Arthropod Systematics & Phylogeny 81, 2023, 931-943 | DOI 10.3897/asp.81.e104426 931

’PENWFT SENCKENBERG Z gé

world of biodiversity Leibniz

Association

DNA barcodes and species boundaries of black flies
(Diptera: Simuliidae) in Malaysia

Noor Izwan-Anas', Van Lun Low', Zubaidah Ya’cob', Emmanuel Y. Lourdes', Mohamad Rasul
Abdullah Halim?, Mohd Sofian-Azirun?, Hiroyuki Takaoka', Peter H. Adler?

| Higher Institution Centre of Excellence, Tropical Infectious Diseases Research and Education Centre (TIDREC), Universiti Malaya, 50603,
Kuala Lumpur, Malaysia

2 Institute of Biological Sciences, Faculty of Science, Universiti Malaya, 50603, Kuala Lumpur, Malaysia
3 Department of Plant and Environmental Sciences, Clemson University, Clemson, SC, 29634, USA

https://zoobank.org/28C799F0-94B1-4F42-AAAE-6CFBIFE2DSEB

Corresponding authors: Van Lun Low (vanlun_low@um.edu.my), Zubaidah Ya’cob (zyacob@um.edu.my)

Received 03 April 2023
Accepted 21 September 2023 Academic Editors Brian Wiegmann, Martin Wiemers
Published 08 December 2023

Citation: [zwan-Anas N, Low VL, Ya’cob Z, Lourdes EY, Halim MRA, Sofian-Azirun M, Takaoka H, Adler PH (2023) DNA barcodes and species
boundaries of black flies (Diptera: Simuliidae) in Malaysia. Arthropod Systematics & Phylogeny 81: 931-943. https://doi.org/10.3897/asp.81.e104426

Abstract

Black flies play a prominent role in public health and the epidemiology of parasitic diseases of humans, domesticated and wild an-
imals. Correct identification and a comprehensive survey are required to identify vector and pest species and thus understand their
biological attributes which play a vital role in the monitoring program. DNA barcoding is an established molecular tool that provides
rapid and accurate species identification. Our study strengthens the molecular database for black flies in Malaysia by adding 59 cyto-
chrome ¢ oxidase I sequences for 22 species, of which 14 are included for the first time. These sequences, combined with those in
public databases, represent a total of 338 sequences for 52 Malaysian species, nearly 50% of which were collected from type locali-
ties. At the subgeneric level, barcode gap analysis most accurately identified species in the subgenus Nevermannia (92%), followed
by Simulium s. 1. (91%), and Gomphostilbia (81%). The remaining sequences were ambiguous and could not be distinguished from
those of nearest neighbour species due to an overlap in genetic divergence and low genetic diversity, especially between insular
species. Tree analyses indicate that certain species had incomplete lineage sorting and low mitochondrial signals. Possible cryptic
species were indicated in the Simulium (Gomphostilbia) batoense and S. (G.) epistum species groups. Species delimitations were
consistent with morphological identifications except in large species groups such as the S. (G.) asakoae, S. (G.) batoense, S. (G.)
epistum, and S. (Simulium) melanopus groups. The use of type specimens or specimens collected from type localities (topotypes) in
barcoding is strongly recommended for reference sequences to increase the reliability of the molecular database.
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1. Introduction

Black flies are important in public health and play a sig-  species of the genus Simulium are vectors of Onchocerca
nificant role in the epidemiology of parasitic diseases  volvulus, the sole causative agent of human onchocerci-
of humans, domesticated animals, and wildlife. Certain  asis. This disease infects more than 15 million people in
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Africa, Yemen, and Latin America, with approximately a
million having lost sight (WHO 2022). In Southeast Asia,
several pest species or species complexes have been re-
ported, particularly in Thailand: Simulium asakoae, S.
chamlongi, S. doipuiense complex, S. tenebrosum com-
plex, S. umphangense, S. nigrogilvum, S. nodosum, S.
khelangense, and S. chumpornense (Saeung et al 2020).
Some of these black flies transmit filarial nematodes,
such as Onchocerca spp., and blood protozoa, such as
Leucocytozoon spp., among domestic animals and wild-
life (Fukuda et al. 2003; Ishii et al. 2008; Jumpato et al.
2019; Pramual et al. 2020; Saeung et al. 2020; Takaoka et
al. 2003; Thaijarern et al. 2019).

