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Abstract 

 

Project Code : MRG5280206 

Project Title : Study of genetic variation for identification of Mansonia mosquitoes in Thailand by 

molecular techniques 

Investigator : Dr. Jiraporn Ruangsittichai 

          Department of Medical Entomology, Faculty of Tropical Medicine, Mahidol University 

E-mail Address : tmjrs@mahidol.ac.th 

Project Period : 2 years (March 2009 – March 2011) 

Mansonia mosquitoes are important natural vectors of lymphatic filariasis. Classification of 

six Mansonia species was importance for vector control and epidemiological study of disease. Two 

from six species, Mansonia bonneae and Ma. dives, are classified as closely related species and 

distributed in the same breeding places swamp forest. Morphological identification of these two 

closely related species is poorly reliable. The aim of this study is to find new methods for 

classification. DNA barcoding, PCR-RAPD and Morphometrics were used as new tools for 

confirming species. Because of the unclear morphology, DNA barcoding is the first technique for 

solving this problem. Cytochrome oxidase subunit I (COI) was a marker gene used for identification. 

After phylogenetic analysis, Mansonia mosquitoes could separate as each species and show high 

sequence divergence between species. Although this technique could identify Mansonia species, 

however it has time-consuming and costly, so Morphometrics was applied in doubtful specimens 

especially Ma. bonneae and Ma. dives. Its statistic result showed that morphometrics could separate 

these closely related species by evaluating wing shape variation using anatomical landmarks. While 

PCR-RAPD could separate some Mansonia species except Ma.dives. It has still developed and 

made precise and reproducibility. 

In conclusion, there are many techniques to use for identification of Mansonia mosquitoes. 

This is the first study to classify the vectors of filariasis in many techniques. For field study, the first 

and easy technique to identify is classical identification by morphology. However other techniques 

should be done to confirm species in case of closely related species and cannot differentiate by 

morphology. 

Keywords : Mansonia, filariasis, morphology, morphometrics, DNA barcode, PCR-RAPD 
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 (Lymphatic filariasis  elephantiasis) 

 Wucheria bancrofti, Brugia malayi  Brugia. timori  Mansonia  

Culex   1,100 

  120   107  W.  bancrofti 

 13  B. malayi   83  (WHO 

2007)    64 %  

 32 %    8 

        

  

 
 1  Lymphatic filariasis (WHO, 2001a) 
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 1  Lymphatic filariasis  (Zagaria and Savioli, 

2002) 

Filaria Zone Major vector Minor vector 
Wuchereria 
bancrofti 
(Nocturnal periodic) 

America Culex 

quinquefasciatus 

Anopheles albomanus 

Anopheles aquasalis 

Anopheles darlingi 

Mansonia titillans 

Ochlerotatus scapularis 

Ochlerotatus 

taeniorhynchus 

 Africa Anopheles funestus 

Anopheles gambiae 

Culex 

quinquefasciatus 

Anopheles arabiensis 

Anopheles hancocki 

Anopheles melas 

Anopheles merus 

Anopheles nili 

Anopheles pauliani 

Anopheles wellcomei 

Culex antennatus 

Mansonia uniformis 

 

 

 

 

 

 

 

 

 

 

Middle East Culex pipiens 

molestus 

Culex 

quinquefasciatus 

 

 

 

 

 

Culex antennatus 
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Filaria Zone Major vector Minor vector 
 Papuan Anopheles farauti 

Anopheles koliensis 

Anopheles punctulatus 

Culex annulirostris 

Culex bitaeniorhynchus 

Culex pipiens pallens 

Mansonia uniformis 

Ochlerotatus kochi 

Wuchereria 
bancrofti 
(Nocturnal 

subperiodic) 

Nicobar, 

Thailand 

Ochlerotatus niveus 

Ochlerotatus 

harinasutai 

Aedes annandalei 

Aedes desmotes 

Aedes imitator 

Wuchereria 
bancrofti 
(Diurnal 

subperiodic) 

American 

Samoa 

Aedes polynesiensis Aedes samoanus 

Ochlerotatus 

oceanicus 

 Samoa Aedes polynesiensis Aedes updensis 

Aedes samoanus 

Ochlerotatus tutuilae 

Ochlerotatus 

oceanicus 

 Tonga Aedes tongae 

Aedes tabu 

Aedes kesseli 

Ochlerotatus 

oceanicus 

 Fiji Aedes polynesiensis Ochlerotatus vigilax 

Aedes 

psudoscutellaris 

Aedes horrescens 

Aedes rotumae 

Ochlerotatus fijiensis 
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Filaria Zone Major vector Minor vector 
 Micronesia, 

Marshall 

Islands 

Culex 

quinquefasciatus 

 

 Cook 

Islands, 

Tuvalu, 

Pitcairn, 

French 

Polynesia 

 

Aedes polynesiensis  

Brugia malayi 
(Nocturnal periodic) 

Fiji Aedes polynesiensis Ochlerotatus vigilax 

Aedes 

psudoscutellaris 

Aedes horrescens 

Aedes rotumae 

Ochlerotatus fijiensis 

Brugia malayi 
(Nocturnal 

subperiodic) 

South Asia Mansonia annulata 

Mansonia bonneae 

Mansonia dives 

Coquillettidia 

crassipes 

Mansonia uniformis 

Brugia malayi 
(Diurnal 

subperiodic) 

Thailand Coquillettidia 

crassipes 

 

 

Brugia timori 
(Nocturnal periodic) 

Indonesia 

(Timor) 

Anopheles barbirostris  
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  . .2499  Dr. M.O.T. 

