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GENETIC STRUCTURE OF MIDWESTERN ASCARIS SUUM
POPULATIONS: A COMPARISON OF ISOENZYME AND

RAPD MARKERS

Steven A. Nadler, Rachel L. Lindquist*, and Thomas J. Near

Department of Biological Sciences, Northern lllinois University, DeKalb, lllinois 60115-2861

ABSTRACT: Isoenzyme and random amplified polymorphic DNA (RAPD) markers were used to characterize the genetics of
geographic variation among population samples of Ascaris suum from midwestern localities. Independent estimates of fixation
indices (Fs;) based on isoenzyme and RAPD markers showed the same general patterns of differentiation and substantial statistical
correlation (r = 0.70). Of the total estimated gene diversity, 9.4% (isoenzyme) and 9.2% (RAPD) was distributed among infra-
populations. Geographic localities accounted for 7.8% (isoenzyme) and 6.2% (RAPD) of the total gene diversity. Only infrapopula-
tions from a single farm were characterized by low fixation indices (isoenzyme and RAPD F;, < 0.05). Isoenzyme and RAPD
markers revealed moderate genetic differentiation among infrapopulations and localities, which indicates significant population
subdivision among 4. suum from farms within geographic regions. Departures from random mating were revealed by deficiencies
of heterozygotes within infrapopulations and by high positive values of F,; among and between infrapopulations. The average
inbreeding (F,s) coefficient among all infrapopulations was 0.22. Thus, the genetic composition of these A. suum infrapopulations,
whether from a general geographic region or a single farm, was not consistent with a model of random recruitment from a larger

panmictic pool of parasite life cycle stages.

Molecular markers are of great potential utility for revealing
intraspecific geographic variation among parasite populations.
By studying the genotypes or haplotypes of individuals, nuclear
and mitochondrial markers have proved useful for inferring
patterns of population genetic structure in some parasitic or-
ganisms. For nuclear loci, allelic frequency distributions may
be used to estimate genetic differentiation among parasite pop-
ulations, provided that the alleles are nearly neutral with respect
to selection (Lydeard et al., 1989; Nadler, 1990; Nadler et al.,
1990; Mulvey et al., 1991; Anderson et al., 1993). Likewise,
mitochondrial DNA (mtDNA) haplotypes can be used to de-
scribe the distribution of genetic variation within and among
parasite populations (Blouin et al., 1992; Tarrant et al., 1992;
Anderson et al., 1993; Dame et al., 1993).

Studies of parasite population genetic structure have increased
our understanding of basic microevolutionary processes in these
organisms and may reveal the likelihood for the spread of re-
sistance genes to anti-parasitic drugs (Anderson et al., 1993;
Dame et al., 1993). From an evolutionary perspective, indirect
estimates of population subdivision, e.g., F-statistics estimated
from genetic data, permit characterization of the breeding struc-
ture within subpopulations of parasites and reveal the potential
for interpopulation differentiation by genetic drift for neutral
alleles. Understandably, inferring evolutionary process from the
patterns revealed by such statistics may prove complex for many
species because the genetic structure of parasite populations will
be shaped by properties of the host(s) and parasite (Nadler et
al., 1990; Barker et al., 1991; Mulvey et al., 1991; Blouin et al.,
1992; Dame et al., 1993). The life history parameters of parasites
coupled with host factors such as dispersal, home range, be-
havior, and demography represent some of the forces that will
shape the genetic structure of parasite populations. Studies to
date suggest that different species of parasites have population
structures that are markedly different. Some taxa show sub-
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stantial genetic differentiation over small geographic distances
(Nadler et al., 1990), and others show minimal differentiation
for distances spanning continents (Blouin et al., 1992; Dame et
al., 1993).

For many parasite species, the small size of individuals has
been an impediment to the acquisition of multilocus genetic
data by traditional techniques, e.g., isoenzyme electrophoresis.
Thus, for parasites in general and helminths in particular, there
is a paucity of studies exploiting the full potential for genetic
markers to describe geographic variation among populations.
Methods employing the polymerase chain reaction (PCR) can
overcome limits based on individual size; however, some of
these approaches may impose new methodological (Hadrys et
al., 1992) and analytical (Clark and Lonigan, 1993) difficulties.
One such method, random amplified polymorphic DNA (RAPD;
Williams et al., 1990) is a popular new approach for obtaining
genetic data at the intraspecific-level. RAPD genetic markers
have also proved useful for a wide variety of molecular ecolog-
ical applications, including analysis of kinship relationships and
paternity (Hadrys, 1991), strain/clone-specific variation (Smith
et al., 1992), taxonomic identity (Bandi et al., 1993; Roosien et
al., 1993; Gardner et al., 1994), and interspecific hybridization
(Arnold et al., 1991). Random Amplified Polymorphic DNA-
PCR principally amplifies regions of the nuclear genome flanked
by inverted sequences complementary to a particular oligonu-
cleotide primer, provided that the primer anneals within the
range of efficient amplification for the PCR conditions (Hadrys
et al., 1992). Most published studies have documented that
RAPD markers are inherited in a Mendelian fashion (Williams
et al., 1990; Carlson et al., 1991; Martin et al., 1991; Welsh et
al,, 1991; Kazan et al., 1993). Herein, we undertake a compar-
ative study of RAPD versus isoenzyme markers in midwestern
population samples of Ascaris suum. These isoenzyme data are
used to characterize the genetic structure of the populations and
as a benchmark for comparing the results obtained using RAPD
markers.