Baseline taxonomic information is available for many
black flies in Southeast Asian countries (Takaoka et al.
2017a, 2017b, 2017c, 2018a, 2019), and their biodiver-
sity has been documented in Indonesia, Malaysia, Thai-
land, and Vietnam (Adler et al. 2016; Takaoka and Da-
vies 1995; Takaoka et al. 2015, 2018b; Hadi and Takaoka
2018). Currently, approximately 96 species of black flies
have been recorded in Malaysia (Adler, 2022). However,
the specific biting and vector species remain unknown.
Additionally, there is insufficient molecular informa-
tion available for many species, despite the availability
of robust DNA barcode databases in neighboring coun-
tries such as Thailand, Vietnam, and Indonesia (database
(Pramual et al. 2021; Hew et al. 2023; Putt et al. 2023).
Ensuring accurate identification of Simuliidae is crucial
for future public health research in this region, includ-
ing Malaysia. By eliminating doubts of misidentification,
researchers can confidently conduct studies and make
informed decisions to address potential health concerns
related to these insects. A reliable reference library for
species ensures that each barcode can be used globally
for identifications and comparisons (Ratnasingham and
Hebert 2007; Sayers et al. 2020). In this case, type spec-
imens or specimens collected from type localities (topo-
types) are the most reliable for establishing the reference
database (Kvist et al. 2010).

In the workflow application of DNA barcoding, or-
ganisms need to be identified and verified by taxonomists
before DNA sequences can be deposited in the reference
library (Hajibabaei et al. 2007; Janzen et al. 2005). This
procedure ensures the reliability of the sequences for other
researchers, especially non-taxonomists. With the combi-
nation of high-quality taxonomic descriptions and a strong
reference library of specific taxa, DNA barcode applica-
tions can be swiftly performed with ease (Hajibabaei et al.
2006; Hebert et al. 2004; Janzen et al. 2005). Black flies
are ideal candidates for DNA barcoding because they have
been taxonomically studied throughout the world (Adler
et al. 2004; Takaoka 2012, 2017; Hernandez-Triana et al.
2015, 2017) and the taxonomy and distribution per coun-
try of each species have been summarized (Adler 2022).
A molecular database for black flies has been developed in
selected areas of the Nearctic Region (Rivera and Currie
2009), Mesoamerican countries (Hernandez-Triana et al.
2015), Europe (Hernandez-Triana et al. 2017; Ruiz-Ar-
rondo et al. 2018), Thailand (Pramual et al. 2016, 2021;
Pramual and Adler 2014), Indonesia (Hew et al. 2023)

and Vietnam (Putt et al. 2023). To fill the knowledge gaps
of species boundaries, the present study aims to establish
a complete DNA barcode reference for Malaysian black
flies, using topotypes and verified voucher specimens.

2. Materials and methods

2.1. Sample collection and

identification

All specimens in this study were collected from streams
across Malaysia (Table 1). Larvae and pupae were re-
moved with fine forceps from their substrates (aquatic
plants, rocks, twigs, fallen leaves, and plant roots). Live
pupae were individually maintained in damp screw-
capped tubes until adult emergence. All specimens were
stored in 1.5-ml vials with 80% ethanol and were kept in
the -20°c freezer at the Black Fly Gallery, Tropical Infec-
tious Diseases Research & Education Centre, Universiti
Malaya. Field sampling procedures and species identifi-
cations were carried out according to Takaoka (2003) and
Adler et al. (2004).

2.2. DNA extraction and PCR
amplification

A total of 85 black fly specimens were subjected to DNA
extraction using the G-spin Total DNA Extraction Mini
Kit (iNtRON™ Biotechnology, Inc., Seongnam, South
Korea), according to the animal tissues protocol provid-
ed by the manufacturer. Polymerase chain reaction (PCR)
was performed as described by Low et al. (2015). Briefly,
COI sequences were amplified using primers LCO1490
(5’-GGT CAA CAA ATC ATA AAG ATATTG G3’) and
HCO2198 (5’-TAA ACT TCA GGG TGA CCA AAA
AAT CA-3’) (Folmer et al. 1994). The 25-uL reaction vol-
ume contained 9.5 pL of sterile distilled water, 12.5 pL of
5x MyTaq™ Red Reaction Buffer (Bioline GmbH, Ger-
many), 1 pL of each primer, and 1 pL of template DNA.

PCR amplification was performed with Applied Bio-
systems Veriti 96-WIl Thermal Cycler (Applied Biosyste-
ms, Inc., Foster City, CA, USA). All amplifications were
confirmed using 1.5% agarose gel pre-stained with SYBR
Safe (Invitron Corp., Carlsbad, CA, USA) run using a
100 bp DNA ladder (GeneDireX, Inc., Taiwan). Success-
ful PCR products (59 specimens) were confirmed approx-
imately at 700 bp and sent to Apical Scientific Sdn. Bhd.,
Selangor, Malaysia, for sequencing.

2.3. Tree analyses

A total of 361 sequences were included in data analyses.
Of these, 338 were Malaysian sequences (Table 2), with
59 newly generated. These newly generated sequences
were deposited in the NCBI GenBank under accession
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Table 1. Species and collection details for 22 species of black flies from Malaysia used for barcoding.

