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Ascaris is a large parasitic roundworm (nematode) of the small intestine of humans and pigs. These
roundworms cause the socioeconomically important disease, ascariasis. For the past 20 years, molecular
markers have been used in studies on Ascaris and ascariasis, and added valuable information to the
understanding of these roundworms. Here, we provide a review of these studies on human and pig
roundworms. We begin with a summary of studies using molecular phenotypic markers to compare Asca-
ris from humans and pigs, followed by a synopsis of comparisons using genetic markers. We then draw
forth inferences in the aspects of host affiliation and infection success, transmission between and among
humans and pigs, evolutionary history of Ascaris. We also highlight additional topics such as mating
dynamics, diagnostics, and paleoparasitology where molecular epidemiological approaches have been
utilized.
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1. Introduction

Ascaris lumbricoides Linnaeus, 1758 and Ascaris suum Goeze,
1782 are two of the most common intestinal geohelminths of
humans and pigs, respectively. Ascariasis in humans was reported
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in at least 150 countries with most in the developing world, partic-
ularly in Asia and sub-Saharan Africa (Crompton, 2001). The global
prevalence in the 1990s was estimated to be approximately 1.5 bil-
lion with 100–200 million people, many of which were children,
clinically affected (Chan et al., 1994; Crompton, 1989a; O’Lorcain
and Holland, 2000; Peng et al., 1998a; WHO, 1987). The updated
global infection is down to 1.2 billion (de Silva et al., 2003; WHO,
2006), which is likely linked to China’s large-scale ‘deworming’
programs (Peng et al., 1998a; Sun et al., 2008). However, it is still
of major public health importance in many parts of the world
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and is considered a neglected tropical disease (Dold and Holland,
2011a; Hotez et al., 2008). A large body of research across multiple
countries indicates that people, especially children, with this infec-
tion can suffer from some degree of nutritional deficit, cognitive
impairment, intestinal complications, and occasionally death
(e.g., Crompton and Nesheim, 2002; Bundy and Guyatt, 1996; Ste-
phenson, 1987; Thein-Hlaing, 1993; Zhou et al., 1999). Impor-
tantly, the global disability-adjusted life-years (DALYs) lost as a
result of infection from A. lumbricoides is estimated at 10.5 million
(Stephenson et al., 2000).

Ascariasis of pigs is of major economic significance due to pro-
duction losses linked to reduced feed conversion efficiency and
losses to the meat industry associated with the condemnation of
‘milk-spot’ livers (Roepstorff and Nansen, 1998; Stewart and Hale,
1988). The prevalence of A. suum depends on management prac-
tices of pig farms and also varies with geographical regions, but
few swineries are completely free of infection (Boes et al., 2000;
Nansen and Roepstorff, 1999; Nganga et al., 2008; Weng et al.,
2005). Infections of A. suum can cause similar problems in pigs as
in people infected with A. lumbricoides. Briefly, some degree of
migration of larval A. suum through the liver and lungs of pigs ap-
pears to be associated with decreased food intake, increased nitro-
gen loss and acute allergic asthma. Infections of adult A. suum in
the intestine of pigs can cause chronic decreased food intake and
increased nutrient excretion as well as mal-absorption, accompa-
nying villus atrophy, impaired absorption of vitamin A and tempo-
rary lactose intolerance (Copeman and Gaafar, 1972; Forsum et al.,
1981; Pérez et al., 2001).

