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Abstract

Mying:

1&45Uga Anopheles barbirostris wetdio Tavldnszoflumbeode sindanTaFualui
AYIUYT QUATIFE I UBSIWT Y3 v iso-female lines (isolines) e tedugafiuy
wanran3TeTnd sinmsidedugatanun 33 isolines Wuwemani3Te'lnd 3 puuuy Ae
iUy A (X5, X2, Y1) $u0u 3, 3 usg 5 isolines 91ndandmBoalv ngysuyd uag
M35 Mwd ey JUuuy B (X, Xa, Xs, Ya) $149U 4, 7 uaz 8 isolines 9ndaviadoalvy
wysYy3 uazguaT sl awd 1y uazziluuy C $1UNU 1 ueE 2 isolines MINTIMIANYTYT
ULAZQUATIEIY AWARY §3 An. barbirostris Fanua$1uan 33 isolines HRunAuHATINYE
WARAFUTY 2-VI YBIATIUSNUAIYIIRY 11.2-13.0 F90guT19v0gs An. barbirostris (6-18
) uazgeAutaos $1u 12 isolines MInSanTaFoslni Aiidvrousafudonny
sdusumandani3Telnd 2 gruvude juuuy B (Xa, Ya) $113u 5 isolines nazgluuy E
(Xa, Ys: Li'lu;i;lJLmu'lﬂﬁﬁE'l'a"lajmUﬁnwsﬂamumﬁauﬂﬁﬁ‘iuﬂizmﬁ%a) $119u 7 isolines
TnefidunRonasmvsavuadusu 2-VI vesnudnudivhiy 22.4-24.5 Seaglugrevsags
An. campestris (17-58 uwu3) fiosvn Tns Tu oy X, maqqa'ﬁmauﬁ'ﬂﬁmﬁaﬂﬂuﬁa 2 gduyud
dnvuzmidouTns Tulamn X, Y0389 4n. barbirostris yngUuuy uasuand139n Ins TuTau X
VO An. campestris ﬁufu%’u%ﬂqw%a 2 UMDV An. campestris-like JUIIU B waz E
AWAIA

VINPIINAADINAUNUT VN UNUDIENINY An. campestris-like ULV B uaz E wa
ﬁ"lﬁ’fu'mmi'nﬂamuaﬂﬂﬁlﬁu'jwqﬁ’{magﬂuuuﬁﬁuﬁﬂﬁuﬁlﬁﬁuﬁ’ VINMINAADINETY
AugdwmeAug uaz/mio dugiluuy szvIgy An campestris-like 3iuuy B Auga 4n.
barbirostris JUVL A, B waz C nanldnnmaveasweasldiifuigai 2 moiuid
wugnssufdhduldld snmsAnunlSoufeudiduiiindTondves DNA #itulsTuTauy
wazdu'luTaneumTofidwmis 1TS2, COI uaz COI WU An. campestris-like JULUD B
naz E Januduiusiiluuvy conspecific cytological races iﬁﬂ»ﬁ]’lﬂﬁ intraspecific variation ﬁ
AN (genetic distance < 0.005) wazradhurdFdmiiunndra91nge An barbirosmis
‘g'lJLL“U‘]J A, B uaz C Lfl"ﬂw'lﬂﬁ large sequence divergence wpaguluaIu ITS2 (0.203-0.268),
COI(0.026-0.032) uaz COII (0.030-0.038)
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1214 Tao1 embryonation rate @1, Sa3n13iadIeensnlddr uazmie Tifinsindaeen
mn'ldian, drseusiflndeentinliiidasnissendind, uazil asynapsis salivary gland
polytene chromosome, #ANTuweoinuAanAunsfald  duduTomediinisdovns
accessory gland UAZHUMNE UAZIAA sex distortion 1HgadiufuTe BawaninmisAnlunded
asoagUldigs An barbirostris \Hugangualliddudou uazernnisfnuulSuuiioy
dwuiinalolndves DNA Aou'lsTuTrmastuluTanoweiefidumus 1TS2, COI uag
COII WU large sequence divergence 038U IuaIU ITS2 (0.240-0.627), COI (0.036-0.056)
1@z COITT (0.042-0.051) Faeriuayuings An. barbirostris JuuuL A ﬁwﬁ'uﬁmmﬁ’:q 3 fandal
Wugnssudidmu il

14117 mixed colonies UBIYI An. barbirostris JUUVY A LAz B 9N Tamysys uaz
Y9 An. campestrisike JUnuU E  9ndaniadosiv umunsenfuideuaidoriie
Plasmodium vivax RIUNAIA artificial membrane feeding uazi e zHRaves oocyst LIfg
sporozoite rates 1L Tufl 8 uaz 12 ndnngaduidoafiil gametocyte HATINAITANYINLIIYS
An. campestris-like 311V E finruannselumssensuie P, vivar g Apiien oocyst rates
Wi 100% 8 sporozoite rates (V11 64.29%  TuvnzTies An. barbirostris JUHVU A nag
B finwawisalumssensuFedde an oocyst rates 11U 60% LAY 40% AUFWY LD

sporozoite rates 1YI101 10% 1@z 11.76% A1NH1AY



AHIDINGY:

Thirty three isolines of Anopheles barbirostris derived from animal-biting females
showed 3 karyotypic forms: Form A (X, X,. Y,) in 3, 3 and 5 isolines from Chiang Mai,
Kanchanaburi and Phetchaburi provinces, respectively; Form B (X, X, X,, Y,) in 4, 7 and 8
isolines from Chiang Mai, Phetchaburi and Ubon Ratchathani provinces, respectively; Form C
(X,, Y,) in | and 2 isolines from Phetchaburi and Ubon Ratchathani provinces, respectively. All
33 isolines exhibited an average branch summation of seta 2-VI pupal skins ranging from 11.2-
13.0 branches, which was in the limit of 4n. barbirostris (6-18 branches). Of the 12 human-biting
isolines from Chiang Mai province, 5 showed Form B (X,, Y,) and 7 exhibited a new karyotypic
form designated as Form E (X,, Y,). All of the 12 isolines had an average branch summation of
seta 2-VI pupal skins ranging from 22.4-24.5 branches, which was in the limit of An. campestris
(17-58 branches). Thus, they were tentatively designated as An. campestris-like Forms B and E.

Hybridization between An. campestris-like Forms B and E showed that they were
genetically compatible, yielding viable progeny for several generations, and suggesting
conspecific relationships of these 2 karyotypic forms. Reproductive isolation among crosses
between An. campestris-like Form B and 4n. barbirostris Forms A (Phetchaburi), B (Chiang Mai,
Ubon Raichathani) and C (Phetchaburi) strongly suggested the cxistence of these 2 species. In
addition, the very low intraspecific variation (genetic distance < 0.005) in the nucleotide sequence
of ITS2 of the rDNA, COI and COII of mitochondrial DNA in the 7 isolines of An. campestris-
like Forms B and E supported their conspecific relationship. The large sequence divergence of
ITS2 (0.203-0.268), COI (0.026-0.032) and COII (0.030-0.038) from genomic DNA of An.
campestris-like Forms B and E, and the An. barbirostris Forms A, B and C, clearly supported
cytogenetic and morphological evidence. |

Crossing experiments among the three strains of laboratory-raised isolines of An.
barbirostris Form A (Chiang Mai, Kanchanaburi, Phetchaburi) were employed by induced
copulation in order to determine their genetic relationship. The results of reproductive isolation
from cach other by providing low embryonation, low- and/or non-hatched eggs, inaviable
progenies, asynapsis of F -hybrid salivary gland polytene chromosomes, abnormal development
of ovarian follicles, atrophied of accessory glands and testes, and sex distortion of adults, strongly
indicated the existence of species complex in the taxon of An. barbirostris. In addition, the large

sequence divergence of ITS2 (0.240-0.627), COI (0.036-0.056) and COII (0.042-0.051) from the



genomic DNA of three strains of An. barbirostris Form A clearly supported their post-mating
reproductive isolation.

Three laboratory-raised colonies of two karyotypic forms of An. barbirostris Form A and
B (Phetchaburi), and 4n. campestris-like Form E (Chiang Mai) were experimentally infected with
Plasmodium vivax using an artificial membrane feeding technique, and dissected eight and twelve
days after feeding for oocyst and sporozoite rates, respectively. The results revealed that An.
campestris-like Form E was highly susceptible to P. vivax with 100% oocyst rates and 64.29%
sporozoite rates, whereas An. barbirostris Form A and B had low susceptibility to P. vivax with

60% and 40% oocyst rates, and 10% and 11.76% sporozoite rates, respectively.
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Pl ]

o1 duneutszvadn Sandaguaswstil uazthurmdle suneriaTad Sanfamgeuys
witeivgduvumaaniTelnduaziunasmweeavuadusuy 2-vI veesnsudnud wa
amydisiogluvueudaaiTeIniluazrasmvswvuaduvy 2-vi Ragl 3y Tavle 1
nazzUnwusauaudalns TuTey Tuaas1ilu Fig 1 | '

gaiidunntunusadoy sunedunsio SendaFualmi awisaddedogduuummn
wamsTe1nilld §1uu 12 iso-female lines (isolines) gafsu'ldvinmsMnuilumiode
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HCB20) wazgtuvy E (XY, jutuulmidlimefiswamnnsountiiluyszmeing
$7u9u 7 isolines (HCE6, HCE7, HCE8, HCE12, HCE14, HCE15, HCE16) 913U UNATI
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Tas Il X, 403949 An. barbirostris  JULVU A (X, X,.Y)), B (X, X,, X,,Y,) itz C (X,
X,Y,) uavarannlinsluley X v0ags An. campestris (X,Y) (Baimai et al, 1995) (184910
s MVBIVHUAUYY 2-VI YOI WANUS A1FUENTENTIGE dn. barbirostris (6-18 LYUI)
A% An campestris (17-58 149UJ) (Harrison and Scanlon, 1975) ‘UBJQJE‘IJ!.LU‘U B uag E ’E]g:
Y1V 4n. campestris Fafusas UﬂQQTfo 2 3UVUN An. campestris -like gALUL B uag
E 7U81A Y
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2. MIANYIMIAIUBHIINE (Molecular genetic study)

'Ium‘sv‘hmiﬁﬂy1ﬂ§"‘a'ﬁ"lﬁ'ﬁ1miﬁﬂmﬁumaﬂﬂu‘lmmm:ﬁumm‘Iuimﬂpum?ﬂiuqa
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uoazfaninguas1sEiil $1uRedY 12 isolines Taauviadu An. barbirostis. sduuy A
147U 4 isolines (APA13, APA14, APA18, APA33) ‘il’lﬂﬁ'dﬂ"i‘ﬂm‘lﬁu?, U An. barbirostris
JUuuy B §1u9u 3 (ACB1, ACB2, ACB3) uaiz 4 (AUB2, AUB6, AUBI10, AUBI1) isolines 91
fadaBuslul uazdandnguaniysil mwd ey, g9 An barbirestris JiluuL C 1w 1
isoline (APC28) 91NTIN TAUNYI1T, 49 An. campestris-like JUIUY B §1171 3 isolines (HCBY,
HCB10, HCB13) ez 3Uuuy E $747U 4 isolines (HCE6, HCE7, HCES, HCE16) 91ni4vin
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TGTGAACTGCAGGACACAT-?,’.Llﬁz ITS2B, 5'-TATGCTTAAATTCAGGGGGT-3’ CRVERT
rDNA ITS2 (Beebe and Saul, 1995), LCO1490 (), 5’GGTCAACAAATCATAAAGATATTGG-
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tDNA ITS2 970 gDNAs vosgsfianaldd1aduTauds pcr §afl PCR reaction mixture (20 pl)
dsgnoudie 0.5 units of Ex Taq (Takara), 1X Ex Tag buffer, 2 mM of each dNTP, 0.25 uM of
each primer, U@z 1 pl Y931 DNA sample 196 PCR condition ﬁi%ﬁﬁ\‘lﬁy %uﬂauﬁl Initial
denaturation at 950C, 1 minute {;"uﬂ E)u'?'l 2 Denaturation at 950C, 30 seconds %’uﬂﬂu‘?‘l 3 Primer
annealing at SSOC, 30 seconds ﬁy'umauﬁ 4 Primer extention at 720C, 1 minute (ﬁ1é’1‘lﬁ?u17i 2-4
U 30 1) ‘(‘l"‘umﬂuﬁ 5 Final extention at 720C, 10 minutes 11 PCR product ﬁ"lﬁnlﬂﬁ’l
clectrophoresis 1ﬁa@mmmaa PCR product w&annuiimsda gel USRS band DNA
494 PCR product f151¢0an13 uﬁ:\ﬁmmﬁ'ﬁiﬂuW%mﬁu?vgﬂ o QlAquick® gel extraction
kit Lﬁ@iﬁllﬁ’ pure DNA fragment ‘il’lﬂlfuﬁ'lﬂ’l‘i cloned l"[‘l”l‘g:' pCR 2.1 TOPO vector (Invitz;ogen)