Lyengar     

 W. bancrofti  

 B. malayi    

      

 
 2  B. malayi (http://www.dpd.cdc.gov/dpdx) 

  Mansonia 

 microfilaria   microfilaria  

 L1, L2  L3  

   L3 

   microfilaria  

  

B. malayi   Mansonia   6    Mansonia bonneae, 
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Mansonia dives, Mansonia uniformis, Mansonia indiana, Mansonia annulata  Mansonia 

annulifera     

  Ma. bonneae 

 (swamp forest)  Ma. uniformis 

  (Apiwathnasorn et al, 2006a, 2006b, 2006c; 

Rattanarithikul et al, 2006; Samung et al, 2006)  Mansonia 

    

, , 

 

 Mansonia  

 scale    

Rattanarithikul et al, 2006  
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   species complex 

  

 

   

 (Cytogenetics)  

Anopheles sundaicus (Sukowati and Baimai., 1996) Anopheles barbirostris (Saeung et al, 2007) 

 

 Isozyme 

 Isozyme  (Protein electrophoresis)  

 An. sundaicus (Sukowati et al., 1999) Aedes aegypti (Nayar et al., 2002; Failloux et al., 

2002)  

   

 

 PCR-based method 

   

 Cytochrome oxidase subunit  (CO )  DNA barcoding 

 (Kumar et al., 2007)  (Cywinska et al., 2006), 

 COII, ND5, ND6  Cyt-b  Anopheles (Ma et al., 

2006; Dusfour et al., 2007; Ali et al., 2007; Morgan et al., 2009;  Takenaka et al., 2010; Bourke 

et al., 2010)   Nuclear DNA  ribosomal DNA  Internal transcribed spacer   

(ITS ), Internal transcribed spacer   (ITS ) , Domain 3 (D3)  28S rDNA  An. 

sundaicus (Linton et al., 2005; Alam et al., 2006)  Anopheles (Coetzee and Fontenille., 

2004; Marrelli et al., 2005; Marrelli et al., 2006; Mohanty et al., 2009; Swain et al., 2010) ITS II 

 rDNA  Anopheles dirus complex (Walton et al.,1999) intergenic spacer  

rDNA  Anopheles gambiae complex  (Collins and Paskewitz., 1996) 

 RAPD  Anopheles stephensi (Djadid et al., 2006) Anopheles 
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albitarsis (Lehr et al., 2005)  PCR-RFLP  Anopheles 

culicifacies (Goswami et al., 2005),  Anopheles (Matson et al., 2008) Anopheles annularis 

(Alam et al., 2007a; Alam et al., 2007b),  Multiplex PCR 

 Anopheles funestus (Temu et al., 2007) Anopheles annularis (Swain et al., 2009) 

 Real-time  PCR  Aedes albopictus, Aedes scutellaris  Aedes aegypti 

(Hill et al., 2008)  species-specific primers 

 Anopheles dirus (Walton et al., 1999; Huong et al.,2001) Anopheles 

maculipennis (Oshaghi et al., 2003) Anopheles albitarsis (Brochero et al., 2007) Culex vishnui 

(Toma et al. 2000) 

  NADPH-cytochrome P450 reductase   Anopheles cruzii (Rona et 

al., 2010)  acetylcholinesterase-2 (ace-2)  Culex pipiens (Smith et 

al.,2004; Bahnck et al., 2006; Kasai et al., 2008) 

 PCR  primers  

 universal primers  primers 

  DNA barcoding 

 (taxonomist)  morphology taxonomist 

 

  

   

  (University of Guelph)  

 DNA barcode  2003   DNA barcode  

  

(Biodiversity)  PCR-based 

method  mitochondrial gene  Cytochrome oxidase subunit I (COI), DNA sequencing, 

nucleotide analysis  bioinformatics  DNA barcode 

 morphology taxonomist  molecular taxonomist   DNA 

barcode   COI  

1,500,000  (updated  2555)  eukaryote   

10,000,000   DNA barcode   (DNA 
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sequencing)    

(field)   40 

 2005       (Hebert et al., 2003a, 

2003b, 2004a, 2004b; Hajibabaei et al., 2006; Cywinska et al., 2006; Kumar et al.,2007) 

     Morphometrics 

  (Landmark)  vein 

 CLIC  Prof. Jean Pierre Dujardin  

  

 Ae aegypti (Jirakanjanakit et al., 2007, 2008),  Triatomine (Schofielda 

and Galvão, 2009; Pires et al., 2011) 

 (Dujardin, 2008) 

 Mansonia 

  PCR method  DNA sequence analysis 

  DNA sequence  

RFLP  RAPD  Morphometrics 

 

   

 

 

1.   

 Mansonia   

2.  (Molecular phylogeny)  

Mansonia 

3.   

Mansonia  

4.  Morphometrics  

Mansonia 

5.  Mansonia 
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1   

 Mansonia  6   Ma. bonneae, 

Ma. dives, Ma. uniformis, Ma. Indiana, Ma. annulata  Ma. annulifera 

  

 

deep freezer -80 C  

 deep freezer -80 C  

2.   

  .  

2.1  

 

 Rattanarithikul et al, 2006  

2.2  (genomic DNA)  

 DNA   QIAamp  DNA Mini Kit (QIAGEN)  

   1.  QIAamp  DNA Mini Kit 

2. Ethanol (96-100%) 

 DNA 

1.   microcentrifuge tube  1.5 ml  Teflon 

pestle  Buffer ALT (kit)  180 l  

2.  Proteinase K (kit)  20 l  

 Buffer ALT  Vortex  15  

 Water bath  56 C  3   overnight 

 Vortex  15   

3.  (fast speed)  

Microcentrifuge  
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4.   Buffer AL (kit)  200 l  Vortex  15  

 Water bath  70 C  10   

(fast speed)  Microcentrifuge  Buffer AL 

 70 C 

5.  96-100% Ethanol  200 l  Vortex  15 

 

6.   QIAamp Spin column (  collection tube  2 ml) 

 QIAamp Spin column 

 Microcentrifuge  8,000 rpm  1   

QIAamp Spin column  collection tube  

 (filtrate)  DNA  QIAamp silica-gel membrane  

QIAamp Spin column  

7.  Washing buffer, Buffer AW1 (kit)  500 l  QIAamp Spin column 

 Microcentrifuge  14,000 rpm  1 

  QIAamp Spin column  collection tube  

 (filtrate) 

8.  Washing buffer, Buffer AW2 (kit)  500 l  QIAamp Spin column 

 Microcentrifuge  14,000 rpm  1 

  QIAamp Spin column  14,000 rpm  

Buffer AW2   (filtrate) 