Subgenus/species n | Location Coordinates Date
Nevermania Enderlein
Simulium aureohirtum 3 | Cameron Highland, Pahang 4°31.258'N, 101°24.247'E 23 Feb 2013
Brunetti, 1991
Simulium ledangense 3 | Mount Ledang, Joh 2922.76/N, 102°36.615'E 11 Apr 2013
Ya’cob, Takaoka & Sofian-Azirun, 2014 ount Ledang, Johor ’ ’ ’ pr
Gomphostilbia Enderlein
TSimulium auratum o o /
Takaoka, 2009 2 | Murud, Sarawak 3°57.097'N, 115°33.075'E 11 Jun 2013
Simulium aziruni . . o r o '
Takaoka, Hashim & Chen, 2012 1 | Tasik Kenyir, Terengganu 5°0.5518'N, 102°42.1472'E 23 Sep 2017
Simulium barioense . o r o ’
Takaoka, 2008 3 | Mesilau, Sabah 6°2.133'N, 116°35.835'E 19 Jun 2014
Simulium hiroyukit 2 | Murud, Sarawak 3°55.365'N, 115°30.5066'E 13 Jun 2013
Ya’cob & Sofian-Azirun, 2015 ’ : ’ ’
Simulium kelabitense o ° ,
Takaoka, 2008 3 | Bakalalan, Sarawak 3°57.419'N, 115°37.057'E 16 Jun 2013
Simulium pegalanense . ° N ,
Smart & Clifford, 1969 3 | National Park, Pahang 4°33.282'N, 102°18.995'E 13 Sep 2013
tSimulium sarawakense
Takaoka, 2001 3 | Pueh, Sarawak NA 28 Aug 2008
TSimulium terengganuense . . o o ’
Takaoka, Sofian-Azirun & Ya’cob, 2012 3 | Pasir Raja, Terengganu 4°33.985'N, 102°57.429'E 7 Jun 2013
Simulium varicorne . .
Edwards, 1929 1 | Negeri Sembilan NA 29 Dec 2010
Simulium Latreille
Simulium alberti o r ° '
Takaoka, 2008 3 | Murud, Sarawak 3°57.277'N, 115°33.308'E 10 Jun 2013
Simulium beludense 1| Mesilau, Sabah 3°50.104'N, 115°36.521'E 9 Apr 2014
Takaoka, 1996 : e ' P
Simulium bishopi o r o ’
. 1 . 4°18.420'N, 101°19.658'E 24 Dec 2012
Takaoka & Davies, 1995 Cameron Highland, Pahang
2 4°26.723'N, 101°22.979'E 25 Dec 2012
Simulium brevipar ° / ° '
Takaoka & Davies, 1995 2 Raub, Pahang 4°23.715'N, 101°36.443'E 27 Dec 2012
1 4°26.723'N, 101°22.979'E 22 Feb 2013
Simulium grossifilum . o / o /
Takaoka & Davies, 1995 1 | Cameron Highland, Pahang 4°23.165'N, 101°22.334'E 25 Dec 2012
TSimulium hackeri
Edwards, 1928 ! 27 May 2012
I | Cameron Highland, Pahang 4°34.956'N, 101°20.717'E 31 Mac 2012
1 27 Jun 2012
1 26 Dec 2012
PO - B
Simulium hirtinervis 1 ' 25 Dec 2012
Edwards, 1928 Cameron Highland, Pahang 4°22.220'N, 101°21.512'E
2 27 May 2013
Simulium jeffreyi ° ° '
Takaoka & Davies, 1995 3 | Tapah, Perak 4°16.316'N, 101°19.022'E 24 Dec 2012
Simulium malayense . ° , ° ,
Takaoka & Davies, 1995 3 | Cameron Highland, Pahang 4°22.220'N, 101°21.512'E 25 Dec 2012
TSimulium murudense o / ° '
Takaoka, Ya'cob & Sofian-Azirun, 2015 3 | Murud, Sarawak 3°55.6084'N, 115°30.8434'E 13 Jun 2013
Simulium perakense 3 | Batu Gajah, Kelantan 5°45.075'N, 101°58.816'E 2 Feb 2015
Takaoka, Ya’cob & Sofian-Azirun, 2018 2 | Janda, Baik, Pahang 3°18.2167'N, 101°52.5'E 25 Jul 2011

n, total number of sequences. T, samples collected from type localities. NA, not available

numbers 0Q152321-0Q152378 and 0Q540484. The
deposited sequences and associated information are also
accessible and available at the Global Biodiversity Infor-

mation Facility (GBIF) database (https://www.gbif.org/
dataset/c80987f7-f87a-4ae3-a2cc-ccd59bc951e8).  Ref-
erence sequences of Thailand and Vietnam specimens
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Table 2. Malaysian black flies (n = 52) used for DNA barcoding, according to subgenus, with intraspecific genetic distances. Species

with newly generated sequences are in bold.

