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Abstract

A subregion of the mitochondprial large subunit (16s) rRNA gene was amplified by polymerase chain
reaction (PCR) from nine species of blackflies (Diptera: Simuliidae) which serve as natural or exper-
imental vectors of human or bovine Onchocerca parasites. PCR products from each species of blackfly
were tested by directed heteroduplex analysis (DHDA), and their genotypes established according
to diagnostic banding patterns of the heteroduplex products. Three alleles of mitochondrial 16s
rRNA were found to exist in members of the Simulium (Edwardsellum) damnosum sensu lato complex
from West Africa, and two alleles were found in the Neotropical Simulium (Psilopelmia) ochraceum
Walker complex and the Simulium (Simulium) metallicum Bellardi complex. Different single alleles
were detected in Austrosimulium bancrofti, in English S.(S.)noelleri and in two North American labor-
atory vectors: Simulium (Psilozia) vittatum Zetterstedt and S.(S.)decorum Walker. Phylogenetic analy-
sis of 16s sequences indicated that blackflies from West Africa and the Americas formed distinct
clades. Neotropical onchocerciasis vectors were found to be more closely related to Nearctic and
Palaearctic nonvector Simulium species than to the African vectors of onchocerciasis.
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Introduction

Filarial nematodes of the genus Onchocerca Nematoda: Onchocercidae are a widespread
group of tissue-dwelling parasites responsible for animal and human onchocerciasis (Bain,
1981). In all Faunal Regions except Australasia, blackflies (Diptera: Simuliidae) serve as the
vectors for these parasites. For example, the North American Simulium (Simulium) jenningsi
Malloch sensu lato (s.l.) transmits the bovine parasite Onchocerca lienalis Stiles (Lok et al.,
1983). In Africa, members of the Simulium (Edwardsellum) damnosum Theobold complex
transmit the human parasite Onchocerca volvulus Leuckart and bovine parasites such as
Onchocerca ochengi Bwangamoi (Wahl, 1996). O. volvulus is also found in South and Central
America where its primary vectors are Simulium (Psilopelmia) ochraceun Walker s.1.,
S.(S.)metallicum Bellardi s.I. and S.(Notolepria)exiguum Roubaud s.I. In Australia, bovine
onchocerciasis is caused by Onchocerca gibsoni Cleland and Johnston transmitted by Forcip-
omyia townsvillensis (Diptera: Ceratopogonidae) instead of endemic blackflies such as Aus-
trosimulium (Novaustrosimulium) bancrofti Taylor (Ottley & Moorhouse, 1980).

Human onchocerciasis in the Americas is restricted to the Neotropics, despite the fact
that Simulium blackflies are abundant in North America, and some of these species are
vectors of bovine onchocerciasis. Recent studies have shown that O. volvulus was probably
introduced to South and Central America through the African slave trade (Zimmerman et
al., 1994). As the majority of slaves from O. volvulus endemic regions of West Africa were
imported into North America, the reasons why human onchocerciasis did not become es-
tablished in the USA may have included the vectorial incompetence of Nearctic blackflies.

We have used directed heteroduplex analysis (DHDA) to distinguish alleles of the mi-
tochondrial 16s rRNA gene of diverse Simulium species that are capable of transmitting
human or bovine Onchocerca parasites under natural or laboratory conditions. The nucleo-
tide sequence in 16s rRNA alleles from each of the major onchocerciasis vectors was deter-
mined. Phylogenetic analyses of these sequence data revealed no correlation with vectorial
capacity of the different blackfly species.

Materials and Methods

Collection of Simuliidae

Blackfly larvae and adults were collected from various locations around the world (Table 1).
Specimens were identified from conventional morphometric and cytological criteria (Laird,
1981; Kim & Merritt, 1987) and preserved in ethanol.
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Table 1. Simuliidae used in this study. The underlined genotypes identified by DHDA were
sequenced. n = number of individuals examined.

