819 lasduiiastuanunan
IL-2 waz MS-1 laslulouiwe liinsutsusn 3nmsanenalagng 12 @18819 30 2 Yseng
ldur hanfumazu uazihaniioias gnenuuwiizndnise SIwiaae (Nwi 26)
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AN 24 laslulouuyien 2 vasuNadsudn Simulium angulistylum Tudszmnelng duniisvasdu
asTuLraIUnlaslulay duasTundanunasndadwlase dunastuninnud luasnlida
LEWLATD BULIaITY [IS-ceylonicum, siamense WA lIL-ceylonicum, siamense RPGINEhes N
o v d' ' g . = a [ d'

Fudounuandsenig S, angulistylum  Wisuifisunuukunnasgulaslulovves S
siamense LLﬂ:ﬂiﬁ&lﬁ'ﬂ%ﬁ S. ceylonicum BR, ring of Balbiani; db, double bubble; jg, jagged

group; PB, parabalbiani
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t:l ] ci Qq‘ o . . . o 1 a 6 o
AN 25 laslulouurien 3 VaIuNasIUGN Simulium angulistylum FWALIVBIBUIBTTULEA
a fo Aa ~ Ao o o A co A AN AN A o oA a

vulaslulan duwnastunianuaindaidwladsa SunasTwnianud luadn klalduldta au
L83T%  llIS-asakoae, |llL-asakoae IWAHIIDSTUTUTOUNULANGITZRING S, angulistylum
Wisuisunuuwunanesgulaslulanves S. asakoae uaz IILL- siamense (Huduliaizu
o o A ' ' ) = a @ A

Fudouiuand9ienite S angulistylum Wisuiisunuskuisnaspuleslulowwes S,

siamense B, blister marker
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= a A= x> & A o , . ,
M1979N 4 T']ﬂﬂzLaU@VUaﬂﬂjzﬂﬁﬂi‘ﬂﬂﬂ‘]ﬂ"]L‘ﬁﬂawuqﬂ'}aﬂimaﬁuwaﬂiu@’] Simulium angulistylum

lutlszindlne
. . . az@sal ANFIN
Uszonsg wanuak N . Cytoform
a2993A FEAUUIMNZLA (LNAT)
1. thuadaing AG2 17°07' N 330 A
a.ﬁﬂuﬁ’lgu LENAUAT 103°38' E
o henanwsswnenl  AG317 09°36' N 110 A
.31 98°35' E
3. ianlamnes 9.3:489  AG618 09°43' N 117 A
98°36' E
4. ﬁmmmq’?@ aneNk  AG494 14°19' N 600 B
usm @ lng 101°21" E
2. UATINTHNN
5. ihanthsien AG500 13°58' N 250 B
2.82UN7 102°15' E
6. shanialwa 0.UUNTY  AG55 14°29' N 202 B
2. AAEIN 104°32' E
7. madineniilvg 8. AGS6 14°26' N 200 B
YUY 2.AFZNS 104°29' E
8. ihanfinausu anent  AG69 17°30" N 1,153 C
WAIT@NIG8 9188 104°49' E
9. ihanwaaiag anew  AG70 17°30' N 1,153 C

' a = ° (]
WWITN@NL3D 9188 104°49' E
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o % . . . s a 6
3.6 ﬂ'J']NLL‘]JiN%‘YI']\‘]W%ﬁqﬂiSN‘BB\‘] Simulium angulistylum 1%5&@ﬂ8%ﬂ%ﬁqﬁ'\ﬁ@lilla$

FIMwIn13Z1AWwaLBanleans (phylogeography)

AnmanauulaiunaiuInIINTeIlizTInTues S. angulistylum luszauanugmans
lagmsdanzisauianalalnduasdu cytochrome oxidase subunit | (COI) Faiiudulululn
AOWLATY 1WIW 42 @989 30 9 UvzTng (@nﬁdﬁ 2) anugMvasseuianalendsiud
n3An®E 586 bp wumIaguudssunuiiius (base substitution) 31UI% 72 GILAUI Falu
st 50 duwie wmswaswulssunuiauuy parsimony informative 31N@28E13
vanua 42 1agns wonoendu 33 wawlwalnil (haplotype) MIALAsIERANNLANGIINS
ﬁugﬂﬁwmmlua’ﬂ%fﬂ@ﬂlﬁwmaﬂ’mﬂﬁ'wuﬂaumuﬁ TrN (Tamura and Nei 1993) WuIn&en
39 0% - 5.80% lesfdnafy 249% eanunanvaiszasuanlnalni (haplotype
diversity) §132%319 0.400 — 1.000 uazfALafy 0.9849 dranunanuavasinale naden
52%319 0.0017 — 0.0334 (71971 5)

A191911 5 ANURAINHAN ﬂmoﬁugmiw BIUNRITUAN Simulium angulistylum ludszinelng

1IN Nucleotide
Cytoform UszsIng e Haplotype diversity
f22813 diversity (1T)
A AG2 5 0.7000+0.2184 0.0031+0.0025
AG317 5 1.0000+0.1265 0.0092+0.0062
AG618 5 0.4000+0.2373 0.0055+0.0039
All 15 0.9143+0.0559 0.0134+0.0074
B AG494 5 0.9000+0.1610 0.0150+0.0098
AG500 5 0.9000+0.1610 0.0096+0.0065
AG55 2 1.0000£0.5000 0.0017+0.0024
AG56 5 0.9000+0.1610 0.0334+0.0209
All 17 0.9779+0.0267 0.0260+0.0137
C AG69 5 0.9000+0.1610 0.0048x0.0035
AG70 5 1.0000£0.1265 0.0198+0.0127
All 10 0.9778x0.0540 0.0129£0.0075
N 42 0.9849+0.0096 0.0249+0.0126
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myleneiiamnmanuiidinimaailasldid  Median Joining network  (MJ
network) ¢m8lUsunsay NETWORK ver. 4.6.1.0 (www.fluxus-engineering.com) (mwﬁ 25) Wuin
lidnsudsusnvesssdiamnnmindiuinduta  udwoiuanlnalnd 3 uawlwalnidves

o o A ' &j A | @ a o

cytoform B andsmiadasinuuandnsanuanlna indauwgunn lasideandanuasdiawnig
TIARUTIIBANALANATIWIN 21 SGUTUNINANY (mutation step) FBTTWINNIITANUT
uwaasliirunsimenguuasuanlnainiain cytoform @ 1w wawlwalnives cytoform C

v o A & v A & A @ A Vo =
imzndudoiwiaunsnuasniiudios 2 uawlnalnidiniznguiu cytoform au udatnglsn
anuuanlnandves cytoform A uaz B nazanamluliimznguain cytoform lasuawlnaln
waimznduanRusiudunbimanlmaaizaslzmnmnnnit usasldiduiinsiinads

W83 wI191U 5273
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NG 27 mﬂ%i’@ummimaﬁuﬂ%agﬁmam’maumaa‘%u@‘h Simulium angulistylum lutszine
ng nmAen=hia1833ns Median Joining network lasldsraufiiadlalnduasiu col
ANNELNI 586 bp $1WIn 42 @288 (a) MIMAUARLANEOIAN cytoform (b) MAUASSNETL
aunlnevedllszing Fanauransdnanlng nd  AUaUeINaNFNRUSAUT W INA8EN4
2a3uanlna lnd
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ms”?mezﬂmaa%”wmaﬁugmsmaaﬂsw’mi (@390 6) wui1 dszrnisinlugiil

ANULANANNWRBTNITNENAUBIATYNIEDE

aa@ﬂﬁaaﬁ'ﬂmU%’S’@ummimaﬁuf@o

Qﬁmam’ﬁLLa@olﬁLﬁuﬂﬂsLﬂ’]zﬂ@jmaoLLawIanLwﬂaﬁﬂQﬁnWﬂLﬁﬂaﬁ'u NMIILATIERANURUN T

5:M'105:éfummLmﬂ@mmaﬁuqmmLLazszslz'ﬁ"mmagﬁmam%wudnﬁmmﬁuﬁufaahaﬁ

WURAYNIIFDA (r = 0.517, P < 0.001) m%iﬁ:é’umuﬁﬂﬁﬂwmszijﬂi:mﬂsgﬂﬁhﬁ@ﬁasl

s:m:mamagﬁmam%

A13199 6 @ For 3ewingdszwnIvad Simulium angulistylum ludszine ng

Cytoform A B C

Population AG2 AG618 AG317 AG494 AG500 AG55 AG56 AG69 AG70
AG2

A AG618 0.7412
AG317 0.6820 0.4578
AG494 0.2818 0.4966 0.4333
AG500 0.5401 0.5924 0.4606 0.0148

8 AG55 0.9415 0.9085 0.8473 0.7271 0.8321
AG56 0.4038 0.4391 0.3920 0.1872 0.2775 0.1473
AG69 0.8369 0.8177 0.7508 0.5950 0.6648 0.9193 0.4019

¢ AG70 0.5089 0.5182 0.4335 0.2932 0.3170 0.6887 0.1634 0.08554

NALLAA: ANBIAIRUIRUYDILANENIDEN93

L™

BEIAYNIIEIANTZAU P < 0.05

ada
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4. ﬁ?il ezl ‘mifwa NIANE

v
4.1 M3szYARUIRIEW hsp70 unlnafinlaslalsavasuuasdwaiuaznanua
gu hsp Hunumdrdylunsaevsussdagunnll  MIAILANMIATYWRAIMNVEILDAN
M TNeluisas (Feder and Hofmann 1999; Gabai and Sherman 2002) NN3AN®N MALNRS
{ , ! . a o A o o o @
w2 Drosophila melanogaster WU hsp gene agﬁlmﬂluauna%umﬁuwmﬂmﬂm‘,mmums
Uiudmasuuaidaanwnia1manuaned19ni (Anderson et al. 2003; Frydenberg et al. 2003)
Wasaniin hsp AUNUIMAAYAanInaURLEIIIFINTINAIRILIATEN AINUNTTZYAUNILS
A o ' aa o o = AR A a @ X o AN o
vasduadanduwlndiulaslulanazildmansadnmlwddndudald  uwananidayaild
=S o 1 tg’ o v & = =) =1
PNAMIANINGUAUIVBY  hsp gene  wwNadIudgadudlomiluns@nsudIoufouns
TTAINNTVRITUAINEIALUNMINGNDU NINTANBN hsp gene Ui LT WNRINT NUBULAI £19
SipIn
=< A . A o &
NRINTANEIWLINEY hsp70 luuuadnuawuas C. circumdatus NlFlwNIRILONEH
DNA probe WUINRAMNENT 244 bp waztiloihn liSouifisunuiuainanilubuadinianiad 3
fUSE lawn C. yoshimatsui, C. riparius Waz C. tentans WUINHANMNARLARINUIIANTY 90%
lagsrauiinadlalnduasiu hsp70 a9 Ch. circumdatus RANNAFILARINY C. yoshimatsui 877
figa lapfnnuuand9nu 3.3% uazlAnuuaned99In Ades aegypti ¥Infigada 26.6% Nn13
wilasnaninazliluandauinadlalndvasiu hsp70 wuindraunsaeziluves C. circumdatus
flenuadoafnuuuaIMuauuad C. tentans ¥ nfige lasfianuuandrivasdrauninasziilu
1% uaznaunIaasdluvad C. circumdatus SaNuLanasnsaunInasiluaad Apis mellifera
ANNFAIIAL 18.5% WAaMIANMLFaAARaINUTIENUNITANMIYEY Morales et al. (2011)
] o @ A =) 6 o s a = = % = L A' AAda 1
wundauinilanduazdraunsaaziluvasin hsp70 JanuaasadsnwunnluFsliiaudas
PN A o ¢ s v A A & A a ~ o @
e Fudunannnmeuindvesdrauiiedlalnditesandn  hsp70 Fanwddnde
NILUIUM UMV ATUAI ) TwlTas
nﬁi:q@‘mmﬂwaaﬁu hsp70 luLLaJaﬁmﬁwudwﬁuéﬁnﬁnwudwﬁ@‘hmea%iuu
oA Y A v o A ¢ & = o \ A a a € o
laslalouurien 2 wwutnsend vsnalndnuowlnadss sadudunssniiadunestuiasuin
& & A A o [ [ 9 sl A A a & o
nitanafisiwmnedesnumstlesnuldldtu  hsp70  Wasuudasanmsiiiadunaituves
laslulzuifasnniuasnaniunuimaandefdaia
duniinasdu hsp70 lunuauuas C. circumdatus wuiiagludunibaduanunmen

) ., = v & A Aa A o ° Y =
1%%%@%%@\1 C. riparius s]NLLa@\‘]lﬂL'ﬁujqU%uwﬂqiLﬂaauﬁqﬂﬂqLLﬂuduaEllnﬂ 21T uNaIN

