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Abstract

Twenty-one to 58 individual 

 

Necator americanus

 

 were sampled from each of four villages
in south-western China. Each nematode was sequenced for 588 bp of the mitochondrial
cytochrome oxidase I gene. Allelic and nucleotide diversity varied two-fold among villages.
Overall 

 

F

 

ST

 

 among populations was 

  

≈≈≈≈    

 

0.28, but this large value resulted from one low-diversity
population that had a large genetic distance to the other three populations (

 

F

 

ST

 

 = 0.10 with-
out that population). There was no correlation between geographical and genetic distance
among sites. Thus, the genetic structure of this species in China may be characterized by
variable effective sizes and uneven movement among sites. We discuss the implications of
this genetic structure for vaccine development and the spread of drug resistance in human
hookworms, and compare the genetic structure of hookworms with that of other nematodes.
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Introduction

 

Infection with the human hookworms, 

 

Ancylostoma duodenale

 

and 

 

Necator americanus

 

, remains a burden on the health and
economies of many developing nations in the tropics (Hotez

 

et al

 

. 1997). Anthelmintic drugs are effective, but rapid re-
infection and the high cost of treatment hamper control
efforts (Pawlowski 1990; Albonico 

 

et al

 

. 1995). Furthermore,
the widespread development of resistance to benzimidazole
anthelmintics in trichostrongyle nematodes of veterinary
importance (Conder & Campbell 1995) suggests that a
similar situation could arise in human hookworms as
anthelmintic treatment programmes intensify. Indeed,
recent reports of mebendazole treatment failures in Mali
suggest that anthelmintic resistance in hookworms may
already have developed in Africa (De Clercq 

 

et al

 

. 1997). An
effective vaccine against hookworms would obviate the
need for the widespread use of anthelmintics, but vaccine
development efforts are still underway (Hotez 

 

et al

 

. 1999).
An important factor that may influence both the utility

of new vaccines and the development and spread of anthel-
mintic resistance in hookworms is the population genetic

structure of the parasite. Because genetic structure is largely
controlled by the effective sizes of populations (

 

N

 

e

 

) and the
rates of gene flow among them (

 

m

 

), knowledge of genetic
structure gives insight into the rate and geographical scale
over which both adaptation and random differentiation are
likely to occur. For example, in the case of vaccine develop-
ment, it is important to know whether populations are
likely to differ at the loci targeted by highly specific re-
combinant vaccines, and thus to predict the geographical
scale over which new vaccines need to be tested (Gupta 

 

et al

 

.
1994; Anderson 

 

et al

 

. 1998). Knowledge of genetic structure
is even more important for controlling the development of
anthelmintic resistance (Roush & Daly 1971; Anderson

 

et al

 

. 1998). High migration rates between populations retard
local adaptation when selection pressures differ among popu-
lations. However, high migration helps to spread favour-
able alleles from their population of origin when selection
favours the same phenotype in all populations. Also, selec-
tion is most efficient in large populations (more initial
genetic variation to act on and less random drift, Hartl &
Clark 1997). For example, large effective sizes and high
gene flow may partly explain the rapid development and
spread of resistance to benzimidizoles in trichostrongyles
infecting livestock (Blouin 

 

et al

 

. 1995; Conder & Campbell
1995). Whether widespread anthelmintic resistance is
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equally likely to develop in human hookworms remains
unclear.

For these reasons it is important to understand the genetic
structure of human hookworm populations. Although
people from developed countries are very mobile, in many
developing nations the movement of people and their para-
sites among villages may be infrequent. Cultural practices
may enhance or decrease the probability of transmission
within and between villages. For example, in some situ-
ations transmission may cycle primarily within families
owing to use of night soil in family gardens (Chang 1949).
Thus, it is difficult to predict what effective population sizes
and migration rates should be for human hookworms, and
it is likely that these parameters vary from site to site. Con-
sequently, it is not obvious a priori whether hookworms
will show a genetic structure most similar to that seen in,
for example, trichostrongylid nematodes at one extreme
(high gene flow, very high genetic diversity) or to that seen
in soil-dwelling nematodes at the other extreme (strongly
structured, low diversity; Blouin 1998; Blouin 