(&7 transformed 191 E. coli Topl0 competent cell TAB3T heat shock 11 cell suspension Al

[



incubate 7 37 °C 1Wluna1 1 42 Tue iensunadasaily spread auu plate AT LWL
U894 agar, LB broth L1812 antibiotic (ampicillin, XGal, IPTG) incubate ﬁ 37 °C ﬁﬂ’;’%’mﬁu

sntiuine) plae Allaladves £ coli dulavazidonmwizinladfifduiagu
Wiz lu LB broth Anaudie ampicillin 14421111 incubate 7 37 °C 1fuam 12-
18 $971a 5o broth DAYIIYUUAAITIFE £ coli SuTNI1UaFA plasmid DNA Tavld
QIApre:p® Spin Miniprep Wﬁ‘dﬂ‘lﬂﬁuﬁdﬁﬂﬂﬁW electrophoresis Lﬁﬂﬂi’ml%ﬂﬂ(‘)"lﬁ plasmid
DNA 130l AU plasmid DNA #11 plasmid DNA 1y TUdadaoeu lafdadunz
(Restriction enzyme endonuclease) fio EcoRI @111 incubate ﬁ37 °c Juna ‘ﬁ'ﬂm
wé’qmmfuﬁflﬂﬁ”n electrophoresis “§1€)ﬂﬂ%ﬂlﬁﬂ@‘i1ﬁ PCR product ‘ﬁlﬂfgﬂaﬂﬁﬂ;‘iﬂ?ﬂ‘lﬂ i
WUIE PCR product B¢A11 plasmid DNA 1141 sequencing &1en589 ABI 310 Genetiv
Analyzer (Applied Biosystems) Taol% universal primer e MI3 reverse (5-
AGCGAATAACAATTTCACACA-3) uay MI13 forward (3-GTAAAACGACGGCCAGT-3?)
mn&uﬁﬁ’ayaﬁ‘lﬁﬁwmmm alignment 11411711051 Bioedit sequence alignment
version 7.0.5.3 (8%3T manual Hﬁ’wmﬁﬁmﬁﬁﬂswﬁaﬁﬁ'uﬁ’mﬁiﬂ'l‘nﬁ'(DNA sequences)
VDI An. barbirostris UREY An. campestris-like Tavinisesnuuy primer Lﬁni‘fumﬁn
§7191 10 primers Tau14 program Primer 3 ke 1 14& Wi Te Inaficuysal

MimswSouiflouvuinuea ITS2 PCR products YD3Yd An. barbirostris (Fadn?)
§7UU 12 isolines WAL Y3 An, campestris-like (AAU) §1UIU 7 isolines WUITANUUANKAI
YBIYUAYD ITS2 PCR products 1iveentdifiu 3 wura nie 3 ngu &ail 1. Group ABI
(animal-bitten An. barbirostris 1) YRTRTRYS 1,861 bp WUGI.LIQ& An. barbirostris ;'ﬂmm B 114734 3
isolines (ACBI1, ACB2 1laz ACB3) U2 4 isolines (AUB2Z, AUBG, AUBI0, AUBI11) 910918
WuisaniaBoalnduazmeRuidaniagquasiwsiill awddu uaz 1 isoline (APC28) DAY
An. barbirostris JUMUU C  vinmioRufSaviawysys, 2. Group AB2 (animal-bitten Ar.
barbirostris 2) WAUA 1,717 bp WUTWYA An. barbirostris TUNUY A §1UU 4 isolines (APA13,
APA14, APAI1S, APA33) ninmowufdaniamessy3, 3. Group HB (human-bitten An.
campestris-like) HUUIA 1,651 bp WUIUY2 An. campestris-like JUiuD B oz guuun E $uau
3 isolines (HCB9, HCB10, HCB13) uaz 4 isolines (HCE6, HCE7, HCES, HCE16) 110 10Wug
JanFadea v

Determination of mitochondrial DNA (mtDNA) COI sequences. YIN13 amplify a1y
co1 Tae3% PCR 1Ay PCR condition #1%1wifedfusunts amplify Suludiumas ITs2
‘iﬂﬂ'lfuﬁ'l PCR product 11 purified Y QlAquick PCR purification kit {(Qiagen) Wl

Direct-sequencing &1 doya#i 1du14i1 atignment  Tael#T1/sunsw Bicedit sequence



-

alignment version 7.0.5.3 (1a23T manual mmfuﬁwmmﬂmwu primer Lﬁm’fum%nﬁm?u 4
primers e I ld&wuiiand 1o Indfiauysel

sinmslSouifouviiaee COT PCR products ¥OIYd An. barbirostris LAZYY An.
campestris-like WuIiivua'liuana1ein Aefivuia 658 bp Taudievinisn/Sowiivy DNA
sequences WUIIHAMNUANAIIVEI DNA sequences

Determination of mitochondrial DNA (mtDNA) COIl sequences. w1013 amplify
d1u con Tau3% PCR 10t PCR condition A 118 Aeafufiuns amplify Buludwmiis ITs2
i]’iﬂ'lfuﬁ‘l PCR product Y1 purified A QlAquick PCR purification kit (Qiaggn) 1§11
Direct-sequencing uﬁ’aﬁﬁ’fayaﬁwmﬁ'] alignment Taol%1d5unsy Bioedit sequence
alignment version 7.0.5.3 UAz75 manual sntuiIMsBenUUY primer B unsndnnn 4
primers (e 1 1&dwuianaTe Indfauysel |

9105 sUHAYVYUINUDI COII PCR products UBIYY An. barbirostris UATYS An.
campestris-like WuNvuialiuand1eanu Aolivuia 685 bp Tauiteviin1su/Foufioy DNA
sequences WUMHAMUUANA19UDI DNA sequences

naramsAn iUk udumiie ITS2, COI wag COI ipldvman/ouifioy
DNA sequences WU U An. barbirostris UREYY An. campestris-like TaMUUANA1IYDI DNA
sequences  wadlHIRiudInIHaNatomIaNugAssn  SeldiimsAnuiaimdudiuing
WURNT5U (Phylogenetic relationships) ﬂmqﬂuﬂfjuf‘r 1AM 1n1sad3 phylogenetic tree 1aa3%
neighbor-joining approach (Saitou and Nei, 1987) w%’am‘%@mswﬁsummﬁﬁ #2633 bootstrap
test {ATAIUIUTTOZYIINNAUFNITY (Genetic distance) mmqﬂundnﬁy #1677 Kimura- two
parameter (Kimura, 1980)

HA1NAT 519 Phylogenetic trees WBsB U LM AB ITS2, COI uag con 4 -
uana ¥y Fig. 2-4 WU 3 trees I¥RanIIMAaDineandesiy Taoutaesndlu 3 ngu
(AB1, AB2 liay HB) A high bootstrap value (98-100%) uazﬁ‘luﬁﬂmuhiw group AB2
(animal-bitten An. barbirostris wu“luqa An. barbirostris gﬂuuu A 97U 4 isolines 91NT10

[V 4

WHEBINTANYIYT) YU LONOONIN An. barbirostris sUuUY B uar sluuu € eoRuyg
fandeudoalvy,  asRuiseniamessys wazmeiuiiandaguasiesiil vazmisAaum
szuzHmaRngnssumelungu uazsznienduiiu 18uaas131u Table 2

210 Phylogenetic tree Y38 Tudmiwis 1TS2 1y Tf.l’:\!ﬁ"lllﬂ’q‘lj 1dusnesnniniu lag
HAVT20H N NAUFNIIVIZTHINNGY (AB1, AB2 Uag HB) Faus 0.203 B9 0.268 UAszz NS
mqﬁuﬁnimﬂ101untju*fuﬁﬂ'nmmneiwﬁ'mﬁumﬁﬂﬁaﬂ,(0.000—0.001) 90 tree TTUN

group AB1 HinUFUAUT 1nd%A (Closely related) i group HB 11AN31 group AB2



210 Phylogenetic tree ¥890U Tud e COI W 'ﬁy'amuﬂtjn 1duenoeniindu Tavd
ATTZOLH NN NRUFAIINISINNGY (AB1, AB2 ltaz HB) Faud 0.026 1 0.037 daudn
izUzn‘Nmaﬁuqﬂﬁun1u°1uﬂfjmfuﬁfiwfami 0.002 §14 0.007 917 tree V1TUI group AB2 &
AuduNut Indsa (Closely related) N1 group HB UINAI group ABI

910 Phylogenetic tree 49381 Tud MUY COII vy ﬁ."amnniiu 1Auoneonuindu Taoll

1 »

MIZUZH NN SRUGNIIVITZNINNGU (AB1, AB2 1az HB) Faugt 0.030 89 0.044 AIUTTOTHS
maﬁ’uﬁﬂﬁumﬂuﬂfjuﬁa’uﬁﬁfhﬁ’:«wi 0.001 §4 0.013 9N tree 9ZIHUI group AB2 i
AuduRuL Ind%a (Closely related) i1l group HB 430031 group AB1 L
zﬁﬂwamsﬁﬂyﬂuﬁu‘vﬂmw‘humu'aﬁa ITS2, COI waz coll nmsifSeuiion
DNA sequences (Genbank accession numbers AB331551-AB331607, Table 3) uaznsasg
phylogenetic trees 21908717 141 4n. campestris-like (fimnu) gﬂu'll'l_l B uag glﬂu.mu E o1y
WufSanTaBoslng 1y conspecific cytological races 11103913 low intraspecific variation
(genetic distance < 0.005) nazuvziluaFdInifuand 900y dn. barbirosris (fadad)
Uy A, B uaz ¢ moRuisaniaBoaln, aoWuifaniamesys uazenoiugionia
qUAIIYHIH
a¥sf 2. WnsAnymdeydinsuiuduTasnsFnmnSoufoufiey DNA
sequences lugau rONA {ITS2) tiaz mtDNA (COI, COII) T U3 An. barbirostris I duvy A ‘T"Iﬁ’l
mituTaoldnszfeflumteds vindaniadoslu, Samfamesys waedanianigauysiu
Yszmaing TnoseazBuavestunsuuaz 33msdnumilousumsfinuindii |
14¥n15afia genomic DNA (gDNAs) 18349 uaeawiln An. barbirostris Tiviinmadu
Taoldnszfiodumbode sndminFoalng (ACA4, ACAS, ACAS), SanTamuIYs (APAIL3,
APA18, APA33) uaz v Ianigany3 (AKA2, AKA3, AKAS) §runuedu 9 isolines
Analysis of ITS2 sequences. ¥11N151U50VIABUVYUIAYDY ITS2 PCR products YBIYY
An. barbirostris JULUL A (Fadad) $1uan 9 isolines 9InRsEmmIETU] wuhdanuuanig
TuaUIAYBI ITS2 PCR products 11i400n 10 3 vuia e 3 nquetadaau (Soadidy
YUIRYUDY PCR products snvae lldu) dail 1, ngu Al JUU1A 1,861 bp WUTIUIU 3
isolines (ACA4, ACA6 Laz ACAB) vINdmIamualny; 2. ngu A2 Tvu1a 1,717 bp WU
§71U2U 3 isolines (APAI13, APAIR LAz APA33) mIndanTamnesy3 uazs. ngu A3 Juwa
1,070 bp WU$I17U 3 isolines (AKA2, AKA3 Laz AKAS) 91n§ear3an1gyauy3 (Fig. 5) uny
fi'lm?'w'?ﬂuawmﬁ';u Usznovwesiiindle’lnd (The average percentages of base composition)
0981l 9U ITS2 Y03ga An. barbirostris JULUB A 4 9 isolines ﬁfhm?isﬁaff A, 18.4%