'
a

AMNEIATYVDIDURAIRINTINLRDIIMNANRAVIDU  hsp70 FUNUIMEIAYAINIZLIRNIIHNN

as ' [ 4
VaaTuE19 9 lulas
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4.2 M332UANRKIVIEK 18S rRNA unlnafinlasTaloazasuuass ALLAZ B HILAS

fiu 185 rRNA infufia1s ribosomal RNA titailnasiisznavaaslsTuloy Suiidaaw
auINHE Taswuanuudsiudnannluwwasud  nufuwsssiedng  udasiinonu
mdn luunsIduauAuineTmatusila 1w BIanNa Anopheles (Marchi and Pili 1994) uazana
Ades (Kumar and Rai 1990) 1uuum'§u@iﬁﬂ'ﬂw’ﬁiﬂmmmii:q@’mmﬂwaaﬁu 18S rRNA UHIw
aftulaslulon wildodmiingiwindu 18S rRNA atiuiiamk nucleolar organizer (NOR) Uilnd
ﬁu‘[m‘[ﬂmw’%aé’amm"léf"ff@Lﬁmﬁnnmiﬂmsléhmaam;JﬁLﬁmalmzmﬁé”;damzmsaaq@ﬁﬂm
(penultimate larva) WiaszozgavNg (mature larva) Aowdasnudaalluanus (pupa) (Adler et al.
2004) Nams?mmmiszq@‘hLmu',wad?m 18S rRNA WUINUGIUWAUILILIOE nucleolar organizer
(NOR) Gsmaansasnunamsansnlufiifioniadug fAnwuiiduniiuesdu rRNA 11w 18S
rRNA, 28S rRNA Aéuniiauians NOR w3alnanu NOR (Ramirez and Sincliar 1975; Karpen et
al. 1988) @unisvas 185 rRNA uulwdfiulaslulonves C. circumdatus aguu NOR
T IL i T NE R e T lasfdunsaglaslulay G Famoaadasnumsanuluuadsu
@1 S. aureohirtum LLa:LLwamﬁ@ﬁuq Tudusuduimen finuindu 185 rRNA ﬁm"’nmﬂqaguu
NOR

4.3 Lm%ﬁ'méaaﬁmaﬁuqmm RAPD unlnaiwlaslulonuasuaadsuem
ﬁagamﬂmiﬁﬂmmss:q@hLmu',waaﬁuuaz@hLmu',waom‘%f'awmzmwﬁugnssmzﬁu

aqpiusmamuusmiinaspwesinadiulaslulouiisslomdagnbsdensdnmeuens g
W ms@T@Lﬁamﬂ%awmsmaﬁuqmwﬁmm:auém%umsﬁﬂmﬁuﬁqma@i%aﬂiz‘*mmt lag
Lﬁaﬂmn@‘hl,mﬂwaam'%'ammswmﬁuﬁqmmuﬂwﬁﬁﬂﬂﬂﬂsﬁm #18¢1491%% Sharakhov et al.
(2004) lfinafia FISH lumyszyduniazas microsatellite marker ummuﬁmmgmmaﬂwﬁ
fiulasTulonvasys Anopheles funestus telfillufiugmimiumsdaidanieiasnunoms
ﬁ‘ugﬂﬁuém%‘umsﬁﬂmﬁu’gmamﬁ%aﬂsz"mmﬁmmzam Fatiiasanie3oanananng
ﬂ'u‘qﬂﬁwﬁag'lw‘hLmu',oﬁLL@ﬂ@iﬂoﬁ'uuuiﬂiluisﬁwvlﬁ%'uﬁﬂ%wamnﬁafﬁ'ﬂ@m I NIRaLRanlay
FITNTNG WANA19NK Laayouni et al. (2003) lfLﬂ%fammumoﬁuqmsuﬁvlﬁmﬂmiﬁﬂmﬁaﬂmi
izuq@‘hLmulwaam‘%ammswnaﬁugﬂﬁuuuiwﬁﬁuiﬂiiuiﬁﬁwiﬂsflfﬁ RAPD marker ‘ﬁ'a%imsﬂuau
e3Tu 2j luuNaand Drosophila buzzatii FaduduneftufiianudunusiumaasyRawLa:
PUATITAL NV ILNIRITRAGINEN?  anmImaeufinaalelnduasdunaaioanang
wugnasumeluduneifunuiimuninizyenyvasduaiiu wazdnwazastfasueng gfifing
AOAMUULINUNINHTNTIN Samansnidenlosisenusunutsnitmsiiedunastuiuns
U5usn uasdiawiminasdsifiale Frydenberg et al. (2003) Anwianuudiiuvessaufinns

' 4
lalnawasdn heat shock gene (hsp) Tuuuaind Drosophila melanogaster Gﬁdmiﬁﬂkrﬁzy‘
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o 1 =) 1 1 =) o é
duniizasbulasinafia FISH wudiagnoluduinasdu In(BL)P (Wesley and Eanes 1994) 4
I a fo Aa Ao o & a . . . =3 v A Co
\dudunestunfanudaunusniuazdae (Latitudinal cline) HamMIAN®ILITIANAULTHUNNY
ﬁ'uﬁqﬂﬁmaaﬁu hsp26 uaz hsp27 ﬁag’mﬂluﬁunaﬁ'ul,fluwammnﬂ’ﬁﬁ@ RN lAUTITNTG
= [ g o , A ) o , A
HanIAnEluATIiaNNIn I A URIT8 90T IRNNERUTNTIN RAPD 2 dunid @i
DNA probe 211@ 400 bp Uaz 900 bp LasiaTasnanuwunIsa RAPD 2u1a 400 bp 813130132y
Funsunlwanulaslulaovraiuuadudn 2 sUTF Ao S. aureohirtum Was S. fenestratum lag
wudnﬂ%ammﬂﬁugniiué’aﬂénag’uuimiulmmwiaﬁ 1 WIWIN98NIV89 S. aureohirtum VN
LATBINANBRUENTINIMIG 900 bp  ananInszydunslauulaslalovues S, aureohirtum
s anmalSoufisuduniizadiaIasnananugnIinamwa 400 bp uulwafiulasluloy
W83 S. aureohirtum NUUNWANIGIIWINETIWlaTIulNVe9sTTE (Pramual et al. 2008) WU
° \ A o L & o o & =< ~ a [
FURUITRILATEINANENUENTINIMWIG 400 bp iiagluBuatdu dsnuarsdnwilTouiiouny

2 o aa ed A a
LLNQGS%@W@‘]J"H@Q%G] LNULAA

4.4 maﬁﬁuﬁqﬂmmﬁtaﬁfxf@ummimﬁﬁuﬁﬁ%dgﬁmam%’mmLmaa'%yw‘h Simulium
angulistylum

Lmaﬁmﬁﬁﬁmimzmﬂmogi‘lma@%ﬂ’?ﬂamw waznuluunasandafifianunsnnay
maﬁnﬂ‘iwmﬁm’mLﬂuvlﬂvlﬁgaﬁanﬂuaﬂ%ﬁﬁu%au (species complex) (Adler and McCreadie
1997) miﬁﬂmLmaﬁﬁuﬁqmam%aumaﬁmﬁ S. angulistylum fawniinldwuin S. angulistylum
Hualifdsudon (Kuvangkadilok et al. 2003) Msftanaiitasannitwnlszmnsfianwiaaiite
3 dUnannswinie mamsansnluasifigaiudegnnmlemalnewuin s, angulistylum
Usznaudie 3 cytoforms WA S. angulistylum cytoform A, B uaz C lag cytoforms &
ANUFNRUSIUGURNINNmMaas cytoform B wuluiuinnaasiueandgsnitonousng
cytoform C wuluiswiaaairingis vaedt cytoform A wulumaasiusenidsamilouazmald
WONINAEINUI cytoforms W89 S. angulistylum FANULANEINNITNAANINYBIUNREIONFE
lag cytoform C wﬂmma’amﬁ'ﬂﬁi:ﬁummg\nﬁuﬂdﬁ 1000 WAT NTEAUINZE Vo
cytoform A uaz B wulmmdomﬁ'ﬂﬁszé’um’mgwﬁﬂfh 600 LUAT INNTZEUUINLLE HANNTANEN
ﬁaa@ﬂﬁaaﬁmﬂmmmsﬁnmn’auﬁﬁwﬁwmwmmgwwmzé’uﬁwmmmaol,mtpiaa'lé'su,ﬂuﬁa%’yﬁ
z%ﬁﬁ'ty“?'iﬁaLﬁ%ﬂﬁLﬁ@ﬂawLL@m@mmdﬁuﬁqmswaaﬂi:‘*mm‘*naumaﬁu@iﬂuﬂizmﬂ%ﬂ
(Pramual and Nanork 2012) Wam3ANENAWLIN S. angulistylum (JusliisTudonsanadony
Sz@qﬁ_lﬂ’n&lLLUSBT%Y]’NWWgﬂiS&II@]Ul%tﬂ%ﬂdﬁ&ﬂﬂﬁ%‘gﬂii&l DNA barcode ﬁwudwﬁmgaq@ 5.8%
(Pramual et al. 2011) %aLﬂummwLLﬂiﬁumaﬁuﬁqmiuﬁwﬂuLmm'%mﬁ"ng'uaﬂ%ésﬁ'usfaulu
niimaaiIniniie (Rivera and Currie 2009)

ms’imsw:ﬁmmme@mmaﬁ'wgmsﬂ@ml%ﬁwé‘uﬁaﬂﬁiavlwﬁmmﬁu COI aWUAKUNT

L19LeNUBY cytoforms I@mzé’ummLmﬂ@iwmaﬁugnﬁm:ij cytoforms HN32HIN9 2.6% -
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A AL v A o , @ \ A o A 'Y
3.1% ‘Iid&lﬂ’]lﬂaLﬂUdit@ﬂﬂ’n&lLL@m@]’]\‘iﬂ’]\‘lwu‘gﬂiﬂJSZ%’J’]dﬁﬂ“ﬁiﬂ@ﬂl"ﬁmiﬂdﬁu’lUwu‘gﬂﬁ'&l
DNA barcode 13261 3% (Hebert et al. 2003) lag cytoform C Aauane1931n cytoform 2u 9
ANAIga  LHadnuand9IIn cytoform A anmuiadunaiuanutadn 2 JUuuy ues
\ a & o A A A A '
LANENIAN cytoform B lawduiassuanudaen 1 sUuuy nmsisufguauLand19nig
ﬂ'uqnnmmﬁwﬂszmmmaa cytoform C AU cytoforms 8146 WU Fer FILAZUANGEIBE
Inpdaynaaiiaiiaunnddszang uaﬂmﬂﬁmﬁme:ﬁ‘mﬂ%ﬁ'@ummimaﬁufﬁogﬁmam%
dawuiuanlnalndvas cytoform C ifeuninuamzngudoiu  derhiimaiaiulnag
' [ A (% A o

3¥RINN cytoform C NU cytoform aH 9 luaanndun

ANNUANANNWRBINITNIEWING cytoform C AU cytoform aue anaLunaanaw
WANANN RN VIWARIDNAD waINUTEINTVEY cytoform C azlduvsusnannydszanns
%Y 281TALRILLALTZTINTIBY cytoform C UaN@ NN IBIAINNINUTZTINIBUY a819aIN
lagszsinsvad  cytoform C mé’ﬂimmdoﬁﬂmﬁszé’ummgamﬂﬂ’h 1000  LUATINN
AUzl Vel TInTUes  cytoform B wulmmdamﬁﬂﬁizﬁummgﬁafm’.h 600
AT MNIAVINNZE NANIANHHEDAAR BINUTNSNBMITAN BN IULNAIT UM TRADU ) NWLIN
ANNLANANNIRNAINITILKA I AU T U AN Y NFIETUANUUANANNINUENTTNY DS
ﬂs:mmuazmaﬁﬂﬂg’m’mmﬂufnmmaaaﬂ%ﬂmmaﬁmﬁ (Joy et al. 2007; Pramual et al.
2005; Pramual and Nanork 2012)

4.5 ayluanisd@nusn

msﬁﬂma%ﬁmmsmmﬁﬂLmu',wadﬁu hsp70 §% 18S rRNA u,azm’%'ammﬂﬁ’u‘gﬂsm
RAPD lag3%m15 Fluorescence In situ Hybridization (FISH) unlwafiulasTalawaasuyasiue
WazvuawLas C. circumdatus t6 Taefin hsp70 Hdunssuulnanulaslulouvasuuadzud S.
aureohirtum UW9f 2 LAUTI9E1 (IIL) WRSLSITADY A TBINUAUUAS C. circumdatus GILAILS
18984 18S rRNA atjut nucleolar organizer (NO) vaslwafiulaslulanuas S. aureohirtum 9
ag’uulmiuiwLL‘*nwiT"mmaLwiaﬁ 1 (IL) waz C. circumdatus %aag’uﬂﬂﬂﬂfﬁu G MIFIUHBA
Lﬂ%ﬂd%ﬂ’]ﬂﬁ%gﬂﬁ&l RAPD mmsm:q@‘mmﬂwaam’%f'ammslﬁu‘qmsu RAPD 2 @i fa
LA3a9MaNy RAPD 2w1@ 400 bp WasUIA 900 bp Imm‘%ammyﬁugﬂﬁw RAPD 2u1@ 400
bp Sdumisunlaslalouuriefl 1 uwwudneenn (L) 289 S. aureohitum dwmiulwafiulaslulaw
184 S. fenestratum Wui1 DNA probe hybridized unlwdfiulaslulouud lisnsnszydunisle
Wasanmisnizansvaslnafinlaslulanlid wwdeatiu RAPD wwa 900 bp mIdnunwmas
ﬁ'uﬁqma@ﬁmammaémﬁ S. angulistylum WuInDusldsTudautsznausis 3 cytoforms laun
cytoform A, B uaz C lasudas cytoform AAMULANAINISRNIAAINENVBILAEIDALULAZAY
ULANANNNRUTNITN LAV PAUTAN AT e nzilaslisauinilalndvasiin

cytochrome oxidase subunit | (COI)
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4.6 DDLABD W