Species/cytotype  Genotype n  Collection site* Date of collection
Au. bancrofti abl 4 Cotter River, New South Wales, Australia 27/02/1993
S. meridionale sml 1 Niobrara River, Knox Co., NE, USA 15/05/1989
S. bivittatum sbl 1 Calamus River, Loup Co., NE, USA 12/10/1990
S. vittatum
JHIL svl 1 Pedernales River, Gillespie Co., TX, USA 16/12/1989
svl 1 North Platte River, Scottsbluff Co., NE, USA 26/03/1990
svl 1 Bellamy River, Strafford Co., NH, USA 29/05/1990
svl 1 Ashford Scout Camp, Thurston Co., NE, USA 16/05/1993
svl 1 Trout Creek, Teller Co., CO, USA 03/08/1993
/1S-7 svl 1 Colebrook, Coos Co., NH, USA 17/06/1993
svl 1 Deer Lodge, Powell Co., MT, USA 01/06/1993
svl 1 Trout Creek, Teller Co., CO, USA 03/08/1993
? svl 1 River Laxa, Iceland 31/08/1990
svl 1 Broad Cove River, St. Johns, Newfoundland, 06/05/1993
Canada
S. decorum sel 2 Red Bank Creek, Saluda Co., SC, USA 09/05/1990
sel 3 Buckskin Hills, Dixon Co., NE, USA 15/05/1993
S. noelleri snl 4 South Teigne River, Dartmoor, Devonshire, 06/05/1989
England, UK
S. ochraceum sol 2 Guatemala Nov., 1988
502 1 Guatemala Nov., 1988
S. metallicum stl 2 Guatemala 28/08/1990
st2 1 Guatemala 28/8/1990
S. dammnosum
complex
squamosum/ sd1l 59 Togo, Liberia, Ghana, Cote d’Ivoire 1987-94
yahense
sirbanum/ sd2 93 Mali, Togo, Cote d’Ivoire, Ghana 1987-94
damnosum s.s.
sd3 3 Fétékro, Cote d’Ivoire 1994

* Abbreviations: CA, California; CO, Colorado; MO, Montana; NE, Nebraska; NH, New Hampshire; SC,
South Carolina; TX, Texas; UK, United Kingdom of Great Britain and Northern Ireland; USA, United States
of America

Preparation of DNA from individual blackflies

Individual blackflies were homogenized in 500 ul of lysis buffer (10 mM Tris-HCl, (pH 8.0),
2mM EDTA, 10 mM NaCl, 1% SDS, 50 mM DTT, 0.4 mg ml- proteinase K) and incubated
for 2 h at 55°C. RNAse A was added to a final concentration of 10 ug ml-, and the mixture
incubated for 30 min at 37°C. The lysate was extracted with a 1/1 mixture of phenol and
chloroform, and the genomic DNA precipitated with ethanol. The purified DNA was re-
suspended in 100 pl TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA) and stored at —70°C.
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Polymerase chain reaction (PCR), cloning and sequencing of amplified DNA fragments
PCR conditions and primers used to amplify a 556 bp fragment of the 16s rRNA gene
(16s/556) were as described by Xiong & Kocher (1991). PCR products were separated by
electrophoresis through 1.2% agarose gel in 40 mM Tris-acetate (pH 8.0), 1 mM EDTA. The
DNA bands were visualized by UV transillumination after staining in 2 yug ml ethidium
bromide solution. The 16s/556 bands were cut out of the gel and purified by adsorption to
a glass slurry (Geneclean, Bio 101, San Diego, California). The purified DNA fragments
were cloned into a T-tailed PCR cloning plasmid vector (Invitrogen, La Jolla, California).
The nucleotide sequence of the cloned PCR products was determined using T4 DNA Se-
quenase™ Version 2.0 (US Biochemical Corp., Cleveland, Ohio), according to the proce-
dures outlined by the manufacturer. Multiple clones from each individual were compared
to the parental uncloned PCR products using DHDA (as described below) to ensure that
the cloned 16s/556 PCR products selected for sequencing did not contain PCR induced
mutations (Tang & Unnasch, 1995).