MATERIALS AND METHODS

Ascaris suum adults were collected from the intestines of pigs at a
local meat processing plant (FDL, Rochelle, Illinois), washed with 0.85%
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saline, and maintained for up to 24 hr at 37 C prior to dissection. For
each host, entire ascaridoid infrapopulations were collected, an infra-
population = all parasites of a single species from an individual host
(Margolis et al., 1982). Samples of muscle/cuticle and reproductive
tissues (testes, uterus, and ovary in the respective sexes) were frozen
and stored in cryotubes at —70 C. The 7 hosts sampled included 5
general geographic localities (Burlington [Bur] and Cassopolis [Cas],
Michigan; Indianapolis [Indian], Indiana; Fulton [Fult] and Hinckley
[Hinck], Illinois). The 2 hosts from Cassopolis came from the same
farm (Cas-1, Cas-2); those from Burlington (Bur-1, Bur-2) came from
different farms.

Homogenization of tissue samples for protein electrophoresis was
performed as described previously (Nadler, 1986). Separate tissue ho-
mogenates of muscle and gonad (ovary or testis) were prepared for each
individual, and both tissue types were used initially to survey various
enzymatic loci. Supernatant fractions of homogenates were absorbed
on 4 x 11-mm filter paper wicks (Whatman #1) and subjected to hor-
izontal starch-gel electrophoresis (10.5% w/v StarchArt, StarchArt Corp.,
Smithville, Texas) in an apparatus of “U-mold” design (Murphy et al.,
1990) for 14-18 hr at 4 C. Homogenates representing 25 different in-
dividuals (including reference individuals of previously established ge-
notype) were run on each gel. The following protein loci were surveyed
for variability based on a previous study of midwestern and northeastern
A. suum population samples (Leslie et al., 1982): isocitrate dehydro-
genase (IDH, E.C. 1.1.1.42), phosphogluconate dehydrogenase (PGDH,
E.C. 1.1.1.44), mannose-6-phosphate isomerase (MPI, E.C. 5.3.1.8),
malate dehydrogenase (MDH, E.C. 1.1.1.37), malic enzyme (MDHP,
E.C. 1.1.1.40), lactate dehydrogenase (LDH, E.C. 1.1.1.27), cytosol ami-
nopeptidase (CAP, E.C. 3.4.11.1), L-leucyl-glycyl-glycine tripeptidase
(PEP-B, E.C. 3.4.11.4), L-phenylalanyl-L-proline dipeptidase (PEP-D,
E.C. 3.4.13.11), L-leucyl-L-alanine dipeptidase (LA-PEP, E.C. 3.4.13.11),
4-methyl-umbelliferyl acetate esterase (ESTD, E.C. 3.1.1.-), a-naphthyl
propionate esterase (EST, E.C. 3.1.1.-), and a-naphthyl acetate esterase
(EST, E.C. 3.1.1.-). Buffers used for electrophoresis included phosphate-
citrate pH 6.8 (electrode buffer 0.214 M dibasic potassium phosphate,
0.027 M citricacid; gel = 1:25 dilution of electrode buffer), Tris-maleate-
EDTA, pH 7.4 (electrode buffer 0.10 M Trizma 7-9, 0.10 M maleic
acid, 0.01 M MgCl,, 0.009 M EDTA; gel = 1:9 dilution of electrode
buffer), and continuous Tris-citrate II, pH 8.0 (Selander et al., 1971).
Specific proteins were localized in gel slices using staining methods
described in Murphy et al. (1990). Staining intensity of PEP-B was
increased by wetting the surface of the gel slice with 0.1 M Tris (pH
10.5), followed by incubation at room temperature for 5 min prior to
staining. Phenotypic differences in isoenzyme banding patterns at a
specific locus were used to deduce genotypes of individuals and the
number of alleles segregating in the population samples. To confirm
genotypic scores at the polymorphic loci, homogenates of every indi-
vidual were electrophoresed and scored a minimum of 2 times along
with appropriate reference individuals of established genotype. Four of
the 100 A. suum adults did not have sufficient gonadal tissue mass to
prepare homogenates for isoenzyme analysis; these 4 individuals were
excluded from all genetic analyses.

Individual nucleic acid isolations were prepared from 74 of the 96
individuals by homogenizing 0.15 g of muscle tissue with 500 ul of STE
buffer (10 mM Tris-HCI, pH 7.5, 10 mM NaCl, 1 mM EDTA) on ice,
adding 100 ul of 10% SDS (sodium dodecyl sulfate) and 20 ul of pro-
teinase K (10 mg/ml), and incubating the homogenate at 50 C for 1 hr.
Tissue debris was removed by centrifugation and the supernatant ex-
tracted twice with buffered phenol (pH 8.0), and twice with chloroform/
isopentyl alcohol (24:1). Nucleic acids in the aqueous layer were pre-
cipitated with 2 volumes of 95% ethanol and 50 ul of 3 M sodium
acetate (pH 5.2), washed once with 200 ul ice-cold 70% ethanol, dried,
and resuspended in 100 ul of TE buffer (10 mM Tris, | mM EDTA,
pH 8.0). The nucleic acid concentration of sample aliquots was esti-
mated by spectrophotometry (A s/ Azs0/As30)- Working template stocks
of 75 ng/ul were prepared for each individual.