Subgenus Species Intraspecific distance (average) n
S. aureohirtum’ 0.25-1.02 (0.68) 3
Nevermannia S. borneoense* 421 2
S. ledangense't 0.00-0.25 (0.10) 5
S. pairotit 0.00-1.54 (0.71) 16
S. angulistylum* 0.00-0.25 (0.17) 3
S. asakoae* 0.00 3
S. auratum* 8.38 2
S. aziruni’ — 1
S. barioense 2.60-3.94 (3.31) 3
S. brinchangense* 0.25-0.77 (0.51) 3
S. cheongi 0.00-2.59 (0.90) 45
S. decuplum 0.00-1.28 (0.85) 3
S. duolongum 0.00 4
S. gombakense 0.51-2.33 (1.72) 3
S. hiroyukii* 1.02 2
S. izuae* 0.25-1.02 (0.68) 3
S. johorense* — 1
Gomphostilbia S. kelabitenfe 0.00 3
S. leparense* 0.00 3
S. lurauense* 0.77-1.28 (1.02) 3
S. parahiyangum 0.00 4
8. pegalanense 0.51-7.24 (4.99) 3
S. roslihashimi 0.00-0.51 (0.34) 3
S. sarawakense* 0.77-3.67 (2.43) 3
S. sazalyi* 0.00-2.33 (1.27) 8
S. sheilae* 0.00 3
S. sofiani* 0.00 3
S. tanahrataense* 0.00 3
S. terengganuense* 0.00-3.11 (2.08) 3
S. trangense 0.00-0.77 (0.51) 3
S. varicorne — 1
S. whartoni 0.51-1.28 (0.84) 3
S. alberti 0.25-2.33 (1.55) 3
S. argentipes 0.51 2
S. beludense 0.00-0.25 (0.17) 3
S. bishopi 1.02-1.54 (1.28) 3
S. brevipar 0.51-0.77 (0.68) 3
S. crassimanum — 1
S. grossifilum — 1
S. hackeri't 0.00-0.51 (0.20) 8
S. hirtinervis* 0.25-0.77 (0.51) 3
S. jeffreyi 0.00-2.33 (0.99) 36
Simulium
S. kiuliense 0.00 6
S. laterale — 1
S. maklarini — 1
S. malayense’ 0.00-3.38 (1.02) 8
S. mirum?* 0.00-2.33 (0.93) 11
S. murudenset 0.00 3
S. nigripilosum 0.00-1.80 (1.20) 4
S. perakense 0.25-2.60 (1.29) 5
S. tani — 1
S. vanluni 0.00-2.59 (0.73) 84
n, total number of sequences. T, species with newly generated sequences and sequences retrieved from GenBank. {, samples from type localities.
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retrieved from GenBank were included for comparison.
All sequences were assembled, aligned, and trimmed
to 395bp in BioEdit 2.7.5 (Hall et al. 2011). Simulium
(Asiosimulium) furvum (MZ508532) was used as an out-
group. Neighbor Joining (NJ) analysis was performed
using Kimura’s two-parameter substitution model in
MEGA 11 version 11.0.11 (Tamura et al. 2021) with 1000
bootstrap replicates. Maximum likelihood (ML) analysis
was performed using the webserver RAXML (Kozlov et
al. 2019), with a default setting of the GTR substitution
model with proportion invariant sites and 100 bootstrap
replicates. Bayesian analysis was run using MrBayes
version 3.2.7 (Ronquist et al. 2012). The GTR + G + 1
substitution model was suggested as the best model by
jModeltest2 (Darriba et al. 2012). Bayesian analysis was
performed on 30 million generations of Markov Chain
Monte Carlo (MCMC) and the tree was sampled every
100" generation, with the first 25% of trees discarded as
burn-in. Both jModeltest2 and MrBayes were performed
on the online server Cyber Infrastructure for Phylogenet-
ic Research (CIPRES) (Miller et al. 2011). All trees were
visualized in FigTree v1.4.4 and edited in Interactive Tree
of Life (iTOL) (Letunic and Bork 2021) and Adobe Illus-
trator 2020.

2.4. Genetic distance and species
discrimination analyses

Pairwise genetic distance was calculated using the Kimu-
ra 2-parameter model in MEGA 11 version 11.0.11 (Ta-
mura et al. 2021). The distribution of genetic distances
was calculated by using the pairwise distance function in
TaxonDNA (Meier et al. 2006). The presence of a barcode
gap for each species was determined by plotting the far-
thest conspecific distance versus nearest neighbor (NN)
and the mean conspecific distance versus NN (Robinson
et al. 2009). The accuracy of each species barcode was
tested using Best-Matching (BM), Best-Close Matching
(BCM), and All Species Barcode (ASB) functions in Tax-
onDNA, based on the Kimura 2-parameter model.

