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The Amazonia onchocerciasis focus of southern Venezuela and northern Brazil is the larger of the
two remaining Latin American onchocerciasis foci where disease transmission still occurs and is often
regarded as the most challenging of all the Latin American foci to eliminate onchocerciasis. The site is
home to a population of over 20,000 semi-nomadic, hunter-gatherer Yanomami people and is made-up
of a mosaic of rainforest and savannah ecologies, which are influenced by the area’s undulating ter-
rain and rich geological diversity. At least six blackfly vectors have been implicated in onchocerciasis

Is(lerjl;‘::ﬁﬁ; transmission in this focus; however, because of the difficulty in their routine identification the rela-
S. limbatum tive importance of each has been obscured. Simulium limbatum and Simulium incrustatum s.l. have both

been recorded as vectors in the Amazonia focus, but they are difficult to discriminate morphologically
and thus the ecological range of these species, and indeed the presence of S. limbatum in the Amazonia
focus at all, have remained controversial. In the work described here, we report 15 S. incrustatum s.l. CO1
sequences and 27 S. limbatum sequences obtained from field-caught adult female blackflies collected
from forest and savannah localities, inside and just outside the Amazonia focus. Phylogenetic analysis
with the sequences generated in this study, showed that both the S. limbatum and the S. incrustatum s.l.
CO1 sequences obtained (even from specimens living in sympatry) all fell into discrete species-specific
bootstrap-supported monophyletic groups and thus confirmed the utility of the CO1 gene for identi-
fying both these species inside the Amazonia focus. As the S. limbatum-exclusive cluster included CO1
sequences obtained from forest-caught and morphologically identified specimens these results provide
the clearest evidence yet of the presence of S. limbatum inside the Amazonia focus. The question, however,
of whether S. limbatum is actually a vector in the focus still remains unanswered as the data presented
here also suggest that S. limbatum found in the savannahs adjacent to, but outside the Amazonia focus
(and which represent the only S. limbatum population to be unambiguously incriminated as a host of
Onchocerca volvulus), are genetically distinct from those living inside the focus. These findings highlight
the need for a clearer picture of the vector taxonomy inside the Amazonia onchocerciasis focus.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction Cheke and Garms, 2013). The disease causes a variety of severe skin

conditions, eliciting symptoms including depigmentation, licheni-

Onchocerciasis (more commonly known as river blindness) is a
debilitating neglected tropical disease that is estimated to affect,
directly, around 37 million people worldwide and to have 120 mil-
lion people living at risk of being infected by it (Basafiez et al., 2006;
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fication and intense itching and blindness. It is only present in
Africa, the Arabian Peninsula and Latin America. In the 1990s it was
estimated that 250,000 people were living with irreversible blind-
ness caused by onchocerciasis infections (1995 WHO report in Post
etal., 2011), although more recent estimates suggest that the num-
ber of people presently living with blindness caused by the disease
could be over 35% higher (Vos et al., 2012). The disease is caused
by the filarial worm Onchocerca volvulus, which is transmitted by
simuliid blackflies.
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Following the success of the Onchocerciasis Elimination Pro-
gram for the Americas, there are now just two foci in Latin America
where onchocerciasis transmission is still thought to occur, the
Amazonia focus and the Northeast Venezuelan focus (Gustavsen
et al., 2011). The larger of these is the Amazonia focus, a vast area
spanning large parts of Brazil’s Amazonas and Roraima states and
the adjacent areas of Venezuela. As well as its size, vegetation and
geology, which make logistics at the site extremely difficult, the
semi-nomadic lifestyle of the >20,0000 Yanomami people who live
in the Amazonia focus also contributes to making it, arguably, the
more difficult of the remaining Latin American foci for onchocerci-
asis eradication (Botto et al., 2011; Coelho et al., 1998; Gustavsen
et al., 2011; Shelley et al,, 1997). It has thus been argued that
a more targeted approach may be necessary for the successful
elimination of onchocerciasis in the Amazonia focus (Botto et al.,
2011).