1. endnsfnmmaszydunibivesdu  hsp70 iRmdNluuuaTUMATITREU Y

AA eA \ o Aa Y A A ' .

lasanzrUTanwluwrasandunidassnsinaineuandnsann S, aureohirtum

2. M3AnEn hsp70 lunuaniasallTaou g iNudNNalTouRaunudw hsp70 1w C.
circumdatus

3. AsANBIUNLTLATAIRANBRUINTIN RAPD iWaLdnluuuadiudn S. aureohitum uaz
S. angulistylum \HasnuuadIudng 2 aU3§ Sanuulsdunwwugnisuluszauleslaloug

A A ) ° = a A o o

UWHUNLATDIRINERUTNTIN  RAPD  azmananih Wdnwsulisuifisuununuazanuidngses

ALl IRu ﬂﬂIﬂiIﬁJImN@i aM LU WU AT UINIVDILUAITUEAN
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Integrated cytogenetic, ecological, and DNA
barcode study reveals cryptic diversity in
Simulium (Gomphostilbia) angulistylum (Diptera:
Simuliidae)

Pairot Pramual and Chaliow Kuvangkadilok

Abstract: An integrated approach based on cytogenetics, molecular genetics, and ecology was used to examine diversity in
the black fly Simulium angulistylum Takaoka & Davies in Thailand. Cytological analysis revealed three cytoforms (A, B,
and C) of S. angulistylum differentiated by fixed chromosome inversions. Distributions of these cytoforms were associated
with ecology. Cytoforms A and B were found in low-altitude habitats (<600 m above sea level), whereas cytoform C oc-
curred at high altitudes (>1000 m above sea level). Mitochondrial DNA sequences of the cytochrome oxidase subunit I bar-
coding region revealed significant genetic differentiation among the cytoforms. The mitochondrial DNA haplotype network
revealed divergent lineages within cytoforms, indicating additional hidden diversity. Therefore, integrated approaches are
necessary for fully understanding black fly biodiversity. Population genetic analysis revealed high genetic structuring that
could be due to the habitat preferences of S. angulistylum. Phylogeographic analyses indicated population demographic ex-
pansion at the mid-Pleistocene (900 000 years ago), which is older than for other black flies and insects in the Southeast
Asian mainland. The high level of genetic structure and diversity, therefore, could also be due to the long demographic his-
tory of S. angulistylum.

Key words: black fly, cytogenetic, phylogeography, Simulium, species complex.

Résumé : Une approche intégrée faisant appel a la cytogénétique, la génétique moléculaire et 1’écologie a été¢ employée
pour examiner la diversité chez la mouche noire Simulium angulistylum Takaoka & Davies en Thailande. Les analyses cyto-
logiques ont révélé 1’existence de trois cytoformes (A, B ou C) du S. angulistylum se distinguant par trois inversions chro-
mosomiques fixées. La distribution de ces cytoformes était liée a I’écologie. Les cytoformes A et B étaient retrouvées dans
des habitats de faible altitude (<600 m au-dessus de la mer), tandis que la cytoforme C était présente en altitude élevée
(>1000 m au-dessus de la mer). Les séquences d’ADN mitochondrial au sein de la sous-unité I de la cytochrome oxydase,
une région utilisée comme code-barre, a révélé une différenciation génétique significative entre les cytoformes. Le réseau
formé par les différents haplotypes d’ADN mitochondrial révélait des lignages divergents au sein des cytoformes, indiquant
une diversité additionnelle cachée. Ainsi, des approches intégrées s’averent nécessaires pour pleinement caractériser la biodi-
versité chez les mouches noires. Des analyses de génétique des populations ont révélé une forte structuration qui pourrait
découler des préférences du S. angulistylum en matiere d’habitat. Des analyses phylogéographiques ont indiqué une expan-
sion démographique au milieu du pléistocene (il y a 900 000 ans), ce qui est plus ancien que ce qui a été observé pour d’au-
tres mouches noires ou insectes en Asie du Sud-Est. Les hauts niveaux de structuration et de diversité génétiques pourraient
également découler de la longue histoire démographique du S. angulistylum.

Mots-clés : mouche noire, cytogénétique, phylogéographie, Simulium, complexe d’especes.

[Traduit par la Rédaction]

Introduction flies (Rothfels 1979). Cytological sibling species can be rec-
ognized using three criteria: (i) fixed-chromosome inversion

Black flies are difficult to identify morphologically be- differences, (ii) differences in sex chromosome, and (iii) dif-
cause of their structural homogeneity (Crosskey 1990). Cyto- ferences in autosomal inversion frequencies (Rothfels 1979).

genetic study using the banding patterns of the polytene  The major limitations of cytogenetic study are that it requires
chromosomes has long been used in the taxonomy of black skilled people and typically is workable only for the larval
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stage. Recently, DNA sequences (i.e., DNA barcodes) have
been incorporated into black fly taxonomy. For example, Riv-
era and Currie (2009) used DNA barcoding to differentiate
North American black fly morphospecies. Pramual et al.
(2011b) reported DNA barcoding in the Oriental black fly
subgenus Gomphostilbia. Although DNA barcodes have suc-
cessfully delineated morphological species (Day et al. 2008;
Rivera and Currie 2009), the success rate was low for species
complexes (Pramual et al. 2011a). Therefore, integrated ap-
proaches (e.g., Ilmonen et al. 2009) are needed for fully
understanding black fly biodiversity (Adler and Huang 2011).

There are 88 morphologically described species of black
flies in Thailand (Adler and Crosskey 2011). Cytogenetic
study is useful in distinguishing morphologically closely re-
lated species (Phasuk et al. 2005; Jitklang et al. 2008; Tang-
kawanit et al. 2009). Some morphological species are
composed of several cytological sibling species. For example,
Simulium tani and S. doipuiense are composed of 10 and 2
cytoforms, respectively, (Tangkawanit et al. 2009) and S. sia-
mense is composed of 7 cytoforms (Kuvangkadilok et al.
2008; Pramual and Wongpakam 2011). Although these stud-
ies indicate the importance of cytogenetics for black fly
taxonomy, only 18 of 88 species in Thailand have been cyto-
logically examined. DNA barcodes have been used to differ-
entiate morphological species of black flies in Thailand. The
results indicate that this method could be used successfully to
differentiate morphologically distinct species and to reveal
cryptic diversity (Pramual et al. 2011b; Pramual and Nanork
2012), but it can fail to delineate cytological sibling species
(Pramual et al. 2011a).

Simulium angulistylum Takaoka & Davies was morpholog-
ically assigned to the Simulium batoense species group of the
subgenus Gomphostilbia (Takaoka and Davies 1995). This
species is geographically widespread throughout Thailand
and Malaysia (Adler and Crosskey 2011). A previous cytoge-
netic study presented polytene chromosome maps for this
species (Kuvangkadilok et al. 2003). In addition, a previous
DNA barcoding study found high intraspecific genetic diver-
gence (maximum value 5.2% based on Kimura’s 2-parameter
model), suggesting that this morphospecies could be a spe-
cies complex (Pramual et al. 2011b). We used an integrated
approach, based on cytogenetic, molecular genetics, and ecol-
ogy, to examine the diversity of S. angulistylum in Thailand.

Materials and methods

Sample collections and species identification

Black fly larvae were collected from nine locations
throughout Thailand (Table 1; Fig. 1). Samples were ran-
domly collected from multiple substrates along each stream,
with only one or two larvae being taken from the same sub-
strate to avoid potential sampling of sibling individuals. Sam-
ples were fixed in Carnoy’s solution (95% ethanol — glacial
acetic mixture of 3:1 (v/v)) and were used for both cytoge-
netic and molecular analyses, as described by Pramual et al.
(2005, 2011b). Stream variables including altitude, stream
width, depth, velocity, pH, water conductivity, streambed par-
ticle sizes, canopy cover, and riparian vegetation were re-
corded.  Simulium  angulistylum was morphologically
identified using the description of Takaoka and Davies
(1995). Polytene chromosomes were prepared from penulti-
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mate instar larvae, following the Feulgen method of Rothfels
and Dunbar (1953).

Because a standard polytene chromosome map for the en-
tire subgenus Gomphostilbia was not available, chromosome
sections were numbered following the standard map for the
closely related Simulium ceylonicum species group (Jitklang
et al. 2008). We also compared the chromosome banding se-
quences with the standard map for S. siamense, a closely re-
lated species in the Simulium batoense group. The polytene
chromosome map for S. angulistylum presented by Kuvang-
kadilok et al. (2003) was arbitrarily chosen as the standard
map for the species.

DNA extraction, amplification, and sequencing

DNA was extracted from the anterior portion of each larva,
following the method described by Pramual et al. (20115). A
fragment of the cytochrome oxidase subunit I (COI) barcod-
ing region was amplified using the primer LCO1490 (§'-
GGTCAACAAATCATAAAGATATTGG-3") and HCO2198
(5'-TAAACTTCAGGGTGACCAAAAAATCA-3’) (Hebert et
al. 2003). PCR conditions described by Rivera and Currie
(2009) were used. PCR products were checked on a 1% agar-
ose gel and cleaned using HiYield Gel/PCR fragment Extrac-
tion Kit (RBC BioScience, Xindian City, Taiwan). Cleaned
PCR products were sequenced using the same primers as in
the PCR by Macrogen sequencing service (Seoul, Korea).

Data analysis

DNA sequences were trimmed to a final length of 586 bp.
Sequences were aligned using Clustal X (Thompson et al.
1997). Haplotypes were identified by DnaSP (Rozas et al.
2003) and were deposited in GenBank under accession num-
bers HM775234-HM775241 and JQ619907-JQ619931. Hap-
lotype diversity (k) and nucleotide diversity () were
estimated in Arlequin ver. 3.5 (Excoffier and Lischer 2010),
using the best fit model (TrN (Tamura and Nei 1993)), with
proportion of invariant site (I) of 0.830 selected by jModel-
test ver. 0.1.1 (Posada 2008). Intraspecific sequence diver-
gences, based on the best fit model, were calculated for
unique COI sequences by MEGA 4 (Tamura et al. 2007). A
median joining (MJ) network was calculated using NET-
WORK ver. 4.6.1.0 (www.fluxus-engineering.com).

Genetic structure was estimated by means of population
pairwise Fgy and AMOVA analysis. Populations were
grouped according to cytoforms and geographic origins. The
significance of test statistics was obtained by 1000 permuta-
tions. Both population pairwise Fsr and AMOVA analyses
were performed in Arlequin. The program SAMOVA (Du-
panloup et al. 2002) was also used to find grouping structure
based on the level of genetic differentiation. SAMOVA uses a
simulated annealing procedure to find the best grouping
structure (highest Fer value), based on a priori number of
groups (k). SAMOVA was run using 100 simulated annealing
processes for k = 2 to 6, and the grouping structure that
achieved the highest Fep was retained as the best grouping
structure. Relationships between genetic distance (Fgy from
AREQUIN) and geographic distance (log km) (i.e., isolation
by distance model) were assessed using the Mantel (1967)
test. The Mantel test was implemented in IBD ver. 1.52 (Bo-
honak 2002), using 1000 randomizations.

Mismatch distribution was used to test the signature of
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Table 1. Collection sites and number of sequences for Simulium angulistylum from Thailand.
Geographic

Location Code region Latitude, longitude Altitude (m) N Collection date ~ Cytoform

Ban Dong Sawang, Sakon AG2 Northeast 17°07'N, 103°38'E 330 5 11 Nov. 2006 A
Nakhon

Khao Pra Na Rai waterfall, AG317  South 09°36'N, 98°35'E 110 5 15 Jul. 2003 A
Ranong

Ton Phet waterfall, Ranong AG618  South 09°43'N, 98°36'E 117 5 13 Dec. 2006 A

Hewsuwat waterfall, Nakhon AG494  Northeast 14°19'N, 101°21'E 600 5 20 Nov. 2004 B
Ratchasima

Pangsida waterfall, Srakeaw AG500 Central 13°58'N, 102°15’'E 250 5 21 Dec. 2004 B

Wang Yai waterfall 1, Sisaket ~ AGS5 Northeast 14°29'N, 104°32'E 202 2 29 Sep. 2007 B

Wang Yai waterfall 2, Sisaket ~AG56 Northeast 14°26'N, 104°29'E 200 5 29 Sep. 2007 B

Hinsamchan waterfall, Loei AG69 Northeast 17°30’N, 104°49'E 1153 5 14 Oct. 2007 C

Huai Toei waterfall, Loei AG70 Northeast 17°30'N, 104°49'E 1153 5 14 Oct. 2007 C

Fig. 1. Collection sites of nine populations of Simulium angulistylum from Thailand. Circumscribed areas indicate approximate known geo-
graphic distributions of the cytoforms. Details of the sampling locations are given in Table 1.
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Fig. 2. Chromosome arm IS of Simulium angulistylum showing the standard sequence which is identical to S. siamense (Kuvangkadilok et al.
2008) and the S. ceylonicum group (Jitklang et al. 2008). Sections are numbered according to the S. ceylonicum standard map of Jitklang et al.