9.  QIAamp Spin column  collection tube   elution buffer, Buffer AE 

(kit)   1   8,000 rpm 

 1   DNA  collection tube  

microcentrifuge tube  1.5 ml   DNA  -70 C freezer (  long 

term storage  liquid nitrogen  concentrate  concentrator) 

10.  10  DNA elution 2  Buffer AE  1  

5    
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2.3 Agarose gel electrophoresis 

  1. Agarose 

2. DNA (300 ng/ l) 

3. 10X Tris-borate-EDTA (TBE) buffer  

4. dH2O 

5. Ethidium Bromide 

 

1.  1X TBE buffer  10X TBE buffer  dH2O 

2.  1% agarose gel  agarose  0.28 g  1X TBE 

 40 ml  microwave  high temperature  1  

 gel casting tray  well  comb  agarose gel 

 1  

3.  agarose gel  Gel electrophoresis chamber  1X TBE buffer 

 running buffer 

4.  DNA   18 l  10X Loading dye  2 l  

load  well  agarose gel  DNA    volt  

100 volt  30  

5.   agarose gel  0.5X TBE buffer  Ethidium bromide 0.5 

g/ml final concentration  10  10 -15   agarose 

gel  UV Transilluminator  

2.4  (PCR) 

 (DNA)   genomic DNA  

Mansonia   (forward and reverse primer) 

 Cytochrome oxidase I (COI)   universal primers  

primers   2 primers  LepF1  LepR1 primers 

 Ma. bonneae, Ma. dives, Ma. uniformis, Ma. Indiana, Ma. annulata 

 Ma. annulifera  C1J-1718  C1N-2191 primers   Ma. 

dives  
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 primer  (5’……3’) 

LepF1 ATTCAACCAATCATAAAGATATTGG 

LepR1 TAAACTTCTGGATGTCCAAAAAATCA 

C1J-1718 GGAGGATTTGGAAATTGATTAGTTCC 

C1N-2191 CCCGGTAAAATTAAAATATAAACTTC 

 2 Primers  COI  

 

  , , dNTPs, PCR buffer, MgCl2 

   (final concentration)    

Reagent Final concentration Reaction mixture (total 50 l) 

Sterile deionized water - Variable 

10x PCR buffer 1x 5 l 

2 mM dNTP 0.2 mM of each 5 l 

Forward primer 0.1-1 M Variable 

Reverse primer 0.1-1 M Variable 

Taq DNA polymerase 1.25-2.5 u Variable 

25 mM MgCl2 1.5 mM 3  l 

Template DNA 10 pg-1  g Variable 

 3 Master mix  COI 

 

  reaction mixture   (PCR) 

 4  

 

 

 

 

 

 



17 
 

 LepF1  LepR1 primers 

(35 cycles) 

C1J-1718  C1N-2191 primers 

(30 cycles) 

 Temp. C Time sec Temp. C Time sec 

Denaturation 95 30 94 60 

Annealing 55 40 55 60 

extension 72 60 72 60 

 4  COI 

Extension  72 C  1-2    25-30   final extension 

72 C  5-10    

2.5   

 PCR product (DNA sequencing)  PCR 

product   multiple sequence 

alignment  Clustal X 

 molecular phylogenetic analysis  MEGA4.1 
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2.6  Random Amplified Polymorphic DNA (RAPD)-PCR 

  RAPD-PCR  random primers  R e a d y To  Go™ RAPD Analysis 

Beads, Amersham Biosciences  

 

RAPD Analysis Primer 1 - (5'-d[GGTGCGGGAA]-3') 

RAPD Analysis Primer 2 - (5'-d[GTTTCGCTCC]-3')† 

RAPD Analysis Primer 3 - (5'-d[GTAGACCCGT]-3') 

RAPD Analysis Primer 4 - (5'-d[AAGAGCCCGT]-3')* 

RAPD Analysis Primer 5 - (5'-d[AACGCGCAAC]-3')* 

RAPD Analysis Primer 6 - (5'-d[CCCGTCAGCA]-3')* 

Positive control  Escherichia coli DNAs 

 

 

1.  RAPD Analysis Beads   1.5 ml microcentrifuge tube 

 

25 pmol of a single RAPD primer    X l 

5-50 ng template DNA     Y l 

Distilled water to total of     25 l 

2.  1  vortexing 

 1.5 ml 

3.  Thermocycler  45 cycles   

    95°C  1 , 36°C  1   72°C  2  

4.  2% agarose gel  RAPD-PCR product 5 

l  6x loading dye 1 l  agarose gel 
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2.7  Morphometrics 

 Mansonia  6   2 

 Ma. bonneae  Ma. dives 

 

COI  Ma. dives   16  

 

 

Specimens Number of 

specimens 

(Gender) 

Method of 

capture 

Date of sampling  

(No.) 

Place of 

collection 

Ma. bonneae 28 (Female) Biting collection 

(aspirator) 

April. 2005 (28) Surat Thani, 

Thailand 

 24 (Male) Biting collection 

(aspirator) 

April 2005 (24) Surat Thani, 

Thailand 

Ma. dives 15 (Female) Biting collection 

(aspirator) 

Feb. 2005 (3),  

Aug. 2009(12) 

Narathiwat, 

Thailand 

Surat Thani, 

Thailand 

 5 (Male) Biting collection 

(aspirator) 

Feb. 2005 (5) Narathiwat, 

Thailand 

 

 37 (Female) Biting collection 

(aspirator) 

Dec. 2009 Dawei, 

Myanmar 

 5  Ma. bonneae  Ma. dives   
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 Morphometrics  

1.  Ma. bonneae  Ma. dives  landmark 

 vein   13   size means  variances  

ANOVA  

2.  Generalized Procrustes Algorithm (GPA), mean shapes  2 

Procrustes superimposition   discriminant analysis 

 CLIC package (http://www.mpl.ird.fr/morphometrics/clic/index.html)  
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 Mansonia 