(17.3- 19.7%); T, 27.2% (26.1-27.5%); G, 31.3% (30.9-31.8%) and C, 23.2% (22.4-‘:24.3%)



Analysis of mitochondrial DNA (mtDNA) COI sequences. 31n1151USsuthouvuin
483 COI PCR products ¥0IYd An. barbirostris JUnuy A 1ndandaioalvyd, Saniamysys
uazsanianmaouys wuhdvuialiuendraiu Aefivuia 658 bp (Fig. 6 lauiforinig
1Suuniau DNA sequences WUT1HAIUUANATIUDI DNA sequences

Analysis of mitochondrial DNA (mtDNA) COII sequences. 11AN1515ouisuv1Ia
Y83 COII PCR products Y8YL An. barbirostris JUUUY A 9InTanimToalvi, Saniamesyys
wazdanfameauys wuhiivuieliuandradu Aeflvuin 685 bp (Fig. 6) Tamiferiins
(WSou#ou DNA sequences WUIUAIINLUANSA19UDI DNA sequences

sinkansAne luBusmudumisde ITs2, cot uaz corr deldinsouiioy
DNA sequences YD An. barbirostris JUubY A 9ndaviaealvu, Saniamysys uaz
Fandanigyauys wuinNuIANA1IUB2 DNA sequences taaslfiiuiannurainrainis
Wugnssy 3918 nms@nyInuduiusn1afiugnssy (Phylogenetic relationships) v89galu
nquii  TAen13ads phylogenetic trees INdoyapayugmMesUsznoudodunounsing
Fweluil 1. Mmsfindenaiosnunemaiugnssufimuzauiuiaguszasdlunsfinu
neand 2. Mmsdensddaedn 3. WimsTeneidoyanniugmaeilasitmeadad
wangay uaz 4. iidoyad 1du1ad1a phylogenetic tree ﬁmmxﬁuﬁuﬂanﬁaua;i’mqﬂizmﬁ
¥99M5NAADe UarRANISNARBININ phylogenetic tree M4 dmiulumsinui 1dims
@519 phylogenetic tree 2038520 1ININULNTTUNTDI58nT13F neighbor-joining (Saitou
and Nei, 1987) WYounT19a0UMada #1635 bootstrap test HATATLIMTZEZHIINI
WUENTIU (Genetic distance) ‘umqﬂuﬂquu #1873% Kimura- two parameter (Kimura, 1980)

NA9INM5 8319 Phylogenetic trees YBIBUNITIUA NI FB ITS2, COT uag com ‘18
uaaa 1l Fig. 7-9 WUFINT 3 trees THnanIIAaBsiigenndesiy Tneuvesnidy 3 ngu
18un ngu Al (ACA4, ACAG, ACAS), Ngu A2 (APAI3, APAIS, APA33) uax ngu A3
(AKA2, AKA3, AKAS) Tﬂﬂalu|.m’azﬂdnﬁﬁﬂymzlﬂunduaaﬁa1ulﬁm (monophyletic group

s

%50 clade) @20 high bootstrap value (100%) Fafido nqmmmﬁ%i‘mﬁﬁ NHMUTUNDON
samfunmzluailFdaoglu clade Tfu Tavdnuasdanardudnuusiduneasufuunen
UISTHY T vesmngnaelungy uazmsduaumiszesianaiugnssunelungy uas
sendrenguiiniansl3ly Table 4

910 Phylogenetic tree Y0IUU TUAUIMHY ITS2 viu quﬁ11Jﬂfju Tdusnaononiniu Tay
15202 IINTIRUEATTUTENINNGY (Al, A2 LAY A3) Kaug 0.240 89 0.627 uailaifinrm
uAnNEIvedTstsHIIMIaRugnIIunelungy (0.000) 910 tree AU group Al i

ANuFURUT IndTA (Closely related) U group A2 ¥1ANI1 group A3



910 Phylogenetic tree 4950uTUA LMY COI Vi ﬁgmmmju TAuunoonainiu Taull
AMILOTH NN NAUFATINIEHINNGY (Al, A2 LT A3) Faud 0.036 B9 0.056 AIUMITTOZH
maﬁ’u'qn:iinnwﬁluﬂfjmfuﬁfhé‘?mwi 0.001 &9 0007 91N tree U group Al i
aNuFuNus Ind¥a (Closely related) il group A3 UIANI1 group A2

910 Phylogenetic tree ¥893u UMY COT 111 ﬁ’:aﬁmmj'n TAnsneenindu Taod
AMITUZHNNWARUFNTTNTENINNGY (A1, A2 UAZA3) Faus 0.042 81 0.051 dIsTEZHIINS
ﬁ’uﬁﬂiinﬂ’lﬂﬂﬂdﬂ&ﬂﬁﬁ‘]gﬂuﬁi 0.001 §4 0.005 110 trec 921U group A2 TiArmduRUS
1nd%a (Closely related) N1 group A3 41NN group Al

tﬁ;‘ﬂwﬁﬂ’liﬁﬂ‘ﬂﬂuﬁu?fﬂﬁ1uﬁ1lmﬁﬂﬁﬂ ITS2, COI taz CON HavmnmsulSouiiay
DNA sequences (Genbank accession numbers AB331551-AB331607; Table 3) uaznITadg
phylogenetic tree W11 ii large sequence divergence 930U ludIn ITS2 (0.240-0.627), COI
(0.036-0.056) LAZCOII (0.042-0.051) "1uqqﬁ"mmmuﬁ’u1{mm An. barbirostris 3HUUY A 1Az
91MUUIAVDY PCR product Aauaaslu Fig. 5 wune1nldu) 718910015 amplified Fuly
U ITS2 VINYY An. barbirostris JUUUYU A Infandasealna (1,861 bp), SaMTaAMYIYI
(1,717 bp) uazfanTanigouy5 (1,070 bp) 8190812189111 taxon VBIYY An. barbirostris

U52noUAI1096191700 3 sibling species fiD species Al, A2 HaL A3 MUSIAY

3. M1 crossing experiments
mlﬁ’ﬁW F,-progenies UDIHI An. campestris-like 511UV B (isoline code: HCBY, MUY 4
1 Prog ' 4

as ar 1 . . w oo or o 1
fandaudedlni) wazgluuy E (soline code: HCE7, eowugtanimBoilv) g 4n
barbirostris YUV A (isoline code: APA33, A uWugsaniamssy3), B (isoline code: ACB3,
oAUt IaBoaln; isoline code: AUB10, muwufdaniaguaswsiil) uaz C (isoline
code: APC28, miwWufdandamesys) wvimsi@oauy isoline 1Wald1un1991 crossing
experiments swazideadutanil3u Table 5

WA fertile hybrids f'ldsnnsm reciprocal 1182 back crosses szﬁ:’haqa An. campestris-
iike gUui B uay E uamdlfiiudngs An campestris-like Waaroagtunuhifi post-mating

reproductive isolation

+

#@a low hatchability 11a2/158 low viability Y93@30ouszesh 1 Afnsennnly Hld

91PN15W reciprocal crosses 3_311"5'1\1{1\1 An. campestris-like gﬂuuu B U An. barbirostris
=] ] o1 . -
g‘iJLL‘lJ'U A,Bunz C uﬁmﬁlﬁ’mumqa An. campestris-like z'iJu‘UU B 1 post-mating reproductive

»
isolation YUY An. barbirostris e ugluuy
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18111 F-progenies Y0989 dn. barbirostris JUNUD A meiuianIaFoalnl (ACA6)
meRufianTamesys (APA13) uazmoRufianiamauys (AKAS) uhnsEsauy
isoline Lﬁai‘)’ﬂuﬂﬁﬁW crossing experiments s1waziduadauans13lu Table 6

WD low embryonation, low hatchability 1A% low viability Y83 F,-progenies Tag 1@
ooull asynapsis salivary glands polytene chromosomes ﬁmﬁui’&ﬁﬁ%ﬂﬂiuazﬁmmzﬁﬁﬂ g
sex distortion 510azduadanana’lilu Table 6 uaz Fig.10) uaadl i1 4n. barbirostris
quiuy A 1szneudau sibling species 3 species member Fawaf IdvInAsAREITaDARZDATY

WaNsANEIYDIIUN I NA MU D ITS2, COI 1Az COIl

4. msfinyuSaufiounnuEINs Ve An. campestris-like UMY E uaz An.
barbirostris YUY A waz B lunisuensuidenaniusiia Plasmodium vivax

18 isolines UDIYI 4n. campestris—lkike g'lJLL‘U‘LI E (isoline code: HCE6, HCE7, HCES,
HCE16; aeRugdanindualna) uazys 4n barbirostris 3ULUY A (isoline code: APAI3,
APA14, APA18, APA33; doWUR I IAn®3Yy3) uaz B (isoline code: APB4, APB20, APB24,
APB27; moWufdamiamasy3) wade mixed colony wosudazzUuuy tieldinun

Qs g ~ o e
ANumUTI0 luMssaus e P. vivax TaonlSouifouiuganivendn An. cracens (= dirus B)

=

fldRgoiudaiuiiugs control Aueniuideldalueananos Gunkum et al, 2005) 91A13
AR5 NAYDA oocyst rates AT sporozoite rates TuFuf 8 Az 11 ndsngsiudenfitlsyus
gametocyte “Uesuﬂd;llﬂ P. vivax (gametocyte density = 32 per 1 pL) 101435 artificial membrane
feeding technique (Chomcharn et al., 1980) ‘W‘JJ’hEN An. campestris-like gﬂuuu E Iimsvousy
ﬂ‘?yﬂ P. vivax 148 Taodl sporozoite rate M 64.29% 9/14) "lummzﬁqa An. barbirostris
iy A uag B Smsseusuide P. vivar 18d1 Taufl sporozoite rate f11 10% (2/20) g

11.76% (2/17) mud 1y s1vazidvadauaas 131y Table 7-8 uaz Fig. 11-12

5. Jaynvglassalumsduiiuau
Taiwy
6. nunmaNazduiiuae lludn 6 outhanith
6.1 madfiatezluuum3le’ni
dy L , . . o A @ o P o
‘umzu"lé'wqq An. barbirostris NNANTTUDIINIINIANISUAIATOYTYT UIY 3
isolines ALY An. barbirostris NAAAUIINTINIATIZUAD §1UIU 9 isolines §aNa 12 isolines

a o oy

fasegluseniemsitaivydauazgluuumannani3sTe'nd uazez¥ugs 4n. barbirostris

@ A

i o s a é 4 o
ninauuaznszlomoiufoindaniadu o tiwu@y
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6.2 msfinndivegiiinen
wimsfnytuls TuTouuazBu'luTanouweSolugs 4n. barbirostris Rfimauuaz
ﬂszﬁaﬁ"lé’hﬁ%ﬁﬂgﬂuUUﬂ1?Ta'lmﬂnnt’1'aa1nﬁaH‘Eﬂwszuﬂiﬁ%qmw, fandaassud  uaz
6.3 msﬁnmnﬂswmaummmmm’lumsuamm#ammﬁu
Mixed colony UBYd An. barbirostris JUUUY A waz B vnaewus, g9 4n
campestris-like gﬂmm B uaz E ﬂ?ﬂwul;]‘Nﬂ’JﬂL‘]!UﬂWu UQSYI An. barbirostris/campestris ‘1/1
fanuuazdaflude 6.1 wiwnd@awmnnuannselunsseuiuide P vivar uazmie P