(2008). C, centromere; NO, nucleolar organizer.

population expansion. Populations that had undergone recent
past demographic expansion were shown by a unimodal mis-
match distribution (Rogers and Harpending 1992). The sum-
of-squares deviation and Harpending’s raggedness index
(Harpending 1994) were used to test deviation from the sud-
den expansion model. Mismatch distribution was estimated
using Arlequin. Fu’s F test (Fu 1997) and Tajima’s D (Ta-
jima 1989) statistics were used to test population equilibrium.
Large negative values from these tests were expected for the
demographics of population expansion.

One-way analysis of variance (ANOVA) and Kruskal-
Wallis tests were used to detect mean differences in stream
variables among cytoforms. ANOVA was used on continuous
variables (altitude, stream width, depth, velocity, discharge,
pH, and water conductivity) and the Kruskal-Wallis test was
used on the ordinal data (streambed particle sizes, canopy
cover, and riparian vegetation).

Results

Cytotaxonomic comparisons

A total of 172 larvae were cytologically examined. The
polytene chromosomes of our samples were identical to the
chromosome map of S. angulistylum reported by Kuvangka-
dilok et al. (2003), although chromosomes II and III in that
paper were reversed. The chromosome landmarks (double
bubble and ring of Balbiani) on the short arm of chromo-
some II were also in the same positions as previously re-
ported by Phasuk et al. (2005).

Chromosome IS

Chromosome IS of S. angulistylum (Fig. 2) was identical
to the banding sequences of S. siamense and the S. ceyloni-
cum group.

Chromosome IL

All individuals of S. angulistylum have identical IL band-
ing sequences. Chromosome IL of S. angulistylum (Fig. 3)
differed from S. siamense by fixed inversion IL-ceylonicum,

siamense and from the S. ceylonicum group by fixed inver-
sions IL-ceylonicum, siamense and IL-ceylonicum.

Chromosome IIS

All members of S. angulistylum have identical IIS banding
sequences. Chromosome IIS of S. angulistylum (Fig. 4) dif-
fered from S. siamense and S. ceylonicum by a complex in-
version (IIS-ceylonicum, siamense) that required several
inversions to derive.

Chromosome IIL

Chromosome IIL of S. angulistylum (Fig. 4) differed from
S. ceylonicum and S. siamense standard maps by a complex
inversion that required several inversions to derive. There are
three additional inversions (IIL-1, IIL-2, and IIL-3) that oc-
curred within populations of S. angulistylum on this chromo-
some arm. IIL-1 reported by Kuvangkadilok et al. (2003) and
IIL-3 found in the present study at low frequency (4%) were
floating inversions. IIL-2 was a fixed inversion.

Chromosome IIIS

Chromosome IIIS of S. angulistylum (Fig. 5) had identical
banding sequences to S. siamense but differed from S. ceylo-
nicum by one fixed inversion (IIIS-asakoae). One fixed inver-
sion (IIIS-1) was found on this chromosome in the
populations of S. angulistylum.

Chromosome IIIL

Chromosome IIIL of S. angulistylum (Fig. 5) differed by
one fixed inversion (IIIL-siamense) from S. siamense and
one fixed inversion from S. ceylonicum (IIIL-asakoae). A
floating inversion (IIIL-1) was reported on this chromosome
arm by Kuvangkadilok et al. (2003).

Characterization of cytoforms of Simulium angulistylum

S. angulistylum cytoform A
Cytoform A was characterized by the standard chromo-
some type and undifferentiated sex chromosomes. Larvae
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Fig. 3. Chromosome arm IL of Simulium angulistylum. Sections are
numbered according to the S. ceylonicum standard map of Jitklang
et al. (2008). Limits of the inversions IL-ceylonicum and IL-ceyloni-
cum, siamense that are fixed between S. angulistylum and S. ceylo-
nicum and S. siamense are indicated by brackets. C, centromere;
NO, nucleolar organizer.

Fig. 4. Chromosome II of Simulium angulistylum. Sections are
numbered according to the S. ceylonicum standard map of Jitklang
et al. (2008). Fixed inversions are underlined; floating inversions are
not. Limits of the inversion IIS-ceylonicum, siamense that is fixed
between S. angulistylum and S. siamense and S. ceylonicum are in-
dicated. Breakpoints of fixed inversion IIL-2 and floating inversions
IIL-1 and IIL-3 are indicated by brackets. C, centromere; BR, ring
of Balbiani; db, double bubble; jg, jagged group; PB, parabalbiani
marker. * Represents that the inversion is complexly rearranged.

(n = 95) were examined from three populations in southern
and northeastern areas. We also included two populations
from the South (one from Muang Tuad waterfall, Suratthani
province, and one from the same location as AG317)
reported by Kuvangkadilok et al. (2003), and identified
here as cytoform A.
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Fig. 5. Chromosome III of Simulium angulistylum. Sections are
numbered according to the S. asakoae standard map of Jitklang et
al. (2008). Fixed inversions are underlined; floating inversions are
not. Limits of the inversions IIIS-asakoae and IlIL-asakoae that are
fixed between S. angulistylum and S. asakoae are indicated by
brackets. Limits of inversion IIIL-siamense that is fixed between

S. angulistylum and S. siamense is indicated by the bracket. Break-
points of the IIIS-1 fixed inversion and IIIL-1 floating inversion are
indicated by brackets. C, centromere; Bl, blister marker.

Genome, Vol. 55, 2012

S. angulistylum cytoform B

Cytoform B was characterized by a fixed inversion on the
long arm of chromosome II (IIL-2) (Fig. 4) and undifferenti-
ated sex chromosomes. Larvae (n = 38) were examined from
four populations from the northeastern area of Thailand.

S. angulistylum cytoform C

Cytoform C was characterized by two fixed inversions, one
on the long arm of chromosome II (IIL-2) (Fig. 4) and one
on the short arm of chromosome III (IIIS-1) (Fig. 5), and un-
differentiated sex chromosomes. Larvae (n = 12) were exam-
ined from two populations in Loei Province in northeastern
Thailand. One floating inversion (IIL-3) (Fig. 4) was found
in this cytoform at low frequency (4%).

Ecological conditions of the larval habitats

Simulium angulistylum was geographically and ecologi-
cally widespread (Table 2). It was found at altitudes from
110 to 1153 m above sea level. Simulium angulistylum also
occupied habitats that had a wide range of stream sizes and
current velocities. However, larvae were found only in
streams where the streambed was composed of boulders or
bedrock and mostly in forested areas. Comparisons of the
stream variables among cytoforms revealed significant differ-
ences in altitude (Table 2). Cytoform C was found at the
highest altitude (>1000 m above sea level) habitats, whereas
cytoforms A and B were found at lower altitudes (<600 m
above sea level). Other stream variables did not differ signifi-
cantly among cytoforms (Table 2).

DNA sequence variation

For the COI sequences, 586 bp were obtained from 42 se-
quences of S. angulistylum. There were 72 base substitutions,
of which 50 were parsimony informative. A total of 33 hap-
lotypes were identified. Sequence divergence between sam-
ples based on the Tamura and Nei model ranged from 0% to
5.80%, with a mean of 2.49%. The overall haplotype diver-
sity was 0.9849, with a range in the populations of 0.4000
in AG618 and 1.000 in AG317, AG55, and AG70. Nucleo-
tide diversity in the populations ranged from 0.0017 in
AGS55 to 0.0334 in AG56 (Table 3).

Mitochondrial genealogy

MJ network (Fig. 6) showed no major phylogeographic
breaks in S. angulistylum from Thailand, but one long diver-
gent lineage was revealed. Three haplotypes of cytoform B
from Sisaket Province in the lower North were clustered
with the network by 21 mutation steps. There was some indi-
cation of clustering in the cytoforms. With only two excep-
tions, all individuals of cytoform C were clustered together.
Individuals of cytoforms A and B, however, were distributed
throughout the network. The haplotype network showed more
association with geographic origin than to cytoform, suggest-
ing that there were limitations to ongoing gene flow among
geographic regions.

Population genetic structure

Population pairwise Fgr (Table 4) revealed that most pop-
ulations were genetically significantly different. SAMOVA
analysis revealed that the Fcr value was highest at k = 4
(Fer = 0.404, P < 0.001) (Table 5). The grouping structure

Published by NRC Research Press



Genome Downloaded from www.nrcresearchpress.com by Dr. Pairot Pramual on 06/05/12
For personal use only.

Pramual and Kuvangkadilok

Pagination not final/Pagination non finale

Table 2. Ecological conditions of the larval habitats of three cytoforms of Simulium angulistylum in Thailand.

Min.—max. (mean + SD)

Stream variable/ Cytoform A B C All Test statistics

Altitude (m) 110-330 200-600 1153 110-1153 24.943%¢
(272.29+121.08) (366.40+214.74) (1153) (431.50+340.57)

Width (m) 0.13-8.00 1.00-25.00 1.70-2.00 0.13-25.00 1.515¢
(1.64+2.84) (8.00+10.20) (1.85+0.21) (3.94+6.75)

Depth (m) 0.01-0.21 0.05-0.16 0.12-0.15 0.01-0.21 1.299¢
(0.061+0.07) (0.09+0.04) (0.14+0.02) (0.08+0.06)

Velocity (m) 0.36-0.92 0.38-1.53 0.92-1.60 0.36-1.60 2.557¢
(0.63+0.19) (0.81+0.47) (1.26+0.48) (0.79+0.39)

Discharge (m>/s) 0.001-0.823 0.027-3.060 0.239-0.384 0.001-3.060 0.890¢
(0.142+0.304) (0.771£1.290) (0.312+0.102) (0.390+0.803)

pH 5.18-7.25 5.50-7.20 5.50-6.00 5.18-7.25 0.988¢
(6.59+0.73) (6.36+0.83) (5.75+0.35) (6.39+0.74)

Conductivity (uS/cm) 6.00-52.00 14.00-62.40 6.00-8.00 6.00-62.40 1.455¢
(30.40+16.01) (29.14+21.61) (7.00+1.41) (26.61+18.20)

Stream-bed particles Boulder—bedrock Boulder-bedrock Boulder Boulder—bedrock 0.505"
Boulder Boulder Boulder Boulder

Canopy cover Partial-complete None—complete Complete None—complete 5.386"
Complete Partial Complete Complete

Riparian vegetation Brush—forest Open—forest Forest Open—forest 1.560°
Forest Forest Forest Forest

Note: *, P < 0.001.
“F values for ANOVA analysis.
H values for Kruskal-Wallis test.

Table 3. Estimates of haplotype diversity, nucleotide diversity, Tajima’s D test and Fu’s F; tests of selective neutrality in nine populations

of Simulium angulistylum in Thailand.

Cytoform Sample site (n) No. of sample  Haplotype diversity (#)  Nucleotide diversity () Tajima’s D test  Fu’s Fj test

A AG2 5 0.7000+0.2184 0.0031+0.0025 -0.410 —3.304%#%*
AG317 5 1.0000+0.1265 0.0092+0.0062 -0.452 -1.223
AG618 5 0.4000+0.2373 0.0055+0.0039 -1.174 -2.116*
All 15 0.9143+0.0559 0.0134+0.0074 -0.239 -0.708

B AG494 5 0.9000+0.1610 0.0150+0.0098 0.576 -0.510
AG500 5 0.9000+0.1610 0.0096+-0.0065 0.436 -1.167
AGS55 2 1.0000+0.5000 0.0017+0.0024 0 0
AG56 5 0.9000+0.1610 0.0334+0.0209 1.250 0.497
All 17 0.9779+0.0267 0.0260+0.0137 0.304 -1.683

C AG69 5 0.9000+0.1610 0.0048=+0.0035 -0.191 -2.370*
AG70 5 1.0000+0.1265 0.0198+0.0127 -0.525 -0.145
All 10 0.9778+0.0540 0.0129+0.0075 -1.371 -2.334
Total 42 0.9849+0.0096 0.0249+0.0126 -0.525 —11.620%*

Note: *, P < 0.05; **, P < 0.01.

defined by SAMOVA corresponded well with the geographic
origin. AMOVA analysis by grouping populations according
to cytoform also showed significant genetic differentiation,
but the Fcr value (For = 0.214, P = 0.011) was lower than
the value obtained from the grouping structure defined by
SAMOVA. The test of associations between levels of genetic
distance (Fst values derived from Arlequin) and geographic
distance (log km) was significant (r = 0.517, P < 0.001),
suggesting that gene flow was limited by geographic dis-
tance.