  Mansonia  subfamily Culicinae, subgenera 

Mansonioides    6   Ma. annulata, Ma. annulifera, Ma. 

bonneae, Ma. dives, Ma. indiana  Ma.  uniformis  

  

Ma. annulata, Ma. bonneae  Ma. dives  (swamp forest)  

   

 Ma. annulifera, Ma. indiana  Ma.  uniformis  (open swamp) 

    

  

  

  

  Mansonia  Ma. annulifera 

 Ma. indiana  Ma.  uniformis   Ma. annulata, Ma. bonneae  

Ma. dives   

 

   

   

  Mansonia 

    

   2   Ma. bonneae  Ma. 

dives  
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 COI  COI  Mansonia 

1.  (Sequence divergence)  Ma. bonneae  

Ma.dives 

  Mansonia  Ma. bonneae  Ma. 

dives  

  genomic 

DNA  Ma. bonneae  Ma. dives  Cytochrome 

oxidase subunit I (COI)  Mitochondria  PCR   

COI  Ma. bonneae  LepF1  LepR1 primers  Ma. dives  C1J-1718  

C1N-2191 primers    sequencing 

 Bioinformatics  

 Chromas MFC Application  multiple sequence alignment  

Clustal x 

 phylogenetic tree  MEGA 4.1  

  COI  650 bp  Ma. bonneae  41  

 480 bp  Ma. dives  36   COI 

  A+T  (AT rich)  

 A+T rich 67.4%  66.5%  Ma. bonneae  Ma. dives  

 codon  AT rich  3  93.4%  91.3% 

 Ma. bonneae  Ma. dives   

 Ma. bonneae  Ma. 

dives (  Mega 4.1  K2P model)  5.3% ( range 4.8-

6.0%)  Ma. bonneae  

0.5% (range 0-1%)  Ma. dives 

  1.0% (range 0-1.5%)  
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% Mean sequence divergence (range)  

Ma. bonneae Ma. dives Ae. aegypti (outgroup) 

Ma. bonneae 0.5 (0-1.0)   

Ma. dives 5.3 (4.8-6.0) 1.0 (0-1.5)  

Ae. aegypti (outgroup) 15.7 (15.0-16.3) 14.2 (13.8-15.0) 1.4 (0-2.3) 

 6  COI 

 3  Ma. bonneae, Ma. dives  Ae. aegypti (outgroup) 

 

 

 Mansonia  phylogenetic tree (Neighbor-joining (NJ) tree  

bootstrapping 1,000 replications)  MEGA 4.1  Ma. 

bonneae  Ma. dives  2    Aedes aegypti  

outgroup 
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 3  Neighbour-joining tree  K2P  COI  Ma. 

bonneae, Ma. dives  Ae. aegypti (  MEGA 4.1) 
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2.  (Sequence divergence)  Mansonia  

   COI  Mansonia  6  55   

 Family Culicidae  37   

 MAGA 4.1 (K2P model)   

14%  

 Mansonia  

 Mansonia  10%  Mansonia 

 online database   10.4% 

(range 8-12.48%)   0.67% 

(range 1-1.0%)  

 

Species Ma. 

annulata 

Ma. 

annulifera 

Ma. 

bonneae 

Ma. 

dives 

Ma. 

indiana 

Ma. 

uniformis 

Ma. annulata       

Ma.annulifera 0.15      

Ma. bonneae 0.14 0.13     

Ma. dives 0.14 0.15 0.06    

Ma. indiana 0.15 0.14 0.11 0.13   

Ma. uniformis 0.13 0.13 0.09 0.10 0.11  

  7  COI  Mansonia 

 MAGA4.1 

 

The nucleotide divergence value on average percent 

Variation within species 0.6 

Variation among species 11.5 

  8  Mansonia 
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  Phylogenetic tree  Mansonia  

 GenBank (www.ncbi.nlm.nih.gov)  BOLD system (www.boldsystem.org) 

 92 sequences  MEGA 4.1  Phylogenetic tree   

Neighbor-Joining method  bootstrapping 1,000 replications  

Phylogenetic tree   Mansonia  6   

Ma.bonneae, Ma. dives, Ma. uniformis, Ma. Indiana, Ma. annulata  Ma. annulifera  

  Ma. bonneae  Ma. dives  

  clade  

 

 9   GenBank Database (www.ncbi.nlm.nih.gov)  BOLD 

system (www.boldsystem.org) 

No. Species Accesstion number Online database 

1 Aedes aegypti  NC010241 GenBank 

2 Aedes albopictus  NC006817 GenBank 

3 Aedes abserratus  ACMC032-04 www.boldsystem.org 

4 Aedes cinereus  ACMC100-04 www.boldsystem.org 

5 Aedes communis  ACMC038-04 www.boldsystem.org 

6 Aedes dorsalis  ACMC067-04 www.boldsystem.org 

7 Aedes euedes  ACMC123-04 www.boldsystem.org 

8 Aedes implicatus  ACMC090-04 www.boldsystem.org 

9 Aedes japonicus  ACMC019-04 www.boldsystem.org 

10 Aedes riparius  ACMC088-04 www.boldsystem.org 

11 Aedes sollicitans  ACMC264-04 www.boldsystem.org 

12 Aedes stimulans  ACMC021-04 www.boldsystem.org 

13 Aedes triseriatus  ACMC039-04 www.boldsystem.org 

14 Anopheles funestus  NC008070 GenBank 

15 Anopheles gambiae  NC002084 GenBank 

 

 