2.5. Species delimitation analyses

Two different species delimitation methods were used:
Assemble Species by Automatic Partitioning (ASAP)
(Puillandre et al. 2021) and Generalized Mixed Yule-co-
alescent (GMYC) (Fujisawa and Barraclough 2013),
which are distance- and tree-based methods (Guo and
Kong 2022), respectively. ASAP was run on a web-based
server using a Kimura 2-parameter (K80) model with de-
fault settings. GMYC analysis was performed using the
ultrametric tree generated from BEAST2 version 2.6.6
(Bouckaert et al. 2014, 2019) with the GTR + G + I sub-
stitution model selected using jModeltest2. The analysis
was confirmed using Tracer v1.7.1 (Rambaut et al. 2018)
with an Effective Sampling Size (ESS) of more than 200.
The output tree was analyzed in TreeAnnotator 2.6.6,
with 10% burn-in. All analyses were carried out on the

CIPRES online server. GMYC analysis was performed
with the software package “splits” in RStudio 2022.02.1
Build 461.

3. Results

3.1. Pairwise distances and DNA

barcode gaps

Pairwise intraspecific divergences for all Malaysian se-
quences ranged from 0.00% to 8.38% (Fig. 1). The low-
est divergence (0%) was found in nine species: Simulium
kelabitense, S. murudense, S. tanahrataense, S. asakoae,
S. sofiani, S. leparense, S. kiuliense, S. parahiyangum,
and S. duolongum. The highest intraspecific divergence
was recorded in S. auratum at 8.38%, followed by S.
pegalanense with a mean of 4.99%. Interspecific genetic
distances ranged from 0.00% to 22.73%, with the low-
est interspecific distances (0%) between S. mirum and S.
kiuliense, S. cheongi and S. whartoni, and S. sazalyi and
S. parahiyangum. The highest divergence (22.73%) was
between S. borneoense and S. pegalanense. Overlapping
of intra- and interspecific divergence was 0.00—8.38%,
covering 3.34% of all intra- and interspecific regions.

A scatter plot of the data demonstrates that almost
80% of all species had a DNA barcode gap, whereas
the rest did not due to overlap of the farthest conspecif-
ic with the nearest neighbour species (Fig. 2). Overall,
nine species did not express a DNA barcode gap (seven
species in the subgenus Gomphostilbia and two in the
subgenus Simulium), whereas all species in the subgenus
Nevermannia had a gap. The seven species of Gompho-
stilbia included one from the S. asakoae species group
(S. lurauense), three from the S. batoense species group
(S. parahiyangum, S. pegalanense, and S. sazalyi), and
three from the S. epistum species group (S. auratum, S.
cheongi, and S. whartoni). The two species in the subge-
nus Simulium were S. kiuliense (S. nobile species group)
and S. mirum (S. melanopus species group).

3.2. Efficacy of species discrimination

The overall percentage of correct identification was
88.46% for Best Match (BM) and 87.27% for Best-
Closed Match (BCM) but only 75% for All Species Bar-
code (ASB) (Table 3). Twenty-four sequences (7.1%)
were ambiguous for BM and BCM, whereas 67 sequenc-
es (19.82%) were ambiguous for ASB. The subgenus
Nevermannia had the highest correct percentage in all
functions, with more than 90% for BCM and ASB and
100% for BM. Only S. borneoense sequences were below
the threshold value at 3.95%.

The subgenus Gomphostilbia had the lowest per-
centage of correct species identifications for all three
functions, particularly ASB with less than 50%. All 45
sequences of S. cheongi and S. whartoni were ambigu-
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Figure 1. Distribution of intra- and interspecific genetic distances of 52 species of Malaysian black flies, based on 338 COI se-
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Figure 2. DNA barcoding gap represented by a scatter plot of all 338 Malaysian black fly sequences: Maximum intra-distance ver-
sus minimum distance to nearest neighbour (NN). The gap exists for species above the 1:1 line. The DNA barcode gap was present
in 79.54% of all species. Single sequence species were excluded. Red dots include newly generated sequences, whereas blue dots

represent sequences from GenBank.

ous. Simulium lurauense was the only incorrect sequence
for ASB. For BM, 10 sequences (8.0%) were incorrectly
identified, whereas only four sequences were incorrectly
identified for BCM (3.2%). Eight sequences were below
the threshold value of 3%.