The site is a mosaic of dense forest and open savannah, both of
which contain a wide variety of ecologies influenced by altitude,
geology and climate and each supporting a unique simuliid fauna.
At least six simuliid species have been incriminated in the trans-
mission of onchocerciasis within the Amazonia focus: Simulium
exiguum s.l, Simulium guianense s.l., Simulium oyapockense s.L, S.
roraimense s.L., Simulium incrustatum s.l. and Simulium limbatum. Of
these, S. guianense s.L is the most important vector and is found in
the mountainous forested areas and the plateau upland savannah
areas where onchocerciasis is hyperendemic (Botto et al., 2011;
Shelley et al., 1997). S. oyapockense s.1. is the principal vector in the
lowland hypoendemic areas of the site, and is generally regarded
not to be of great epidemlogical importance (Botto et al., 2011;
Shelley et al., 1997). S. incrustatum s.I. has been recorded in both
forested highland and forested lowland sites within the Brazilian
side of the focus and in the hyperendemic and mesodendemic areas
on the Venezuelan side of the focus (Botto et al., 2011; Shelley
et al., 1997). Recent feeding experiments with this vector have
suggested that it may play a more important role in transmis-
sion than had been previously thought (Botto et al., 2011; Grillet
et al., 2008); however its importance has been obscured by diffi-
culties in discriminating it from S. limbatum. While S. limbatum has
been recorded in savannahs immediately adjacent to the focus and
has been shown to be a competent host in experimental infection
experiments, it has hitherto never been recorded in the Brazilian
part of the focus (Shelley et al., 2010, 1997). On the Venezuelan
side of the focus, O. volvulus infections of S. limbatum have been
reported, but in subsequent descriptions these infected simuli-
ids have been described variously as S. incrustatum or S. limbatum
(Vivas-Martinez et al., 1998), S. incrustatum/S. limbatum (Basafiez
et al, 2009) and S. incrustatum (Grillet et al., 2008). Questions
concerning the distribution and relative importance of these two
species for onchocerciasis dynamics of the Amazonia focus thus
remain. Indeed, even whether S. limbatum is an active vector within
the Amazonia focus at all is still uncertain.

Although S. incrustatum s.l. and S. limbatum can be distinguished
reliably by the scutal markings, these characters can easily be mis-
interpreted if the light source is not correctly positioned as detailed
in Shelley et al. (2010, 1997) and thus morphological identifica-
tions are unsuitable for reliable routine identifications. Molecular
identifications using DNA barcoding (PCR and DNA sequencing
of targeted taxonomic identifier genes), in contrast: can be easily
done through a commercial service; do not require high-levels of
specialist training, and can be readily used to identify all life-stages
and sexes of a target organism. DNA barcodes thus offer the
potential to provide a low-skill alternative to onchocerciasis vector
identification in Latin America. Although many genes have been
used for DNA barcoding, the mitochondrial cytochrome oxidase
1 (CO1) gene has emerged as among the most reliable for insect
species identification and has already been proven to have a rate

of evolution suitable for resolving a variety of simuliid taxonomy
problems (Day et al., 2008, 2010; Hernandez-Triana et al., 2012).

In this study we have collected S. limbatum specimens from a
number of sites in the Roraima state savannahs, which are imme-
diately adjacent to the Amazonia focus and represent the closest
known site where a gold standard S. limbatum population has been
recorded (Shelley et al., 1997). (A gold standard S. limbatum pop-
ulation of S. limbatum being defined here as a population which
has had representatives verified as such by direct comparison with
type specimens.) We have then compared these gold standard S.
limbatum specimens morphologically to material collected in the
present work from forested areas inside the Amazonia focus in
Brazil where the species had not been previously recorded. CO1-
based barcoding has subsequently been used to make unambiguous
confirmation of the existence of S. limbatum inside the Amazonia
onchocerciasis focus and to demonstrate that S. incrustatum s.l. and
S. limbatum collected within the focus can be reliably distinguished
using this technique.

2. Methods

2.1. Field study-site selection, blackfly field collection and
morphological identifications

Fig. 1 shows a map of the selected field sites. Savannah and forest
areas are labelled appropriately, as are the field collection localities.
Adult female blackflies were collected from the eight localities indi-
cated, by human landing catches in which blackflies were allowed
to land but not to bite volunteers, using an approach similar in
detail to those described in Shelley et al. (2000, 1982). The coordi-
nates of the sites where these collections were made are provided
in Table 1. The collection zone was selected because it spans areas
of both savannah and forest ecologies and includes localities both
within and adjacent to the Amazonia onchocerciasis focus. Equally
important, the site was chosen because it spanned an area where
both unambiguously identified S. incrustatum s.L. and S. limbatum
have previously been collected (Shelley et al., 1997) and an area
very close to where a contested report of S. limbatum has been
made (Basanez et al., 1988). Anthropophilic females were collected
in 100% ethanol and identified to morphospecies using descriptions
in Shelley et al. (1997, 2010).

