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Delineating taxonomic boundaries 
in the largest species complex 
of black flies (Simuliidae) in the 
Oriental Region
Van Lun Low1, Hiroyuki Takaoka1, Pairot Pramual2, Peter H. Adler3, Zubaidah Ya’cob1, 

Yao-Te Huang4, Xuan Da Pham5, Rosli Ramli1, Chee Dhang Chen1, Anukhcha Wannaket1 & 

Mohd Sofian-Azirun1

Perspicuous assessments of taxonomic boundaries and discovery of cryptic taxa are of paramount 

importance in interpreting ecological and evolutionary phenomena among black flies (Simuliidae) and 
combating associated vector-borne diseases. Simulium tani Takaoka & Davies is the largest and perhaps 

the most taxonomically challenging species complex of black flies in the Oriental Region. We use a DNA 
sequence-based method to delineate currently recognized chromosomal and morphological taxa in 
the S. tani complex on the Southeast Asian mainland and Taiwan, while elucidating their phylogenetic 
relationships. A molecular approach using multiple genes, coupled with morphological and 

chromosomal data, supported recognition of cytoform K and morphoform ‘b’ as valid species; indicated 

that S. xuandei, cytoform L, and morphoform ‘a’ contain possible cryptic species; and suggested that 

cytoform B is in the early stages of reproductive isolation whereas lineage sorting is incomplete in 

cytoforms A, C, and G.

Genetic variation and di�erentiation have long been of interest to biologists1,2, and recognition of multiple lin-
eages within taxa is a primary step in understanding evolutionary processes. Nonetheless, recognition of these 
lineages can be problematic when genetic di�erentiation within morphologically conserved taxa is minimal3. 
With the advent of molecular techniques, a DNA sequence-based approach has proven particularly powerful for 
identifying lineages, discovering cryptic diversity, and delimiting species boundaries4–6.

�e Simulium tuberosum species group is one of the most structurally uniform taxa of black �ies, with species 
typically di�ering only in subtle characteristics of one or two life stages, such as pupal gill con�guration7. �e 
group is well known for its species richness and abundance across the Holarctic and Oriental regions7,8. �e most 
diverse taxon in the S. tuberosum group is the S. tani Takaoka & Davies species complex, with nine known cyto-
forms (A–I) in �ailand, one cytoform (K) in Malaysia, one cytoform (L) in Taiwan9–11, and two morphoforms  
(‘a’ and ‘b’) and one morphospecies (S. xuandei Takaoka & Pham) in Vietnam12. Diagnostic morphologi-
cal characters have been found for cytoform H7; S. xuandei, morphoforms ‘a’ and ‘b’12; and cytoforms K and L 
(unpublished). In addition to the 11 cytoforms previously con�rmed chromosomally9–11, we have found that 
morphoforms ‘a’ and ‘b’ and S. xuandei are each chromosomally distinct from all other members of the complex, 
and that ‘a’ consists of two cytoforms (unpublished).

A DNA sequence-based approach using multiple genes provides a robust tool for discovering and delineating 
biodiversity13–17. �e members of the S. tani complex in �ailand and Malaysia have been subjected to several 
phylogenetic and phylogeographic studies using the COI, COII, and 18S rRNA/ITS1 genes18–20. �ese studies 
have yet to resolve the taxonomic status of the cytologically distinct members of the complex. However, a phy-
logeographic analysis based on COI sequences was able to distinguish two forms in �ailand18, suggesting some 
threshold of genetic distinctiveness.
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Our primary aim was to elucidate the phylogenetic relationships and taxon boundaries of the members of the 
S. tani complex from the mainland of Southeast Asia and Taiwan (Table 1). We genetically characterized these 
members, using the mitochondrial COI and COII genes and the fast-evolving nuclear ECP1 gene. We also deter-
mined whether the COI and COII genes alone, or in combination with the ECP1 gene, can improve phylogenetic 
resolution.

Results
Genetic distances. �e ranges of intraspeci�c divergence were 0.00–2.41% (cytoforms A and G) for COI, 
0.00–1.66% (cytoform G) for COII, and 0.00–2.59% (morphoform ‘a’) for ECP1 (Supplementary Tables S1-S3).  
Interspeci�c di�erentiation among members, using single-locus data was ambiguous, notably for members on 
the Southeast Asian mainland.

Intraspeci�c divergence for the COI +  COII +  ECP1 dataset varied from 0.00 (cytoform C and morphoform ‘b’)  
to 1.72% (cytoform A). Interspeci�c di�erentiation among cytoforms A, B, C and G in �ailand was ambiguous. 
�e highest interspeci�c divergence (6.79%) was between cytoforms B and L (Table 2).