Five singleton sequences (2.06%) for species in the
subgenus Simulium were incorrect for BM but not for

BCM: Simulium crassimanum, S. laterale, S. maklari-
ni, S. grossifilum, and S. tani. All these sequences were
below the threshold value, including a sequence from S.
malayense. Twelve sequences (6.41%), comprised of S.
mirum (six) and S. kiuliense (six), were ambiguous for
both BM and BCM.
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Table 3. DNA barcode identifications of all 338 Malaysian black fly sequences, according to subgenus, using TaxonDNA functions:
Best Match (BM), Best Close Match (BCM), and All Species Barcode (ASB).

Best Match (%) Best Close Match (%) All Species Barcode (%)
Correct | Ambiguous | Incorrect | Correct | Ambiguous | Incorrect | No match | Correct | Ambiguous | Incorrect | No match
Gomphostilbia | 82.40 9.60 8.00 80.80 9.60 3.20 6.40 49.60 43.20 0.80 6.40
Nevermannia 100 0.00 0.00 92.31 0.00 0.00 7.69 92.31 0.00 0.00 7.69
Simulium 90.91 6.42 2.67 90.91 6.42 0.00 2.67 90.37 6.95 0.00 2.67
All 88.46 7.10 443 87.27 7.10 1.18 443 75.44 19.82 0.29 4.43

3.3 Tree analyses and species
delimitation

Overall, 59 species of black flies were used in trees in-
ferred based on maximum likelihood (ML): 52 species
from Malaysia and eight reference species from Thai-
land and two from Vietnam. All species were members
of one of three subgenera: Gomphostilbia (seven species
groups), Nevermannia (two species groups), and Simuli-
um (nine species group).

For species delimitation, 57 and 58 operational taxo-
nomic units (OTUs) were recognised in ASAP and
GMYC, respectively. The results were slightly different
when compared against species groups (Table 4).

For the subgenus Nevermannia, S. ledangense and
S. pairoti were recognised as the same entity, whereas
S. borneoense consisted of two entities (Fig. 3). The re-
sult was consistent with the tree in which S. borneoense
formed a strong monophyletic clade but with slightly
high intraspecific distance (Table 2), whereas S. pairoti
and S. ledangense shared the same clade. All three spe-
cies were in the S. feuerborni species group. On the other
hand, S. aureohirtum from Malaysia and Thailand were
considered different entities by both species delimitation
methods, although they were in the same monophyletic
clade with strong support.

There were 24 nominal species in the subgenus Simuli-
um (Fig. 4), including four reference species from Thai-
land (S. bullatum, S. chamlongi, S. sansahoense, and S.
tani) and one from Vietnam (S. rosliramlii), but ASAP
and GMYC only recognised 20 and 22 entities, respec-
tively. Simulium bullatum was treated as the same entity
as Malaysian S. malayense by ASAP but not by GMYC.
This outcome was the same for S. jeffieyi and S. perak-
ense. On the other hand, the S. melanopus species group
was divided into two clades, the first clade consisting of
S. nigripilosum, S. crassimanum, S. bishopi, S. laterale,
and S. maklarini, which were successfully distinguished
by the two species delimitation approaches. The second
clade consisted of three species in two species groups of
East Malaysia, namely S. murudense and S. mirum, both
in the S. melanopus species group, and S. kiuliense in the
S. nobile species group; all three species were recognised
as a single entity by both ASAP and GMYC, with strong
support. Simulium vanluni, a species from Peninsular
Malaysia formerly known as S. nobile, was in a different
clade. All species in the S. grossifilum, S. nitidithrox, S.
tuberosum, and S. variegatum species groups were suc-
cessfully distinguished by both ASAP and GMYC.

Table 4. Number of species and operational taxonomic units
(OTUs), using two different species delimitation methods,
ASAP & GMYC, according to species group in the genus Simu-

lium
Subgenus Species group | Morphology | ASAP | GMYC
Aureohirtum 1 2 2
Nevermannia
Feuerborni 3 3 3
Total 4 5 5
Asakoae 7 5 5
Batoense 8 11 10
Ceylonicum 3 3 3
Gomphostilbia | Darjeelingense 1 1 1
Epistum 7 8 8
Gombakense 3 3 3
Varicorne 1 1 1
Total 30 32 31
Argentipes 3 3 3
Grossifilum 1 1 1
Melanopus 7 6 6
Multistriatum 3 2 3
Simulium Nitidithorax 1 1 1
Nobile 2 1 1
Striatum 2 1 2
Tuberosum 3 3 3
Variegatum 2 2 2
Total 24 20 22
Overall 58 57 58

Thirty morphologically identified nominal species of
the subgenus Gomphostilbia, including two species from
Thailand (S. parahiyangum and S. decuplum) and one
species from Vietnam (S. yvonneae), represented the S.
batoense species group (Fig. 5). Molecular identification
recognised 32 and 31 entities under ASAP and GMYC, re-
spectively. The S. batoense species group was divided into
three distinct clades, with S. sazalyi sharing the same clade
with S. parahiyangum from Malaysia and recognised as a
single entity based on both species delimitation methods.

