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Abstract

The mitochondrial cytochrome oxidase I gene was partially sequenced for 164 Ancylostoma caninum individuals, originating
from five different localities in Brazil, with the aim of describing the genetic diversity and genetic structure of Brazilian hookworm
populations. Allelic and nucleotide diversity were moderate (overall 2 = 0.88 and 7 = 0.016) and were similar among cities. There
was moderate genetic differentiation among the populations sampled (=®gst = 0.12) and a weak but nonsignificant correlation
between geographical and genetic distance. This genetic structure was similar to that observed among populations of the human
hookworm, Necator americanus, but distinct from that typically found in trichostrongylid nematode parasites of livestock. Thus, a
pattern of different genetic structures among different groups of nematodes is emerging. We also observed a few individuals that had
a highly divergent mtDNA sequence (almost 7% sequence divergence from the other sequences). These results in combination with
data from other studies suggest that A. caninum populations worldwide consist of a mix of previously differentiated populations, or
perhaps even cryptic species. This study contributes to the knowledge of genetic structure and diversity of hookworms, which in turn
will be useful in developing methods for their control.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bloodfeeding hookworms, parasitic nematodes of
the gastrointestinal tract, remain a leading cause of
anemia throughout much of the developing world
(Gilles, 1985; Keymer and Bundy, 1989; Hotez and
Pritchard, 1995). Ancylostoma is a cosmopolitan genus
that infects humans and other animals. Some species are
specific to man but others are zoonotics. The dog worm
Ancylostoma caninum can cause clinical disease
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resulting from hookworm infection characterized by
iron deficiency anemia due to chronic gastrointestinal
blood loss caused by the adult worms. It is also a
zoonotic problem causing eosinophilic enteritis (Prociv
and Croese, 1996) and a dermatological infection
(cutaneous larva migrans or ground itch) in humans
(together with Ancylostoma braziliense in the latter
disease). Anthelmintic drugs are effective, but rapid
reinfection and the high cost of treatment hamper
control efforts (Albonico et al., 1995). An effective
vaccine against hookworms would obviate the need for
the widespread use of anthelmintics, however vaccine
development efforts are still underway (Hotez et al.,
1999, 2003; Bungiro and Cappello, 2004). In a vaccine
development program it is important to know whether
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populations are likely to differ at the loci targeted by
highly specific recombinant vaccines, and thus to
predict the geographical scale over which new vaccines
need to be tested (Gupta et al., 1994; Anderson et al.,
1998). Genetic structure informs us about patterns of
gene flow and effective size, both key parameters that
influence the development and spread of anthelmintic
resistance (Anderson et al., 1998; Blouin, 1998; Viney,
1998). Thus, understanding the genetic structure of
parasitic nematodes will aid in designing methods for
their control.

A. caninum occurs in many parts of the world and
represents a good biological model for studies with
hookworms. It is also itself a public health concern. Yet
little is known about population genetic structure in this
species. In this paper we describe the genetic diversity
and population structure of A. caninum from five
localities in Brazil and compare our results with those
from previous studies on hookworms and other
nematode species.

2. Material and methods

At each of five sites, adult worms were collected at
necropsy from the small intestines of five dogs aged 6—
24 months of undefined breeds, which are routinely
submitted to euthanasia following the approved
procedures of the Municipality Health Center from
Brazilian cities by the Zoonoses Control Center (CCZ).
Distances ranging from 426 to 2599 km separated the
sites (Fig. 1). Sample sizes ranged from 11 to 44 per
locality (Table 2).

Adult hookworms of A. caninum were washed in
physiological saline, identified morphologically to
species and frozen (—86 °C) until used. DNA was
extracted using the technique described by Waldschmidt
et al. (1997). Individual adult worms were ground in a
microcentrifuge tube with a glass pestle and liquid N, and
then homogenized with 400 wl of lysis buffer (50 mM
Tris—HCI, pH 8.0, 2% sodium dodecyl sulfate (SDS),
0.75 M NaCl, 10 mM EDTA) and 100 p.g/ml proteinase
K. Samples were then incubated at 65 °C for 30 min,
deproteinized with chloroform:isoamilic alcohol (24:1)
and centrifugated to 12,000 x g/5 min/25 °C. The
organic phase was transferred to another microcentrifuge
tube and incubated with RNAse A (100 pg/ml) for
30 min at 37 °C. Samples were submitted to a second
deproteinization with chloroform:isoamilic alcohol
(24:1) and precipitated with 400 .l of isopropanol after
centrifugation to 12,000 x g/30 min/4 °C. The resulting
pellet was resuspended in 30 pl of DNAse-free
bidistillated water. The integrity and purity of DNA
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Fig. 1. Brazilian map showing the arrangement of the study sites
(squares) and geographical distances in km between localities (dashed
lines).