4 a o .
falciparum NILRIGEREAY oocyst Llai& sporozoite rates
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Table 2 Average genetic distances within and between 3 groups, AB1, AB2, and
HB for the ITS2, COI, and COII regions

ITS2 COI coIl
Within group

ABI1 0.000 0.007 0.013
AB2 0.000 0.003 0.002
HB 0.001 - 0.002 0.001

Between groups
AB1-AB2 0.236 0.037 0.044
AB1-HB 0.203 0.032 0.038

AB2-HB 0.268 0.026 0.030




"PAUTULIZ AP 10U 2tam swioj aidA10Amy ,

15

‘& 12 doaprig I866TLAV 100
Te 12 W3eysQ 939114V 100 + SHISOIqIDY Uy
Aprus sty LO91EEaY 8Rc1£EaV 69slceay 1102 ‘10D ‘281l 1591 9190H
Apmis sty 0091££QV Lgs1€cav 8951 £EdV 110D ‘100 ‘TSI 1591 890H
Apmis spy |, g091cEdV 9gsIcEdy L9SIEERY 110D 10D TSI 1597 LA0H
Aprus siyJ, r091£E£AY sgs1Ecay 995 1££GV 10D ‘10D ‘781 1591 990H ERUDE|
Apms sy £0915£QY pRS1CEaY cos1eedy 110D 100 ‘511 159°1 £1doH aH
Aprus sy, 709t1£Eav £851£cgV POsIEEgY 1102 100 “ZS1! 1S9'1 0140H
Aprus siy |, 9leeay 851£cgv g9sIECaV 1102 ‘10D ‘T81] 1597 690H | wioy
M |-Srpsaduns ty
Apmis sy, 009189V 1851£€4V 951£€AV 102 100 “T811 198'1 8704V Do
Aprus sty 66STEEAY 0gcicedy 1951E€0V 110D ‘102 ‘Z8L 198°1 [any
Apmis sy, gesl1eedv 6LS1EEHV 0951££9V 1102 ‘100 ‘TSI 198'1 olanv
Apmis siyp L6STEEAY BLSICEAV 6ss1EEaV 1102 ‘100 7811 1981 94NV 1£:4%
Apmis sy, sesiLeay Lsteeay gscictay 1100 ‘10D ‘ZS11 198'] zanv
Apms sry. s651££dY 9L51£edv Lssigeav 1102 ‘100 ‘TSI 1981 1310} 4
Apmis siyJ, r6s1EEaAY sisicegv 95S1ELAY 110D 102 ‘TS1I 1981 416}
Apms siyp geereegv pLSIEEHY secIseav 1102 100 ‘TSI 1981 i)Y g uuoy
Apmis sy, XXX-XXX XXX-XXX XXX-XXX 110D 10D ‘7811 0L0'1 SYIV
Apms sy, XXX-XXX XXX-XXX XXX-XXX 102 ‘10D ‘T84 0L0'] tVAY
Aprus sy, XXX-XXX XXX-XXX XXX-XXX 1102 ‘109 “T8.11 0L0'] A\ 4
Apmys iy XXX-XXX XXX-XXX XXX-XXX 1102 100 ‘78141 1981 VOV
Apms sufy XXX-XXX XXX-XXX XXX-XXX 1102 ‘102 ‘TS 198°] 2701
Apms sy, XXX-XXX XXX-XXX XXX-XXX 1102 ‘102 ‘2811 1981 PVov
Apms iy, z661ccay £LS1EEEY pSSIcEdY 1102 ‘100 ‘T8 LILT £EVdY
Apmys sugy, 1651£€dv sgeay £SCIEEAY 1100 100 ‘T8l JATA g1VdV
Aprms sy, g6s1Ecay 151869V A3 (%14 110D ‘100 ‘TS.LI LILT vIvdy
Aprs iy, assiecav oLs1gcay 1551¢£9V 1102 100 ‘2811 LILY €IvdvY av ¥ uuod
&é.@d;_.__QLBQ K4
i(08) 10D 7811
(d9) zSLI
20U213) 34 uotdoy Jopduay "ON 2U1[0S] dnoiny suriof d£yodmey

JOQUINU UOISSI0IT JURGUAL)

$13QUINU UOISS3D9. JUBQUAN) 412y} PUE ‘g pue g SULO,| ayi|-stysadund uy pue ) pue g Y SWI0, SLusoqang uy Jo suloy adAjofiey ¢ ajqe]



16

Table 4 Average genetic distances within and between groups Al, A2 and A3, for
the ITS2, COI, and COII regions

ITS2 COl col
Within group

Al 0.000 0.001 0.001
A2 0.000 0.001 0.001
A3 0.000 0.007 0.005

Between groups
Al-A2 0.240 0.038 0.051
Al-A3 0.610 0.036 0.048

A2-A3 0.627 0.056 0.042
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Fig. 1 Metaphase karyotypes of An. barbirostris Form A, B and C (Giemsa staining).
A: Form A (XY, Chiang Mai strain); B: Form A (X;Y,, Phetchaburi strain); C:
Form A (X:Y, Kanchanaburi strain); D: Form A (X;Y;, Ubon Ratchathani strain); E:
Form B (X;Y2, Chiang Mai strain); F: Form B (X,;Y>, Phetchaburi strain); G: Form B
(X3Y3, Ubon Ratchathani strain); H: Form C (X,Y3, Phetchaburi strain); I: Form C
(X2Y3, Ubon Ratchathani strain). Metaphase karyotypes of An. campestris-like Form
B and E (Giemsa staining). J: Form B (X, Y,, Chiang Mai strain); K: Form E (X3,
Y's, Chiang Mai strain).
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Fig. 2 Phylogeny the An. barbirostris Form A, B and C, and An. campestris-like Form
B and E based on ITS2. The tree shown was generated by neighbor-joining analysis.
Numbers on the nodes indicate probabilities based on 1,000 bootstrap replicates. The

probability of more than 50% is shown. Branch lengths are proportional to genetic

distance (scale bar).
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Fig. 3 Phylogeny the An. barbirostris Form A, B and C, and An. campestris-like Form
B and E based on COIl. The tree shown was generated by neighbor-joining analysis.
Numbers on the nodes indicate probabilities based on 1,000 bootstrap replicates. The

probability of more than 50% is shown. Branch lengths are proportional to genetic

distance (scale bar).
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Fig. 4 Phylogeny the An. barbirostris Form A, B and C, and An. campestris-like Form

B and E based on COII. The tree shown was generated by neighbor-joining analysis.

Numbers on the nodes indicate probabilities based on 1,000 bootstrap replicates. The

probability of more than 50% is shown. Branch lengths are proportional to genetic

distance (scale bar).



2 Kb =p

1 Kb =

Fig. 5 Amplification of the entire internal transcribed spacer 2 (ITS2) for three
allopatric strains of An. barbirostris Form A on a 1% agarose gel. Lane 1, Form A
(Chiang Mai strain); lane 2, Form A (Phetchaburi strain); lane 3, Form A
(Kanchanaburi strain); lane 4, negative control. DNA molecular weight markers (Kb)

were loaded in lane M.
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700 bp =9
500 bp =p

Fig. 6 Amplification of the COI and COII PCR products for three allopatric strains of
An. barbirostris Form A on a 1% agarose gel. COI (lane 1-3): lane 1, Form A (Chiang
Mai strain); lane 2, Form A (Phetchaburi strain); lane 3, Form A (Kanchanaburi
strain); lane 4, negative control. COII (lane 5-7): lane 5, Form A (Chiang Mai strain);
lane 6, Form A (Phetchaburi strain); lane 7, Form A (Kanchanaburi strain); DNA

molecular weight markers (bp) were loaded in lane M.
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Al
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005

Fig. 7 Phylogeny of the three allopatric strains of An. barbirostris Forms A (Chiang
Mai: ACA4, ACA6, ACAR; Kanchanaburi: AKA2, AKA3, AKAS; Phetchaburi:
APAI13, APA18, APA33) based on ITS2. The tree was generated by neighbor-joining
analysis. Numbers on the nodes indicate probabilities based on 1,000 bootstrap
replicates. A probability of more than 50% is shown. Branch lengths are proportidnal

to genetic distance (scale bar).
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Fig. 8 Phylogeny of the three allopatric strains of An. barbirostris Forms A (Chiang
Mai: ACA4, ACA6, ACAS; Kanchanaburi: AKA2, AIKAB, AKAS; Phetchaburi:
APA13, APA18, APA33) based on COI. The tree was generated by neighbor-joining
analysis. Numbers on the nodes indicate probabilities based on 1,000 bootstrap
replicates. A probability of more than 50% is shown. Branch lengths are proportional

to genetic distance (scale bar).
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Fig. 9 Phylogeny of the three allopatric strains of An. barbirostris Forms A (Chiang
Mai: ACA4, ACA6, ACAS, Kanchanaburi: AKA2, AKA3, AKAS5; Phetchaburi:
APAI13, APA18, APA33) based on COIIl. The tree shown was generated by neighbor-
joining analysis. Numbers on the nodes indicate probabilities based on 1,000
bootstrap replicates. A probability of more than 50% is shown. Branch lengths are

proportional to genetic distance (scale bar).
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Fig. 10 Salivary gland polytene chromosomes of 4" larvae, ovaries and testes of
parental and F,-hybrids from crosses among three strains An. barbirostris Form A. (a)
Asynaptic salivary gland polytene chromosome from female Form A (Chiang Mai) x
male Form A (Kanchanaburi). (b) Asynaptic salivary gland polytene chromosome
from female Form A (Phetchaburi) x male Form A (Kanchanaburi). (¢) Asynaptic
salivary gland polytene chromosome from female Form A (Chiang Mai) x male Form
A (Phetchaburi). (d) Asynaptic salivary gland polytene chromosome from female
Form A (Phetchaburi) x male Form A (Chiang Mai). (¢) Normal development of
ovarian follicles of Form A (Chiang Mai). (f) Normal development of accessory
glands and testes of Form A (Phetchaburi). (g) Abnormal development of ovarian
follicles from female Form A (Chiang Mai) x male Form A (Phetchaburi). (h)
Atrophy of accessory glands and testes from female Form A (Chiang Mai) x male
Form A (Phetchaburi). (i) Abnormal development of ovarian follicles from female
Form A (Phetchaburi) x male Form A (Chiang Mai). (j) Atrophy of accessory glands
and testes from female Form A (Phetchaburi) x male Form A (Chiang Mai). Note:
Testes are absent because vasa deferentia were fragile, causing the testes to detach

during preparation.
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Abstract Seventeen isolines of Anopheles barbirostris
derived from animal-biting female mosquitoes showed three
Y) in five isolines from

A

karyotypic forms: Form A (X,

Phetchaburi province; Form B (X, X3, Y;) in three an
eight isolines from Chiang Mai and Ubon Ratchathani
provinees, respectively; Form C (X3, Y5) in one isoline from
Phetchaburi province. All 17 isolines exhibited ang average
branch summation of seta 2-VI pupal skins rangmgl,from
12.1-13.0 branches, which was in the limit of-4! baarbirostris
(6~18 branches). Of the 12 human—bltm'g“mol;hes from
Chiang Mai provinee, five isolines showed“Form B (X, Y2,
and seven isolines exhibited a new karyotyplc form
designated as Form E (X3, Ys). ;Al] of 12 isolines had an
o
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avemge branch summation of seta 2-V1 pupal skins ranging
fromh, 22:4-24.5 branches, which was in the limit of
A‘gopheles campestris (17-58 branches). Thus, they were
ten‘_tg.ﬂvely designated as A. campestris-like Forms B and E.
Hybridization between 4. campestris-like Forms B and E

Showed that they were genetically compatible, yielding

viable progeny for several generations suggesting conspe-
cific relationships of these two karyotypic forms. Reproduc-
tive isolation among crosses between A campesiris-like
Form B and A. barbirostris Forms A, B, and C strongly
suggested the existence of these two species. In addition, the
very low intraspecific variation (genetic distance <0.005) of
the nucleotide sequence of ITS2 of the rDNA and COI and
COI1l of mitochondrial DNA of the seven isolines of A.
campestris-like Forms B and E supported their conspecific
relationship. The large sequence divergence of 1TS2 (0.203—
0.268), COI (0.026-0.032), and COII (0.030-0.038) from
genomic DNA of 4. campesiris-like Forms B and E and the
A. barbirostris Forms A, B, and C clearly supported
cytogenetic and morphological evidence.