Twenty-nine different 10-mer primers of arbitrary (but known) nu-
cleotide sequence (RAPD primer synthesis project, J. E. Carlson, Uni-
versity of British Columbia, Vancouver, British Columbia) were used
to screen for polymorphic markers among individual A. suum. Initial
experiments to optimize RAPD reaction conditions for A. suum nucleic
acid templates involved empirical variation of annealing temperature
and the concentrations of nucleic acid, MgCl,, dimethyl sulfoxide

(DMSO), primer, and Taqg DNA polymerase. Optimal results were ob-
tained by using 75 ng of nucleic acid template in a solution consisting
of 50 mM KCl, 10 mM Tris-HCI, pH 9.0, 0.1% Triton X-100, 2 mM
MgCl,, 5% (v/v) DMSO, 50 uM each of dGTP, dATP, dTTP, dCTP,
0.2 M primer, and 1.2 units of 7ag DNA polymerase in a final reaction
volume of 25 ul. Negative control (no nucleic acid) reactions were in-
cluded for each primer. Double-distilled water used in these reactions
was irradiated with 400 mJ/cm? of 254 nm light in an ultraviolet cros-
slinker to inactivate potential DNA contaminants (Sarkar and Sommer,
1990). Individual reaction mixtures were overlayed with 35 ul of mineral
oil (Sigma M-5904, Sigma Chemical, St. Louis, Missouri), and ampli-
fications were performed in an MJ Research PTC 100-60 programmable
thermal controller set to 45 cycles of 1 min at 94 C, 1 min at 32 C, 2
min at 72 C, using the fastest rate of temperature transition. Amplifi-
cation products and a 123-base pair (bp) ladder (size standard) were
separated by electrophoresis in 1.2% agarose gels containing TBE buffer,
pH 8.3 (89 mM Tris, 89 mM boric acid, 2 mM EDTA), and nucleic
acids were detected by staining with ethidium bromide (0.5 ug/ml) for
10 min, and destaining in water for 25 min. Ethidium-stained gels were
photographed for subsequent scoring using ISO 3000 film. Each primer
yielding a potentially scorable polymorphism was tested for reliability
by repeating the reaction for approximately 20 individuals that dis-
played variation. Nine different RAPD primers yielding reliable, prom-
inent, i.e., of intense fluorescence, and polymorphic amplification prod-
ucts were used for reactions in all 74 individuals. These primer codes
(University of British Columbia numbers) and their sequences (5'-3’)
are: #302 (CGGCCCACGT), #306 (GTCCTCGTAG), #308
(AGCGGCTAGG), #314 (ACTTCCTCCA), #316 (CCTCACCTGT),
#322 (GCCGCTACTA), #337 (TCCCGAACCG), #345 (GCGTGA-
CCCG), and #348 (CACGGCTGCG).

BIOSYS-1 (release 1.7, Swofford and Selander, 1981) was used to
calculate isoenzyme allelic frequencies, determine the inbreeding coef-
ficient (F) for individual loci, and to test for conformance of genotype
frequencies to Hardy—Weinberg equilibrium expectations. For the latter,
chi-square tests with and without pooling of rare genotypes, and exact
probability tests (Levene, 1949) were performed. F-statistics (Fs, F,r,
F ;) were calculated according to the formulas of Nei and Chesser (1983)
as modified by Van Den Bussche et al. (1986). These formulae incor-
porate corrections for the effects of small sample size on heterozygosity
estimates. The modification by Van Den Bussche et al. (1986) also
corrects for sampling errors within each individual subpopulation before
estimating total gene diversity (H;). For the isoenzyme data, direct-
count heterozygosity and allelic frequencies from BIOSYS-1 were used
to calculate F-statistics. Because the vast majority of segregating RAPD
markers display a dominant mode of inheritance (Williams et al., 1990;
Carlson et al., 1991; Welsh et al., 1991; Kazan et al., 1993; Kesseli et
al.,, 1994), genotype and allelic frequencies within populations were
calculated based on the observed frequency of the homozygous recessive
condition (q2, or marker absence), using the Hardy-Weinberg (diallelic)
equation. Expected heterozygote and inferred allelic frequencies were
used to calculate Fg,. Individual RAPD markers were excluded from
the calculation of Fg, when any population in the comparison had q?
= 0, because with marker dominance and relatively small sample size,
a value of q2 = 0 cannot be used to infer that q = 0. Mean Fg, was
calculated as 1 — Z H /2 H,; average heterozygosity among subpo-
pulations (H) and total heterozygosity (H ;) were determined according
to the formulas of Van Den Bussche et al. (1986). Correlation between
mean Fg; values obtained by isoenzyme versus RAPD data was tested
using 6 comparisons (Hinck versus Fult [Illinois]; Cas-1 versus Cas-2
[Michigan]; Bur-1 versus Bur-2 [Michigan]; Cas-1, Cas-2, Bur-1, Bur-2
[among Michigan]; pooled Cas-1 and Cas-2, pooled Bur-1 and Bur-2,
Indian, Fult, Hinck [among geographic localities]; and among the 7
infrapopulations). To test for an association between genetic (isoen-
zyme) and geographic distance, a matrix of Rogers’ (1972) genetic dis-
tance among populations was compared to a matrix of geographic dis-
tance among collection localities using Mantel’s test of matrix correlation
(Mantel, 1967; NTSYS-PC program) with 10,000 random permuta-
tions. For heuristic purposes, effective population size was estimated
for the collected infrapopulations using the formula of Wright (1931).
Although use of this formula entails many simplifying assumptions,
more appropriate models of effective size, e.g., Chesser et al. (1993),
require data that are currently unavailable for ascaridoid species.