samples were checked on 0.8% (w/v) agarose gels. One
microlitre of template was used as a polymerase chain
reaction (PCR) in 50 pl containing 2 mM MgCl,, 1 U
Tag DNA polymerase (Phoneutria, MG, Brazil), 100 ng
of each conserved cytochrome oxidase I primers HCO
and LCO (Folmer et al., 1994) and subjected to 35 cycles
of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 1 min.
PCR products were precipitated with 20% polyethylene
glycol (PEG 8000) and sequenced twice in both
directions with the same primers for PCR amplification
to improve the credibility of the sequences. The
consensus sequences were obtained using the programs
Phred v.0.20425 (Ewing and Green, 1998; Ewing et al.,
1998), Phrap v.0.990319 (http://www.phrap.org) and
Consed 12.0 (Gordon et al., 1998).

Four hundred and sixty-seven bases of the cyto-
chrome c¢ oxidase I gene (COI) were analyzed,
corresponding to positions 96562 of the A. caninum
COI gene sequence (accession number U57030).

Haplotype diversity (%), nucleotide diversity (;r) and
mean number of pairwise differences (K) were
estimated using DNASP version 4.0 program (Rozas
et al.,, 2003), while genetic distances between the
populations were obtained using a distance analysis
(Kimura’s two-parameter distance estimator, K,P).
Population genetic structure and differentiation were
described using analysis of molecular variance
(AMOVA available in ARLEQUIN 3.11 program,
Excoffier et al., 2005). This same program was also
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used to estimate F'-statistics (@gt) from the uncorrected
number of nucleotide differences between sequences, to
obtain traditional F'-statistics and to conduct Mantel test
and neutrality tests using Fu’s F (Fu, 1997) and Tajima’s
D (Tajima, 1989) statistics. A haplotype network was
constructed using the median-joining network (Bandelt
et al., 1999; Network 4.000 available at: http://
www.fluxus-engineering.com). In the haplotype net-
work, we also included three non-Brazilian A. caninum
sequences (two from US laboratory strains and one
from China) and two other hookworm sequences
(Ancylostoma duodenale and Necator americanus
sequences to be used as out-group) (J. Hawdon,
unpublished and GenBank accession number
EU007444-EU007447 and AJ417719).

3. Results
A total of 30 haplotypes were identified among the
164 Brazilian A. caninum COI sequences (accession

number EF566762-EF566791). The three common

Table 1

haplotypes h1, h3 and h4 were found in 42 (25.6%), 25
(15.2%) and 25 (15.2%), of the 164 A. caninum
individuals examined, respectively (Table 1), while the
other 27 haplotypes were each found in <13 individuals
(0.6-7.9%). Haplotype diversity (), nucleotide diver-
sity () and the mean number of pairwise differences
(K) were similar among the populations (Table 1).
Nucleotide variation was detected at 66 (14.1%) of the
467 nucleotide sequenced. Most of the nucleotide
variation in the COI gene was restricted to the third-base
codon position (data not shown). The mean A+ T
content of all 30 COI haplotypes was 70.78%. The
percentage of transitions was significantly greater than
that of transversions (Table 1). Fu’s and Tajimas’s tests
indicated that the populations are under mutation-drift
equilibrium and there is no evidence for substantial
positive natural selection occurring at this locus
(Table 1). The molecular variance (AMOVA) analysis
indicated that 11.75% of the total variation in
haplotypic identity was distributed among sites
(P < 0.05) indicating a moderate differentiation among

Molecular diversity indices from Brazilian populations of Ancylostoma caninum

mtDNA COI (467 nts)

Population BH CG RP SL Entire dataset
Molecular diversity
Sample sizes 37 44 11 42 164
Number of haplotypes 14 7 4 13 30
Number of polymorphic sites 32 17 16 28 66
Haplotype diversity (/) 0.90 £ 0.02 0.77 £ 0.03 0.74 + 0.08 0.74 £0.10 0.84 +£0.03 0.88 + 0.001
Nucleotide diversity () 0.018 £0.009  0.014 &+ 0.007 0.019 £0.010  0.016 & 0.009 0.011 £ 0.006 0.016 +0.014
Mean number of pairwise 833 £3.95 6.49 +3.13 8.77 £4.16 7.33+3.72 542 £2.67 7.522
differences (K)
Number of transitions 29 15 15 22 -
Number of transversions 4 2 1 7 -
Transitions/transversions 7.25 7.5 2.46 15 3.14 -
Number of indels 0 0 0 0 0
Frequencies of most common haplotypes
hl 0.22 0.34 0.50 0.27 0.02 45
h3 0.19 0.18 0.10 0.18 0.12 25
h4 0.13 0.14 0.07 0 0.29 25
h12 0.03 0.27 0 0 0 13
Nucleotide composition
Nucleotide composition
%C 18.96 18.85 19.03 19.14 18.77 18.95
%T 25.24 25.38 25.30 25.05 25.53 25.30
%A 45.59 45.53 45.36 45.55 45.37 45.48
%G 10.21 10.24 10.31 10.26 10.32 10.27
Test of selective neutrality
Tajima’s D (P-values) 0.15 (0.65) 1.93 (0.97) —1.00 (0.15) 1.30 (0.93) —0.65 (0.28) —1.09 (0.12)
Fu’s Fs (P-values) 0.41 (0.60) 5.78 (0.96) 2.58 (0.85) 4.63 (0.97) —0.35 (0.49) —2.32 (0.35)