Phylogenetic analyses. �e mitochondrial COI and COII genes each revealed three monophyletic line-
ages, corresponding geographically to �ailand-Malaysia, Vietnam, and Taiwan. Within the �ailand-Malaysia 
lineage, cytoform K formed a sublineage with high bootstrap support. Neither gene unequivocally resolved phy-
logenetic relationships for the cytologically de�ned �ai members or the morphologically de�ned Vietnamese 
members (Supplementary Figs S1 and S2).

�e ECP1 gene distinguished Vietnamese morphoforms ‘a’ and ‘b’ and S. xuandei, but did not resolve their 
relationships (no bootstrap support in the deeper nodes); hence, the nuclear phylogeny was compatible with 

Taxa Locality (Code) n Latitude/Longitude Collection date

GenBank Accession Number

COI COII ECP1

Cytoform A
Mork Fah Waterfall, Chiang Mai 
Province, �ailand (THAIA)

5 19°06′ 47″  98°45′ 14″ 17 Jan 2015 KT323984-KT323988 KT324058-KT324062 KT324141-KT324145

Ban Lan Sang, KM16, Tak 
Province, �ailand (THAIAA)

6 16°48′ 34″  98°59′ 14″ 19 Feb 2014 KT323989-KT323994 KT324063-KT324068 KT324146-KT324151

Cytoform B
Klong Na Rai Waterfall, 
Chantaburi Province, �ailand 
(THAIB)

7 12°34′ 58″  102°10′ 28″ 05 Mar 2014 KT323995-KT324001 KT324069-KT324075 KT324152-KT324158

Cytoform C
Khao Lod Cave, Kanchanaburi 
Province, �ailand (THAIC)

7 14°40′ 01″  99°19′ 06″ 22 Feb 2012 KT324002-KT324008 KT324076-KT324082 KT324159-KT324165

Cytoform G
Ban Pang Pak, Mae Hong Son, 
Province, �ailand (THAIG)

7 19°26′ 14″  98°21′ 16″ 17 Jan 2015 KT324009-KT324015 KT324083-KT324089 KT324166-KT324172

Cytoform K
Cameron Highlands, Pahang 
Province, Malaysia (MALAYCC)

5 04°22′ 13″  101°21′ 31″ 
Aug and Nov 

2012
KJ636875-KJ636878* KT324132-KT324136 KT324215-KT324219

Cameron Highlands, Pahang 
Province, Malaysia (MALAYE)

4 04°28′ 44″  101°22′ 59″ 
May and Aug 

2012
KJ636910-KJ636913* KT324137-KT324140 KT324220-KT324223

S. xuandei
Dalat, Lam Dong Province, 
Vietnam (VIETD)

12 12°10′ 56″  108°40′ 48″ 24 Apr 2014 KT324036- KT324047 KT324110-KT324121 KT324193-KT324204

Morphoform ‘a’
Luoi, �ua �ien Hue Province 
Vietnam (VIETCV)

10 16°18′ 16″  107°12′ 48″ 22 Feb 2014 KT324016-KT324025 KT324090-KT324099 KT324173-KT324182

Morphoform ‘b’
Suoi Vang Natural Forest, Lam 
Dong Province,Vietnam (VIETV)

10 11°59′ 26″  108°22′ 06″ 22 Apr 2014 KT324026-KT324035 KT324100-KT324109 KT324183-KT324192

Cytoform L
Waiping Village, Hsinchu County, 
Taiwan (TAIWT)

10 24°39′ 44″  121°04′ 24″ 3 Dec 2008 KT324048-KT324057 KT324122-KT324131 KT324205-KT324214

Table 1. Collection details for members of the Simulium tani complex in Asia, with GenBank accession 

numbers for COI, COII, and ECP1 genes. *Sequences were obtained from a previous study19.