In the second clade, S. decuplum from Malaysia and
Thailand was distinguished as two distinct entities. DNA
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barcode sequences of S. pegalanense are reported for
the first time and the species was placed in two different
lineages and considered two distinct entities. The third
clade of the S. batoense species group consisted only of
S. terengganuense, recognized by ASAP and GMYC as
two and one entities, respectively. Seven species in the
S. asakaoe species group were clustered together, with S.
asakoae, S. brinchangense, and S. tanahrataense forming
monophyletic clades with strong support. Simulium izuae
and S. roslihashimi formed a paraphyletic group and were
recognised as a single entity by species delimitation; the
same occurred with S. sofiani and S. lurauense. ASAP and
GMYC were both consistent with morphological identifi-
cation, with three species each in the S. ceylonicum and S.
gombakense species groups. Seven nominal species com-
prised the S. epistum species group, which was split into
three clades. The first clade consisted only of S. anguli-
stylum, which was positioned near the subgenus Simuli-
um. The second clade consisted of four nominal species:
Simulium barioense (two OTUs), S. kelabitense (one
OTU), S. auratum (two OTUs), and S. sarawakense (one
OTU). Simulium whartoni and S. cheongi were a single
entity sharing the same strong bootstrap and Bayesian
support in the third clade.

4. Discussion

An increasing demand for accurate and timely species
identification, and rapid advances in genetic methodolo-
gy, have spurred progress in establishing molecular iden-
tification tools for black flies. By using short standardized
DNA markers from mitochondrial COI, molecular spe-
cies identification is becoming standard practice in many
regions, world wide. The increasing importance of black
flies in Malaysia makes the development of comprehen-
sive and reliable species databases essential for accurate
identification and comparison of regional faunas. A to-
tal of 52 species of black flies from Malaysia are rep-
resented in our study, accounting for more than 50% of
the total species recorded in the country (Adler 2022) and
including newly generated sequences for 14 species. The
remaining species are unavailable, mostly owing to their
rarity. Yet, their barcodes could be available in the future
when more specimens are found or through non-destruc-
tive DNA extraction from museum specimens.

The distance-based approach successfully identified
almost 90% of the species, in parallel with morpholog-
ical identification, except for several species considered
ambiguous or misidentified due to overlapping genetic
distance with the nearest-neighbour species and high in-
traspecific distance. Despite the small number of samples
per species, the genetic divergence overlap in this study
(8.38%) is less than in the comprehensive study of black
flies in Thailand (12.6%) (Pramual et al. 2021).

The barcode gap is the difference between intra- and
interspecific genetic distances for each species (Robinson
et al. 2009). A larger gap reflects greater accuracy of the

DNA barcoding identification (Meyer and Paulay 2005).
Absence of this gap leads to failed species separation due
to overlap with the nearest-neighbour species. In certain
cases, genetic overlap is due to the species having large
genetic diversity (DeSalle et al. 2005) or closely related
species with incomplete lineage sorting that may lead to
non-monophyly (Funk and Omland 2003). In our study,
almost 17% of the species lacked barcode gaps, and the
sequences were identified as ambiguous after a failure
to differentiate species. This result might be due to in-
adequate mitochondrial signals (Low et al. 2015) and in-
complete lineage sorting (Low et al. 2016a). The nuclear
288S gene, however, can resolve some relationships, for
example, between S. lurauense and S. sofiani but not of
other members of the S. asakoae species group (Low et
al. 2015), supporting the use of multi-locus genes as an
alternative for distinguishing species rather than using a
COI gene alone. Yet, the COI gene is still the gold stan-
dard for molecular identification of black flies. It has been
used extensively in public databases for comparison.

A genetic distance for black fly species of more than
3% suggests the presence of cryptic species (Pramual
and Adler 2014; Rivera and Currie 2009). By this metric,
possible cryptic species are present in S. auratum and S.
pegalanense, where the mean intraspecific differences are
high (> 4%) and the species are placed in different lineag-
es of the DNA barcode tree. Morphological re-examina-
tion is needed after a population study is done with more
samples from various geographic distributions. Cryptic
and pseudocryptic species are common in black flies, the
former referring to two or more morphologically indistin-
guishable taxa within a nominal species (Bickford et al.
2006) and the latter referring to taxa that are distinguish-
able after thorough morphological examination coupled
with other diagnostic techniques such as population ge-
netics and cytogenetics (Low et al. 2014, 2016a, 2016b;
Pramual and Kuvangkadilok 2012).