Geographic localizations: BH, latitude 19°55’S and longitude 43°56'W; CG, latitude 20°26'S and longitude 54°38'W; CT, latitude 25°25’S and
longitude 49°14'W; RP, latitude 21°12'S and longitude 47°48'W; SL, latitude 2°31’S and longitude 44°16'W.
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Table 2
Pairwise estimates of @gt (distance based) between Brazilian popula-
tion of A. caninum

Population BH CG CT RP SL
BH -

CG 0.012 -

CT 0.072" 0.096" -

RP 0.054 0.088" 0.197" -

SL 0.144" 0.204" 0.080" 0.339" -

" Significantly different from zero at P < 0.05.

the populations (=®gt = 0.12). This significant genetic
structuring is illustrated by the fact that haplotypes from
the same site are often clustered in the phylogeny (e.g.
the large group from site SL; h23-h30), and that most of
the haplotypes sampled were restricted to a single
locality.

A Brazilian map showing the geographical distances
and arrangements of the study sites is presented in
Fig. 1. A Mantel test to assess the correlation between
geographic distance (Fig. 1) and genetic distance
(Table 2) among the five sites showed a weak but not
statistically significant positive correlation (r=0.40;
P =0.26).

clade 1
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/
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h14,bh(2) h20,ct(1), AcLab2
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The phylogenetic relationship among the 34 haplo-
types (Fig. 2) shows three major distinct genetic clades
within A. caninum. Two of the clades contain many
haplotypes, representing all five Brazilian geographical
locations; the third clade consists of only two
haplotypes: one (h18) found in only two individuals
from site CT and the Chinese haplotype. Genetic
divergence among clades is quite high (2.48% between
clades 1 and 2; 6.93% between clades 1 and 3 and
6.98% between clades 2 and 3).

4. Discussion

We assessed the population genetic structure and the
molecular diversity of Brazilian populations of A.
caninum using a partial sequence of the mtDNA gene
COI. We observed moderate genetic differentiation
among collection sites (gt = 0.12), which indicates that
some combination of drift and reduced gene flow is
operating strongly enough to generate significant genetic
variation among regions. On the other hand, there was no
significant correlation between genetic distance and
geographic distance. This pattern of moderate genetic
differentiation and a lack of isolation by distance mirrors

| m2,bh(1).cq(12)

h09,bh(3)
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Fig. 2. Phylogenetic relationship of the haplotypes identified using median-joining algorithm of the Network 4.000 software (Bandelt et al., 1999).
The number of copies of each haplotype is indicated in parentheses for haplotypes occurring more than once. The area of circles is roughly
proportional to relative abundance of haplotypes and the hash marks indicate nucleotide substitutions among adjacent haplotypes.
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what was found in human hookworms, N. americanus,
sampled across a similar geographic area in China
(Hawdon et al., 2001), and is also similar to the genetic
structure observed in Ascaris suum/lumbricoides popu-
lations from humans and pigs (Anderson, 1995;
Anderson and Jaenike, 1997).