Because of the economic and health importance of Ascaris
infections, there has been much interest in elucidating the epide-
miology/epizoology of ascariasis transmission in natural (includ-
ing farmed host) populations or via controlled experimental
infections. Classically and necessarily this entails quantifying
worm burdens (i.e., number of worms per host, a.k.a., infection
intensity, or egg counts per gram of feces (EPG) as an indirect
measurement of infection intensity). Many factors have been
examined as potential correlates that explain the variation in
worm burdens among individuals. Such variables have included
host genetics or immunological response (Dold and Holland,
2011b; Nejsum et al., 2009a; Williams-Blangero et al., 1999), indi-
vidual or household predisposition, swine raising conditions, and
the age, sex, and social/economic status of the human host (e.g.,
Holland, 2009; Peng et al., 1996; Roepstorff et al., 1999; Walker
et al., 2011). Such epidemiological studies based on worm burdens
have proven instrumental in elucidating variables related to the
distribution of Ascaris parasites among hosts and are necessary
to help reduce, control, or eliminate worm burdens. However,
worm counts provide little insight into such questions as cross-
infection between humans and pigs, patterns of exposure to infec-
tion (clumped infection or trickle infection), detection of early
infection in the host (tissue-migratory juvenile stages), dynamics
of transmission and evolution of ascariasis, and population struc-
ture of Ascaris spp. On the other hand, molecular markers and pop-
ulation genetic analyses of the parasites, for example, can help
elucidate parasite dispersal at several scales (e.g., among host indi-
viduals, populations and species), and thus complement tradi-
tional epidemiological studies to provide a thorough
understanding of Ascaris transmission. Population genetic analyses
also provide important parameters for understanding the evolu-
tionary potential of parasite populations. For instance, estimates
of parasite inbreeding are critical for predicting the dynamics of
drug-resistance evolution (e.g., Schwab et al., 2006). Here we pro-
vide a review of how molecular markers have been used to eluci-
date the ecology, evolution, infection dynamics, and epidemiology
of Ascaris.
2. Comparisons of Ascaris from humans and pigs

2.1. Molecular phenotypic markers

There is still a longstanding debate with regards to the separate
species status of A. lumbricoides and A. suum (Anderson, 2001;
Crompton, 2001; Macko and Dubinsky, 1997; Peng et al., 2007).
Taxonomic uncertainty stems from the limited and inconsistent
morphological distinction between the two roundworms (Kurim-
oto, 1974 and references therein). This problem is not just a taxo-
nomic issue, but also an important epidemiological concern with
direct implications for the development and implementation of
any control program for ascariasis. For example, without a diagnos-
tic marker, how is it possible to ascertain if there is any shared
ascarid transmission between humans and pigs? Consequently,
in areas of human–pig sympatry, how can one determine if control
measures should target only infected people (as is usually carried
out) or both infected humans and pigs at same time? Cross-infec-
tion experiments have shown that Ascaris of pig origin can infect
humans and vice versa (Galvin, 1968; Takata, 1951; reviewed in
Crompton, 1989b). These experiments highlight both humans
and pigs are possible hosts for each other’s Ascaris parasite; how-
ever, these experiments do not reveal transmission in natural set-
tings nor do they reveal if there is any cross breeding between the
host-associated worms.

In attempts to find a diagnostic character or ascertain species
status, several studies have examined protein, antigenic, or ex-
pressed DNA profiles between worms obtained from humans and
those from pigs (Abebe et al., 2002a,b; Alba et al., 2009; Kennedy
et al., 1987; Kurimoto, 1974; Wu et al., 2010). Although a few dif-
ferences have been noted, several of these studies are cofounded
with geographic sampling (e.g., Abebe et al., 2002a,b; Kennedy
et al., 1987; Kurimoto, 1974). For example, Kennedy et al. (1987)
note that their samples may represent geographic genetic differen-
tiation as human worms came from India and pig worms came
from Scotland. As discussed below, Ascaris populations (among hu-
mans or pigs) across broad geographic locations do indeed show
high genetic structuring when examined with neutral genetic
markers.

Enzyme electrophoresis also has been used as a technique to
examine for diagnostic differences between human and pig Ascaris.
Nascetti et al. (1979) examined pig worms from Italy and human
worms from Italy, Egypt, and India. Of the 21 loci, 4 (malate dehy-
drogenase-3, glucose-6-phosphate dehydrogenase, esterase-2, and
aldolase) showed fixed allelic differences between human and pig
Ascaris. Nadler (1987) examined human and pig worms from the
USA and found 15 (out of 18) monomorphic loci and 1 locus
(superoxide dismutase, which was not studied by Nascetti et al.,
1979) that was fixed between host species. However, malate dehy-
drogenase-3 and glucose-6-phosphate dehydrogenase could not be
resolved by Nadler (1987), and aldolase, a locus shown to be fixed
in Nascetti et al. (1979), was monomorphic (Nadler, 1987). No
fixed differences were found in the 13 loci tested in Anderson
et al. (1993). Interestingly, malate dehydrogenase-3 was one of
the eight monomorphic loci found in the sympatric samples of
humans and pigs in Guatemala. Thus, enzyme markers that were
once thought to be diagnostic turned out not to be so as additional
studies were conducted. Allele frequency differences in allozymes
have been used to determine if there is genetic differentiation be-
tween sympatric human and pig samples of Ascaris (e.g., Anderson
et al., 1993). However, the low polymorphism of allozymes has
largely limited their utility in this regard (Anderson, 2001).