 

et al

 

. 1999).
Approximately 194 million people are infected with

hookworms in rural areas of China (Xu 

 

et al

 

. 1995; Hotez

 

et al

 

. 1997). The Chinese government has begun large-scale
de-worming programmes in several areas using benzimi-
dazole anthelmintics (Xia 

 

et al

 

. 1991; Wen 

 

et al

 

. 1998). In
order to delay the development of drug resistance in these
populations, it is important to understand the factors that
will influence the evolution of resistance in China, includ-
ing the genetic structure of the parasite. We are also devel-
oping recombinant vaccines to be tested in China (Hotez

 

et al

 

. 1999), therefore a knowledge of the extent to which
the species is subdivided into genetically distinct popula-
tions will be important for choosing test sites. Therefore,
we describe the genetic structure of 

 

N. americanus

 

 popula-
tions sampled from rural villages in China. We used mito-
chondrial DNA (mtDNA) sequence data in order to make
our results comparable with previous studies on genetic
structure in other nematodes.

 

Materials and methods

 

Hookworm specimens were collected from four study
sites (villages) in southern China (Fig. 1A, Table 1), two in
Sichuan province (sites 1 and 2), one in Yunnan province
(site 3) and one on the island of Hainan off the southern
mainland coast (site 4). The sites are separated by distances
ranging from 230 to 1600 km.

Adult hookworms were obtained by de-worming 

 

≈

 

 30
patients in each village, and were stored in 100% methanol.
Single worm lysates were prepared following Higuchi (1992).
One microlitre of template was used as a polymerase
chain reaction (PCR) containing 2 m

 

m

 

 MgCl

 

2

 

, 1 U 

 

Taq

 

 DNA
polymerase (Promega, Madison, WI, USA), and 100 ng
each of Folmer 

 

et al

 

.

 

′

 

s (1994) conserved cytochrome

oxidase I primers COR722 and COF14, and subjected to
35 cycles of 94 

 

°

 

C for 1 min, 55 

 

°

 

C for 1 min, and 72 

 

°

 

C for
1 min. Amplicons were sequenced in both directions.

Five hundred and eighty-eight bases of the 

 

CO I

 

 gene
were analysed, corresponding to positions 39–626 of the

 

Ancylostoma caninum

 

 

 

CO I

 

 gene sequence (Accession no.
U57030). Sample sizes per site are listed in Table 1. In some
cases up to five worms were sequenced from the same host.

 

arelquin

 

 2.0 was also used to obtain 

 

amova

 

 (Excoffier 

 

et al

 

.
1992) estimates of 

 

F

 

-statistics (

 

Φ

 

ST

 

) from the uncorrected

Fig. 1 (A) Map of south-western China showing the geographical
arrangement of the study sites (indicated by stars). (B) Rela-
tionships among the 25 haplotypes. A minimum spanning tree
of the haplotypes was obtained using arelquin 2.0 (Schneider
et al. 2000) and modified by hand. The number of copies of each
haplotype in the dataset is indicated in parentheses for haplotypes
occurring more than once. The area of circle is roughly proportional
to relative abundance. Hash marks indicate nucleotide substitutions
separating adjacent haplotypes, and the triangle represents an
unseen haplotype.
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number of nucleotide differences between sequences, to
obtain traditional 

 

F

 

-statistics ( i.e. based on allele frequen-
cies), and to conduct neutrality tests using Fu’s 

 

F

 

 (Fu 1997)
and Tajima’s 

 

D

 

 (Tajima 1989) statistics.
Anderson 

 

et al

 

. (1993) found that 

 

Ascaris

 

 within human
hosts in Guatemalan villages shared identical mtDNA
haplotypes more often than expected by chance alone, a
result which suggests that transmission is not random
within villages. A similar situation may occur with hook-
worms because the use of night soil on family gardens
could cause infection and reinfection to largely cycle within
families (Chang 1949). Two or more hookworm sequences
from the same host were available in at least 10 hosts per
site from three of the four sites (10, 12 and 15 hosts in sites
2, 1 and 3, respectively). In order to test whether hook-
worms sampled within the same host had identical haplo-
types more often than expected by chance alone, we used
these samples in a hierarchical 

 

F

 

-statistics analysis on allele
identity, and tested the significance of the variance com-
ponent among hosts within a site.