Our overall molecular variation (7 =0.014) was
similar to that observed by Hu et al. (2002) in a sample
of 38 A. caninum from one city in Australia, and to that
of N. americanus from Chinese human populations
(Hawdon et al., 2001; m=0.012). Together, these
results suggest a fairly similar population biology
among hookworms world wide. In contrast, trichos-
trongylid nematodes of domestic ruminants are char-
acterized by higher genetic diversities and ultralow
structure, with worms from different locations effec-
tively united into one large panmictic population
(Blouin, 1998; summarized in Table 5 in Hoglund
et al., 2006). The low genetic structure of trichos-
trongylids of domestic ruminants is probably due to
their extremely large effective population sizes and to
the extensive livestock movements between farms
(Blouin, 1998). Effective sizes in hookworms and
Ascaris are probably much smaller as a result of their
much smaller infection intensities, which result in lower
genetic diversity in populations and in each species as a
whole (e.g. Fig. 1 in Criscione and Blouin, 2005). Host
movement is also probably more extensive in livestock
animals of economic significance than in dogs. The dog
hosts of A. caninum are domestic animals and their
movement is associated with human mobility and also
with the socioeconomic conditions of their human
owners. For example, it can be assumed that people
experiencing better economical conditions are more
likely to take their pets along with them when they
move, in comparison with less economically favored
families. In Brazil, rural-urban migration has continued
over the last 50 years. During 1950-1980, most of the
rural-urban migration occurred in the Southeast and the
South. In the last three decades, the rural areas of the
Northeast and agricultural frontier areas in the Midwest
and the North contributed with high numbers of
migrants to other regions of Brazil (Camarano and
Abromovay, 1998). We sampled worms from public
zoonotic central controls in different regions of Brazil.
Most of the dogs captured and submitted to necropsy in
these centers came from the area surrounding the cities.
It is plausible to assume that these areas include some of
the many migrants that characterize recent Brazilian
demographic history. Therefore, we could be sampling
and sequencing haplotypes that represent a recent mix
of different regions of Brazil. For example, the

haplotype h18 found in site CT is phylogenetically
different from the other ones sequenced in this and other
localities, and it could be a result of a demographic
event including dogs that migrated to CT from Brazilian
regions not sampled in this study or from other regions
of the world. CT (Curitiba) is located in southern Brazil,
a region that received many migrants, especially
Europeans, in the last century. Considering the
extensive migration that has occurred in Brazil in the
last century, the absence of a strong positive correlation
between genetic and geographical distances among
populations in a human commensal species is, perhaps,
not surprising (and again, mirrors the pattern seen in
hookworms of humans themselves). Thus, our results
are consistent with the hypothesis that recent migrations
have played a major role in determining the patterns we
have observed.

Hu et al. (2002) used SSCP and sequencing of the
partial COI mtDNA gene to assess molecular diversity
and genetic structure in hookworms. They found two
genetically distinct subpopulations of A. caninum in dogs
from Townsville, Australia. Because A. caninum from
Townsville can infect others hosts such as cats and
humans (Prociv and Croese, 1996), the authors have
speculated about the possibility of genetically distinct
subpopulations within A. caninum that selectively infect
these non-canine hosts. They also suggest that recent
contact between allopatrically evolved populations or
subpopulations due to host movement from other
geographical areas could explain the pattern of haplo-
typic variability within A. caninum. We observed high
genetic differentiation among three mtDNA clades with a
clear signal of a very old divergence between one group
and the other two. One hypothesis to explain the genetic
pattern found is that the clades represent previously
differentiated allopatric populations that have recently
been mixed by host movement, as suggested by Hu et al.
(2002). An alternative hypothesis is suggested by the
observation that, in nematodes, a divergence at the COI
gene of greater than 5% is characteristic of distinct
species (Blouin, 2002). Therefore, it is possible that the
third clade represents a cryptic species. We have no direct
evidence of host-specialized subpopulations or ecologi-
cal specializations among our samples, but that hypoth-
esis deserves further consideration.

Anthelmintic resistance is a widely recognized issue
in parasites of livestock animals, and drug resistance in
hookworms and other parasites of companion animals
has been described (Kopp et al., 2007). Drug resistance
evolution is promoted by high effective sizes, and the
spread of resistance alleles is promoted by high gene
flow. Our data and those of Hu et al. (2002) and Hawdon
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et al. (2001) suggest that for hookworms, neither
effective sizes nor rates of gene flow are as high as those
observed in trichostrongylids of livestock. Thus, the
appearance and spread of resistance may not occur as
rapidly in hookworms under similar selective pressures.
On the other hand, the higher genetic differentiation
among populations suggests that more care must be
given to designing vaccines that will target antigenic
variation species-wide (unlike the situation with many
trichostrongylids, in which one population may be
representative of most). Continued advances in our
understanding of the population biology of parasitic
nematodes will be important for continued advances in
their control (Anderson et al., 1998; Viney, 1998;
Gasser and Newton, 2000; Hawdon et al., 2001; Hu
et al., 2004). This work adds to a growing literature on
the population genetics of parasitic nematodes, from
which we are now able to begin making generalizations
about the similarities and differences among groups of
nematodes.

5. Conclusion

In this study, the genetic structure of A. caninum
originating from five different localities in Brazil was
analyzed. We found similar genetic diversities, and
moderate genetic differentiation, among the popula-
tions sampled. Overall levels of diversity and patterns of
genetic structure mirror those observed in two other
studies on hookworms. Thus, a consensus is emerging
about what hookworm genetic structure is likely to be in
different regions worldwide. This knowledge has
important implications for understanding ecology,
development of vaccine programs and evaluation of
drug resistance.
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