TaBLE I. Isoenzyme allelic frequencies and sample sizes for Ascaris
suum infrapopulations: n = sample size, A-F = allele designations for
each locus.

Population
Locus Fult Hinck Indian Bur-1 Bur-2 Cas-1 Cas-2
PEP-B
n 8 15 14 10 14 15 20
A 0.063 0.036
B 0375 0.267 0.071 0.107 0.167 0.150
C 0.500 0.700 0.821 1.000 0.786 0.633 0.800
D 0.071
E 0.063 0.033 0.071 0.036 0.167 0.050
F 0.033
MPI
n 8 15 13 10 14 14 20
A 0750 0.833 0.577 0.650 0.857 0.821 0.875
B 0250 0.167 0423 0.350 0.143 0.179 0.125
PGDH
n 4 12 13 10 14 14 19
A 0.125 0.050 0.071 0.036
B 0.125 0.375 0.100 0.250 0.214 0.447
C 0.083 0.154 0.214 0.143 0.026
D 0875 0.417 0.846 0.850 0.464 0.607 0.526
RESULTS

Isoenzyme data

Six of the 13 loci surveyed showed evidence of polymorphism
(MPI, PEP-B, PGDH, IDH, MDH, and ESTD); however, only
3 of the 6 variable loci (MPI, PEP-B, and PGDH) showed suf-
ficient enzymatic activity and resolution on gels to score all
individuals reliably (Table I). For these loci, homogenates of
muscle gave the greatest relative staining activity for MPI and
PEP-B; gonad had the best staining activity for PGDH. Optimal
resolution of PGDH and MPI was obtained in the phosphate-
citrate buffer; PEP-B resolution was best in the Tris-maleate-
EDTA buffer. Mannose-6-phosphate isomerase and PEP-B het-
erozygotes displayed banding patterns characteristic of mono-
meric subunit enzymes; the phenotype of PGDH heterozygotes
was characteristic of a dimeric enzyme.

For the 7 infrapopulation samples from individual pigs, 3
included loci with statistically significant deviation from Hardy-
Weinberg equilibrium expectations by both chi-square and exact
probability tests (P < 0.05), and a fourth infrapopulation showed
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deviation by both types of chi-square testing (with and without
pooling of rare genotypes). In 3 infrapopulations (Indian, Hinck,
and Cas-1), PEP-B departed from equilibrium expectations; fix-
ation indices at this locus in the respective populations were F
= 0.32, F = 0.70, and F = 0.63. In 2 other infrapopulations
(Indian and Cas-1), PGDH showed significant deviation from
Hardy—Weinberg equilibrium expectations by both types of chi-
square tests; fixation indices at this locus in the respective pop-
ulations were F = 1.0 and F = 0.49. The Bur-1 infrapopulation
also showed significant deviation from Hardy-Weinberg equi-
librium expectations at the PGDH locus by both types of chi-
square tests (F = 0.25). When Bur-1 and Bur-2 infrapopulations
were pooled, PGDH showed significant departure from equi-
librium expectations by all 3 statistical tests (F = 0.32). Likewise,
analysis of pooled Cas-1 and Cas-2 infrapopulations also showed
significant departure for PEP-B in chi-square tests with pooling
(F = 0.34). Effective population numbers for the observed in-
frapopulations ranged from N, = 3.6 to N, = 15, (mean of 11.7).
The overall sex ratio (male : female) of adults was 0.44:1 (n =
100); within individual infrapopulations it ranged from 0.1:1
to 1:1.

Mean inbreeding coefficients (F,s, Table II) were high among
the 7 infrapopulations, the 5 pooled (by locality) populations,
and between pairwise comparisons of infrapopulations, includ-
ing those from single geographic localities. The mean fixation
indices (Fg;) for infrapopulations and localities (Table II) ex-
ceeded 0.05 in all but 1 case (the comparison of the Cas-1 and
Cas-2 infrapopulations from a single farm). For example, 9.4%
of the total allelic variance was distributed among infrapopu-
lations and 90.6% was found within the infrapopulations. Like-
wise, 7.8% of the allelic variance was distributed among local-
ities and 92.2% within geographic regions. Alternatively, these
F-statistics may be interpreted as the proportion of total vari-
ance or gene diversity found at a particular level. For example,
90.6% of the total estimated gene diversity was found within
infrapopulations. Overall inbreeding coefficients (individual rel-
ative to the total population or F,;) were high among infrapop-
ulations and between localities (Table II); these F-statistics re-
flect reduction in heterozygosity due to nonrandom mating within
subpopulations (F,5) plus that due to population subdivision
(Fs7). There was no significant correlation between Rogers’ ge-
netic distance (isoenzyme) and geographic distance for com-
parison of infrapopulations (P = 0.12) or the 5 pooled (by lo-
cality) populations (P = 0.11) as determined by Mantel’s test;
however, these results should be interpreted prudently given the
relatively low statistical power of Mantel’s test for small ma-
trices.

TaBLE II. Mean F-statistics among populations of Ascaris suum. Reported isoenzyme values are based on 3 loci. The number of RAPD markers

used for the calculation of Fs; is shown in parentheses.