27 
 
No. Species Accesstion number Online database 

16 Anopheles quadrimaculatus A  NC000875 GenBank 

17 Anopheles earlei  ACMC063-04 www.boldsystem.org 

18 Anopheles maculipennis  ACMC313-04 www.boldsystem.org 

19 Anopheles messeae  ACMC312-04 www.boldsystem.org 

20 Anopheles sinensis  ACMC017-04 www.boldsystem.org 

21 Anopheles sundaicus  ACMC018-04 www.boldsystem.org 

22 Coquillettidia perturbans  ACMC302-04 www.boldsystem.org 

23 Culex pipiens  ACMC044-04 www.boldsystem.org 

24 Culex restuans  ACMC106-04 www.boldsystem.org 

25 Culex salinarius  ACMC269-04 www.boldsystem.org 

26 Culex tarsalis  ACMC008-04 www.boldsystem.org 

27 Culex territans  ACMC066-04 www.boldsystem.org 

28 Culiseta impatiens  ACMC009-04 www.boldsystem.org 

29 Culiseta inornata  ACMC054-04 www.boldsystem.org 

30 Culiseta morsitans  ACMC069-04 www.boldsystem.org 

31 

32 

33 

Mansonia uniformis  

Mansonia uniformis V225 

Mansonia uniformis V226 

AY729988 

GQ165799 

GQ165800 

GenBank 

GenBank 

GenBank 

34 Mansonia annulifera  AY729971 GenBank 

35 Orthopodomyia alba  ACMC215-04 www.boldsystem.org 

34 Toxorhynchites rutilus  ACMC010-04 www.boldsystem.org 

35 Uranotaenia sapphirina  ACMC076-04 www.boldsystem.org 
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 4  Neighbour-joining tree  K2P  COI  

Mansonia   GenBank Database (www.ncbi.nlm.nih.gov)  

BOLD system (www.boldsystem.org) (  MEGA4.1) 
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 Mansonia  Morphometrics 

  Morphometrics 

    vein  

 13    

  CLIC Package 

 (discriminant analysis)  

  Morphometrics  Ma. 

bonneae  Ma. dives   anatomical landmark 

 1, 2,  13  

 (discriminant analysis)   Ma. bonneae  Ma. dives  2 

  5  6  Sexual dimorphism 

 Ma. bonneae  Ma. dives 

  vein  
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 5  Shape variation  Mansonia 2  Ma. bonneae ( ) 

 Ma. dives ( )  (A)  Ma. bonneae ( )  Ma. dives (

)  (B)  

 

 

 

 

   

 6  Discriminant analysis  Ma. bonneae  Ma. dives (A) 

 Ma. bonneae  Ma. dives (B)  Group 1  Ma. bonneae, Group 2  Ma. 

dives 
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 Mansonia  RAPD 

  RAPD   RAPD-

PCR product   PCR  random 

primers  6   RAPD  PCR product  

  

  Ma. bonneae  random 

primer  1  random primer   

 

 

 
    M   1  2  3   4  5   6   7  8   M 

 

 

 

 

 

 

 

 

 7   RAPD  
primer  1  Agarose gel 
electrophoresis  Mansonia 6  

 M: 100 bp DNA ladder (Fermentas, 
Canada),  1  2: positive control 
(Escherichia coli)  3: Ma. annulata 

 4: Ma. annulifera  5: Ma. 
bonneae  6: Ma. dives  7: Ma. 
indiana  8: Ma. uniformis  



33 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

    M   1  2  3   4  5   6   7  8   M 

 

 
    M   1  2  3   4  5   6   7  8   M 

 

 8   RAPD  
primer  2  Agarose gel 
electrophoresis  Mansonia 6  

 M: 100 bp DNA ladder (Fermentas, 
Canada),  1  2: positive control 
(Escherichia coli)  3: Ma. annulata  
4: Ma. annulifera  5: Ma. bonneae  
6: Ma. dives  7: Ma. indiana  8: 
Ma. uniformis 

 9   RAPD  
primer  3  Agarose gel 
electrophoresis  Mansonia 6  

 M: 100 bp DNA ladder (Fermentas, 
Canada),  1  2: positive control 
(Escherichia coli)  3: Ma. annulata 

 4: Ma. annulifera  5: Ma. bonneae 
 6: Ma. dives  7: Ma. indiana  

8: Ma. uniformis  
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 10   RAPD  
primer  4  Agarose gel 
electrophoresis  Mansonia 6  

 M: 100 bp DNA ladder (Fermentas, 
Canada),  1  2: positive control 
(Escherichia coli)  3: Ma. annulata 

 4: Ma. annulifera  5: Ma. 
bonneae  6: Ma. dives  7: Ma. 
indiana  8: Ma. uniformis  

 11   RAPD  
primer  5  Agarose gel 
electrophoresis  Mansonia 6  

 M: 100 bp DNA ladder (Fermentas, 
Canada),  1  2: positive control 
(Escherichia coli)  3: Ma. annulata 

 4: Ma. annulifera  5: Ma. 
bonneae  6: Ma. dives  7: Ma. 
indiana  8: Ma. uniformis  
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primer  6  Agarose gel 
electrophoresis  Mansonia 6  

 M: 100 bp DNA ladder (Fermentas, 
Canada),  1  2: positive control 
(Escherichia coli)  3: Ma. annulata  
4: Ma. annulifera  5: Ma. bonneae  
6: Ma. dives  7: Ma. indiana  8: 
Ma. uniformis  
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a b s t r a c t

In the South of Thailand, sixMansonia species are recorded as filariasis vectors, among whichMa. bonneae
andMa. dives. These two species are distributed in the same breeding place, mainly the swamp forest, but
appear to be of problematic identification using traditional morphological characters. Because of the risk
of wrong identification during epidemiological or biological studies, complementary techniques are
needed to distinguish the two species.
We used on the same field collected specimens both genetic (DNA barcoding) and phenetic (geometric

morphometrics) techniques. Both methods converged to identify two separate entities in accordance
with morphological differences and geographic origins. Shape divergence between species was more pro-
nounced in males than in females. Notably, the amount of within species sexual shape dimorphism was
much larger than shape divergence as recorded between species.
In spite of these two species of Mansonia being evolutionary very close, simple DNA barcoding was

resolutive. Geometric morphometrics, because it is a fast and low-cost procedure, appeared as an inter-
esting complement to modern diagnostic techniques applied in medical entomology. It also was able to
provide information relevant to the ecology of the two species.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Filariasis in South East Asia is an important public health
problem. Most species in the subgenus Mansonioides of the genus
Mansonia Blanchard, 1901 (i.e. Mansonia annulata Leicester, 1908,
Ma. annulifera (Theobald, 1901), Ma. bonneae Edwards, 1930, Ma.
dives (Schiner, 1868), Ma. indiana Edwards, 1930 and Ma. uniformis
(Theobald) 1901) are vectors of Brugian filariasis in Thailand, some
of which are difficult to distinguish by morphological features.
Traditional morphological identification of adult specimens relies
on scales and body patterns. Up to now, it has been used to differ-
entiate the Mansonia species.