2.2. DNA extraction, PCR amplification and sequencing

DNA was extracted from individual blackfly specimens using
QIAGEN DNeasy blood and tissue kits and eluted in 200 wl of
TE (10mM Tris—Cl; 0.5mM EDTA; pH 9.0). These DNA extracts
were then used in separate 50 .l PCR reaction mixes containing:
5wl of DNA extract; 5l of 10x Invitrogen PCR buffer; 0.2 pl of
Invitrogen taq DNA polymerase (at 5u/ul); 2 pul of 50 mM MgCl;;
1wl of dNTPs, at a concentration of 10mM each and 2 pl of
each of the forward and reverse primers, from 10 mM stocks. The
PCR primers (LC1049: 5'-GGTCAACAAATCATAAAGATATTGG-3' and
HC02198: 5'-TAAACTTCAGGGTGACCAAAAAATCA-3') used for CO1
gene amplification were the same as those described by Hebert et al.
(2003) as were the PCR thermocycling conditions. PCR amplicons
were individually cleaned or gel extracted following the appropri-
ate protocol provided with the Promega SV Gel and PCR clean-up
system kit used for this purpose.

Cleaned-up PCR products were Sanger sequenced in both
directions using the same primers that were used to amplify them.
Briefly, following optical density quantification, PCR products
were prepared for sequencing using an ABI BigDye terminator v3.1
kit and protocol. Some of the DNA sequencing for this study was
performed using an ABI 3130 DNA genetic analyser situated at
the Funda¢do de Dermatologia e Venearologia, Alfredo da Matta,
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Fig. 1. The location of the eight Brazilian blackfly collection sites used in this study and are listed in Table 1. The map image is an annotated screen-shot taken from google
maps which has been converted to grey scale. Light areas around Boa vista represent areas of natural savannah, dark areas indicate primary rain forest. The forested collection
sites are all within the Amazonia focus and the savannah sites are all outside of it, with the interface of the two corresponding roughly with the focus’s perimeter. Black spots
and box-labels indicate sites where S. limbatum specimens were collected and white spots and box-labels where S. incrustatum specimens were collected; grey box-labels
are used to indicate where the species were found in sympatry. A fuller picture of the terrain and vegetation around the collection sites and the whole Amazonia focus can
be browsed with the following KML file: XXXXXXXXXXXX.

Table 1

The site coordinates, species level morphological identifications and sequence accession numbers of each of the CO1 sequences obtained from each of 42 simuliid specimens
used in this study. Identical sequences have identical accession numbers and are only discriminated by a suffixed roman numeral.

Collection site

Site co-ordinates

Ecology

Species

Sequence accession

Igarapé do Carrapato, Boa Vista - Roraima

Igarapé Murupd, Boa Vista - Roraima

Igarapé Au Au Boa Vista - Roraima

Xitei/Ketta/Kitdo, Boa Vista - Roraima

Xitei/Xitei, Boa Vista - Roraima

Xitei/Parimad, Boa Vista — Roraima

Haxi, Boa Vista — Roraima

Parafuri, Boa Vista - Roraima

2°5839.46” N - 60°42'42.16" W

3°1'11.06" N - 60°46'34.96” W

2°56'24.48" N-61°3'2.71" W

2°31'42.9N - 63°55'92" W

2°36'428 N - 63°52'411" W

2°35'0.89N - 63°52'6.01" W

2°40'26.38" N - 63°44'7.65" W

3°17'0.96" N- 63°50'52.98” W

Savannah

Savannah

Savannah

Forest

Forest

Forest

Forest

Forest

Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum

Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum

Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum

Simulium limbatum
Simulium limbatum
Simulium limbatum
Simulium limbatum

Simulium incrustatum
Simulium incrustatum

Simulium incrustatum
Simulium incrustatum
Simulium incrustatum
Simulium incrustatum
Simulium incrustatum

Simulium incrustatum
Simulium incrustatum
Simulium incrustatum
Simulium incrustatum
Simulium incrustatum