7 5 Geographic 4 Michigan
Infrapopulations locations infrapopulations  Cas-1 vs. Cas-2 Bur-1 vs. Bur-2 Hinck vs. Fult
Isoenzyme F 0.224 0.223 0.229 0.312 0.123 0.176
Isoenzyme F,, 0.295 0.283 0.282 0.328 0.194 0.227
Isoenzyme Fg, 0.094 0.078 0.070 0.024 0.080 0.062
RAPD Fg, 0.092 (6) 0.062 (6) 0.097 (8) 0.044 (13) 0.093 (11) 0.042 (12)
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FIGURE 1. Random amplified polymorphic DNA fingerprints for 11
Ascaris suum individuals (primer #302). From the left: lane 1, 123-bp
size standard; lanes 2-12, individuals 400, 399, 397, 392, 387, 386,
384, 383, 382, and 373 (see also Table III). The most prominent PCR
product (1,537 bp) was present in all individuals. Two other products
(1,046 and 2,337 bp) were polymorphic. The 2,337-bp marker was
present in individuals 399, 397, 392, 385, 383, and 373. Note that the
1,046-bp marker has a different pattern of variation and was present in
individuals 400, 399, 392, 386, 385, 384, 382, and 373.

RAPD data and comparative analysis of markers

Of the 29 RAPD primers surveyed, 9 yielded amplification
products that met both subjective (intense fluorescence) and
objective (reproducibility) criteria for ‘scorability.” These 9
primers yielded 25 scorable amplified products, e.g., Figure 1;
18 of these genetic markers were polymorphic (variable among
individuals with respect to presence/absence) in the populations
surveyed. The 25 scorable markers ranged in size from 277 to
2,337 bp (Table III). Many amplified products of less than 500
bp were of poor reproducibility using these amplification con-
ditions; products larger than 2.5 kb were rarely observed. Only
fixation indices (Fs;) were estimated for the RAPD data because
their calculation does not depend directly on the frequency of
observed heterozygotes (which cannot be scored directly with
dominant markers). In 4 cases (primer 302/1,046 bp, 306/1,046,
and 316/1,046; 308/738 and 322/738; 308/923 and 337/923;
314/861 and 345/861), primers of different nucleotide sequence
yielded amplification profiles with at least 1 marker of approx-
imately the same size as estimated from agarose gels; however,
patterns of marker presence/absence within the 4. suum indi-
viduals were distinctly different in each of these cases (Table
III). In addition, side-by-side comparisons of these products
revealed minor differences in electrophoretic mobility in all cases
(not shown). The number of RAPD markers used to calculate
mean Fg, ranged from 6 to 13 (Table II), depending on the
number of markers excluded due to g2 = 0 values in the com-
parison. Independent estimates of Fg,-by RAPD and isoenzyme
methods yielded similar levels of differentiation in several cases
(Table II), including the overall differentiation among the 7
infrapopulations (isoenzyme Fg, = 0.094; RAPD Fg, = 0.092).

Notable was the low level of infrapopulation differentiation (Fs,
< 0.05) between Cas-1 and Cas-2 (same farm) infrapopulations
as revealed by both isoenzyme and RAPD data, and the mod-
erate level of differentiation between the Bur-1 and Bur-2 (dif-
ferent farm) infrapopulations (isoenzyme Fg, = 0.08; RAPD
Fsr=0.093). Mean Fg; values derived from isoenzyme versus
RAPD markers (6 comparisons) had a correlation coefficient of
0.70. Coefficients of variation for mean Fg, values, were, on
average, 1.8 times greater for RAPD than isoenzyme markers.

DISCUSSION

Relatively few studies have focused on the genetics of geo-
graphic variation among populations of parasite helminths. In
part, this is due to the limited usefulness of traditional ap-
proaches, i.e., protein electrophoresis, for obtaining multilocus
genetic data from small individual organisms. Clearly, tech-
niques that allow for the direct determination of single individ-
ual genotypes are methods of choice; however, RAPD-based
studies are beginning to receive more widespread use in para-
sitology due to their relatively low cost and applicability to small
organisms (Bandi et al., 1993; Roosien et al., 1993; Gardner et
al., 1994). Breeding studies of plants and fungi have demon-
strated that most polymorphic RAPDs have a Mendelian pat-
tern of inheritance (Williams et al., 1990; Kazan et al., 1993;
Kesseli et al., 1994); these studies have also revealed that pat-
terns of expression of RAPD markers are consistent with dom-
inance in greater than 90% of approximately 200 segregating
markers examined. Unfortunately, properties of population
structure such as levels of inbreeding within subpopulations
cannot be readily assessed with dominant markers. Thus, al-
though this comparative study demonstrated that RAPDs can
be used for estimating differentiation among parasite popula-
tions, these markers cannot be used to quantify patterns of
nonrandom mating within subpopulations as evidenced by the
isoenzyme data.