 

Results

 

Twenty-five unique haplotypes were observed in the
dataset (Fig. 1B). Fu’s and Tajima’s tests indicate that the
tree does not deviate substantially from that expected in a
single population under mutation

 

−

 

drift equilibrium (Table 1).
Thus, there is no evidence that the sampled haplotypes
represent a recent mix of previously isolated lineages.

In this study only 5.8% of the total variation in allelic
identity was distributed among hosts within sites, and this
value was not significantly different from zero (

 

P 

 

= 0.06).
Thus, there is no strong evidence that nematode genotypes
are nonrandomly distributed among hosts within villages.

Haplotype diversity and nucleotide diversity were sim-
ilar among sites 1, 3 and 4, but substantially lower in site 2
(Table 1). Overall 

 

Φ

 

ST

 

 = 0.28 among the set of four popula-
tions. However, this large 

 

Φ

 

ST

 

 results because population
2 is very different from the other three (Table 2). If one

excludes population 2 then the overall 

 

Φ

 

ST

 

 = 0.10. The large
effect of population 2 results because it has a high fre-
quency of allele 

 

a

 

 while the other populations tend to have
few copies of allele 

 

a

 

 and more copies of allele 

 

e

 

 (Table 1,
Fig. 1B). Traditional 

 

F

 

ST

 

 gives overall and pairwise values
very similar to the 

 

Φ

 

ST

 

 estimates (overall 

 

F

 

ST

 

 = 0.24; pair-
wise in Table 2). On a regional scale there is no correla-
tion between genetic and geographical distances among
populations (Fig. 1A). For example, population 1 is closest
to the very distinct population 2 (230 km; pairwise

 

Φ

 

ST

 

 = 0.38; 

 

P 

 

< 0.001), whereas it is indistinguishable from
population 4 which is 1600 km away on the island of Hainan
(pairwise 

 

Φ

 

ST

 

 = 0.015; 

 

P 

 

= 0.23). A recent bottleneck in site
2 is consistent with its low diversity and large genetic
distance from the other populations (Paetkau 

 

et al

 

. 1997;
Charlesworth 1998), but the cause of such a bottleneck is
not obvious.

 

Discussion

 

Implications for hookworm control in China

 

The lack of correlation between geographical and genetic
distances, and the large variation in genetic diversity among
populations, suggests that one should not assume that
these populations conform to a simple model of genetic
structure, such as a stepping stone in drift

 

−

 

migration

Table 1 Sample sizes, number of unique haplotypes observed, nucleotide diversity (π), haplotype diversity (h), Fu’s Fs and Tajima’s D
statistics, and frequencies of the four most common alleles (a, b, e and k) in each population. P-values for Fu’s and Tajima’s tests are in
parentheses. N = number of worms sequenced. Haplotype diversity is defined as in Nei (1987)

No. 
hap.

Frequencies of common alleles 

Population* N π h Fs D a b e k

1 38 13 0.011 0.83 0.56 (0.64) 0.79 (0.22) 0.18 0.11 0.37 0.08
2 58 7 0.006 0.34 2.81 (0.88) –0.76 (0.26) 0.81 0.03 0.07 0.02
3 34 14 0.012 0.89 –0.54 (0.44) 0.60 (0.22) 0.06 0.24 0.24 0.15
4 21 6 0.009 0.65 2.99 (0.90) 0.34 (0.36) 0.19 0 0.57 0.05
Entire dataset 151 25 0.012 0.77 –1.04 (0.43) 0.20 (0.67) — — — —

*Study site locations: 1 = lat. 31°02, long. 104°45; 2 = lat. 28°49′, lon. 105°59′; 3 = lat. 25°51′, lon. 98°51′; 4 = lat. 18°52′, lon. 109°88′.