Some pairs of species like Ma. indiana and Ma. uniformis or Ma.
bonneae andMa. dives, do not readily separate and may represent a
taxonomic problem. Our study focused on the bonneae – dives pair.
These morphologically very close species exhibit differences in
ecology and possibly in their response to control measures. For
instance, Ma. bonneae is common in peat swamp forest while Ma.
uniformis is common in open swamp (Apiwathnasorn et al.,
2006). Alternative methods for accurate identification are then
required to either implement or evaluate control program.

The barcoding technique based on the sequence of the cyto-
chrome oxidase subunit I (COI) has become a popular technique
for species identification, although not always satisfactory for very
close species (Meier et al., 2006; Elias et al., 2007; Kumar et al.,
2007). To evaluate the interest of another potentially diagnostic
approach in the case of the two close species Ma. dives and
Ma. bonneae, we submitted the specimens also to geometric
morphometry (Dujardin and Slice, 2007; Dujardin, 2008). This
technique has not been applied before on species of this genus.
Thus, on the field collected specimens from Thailand and
Myanmar, we compared on the same individuals the species
diagnostic provided by the cytochrome oxidase subunit I (COI)
sequence and the one obtained by the morphometric technique.

2. Materials and methods

2.1. Specimen collection

Mosquitoes were collected from the south of Thailand (Surat
Thani and Narathiwat) and Myanmar (Dawei) by biting collection
and aspirator. From the more than 2000 mosquitoes classified as
Mansonia, 109 specimens had well preserved diagnostic characters
(Rattanarithikul et al., 2005, 2006) and were unequivocally identi-
fied as Ma. bonneae andMa. dives. These specimens were 28 female

1567-1348/$ - see front matter � 2011 Elsevier B.V. All rights reserved.
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Ma. bonneae, 24 male Ma. bonneae, 52 female Ma. dives and 5 male
Ma. dives (Table 1). Each specimen was analyzed by DNA barcoding
and morphometrics.

2.2. DNA extraction

All 109 Mansonia specimens were selected for DNA extraction
by the QIAamp DNA Mini Kit (QIAGEN, GmbH, Hilden, Germany)
following manufacturers instructions. Only legs of mosquitoes
were used. The DNA elution was stored at �20 �C.

2.3. COI amplification

For Ma. bonneae, Cytochrome oxidase subunit I (COI) was
amplified by PCR using primer pairs, LepF1 forward (50-ATTCAA-
CCAATCATAAAGATATTGG-30) and LepR1 reverse (50-TAAACTTCTG-
GATGTCCAAAAAATCA-30) primers (Hajibabaei et al., 2006). Each
PCR reaction contained 5 lL 10� PCR buffer (20 mM Tris–HCl,
pH 8.4, and 500 mM KCl), 2.5 mM MgCl2, 50 lM dNTPs, 0.5 U

Platinum� Taq DNA polymerase (Invitrogen, USA), 0.1 lM of each
primer, 5 ll of DNA template and the remaining volume of ddH2O
up to 50 ll. The PCR thermal consisted of 1 min at 94 �C followed
by 5 cycles of 30 s at 94 �C, 40 s at 45 �C, 1 min at 72 �C, then 35
cycles of 30 s at 95 �C, 40 s at 55 �C, 1 min at 72 �C, and a final
extension step of 10 min at 72 �C. For Ma. dives, C1J-1718 primer
(50-GGAGGATTTGGAAATTGATTAGTTCC-30) and C1N-2191 primer
(50-CCCGGTAAAATTAAAATATAAACTTC-30) (Simon et al., 1994)
were used to amplify COI. The PCR thermal consisted of 30 cycles
of 1 min at 94 �C, 1 min at 55 �C, 1 min at 72 �C and a final exten-
sion step of 10 min at 72 �C. All PCR products were submitted for
sequencing.

2.4. DNA sequencing and analysis

COI amplification was sequenced by Fluorescent dye-termina-
tor sequencing (ABI3730xl DNA sequencers). DNA sequencing
was performed by using forward and reverse primers as in COI
amplification. Nucleotide sequences were multiple aligned using
the Clustal X version 2.0.12 (Thompson et al., 1997). Intraspecific
and interspecific sequence divergences were calculated using the
Kimura 2-parameter (K2P) model (Kimura, 1980). Neighbor-
joining (NJ) tree was built using MEGA 4.0 (Tamura et al., 2007)
with bootstrapping (1000 replications).

2.5. Morphometrics

Wings of Ma. bonneae and Ma. dives were digitized by one of us
(JK) at 13 anatomical landmarks (Fig. 2). The centroid size (CS) of

Table 1
Origin and date of capture of the specimens under study. n, number of mosquitoes.

Species n (Gender) Date Place

Mansonia bonneae 28 (Female) April 2005 Surat Thani, Thailand
22 (Male) April 2005 Surat Thani, Thailand

Mansonia dives 15 (Female) February 2005 (3) Narathiwat, Thailand
August 2009 (12) Surat Thani, Thailand

5 (Male) February 2005 Narathiwat, Thailand
16 (Female) December 2009 Dawei, Myanmar

Fig. 1. Neighbor Joining tree built from intraspecific and interspecific sequence divergences using the Kimura 2-parameter (K2P) model. ENT, entomology; JR, Jiraporn
Ruangsittichai; MAB, Mansonia bonneae from Thailand; MAD, Mansonia dives from Thailand; DIVMY2M, Mansonia dives (DIV) from Myanmar (MY2M).
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each mosquito was computed from the 13 LM configuration: CS is
the square root of the summation of the squared distances
between the center of the configuration and each landmark

(Bookstein, 1991). Size means and variances were analyzed using
non-parametric ANOVA (Caro-Riaño et al., 2009).