Simulium incrustatum
Simulium incrustatum
Simulium incrustatum
Simulium limbatum

HF9484456
HF9484454iii
HF9484455i
HF9484455ii
HF9484455iii
HF9484455iv
HF9484455v
HF9484455vii
HF9484455x

HF9484454ii
HF9484454iv
HF9484455vi
HF9484455viii
HF9484455viii

HF9484454i
HF9484453i
HF9484453ii
HF9484453iii
HF9484453iv
HF9484453v
HF9484453vi
HF9484453vii

HF9484449
HF9484451
HF9484448
HF9484450

HF9484445iii
HF9484456viii

HF9484446iii
HF9484446v
HF9484447i
HF9484447ii
HF9484445ii

HF9484446iv

HF9484446vi

HF9484446vii
HF9484447iii

HF9484445i

HF9484446i
HF9484446ii
HF9484447iv
HF9484452
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Manaus (Amazonas), the rest was done by the Brazilian barcoding
of life data (BOLD) research group (in Rio de Janerio).

2.3. DNA sequence editing, alignment and phylogenetic analysis

Consensus sequences were prepared from matching forward
and reverse CO1 sequence trace files using DNA star and then were
aligned and edited using freely available software as described pre-
viously (Crainey etal.,2009,2010). BLASTn searches, comparing the
acquired sequences to all non-redundant sequence deposits, were
used to confirm that all of the obtained sequences were from simuli-
ids and the targeted CO1 gene. Conceptual translation of sequences
was carried out using the European Molecular Biology Laboratory’s
on-line conceptual translation tool ‘transeq’. Edited sequence align-
ments were used to infer phylogenetic trees, using three different
methodologies: (1) the Neighbour joining method; (2) Maximum
Likelihood method and (3) the Maximum parsimony method. These
methodologies were implemented using the PYHLIP software suite,
as described previously (Crainey et al., 2009, 2010).

3. Results

3.1. The generation of mitochondrial cytochrome 1 (CO1) DNA
sequence from the known O. volvulus hosts: S. incrustatum s.l. and
S. limbatum

PCR amplifiable DNA was successfully extracted from a total
of 42 specimens, caught in eight different localities (see Table 1).
These collection sites were from two different ecological envi-
ronments: five collection sites we classified as forest and three
were classified as savannah (see Fig. 1 and Table 1). Morpholog-
ical identification of the collected specimens confirmed that 15
of the collected flies were S. incrustatum s.I. and that 27 were
S. limbatum (the provenance of the specimens is provided in
Table 1). Good-quality cytochrome oxidase (CO1) gene sequences
(both forward and reverse) were obtained from all 42 of these
DNA extracts and were used to generate consensus sequences.
Unique consensus sequences have been deposited in the sequence
databases of the European Molecular Biology Laboratory (EMBL)
and the US National Center of Biotechnology Information (NCBI);
the sequences have been assigned the following accession num-
bers: HF948445-HF948456.

3.2. CO1 barcoding is a novel tool for discriminating Amazonia
focus S. limbatum and S. incrustatum

Databases, Blastn, searches with each of the 42 consensus
nucleotide sequences confirmed that their closest database rela-
tives were all from the targeted CO1 DNA sequence region and that
the closest sequences (for which source species identification was
available) were all derived from the genus Simulium. Conceptual
translation of the sequences, using the invertebrate mitochondrial
universal code, confirmed the sequences all coded for uninter-
rupted open reading frame amino acid sequence and are therefore
unlikely to derive from a non-target nuclear mitochondrial pseudo-
genes (numts) origin. All of the obtained sequences were therefore
judged to also be from the targeted Simulium specimens and thus
included in a more detailed analysis.

In a preliminary analysis, the 42 sequences generated in this
study were aligned to a set of 872 unique simuliid CO1 sequences,
derived from a diverse range of simuliid species. Neighbour joining
analysis with these sequences showed that they all fell into a sin-
gle bootstrap-supported monophyletic group that excluded all the
other 872 simuliid background sequences. It also showed that their
closest 27 previously published sequences fell into a bootstrap-
supported sister group. More computationally demanding heuristic

phylogenetic tree building methods were thus carried out on a sub-
set of sequences from the initial 914 sequence dataset, including
only the study-generated sequences and their 27 closest relatives.
An alignment of these sequences, spanning 519 nucleotide pos-
itions, has been provided as supplementary material.