Introduction

The Myzorhynchus Series of Anopheles (Anapheles) in
Thailand consists of at least seven species, i.e., Anopheles
montanus Stanton and Hacker, Anopheles barbirostris Van
der Wulp, dnopheles campestris Reid, Anopheles donaldi
Reid, Anopheles hodgkini Reid, Anopheles pollicaris Reid,
and Anopheles barbumbrosus Strickland and Chowdhury
{Reid 1962, 1968; Hamison and Scanlon 1975; Harbach
2004; Rattanarithikul et al. 2006). Among these species, A.
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barbirostris was formerly considered a suspected vector of
malaria and/or filariasis in Thailand (Iyengar 1953; Griffith
1955), while it has been incriminated as a natural vector of
Plasmodium vivax and Brugia malayi, the causative agent
of filariasis in Indonesia (Atomosocdjono et al. 1976;
Kirmmowardoyo 19835). Recently, mosquitoes of the anthro-
pophilic A. barbirostris/campestris complex were incrimi-
nated as potentially natural vectors of P wivax in the
Aranyaprathet district, Sa Keao province (Limrat et al.
2001). Mosquitoes of this complex have played an
important role in increasing cases of £ wvax infection in
Thailand {Sattabongkot et al. 2004). However, based on the
identification of pupal skins, Apiwathnasorn et al. (2002)
subsequently incriminated 4. campestris as a potentially
natural vector of P vivax in Sa Keao province.
Cytologically, three karyotypic forms of 4. barbirostris,
i.e., Form A (¥;, X3, YY), Form B (X, X5, X;, Y3), and
Form C (X,. X3, Y3), have been reported in both sympatric
and/or allopatric populations in Thailand, whereas a fourth
form, Form D (X3, Y4) has been detected only in Java,
Indonesia (Baimai et al. 1995). Only one karyotypic form
has been observed in A. campestris. Morphologically,
Harrison and Scanlon (1975) reported different features of

the branch summation of seta 2-VI of pupal skins betwee%

A. barbivostris and A. campestris. Although differencesArn
chromosomes and morphology are obvious in the

MYANMAR

CAMBODIA

Fig. 1 Map Df‘ThaIIand showing Chiang Mai (CM, 18°47N, 98°59'E),
Ubon Ratchath\am (UR, 15°15'N, 104°52'E), and Phetchaburi {PA, 13°
09'N,4100%04'E) provinces where mosquito collections were made

tech:‘fi?ques described by Choochote et al. (1983) and Kim et
R
al. (2003).

barbirostrislcampestris complex, little is known about th"p Metaphase karyotype

genetic similarities among these species. /@

In this paper, we describe a new karyotyplc form and
morphological differences in pupal skins ofA b;\rbxmsms
s. . The results of hybridization expenments and compar-
ative DNA sequencing of mtcma] '.tran;cnbed spacer 2
(ITS2) and mitochondrial cytcchromﬁ; C Dx1dase subunits I
and 11 (COI and COII) of mci:l?ryotyplc forms are also

presented. 2\

Materials and methods
Field collection and establishment of iso-female lines

Wild-caught, fully engorged female mosquitoes of A.
barbirostris were collected from human-baited and buffalo-
baited traps at four localities: Ban Pang Mai Daeng, Maetang
district, and Ban Nong Chom, San Sai district, Chiang Mai
province, northem Thailand; Ban Kang Ruang, Na Chaluai
district, Ubon Ratchathani province, northeastern Thailand:
and Ban Pu Nam Ron, Nong Ya Plong district, Phetchaburi
province, southwest Thailand (Fig. 1). The live female
mosquitoes were brought to the inscctary at Chiang Mai
University. The female mosquitoes were allowed to individ-
ually oviposit eggs in isolated ovipots to establish iso-female
lines (isolines). The larvae were colonized further using the

@ Springer

Metaphase chromosomes were prepared from early fourth-
instar larval brains of F;-and/or Fs-progenies of each isoline
using modified methods of Baimai (1977) and Choochote
et al. (2001). The excised heads of fourth-instar larvae were
incubated with a 0.5 ml filtrate of 0.5% solution of dried
Gloriosa superba seed powder {prepared by soaking 0.05 g
of seed powder in 10 ml of 0.85% sodium chloride solution
for 6 h at 27+2°C) in a 1-ml microcentrifuge tube
(Effendorf®) for two h at room temperature. The incubated
heads were left in 1% hypotonic sodium citrate solution on
a siliconized slide for 10 min, and then the brains were
removed and transferred to a small drop of Camoy’s
fixative (one part of glacial acetic acid and three parts of
absolute ethanol) on a siliconized slide for at least 2 min.
Then, a drop of 60% acetic acid was added, and the organs
were torn and mixed well with dissecting needles. A drop
of cell suspension was placed on a clean microscopic shde
on a warming plate at about 45-50°C. Droplets of cells
were released slowly from the Pasteur pipette to form a
circular trail of monolayer ceclls. The dred slides were
stained with 10% Giemsa in phosphate buffer pH 6.8 for
30 min, rinsed with deionized water, air-dried at room
temperature, and mounted in Permount® (Fisher, Fairlawn,
NJ, USA). Identification of karyotypic forms followed the
method of Baimai et al. {1995).
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Hybridization experiments

Hybridization experiments were conducted among the four
representative karyotypic forms of six laboratory-raised
isolines of three strains (Chiang Mai, Ubon Ratchathani,
and Phetchaburi) of 4. barbirostris/campestris-like mos-
quitoes. Cross mating followed the method reported by
Junkum et al. (2005). Low viability of the crosses
(hatchability, survival, pupation, and emergence) was the
criterion used to establish postmating reproductive isolation.

DNA extraction, amplification and sequencing

Genomic DNA was extracted from a whole adult mosquito
using a DNeasy Tissue Kit (Qiagen) according to the
manufacturer’s instructions. The rDNA ITS2, COI, and
COII regions were amplified by polymerase chain reaction
(PCR) using the following primers: ITS2A, 5'-
TGTGAACTGCAGGACACAT-3' and ITS2B, 5'-
TATGCTTAAATTCAGGGGGT-3' for rDNA ITS2 (Beebe
and Saul 1995), LCO1490 (f), 5-GGTCAACAAATCA
TAAAGATATTGG-3' and HCO2198 (r), 5-TAAACTT
CAGGGTGACCAAAAAATCA-3' for COI (Folmer et al.
1994), and LEU (f), 5-TCTAATATGGCAGATTAGTGCA-
3" and LYS (r), 5-ACTTGCTTTCAGTCATCTAATG-3'

Fig. 2 Metaphase karyotypes a
of A. barbirostris Forms

A, B, and C (a—d) and

A. campestris-like Forms B

and E (Chiang Mai strains; e—g).
a Form A X.,Y,, Phetchaburi;

b Form B X,Y>, Chiang

Mai; ¢ Form B X;Y;, Ubon
Ratchathani; d Form

C X,Y3, Phetchaburi; ¢ Form

B X,Y,, Chiang Mai; f Form E

X,Ys, Chiang Mai; g Form B d T ; e

X,X,, Chiang Mai;

h Diagrammatic presentation
of metaphase karyotype of
A. campestris-like

for COII (Sharpe et al. 2000). PCR was carried out using
20 pl volumes containing 0.5 units of Ex Tag (Takara), 1X
Ex Tag buffer, 2 mM of MgCl,, 0.2 mM of each dNTP,
0.25 uM of each primer, and 1 pl of the extracted DNA.
The amplification profile comprised initial denaturation at
95°C for 1 min, 30 cycles at 95°C for 30 s, 55°C for 30 s,
and 72°C for 1 min, and a final extension at 72°C for
10 min. PCR products of ITS2 were gel purified with the
QIAquick Gel Extraction kit (Qiagen) and cloned into
pCR2.1"TOPO (Invitrogen). Sequences of several clones
from each isoline were determined. PCR products of COI
and COII were purified with the QIAquick PCR purification
kit (Qiagen) and directly sequenced. Sequencing reactions
were performed using the BigDye Terminator Cycle Sequenc-
ing Kit and run on an ABT PRISM 310 Genetic Analyzer
(Applied Biosystems). The sequence data of this paper have
been deposited in the GenBank nucleotide sequence database
under accession numbers XXX-XXX (Table 3).

Sequence and phylogenetic analysis

Sequences of ITS2 were aligned using the CLUSTALW
multiple alignment program (Thompson et al. 1994). Gap
sites were excluded from the following analysis. Genetic
distances were estimated with the Kimura two-parameter

Form E Y3
) Xp ®
h
g 2
"% T
-t ‘xz " X Yg
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t1.1 Table 1 Branch summation of seta 2-V1 pupal skins of 4. barbirostris Forms A, B, and C coellected from animal baits and A. campestris-like
Forms B and E collected from human baits

t1.2 Karyotypic forms (province) Code of strains No of isolines® Mean (range)
t1.3 1 2 3 4 5 6 7 8

t1.4  A. barbirostris (animal bait)

t1.5  Form A (Phetchaburi} APA 14.0 11.4 13.0 14.0 10.6 - - - 12.6 (9-17)
t1.6  Form B (Chiang Mai) ACB 14.0 11.5 10.8 - — — - — 12.1 (10-16)
t1.7  Form B (Uben Ratchathani) AUB 12.5 2.6 13.6 124 11.8 13.4 14.0 150 12.8 (8-17)
t1.8  Form C (Phetchaburi) APC 13.0 - - - - - - - 13.0 (10-19)
t1.9 A campestris-like (human bait)

t1.10 Form B (Chiang Mai) HCB 25.4 21.4 21.0 28.6 26.0 - - - 24,5 (19-32)
t1.11 Form E (Chiang Mai) HCE 236 20.6 20.8 27.4 23.6 19.6 21.2 - 22.4 (18-30)

£1.12 " Average from five progeny specimens of each isoline

«180 method (Kimura 1980). Construction of neighbor-joining  Results
181 trees (Saitou and Nei 1987) and the bootstrap test with

182 1,000 replications were conducted with the MEGA version Metaphase katyogj?és and pupal skin characters

183 3.1 program (Kumar et al. 2004). For the phylogenetic trees @ A

184 of COI and COIl, Anopheles gambiae and Anopheles pullus A totalk'of'\'lﬂ isolines of A. barbirostris derived from
185 were uscd as an outgroup (AF417706, AY444349, amm’gl biting female mosquitoes was established in the
186 NC_002084, AY444350). The phylogenetic trec of ITS2 11’1‘§ect\ar§' three from Chiang Mai (ACB), six from
187 was constructed as an unrooted tree because an outgrou;&l’hetchabun (APA and APC), and ‘eight from Ubon

L

188 with easily aligned ITS2 was not available. Ratchathani {(AUB). Twelve isolines were recovered from

t2.1 Table 2 Cross-mating among isolines of A, campar!risvﬁk_e?:\l?cf:r"’gﬁ.ﬁ and E and A. barbirostris Forms A, B, and C