1 2 3 4 5 6 7 8 9

1. Cytoform A 0.23–1.72

2. Cytoform B 0.00–1.95 0.74–1.21

3. Cytoform C 0.42–1.39 0.42–1.63 0.00–1.16

4. Cytoform G 0.46–1.77 1.07–2.00 0.51–1.49 0.70–1.67

5. Cytoform K 1.49–2.19 1.44–2.37 1.44–1.86 1.49–2.05 0.33–1.21

6. S. xuandei 2.46–3.44 2.74–3.49 2.46–3.16 2.51–3.30 2.70–3.44 0.23–1.21

7. Morphoform ‘a’ 2.60– 3.49 2.84–3.67 2.56–3.21 2.60–3.35 2.88–3.58 0.79–1.72 0.42–1.63

8. Morphoform ‘b’ 2.84–3.63 3.16–3.81 2.79–3.35 2.88–3.49 2.93–3.58 0.84–1.81 1.26–2.14 0.00–0.93

9. Cytoform L 5.58–6.69 5.81–6.79 5.63–6.42 5.72–6.56 5.53–6.42 5.30–6.28 5.63–6.56 5.72–6.60 0.14–1.07

Table 2.  Ranges of intraspeci�c and interspeci�c genetic distances (uncorrected p, expressed as 
percentages) among members of the Simulium tani complex based on COI+COII+ECP1 dataset.
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the mitochondrial topologies in which morphoforms ‘a’ and ‘b’ and S. xuandei formed one clade. Nevertheless, 
morphoform ‘a’, as well as cytoforms A, C, G, and K, were not monophyletic. Cytoforms B and L formed their 
respective clades. �e nuclear phylogeny was consistent with the morphological groupings, whereby morphoform 
‘a’ showed a closer relationship with cytoform K, and S. xuandei showed a sister relationship with cytoform L. 
Morphoform ‘b’ represented a distinct genetic lineage (Fig. 1), in agreement with its chromosomal and morpho-
logical separation from cytoform K and morphoform ‘a’.

�e concatenated mitochondrial and nuclear dataset provided strong support for three geographically based 
lineages corresponding to populations in �ailand-Malaysia, Vietnam, and Taiwan. With the exception of the 
four cytoforms in �ailand, all members were assigned to their respective clades with high bootstrap support 
(Fig. 2).

Coalescent delimitation. �e nuclear gene GMYC analysis with single threshold model (likelihood of null 
model: 27.48, ML of GMYC model: 30.40, likelihood ratio: 5.83, LR test: 0.05) revealed 13 ML clusters (con�-
dence interval: 3–18) and 14 entities/species (con�dence interval: 3–22). For the concatenated dataset, a total 
of 10 ML clusters (con�dence interval: 2–20) and 10 entities/species (con�dence interval: 2–18) were identi-
�ed (likelihood of null model: 56.99, ML of GMYC model: 61.38, likelihood ratio: 8.77, LR test: 0.01). Neither 
the concatenated dataset nor the nuclear dataset supported the GMYC entities for cytoforms A, B, C, and G as 
valid species; the estimated lineages did not correspond with the respective cytoforms. Our results suggested the 

Figure 1. Phylogenetic tree of Simulium taxa based on ECP1 sequences. Posterior probability/bootstrap 
[Maximum likelihood (ML)/Bayesian inference (BI)/neighbour-joining (NJ)] values are shown on the branches. 
Values less than 0.5/50 are not shown. �e scale bar represents 0.1 substitutions per nucleotide position. �e 
second column shows 14 entities/species identi�ed by the GMYC likelihood analysis.
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presence of one or two possible cryptic species in S. xuandei, one in morphoform ‘a’ and perhaps one in cytoform 
L (Figs 1 and 2). Cytoform K and morphoform ‘b’ could be recognized con�dently as valid species (Figs 1 and 2).

Discussion
Morphotaxonomy and cytotaxonomy are common approaches in the classi�cation and species assessments of 
black �ies. �ese approaches, however, have limitations when taxa are isomorphic or de�ned only by sex-linked 
(i.e., non-�xed) rearrangements, as with some members of the S. tani complex11. DNA barcoding with COI is an 
alternative approach for species identi�cation and discovery of cryptic species21,22. Yet, it, too, has limited utility 
for some morphologically and chromosomally similar species15,16,23,24. For instance, it does not resolve the taxo-
nomic status among chromosomally distinct members of the S. tani complex in �ailand20 or the morphologically 
de�ned members in Vietnam. We found that COI sequences are identical among some of these taxa and that 
intraspeci�c variation far exceeds the interspeci�c divergence; hence, species identi�cation using this gene can 
be equivocal23,25.