Given the difficulty of performing experimental crosses for
most parasites, the reliability of particular RAPD reaction prod-
ucts for subsequent analysis must be based on other criteria such
as repeatability and band intensity. For 4. suum, approximately
one-third of the 10-mer primers screened yielded 1 or more
amplification products meeting these criteria, and approxi-
mately two-thirds of the reliable markers were polymorphic.
Reaction products smaller than 500 bp were typically of limited
usefulness due to poor reliability; products larger than 2.5 kb
were rarely observed, presumably because the extension time
of each PCR cycle was limited to 2 min. In several cases, primers
of distinct nucleotide sequence yielded RAPD reaction products
of approximately the same size as estimated from comparison
to a molecular weight ladder in agarose mini-gels. Greater elec-
trophoretic resolution and more precise estimates of size would
be obtained by using polyacrylamide electrophoresis (Hadrys et
al., 1992); however, the independence of these similar-size
markers was established by different patterns of variation in the
same individual nematodes. Estimating allele and genotype fre-
quencies for RAPD markers was compromised when the re-
cessive genotype was absent from a particular population. In
this study, RAPD markers were excluded from calculation of
the fixation index whenever any of the subpopulations in a
particular comparison had a frequency of zero for the recessive



genotype. Thus, although 18 polymorphic markers were de-
tected in these midwestern population samples of A. suum, cal-
culations of fixation indices were based on 6-13 markers, de-
pending on the subpopulations compared. Because of this
limitation, population-level studies that focus on polymorphic
RAPD markers may require the use of many different individual
primers. Alternatively, an unbiased survey of RAPD primers
could be used to estimate nucleotide divergence among popu-
lations when certain stringent criteria are satisfied (Clark and
Lanigan, 1993).

Independent estimates of fixation indices based on isoenzyme
and RAPD markers showed the same general patterns of dif-
ferentiation. The correlation analysis demonstrated a substan-
tial relationship between these estimates of differentiation; how-
ever, estimates of the mean fixation index based on RAPD
markers had almost twice the coefficient of variation than those
based on isoenzyme markers. In part, this difference must be
due to errors caused by estimating allele and genotype frequen-
cies from the observed frequency of a single genotypic class
(homozygous recessives) when sample size was small. It is also
possible that levels of functional constraint (and selective neu-
trality) may be more variable for RAPD markers in comparison
to isoenzyme loci. Regardless of cause, this result suggests that
fixation indices calculated from few polymorphic RAPD mark-
ers should be interpreted cautiously.

A paradigm of parasite population structure is that parasitic
organisms are characterized by small populations with high lev-
els of inbreeding, low intrapopulation genetic variability, i.e.,
polymorphism, heterozygosity, and allelism, and high levels of
interpopulation differentiation due to genetic drift and founder
effects (Price, 1980). Parasite populations are expected to be in
a nonequilibrium state due to patch dynamics (Price, 1980), and
infrapopulations are believed to be reconstituted in each gen-
eration of hosts by random immigration from the larger gene
pool of parasite life cycle stages (Brooks and McLennan, 1993).
Reported levels of interpopulation differentiation (subdivision)
for parasites show a wide range of values (Lydeard et al., 1989;
Nadler, 1990; Barker et al., 1991; Mulvey et al., 1991; Blouin
et al., 1992; Dame et al., 1993), at least some of which may be
explained by the geographic scale of investigation (Mulvey et
al., 1991) and the natural history of the host—parasite system.
Although some parasite populations have been reported to have
low intrapopulation variability (Bull et al., 1984; Bullini et al.,
1986; Barker et al., 1991), low genetic variability does not ap-
pear to be a general feature of parasite populations based on
studies of mtDNA or nuclear-encoded isoenzyme loci (Nadler,
1990; Paggi et al., 1991; Blouin et al., 1992; Anderson et al.,
1993; Dame et al., 1993). However, few studies have attempted
to use allelic frequency data to quantify intrapopulation and
interpopulation differentiation; instead, most inferences con-
cerning population structure have been based on the long-term
consequences of inbreeding, i.e., reduced genetic variability.

The effects of inbreeding can be quantified by F-statistics with
respect to different reference populations (Wright, 1922, 1965).
The inbreeding coefficient (F,5) describes the reduction in het-
erozygosity of an individual within its subpopulation compared
to that expected in a randomly mating population with the same
allelic frequencies. The reduction in heterozygosity of a sub-
population due to genetic drift is referred to as the fixation index
(Fs7). The overall inbreeding coefficient of an individual (F,;)
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reflects the reduction of heterozygosity due to nonrandom mat-
ing within subpopulations (F;s) and that due to population sub-
division (Fg;). Alternatively, F-statistics may be interpreted as
the probability of autozygosity or identity of alleles by descent
(Wright, 1965). F-statistics calculated from genetic data are fre-
quently used to estimate levels of gene flow among demes; how-
ever, these estimates are dependent upon a specified model of
population structure and the assumption that observed allelic
frequencies have reached an equilibrium between gene flow and
genetic drift. Gene flow estimates were not calculated for these
data because for organisms with ephemeral demes (presumably
many parasites), frequent extinction and recolonization will gen-
erally lead to overestimates of gene flow using standard island
models of population structure (Slatkin, 198S5; Preziosi and Fair-
bairn, 1992).