Directed heteroduplex analysis (DHDA)

DHDA was performed as described elsewhere (Tang et al., 1995b). Oligonucleotide pri-
mers were end-labeled with [¢)3?P]ATP and polynucleotide kinase (US Biochemical, Cleve-
land, Ohio), following standard methods (Sambrook et al., 1989). PCR amplification of
cloned 16s/556 from Simulium bivittatum was done with labeled 3" primer and nonlabeled
5' primer to generate antisense strand probe. Following heteroduplex formation between
the probe and target PCR reactions, homoduplex and heteroduplex products were sepa-
rated by electrophoresis on a 5% acrylamide gel (acrylamide:bis, 19:]) prepared in a buffer
consisting of 90 mM Tris-borate (pH 8.3). 2 mM EDTA and 2.7 M urea. Heteroduplex pat-
terns were detected by autoradiography. Electrophoretic retardation (ER) for heteroduplex
molecules was defined as:

Dy, — D
ER = (M) % 100
Dhm

where Dmm = distance the homoduplex band migrated and Dna = distance the heteroduplex
band migrated.

Phylogenetic analyses

Sequence data were analyzed using the maximum parsimony based methods encoded in
the PAUP program package (Swofford, 1991). In the analysis, gaps introduced in the align-
ment process were treated as missing data, topological constraints were not enforced, and
branches of zero length were collapsed to yield polytomies. Austrosimulium bancrofti was
designated as an outgroup in the analysis. Sequence data were further analyzed using the
method of Fitch & Margoliash (1967) provided in the PHYLIP program package (Felsen-
stein, 1993). In this case the distance matrix was calculated using the two-parameter
method developed by Kimura (1980), with gaps treated as missing data, with Au. bancrofti
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again designated as the outgroup. The robustness of the phylogeny produced by both par-
simony and distance methods was examined by analysis of 1000 bootstrap replicate da-
tasets.

Results

Blackflies collected from the sites given in Table 1 were initially analyzed by DHDA in
order to assess the degree of intraspecific polymorphism present in the amplified portion
of 16s rRNA gene. Different single alleles were detected in most species, with the excep-
tions of S. metallicum s.1., S. ochraceum s.l., and S. damnosum s.1. (Table 1, Fig. 1). Two 16s/556
alleles were found in S. metallicum s.1. (Fig. 1, lanes e and f; ER = 21.7% and 17.8%, respec-
tively). Similarly, two alleles were detected in S. ochraceum s.1. (Fig. 1, lanes g and h, ER =
7.3% and 4.5%, respectively), and three alleles were found in the S. damnosum s.l. complex
(Fig. 1, lanes i—p; ER =52.2%, 10.2%, and 15.9%, respectively).

16s rBNA samples 10 mm

‘.
- 1

: ..0-.
.‘0....‘.-.0..00
abcdefghij k| mnop

Figure 1. DNA typing of onchocerciasis vectors by DHDA based on 16s rRNA sequences;
using the antisense strand of a cloned 16s PCR product derived from Simulium bivitrafuum
as the probe. Samples were separated at 24 mA for 6 h and homoduplex band migrated
157 mm. Lane a = S. noelleri; b = S. decorum; c = S. vittatum; d = Au. bancrofti; e and f = S.
metallicum s.1.; g and h = S. ochraecum s.1.; i=S. damnosum (sd2); j = S. damnosum (sdl); k-m
= S. damnosum (sd2); and n—p = S. damnosum (sd3).

PCR products generated from representative individuals containing each of the alleles
detected by DHDA were cloned, and the identity of the clones confirmed by DHDA. The
DNA sequences of all alleles were aligned using the Clustal V algorithm (Higgins et al.,
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1992), followed by manual alignment. The aligned sequences are shown in Figure 2. Dif-
ferences among the sequences were not evenly distributed, with a large proportion of the
changes concentrated in the 50 bp domain spanning positions 256-305 in Figure 2.