Figure 2. Phylogenetic tree of Simulium taxa based on concatenated COI, COII, and ECP1 sequences. 
Posterior probability/bootstrap [Bayesian inference (BI)/maximum likelihood (ML)/neighbour-joining (NJ)/
maximum parsimony (MP)] values are shown on the branches. Values less than 0.5/50 are not shown. �e scale 
bar represents 0.1 substitutions per nucleotide position. �e second column shows 10 entities/species identi�ed 
by the GMYC likelihood analysis.
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Given that a single locus for delimiting species boundaries can provide limited resolution, we applied a 
multi-gene approach, recognized for resolving evolutionary relationships in the Simuliidae15,16. Our results show 
that the mitochondria-encoded COI, COII, 12S rRNA, and 16S rRNA genes and the hypervariable region of the 
nuclear-encoded 28S rRNA fail to distinguish our taxa from Vietnam and �ailand, highlighting the need for 
additional markers. A fast-evolving nuclear gene, ECP1, has been proposed as the gold standard for identi�cation 
of members of the S. jenningsi species group26, a congener of the S. tani complex. �e high performance of this 
marker prompted its use in our study, and certainly this gene serves our purpose. For example, the Vietnamese 
taxa and �ai cytoform B could be distinguished. �e ECP1 phylogeny also supports the morphological hypothe-
ses of relationships12, with morphoform ‘a’ showing a close relationship with cytoform K, and S. xuandei showing 
a sister relationship with cytoform L. Morphoform ‘b’ represents a distinct genetic lineage, in agreement with its 
morphological distinction—lack of terminal pupal hooks12—from cytoform K and morphoform ‘a’. �e concate-
nated dataset improves resolution of the relationships among members of the S. tani complex by recovering clades 
for cytoforms K and L, morphoforms ‘a’ and ‘b’, and morphospecies S. xuandei. �is dataset also provides strong 
support for three geographically based lineages corresponding to populations in �ailand-Malaysia, Vietnam, 
and Taiwan.

Cytoforms A, C, and G are chromosomally similar, di�ering from one another principally in the role of inver-
sion IIIL-6—�xed, X linked, or Y linked, respectively11. Our molecular analyses do not resolve these three cyto-
forms, a common �nding among closely related black �ies, particularly those in species complexes13,20. �e lack 
of monophyly for members of simuliid species complexes o�en is attributed to introgressive hybridization, inad-
equate genetic information, and incomplete lineage sorting5,20,23. In our study, the �ai samples were collected 
from geographically distant populations; hence, mitochondrial introgression between the �ai cytoforms is less 
likely. �e concatenated dataset and nuclear gene demonstrate divergent lineages for other members of the com-
plex; however, we cannot con�dently rule out inadequate genetic information as the cause of non-monophyly for 
the �ai members because weak support was detected for some of the nodes in the phylogenetic trees. Evidence 
of recent Pleistocene expansion18 is in line with rapid and recent lineage radiations of the �ai members; hence, 
incomplete lineage sorting might be expected. �e genetic distances and haplotype relationships between these 
rapidly radiating taxa support our hypothesis of incomplete lineage sorting, whereby identical sequences are 
observed in the mitochondrial dataset. We tentatively regard cytoforms A, C, and G as members of a single chro-
mosomally polymorphic species exhibiting the earliest stages of di�erentiation.

Among the �ai members of the complex, cytoform B is the most distinct, lacking two chromosome inver-
sions (IIIL-5 and IIIL-6) that are shared by cytoforms A, C, and G11. �e fast-evolving ECP1 gene supports its 
distinctiveness by recovering a distinct clade. Cytoform B might represent the earliest stage of speciation that can 
be sorted by the ECP1 gene. To test this hypothesis, we constructed a TCS haplotype network for all four �ai 
members. Cytoform B was distinctly separated from the main network (data not shown), indicating that it is in 
an early stage of reproductive isolation. However, the coalescent delimitation analyses indicate that cytoform B 
and a few individuals of cytoforms A, C, and K were assigned to the same GMYC entity, precluding unequivocal 
recognition of B as a valid species. Cytoform K forms a distinct genetic lineage based on COI, COII, and the 
concatenated dataset. It represents the type specimen (holotype) of S. tani10 and is supported in our analyses 
as a valid species. For morphoform ‘b’, all data sets—chromosomal, morphological, and molecular—indicate a 
distinct taxon. We, therefore recognize morphoform ‘b’ as a valid species awaiting formal taxonomic description 
and naming.

�e assessment of species status among black �ies has been complicated by the presence of cryptic species21,23. 
Our results further emphasize the diversi�cation of the S. tani species complex in the Oriental Region. �e molec-
ular results show that S. xuandei, cytoform L, and morphoform ‘a’ contain possible cryptic species. However, our 
chromosomal analyses detected cryptic diversity only in morphoform ‘a’ (unpublished), while recognizing S. 
xuandei (unpublished) and cytoform L9 as distinct but single species, albeit with S. xuandei based on a sample of 
only nine larvae. A morphological re-examination of these possible cryptic taxa might help assess their potential 
species status.