These isoenzyme data revealed excess homozygosity as in-
dicated by high inbreeding coefficients for infrapopulations of
A. suum. Within individual infrapopulations, protein loci de-
parting from Hardy~Weinberg equilibrium expectations in sta-
tistical tests showed a pronounced deficiency of heterozygotes.
These deficits cannot be attributed to problems associated with
scoring heterozygotes because the loci selected for study were
clearly resolved for each individual. Analysis of pooled infra-
populations from individual geographic regions (Cas-1 and Cas-
2; Bur-1 and Bur-2) revealed that loci departing from equilib-
rium expectations within the respective infrapopulations (Cas-
1, Bur-1) also showed heterozygote deficiencies in the pooled
samples. However, interpretation of inbreeding for pooled pop-
ulation samples is more complex because heterozygote defi-
ciencies may result from pooling distinct subpopulations with
different allelic frequencies, i.e., a Wahlund effect (Wahlund,
1929). Thus, a Wahlund effect may account for some of the
heterozygote deficiency in the pooled Bur samples (infrapopu-
lations from different farms) where allelic frequencies at the
PGDH locus were markedly different. A Wahlund effect has
been observed previously for other pooled population samples
of ascaridoid species (Nadler, 1986) and other parasites (Ly-
deard et al., 1989). A Wahlund-like effect might also explain
departures from equilibrium expectations within individual in-
frapopulations if such populations sometimes result from mul-
tiple infections, each of distinct origin.

Departures from random mating were also indicated by high
positive values of F,; among and between infrapopulations.
Among all 7 infrapopulations, the average inbreeding coefficient
was 0.22. The highest value of F,; was observed for the com-
parison of 2 infrapopulations from a single farm (Cas). All Fg
values obtained in this study were very high when compared to
reported values for other parasites and free-living organisms.
For example, the average inbreeding coefficient (among infra-
populations or geographic localities) for midwestern 4. suum is
roughly an order of magnitude greater than that reported by
Mulvey et al. (1991) for geographic populations (=Savannah
River Site hunt units) of the fluke (Fascioloides magna) that
were characterized as inbred. Comparisons of populations of
this same fluke from 4 localities in the southeastern United
States (Lydeard et al., 1989) also revealed a smaller inbreeding
coefficient (mean F,s = 0.08) than observed for 4. suum. Like-
wise, levels of inbreeding found in 4. suum were markedly great-
er than that reported for 23 infrapopulations of ectoparasitic
chewing lice (average F,; = 0.069) along a 200-km contact zone
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of their pocket gopher hosts (Nadler et al., 1990). Thus, the
genetic composition of these A. suum infrapopulations, whether
from a general geographic region or a single farm, is not con-
sistent with a model of random recruitment from a larger pan-
mictic pool of parasite life cycle stages. Because sexual repro-
duction of A. suum occurs within individual pig hosts, inbreeding
may be promoted if sib-sib or parent—offspring matings occur
with a greater than expected frequency. The likelihood of sib-
sib matings would be enhanced if infrapopulations were fre-
quently established from clusters of infective eggs that them-
selves represent kindred individuals, i.e., eggs resulting from a
single mating or from matings between close relatives, rather
than eggs representing a random sample of the available ge-
notypes. Because Ascaris generations are overlapping, parent—
offspring matings may also contribute to the observed F,¢ values,
given that the host humoral immune response in Ascaris infec-
tions reflects recent exposure to migrating larvae (Bundy and
Medley, 1992; Haswell-Elkins et al., 1992) and does not appear
to be protective.

The potential fitness consequences of the inferred level of
inbreeding in 4. suum merits additional investigation. Experi-
mental studies on nonparasitic organisms have demonstrated a
substantial reduction in fitness associated with inbreeding (in-
breeding depression), which is believed to result from an in-
creased frequency of deleterious recessive alleles (Simmons and
Crow, 1977; Charlesworth and Charlesworth, 1987; Willis, 1993).
However, inbreeding can also preserve favorable coadapted gene
complexes or epistatic interactions (Templeton, 1987; Lynch,
1991), which may be important for host-parasite coadaptation
(Price, 1980). It is tempting to speculate that underlying vari-
ation in host innate resistance to different inbred lines of par-
asites in combination with heterogeneity in acquired resistance,
e.g., Tanguay and Scott (1992) may account for some of the
overdispersion characteristic of many parasites in general (An-
derson and May, 1978) and for Ascaris infections in particular.

The amount of inbreeding in 4. suum due to population sub-
division (mean fixation index or Fg;) for infrapopulations and
localities, as inferred by both isoenzyme and RAPD markers,
is characteristic of moderate genetic differentiation (Hartl, 1988).
For example, 90.6% (isoenzyme) and 90.8% (RAPD) of the total
estimated gene diversity was found within infrapopulations, i.e.,
approximately 9% was partitioned among infrapopulations.
When infrapopulations from single geographic regions were
pooled, 92.2% (isoenzyme) and 93.8% (RAPD) of the total gene
diversity was found within regions. Only infrapopulations from
a single farm (Cassopolis) were characterized by low fixation
indices. Conversely, 2 infrapopulations representing different
farms from a single geographic region (Burlington) showed mod-
erate genetic differentiation, with 92% (isoenzyme) and 90.7%
(RAPD) of the gene diversity at this locality distributed within
the infrapopulations. Similarly, comparisons of infrapopula-
tions collected within southern Michigan revealed differentia-
tion of the same magnitude as found for the comparison of all
midwestern infrapopulations. These results indicate significant
genetic isolation among farms within geographic regions and
suggest that only hosts at a farm have sufficient exchange of
Ascaris eggs to reduce the effects of differentiation by genetic
drift.