Each configuration of landmarks was superimposed on the total
consensus using the Generalized Procrustes Algorithm (GPA)
(Rohlf, 1990). The residual coordinates of the 13 anatomical land-
marks provided polygons allowing visual comparisons of mean
shapes between species (Fig. 3) and between sexes (Fig. 6). Thus,
after size removal through the Procrustes superimposition on the
consensus of the total sample (GPA), the residual coordinates were
converted into ‘‘partial warps’’ (PW) to allow their processing by
standard multivariate analyses.

The principal components of the PW (i.e., the relative warps, or
RW) were computed to show the morphospace for both species in
females (Fig. 4, left) and in males (Fig. 4, right), separately.

The classification of the wings, or of the individuals (left and
right wing averaged), was evaluated using as reference the DNA
classification. It was performed through a discriminant analysis
(Table 3). For females, the complete set of PW was used as input.
For species assignation of male individuals, to take into account
some small sample sizes in this sex relative to the number of vari-
ables, a reduced set of the RW was used: the nine first RW for the
wing classification, representing 81% of the total variation, and the
five first RW for the individual classification, representing 93% of
the total variation. Classification was based on the shortest Maha-
lanobis distance, and was validated by a Jack-Knife procedure (VR,
see Table 3).

2.5.1. Software
Nucleotide sequences were aligned using the Clustal_X software

(Thompson et al., 1997). Neighbor joining (NJ) tree was obtained
using MEGA 4.0 software (Tamura et al., 2007) with bootstrapping
(1000 runs). All the analyses related to the morphometric study
used the CLIC package (http://www.mpl.ird.fr/morphometrics/
clic/index.html) (Dujardin, 2008; Dujardin et al., 2010).

3. Results

3.1. DNA

The COI DNA barcodes of Mansonia mosquitoes showed 650
basepairs in agarose gel electrophoresis. Thirty-six sequences for
480 basepairs of COI coding regions of Ma. dives (GenBank Acces-
sion Nos.: from JF811352 to JF811392) were compared with 41 se-
quences of Ma. bonneae (GenBank Accession Nos.: from JF811393
to JF811428). These sequences had high A+T content, the average
ranging from 66.5% (Ma. dives) to 67.4% (Ma. bonneae). The average
A+T content at the third position of the codon was 91.3% and 93.4%
inMa. dives andMa. bonneae, respectively. This high content of A+T

Fig. 2. Wing of Mansonia sp. showing the 13 landmarks whose coordinates were
used in morphometric analyses. Each landmark is the junction of two different
veins, as required by ‘‘Type I’’ landmarks (Bookstein, 1991).

Fig. 3. Polygons are the 13 anatomical landmarks, numbered as in Fig. 2, and
connected by a straight line after Procrustes superposition (residual coordinates) of
the two species, in females (top) and in males (bottom). Interspecific differences are
visually similar in both sexes, slightly more pronounced in males.

Fig. 4. The two species, Mansonia dives and Ma. bonneae, are represented by convex hulls in the morphospaces of females (28 Ma. bonneae and 31 Ma. dives, left hand) and
males (22 Ma. bonneae and 5 Ma. dives, right hand). In each morphospace, the horizontal axis is the first relative warp (RW1), the vertical axis is the second one (RW2). For
females, the morphospace represents 51% of the total variation, for males it represents 55%. For species classification using the totality or part of the RW, please see Table 3.
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was closely resembling values found in Canadian mosquitoes
(average 67%) and Indian mosquitoes (Cywinska et al., 2006;
Kumar et al., 2007).

3.1.1. Species classification
The phylogenetic relationships among the 82 COI sequences of

Ma. bonneae, Ma. dives and Ae. aegypti (as an outgroup), are illus-
trated by the neighbor-joining (NJ) tree (Fig. 1). The NJ analysis of
the COI sequences showed a clearcut separation between two main
Mansonia clusters. When computing nucleotide sequence diver-
gence using the K2Pmodel, inter-cluster sequence divergence aver-
aged 5.3% (range 5.0–6.4%), whereas sequence divergence within
cluster ranged from 0.5% (0–1.0%) to 1.0% (0–1.5%) (Table 2).

These two clusters were attributed toMa. bonneae andMa. dives
according to morphological and geographic criteria, and were used
as references for the subsequent morphometric study.

3.2. Morphometrics

The centroid size of the wing was significantly different
between males of the two species, not between females (detailed
results not shown). The interspecific changes in the relative posi-
tions of anatomical landmarks, i.e. in shape, were apparently sim-
ilar in males and females (Fig. 3).

3.2.1. Species classification
The relative warps (RW, i.e. the principal components of the

partial warps) allowed a complete separation of the two species
in males but no such good distinction was observed in females
(Fig. 4). The discriminant analysis (using RW as input) allowed
however a satisfactory reclassification of both males and females
(Table 3). The scores of simple reclassification were generally
excellent, ranging between 95 and 100%. Validated reclassification
provided very similar scores, except for male individuals where it
dropped from 95% to 90% (Table 3).

Table 2
Percentage interspecific and intraspecific pairwise sequence divergence for the COI
DNA barcodes of Mansonia bonneae, Ma. dives and Aedes aegypti using K2P model.

% Mean sequence Divergence (range)

Mansonia bonneae Mansonia dives Aedes aegypti
(outgroup)

Mansonia bonneae 0.5 (0–1.0)
Mansonia dives 5.3 (4.8–6.0) 1.0 (0–1.5)
Aedes aegypti

(outgroup)
15.7 (15.0–16.3) 14.2 (13.8–15.0) 1.4 (0–2.3)

Table 3
Classification scores based on shape variation (size was not considered in this
classification). %, percent of correct assignations. RC, reclassification after discrimi-
nant analyses. VR, validated reclassification, where each wing or individual (average
of two wings) is used as a supplementary data. Input variables for discriminant
analyses were the total (22) of relative warps for females, it was five first relative
warps (5RW) for male individuals (representing 81% of the total variance) and nine
(9RW) for wings (93% of the total variance).