Of the 13 taxonomic entities in our study, the chromosomes resolve ten, ECP1 resolves nine, the concatenated 
sequences six, and morphology �ve, with one taxon (morphoform ‘b’) supported by all four data sets (Table 3). 
In conclusion, the use of a DNA sequence-based approach supports chromosomal data for six entities. Moreover, 
our study reveals additional possible cryptic species, one in cytoform L, one in morphoform ‘a’ and two in S. 
xuandei, increasing taxonomic biodiversity in the S. tani complex by about 28% over what previously had been 
recognized.

Methods
Ethical approval. All experiments were performed in accordance with relevant guidelines and regulations 
of the University of Malaya. �e research protocols were regulated and approved by the University of Malaya. No 
speci�c permits were required for this study, which did not involve endangered or protected species.

Taxon sampling and species identification. Our study included 83 individuals representing six cyto-
forms (A, B, C, G, K, L), two morphoforms (‘a’ and ‘b’), and one recently described morphospecies (S. xuandei) 
in the S. tani complex from �ailand, Vietnam, Malaysia, and Taiwan (Table 1). Larval black �ies were collected 
by hand into 1:3 acetic ethanol, and pupae and adults were �xed in 80% ethanol. Specimens were identi�ed mor-
phologically12,27 and then chromosomally9–11. For cytoforms A, B, C, and G, the posterior portion of the body was 
used for chromosomal identi�cation and the anterior portion was used for DNA extraction. Representative spec-
imens of each taxon are deposited in the Institute of Biological Sciences, Faculty of Science, University of Malaya 
(Kuala Lumpur, Malaysia) and the Clemson University Arthropod Collection (Clemson, SC, USA).
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DNA extraction, amplification, and sequencing. DNA was extracted from each specimen, using the 
i-genomic CTB DNA Extraction Mini Kit (iNtRON Biotechnology Inc., Seongnam, South Korea). Larvae from 
�ailand (cytoforms A, B, C, and G) and Vietnam (S. xuandei, morphoforms ‘a’ and ‘b’) were analyzed; adults 
from Malaysia (cytoform K, i.e., the type of S. tani) and Taiwan (cytoform L) were analyzed from populations 
previously studied chromosomally9,10,19. �e DNA ampli�cations by polymerase chain reaction were conducted 
using an Applied Biosystems Veriti 96-Well �ermal Cycler (Applied Biosystems, Inc., Foster City, CA, USA). 
A preliminary assessment was performed to screen for genetic divergence, targeting the mitochondria-encoded 
COI, COII, 12S rRNA, and 16S rRNA, and the nuclear-encoded 28S rRNA and ECP1. However, 12S rRNA, 16S 
rRNA, and 28S rRNA were less variable in resolving interspeci�c relationships particularly in di�erentiating the 
�ai and Vietnamese members. �e COI, COII, and ECP1 genes, therefore, were used as the genetic markers in 
this study.

Partial sequences of COI and COII were ampli�ed using primer sets from Low et al.19 and Simon et al.28, 
respectively. Reaction conditions for both genes are detailed elsewhere by Low et al.19. For the ECP1 gene, an 
approximately 700-bp fragment was ampli�ed using our newly designed primers: BECP1_F (5′-TGC CCT CAA 
ATA TCG TCA CA-3′ ) and BECP1_R (5′-GGC CTT CTT CAA TGT CCA AA-3′ ). �e cycling parameters were 
2 min at 94 °C, 45 s at 50 °C, and 45 s at 72 °C, followed by 36 cycles of denaturation at 94 °C for 30 s, annealing 
at 50 °C for 45 s, extension at 72 °C for 45 s, and a �nal extension at 72 °C for 4 min. �e PCR products were 
sequenced in both directions using BIG DYE Terminator v3.1 by an ABI 3730XL Genetic Analyzer (Applied 
Biosystems Inc., Foster City, CA, USA). DNA sequences generated in this study are accessible from the National 
Center for Biotechnology Information GenBank under accession numbers KT323984-KT324057 for COI, 
KT324058-KT324131 for COII, and KT324141-KT324223 for ECP1.

DNA sequence alignment. Sequences were assembled and edited using ChromasPro 1.7.6 (Technelysium 
Pty Ltd., Australia). All sequences were preliminarily aligned using CLUSTAL X29 and edited using BioEdit 
7.0.9.030.