Crosses {female Total eggs Embryoﬁti({navl\iumber Number of Number of Numpber from total
T 2.2 mosquito x male {number)® ratet” hatched (%) pupations (%) emergence (%4) emergence (%)
mosquito) :
Female Male
123 f""@ mosquito mosquito
t2.4 APAXAPA 398 (166f232) JJEZ 346 (86.9) 325 (93.9) 283 (87.1) 119 (42.0) 164 (58.0)
t2.5 ACBxACB 4llf(\I96H‘215) 78 341 (83.0) 280 (82.1) 261 (93.2) 105 (40.2) 156 (59.8)
t2.6 AUBxAUB 395 (128 26?) 84 308 (78.0) 2R9 (93.8) 243 (84.1) 117 (48.1) 126 (51.9)
t2.7 APCxAPC 383 (1.73 210) 79 287 (74.9) 281 (97.9) 251 (89.3) 108 (43.0) 143 (57.0)
t2.8 HCBxHCB 486’ (227 259) 91 452 (93.0) 397 (87.8) 349 (87.%) 147 (42.1) 202 (57.9)
t2.9 HCExHCE 455 (212, 243} B3 391 (85.9) 356 (91.0) 306 (86.0) 144 (47.1) 162 (52.9)
t2.10 HCBxHCE 462 (142, 320) 88 364 (78.8) 323 (88.7) 294 (91.0) 132 (44.9) 162 (55.1)
t2.11 HCExHCB 415 (198, 217) 76 336 (81.0) 292 (86.9) 251 (86.0} 103 (41.0) 148 (59.0)
t2.12 HCB=APA 379 (121, 258) 80 - - - - -
t2.13 APAxHCB 487 (156, 331} 91 15 (3.1) — - - -
12.14 HCBxACB 422 (208, 214} 10 - - - - -
“12.15 ACBxHCB 469 (182, 287) 64 3 (0.6) - - - -
t2.16 HCBxAUB 371 (179, 192) 75 19 (5.1) - - - -
t2.17 AUB<HCB 433 (211, 222) 87 - - - - -
«t2.18 HCB*APC 384 (153, 231) 835 - - - - -
t2.19 APCxHCB 359 (134, 225) 74 - - - - -
t2.20 (HCBxHCE)F,xHCE 404 (111, 293) 87 358 (83.6) 302 (R4.4) 272 (90.1) 119 (43.8) 153 (56.2)
t2.21 HCEx(HCBxHCE)F, 426 (149, 277) 91 417 (97.9) 371 (89.0) 349 (94.1) 150 (43.0) 199 (57.0)
. £2.22 (HCExHCB)F,*xHCB 399 (164, 235) 39 319 (79.9) 283 (88.7) 238 (84.1) 110 (46.2) 128 (53.8)
t2.23 HCBx(HCExHCB)F, 442 (186, 256) 83 335 (75.8) 314 (93.7) 273 (86.9) 121 (44.3) 152 (55.7)

t2.24 ®Two selected egp-batches of inseminated female mosquitoes from each cross
. ® Disscction from 100 eggs
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Table 3 Karyotypic forms of A. barbirostris Forms A, B, and C, and 4. campestris-like Forms B and E, and their GenBank accession numbers

Karyotypic Group Isoline  Length of Region Genbank accession number Reference
forms No. ITS2 (bp)
ITS2 CO1 con
A. barbirostris
Form A AB2 APAI3Z 1,717 ITS2, COI, COII XXX-XXX XXX-XXX XXX-XXX This study
APAI4 1,717 ITS2, COL COIl  XXX-XXX XXX-XXX XXX-XXX This study
APA18 1,717 ITS2, COIL, COIl  XXX-XXX XXX-XXX XXX-XXX This study
APA33 1,717 ITS2, COL COIl XXX-XXX  XXX-XXX XXX-XXX This study
Form B ABI1 ACBI 1,861 ITS2, COl, COIl XXX-XXX XXX-XXX XXX-XXX This study
ACB2 1,861 ITS2, COL COH  XXX-XXX XXX-XXX XXX-XXX This study
ACB3 1,861 ITS2, COL, COII XXX-XXX XXX-XXX XXX-XXX This study
AUB2 1,861 ITS2, COL COIl XXX-XXX XXX-XXX XXX-XXX This study
AUBG 1,861 ITS2, COIL, COII  XXX-XXX XXX-XXX XXX- X)(Xf This study
AUBIO 1,861 ITS2, COL COII XXX-XXX XXX-XXX XXX xxx This study
AUB!I 1,861 ITS2, COI, COIE XXX-XXX XXX-XXX XXX’X'XX This study
Form C APC28 1,861 ITS2, COL COIl  XXX-XXX XXX-XXX XXX: xxx This study
A. campestris-like (\
Form B HB HCB9 1,651 iTS2, COI, COIl XXX-XXX XXX- XXX“‘ XXX - XXX This study
HCBI10 1,651 IT82, COI, COll XXX-XXX XX)}(__)SX.X "\XXX HXX This study
HCB13 1,651 ITS2, COIL COll- XXX-XXX  XXX-XXX, XXX-XXX This study
Form E HCE®6 1,651 ITS2, COI, CONl XXX-XXX XXX-XXX XXX-XXX This study
HCE7 1,651 IT82, COT, COll XXX xxx.\xxx\(xx XXX-XXX This study
HCES 7,651 ITS2, COT, COIl XXX}X)\E VXXX XXX XXEX-XXAX This study
HCEL6 1,651 ITS2, COL COII XXXXXX4GXXX-XXX  XXX-XXX This study
A. barbirostris® COl AF116836  Oshaghi et al. (unpublished data)
COI - AY729982  Oshaghi ct al. (unpublished data)
® Karyotypic forms were not determined U
@ ACB2
APC28
female mosquitoes collected from human@t@ in Chiang AUB2
Mai (HCB and HCE). Cytological observatlons of Fy- and/ AB1 w0 |AvB11
or Fy-progenies of the 17 isolines (ACB APA APC, AUB} ACE3
have revealed three forms of rﬁ‘etapﬁase karyotype, i.e., AUBE
Form A (Xy, Yy), Form B (X,%X55:¥2), and Form C (X, ACBA
Y3) (Fig. 2). Form A was* -observed in five isolines from AUB10
Phetchaburi (APA). Form\B was\,5 detected in three and eight sy HCB10
isolines from Chiang Mal“(ACB) and Ubon Ratchathani HCB13
(AUB), respectively, and Form C was found in one isoline HB HCBS
fromt Phetchaburi (APC; Table 1). Morphologically, the Too] Heee
average branch summation of seta 2-VI pupal skins was HCES
observed as follows: 12.6 (9—17) branches in five isolines HCET
of Form A from Phetchaburi (APA); 12.1 (10-16) branches HCE18
in three isolines of Form B from Chiang Mai (ACB); 12.8 APATY
(817} branches in the eight isclines of Form B from Ubon AB2 |APA3:,
Ratchathani (AUB), and 13.0 (10-19) branches in one 00| APA14
isoline of Form C from Phetchaburi (APC). Such pupal skin IAPMB
characters were in the range of topotypic A. barbirostris (6—
18 branches; Table 1). e

The F,-and/or Fs-progenies of 12 isolines of human-
biting strains from Chiang Mai showed two forms of
metaphase karyotypes: five isolines (HCB) exhibited Form
B (X5, Y1), while seven isolines (HCE) showed X,, Y5 sex
chromosomes. The X, had a submetacentric shape resem-

Fig. 3 Phylogeny of the A. barbirostris Forms A, B, and C, and A.
campestris-like Forms B and E based on ITS2. The tree was generated
by neighbor-joining analysis. Numbers on the nodes indicatc
probabilities based on 1,000 bootstrap replicates, A probability of
more than 50% is shown. Branch lengths are proportional to genetic
distance (scale bar)
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AUBZ
An. pullus

An. i

—_—
a0

Fig. 4 Phylogeny of the 4. barbirosiris Forms A, B, and C, and 4.
campesiris-like Forms B and E based on COl, The #rec was generated
by neighbor-joining analysis. Numbers on the nodes indicate probabil-
ities based on 1,000 bootstrap replicates. A probability of more than 50%
is shown. Branch lengths are proportional to genetic distance (scale bar)

bling that of 4. barbirostris. The Y5 had, however, a small
metacentric heterochromatin. Thus, the X; and Y5 sex
chromosomes represent a new karyotype, tentatively desig=

nated as Form E (Fig. 2f,h). Morphological observations.of ﬁ

F -
HEB1)

5 | HCE?

HCES

HCES

HB  gs|HcES

HCE18

il HCB
APA14

3 APA3)
L) (- APAL3
nlaralp

An. pullus

An. gambiae

001
Fig. 5 Phylogeny of the A. barbirostris Forms A, B, and C, and A.
campesiris-like Forms B and E based on COIL The rree shown was
generated by neighbor-joining analysis. Numbers on the nodes
indicate probabilities based on 1,000 bootstrap replicates. A probabil-
ity of more than 50% is shown. Branch lengths are proportional to
genetic distance {scale bar)
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the 12 isolines showed the average branch summation of seta
2-V1 pupal skins as follows: 24.5 (19-32) branches of five
isolines pf Form B and 22.4 (18-30) branches of seven
isolines of Form E. Thesc pupal skin chamacters were in the
range of 4. campestris {(17-58 branches; Table 1). Based on
the branch summation of seta 2-VI pupal skins and the
specific characteristics of X and Y chromosomes, the five
and seven isolines were tentatively designated as A4.
campesiris-like Forms B and E, respectively.

Crossing study

Details of hatchability, pupation, and emergence of all
crosses among laberatory- raised isolines of 4. campestris-
like and A, barbirostris ate- presented in Table 2. All intra-
isoline crosses were ﬁJIly fertlle yiclding high percentage
emergence. Likewise, the” Crosses between the HCB and
HCE gave high bp\er_centage emergence. Back crosses
between thea] -¥offsprings and the respective parental
strains als’o‘\’yleldcd fertile F; progenies. On the other hand,
Crosses between HCB =< APA, HCBxACB, HCB* AUB and
HCBXAPC failed to yield F; hybrids (Table 2).

Segu‘gnce and phylogenetic analysis

DNA sequences were determined for the rDNA ITS2, COI,
and COII regions from the 12 isolines of the animal-biting
A. barbirostris and seven isolines of the human-biting A,
campestris-like mosquitoes. All isolines showed the same
length for the COI (658 bp) and COTI (685 bp) regicns, but
they varied for the ITS2 region. Three different lengths of
the ITS2 region were observed; two types in the animal-bait
isolines and one type in the human-bait isolines. These are:
group AB1 (1,861 bp), in seven isolines of Form B (ACBI,
2, 3 and AUB2, 6, 10, 11) and one isoline of Form C
{APC28); group AB2 (1,717 bp), in four isolines of Form A
{APAI13, 14, 18, 33); group HB (1,651 bp), in three isolines
of Form B (HCB9, 10, 13) and four isolines of Form E
(HCES6, 7, 8, 16; Table 3). To ascertain the relationships of

Table 4 Average genetic distances within and between groups ABI1,
AB2, and HB for the 1TS2, COI, and COII regions

IT52 COl con
Within group
ABI] 0.000 0.007 0.013
AB2 0.000 0.003 0.002
HB 0.001 0.002 0.001
Between groups
AB1-AB2 0.236 0.037 0.044
ABI1-HB 0.203 0.032 0.038
AB2-HB 0.268 0.026 3.030
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the isolines, phylogenetic trees were constructed based on
the rDNA 1TS2, COI, and COII sequences (Figs. 3, 4, and
5). The isolines belonging to each of the three groups
(AB1, AB2, and HB) were clustered in each monophyletic
lineage. Avcrage genetic distances within and between the
groups ar¢ given in Table 4. For ITS2, although the three
groups were well separated from one another (0.203-
0.268), little difference {0.000-0.001) was found within
each group. For COIl and COIl, litle differences were
observed within groups (0.001-0.013), while between groups
showed considerable separation (0.026-0.044; Table 4}. The
phylogenctic trees showed that the group AB2 was more
closely related to the group HB than te the group ABI
(Figs. 4 and 5). This is in contrast to the ITS2 phylogenetic
tree which showed group HB close to group AB1 rather
than to group AB2 (Fig. 3).