Historical dispersal

Maximum-likelihood estimates of the historical dispersal
rates for four population groups defined by SAMOVA indi-
cated asymmetric rates (Table 6). Dispersal from southern
areas to middle northeastern and upper northeastern areas
was high, compared with the negligible dispersal in the oppo-
site directions. Dispersal from middle Northeast to lower
Northeast was high but to upper Northeast was very low.
Dispersals from upper Northeast and lower Northeast to other
areas were negligible.
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Fig. 6. Median joining network of 42 mtDNA COI sequences of
Simulium angulistylum from nine populations in Thailand. (a)
Haplotypes labeled according to cytoforms; (b) haplotypes labeled
according to geographic origin. Circles represent haplotypes and
sizes are relative to the number of individuals sharing the specific
haplotype.

Demographic history

Both Tajima’s D and Fu’s Fj tests revealed negative val-
ues, but only the Fu’s F; was statistically significant (D =
-0.525, P = 0363, Fy, = -11.620, P < 0.001) (Table 3).
This could be due to a more powerful Fu’s F than Tajima’s
D tests to detect population expansion (Fu 1997). Mismatch
distribution analysis revealed that populations were consis-
tent with the sudden population expansion model (Fig. 7).
Both sum-of-square deviation (SSD = 0.0028, P = 0.6800)

Genome, Vol. 55, 2012

and Harpending’s raggedness index (0.0073, P = 0.6100)
were not significantly different from the simulated data
under the sudden population expansion model (Fig. 7). The
expansion time calculated from 7 = 2ut (where u = mTu
and mT is the length of nucleotide sequences under study,
u is the mutation rate per nucleotide, and ¢ is the generation
time; Rogers and Harpending 1992), assuming 12 genera-
tions a year for tropical black fly species (Pramual et al.
2005) and a divergence rate of 2.3% per 1000000 years
for insect mtDNA (Brower 1994), was estimated to be ap-
proximately 930 000 years ago.

Discussion

Cytotaxonomy and genetic differentiation among
cytoforms

Previous phylogenetic study indicated that morphological
placement of species in the S. batoense species group needs
to be re-examined (Pramual et al. 20115). The polytene chro-
mosome banding sequences of S. angulistylum are more sim-
ilar to those of S. siamense than to the S. ceylonicum species
group, thus supporting morphological placement of these
species in the same species group. However, several species
in this group have not yet been cytologically examined.

Black fly species that occupy diverse habitats and are geo-
graphically widespread suggest the possibility of a species
complex (Adler and McCreadie 1997). Previous cytogenetic
study found no evidence of a species complex in S. angulis-
tylum (Kuvangkadilok et al. 2003). This could be due to lim-
itations in the geographical sampling, which was limited to
three populations. Our cytological analysis revealed that
S. angulistylum was composed of three cytoforms differenti-
ated by fixed-chromosome inversions. Distributions of the
three cytoforms were associated with the geographic origins,
except for cytoform A, which was found in the South and
the Northeast. However, the northeastern and southern pop-
ulations of cytoform A could be different lineages because
molecular data indicated they were divergent. Cytoform B
was found in the middle northeastern and lower northeast-
ern areas, and cytoform C was found in the upper north-
eastern area. The cytoforms also differed ecologically.
Cytoform C was found at high altitudes (>1000 m above
sea level), whereas the other two cytoforms were found
<600 m above sea level. The result is consistent with pre-
vious findings that altitude could be an important ecological
factor driving population divergence of black flies in Thai-
land (Pramual and Nanork 2012).

Cytogenetic analysis indicating that S. angulistylum is a
species complex is consistent with DNA barcode analysis,
which found high levels of intraspecific genetic divergence
(Pramual et al. 20115). The COI barcoding sequence in the
present study supports a previous finding of high levels of
intraspecific genetic divergence, with a maximum value of
5.8%. This level of intraspecific genetic divergence falls in
the range of sequence divergence for black fly species com-
plexes (Rivera and Currie 2009).

Mitochondrial DNA sequences support the differentiation
among cytoforms. Sequence divergence between cytoforms
was relatively high (2.8% between A and B, 2.6% between
A and C, and 3.1% between B and C). The values were close
to 3.0%, the threshold value for differentiating species based
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Table 4. Population pairwise Fst between nine populations of Simulium angulistylum in Thailand.
A B C

Cytoform Population AG2 AG618 AG317 AG494 AGS500 AGS55 AG56 AG69 AG70
A AG2

AG618 0.7412

AG317 0.6820 0.4578
B AG494 0.2818 0.4966 0.4333

AG500 0.5401 0.5924 0.4606 0.0148

AGS55 0.9415 0.9085 0.8473 0.7271 0.8321

AG56 0.4038 0.4391 0.3920 0.1872 0.2775 0.1473
C AG69 0.8369 0.8177 0.7508 0.5950 0.6648 0.9193 0.4019

AGT70 0.5089 0.5182 0.4335 0.2932 0.3170 0.6887 0.1634 0.08554

Note: Bold indicates significance at P < 0.05.

Table 5. Results of the hierarchical AMOVA analyses of nine populations of Simulium an-
gulistylum in Thailand, with grouping according to cytoform and group structure defined by

SAMOVA.

Source of Variation Percentage of variation F statistic
Cytoform

Among groups 21.44 Fcr = 0.214%
Among populations within group 33.29 Fst = 0.547%*
Within population 45.27 Fsc = 0.424%*
SAMOVA defined group

Among groups 40.44 Fer = 0.404%*
Among populations within group 14.62 Fst = 0.550%*
Within population 44.95 Fsc = 0.245%*

Note: *, P < 0.05; **, P < 0.001.

Table 6. Maximum-likelihood estimates of the population sizes (8 = 2NgL) and dispersal rates (M = m/p) for four population groups

defined by SAMOVA of Simulium angulistylum in Thailand.

Dispersal rates

Population group (i) Population size S—1i MNE—1i UNE-1i LNE—1i
South 0.0156 1.63x107° 3.10x107° 4.36x107°
MNE 0.0203 75.78 5.46x10710 2.09x107°
UNE 0.0217 31.27 3.59%x107° 3.75%107°
LNE 0.0168 8.49x107!! 111.25 3.64x1078

Note: MNE, middle Northeast; UNE, upper Northeast; LNE, lower Northeast.

on the COI barcode sequence (Hebert et al. 2003). AMOVA
analysis revealed significant genetic differentiation among cy-
toforms; although the mitochondrial genealogy did not show
major phylogeographic break there were apparent associa-
tions between the haplotypes and the cytoforms, which sug-
gests recent limitation of genetic connections between the
cytoforms.

Cytoform C is the most distinct among the three cyto-
forms. This cytoform possess two fixed inversions that differ-
entiate it from cytoform A and one fixed inversion that
differentiates it from cytoform B. With a few exceptions,
pairwise Fgyp also showed significant genetic differentiation
between this cytoform and the others. SAMOVA analysis
also supports the differentiation of cytoform C. Two popula-
tions (AG69 and AG70) of this cytoform formed a group
separated from the other populations. Mitochondrial geneal-
ogy revealed that haplotypes of this cytoform, with two ex-
ceptions, were clustered together and separated from the
other cytoforms. Although cytoform C is not geographically
distinctly isolated from the other cytoforms, it is ecologically

separated. All other populations of S. angulistylum were
found at altitudes <600 m above sea level, while two popula-
tions of cytoform C were found at 1135 m above sea level.
Differentiation in the ecological conditions could be a major
barrier to gene flow between populations of this cytoform
and the others. The results highlight the importance of eco-
logical conditions in driving population differentiation. Sev-
eral previous studies have shown that ecological conditions
of the larval habitat probably played a role in black fly spe-
cies divergence (Joy et al. 2007; Pramual et al. 2005; Pram-
ual and Nanork 2012). We have found in the S. multistriatum
species group that altitude is one of the most important eco-
logical factors driving genetic divergence (Pramual and
Nanork 2012).

Both cytogenetic and molecular data indicate genetic dif-
ferentiation among cytoforms, but the lack of sympatric pop-
ulations precludes us from making a definitive statement as
to whether the cytoforms represent full species. The nearest
geographic populations of cytoforms A and B are separated
by approximately 300 km and of cytoforms A and C by ap-
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Fig. 7. Mismatch distribution of 42 COI sequences of Simulium angulistylum, representing the observed and expected pairwise differences
under the sudden population expansion model. Mismatch distribution of S. angulistylum is 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.

proximately 200 km. These distances exceed the typical
flight ranges of forest black fly species (Crosskey 1990).
Therefore, more extensive sampling in the geographic gaps
is needed to clarify the species status of the cytoforms.
Genetic differentiation within cytoforms also is seen. Pop-
ulation pairwise Fgy values are highly significant between the
three populations of cytoform A. With only one exception,
these populations separated into two lineages in the mtDNA
network, corresponding to their geographic origins. Popula-
tions of cytoform B also showed high levels of genetic differ-
entiation. With the exception of population AGS5, which has
a small sample size (n = 2), and populations AG500 and
AGA494, which are geographically proximity, comparisons be-
tween populations of this cytoform revealed significant ge-
netic differentiations. There is one long divergence lineage
of this cytoform from Sisaket Province in the lower north-
eastern area. Thus, there is still hidden diversity within these
cytoforms that can be revealed using DNA barcoding sequences.

Population genetic structure and population history

High levels of genetic differentiations among populations
of S. angulistylum exist. This is consistent with the geo-
graphic association of the haplotypes on the MJ haplotype
network. The high genetic structuring in populations of
S. angulistylum contrasts with the low level of genetic dif-
ferentiation in S. siamense, a closely related geographically
co-distributed species (Pramual et al. 2011a). Different lev-
els of genetic structure were related to habitat associations
of these species. Simulium angulistylum is associated with
habitats in forested areas, whereas S. siamense can be found
in both forested and open areas (Pramual and Kuvangkadi-
lok 2009). Perhaps because of the patchy distribution of for-
ested habitat, isolated populations of S. angulistylum
developed. Habitats of S. siamense are more continuous be-

cause this species inhabits both forested and nonforested
habitats. High genetic structuring also is found in S. tani,
another black fly species in Thailand associated with for-
ested habitat (Pramual et al. 2005). The effect of habitat
specificity on genetic structure has been reported in the al-
pine stream black fly Prosimulium neomacropyga (Finn et
al. 2006).

The high level of genetic structuring in S. angulistylum
could also be due to the long population history. Mismatch
distribution and Fu’s Fy tests indicate population demo-
graphic expansion in S. angulistylum. The expansion time is
estimated at about 930000 years ago, an ancient demo-
graphic expansion, compared with other black fly species.
Demographic expansion in S. fani was estimated at about
500000 years and in S. siamense at 120 000 years. It is also
older than other insects of the Southeast Asian mainland,
such as Anopheles mosquitoes, which were estimated at 300
000 — 100 000 years ago (Morgan et al. 2011).

In S. tani (Pramual et al. 2005) and Anopheles mosquitoes
(Morgan et al. 2011), low genetic diversity in southern popu-
lations was attributed to recent colonizations from the North.
The common pattern in black flies and mosquitoes was
thought to be due to the sharing of historical climatic and en-
vironmental changes during the Pleistocene (Pramual et al.
2005; Morgan et al. 2011). Our results reveal relatively high
genetic variation in southern populations of S. angulistylum.
Furthermore, maximum-likelihood estimates of the historical
dispersal indicate unidirectional movements of the flies from
the South to the North, suggesting that the effect of Pleisto-
cene climatic and environmental change could affect species
differently. The two southern populations included in the
present study were from the mountainous area along the
Thai-Myanmar border. This area could also have been a ref-
ugium site for black flies during the Pleistocene.
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In conclusion, our results demonstrate the importance of
cytological study for black fly taxonomy. The results also
highlight the value of DNA barcodes for revealing cryptic bi-
odiversity. Therefore, integrating the approaches was neces-
sary for fully understanding black fly biodiversity. The
results also strengthen the previous view of the role of ecol-
ogy in black fly species divergence.
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Abstract To investigate patterns of geographical and ecolog-
ical separation among morphologically similar, closely related
species of black flies, we integrated ecological, geographical,
and phylogenetic information, based on multiple gene sequen-
ces, for 12 species in the subgenus Gomphostilbia in Thailand.
Molecular characters supported the monophyly of the
Simulium ceylonicum species group, but not of the Simulium
batoense species group, suggesting that revisionary work is
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needed for the latter. Both ecological and geographical isola-
tion of similar taxa were revealed. Stream velocity and altitude
were among the principal ecological factors differing between
closely related species. Most closely related species in the
subgenus Gomphostilbia overlap geographically, suggesting
the possibility of sympatric speciation driven by ecological
divergence. Geographical isolation via dispersal also might
have contributed to species divergence, while Pleistocene
climate changes possibly influenced population genetic struc-
ture, demographic history, and speciation of some members of
the subgenus.

Keywords Gomphostilbia - Phylogeny - Simulium -
Speciation

Introduction

Geographical isolation and ecological divergence contrib-
ute to species diversification. Ecological divergence has
been suggested as an important factor promoting specia-
tion (Orr and Smith 1998; Schluter 1998, 2001).
Populations in different environments are under different
selection regimes, which could result in genetic diver-
gence leading to reproductive isolation (Mayr 1963).
Alternatively, reproductive isolation could result from
processes not linked directly to ecological divergence,
such as genetic drift (Coyne and Orr 2004).