Genetic distances. Uncorrected (p) pairwise genetic distances among species were estimated using PAUP 
4.0B1031.

Phylogenetic analyses. To examine whether each COI, COII, and ECP1 dataset could be concatenated into 
a single dataset, a partition homogeneity test implemented in PAUP 4.0b10 was performed. Each separate gene 
region shared the same genetic information; hence, data were concatenated for further analyses.

�e aligned sequences of single genes and the concatenated dataset were subjected to Bayesian inference (BI) 
analysis using four chains of Markov chain Monte Carlo (MCMC) implemented in MrBayes 3.1.232. Four mil-
lion MCMC generations were run, with convergence diagnostics calculated every 1000th generation to monitor 
the stabilization of log likelihood scores. Trees in each chain were sampled every 100th generation. Maximum 
likelihood (ML) analysis was performed with a GTR substitution model, using PhyML 3.033. �e branch sup-
port was evaluated using the SH-like approximate Likelihood Ratio Test (aLRT) with 1000 bootstrap replicates. 
Neighbour-joining (NJ) and maximum parsimony (MP) analyses were performed using PAUP 4.0b10. �e NJ 
bootstrap values were estimated using 1000 replicates with Kimura’s two-parameter model of substitution (K2P 
distance). �e MP tree was constructed using the heuristic search option, 100 random sequence additions, tree 
bisection reconnection (TBR) branch swapping, and unordered and unweighted characters. �e MP Bootstrap 
values were computed with 1000 resamplings. Simulium so�ani Takaoka & Hashim and S. tuberosum Lundström 
were used as outgroups.

Substitution saturation was accessed for protein-coding DNA sequences, using DAMBE34,35. Analysis showed 
that all three codon positions were unsaturated (Iss values <  Iss.c values). To measure the level of homoplasy, the 

Chromosomes Morphology COI + COII + ECP1 ECP1

A + − − − 

B + − − + 

C + − − − 

G + − − − 

K + + + − 

L + + + + 

 cryptic species − − − + 

‘a’ + + + + 

 cryptic species + − − + 

‘b’ + + + + 

S. xuandei + + + + 

 cryptic species 1 − − + + 

 cryptic species 2 − − − + 

Table 3. Comparative summary of the ability of chromosomes, morphology, concatenated sequences 
(COI+COII+ECP1), and ECP1 sequence to distinguish taxonomic entities of the Simulium tani complex 
on mainland Southeast Asia and Taiwan. +  =  distinguishable from all other taxa; − =  indistinguishable.
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consistency index (CI) was calculated using PAUP 4.0b10. Neither the single locus nor concatenated datasets 
showed any sign of pervasive homoplasy (CI >  0.5).

Coalescent delimitation. Species delimitation among members of the S. tani complex was investigated 
using a Generalised Mixed Yule Coalescent (GMYC) model. �e ultrametric tree was generated from the rep-
resentative haplotypes in BEAST 1.8.236 using a relaxed lognormal clock, coalescent (constant size) prior and 
GTR +  I +  G model of DNA substitution. �e analysis was run for 20 million generations, with a sampling fre-
quency of every 100 generation. �e output tree was analyzed in TreeAnnotator 1.8.2 with a 10% burn-in. �e 
data were analyzed using a single threshold model in the so�ware package SPLITS37 available in R 3.2.1.

References
1. Schluter, D. Ecological causes of adaptive radiation. Am. Nat. 148, 40–64 (1996).
2. Helenurm, K. & Ganders, F. R. Adaptive radiation and genetic di�erentiation in Hawaiian Bidens. Evolution. 39, 753–765 (1985).
3. Barley, A. J., White, J., Diesmos, A. & Brown, R. M. �e challenge of species delimitation at the extremes: diversi�cation without 

morphological change in Philippine sun skinks. Evolution. 67, 3556–3572 (2013).
4. Papke, R. T. et al. A multilocus sequence analysis approach to the phylogeny and taxonomy of the Halobacteriales. Int. J. Syst. Evol. 