Table 2 Pairwise estimates of ΦST (distance based; below
diagonal) and traditional FST (based on allele frequencies; above
diagonal) between populations

Population 1 2 3 4

1 — 0.309* 0.015 0.012
2 0.377* — 0.374* 0.426*
3 0.081* 0.256* — 0.093*
4 0.015 0.542* 0.223* —

*Significantly different from zero at P < 0.01.
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equilibrium. As a working hypothesis, we suggest that

 

Necator americanus

 

 in China may be characterized by:
( i) sporadic bouts of gene flow over short or long distances,
owing to nonrandom movement by infected humans; and
(ii) by fluctuating population sizes. This genetic structure
probably results from varying cultural practices that
influence transmission and infection rates. For example,
farmers in urban areas often collect faeces from community
latrines for use on their farms, and so might be exposed to
infective stages from other townspeople and visitors, such
as passing truck drivers. Such practices are uncommon in
more rural areas.

There are several practical consequences of the hypothe-
sized genetic structure. First, there is unlikely to be a simple
relationship between genetic similarity and geographical
distance, at least over the geographical scale sampled in
this study. Thus, predicting which populations are likely to
differ substantially at loci of interest, such as vaccine anti-
gens, will not be easy without actually genotyping each
population. Second, the rate of development of anthel-
mintic resistance in any given population may be difficult
to predict as it will depend on the particular history of
effective size fluctuations at that site, and on the intensities
of selection in that population and in the populations from
which it receives migrants (which may not be the closest
geographically).

 

Comparison with other nematodes

 

Data on mtDNA diversity and genetic structure are now
available for several nematode species (Anderson 

 

et al

 

.
1998; Blouin 1998). 

 

Necator americanus

 

 does not show the
huge mtDNA diversities and high rates of gene flow
among populations seen in trichostrongylid parasites of
livestock (Blouin 

 

et al

 

. 1995), or the low diversities and
highly structured populations typical of some plant and
insect parasitic nematodes (Hugall 

 

et al

 

. 1994; Blouin 

 

et al

 

.
1999). In terms of levels of diversity within populations, and

 

F

 

ST

 

 among populations, the population genetic structure of

 

Necator

 

 is most similar to that of 

 

Ascaris,

 

 another parasite of
humans (Anderson 

 

et al

 

. 1995; Anderson & Jaenike 1997).
That 

 

Necator

 

 and 

 

Ascaris

 

 have the most similar genetic struc-
tures is perhaps not surprising given they use the same
host, both have obligate sexual life cycles, and they are trans-
mitted via faecal contamination. Thus, the opportunities
for gene flow are similar in the two species. As for effective
size, the average number of worms per infected host is
higher in 

 

Necator

 

 (mean of 26 per person from these four
sites) than in 

 

Ascaris

 

 (one per person) (Anderson 

 

et al

 

.
1997). However, 

 

Ascaris

 

 rely on tough, long-lived infective
eggs for transmission, whereas infective 

 

Necator

 

 are relat-
ively short-lived and prone to desiccation. So there is no
long-term reservoir of 

 

Necator

 

 larvae, whereas the resistant
eggs of 

 

Ascaris

 

 may act like a ‘seed bank’ to dampen large

fluctuations in effective size that may be more typical of

 

Necator

 

 populations. Thus effective sizes probably average
out to be similar in the two species, giving similar genetic
structures.

This is one of only a handful of studies on genetic struc-
ture in nematodes, and the only one on hookworms. More
sites from China and from other countries need to be
sampled in order to fully describe the genetic structure of

 

N. americanus

 

, and to predict what environmental and
cultural factors control gene flow and effective size in this
species. A comparative study of 

 

Necator

 

 and other nema-
tode parasites of humans (e.g. 

 

Ascaris, Ancylostoma, Strong-
yloides

 

)

 

,

 

 that used the same markers and host populations
would go a long way towards revealing how key features
of nematode life cycles interact with human behaviours to
control the movement, transmission and persistence of
these parasites in human populations.
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