Integrating phylogenetic information with environmen-
tal factors and geographical distributions of closely relat-
ed species can be used to indicate the relative
evolutionary importance of ecological divergence and
geographical isolation. For example, Graham et al.
(2004) combined geographical distribution data, environmen-
tal geographic information system layers, environmental
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niche models, and phylogentic information to investigate
speciation processes in dendrobatid frogs. They conclud-
ed that ecological niche played a significant role in
speciation because sister taxa typically differ ecological-
ly regardless of their geographical distributions. Peterson
et al. (1999) used ecological niche modeling to compare
geographical distributions of sister taxa of birds, mam-
mals, and butterflies in southern Mexico. Their results
indicated that geographic isolation was the primary fac-
tor driving speciation, whereas ecological divergence
evolved later.

Distributions of closely related species of black flies
often are related to different ecologies (Adler 1988; Adler
and McCreadie 1997; McCreadie and Adler 1998). For
example, sibling species in the S. vittatum complex occupy
streams with different thermal profiles (Adler and Kim
1984), and those in the African S. damnosum complex are
associated with different forest types (Boakye et al. 1998),
suggesting that ecological conditions play a significant role
in the evolution of black flies. Ecological divergence, for
example, has been suggested as a driving force in the
speciation of black flies (Joy and Conn 2001; Joy et al.
2007; Rothfels 1989).

The species-rich subgenus Gomphostilbia contains
nearly 10 % of all nominal black flies worldwide
(Adler and Crosskey 2012), including more than 30
species in Thailand, one of which is a complex of seven
cytoforms (Kuvangkadilok et al. 2008; Pramual and
Wongpakam 2011). Gomphostilbia has been investigated
morphologically (Takaoka and Choochote 2004), cytolog-
ically (Jitklang et al. 2008; Kuvangkadilok et al. 2008;
Phasuk et al. 2005; Pramual and Wongpakam 2011),
molecularly (Pramual et al. 2011a; b), and ecologically
(Pramual and Kuvangkadilok 2009; Pramual and
Wongpakam 2010). Previous phylogenetic studies indi-
cate that this subgenus is monophyletic (Phayuhasena et
al. 2010; Pramual et al. 2011a; Thanwisai et al. 2006),
making it an ideal candidate for investigating the impor-
tance of ecology in black fly evolution.

Closely related species of the subgenus Gomphostilbia
in Thailand are difficult to distinguish morphologically
and often require chromosomal or molecular identifica-
tion (Jitklang et al. 2008; Pramual et al. 2011a), raising
the question of how these similar species occupy avail-
able habitat. Our objective, therefore, was to examine
ecological divergence and geographical isolation by inte-
grating phylogenetic information, based on multiple gene
sequences, with geographical distributions and ecological
conditions of the larval habitats of a set of closely
related, nearly isomorphic species in the subgenus
Gomphostilbia in Thailand.
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Materials and methods
Samples, identifications, and ecological measurements

Larval black flies were collected throughout Thailand
(Table 1) and fixed in Carnoy’s solution (3:1, 95 % ethanol:
glacial acetic acid) for cytogenetic and molecular analysis
(Pramual et al. 2011a). Samples were identified morpholog-
ically (Takaoka and Choochote 2004), and cytologically
(Jitklang et al. 2008; Kuvangkadilok et al. 2008).
Ecological data for larval habitats, including altitude, con-
ductivity, depth, pH, velocity, and width, were obtained from
previous publications (Pramual and Kuvangkadilok 2009;
Pramual and Wongpakam 2010) and unpublished data
(C. Kuvangkadilok, P. Pramual, S. Jitklang, U.
Tangkawanit).

DNA extraction, polymerase chain reaction, and sequencing

Treatment of larvae for molecular and cytogenetic studies
followed the protocol of Pramual et al. (2005, 2011a). DNA
was extracted from larval heads using a Genomic DNA ex-
traction kit (RBC BioScience, Taiwan) and kept at —20°C.
Polymerase chain reaction (PCR) was conducted for cyto-
chrome oxidase II (COII), using primers TL2-J-3034 (5'-
ATTATGGCAGAT TAGTGCA-3") and TK-N-3785 (5'-
GTTTAAGAGACCAGTACTTG-3"), and 18 S/ITS1, using
primers 18 s/sd5’ (5'-TGGTGCATGGCCGTTCTTAG-3")
and 5.8 s/sd3’ (5'-GTCGATGTTCATGTGTCCTGC-3")
(Simon et al. 1994). We used the PCR conditions of
Contflitti et al. (2010). PCR products were checked with 1 %
agarose gel electrophoresis and cleaned using a HiYield™
Gel/PCR DNA Extraction Kit (RBC BioScience, Taiwan).
Sequencing was performed at Macrogen sequencing ser-
vice (Seoul, Korea), using the same primers as in the
PCR. A total of 38 samples representing 12 species of
the subgenus Gomphostilbia were sequenced for mitochon-
drial (COII) and nuclear genes (18 S/ITS1). Representative
haplotypes were deposited with GenBank (Table 1).
Previously published COI barcoding sequences (Pramual et
al. 2011a) were also included in phylogenetic analyses. The
final alignment and trees obtained have been deposited with
TreeBASE (http://purl.org/phylo/treebase/phylows/study/
TB2:S12315).

Data analysis

DNA sequences were aligned using CLUSTAL X (Thompson
et al. 1997), with a final visual inspection. Phylogenetic anal-
yses were conducted for the combined data set (COI, COII,
and 18 S/ITS1), with sequences from S. fenestratum
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Table 1 Black fly species, collection sites, and GenBank accession numbers for COL, COIL and 18 S/ITS1 sequences

Species Locality Collection GenBank accession number
date
COI Coll 18 S/
ITS1
batoense species group
S. angulistylum Takaoka and Davies 1995 Hinsamchan waterfall, Loei 14 October HM775239  IN547760  IN547775
2007
Khaopranarai waterfall, Ranong 13 December  HM775236  JN547761  JN547775
2006
Pangsida waterfall, Srakeaw 27 November ~ HM775237  JN547762  JN547775
2004
S. decuplum Takaoka and Davies 1995 Huai Sai luaeng waterfall, Chiangmai 14 December ~ HM775286  JN547758  JF505387
2004
Maetho, Chiangrai 9 January HM775284  JN547759  JF505387
2007
S. gombakense Takaoka and Davies 1995 Mae klang waterfall, Chiangmai 9 July 2006 HM775247  IN547755  IN547773
Mae klang waterfall, Chiangmai 9 July 2006 HM775250  IN547757  JN547773
Ban Pha Mon, Chiangmai 14 December  HM775249  JN547756  JN547772
2004
S. siamense Takaoka & Suzuki, 1984 Huai Kaew Pang, Amnatchareon 23 February HM775226  JF916872  JF505387
2008
Huai Kayeng, Kanchanaburi 29 February HM775229  IN547751  JF505387
2004
Khaoyai National Park, Nakhon 25 July 2004  HM775230  JN547752  JF505387
Ratchasima
Mae La Noi, Mae Hong Son 11 December ~ HM775231  IN547753  JF505387
2004
Huai Lao waterfall, Loei 9 February HM775225  JN547748  JF505387
2008
Ban Krangcamp, Petchaburi 16 August HQ738668  JN547750  IN547774
2003
Ban Kamkeaw, Amnatchareon 23 February HM775228  JN547749  JF505387
2008
ceylonicum species group
S. asakoae Takaoka and Davies 1995 Ban Pha Mon, Chiangmai 14 February HM775266  JN547730  JF505387
2004
Ban Nam Kad, Mae Hong Son 13 December  HM775265  IN547729  JF505387
2004
Ban Na Ngew, Mae Hong Son 13 December  HM775264  IN547728  JN547767
2004
Huai Toei waterfall, Loei 10 February HM775261  JN547727  JF505387
2008
Huai Toei waterfall, Loei 6 April 2008  HM775262  JN547731  JN547765
Khaoyai National Park, Nakhon 8 August HM775263  JN547732  IN547766
Ratchasima 2003
S. inthanonense Takaoka and Suzuki, 1984  Huai Sai Leaung waterfall, 14 December  HM775255  JN547741  JF505387
Chiangmai 2004
Huai Sai Leaung waterfall, 14 December  HM775256  IN547742  JF505387
Chiangmai 2004
Huai Sai Leaung waterfall, 14 December  HM775257  IN547743  JF505387
Chiangmai 2004
S. curtatum Jitklang et al. 2008 Siri Phum waterfall, Chiangmai 13 December  HM775242  IN547744  JF505387
2002
Siri Phum waterfall, Chiangmai 13 December HM775243  JN547745  JF505387
2002
Siri Phum waterfall, Chiangmai 13 December  HM775244  IN547746  JF505387
2002
Ban Khun Huai Hang, Chiangmai 14 December ~ HM775246  IN547747  IN547771
2004
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Table 1 (continued)

Species Locality Collection GenBank accession number
date
CoI con 188/
ITS1
S. doisaketense Jitklang et al. 2008 Khun Korn waterfall, Chiangrai 8 December HM775267  IN547733  JF505387
1998
Khun Korn waterfall, Chiangrai 8 December HM775269  IN547734  JF505387
1998
S. trangense Jitklang et al. 2008 Kham Toei waterfall, Kalasin 22 December ~ HM775258  JN547739  JN547768
2007
Phu Pha Kham, Mukdahan 25 November  HM775260  JN547740  JN547768
2009
S. sheilae Takaoka and Davies 1995 Ngaw waterfall, Ranong 13 December ~ HM775274  JN547738  JN547769
2006
Chong Sa Ngam, Sisaket 9 December HM775270  IN547735  JN547770
2007
Huai Yang waterfall, 4 June 1999 HM775272  IN547737  IN547769
Prachuapkhirikhun
Ban Sang Keaw, Sakonnakhon 22 December ~ HM775271  JN547736  JN547770
2007
varicorne species group
S. chumpornense Kapo waterfall, Chumporn 6 November HM775279  IN547763  IN547777
Kuvangkadilok and Takaoka 2000 1999
S. kuvangkadilokae Pramual and Pha Chom Tawan waterfall, 30 June 2007  HM775276  JN547764  JN547776

Tangkawanit 2008 Nakhonratchasima

(accession number JF916884) and S. takense (accession num-
ber JF916877) as outgroups. Congruence between separate
genes was tested using the partition homogeneity test (Farris
et al. 1995) with 1,000 replicates implemented in PAUP* v.
4.10b (Swofford 2002). The results indicated no significant
differences between the separate gene regions (P=0.970). To
select the best-fit DNA substitution model for phylogenetic
analysis, we used the program jModeltest v.0.1.1 (Posada
2008), based on the Akaike information criterion (AIC) algo-
rithm. The best-fit model for combined sequences was the
TIM2+I+G (Tamura and Nei 1993) with gamma shape pa-
rameter (G) of 0.7650 and proportion of invariable sites (I) of
0.6540.

The neighbor-joining (NJ) tree was calculated in PAUP*,
based on the best-fit selected model. Bootstrap support was
estimated using 1,000 replicates. Maximum parsimony anal-
yses were performed in PAUP* (Swofford 2002), using a
heuristic search with 1,000 random addition sequence rep-
licates, TBR branch swapping, and MulTrees effect.
Bootstrap support was estimated for 1,000 replicates.
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 imple-
mented in MrModeltest (Nylander 2004). The general
time-reversible (GTR) model (Rodriguez et al. 1990) with
gamma distribution shape parameter of 0.8406 and propor-
tion of invariable sites of 0.6625 was seclected. Bayesian
analysis was run for 2,000,000 generations, with a sampling
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frequency of 100 generations. Tracer version 1.5 (Rambaut
and Drummond 2004) was used for visual inspection 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 calculations.

To determine ecological divergence among closely related
taxa, we used principal components analysis (PCA), reducing
the number of stream variables into groups of independent
components (PCs). PCs with eigenvalues greater than 1.0
were retained as variables. To interpret PCs, Spearman rank
correlations were used to detect relationships between stream
variables and PC scores (McCreadie et al. 2006). To determine
if species differed significantly along environmental space,
multivariate analysis of variance (MANOVA) was used in
which species were assigned as a fixed factor and the PC
score for each axis was the dependent variable (Graham et
al. 2004).

Results
DNA sequence variation and phylogenetic relationships

The combined dataset was 1,875 bp (586 bp for COI, 697 bp
for COIlL, and 592 bp for 18 S/ATS1), with 460 variable
positions, of which 408 were parsimony informative. All
three phylogenetic analyses revealed similar tree topologies;
thus, only one of the ten maximum parsimony (MP) trees is
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shown (Fig. 1), with tree length of 1,246 steps and
consistency index (CI) of 0.491. The MP tree revealed
two main clades (I and II) among the 12 species. Clade 1
comprised nine species in four subclades: S. asakoae, S.
doisaketense, S. inthanonense, S. curtatum (subclade I-1),
S. sheilae, S. trangense (subclade 1-2), S. gombakense, S.
decuplum (subclade I-3), and S. siamense (subclade I-4).
Clade II consisted of S. angulistylum, S. chumpornense,
and S. kuvangkadilokae.