Microbiol. 61, 2984–2995 (2011).
5. Pramual, P. & Nanork, P. Phylogenetic analysis based on multiple gene sequences revealing cryptic biodiversity in Simulium 

multistriatum group (Diptera: Simuliidae) in �ailand. Entomol. Sci. 15, 202–213 (2012).
6. Salvi, D., Macali, A. & Mariottini, P. Molecular phylogenetics and systematics of the bivalve family Ostreidae based on rRNA 

sequence-structure models and multilocus species tree. PLoS ONE 9, e108696 (2014).
7. Tangkawanit, U., Kuvangkadilok, C., Baimai, V. & Adler, P. H. Morphotaxonomy of the Simulium (Simulium) tuberosum species 

group (Diptera: Simuliidae) in �ailand. Zootaxa 2048, 31–46 (2009).
8. Adler, P. H. & Crosskey, R. W. World black�ies (Diptera: Simuliidae): a comprehensive revision of the taxonomic and geographical 

inventory (2015) Available at http://www.clemson.edu/ca�s/biomia/pdfs/black�yinventory.pdf (Accessed: 26th September 2015)
9. Huang, Y. T. & Adler, P. H. Chromosomal relationships of Simulium suzukii, an Old World member of the Simulium tuberosum 

species group (Diptera: Simuliidae). Med. Entomol. Zool. 62, 23–30 (2011).
10. Adler, P. H. et al. Macrogenomic evidence for the origin of the black �y Simulium suzukii (Diptera: Simuliidae) on Okinawa Island, 

Japan. PLoS ONE 8, e70765 (2013).
11. Tangkawanit, U., Kuvangkadilok, C., Baimai, V. & Adler, P. H. Cytosystematics of the Simulium tuberosum group (Diptera: 

Simuliidae) in �ailand. Zool. J. Linn. Soc. 155, 289–315 (2009).
12. Takaoka, H. et al. �e black �ies (Diptera: Simuliidae) from �ua �ien Hue and Lam Dong provinces, Vietnam. Zootaxa 3961, 

1–96 (2015).
13. Con�itti, I. M., Kratochvil, M. J., Spironello, M., Shields, G. F. & Currie, D. C. Good species behaving badly: non-monophyly of black 

�y sibling species in the Simulium arcticum complex (Diptera: Simuliidae). Mol. Phylogenet. Evol. 57, 245–257 (2010).
14. Con�itti, I. M., Spironello, M. & Currie, D. C. Molecular phylogeny of the North American Simulium malyschevi-group species 

(Diptera: Simuliidae). Syst. Entomol. 37, 571–577 (2012).
15. Phayuhasena, S., Colgan, D. J., Kuvangkadilok, C., Pramual, P. & Baimai, V. Phylogenetic relationships among the black �y species 

(Diptera: Simuliidae) of �ailand based on multiple gene sequences. Genetica 138, 633–648 (2010).
16. Low, V. L. et al. A multi-locus approach resolves the phylogenetic relationships of the Simulium asakoae and Simulium ceylonicum 

species groups (Diptera: Simuliidae) in Malaysia: evidence for distinct evolutionary lineages. Med. Vet. Entomol. 29, 330–337 (2015).
17. Low, V. L. et al. Tests of conspeci�city for allopatric vectors: Simulium nodosum and Simulium shirakii (Diptera: Simuliidae) in Asia. 

Parasit. Vectors 8, 297 (2015).
18. Pramual, P., Kuvangkadilok, C., Baimai, V. & Walton, C. Phylogeography of the black �y Simulium tani (Diptera: Simuliidae) from 

�ailand as inferred from mtDNA sequences. Mol. Ecol. 14, 3989–4001 (2005).
19. Low, V. L. et al. Mitochondrial DNA markers reveal high genetic diversity but low genetic di�erentiation in the black �y Simulium 

tani Takaoka & Davies along an elevational gradient in Malaysia. PLoS ONE 9, e100512 (2014).
20. Sriphirom, P., Sopaladawan, P. N., Wongpakam, K. & Pramual, P. Molecular phylogeny of black �ies in the Simulium tuberosum 

(Diptera: Simuliidae) species group in �ailand. Genome 57, 45–55 (2014).
21. Pramual, P., Wongpakam, K. & Adler, P. H. Cryptic biodiversity and phylogenetic relationships revealed by DNA barcoding of 

Oriental black �ies in the subgenus Gomphostilbia (Diptera: Simuliidae). Genome 54, 1–9 (2011).
22. Pramual, P. & Kuvangkadilok, C. Integrated cytogenetic, ecological, and DNA barcode study reveals cryptic diversity in Simulium 

(Gomphostilbia) angulistylum (Diptera: Simuliidae). Genome 55, 447–458 (2012).
23. Con�itti, I. M., Shields, G. F. & Currie, D. C. A “complex” problem: delimiting sibling species boundaries in black �ies (Diptera: 

Simuliidae). Can. Entomol. 114, 232–236 (2012).
24. Pramual, P. & Adler, P. H. DNA barcoding of tropical black �ies (Diptera: Simuliidae) of �ailand. Mol. Ecol. Res. 14, 262–271 

(2014).
25. Hebert, P. D. N., Stoeckle, M. Y., Zemlak, T. S. & Francis, C. M. Identi�cation of birds through DNA barcodes. PLoS Biol. 2, e312 

(2004).
26. Senatore, G. L., Alexander, E. A., Adler, P. H. & Moulton, J. K. Molecular systematics of the Simulium jenningsi species group 

(Diptera: Simuliidae), with three new fast-evolving nuclear genes for phylogenetic inference. Mol. Phylogenet. Evol. 75, 138–148 
(2014).