Fig. 2 shows a representative Maximum Likelihood tree built
from this alignment. The tree clearly shows that all the CO1
sequences generated from this study form two distinct groups
that coincide with the morphologically identified species: all the S.
limbatum sequences are within a S. limbatum-exclusive bootstrap-
sported monophyletic group and all the S. incrustatum s.I. are
all within a S. incrustatum-exclusive bootstrap-supported mono-
phyletic group. Because both the S. limbatum and the S. incrustatum
s.l. specimens came from numerous collections (see Table 1),
these results support the value of CO1 barcoding as a tool for
discriminating between the two species and because of the sub-
stantial genetic distance between the two groups, which is never
less that 10% (55 nucleotide differences across 519 positions),
the results suggest the CO1 gene’s utility for identification might
be extended to all the onchocerciasis vectors of the Amazon
focus.

3.3. CO01 barcodes reveal hidden genetic diversity and provide
evidence for a distinct S. limbatum forest ecotype

While no clear morphological differences were detected among
the 27 S. limbatum specimens collected for this study, CO1 DNA
sequence analysis showed a clear difference between those col-
lected from the forest and those collected in the savannah. As well
as the species groupings referred to above, Fig. 2 also shows that all
the S. limbatum specimens that were collected from the savannah
(at three geographically distinct localities — see Table 1) fall into a
single bootstrap-supported monophyletic group, nested within the
S. limbatum species group. The clustering of these sequences sup-
ports the existence of a distinct S. limbatum ecotype or subspecies.
The existence of such a group is also supported by the nucleotide
variation found even among samples collected at the same site as
in-variant sequences could easily be explained by a sampling bias
generated from collecting closely related samples. The observed
variation found within the nucleotide sequences, however, sup-
ports a more ancient relationship that has been around long enough
to show signs of nucleotide-level selection.

Among the 22 S. [imbatum specimens collected in the savannah,
just four of the 519 nucleotide positions can be seen to vary; with
each variant nucleotide position supported by just one sequence
each varying by one position from the consensus. These single
nucleotide polymorphisms (SNPs) are supported on both strands
of the sequence runs and conceptual translation of them shows
that three out of four code for silent (synonymous) substitutions,
which is suggestive of selection having operated on this group
of sequences and thus that the collected S. limbatum are from an
ecotype with an ancient origin. The specimens collected in the
forest, however, show much higher levels of diversity, relative to
the specimens collected in the savannah, suggesting an even more
ancient origin and thus implying the savannah ecotype may have
evolved from a forest ancestor. None of the five CO1 sequences
obtained from S. limbatum specimens collected in the forest were
seen to be identical; with variation between sequences ranging
from one to 13 nucleotide positions (0.19-2.5%), across the same
519 nucleotide positions.

3.4. Genetically indistinct S. incrustatum found at multiple
Amazon forest sites

Much lower levels of genetic variation were found among the
tested S. incrustatum s.l. specimens than was found for S. limbatum
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—  Simulium incrustatum Haxiu HF9484445i
Simulium incrustatum Xite/Parimau HF9484445ii
Simulium incrustatum Xitei/XiteHF9484445iii

0.1

Simulium fimbatum |garape do carrapato HF9484456
Simulium fimbatum Igarape Au Au HF9484454i
| Simulum limbatum Igarape Murupu Boa Vista HF9484454i
Simulium limbatum Igarape do carrapato HF9484454iii
Simulum fimbatum Igarape Murupu HF9484454iv

Simulium limbatum Igarape Au Au HF9484453i

Simulium imbatum garape Au Au HF9484453i

Simulum limbatum Igarape Au Au HF9484453ii

Simulium limbatum Igarape Au Au HF9484453iv
Simulum lmbatum Igarape Au Au

Simulium lmbatum |garape Au Au HF9484453vi
Simulum imbatum Igarape Au Au HF9484453vii
Simulium limbatum |garape do carrapato HF94844551

Simulum limbatum Igarape do carrapato HFO4B44SSI  gauo o
Simulum fimbatum Igarape do carrapato HF9484455ii
I Simulium lmbatum Igarape do carrapato HF9484455iv
Simulum limbatum Igarape do carrapato HF9484455v
Simulium mbatum garape murupu HF9484455vi
Simulum limbatum |garape do carrapato HF9484455vii
Simulum fimbatum  \garape murupu HF9484455vii
Simulium fimbatum Igerape murupu HF9484455ix

Simuium limbatum |garape do carrapato HF9484455x

Fig. 2. Arepresentative ML tree constructed from a 519 nucleotide CO1 sequence alignment (provided in the supplementary material). Branch labels indicate the species and
the location that the sequences were obtained from. A nucleotide database accession number follows each of these labels so that the corresponding sequences, which each
label represents, maybe easily accessed. Ecology specific sequence clusterings are highlighted with background shading and labelling. Bootstrap supported nodes discussed
in the text are indicated with their percentage values. Those which are also supported with >50% support from both NJ and MP analysis are indicated with an asterisk.