Discussion

Analysis of the metaphase chromosomes of the A.
barbirostrisicampestris group in Thailand has revealed at
least three karyotypic forms of A. barbirostris, (Form A: X,,
X, Y3 Form B: Xy, X5, X5, Y;: and Form C: X3, X3, Y3)
and one karyotypic form of 4. campestris (X, Y, Balmalfet
al. 1995). It has been suggested that the acquisition of cxt j
heterochromatin played an important role in the ,\ghromo
somal evolution of Oriental Anopheles (Baimai 1998)<\Hencc
the medium submetacentric X; and large subnietatentric X3
chromosomes of A. barbirostris Formsﬁ\B and C
presumably arose from the ancestral small‘metacentrlc X,
chromosome via a gradual mcreascan‘hgft{erochromatm On
thc other hand, a large subimetacentric Y; and large
submetacentric or metacentric Y;' ch&nosomcs could also
have arisen from the presur}led ‘ancestral subtelocentric Y,
chromosome. In the cas€of 4, }:‘ampestrw the metacentric X
and the telocentric Y chrom’o}somes arc quite different from
those of A. karbirosiris (Baimai et al. 1995), although the
adults of the two species are morphologically indistinguish-
able based on the branch summation of seta 2-V] pupal skins
(4. barbirostris: 6—18 branches; A. campestris: 17-58
branches; Harrison and Scanlon 1975). Anthropophilic 4.
barbirostris Form B (X3, Y,;) and a new karyotypic form,
Form E (X2, Ys), have a branch summation of 24,5 (19-32)
and 22.4 (18-30) branches, respectively, of seta 2-VI pupal
skins, which falls within the range of 4. campestris (Harrison
and Scanlon 1975). Morcover, the small metacentric Y
chromosome in Form E found in this study is obviously
different from chromosomes Y, Y2, Y3, and Y, chromo-
somes of A. barbirostris and a telocentric Y chromosome of
A. campestris (Baimai et al. 1993). The crossing experiments
between isolines of A. campestris-like Forms B and E
showed no postmating barriers. In the light of our findings,

Form E of the Chiang Mai strain (HCE) could not be
designated neither to A. barbirostris nor A. campestris. We,
therefore, propose to designate these two karyotypic forms as
A. campestris-like Forms B and E.

In addition, comparative studies of the nucleotide
sequences of the ITS2, COI, and COII regions among the
isolines of A. campesiris-like Forms B and E from Chiang
Mai revealed nearly identical and/or very low intraspecific
variation (genetic distance <0.005). Thus, molecular data
support the cytogenetic and morphological evidence sug-
gesting the conspecific relationships of Forms B and E of
A. campestris-like mosquitoes. Similar results have been
reported in Anopheles sinensis;Forms A and B (Choochote
et al. 1998; Min et al. 2002)/{pu11us Forins A and B (Park
et al. 2003), and AJzop!ﬁelg;\aconr!us Forms B and C
(Junkum et al. 2005)

The reproductwe isolation resulting from crosses among
isolines of A, ca}npesms like Form B (HCB) and A4.
barbrro.stns{Fom‘A'l"‘A (APA), Form B (ACB and AUB),
and Form/C (APC) strongly suggest the existence of these
two genetlc species. Additionally, the ITS2, COI, and COIl
sequencg‘s of A. campestris-like Forms B and E were

f‘;oémsz}red with that of 4. barbirostris Forms A, B, and C
slf'o/w/?ng a large ITS2, COI, and COII sequence divergence
of'\0.203—0.268, 0.026-0.032, and 0.030--0.038, respective-
ly (Table 4). Based on COI and COII, the phylogenetic
trees showed that group AB2 was more closely related to
group HB than to group ABI. On the contrary, the
phylogenetic tree constructed from the ITS2 sequence
showed that group AB1 was more closely related to group
HB than to group AB2. COI and COIIl are more reliable
genetic markers than 1TS2 for Anopheles specics complexes
{Parkewitz et al. 1993; Norris 2002). However, the present
results clearly suggest a species complex within the taxon
A. barbirostris occurring in Thailand.

Further detailed investigations relating to morphology,
cytogenetics, and molecular biology among the sympatric
and allopatric populations of the 4. barbirostris/icampestris
complex are needed to solve their taxonomic problems.
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ABSTRACT

Crossing experiments among the three strains of laboratory-raised isclines of
Anopheles barbirostris Form A (Chiang Mai, Kanchanaburi, Phetchaburi) were
employed by induced copulation in order to determine their genetic relationship. The
results of reproductive isolation from each other by providing low embryonation, low-
and/or non-hatched eggs, inaviable progenies, asynapsis of F,-hybrid salivary gland
polytene chromosomes, abnormal development of ovarian follicles, atrophied of
accessory glands and testes, and sex distortion of adults, strongly indicated the
existence of species complex in the taxon of An. barbirostris. In addition, the large
sequence divergence of ITS2 (0.240-0.627), COIl (0.036-0.056) and COI! (0.042-
0.051) from genomic DNA of three strains of An. barbirostris Form A clearly support

their post-mating reproductive isolation.

Key words: Anopheles barbirostris Form A, crossing experiments, ITS2, COI and

coIl



INTRODUCTION

Anopheles (Anopheles) barbirostris belongs to the Barbirostris Subgroup of
the Myzorhynchus Series (Harbach, 2004; Rattanarithikul ez al., 2006). It is one of the
most abundant anophelines distributed throughout Thailand (Reid, 1968; Harrison,
1980; Scanlon et al., 1968). It was incriminated as a natural vector of Plasmodium
vivax and Brugian filariasis, due to Brugia malayi in Indonesia (Atomosoedjono et al.,
1976; Kirnowardoyo, 1985), whereas it has also been considered formerly as a
suspected vector of malaria and/or Brugian filariasis in Thailand (Iyengar, 1953;
Griffith, 1955). However, An. barbirostris/campestris has been reported recently as a
probable vector of malaria in Pa Rai subdistrict, Aranyaprathet district, Sa Kaeo
province, southeastern Thailand (Limrat et al., 2001). Based on the identification of
pupal skins, Apiwathnasorn et al. (2002) subsequently incriminated An. campestris as
a potentially natural vector of P. vivax in this locality. The increase in population,
high biting density, anthropophilicity, high susceptibility to P. vivax and detection of
circumsporozoite protein (Pv 247) (Somboon ef al., 1994; Frances et al., 1996; Limrat
et al., 2001; Apiwathnasorn et al., 2002), have caused this species group to be
considered as a possible, important vector corresponding to the increase of P. vivax
prevalence in Thailand (Sattabongkot et al., 2004).

Three karyotypic forms of An. barbirostris, i.e., Form A (X3, X3, Y1), Form B
(X1, X2, X3, Y2), and Form C (X,, X3, Y3) have been reported in both sympatric
and/or allopatric populations in Thailand, whereas Form D (X, Y,) has been reported
from only Java, Indonesia (Baimai ef al., 1995). In view of the An. barbirostris Form
A being found sympatrically and/or allopatrically throughout Thailand, one might
expect some degree of genetic incompatibility. Thus, the crossing experiments and
comparative  DNA sequencing of internal transcribed spacer 2 (ITS2), and
mitochondrial cytochrome ¢ oxidase subunit I and II (COI and COII) of three strains

of An. barbirostris Form A from Thailand are presented herein.



MATERIALS AND METHODS

Metaphase karyotype identification

Wild-caught, fully engorged females of 4n. barbirostris were collected from
Ban Pang Mai Daeng, Maetang district, Chiang Mai province, northern Thailand; Ban
Tha Lam Yai, Si Sawat district, Kanchanaburi province, southwestern Thailand; and
Ban Pu Nam Ron, Nong Ya Plong district, Phetchaburi province, southwest Thailand
(Fig. 1), by using buffalo-baited traps. They were allowed to individually oviposit
eggs in isolated ovipots to establish isolines. The larvae were colonized further using
the techniques described by Choochote et al. (1983) and Kim ez al. (2003). Metaphase
chromosomes were prepared from the early 4th-instar larval brains of F-and/or F,-
progenies of each isoline using the modification methods of Baimai (1977) and
Choochote et al. (2001). The excised heads of 4th-instar larvae were incubated with
0.5 ml filtrate of 1% solution of dried Gloriosa superba rhizome powder (by soaking
0.1 g of rhizome powder in 10 ml of 0.85% sodium chloride solution for 6 hours at 27
+ 2 °C) in a 1 ml-microcentrifuge tube (Effendorf®) for two hours at room
tempéi'ature. The incubated heads were left in 1% hypotonic sodium citrate solution
on a siliconized slide for 10 minutes, and then the removed brains were transferred to
a small drop of Carnoy’s fixative (1 part of glacial acetic acid and 3 parts of absolute
ethanol) on a siliconized slide for at least 2 minutes. A drop of 60% acetic acid was
added and the organs torn and mixed well with dissecting needles. Then, a drop of
cell suspension was placed on a clean microscopic slide on a warming plate at about
45-50 °C. The droplet of cells was released slowly from a Pasteur pipette to form a
circular trail of monolayer cells. The dried slides were stained with 10% Giemsa in
phosphate buffer pH 6.8 for 30 minutes, rinsed with deionized water, air-dried at
room temperature and mounted in Permount® (Fisher, Fairlawn, NI, USA).
Identification of karyotypic forms followed the cytotaxonomic key of Baimai ef al.
(1995).
Crossing study

Crossing experiments were conducted among the three laboratory-raised
isolines of three strains of An. barbirostris Form A. In order to rule out the difference
of X-chromosomes, isolines having Y, X,-chromosomes and heterozygous X,;, Xs-

chromosomes were selected for crossing, i.e., Chiang Mai: ACA6, Kanchanaburi:



AKAS5, and Phetchaburi: APA13 (Fig. 2). Crossing followed the method reported by
Junkum ez al. (2005). The salivary gland polytene chromosome of 4™ instar larvae
from the crosses was prepared using the techniques described by Kanda (1979).
Identification of salivary gland polytene chromosome arms was based on previous
reports of An. barbirostris (Chowdaiah et al. 1970). Low viability of the crosses
(hatchability, survival, pupation and emergence), adult sex-distortion, abnormal
morphology of the reproductive system, and asynapsis of polytene chromosomes were
the criteria used to establish post-mating reproductive isolation.
DNA extraction, amplification and sequencing

Genomic DNA was extracted from a whole adult mosquito of each isoline
(Chiang Mai: ACA4, ACA6, ACAS8; Kanchanaburii AKA2, AKA3, AKAS;
Phetchaburi: APA13, APA18, APA33) using a DNeasy Tissue Kit (Qiagen) according
to the manufacturer’s instructions. The rDNA ITS2, COI, and COII regions were
amplified by polymerase chain reaction (PCR) using the following primers: ITS2A,
5’>-TGTGAACTGCAGGACACAT-3’ and ITS2B, 5’-
TATGCTTAAATTCAGGGGGT-3" for rDNA ITS2 (Beebe and Saul 1995),
LCO1490 (f), 5’-GGTCAACAAATCATAAAGATATTGG-3’ and HCO2198 (), 5’-
TAAAbTTCAGGGTGACCAAAAAATCA-3’ for COI (Folmer et al. 1994), and
LEU (), 5-TCTAATATGGCAGATTAGTGCA-3’ and LYS (r), 5°-
ACTTGCTTTCAGTCATCTAATG-3" for COII (Sharpe et al. 2000). PCR was
carried out using 20 pl volumes containing 0.5 units of Ex Taq (Takara), 1X Ex Taq
buffer, 2 mM of MgCl,, 0.2 mM of each dNTP, 0.25 uM of each primer, and 1 pl of
the extracted DNA. The amplification profile comprised initial denaturation at 95 °C
for 1 min, 30 cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, and a final
extension at 72 °C for 10 min. PCR products of ITS2 were gel purified with the
QIAquick Gel Extraction Kit (Qiagen) and cloned into pCR2.1"TOPO (Invitrogen).
Sequences of several clones from each isoline were determined. PCR products of COI
and COII were purified with the QIAquick PCR Purification Kit (Qiagen) and directly
sequenced. Sequencing reactions were performed using the BigDye Terminator Cycle
Sequencing Kit and run on an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems). The sequence data of this paper have been deposited in the GenBank

nucleotide sequence database under accession numbers XXX-XXX (Table 2).