The monophyletic ceylonicum group was derived within
the subgenus. The batoense group was polyphyletic; one
species was clustered with the S. varicorne group in Clade
I, and three species belonged to Clade I, which included
members of the ceylonicum group. Two species of the
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Fig. 1 Maximum parsimony tree for Gomphostilbia in Thailand,
based on combined dataset of the cytochrome oxidase I, cytochrome
oxidase II, and 18 S rRNA/ITS1 sequences. Bootstrap values for
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varicorne group (S. chumpornense and S. kuvangkadilokae)
formed a monophyletic clade and were clustered with S.
angulistylum, which currently is recognized as a member
of the batoense group.

Three of the six species of the ceylonicum group were
monophyletic. Four samples of S. asakoae formed a clade
with strong bootstrap support (100 %) but two samples
clustered with S. doisaketense. The clade of S. asakoae
was sister to the remaining members of Clade I-1.
Simulium inthanonense was monophyletic and sister to the
clade comprised of individuals of S. asakoae and S. doisa-
ketense. Simulium curtatum was monophyletic and sister to
the clade that comprised S. asakoae, S. doisaketense, and S.
inthanonense. Simulium trangense was monophyletic but in

S. asakoae
S. doisaketense I-1

S. curtatum

ceylonicum group
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2

batoense group

Clade II
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maximum parsimony/neighbor joining and posterior probability for
the Bayesian analysis are shown above or near the branch. Bar Ten
changes
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the clade of S. sheilae, making the latter paraphyletic.
Simulium doisaketense was not monophyletic; one individ-
ual clustered with an individual of S. asakoae sister to the
clade of S. inthanonense. Another individual clustered with
an individual of S. asakoae and was sister to the S. intha-
nonense and S. asakokae+S. doisaketense clades.

All members of the batoense group were monophyletic.
Simulium angulistylum was monophyletic, with strong boot-
strap support, but clustered with S. chumpornense and S.
kuvangkadilokae of the varicorne group. Simulium sia-
mense was monophyletic and the sister group of all other
members of Clade I, which consisted of members of the
batoense group (in part) and ceylonicum group. Simulium
gombakense and S. decuplum were monophyletic sister
species in MP analysis, albeit with low bootstrap support
(59 %). This cluster was not resolved in NJ and Bayesian
analyses.

Geographical and ecological patterns

Clade I-1: S. asakoae, S. curtatum, S. doisaketense,
and S. inthanonense

This clade was represented by members of the ceylonicum
group. Among the 37 sampling sites with at least one
member of this clade, S. asakoae was found at 64.9 % (24
sites), S. curtatum at 21.6 % (8 sites), S. doisaketense at
16.2 % (6 sites), and S. inthanonense at 13.5 % (5 sites).
Although their geographical ranges overlapped, these spe-
cies rarely co-occurred. Simulium asakoae was found with
S. inthanonense at two sites and with S. curtatum at one site.
Simulium doisaketense was found with S. asakoae at one
site. Simulium asakoae occurred over a wide range of alti-
tudes, from 395 m to 1,615 m above sea level (a.s.l.)
(Table 2). Simulium doisaketense also was found over a
range of altitudes, but at lower elevations (304-870 ma.s.1.).

Simulium curtatum and S. inthanonense were restricted to
high-altitude streams (>1,100 ma.s.l.) (Table 2).

PCA revealed two principal components (PCs) with
eigenvalues >1.0. These components explained 60.51 % of
the total environmental variation among species (Table 3).
PC-1 explained 33.75 % of the variation and was related
significantly positively to stream width, depth, velocity, pH,
and conductivity, and negatively to altitude. PC-2 explained
26.76 % of the variation and was related significantly pos-
itively to stream width and depth and negatively to pH and
conductivity (Fig. 2). MANOVA analysis revealed signifi-
cant separation of the species along both PCs (PC-1, F5_37=
6.389, P=0.001; PC-2, F;37,=4.325, P=0.010).

Clade I-2: S. sheilae and S. trangense

Simulium sheilae was restricted to southern Thailand,
whereas S. frangense was distributed widely in southern,
central, and northeastern Thailand. Both species occupied a
wide range of stream conditions (Table 2) but were not
found above 600 m. Among the 13 sampling sites where
at least one member of this clade was found, S. trangense
occurred at 84.6 % (11 sites), S. sheilae at 38.5 % (5 sites),
and both species at 23.1 % (3 sites).

PCA revealed three components that explained 91 %
of the total variation in stream variables. PC-1 explained
49.49 % of the variation (Table 3), and was significantly
positively related to pH and conductivity. PC-2 accounted
for 24.80 % of the variation, and was related significant-
ly positively to stream depth and negatively to altitude
(Fig. 3). PC-3 accounted for 16.71 % of the variation but
was not significantly related to stream variables.
MANOVA analysis indicated that the species were not
significantly different along PC-1 and PC-2 (PC-1, F,
14=0.430, P=0.525; PC-2, F 14=0.050, P=0.827; PC-3,
Fi 14=1.142, P=0.258).

Table 2 Stream variables for larval habitats of 12 species in the black fly subgenus Gomphostilbia in Thailand

Species Species (n)” Width (m) Depth (m) Velocity (m/s) pH (min—max) Conductivity (uS/cm) Altitude (m)

group (min-max) (min—max) (min-max) (min-max) (min—max)

ceylonicum S. asakoae (23) 1.17 (0.13-5.00) 0.11 (0.01-0.67) 0.42 (0.10-0.80) 7.60 (6.30-8.57) 79.35 (8.00-259.00) 900.82 (395.00-1,615.00)
S. curtatum (7) 0.97 (0.20-2.50) 0.16 (0.03-0.53) 0.49 (0.20-0.76) 7.19 (6.43-8.20) 25.87 (10.10-50.00) 1,402.86 (1,250.00-1,615.00)
S. doisaketense (6) 2.79 (1.50-3.75) 0.18 (0.05-0.30) 0.53 (0.23-0.96) 7.59 (7.20-8.40) 47.32(27.20-130.00) 684.00 (304.00-870.00)
S. inthanonense (5) 0.36 (0.20-0.87) 0.04 (0.02-0.05) 0.23 (0.03-0.50) 7.71 (7.36-8.20) 29.36 (10.10-50.00) 1,342.00 (1,125.00-1,615.00)
S. sheilae (5) 1.69 (0.40-5.00) 0.10 (0.06-0.17) 0.64 (0.22-1.37) 6.51 (6.10-7.00) 26.29 (15.30-44.40) 162.40 (55.00-314.00)
S. trangense (9) 2.24 (0.30-6.50) 0.17 (0.03-0.57) 0.49 (0.20-1.00) 6.90 (5.01-7.47) 33.02 (8.00-62.40) 221.44 (50.00-600.00)

batoense S. gombakense (8) 2.55 (0.20-10.00) 0.12 (0.01-0.30) 0.48 (0.20-1.00) 7.53 (6.30-8.07) 64.20 (19.70-295.70) 618.63 (120.00-1,302.00)

S. decuplum (19)

S. siamense (13)

2.49 (0.30-5.33)

3.57 (0.37-15.00)
4.49 (0.40-25.00)
6.25 (3.00-15.00)
3.50 (0.32-20.00)

0.13 (0.01-0.28)
0.13 (0.02-0.30)
0.09 (0.01-0.21)
0.14 (0.06-0.20)
0.16 (0.04-0.33)

S. angulistylum (11)
varicorne S. chumpornense (4)

S. kuvangkadilokae (10)

0.48 (0.29-1.10)
0.53 (0.30-0.80)
0.95 (0.38-1.60)
0.37 (0.24-0.50)
0.70 (0.33-1.02)

7.93 (7.20-8.80)
7.21 (5.70-8.13)
6.38 (5.50-7.25)
7.97 (7.20-8.40)
6.16 (5.50-7.49)

112.03 (7.80-280.33)
107.05 (15.00-324.93)
31.89 (6.00-184.00)
226.45 (20.00-495.50)
21.78 (1.00-43.70)

628.21 (50.00-1,261.00)
363.31 (156.00-700.00)
449.36 (110.00-1,153.00)
44.00 (40.00-48.00)
226.70 (132.00-415.00)

 n represents number of sampling sites
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Table 3 Results of principle

complment ananlysis (PCA) and Variable Min Max Mean + SE Principal components
Spearman’s rank correlations
between stream variables and PC-1 PC-2 PC-3
principal components (PCs) for
phylogenetically derived clades Clade I-1 (n=41) *
Width 0.13 5.00 1.27+0.19 0.589* 0.628* -
Depth 0.01 0.67 0.12+0.02 0.309 0.683* -
Velocity 0.03 0.96 0.42+0.03 0.448* 0.456* -
Altitude 304.00 1615.00 1008.61+61.07 —0.772* 0.004 -
pH 6.30 8.57 7.54+0.08 0.506* —0.568%* -
Conductivity 8.00 259.00 59.44+8.91 0.708* —0.428* -
% Variation explained in PCA
Proportion 33.75 26.76 -
Cumulative 33.75 60.51 -
Clade I-2 (n=14)
Width 0.30 6.50 2.04+0.53 0.463 0.620 0.412
Depth 0.03 0.57 0.14+0.03 0.101 0.831* 0.388
Velocity 0.20 1.37 0.53+0.09 —0.637 —0.168 0.165
Altitude 50.00 600.00 200.36+42.27 —0.097 —0.670%* 0.595
pH 5.01 7.47 6.76+0.17 0.783* —0.040 0.135
Conductivity 8.00 62.40 30.62+4.51 0.841* —0.132 0.392
% Variation explained in PCA
Proportion 49.49 24.80 16.71
Cumulative 49.49 74.29 91.00
Clade I-3 (n=27)
Width 0.20 10.00 2.51+0.44 0.799* -0.213 -
Depth 0.01 0.30 0.13+0.02 0.758* —0.418 -
Velocity 0.20 1.10 0.48+0.04 0.745* —0.124 -
Altitude 50.00 1302.00 625.37+69.42 —0.372 —0.419 -
pH 6.30 8.80 7.81£0.10 0.222 0.838* -
Conductivity 7.80 295.70 30.62+4.51 0.517* 0.681%*
% Variation explained in PCA
Proportion 38.36 29.41
Cumulative 38.36 67.77
Clade II (n=25)
Width 0.32 25.00 4.37+1.28 0.293 0.480 -0.263
Depth 0.01 0.33 0.13+0.02 0.313 —0.689* —0.439
Velocity 0.24 1.60 0.76+0.07 —0.806* 0.025 0.335
Altitude 40.00 1153.00 295.44+58.12 —0.802* —0.180 0.356
pH 5.50 8.40 6.55+0.18 0.662* 0.333 0.425
Conductivity 1.00 495.50 58.97+23.58 0.635* 0.018 0.228
% Variation explained in PCA
*P<0.01 Proportion 39.01 19.64 18.26
* n represents number of sam-  Cymulative 39.01 58.65 76.91

pling sites

Clade I-3: S. decuplum and S. gombakense

Simulium decuplum and S. gombakense were geographically
widespread in Thailand over a broad range of stream con-
ditions, and were among the few species inhabiting a wide
range of altitudes (50-1,302 ma.s.l.) (Table 2). Of 27 sites
where they were recorded, S. decuplum was found at 70.4 %

(19 sites) and S. gombakense at 29.6 % (8 sites). Although
these species overlapped geographically, they never oc-
curred together.

PCA extracted two PCs with eigenvalues >1.00, which
explained 67.77 % of the total variation in stream conditions
(Table 3). PC-1 accounted for 38.36 % of the variation and
was related significantly positively to stream width, depth,
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Fig. 2 Principal components
analysis (PCA) of stream
variables for four species in
Clade I-1 of subgenus Gom-
phostilbia in Thailand. Factor
score 1 (PC-1) explained

33.75 % of the total variation
and was related positively to
stream width, depth, velocity,
pH, and conductivity and nega-
tively to altitude. Factor score 2
(PC-2) explained 26.76 % of
the total variation and was pos-

Width
Velocity 1]

pH

Conductivity

Factor Score 1 0

itively related to stream width,
depth, and velocity and nega-
tively to pH and conductivity.
The four taxa of Clade I-1 were
separated in environmental
space along the two axes

Altitude -1 4

-2

Clade I-1

¥ S. inthanonense
A O 8. doisaketense
A A S curtatum

n S asakoae

-3 -2 -1 0 1 2 3

velocity, and conductivity. PC-2 accounted for 29.41 % of
the variation, which largely explained the chemical condi-
tions of the streams, as this component was related signifi-
cantly positively to pH and conductivity (Fig. 4). MANOVA
analysis revealed no significant differences along PC axes
(PC-1, Fy, 27=0.267, P=0.610; PC-2, F, ,7;=1.568, P=
0.222).

Clade 1I: S. angulistylum, S. chumpornense, and S.
kuvangkadilokae

Simulium chumpornense was restricted to southern and
western Thailand, whereas S. kuvangkadilokae was found
only in northeastern Thailand. Simulium angulistylum was
widespread throughout the country. Among 25 sites with at

Fig. 3 PCA of stream variables
for two species in Clade I-2 of
subgenus Gomphostilbia in
Thailand. Factor score 1 (PC-1)
explained 49.49 % of the total
variation and was positively re-
lated to water conductivity and
pH. Factor score 2 (PC-2)
explained 24.80 % of the total
variation and was positively re-
lated to stream depth and nega-
tively to altitude. The two taxa
of this clade were not separated
in environmental space

pH

Conductivity 14

Factor Score 1 0

pH, Conductivity ~ Factor Score 2 Width, Depth, Velocity

least one member of this clade, S. angulistylum was found at
48 % (12 sites), S. kuvangkadilokae at 40 % (10 sites), and
S. chumpornense at 16 % (4 sites). Simulium angulistylum
and S. kuvangkadilokae co-occurred at one site, but no
stream had all three species.