(see Fig. 2). While the 27 S. limbatum sequences were observed
to vary at 21 nucleotide positions and by up to 19 nucleotide pos-
itions (3.67%), the 15 S. incrustatum s.I. sequences were seen to vary
at just two nucleotide positions (with one change being silent and
one coding for a conservative amino acid change); sequences were
never seen to vary by more than 0.39%. These results thus suggest S.
incrustatum s.L is more recently derived than S. limbatum. No clear
distinction between CO1 sequence haplotypes from S. incrustatum
s.l. specimens collected at different forest sites was detected. Con-
sistent with the morphological data, the sequence data provided no
support for the existence of savannah-dwelling S. incrustatum s.L

4. Discussion

4.1. Confirmation of S. limbatum in the Amazonia onchocerciasis
focus and the utility of CO1 barcoding for vector identification and
for onchocerciasis control

The fact that in all the phylogenetic identification methods
that we employed in this study, the CO1 sequences obtained
from morphologically identified S. limbatum and S. incrustatum
fell into highly bootstrap supported species-specific monophyletic
groups supports the species status of the two and shows that
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the portion of the CO1 gene sequence we targeted can be used
to distinguish between specimens of these species found within
the Amazonia onchocerciasis focus. The high levels of between-
species nucleotide diversity detected, of around 10%, is consistent
with what has been observed in the related simuliid subgenus Tri-
chodagmia (Hernandez-Triana et al., 2012), but is higher than has
been used to resolve other closely related Simuliidae species (Day
et al., 2008; Hamada et al., 2010; Ilmonen et al., 2009) and thus
supports the possibility that CO1 barcoding might be used to dis-
tinguish between these two species across their entire geographic
range and might also be targeted for the identification and discrim-
ination of other vectors within the Amazonia focus. This notion
is also supported by the fact that the specimens collected for this
study came from sites where the species are living in sympatry
(see Fig. 1). The clear genetic distinction between all of the for-
est collected S. limbatum and S. incrustatum CO1 sequences thus
suggests there is no introgression between these species and that
the observed differences are species differences and are not simply
a consequence of geographical isolation. More geographic samp-
ling will be required to identify the existence of species-diagnostic
single nucleotide polymorphisms (SNPs), which could be used to
develop simpler single-step species-diagnostic PCR reactions simi-
lar to what has been developed and continues to play an important
role in the identification and control of members of the Anopheles
gambaie complex (Mwangangi et al., 2013; Scott et al., 1993), but
even without such developments the sequences described here can
still provide a useful aid for vector identification and incrimina-
tion.

The depositing of S. limbatum and S. incrustatum reference CO1-
sequences in public databases will very likely provide a robust tool
for S. incrustatum and S. limbatum identification throughout their
geographic range and certainly assist with taxonomic identifica-
tions of Amazonia vectors. A clear, specific, example of how this
novel technique could have animmediate impact on onchocerciasis
vector monitoring comes from a published report of S. incrusta-
tum distribution. While almost all accounts of S. incrustatum come
from collections made in the forest environment, the Brazilian
Simuliid reference laboratory ‘Laboratério de Simulideos e Onco-
cercose’ (laboratory for Simuliids and Onchocerciasis) has recorded
S. incrustatum at a savannah site (Igarapé, Murupu, near Boa Vista)
(Marchon-Silva et al., 2007), where specimens collected and used
for this study and all seven previous specimen collections (dating
from 1979 to 1986) have found exclusively S. limbatum (Shelley
et al., 1997). Whether this discrepancy is a consequence of simple
misidentifications or a consequence of a genuine sudden, and tem-
porary, vector faunal shift, is not clear, however, what is clear is
that it suggests all future S. incrustatum savannah reports should
be supported with CO1-barcode identifications and highlights the
urgent need for reliable vector identification tools.