27. Takaoka, H. & Davies, D. M. �e Black Flies (Diptera: Simuliidae) of West Malaysia. viii + 175 pp. (Kyushu University Press, Fukuoka, 
1995)

28. Simon, C. et al. Evolution, weighting, and phylogenetic utility of mitochondrial gene sequences and a compilation of conserved 
polymerase chain reaction primers. Ann. Entomol. Soc. Am. 87, 651–701 (1994).

29. �ompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F. & Higgins, D. G. �e ClustalX windows interface: �exible strategies for 
multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 24, 4876–4882 (1997).

30. Hall, T. A. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic Acids 
Symp. Ser. 41, 95–98 (1999).

31. Swo�ord, D. L. PAUP: Phylogenetic Analysis Using Parsimony (and Other Methods) (Sinauer Associates, Sunderland, Massachusetts, 
2002).

32. Huelsenbeck, J. P. & Ronquist, F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 17, 754–755 (2001).
33. Guindon, S. et al. New algorithms and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 

3.0. Syst Biol. 59, 307–321 (2010).
34. Xia, X., Xie, Z., Salemi, M., Chen, L. & Wang, Y. An index of substitution saturation and its application. Mol. Phylogenet. Evol. 26, 

1–7(2003).

http://www.clemson.edu/cafls/biomia/pdfs/blackflyinventory.pdf


www.nature.com/scientificreports/

8Scientific RepoRts | 6:20346 | DOI: 10.1038/srep20346

35. Xia, X. & Lemey, P. Assessing substitution saturation with DAMBE. Phylogenetic Handbook: A Practical Approach to DNA and Protein 
Phylogeny. Lemey, P., Salemi, M. & Vandamme A. M. (eds) 615–630 (Cambridge University Press, UK, 2009).

36. Drummond, A. J., Suchard, M. A. & Xie, D. & Rambaut, A. Bayesian phylogenetics with BEAUti and the BEAST 1.7 Mol. Biol. Evol. 
29, 1969–1973 (2012).

37. Ezard, T., Fujisawa, T. & Barraclough, T. Splits: SPecies’ LImits by �reshold Statistics R package. (2009) Available at http://r-forge.r-
project.org/projects/splits/(Accessed: 2nd August 2015).

Acknowledgements
�anks are due to Ms. W.Y. Vinnie-Siow and Mr. B.K. Prakash for their laboratory assistance. �is study was 
supported by research grants from the University of Malaya (RP003C-13SUS and RP003A-13SUS) and the 
Fundamental Research Grant Scheme (FP016-2012A).

Author Contributions
V.L.L., H.T., P.P., P.H.A. and M.S.A. contributed to the study design. H.T., P.P., Y.T.H., X.D.P., Z.Y., C.D.C. and 
M.S.A. collected the specimens. Y.T.H., X.D.P. and R.R. contributed reagents/materials/analysis tools. V.L.L., P.P. 
and A.W. conducted the experiments and performed the sequence analyses. V.L.L wrote the paper. H.T., P.P. and 
P.H.A. critically revised the manuscript. All authors have read and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Low, V. L. et al. Delineating taxonomic boundaries in the largest species complex of 
black �ies (Simuliidae) in the Oriental Region. Sci. Rep. 6, 20346; doi: 10.1038/srep20346 (2016).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://r-forge.r-project.org/projects/splits/
http://r-forge.r-project.org/projects/splits/
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Delineating taxonomic boundaries in the largest species complex of black flies (Simuliidae) in the Oriental Region
	Introduction
	Results
	Genetic distances
	Phylogenetic analyses
	Coalescent delimitation

	Discussion
	Methods
	Ethical approval
	Taxon sampling and species identification
	DNA extraction, amplification, and sequencing
	DNA sequence alignment
	Genetic distances
	Phylogenetic analyses
	Coalescent delimitation

	Additional Information
	Acknowledgements
	References