Simulium chumpornense and S. kuvangkadilokae
inhabited streams of similar size, depth, velocity, and pH,
but different conductivity and altitude (Table 2). Simulium
chumpornense occurred at higher conductivity and lower
altitude, whereas S. kuvangkadilokae was found in streams
with lower conductivity but higher altitude (Table 2).
Simulium angulistylum occupied a wide range of stream
conditions from 110 m to 1,153 ma.s.l.

PCA revealed three PCs with eigenvalues >1.00 (Table 3).
These PCs accounted for 76.91 % of the total variation in

Clade 1-2

A a S. trangense

n S sheilae
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Fig. 4 PCA of stream variables
for two species in Clade 1-3 of
subgenus Gomphostilbia in
Thailand. Factor score 1 (PC-1)
explained 38.36 % of the total
variation and was related posi-
tively to stream width, depth,
velocity, and conductivity. Fac-
tor score 2 (PC-2) explained
29.41 % of the total variation
and was related positively to
water conductivity and pH. The
two taxa of this clade were not
separated in environmental
space

stream conditions among species. PC-1 accounted for
39.01 % and was related positively to stream chemistry
(pH, conductivity) and negatively to physical conditions
(velocity, altitude). PC-2 accounted for 19.64 % of the
total variation and was related significantly negatively to
stream depth (Fig. 5). PC-3 accounted for 18.26 % of
the variation but showed no significant relationship with
stream conditions. MANOVA indicated significant dif-
ferences along PC-1 (F, ,5=13.381, P<0.001) but not
PC-2 (F25=0.992, P=0.387) or PC-3 (F,5=3.226, P=
0.059).

When S. angulistylum was omitted from analysis, PCA
revealed three PCs that explained 81.68 % of the total
variation in stream conditions. PC-1 accounted for
41.93 % of the variation and was positively related to stream
width and significantly negatively related to stream velocity

Fig. 5 PCA of stream variables 3.
for three species in Clade II of

subgenus Gomphostilbia in

Thailand. Factor score 1 (PC-1) 2
explained 39.01 % of the total

variation and was related

positively to stream width and pH 4
related negatively to velocity Conductivity
and altitude. Factor score 2
(PC-2) explained 19.64 % of
the total variation and was
related positively to stream

Factor Score 10 4

depth. Simulium chumpornense Velocity 4 |

was distributed separately from Altitude

other taxa of the clade along the

PC-1 axis 2]
-3

and altitude. PC-2 accounted for 21.44 % of the variation
and was related significantly positively to stream depth. PC-
3 accounted for 18.31 % of the variation but was not
significantly related to the stream variables. MANOVA
revealed significant differences along PC-1 (£ ;4=48.128,
P<0.001) but not PC-2 (Fy,4=0.128, P=0.727) or PC-3
(F1,14=0.393, P=0.543).

Discussion
Phylogenetic relationships of Gomphostilbia in Thailand
Previous phylogenetic analyses have shown that Gomphostilbia

in Thailand is a monophyletic group but placement of the
species into species groups needs revision (Phayuhasena et al.

Clade 11
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*
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2010; Pramual et al. 2011a;; Thanwisai et al. 2006). Our results
confirm the monophyly of the ceylonicum group, in accord with
previous morphological (Takaoka and Choochote 2004), chro-
mosomal (Jitklang et al. 2008), and molecular studies
(Phayuhasena et al. 2010; Pramual et al. 2011a; Thanwisai et
al. 2006). As with previous studies (Phayuhasena et al. 2010;
Pramual et al. 2011a; Thanwisai et al. 2006), we also found that
the batoense group is not monophyletic. Four species of the
batoense group in our study formed three clades. Simulium
decuplum and S. gombakense were the sister clade to the
ceylonicum clade, in agreement with the phylogeny based on
the COI barcode gene (Pramual et al. 2011a). Morphologically,
females of S. gombakense and S. decuplum have an enlarged
sensory vesicle (Takaoka and Davies 1995; Takaoka et al.
2010), which also is found in four species of the ceylonicum
group (S. curtatum, S. inthanonense, S. sheilae, and S. tran-
gense) and one species of the batoense group (S. parahiyan-
gum). Although our analysis did not include S. parahiyangum,
Phayuhasena et al. (2010) found that this species is sister to S.
gombakense and that these two species are the sister clade of the
ceylonicum group. We therefore suggest a transfer of S. decu-
plum and S. gombakense to the ceylonicum species group, in
which case the principal morphological criteria currently used
to define the species groups of Gomphostilbia (Takaoka et al.
2011) would no longer apply universally.

Simulium angulistylum was clustered with the varicorne
group, in agreement with analyses based on ITS2
(Thanwisai et al. 2006) and COI (Pramual et al. 2011a).
However, a close relation between S. angulistylum and the
varicorne group was not observed in the multiple gene
analysis of Phayuhasena et al. (2010). Given the different
phylogenetic analyses and lack of shared morphological
characters between S. angulistylum and the varicorne group,
placement of this species in a group needs further study.

Patterns of geographical isolation and ecological divergence
among closely related species

Our results revealed three patterns of geographical isolation
and ecological divergence for closely related, nearly isomor-
phic taxa: (1) species overlap geographically but are isolated
by habitat and are ecologically divergent (Clade I-1), (2)
species overlap geographically but are isolated by habitat
while having similar larval ecologies (Clades I-2 and I-3),
and (3) species are geographically isolated and ecologically
divergent (Clade II).

PCA indicated that five stream variables (altitude, stream
conductivity, depth, width, and velocity) differ among the
members of clade I-1, and combinations of altitude and
stream velocity reveal ecological distinction of the species.
Simulium curtatum and S. inthanonense are found at high
altitudes (>1,000 ma.s.l.) but occupy streams of different
velocity, averaging about twofold greater for S. curtatum
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(0.49 m/s) than for S. inthanonense (0.23 m/s). Species
distributions of black flies often are related to stream veloc-
ity (Palmer and Craig 2000; Zhang and Malmqvist 1996).
Morphological adaptation to different stream velocities
could drive adaptive radiation (Zhang 2006). Thus, habitat
isolation between S. inthanonense and S. curtatum might be
a result of adaptation to exploit different stream velocities.
Further morphological analyses could be used to test this
hypothesis. Simulium doisaketense inhabits lower altitudes,
relative to other members of Clade I-1, and is not found
above 900 m. Simulium inthanonense and S. curtatum are
found at high elevations, whereas S. asakoae occurs over a
wide range of altitudes (304—1,615 ma.s.l.). The results are
consistent with previous studies showing that elevation is
associated with species distributions (Jitklang et al. 2008;
Kuvangkadilok et al. 1999).

The second pattern that emerged from our analyses is that
closely related species overlap geographically but are iso-
lated by habitat and have similar ecologies. Similar ecolog-
ical niches among closely related species have been
attributed to historical constraints, with species tending to
retain their ancestral niche (Weins 2004). Four factors pre-
vent ecological niche divergence of closely related species,
viz., natural selection, pleiotropy, gene flow, and lack of
variability (Weins 2004), but identifying the responsible
factor(s) can be difficult. Simulium gombakense and S.
decuplum (Clade I-3) overlap geographically, but do not
co-occur in streams. Simulium sheilae and S. trangense
(Clade 1-2) also geographically overlap; although they are
not isolated at the habitat scale, they rarely coexist. These
two species are nearly identical morphologically, and S.
trangense was confirmed and described as a distinct species
only after chromosomal study revealed fixed-banding differ-
ences (Jitklang et al. 2008). What prevents similar species
from coexisting if they overlap geographically and prefer
the same ecological niche? One possibility is interspecific
competition. Species that use the same ecological niche
potentially compete for resources (Morin 1999). Given that
competition decreases fitness, natural selection should favor
traits that reduce interspecific competitive interactions. We
hypothesize that habitat separation of these species is related
to oviposition preferences. If a female lays eggs in the same
stream as that of another species with a similar ecological
niche, its fitness might be compromised by larval competi-
tion. Natural selection, therefore, should favor females that
lay eggs in streams without competitors.

The third pattern involves closely related species that are
geographically isolated and ecologically divergent.
Simulium kuvangkadilokae and S. chumpornense, which
have nearly identical larvae, are possible sister species
(Pramual and Tangkawanit 2008), but S. kuvangkadilokae
is found in northeastern Thailand, whereas S. chumpornense
is found in southern and western Thailand. Both physical
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and chemical factors of the streams differ significantly be-
tween these species. Geographical isolation of the species
could be due to vicariance or dispersal. However, no vicar-
iance event is apparent that could result in separation of S.
chumpornense from S. kuvangkadilokae. Although a sea-
way putatively existed during the Neogene period
(Woodruff 2003), it was located at a latitude lower than
the current distribution of these species. Geographic isola-
tion of S. chumpornense and S. kuvangkadilokae is therefore
more likely the result of dispersal. Phylogeographic study of
another group of black flies, the S. fani complex, indicated
colonization of the eastern and southern areas from northern
populations through the western forest corridor (Pramual et
al. 2005). Simulium chumpornense is found in the western
and southern regions, and we hypothesize that the ancestral
population colonized these regions by dispersal. A phylo-
geographic approach could be used to test this hypothesis.
Among the stream variables that differ significantly between
S. kuvangkadilokae and S. chumpornense, altitude, conduc-
tivity, and stream velocity are markedly divergent. This
situation resembles that of Clade I-1, suggesting that these
factors could have played an important role in population
isolation leading to species divergence.

A model of black fly speciation driven by chromosomal
rearrangements, coupled with biological divergence, was
proposed by Rothfels (1989). According to this model,
closely related species differ in chromosomal inversions,
and speciation results from different co-adapted gene sys-
tems leading to divergence in life cycle, host choice, or
niche preference. Our results support this model; closely
related species occupy different ecological niches.
Previous studies have shown extensive chromosomal poly-
morphisms in many species of Gomphostilbia, which could
be partitioned into distinct cytoforms (Jitklang et al. 2008;
Kuvangkadilok et al. 2008). Ecological differentiation
among cytoforms also has been demonstrated (Jitklang et
al. 2008; Kuvangkadilok et al. 2008; Pramual and
Wongpakam 2011), suggesting that chromosome inversions
play a role in ecological preference. The Rothfels (1989)
model also suggests that sympatric speciation is probable,
based on empirical evidence that sibling species tend to be
sympatric. In our study, 8 of the 12 species overlap geo-
graphically. These species are ecologically divergent, sug-
gesting that adaptation to different ecological niches could
have promoted speciation.

Pleistocene climate and environmental changes also
could have facilitated population divergence leading to spe-
ciation or perhaps aiding chromosome-mediated speciation
of some members of Gomphostilbia. These Pleistocene
changes promoted population fragmentation and speciation
in a number of different organisms (e.g., Carstens and
Knowles 2007; Johnson and Cicero 2004; Knowles 2001).
Although the effects of Pleistocene glaciations might have

been less severe in the tropics than in the temperate regions,
the environmental changes promoted speciation (Haffer
1969; Mayr and O’Hara 1986) and in several Southeast
Asian mainland species, influenced genetic structure and
diversity (e.g., Cannon and Manos 2003; Morgan et al.
2010; O’Loughlin et al. 2008). The dry conditions produced
during glaciations reduced running-water habitats, although
streams persisted in high mountainous areas (Gathorne-
Hardy et al. 2002). Pleistocene glaciations, thus, could have
driven population fragmentation of black flies, as demon-
strated by the phylogeographic study of the S. fani complex
(Pramual et al. 2005). Climate changes during the
Pleistocene also played a significant role in the demographic
history of simuliids. Recent population expansions, for ex-
ample, have been found in the S. fani (Pramual et al. 2005)
and S. siamense complexes (Pramual et al. 2011b).
Geographical isolation of S. chumpornense and S. kuvang-
kadilokae also might have been a result of Pleistocene
effects, the geographic distributions of these species reflect-
ing the historical dispersal route of the S. fani complex
(Pramual et al. 2005).

Integrating information on geographical distributions,
larval ecology, and phylogeny enabled us to infer factors
contributing to habitat exploitation of black flies. Both geo-
graphical isolation and ecological divergence are found
among similar Gomphostilbia species. Most closely related
species overlap geographically but are ecologically diver-
gent, suggesting that ecological shifts could have been in-
volved in species divergence in Gomphostilbia, although
allopatric speciation driven by Pleistocene climate changes
also could have contributed to speciation. If further evi-
dence, such as broader phylogenetic study, supports the
finding that some of the species pairs in our study (e.g., S.
kuvangkadilokae and S. chumpornense) are true sister spe-
cies, speciation driven by adaptation to different ecological
niches might have been a prevalent mode in the subgenus
Gomphostilbia.
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