Perhaps more importantly, however, the sequences reported
here may also help (in the future) to resolve the vector status of S.
limbatum and help to produce a clearer picture of its distribution
and of the distribution of S. incrustatum. While there have been
records of infected S. limbatum on the Venezuelan side of the
focus (Basanez et al., 1988), there is some doubt as to whether
these specimens were S. incrustatum or S. limbatum (Shelley et al.,
1997, 2010). To our knowledge, no S. limbatum collected from
the Amazonia focus has ever been compared directly with type
material from Guyana. The closest localities to the Amazonia
focus where S. limbatum populations have had their species status
confirmed in this way are in the savannah regions of Roraima state
(Shelley et al., 1997). As some of the savannah material used in
this study came from these sites and as our morphological and
molecular identification of S. limbatum found inside the focus have
been made by direct comparison with this gold standard material,
our report here of forest dwelling S. limbatum on the Brazilian side

of the Amazonia focus is not only the first of its kind, but is also
the most certain account of the species inside of focus, as well.

4.2. Hidden and potentially epidemiologically important diversity
within S. limbatum

The tight clustering of all the savannah-caught S. limbatum spec-
imens (nested within the species clade) is inconsistent with forest
and savannah caught specimen belonging to a single continuous
interbreeding population and suggests that they belong to a dis-
tinct ecotype or subspecies of S. limbatum. Further geographical
sampling will be required to determine whether these specimens
are part of a subspecies or ecotype or whether the savannah-caught
specimens surveyed here are simply a genetically isolated popula-
tion. As the only unambiguous incrimination of S. limbatum as a
host of onchocerciasis (Shelley et al., 1987) comes from blackflies
taken from a savannah population outside the focus, and which in
our the molecular analysis presented here can be seen to be dis-
tinct from those found inside the focus, the vectorial status of this
species remains uncertain. The present evidence suggests that one
of the vectors of O. volvulus in the Venezuelan part of the Amazonia
focus (Basanez et al., 1988) may be S. limbatum, but this requires
confirmation.

Accurate cytospecies identifications have often played a key role
in understanding the epidemiology of onchocerciasis in Africa and
for its affective control (Garms et al., 2009; Traoré et al., 2009);
it, therefore, may be that future disease control in the Amazonia
onchocerciasis focus can benefit similarly from a higher resolu-
tion of vector taxonomy. Further sampling will also be needed
to resolve the genetic structure of the forest-dwelling S. lim-
batum in Brazil. While we have only managed to obtain five
forest-dwelling specimens for this analysis these specimens are
more diverse (at the molecular level) than their more diversely
sampled savannah-dwelling relatives. The relationships observed
between the forest-dwelling S. limbatum specimens also appear
to be more complex than the relationships among the savannah-
dwelling specimens. Some of the forest-collected specimens are
more closely related to the savannah-collected specimens than
they are to other forest-collected specimens and thus the forest-
collected specimens do not form a discrete monophyletic group, as
do the savannah-collected specimens. It is, therefore, possible that
vector competencies may even vary within the forest population of
S. limbatum.

4.3. Hidden genetic diversity provides insights into the origin and
evolution of S. limbatum

Although the CO1 sequence diversity data used for this study
derives from mitochondria DNA and can therefore be easily be
distorted by homogenising sweeps such as those driven by the
common insect reproductive parasite Wolbachia (which have been
found in simuliids [Crainey et al., 2010]), there is, presently, no
evidence to suggest that S. limbatum mitochondrial diversity has
been affected in this way. Thus the much higher levels of genetic
diversity found among the much smaller sampled population of
forest-dwelling S. limbatum is, presently at least, most parsimo-
niously explained by the S. limbatum savannah-dwelling behaviour
having evolved from a forest-dwelling ancestral state. Of course,
establishing this will not only require more geographic sampling
(to prove the existence of a S. limbatum ecotype), it will also require
some nuclear gene sampling.

5. Conclusions

The results presented here demonstrate that S. limbatum and S.
incrustatum from the Amazonia focus can be reliably discriminated
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using CO1 DNA barcoding. More generally, the results also support
the utility of CO1 barcoding for both more reliable and higher res-
olution vector identifications within the Amazonia Onchocerciasis
focus and provide some insight into the species evolution.
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