In the subgenus Nevermannia, S. aureohirtum in Ma-
laysia shows high divergence (> 7%) from populations
in Thailand. Delimitation of both species shows them as
different entities. This generalist species has a wide geo-
graphic distribution, which could affect the species genet-
ically. Chromosomal and molecular studies show differ-
ences among populations (Pramual et al. 2008; Thaijarern
et al. 2014). Hence, morphological re-examination is sug-
gested to evaluate the possibility of two separate entities.
For the S. feuerborni species group, the low genetic dif-
ference between S. ledangense and S. pairoti is similar to
the results of the study by Ya’cob et al. (2017a). Howev-
er, distinct morphological characters are present between
these two species and S. pairoti and S. ledangense are
considered pseudocryptic species (Ya’cob et al. 2017a).

In the subgenus Simulium, S. kiuliense of the S. nobile
species group is in the same lineage with species of the S.
melanopus species group (S. mirum and S. murudense).
Even species delineation indicates they are a single entity.
Simulium kiuliense was revalidated after re-examination
of S. nobile s. 1., which revealed morphological differenc-
es and a large molecular distinction between populations
in Java and mainland Asia along with a third species, S.
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vanluni (Low et al. 2016a; Ya’cob et al. 2017b). Simulium
kiuliense is known only from the island of Borneo. The
low interspecific divergence between these species might
be related to an island effect, that is, low genetic diversity
due to genetic drift and a possible bottleneck (Boessen-
kool et al. 2007; Eldridge et al. 2004). This possibility
is in line with the genetic distances found in our study,
whereby a large genetic distance (> 11%) exists within
the S. nobile species group between S. kiuliense and S.
vanluni but not (< 2%) between S. kiuliense and two spe-
cies of the S. melanopus species group (S. mirum and S.
murudense). Despite the high genetic similarity, morpho-
logical differences are present between the S. nobile and
S. melanopus groups (Takaoka 2017).

Subgenus Gomphostilbia is the largest Simuliidae tax-
on in Malaysia, consisting of 50 species. In total, 58%
of the Gomphostilbia species known from Malaysia were
available for our study. In the S. batoense species group,
S. parahiyangum and S. sazalyi are in the same lineage
and are considered one entity due to incomplete lineage
sorting (Sriphirom et al. 2014). This similarity is a conse-
quence of one of four populations of S. sazalyi analysed
from Peninsular Malaysia, which shares a COI sequence
with S. parahiyangum from Sarawak (Takaoka et al.
2018c). Yet, these two nominal species can be separated
morphologically in each life stage above the egg. On the
other hand, sequences from seven of eight species in the
S. asakoae species group are correctly identified in our
study, with the exception of S. lurauense and S. sofiani,
which are ambiguous and molecularly misidentified. All
species in the S. epistum species group show a DNA bar-
code gap, except S. cheongi and S. whartoni, which are
considered ambiguous due to high sequence similarity.
Even the morphological characteristics of these species
are similar (Takaoka and Davies 1995). Simulium whar-
toni is widely distributed from low to high elevations, but
S. cheongi has been found only at low elevations (Takao-
ka and Davies 1995; Ya’cob et al. 2016). All insular spe-
cies known only from East Malaysia in the S. epistum
species group (S. auratum, S. barioense, S. kelabitense,
and S. sarawakense) are correctly identified in our study
and distinguishable from mainland species in the DNA
barcode tree. This distinction is supported by the large ge-
netic distance (> 13%) between mainland and insular spe-
cies, suggesting that no genetic migration had occurred.

Overall, 22% of the species in our study are non-mono-
phyletic and almost half of their sequences are ambiguous
at the species level. This finding is consistent with that of
Funk and Omland (2003), who reported nearly 26% of
arthropods as non-monophyletic due to incomplete lin-
eage sorting, lack of phylogenetic information, and im-
perfect taxonomy. These molecular issues are common
in black fly studies (Low et al. 2016b; Sriphirom et al.
2014), although the species can often be differentiated
morphologically. The remaining species in our study are
correctly identified molecularly, suggesting that DNA
barcoding of Malaysian black flies is acceptable with the
support of species delimitation approaches. A good DNA
barcode database can be established using specimens that
have been identified morphologically before undergoing

molecular analysis to increase accuracy for future refer-
encing. A large sample size from various localities also
will help increase the reliability of the species sequenc-
es (Meyer and Paulay 2005). The use of variable genetic
markers, such as the fast-evolving nuclear big zinc finger
(BZF) and elongation complex protein 1 (ECP1) genes,
is also encouraged to improve identification efficiency,
especially for problematic taxa (Aupalee et al. 2022; Low
et al. 2016b; Pangjanda and Pramual 2017; Srisuka et al.
2022).

In summary, we report the DNA barcode for black
flies in Malaysia, with high (90%) accuracy for species
identification. An increase in the number of sequences per
species deposited in DNA barcode databases, particularly
when based on correct species identifications, will en-
hance the possible applications, such as monitoring vec-
tors and other species of public health importance.
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