Classification Ma. bonneae % Ma. dives %

Female Mansonia
Wings 43 53

RC 42 97 52 98
VR 42 97 50 94

Individuals 28 31
RC 28 100 30 96
VR 27 96 30 96

Male Mansonia
Wings (9RW, 93%) 38 9

RC 38 100 9 100
VR 36 94 9 100

Individuals (5RW, 81%) 22 5
RC 21 95 5 100
VR 20 90 5 100

Fig. 5. Size variation of the wings between species and sexes, shown as quantile boxes. From top to bottom: maleMa. dives andmaleMa. bonneae, femaleMa. dives and female
Ma. bonneae. Each box shows the group median separating the 25th and 75th quartiles. Vertical bars under the boxes represent the wings. Units are pixels.

Fig. 6. Shape variation between sexes after Procrustes superposition of 13
landmarks. Lines are connecting landmarks (numbers) as shown Fig. 2. From top
to bottom: males and females of Ma. bonneae, males and females of female Ma.
dives.
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3.2.2. Sexual dimorphism
There was an important sexual dimorphism at both size (Fig. 5)

and shape (Fig. 6) levels. The Procrustes distances between sexes
within species (0.082 inMa. bonneae, 0.096 inMa. dives) were three
times larger than interspecific distances (0.021 for females, 0.032
for males).

4. Discussion

Two modern identification techniques, DNA barcode analysis
and geometric morphometrics, were efficient in the differentiation
of the closely related Mansonia species, Ma. bonneae and Ma. dives.

4.1. Species determination

The DNA bar-code analysis (650 bp fragment of COI) showed
two clearly separate populations showing genetic distances com-
patible with two species. The two species as defined by the DNA
analysis were used as reference populations to evaluate the mor-
phometric tool. The latter produced satisfactory classification
scores, but unequal results according to the sex of the mosquito.
At both the principal component (PCA, Fig. 4) and the discriminant
(DA, Table 3) analyses, males were completely separated. Females
however could be separated only by the DA, with still some over-
lapping (DA, Table 3). Thus, any intent of morphometric identifica-
tion of female specimens should not be performed without a group
of reference material, i.e. specimens confirmed by DNA analyzes.
As explained by Dujardin et al. (2010), the geometric morphomet-
ric approach for species identification requires an existing, free-ac-
cess bank of reference images. Female (and male) images of both
species analyzed in the present study will be uploaded to the CLIC
bank (http://www.mpl.ird.fr/morphometrics/clic/index.html).

In summary, we showed that two alternative or complementary
techniques, the DNA bar-code analysis (650 bp fragment of COI)
and the geometric morphometrics, could help distinguish the
two morphologically close Mansonia species. The fast and low cost
geometric morphometrics could be used as a first choice approach.
If necessary, DNA bar-code analysis could be applied for doubtful
specimens only.

4.2. Sexual dimorphism

The morphometric study of these two species was conducted
separately in males and females, allowing to compare sexes within
each species. As in other mosquito genera recently investigated
(Vidal et al., 2011; Devicari et al., 2011), we disclosed in both spe-
cies a strong sexual dimorphism, both for size (SSD) and for shape
(SShD).

SSD is common in many organisms. In insects, the SSD is con-
sidered as a genetic difference, but it also can be produced by
males and females exhibiting different responses to environmental
changes like temperature (Blanckenhorn, 1997; Morin et al., 1999;
Fischer and Fiedler, 2000, 2001) and/or food quality/quantity
(Mackauer, 1996; Blanckenhorn, 1997; Morin et al., 1999). The
SSD was important and more pronounced in Ma. bonneae which,
on the contrary, showed less sexual shape dimorphism (SShD).

In different organisms, SShD is often considered as a passive
consequence of SSD (allometry). For instance, it has been attrib-
uted to allometry (i.e. SSD) in primates (Gould, 1975; Leigh,
2006) and in Drosophila (Gidaszewski et al., 2009; Baylac and Pe-
nin, 1998; Gilchrist et al., 2000; Debat et al., 2003). However, SShD
in our data could not be satisfactorily interpreted as an allometric
effect, since the most important SShD was observed for the species
having the less important SSD. As a consequence, non-allometric
components were probably playing a role in the SShD of these

two Mansonia species. Studies in other organisms also admitted
non-allometric components for SShD (OHiggins and Collard,
2002; Schaefer et al., 2004; Leigh, 2006; Gidaszewski et al.,
2009), and they were shown to be different, or more active, accord-
ing to the sexual behavior of the organism (Briceño et al., 2005).

The other sex-related observation in our sample was that the
mean shape divergence between species was higher among males
(Procrustes distance 0.032) than among females (Procrustes dis-
tance 0.021, P < 0.001). The reason why interspecific differences
in shape could be higher in one sex than in another were probably
linked with the clear-cut sexual dimorphism in shape. The reason
why more interspecific difference could occur among males rather
than among females has been discussed in terms of sexual selec-
tion (Marsteller et al., 2009). Males of some Diptera – including
mosquitoes species (Cator et al., 2009) or sandflies (Ward et al.,
1988) – use the wings as vibratory and/or visual displays during
courtship (Andersson, 1994). If wing shape affects courtship dis-
plays, it should differ between species, and especially between
males.

5. Conclusions

The bar coding technique could accurately distinguish the two
morphologically close species Ma. bonneae and Ma. dives. The geo-
metric approach was tested as both a classification and a charac-
terization technique on separated sexes of the two species.

Although the bar coding technique is relatively fast and inex-
pensive, and although here it was the most efficient diagnostic
alternative, it cannot compete with the geometric technique in
terms of speed and cost. As long as the morphometric technique
provides satisfactory scores of species classification, we recom-
mend its use as a first approach, preferably on the base of reference
images as recommended in Dujardin et al. (2010). The bar coding
technique would then be applied for doubtful specimens only.

Our observation about sexual dimorphism could indicate that
sexual selection play a significant role in the speciation of some
members of the Mansonia genus.
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