Sequence and phylogenetic analysis

Sequences of ITS2 were aligned using the CLUSTALW multiple alignment
program (Thompson et al. 1994). Gap sites were excluded from the following
analysis. Genetic distances were estimated using the Kimura two-parameter method
(Kimura 1980). Construction of neighbor-joining trees (Saitou and Nei 1987) and the
bootstrap test with 1,000 replications were conducted with the MEGA version 3.1
program (Kumar et al. 2004). For the phylogenetic trees of COI and COIl, An.
gambiae and An. pullus were used as an outgroup (AF417706, AY444349,
NC_002084, AY444350). The phylogenetic tree of ITS2 was constructed as an

unrooted tree, because an outgroup with easily aligned ITS2 was not available.

RESULTS

Metaphase karyotype identification

The investigation results of F;- and/or F,- progenies of 3, 5 and 3 isolines of
An. barbirostris strains from Kanchanaburi, Phetchaburi and Chiang Mai provinces
revealed that Form A (X, X3, Y;) was obtained from isoline number AKA2, AKA3,
AKAS5; APA13, APA14, APA18, APA33, APA34; and ACA4, ACA6, ACAS in
Kanchﬁr;aburi; Phetchaburi; and Chiang Mai provinces, respectively. The average
summation of branches of seta 2-VI 11.9, 12.6 and 12.1 of Form A strains from
Kanchanaburi, Phetchaburi and Chiang Mai provinces, respectively, were in the limit
of topotypic An. barbirostris (6-18 branches), thus confirming the metaphase
karyotype identification. The isoline number ACA6, AKA5 and APA13 were selected
for the establishment of colonies, and used for crossing throughout the experiments.
Crossing study

Details of hatchabilty, pupation and emergence of parental, reciprocal and
back-crosses among various strains of laboratory-raised isolines of An. barbirostris
Form A are demonstrated in Table 1. All intra-isoline crosses, i.e., ACA x AKA,
AKA x ACA, ACA x APA, APA x ACA, AKA x APA and APA x AKA, were fully
infertile yielding inaviable progenies with asynapsis of F,-hybrid salivary gland
polytene chromosomes, abnormal development of ovarian follicles, atrophied of

accessory glands and testes, and sex distortion of adults. (Table 1, Fig. 3).



Sequence and phylogenetic analysis

ITS2, COI, and COII regions were sequences from 9 isolines of the three
allopatric strains of An. barbirostris. The ITS2, COI and COII PCR- products are
shown in Figs. 4 and 5. No length variation was detected for the COI (658 bp) and
COII (685 bp) regions, but they varied for the ITS2 region. The results exhibited three
clearly different sizes of PCR- product in the ITS2 region. On the basis of sequences
and referring to different sizes of PCR products, we divided all isolines of 4.
barbirostris Form A of three allopatric strains into three groups, i.e., group Al (1,861
bp) in 3 isolines (ACA4, ACA6 and ACAS) from Chiang Mai; group A2 (1,717 bp) in
3 isolines (APA13, APA18 and APA33) from Phetchaburi and group A3 (1,070 bp) in
3 isolines (AKA2, AKA3 and AKA5) from Kanchanaburi. The average percentages
of base composition for the ITS2 sequence of all isolines were (range in parentheses):
A, 18.4% (17.3- 19.7%); T, 27.2% (26.1-27.5%); G, 31.3% (30.9-31.8%) and C,
23.2% (22.4-24.3%). To find out the relationships of isolines, phylogenetic trees were
constructed based on the rDNA ITS2, COI, and COII sequences (Figs. 6-8). The
isolines belonging to each of the 3 groups (Al, A2 and A3) were clustered in each
monophyletic lineage. Average genetic distances within and between the groups are in
Table 3. For ITS2, although the 3 groups were well separated from one another
(0.240-0.627), no sequence variation was found within each group and the tree
showed that group A1 was more closely related to group A2 than to group A3 (Fig.
6). For COI and COIIl, few differences were observed within the groups (0.001-
0.007), while significant separation (0.036-0.056) was shown between the groups
(Table 3). Unlike ITS2, the COI and COII phylogenetic trees showed group Al and
group A2 were not closely related. The COI phylogenetic trees revealed that group Al
was more closely related to group A3 than group A2 (Fig. 7) and the COII
phylogenetic tree revealed that group A2 was closed to group A3 rather than group
Al (Fig. 8).

DISCUSSION
Several intra-taxa of the Asian anopheline species, which had doubtful status
of sibling species and/or subspecies, were subsequently confirmed by crossing
experiments, e.g., An. dirus complex (Kanda et al., 1981; Baimai er al., 1987,

Sawadipanich et al., 1990), An. minimus complex (Somboon et al., 2001, 2005;



Choochote er al., 2002), An. maculatus complex (Takai et al., 1987; Chabpunnarat,
1988), cytological races of An. sinensis Form A and B (Choochote ef gf., 1998; Min et
al., 2002), An. pullus Form A and B (Park er al., 2003), and An. aconitus Form B and
C (Junkum et al., 2005). Given the wide-range distribution of An. barbirostris Form
A (X4, Xz, Yy) in both sympatric and allopatric populations in Thailand, we performed
crossing experiments among three allopatric strains of An. barbirostris Form A
(Chiang Mai, Kanchanaburi, Phetchaburi) to determine the degree of genetic
proximity. Additionally, the comparative DNA. sequences of ITS2, COI and COII
among them were included in this study.

The evidence of vartous degrees of reproductive isolations from the crossing
studies among the three allopatric An. barbirostris Form A strains from Chiang Mai ,
Kanchanaburi and Phetchaburi strongly indicated the existence of at least three sibling
species in the taxon of 4n. barbirostris by providing low embryonation, low- and/or
non-hatched eggs, inaviable progenies, asynapsis of Fi-hybrid salivary gland polytene
chromosomes, abnormal development of ovarian follicles, atrophied of accessory
glands and testes , and sex distortion of adults. The large sequence divergences of
ITS2 (0.240-0.627), COI (0.036-0.056) and COIl (0.042-0.051) among the three
strains of An. barbirostris Form A provided good supportive evidence. Based on the
PCR product size of the ITS2 region (long to short), An. barbirostris Form A strains
from Chiang Mai (1,861 bp), Phetchaburi (1,717 bp) and Kanchanaburi (1,070 bp)
were tentatively designated as species A, Az and As, respéctively.

Apart from the above results, the identical characteristics of metaphase
karyotypes cannot be used robustly to differentiate the sibling species and/or
subspecies status of An. barbirostris forms in Thai populations until additional tools

of hybridization and/or molecular investigation are intensively used.
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Table 3 Average genetic distances within and between groups Al, A2 and A3, for the
ITS2, COI, and COII regions.

ITS2 COl COIl
Within group

Al 0.000 0.001 0.001
A2 0.000 0.001 0.001%
A3 0.000 0.007 0.005

Between groups
Al-A2 0.240 0.038 0.051
Al-A3 0.610 0.036 0.048

A2-A3 0.627 0.056 0.042
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Fig. 1 Map of Thailand showing Chiang Mai (CM), Kanchanaburi (KB), and
Phetchaburi (PB) where mosquito collections were performed. Chiang Mai province
is situated on latitude 18° 47" N and longitude 98° 59’ E in northern Thailand.
Kanchanaburi province is situated on latitude 14° 01’ N and longitude 99° 32' E in
southwestern Thailand. Phetchaburi province is situated on latitude 13° 09’ N and

longitude 100° 04’ E in southwest Thailand.



Fig. 2 Metaphase karyotypes of An. barbirostris Form A. Male larval chromosomes:
(a) X2Y; (Chiang Mai); (c) X,Y; (Kanchanaburi); (e) X,Y; (Phetchaburi). Female
larval chromosomes: (b) heterozygous X;X; (Chiang Mai); (d) heterozygous X;X;
(Kanchanaburi); (f) heterozygous XX, (Phetchaburi).
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Fig. 3 Salivary gland polytene chromosomes of 4™ larvae, ovaries and testes of
parental and F,-hybrids from crosses among three strains An. barbirostris Form A, (a)
Asynaptic salivary gland polytene chromosome from female Form A (Chiang Mai) x
male Form A (Kanchanaburi). (b} Asynaptic salivary gland polytene chromosome
from female Form A (Chiang Mai) x male Form A (Phetchaburi). (¢) Asynaptic
salivary gland polytene chromosome from female Form A (Phetchaburi) x male Form
A (Chiang Mai). (d) Asynaptic salivary gland polytene chromosome from female
Form A (Phetchaburi) x male Form A (Kanchanaburi). (¢) Normal development of
ovarian follicles of female Form A (Chiang Mai). (f) Normal development of
accessory glands and testes of male Form A (Phetchaburi). (g) Abnormal
development of ovarian follicles from female Form A (Chiang Mai) x male Form A
(Phetchaburi). (h) Atrophy of accessory glands and testes from female Form A
(Chiang Mai) x male Form A (Phetchaburi). (i) Abnormal development of ovarian
~ follicles from female Form A (Phetchaburi) x male Form A (Chiang Mai). (j) Atrophy
of accessory glands and testes from female Form A (Phetchaburi) x male Form A
(Chiang Mai). Note: Testes are absent because vasa deferentia were fragile, causing

the testes to detach during preparation.
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Fig. 4 Amplification of the entire internal transcribed spacer 2 (ITS2) for three
allopatric strains of An. barbirostris Form A on a 1% agarose gel. Lane 1, Form A
(Chiang Mai strain); lane 2, Form A (Phetchaburi strain); lane 3, Form A
(Kanchanaburi strain); lane 4, negative control. DNA molecular weight markers (Kb)

were loaded in lane M.
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Fig. 5 Amplification of the COI and COII PCR products for three allopatric strains of
An. barbirostris Form A on a 1% agarose gel. COI (lane 1-3): lane 1, Form A (Chiang
Mai strain); lane 2, Form A (Phetchaburi strain); lane 3, Form A (Kanchanaburi
strain); lane 4, negative control. COII (lane 5-7): lane 5, Form A (Chiang Mai strain);
lane 6, Form A (Phetchaburi strain); lane 7, Form A (Kanchanaburi strain); DNA

molecular weight markers (bp) were loaded in lane M.



Al

A3 | cas

005

Fig. 6 Phylogeny of the three allopatric strains of An. barbirostris Forms A (Chiang
Mai: ACA4, ACA6, ACAS8; Kanchanaburi: AKA2, AKA3, AKAS5; Phetchaburi:
APA13, APA18, APA33) based on ITS2. The tree was generated by neighbor-joining
analysis. Numbers on the nodes indicate probabilities based on 1,000 bootstrap
replicates. A probability of more than 50% is shown. Branch lengths are proportional

to genetic distance (scale bar).
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Fig. 7 Phylogeny of the three allopatric strains of An. barbirostris Forms A (Chiang
Mai: ACA4, ACA6, ACAS; Kanchanaburi: AKA2, AKA3, AKAS; Phetchaburi:
APA13, APAI18, APA33) based on COI. The tree was generated by neighbor-joining
analysis. Numbers on the nodes indicate probabilities based on 1,000 bootstrap
replicates. A probability of more than 50% is shown. Branch lengths are proportional

to genetic distance (scale bar).
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Fig. 8 Phylogeny of the three allopatric strains of An. barbirostris Forms A (Chiang
Mai: ACA4, ACA6, ACAS, Kanchanaburi: AKA2, AKA3, AKAS35; Phetchaburi:
APA13, APA18, APA33) based on COII. The tree shown was generated by neighbor-
joining analysis. Numbers on the nodes indicate probabilities based on 1,000
bootstrap replicates. A probability of more than 50% is shown. Branch lengths are

proportional to genetic distance (scale bar).