In species where demes are continuously distributed over geo-
graphic space, the isolation-by-distance model (Crow and Ki-

mura, 1970) predicts a correlation between geographic and ge-
netic distance among demes as a result of genetic drift. For
species with highly subdivided populations, this correlation is
also expected if gene flow among the populations is proportional
to geographic distance. The absence of a correlation between
genetic (isoenzyme) and geographic distance for these 4. suum
infrapopulations (and for localities) is suggestive of low gene
flow between closest populations at the geographic scale ex-
amined and reinforces the conclusion that there is genetic iso-
lation among these infrapopulations. These results are incon-
sistent with the preliminary studies of Leslie et al. (1982), who
inferred low differentiation between A. suum samples from mid-
western (Iowa) and eastern (New Jersey) localities based on the
observation that allelic frequencies for 3 isoenzyme loci were
generally similar between these samples. Unfortunately, the re-
sults of Leslie et al. (1982) cannot be compared directly to the
results of the current study because in their work, worms were
assigned to geographic areas, e.g., eastern Iowa, New Jersey, but
not to individual pig hosts or specific farms. Furthermore, the
absence of reported genotype frequencies and sample sizes pre-
cludes recalculating F-statistics from their data. By contrast, a
recent study of pig-source Ascaris representing 2 geographic
regions of Guatemala also revealed statistically significant dif-
ferences in allelic frequencies at 2 isoenzyme loci (Anderson et
al., 1993).

Genetic drift among 4. suum infrapopulations may be pro-
moted by their small effective population size and founder ef-
fects. The overall sex ratio (male : female) of adults was 0.44:1,
which is consistent with the range of values reported for the
human ascaridoid Ascaris lumbricoides (Guyatt and Bundy,
1993). This skewed sex-ratio (female bias) significantly reduced
the effective population size (N,) below the census size, because
in each generation half of the alleles in offspring must come
from males. The mean estimated N, for these infrapopulations
was very small, and the cumulative effect of random genetic
drift in populations of this (and somewhat larger) size may lead
to significant changes in allelic frequency over relatively few
generations (Li and Graur, 1991). Small effective population
size may also be responsible for the relatively low levels of
isoenzyme heterozygosity reported for certain population sam-
ples of A. suum (Bullini et al., 1986; Anderson et al., 1993).

In contrast to the low effective population size inferred for 4.
suum, free-living nematodes and other parasitic species may be
characterized by much larger N,. For example, in a study of
Ostertagia ostertagi, Blouin et al. (1992) calculated a long-term
N, (=the harmonic mean of N, for past years) of 4-8 million
individuals per geographic population based on the observed
diversity of mtDNA within populations. The large effective size
of O. ostertagi populations is also supported by studies of in-
frapopulations; individual hosts may harbor 10,000-100,000
worms at 1 time (Armour, 1978; Williams et al., 1983) and the
adult sex ratio is approximately 1:1 (Triantaphylou, 1983). Im-
portantly, population-genetic studies of mtDNA in O. ostertagi
(Blouin et al., 1992; Dame et al., 1993) have shown very high
intrapopulation genetic diversity and extremely low interpop-
ulation differentiation, with less than 1% of the total gene di-
versity partitioned among geographic populations. For O. os-
tertagi, gene flow among localities appears to be high (Blouin
et al., 1992), or cessation of gene flow recent. By contrast, once
the effects of haplotype introgression were removed, Anderson



et al. (1993) reported 10-fold lower levels of mtDNA diversity
within “population clusters” of Ascaris. Thus, these preliminary
studies are consistent with the expectation that effective pop-
ulation size may impact on intrapopulation diversity, and that
helminth species with large N, may show minimal differentia-
tion due to genetic drift.

The potential importance of geographic scale in relation to
neighborhood size remains an important consideration for fu-
ture studies of parasite population structure. In natural popu-
lations, scale effects have been studied in flukes (Fascioloides
magna) from white-tailed deer (Lydeard et al., 1989; Mulvey
et al., 1991); populations of flukes from the Savannah River
Site showed low differentiation (mean Fg, = 0.016), whereas
comparison of populations from different states (South Carolina
and Tennessee) showed high levels of differentiation (mean Fr
= 0.18) and an isolation-by-distance effect. In another study
relating to scale, within-locality infrapopulation differentiation
for lice (Geomydoecus actuosi) from pocket gopher hosts was
high (mean Fs, = 0.092), thus reinforcing the model that these
rodent hosts represent an island-like distribution of habitat for
these contact-transmitted ectoparasites (Nadler et al., 1990). In
the same study, macrogeographic infrapopulation differentia-
tion (over a 200-km transect) for lice was much greater (Fs =
0.24) and virtually identical to the genetic differentiation ob-
served for their hosts, suggesting a close association between
gene flow for the hosts and their ectoparasites. Obviously, the
intrinsic vagility of parasites in combination with host mobility
will interact to influence the genetic differentiation of parasites
over geographic space. However, beyond “‘simple” systems of
one-host contact-transmitted parasites, e.g., pocket gophers and
lice, modeling and interpreting the genetics of geographic vari-
ation in natural populations may be complicated by asexual
amplification within intermediate hosts, e.g., digenetic trema-
todes (Lydeard et al., 1989; Mulvey et al., 1991), the population
structure and dynamics of obligate intermediate and paratenic
hosts (Price, 1980), and the persistence of larval stages in the
environment. For domesticated animals, the transport of live-
stock and their parasites will further complicate interpretation
of population structure, particularly since such movements are
not likely to be uniform over space or time. However, given the
results of this and other initial studies (Blouin et al., 1992; Dame
et al., 1993), different helminth parasites of domesticated ani-
mals may have distinct patterns of genetic structure, at least
some of which may be attributable to differences in effective
population size of the parasites.
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