The DNA sequence data shown in Figure 2 were analyzed, together with a number of
previously published sequences from other species of Simulium (Tang et al., 1995b), in or-
der to explore the relationship between those species which are Onchocerca vectors and
those which are not. Branch and bound analysis of the dataset revealed six most parsimo-
nious trees which differed only in the placement of Simulium (Byssodon) meridionale Riley
and S. metallicum s.1. relative to the other North American species, and the arrangement of
the three alleles of S. damnosum s.1. relative to one another. The data were then reanalyzed
using the heuristic method, which resulted in the identification of the same six most par-
simonious trees. The data were reweighted according to the rescaled consistency index of
the six most parsimonious trees. Further analysis of the reweighted dataset identified three
most parsimonious trees, which differed only in the arrangement of the S. damnosum s.1.
alleles relative to one another. This result remained stable through subsequent iterations
of reweighting and reanalysis of the data. Reanalysis of twenty randomly ordered replicate
datasets also resulted in the identification of the same three most parsimonious trees. A
strict consensus of the three most parsimonious trees showed several groupings supported
by bootstrap analysis (Fig. 3). The three alleles of S. damnosum s.I. formed a single clade,
which was distinct from the clade containing all other members of the genus Simulium
collected in the Americas and in England. Similarly, the two alleles found in S. ochraceum s.1.
formed a clade, as did the two alleles present in S. metallicum s.I. Additional clades sup-
ported by the analysis included one grouping S. decorum and S.(S.)noelleri Friederichs, and
another clade grouping S. bivittatum and S. ochraceum s.I.
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nents. Dots indicate positions where the given sequence is identical to Austrosimulium
mer sequences (20 bp at the 5’ and 3’ sides, respectively) are not shown.

Figure 2. Alignment of 16s/556 sequences of seven species of blackflies from five conti-
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—— Ay, bancrofti

Figure 3. Maximum parsimony analysis of the phylogenetic relationships of nine Simu-
lium species. Branch lengths shown are proportional to the estimated genetic distances
between taxa. The number at each node indicates the percentage of times given groups to
the right of the node were grouped together in an analysis of 1000 bootstrap replicate
datasets. Only nodes supported by bootstrap frequencies of greater than 50% are labeled.
Underlined species are known vectors of human onchocerciasis, italicized species are vec-
tors of various bovine Onchocerca spp. Sequences for S. bivittatum, S. meridionale, and two
alleles of S. damnosum s.1. (sdl and sd2) have been reported elsewhere (Tang et al., 1995b).
The three trees used to construct the strict consensus tree shown were all identical in over-
all length and the following statistics: Consistency index = 0.889; retention index = 0.855;
rescaled consistency index = 0.760.

The phylogeny produced by distance analysis was almost identical to that produced by
parsimony, differing only in its placement of S. metallicum s.I. and S. meridionale relative to
the remaining species from North America (Fig. 4). Once again, the sister alleles present in
S. damnosum s.1., S. metallicum s.l., and S. ochraceum s.I. all formed separate clades supported
by the bootstrap analysis. The analysis also supported clades grouping S. ochraceum s.1.
with S. bivittatum, and S. decorum with S. noelleri. In addition, the West African S. damnosum s.1.
complex formed a clade which was distinct from other American and the one English Sim-
ulium species examined.
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Au. bancrofti

a7

S. meridi

Figure 4. Neighbor-joining analysis of phylogenetic relationships of selected Simulium
species. Branch lengths drawn to scale; other features of labeling as in Figure 3. Sum of
squares = 0.475; average percent standard deviation = 5.55.

Discussion

One of the problems inherent in using DNA sequences for phylogenetic analyses is that,
due to intraspecific heterogeneity, data from a particular individual may contain substitu-
tions that are not representative of the species as a whole. To overcome this, we have de-
termined the DNA sequence of PCR products derived from a number of individuals. That
approach is time-consuming and expensive, and limits the number of individuals that may
be examined from each taxon. In this study, DHDA was applied to detect intraspecific
heterogeneity within blackfly species prior to DNA sequence analysis. This method allows
a large number of individuals to be characterized quickly. It is also sensitive enough to
detect a single nucleotide difference between two PCR fragments of the size used in the
current study (Tang et al., 1995a). Thus, DHDA can be used to survey comprehensively
the degree of intraspecific variability within a given locus prior to detailed sequencing
analysis. The individuals of a given species which carry distinct alleles at the locus in ques-
tion can be easily identified, and their representatives chosen for more detailed analyses.
A further advantage of DHDA is that it may be used to compare cloned PCR products with
the uncloned parental DNA, thus proving a useful tool to eliminate clones with either PCR-
induced mutations, or those representing minor heteroplasmic variants.

The DHDA results obtained in our study suggested that intraspecific polymorphism of
16s/556 is quite limited within the genus Simulium. Furthermore, the intraspecific poly-
morphisms noted within S. damnosum s.1., S. metallicum s.I., and S. ochraceum s.l. are con-
sistent with the fact that these are actually species complexes containing a number of
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sibling species (Crosskey, 1987). Region 16s/556 appeared to be an informative marker at
the species complex level, at least for the species compared here.

The phylogenies developed from the sequence data supported several groupings. First,
in those species where intraspecific polymorphisms were identified by DHDA, the poly-
morphic alleles all formed distinct clades. Therefore the degree of intraspecific variation
within the 16s/556 of Simulium is less than for interspecific variation. Moreover, the data
supported several additional clades, all of which were generally consistent with the con-
ventional morphological classification of the different Simulium species (Fig. 5). For exam-
ple, the sequence-based phylogenies identified a clade consisting of S. decorum and S. noelleri.
These species have been considered sister species belonging to the S. noelleri species group
(Fig. 5). Similarly, S. ochraceum s.I. and S. bivittatum were found to group together. These
species are classified together in the subgenus Psilopelmia (Fig. 5). In contrast, the sequence-
based phylogenies were not capable of resolving the relationship of S. metallicum s.1. to S.
noelleri and S. decorum, all of which are classified as members of the subgenus Simulium
sensu stricto, according to morphological criteria (Crosskey, 1987).

Family Subfamily Tribe Genus Subgenus Species
Prosimuliini ... Austrosimulium...
— Simuliinae Austrosimulium {
ey s smo Novaustrosimulium —— Au. bancrofti
—] Simuliini
AibsRree — Byssodon —— 5. meridionale
— Parasimuliinae ... Simulium ————— Edwardsellum — . damnosum
— Psilozia — §. vittatum
S. bivittatum
— Psilopelmia —[
S. ochraceum

S. decorum
L Simulium _D: S. noelleri
S. metallicum

Figure 5. Morphological classification (Crosskey, 1987) of selected blackfly species.

The phylogenetic analyses presented above agree with the conventional taxonomic
view that S. damnosum s.1. is not closely related to Central American Simuliidae, despite
the fact that we compared Simulium species that are all capable of transmitting O. volvulus.
Indeed from their 16s/566 sequences, the Neotropical vector species S. ochraceum s.l. and
S. metallicum s.l. appear to be more closely related. to the English blackfly S. noelleri than
they are to the Afrotropical S. damnosum s.I. Even within the clade containing all the Amer-
ican and English species, no evidence was obtained for a classification grouping the Amer-
ican vectors together. Therefore, the vector competence or incompetence of blackflies for
human and bovine onchocerciasis does not correlate with the phylogenetic relationships
derived from the 16s/556 sequence data. This notion is supported by the morphological
classification scheme (Fig. 5). It is more likely, therefore, that some combination of shared
physiological, behavioral, and/or anatomical characteristics determine the vectorial role of

10
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a particular Simulium species for Onchocerca, and that the presence or absence of these char-
acteristics is not correlated with the formal taxonomic relationships of these species. For
example, positive associations have been demonstrated between the levels of blackfly sali-
vary factors, such as erythema activity (Cupp et al., 1994) and apyrase activity (Cupp et al.,
1995). and the vector competence for Onchocerca. Furthermore, comparisons of taxonomi-
cally closely related vector and nonvector species have suggested that saliva composition
is associated with host selection for blood-feeding (i.e., anthropophily versus zoophily),
critical factors in determining vector potential.
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