An important caveat to using the above mentioned phenotypic
markers (i.e., morphology and expressed proteins) as diagnostic
markers is that they are subject to environmental induced
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variation or expression. For instance, human worms are often col-
lected after treatment with an antihelminthic drug, whereas pig
worms are often collected from untreated slaughtered pigs (e.g.,
Abebe et al., 2002a,b; Alba et al., 2009; Kennedy et al., 1987;
Kurimoto, 1974; Nascetti et al., 1979; Wu et al., 2010). As Abebe
et al. (2002a) discussed with regard to a protein assay, ‘‘it is diffi-
cult to assert at this stage whether the appearance of the different
spots encountered in human Ascaris is due to the effect of the
drug’’. Importantly, the host environment itself could play a role
in the expression of parasite phenotypic characters (Perkins
et al., 2011). It is unknown if the human or pig environment can
differentially alter Ascaris protein expression, structure, or splicing;
nonetheless, any such change could lead one to falsely conclude
that a marker is diagnostic when in fact it was just an environmen-
tal alteration. In contrast, genetic markers, e.g., DNA sequence data,
are not subject to the above mentioned caveat.

2.2. Genetic markers and genetic differentiation

As with the molecular phenotypic markers, no fixed differences
between human and pig Ascaris have been observed with genetic
markers. However, analyses of either genetic allele frequency data
or sequence data have provided substantial insight into the genetic
structure between human and pig Ascaris. For example, within two
villages in Guatemala, restriction enzyme digests of mitochondrial
DNA (mtDNA) revealed 29 haplotypes that fell into two mtDNA
clades with about 3–4% divergence. The haplotypes of these two
clades were distributed non-randomly between human and pig
hosts (Anderson et al., 1993). However, there were a few identical
worm haplotypes that were found infecting both host species.
Using the same approach in two neighboring villages in China,
Peng et al. (1998b) also found significant frequency differences be-
tween the two host-associated populations, with also a few identi-
cal haplotypes shared by both host species. Additional work that
used sequence data of the mitochondrial ND1 (NADH dehydroge-
nase subunit 1) and CO1 (cytochrome c oxidase subunit 1) genes
in China also revealed in each of six provinces, significant structure
between human and pig Ascaris (Peng et al., 2005). Analyses with
23 autosomal microsatellite loci (Criscione et al., 2007a) confirm
significant structure between humans and pig Ascaris on a local
scale in Guatemala and China (Criscione et al., 2007b). Levels of ge-
netic structure (when reported) in these studies tends to be high
with FST (or related analogs; see de Meeûs et al., 2007 for F-statis-
tics definitions) ranging from 0.18 to 0.65.

Hierarchical analyses have also been used to test for genetic
structure between human and pig roundworms. Here, variation
among geographic populations is taken into account before testing
variation between the two host species (i.e., populations of a host
species are nested within host species). Interestingly, results from
regional analyses (i.e., among locations within a country/conti-
nent) contrast with global analyses (i.e., comparisons made across
continents). For instance, between two Guatemalan villages Ander-
son and Jaenike (1997) found that GPH (F-statistic analog of popu-
lations within a host species) for single copy nuclear loci was 0.024
and for mtDNA it was 0.04, whereas GHT (F-statistic analog of be-
tween host species) was 0.193 for single copy nuclear loci and
0.547 for mtDNA. Thus, at a regional scale, there is more genetic
structure between host species than among populations within a
host species. Comparable results in China are obtained when the
ND1 data are reanalyzed from Peng et al. (2005). UPH (F-statistic
analog of populations within a host) was 0.069 and UHT (F-statistic
analog of between host species) was 0.482. [Analysis of molecular
variance (AMOVA) conducted with Arlequin v3.5.1 (Excoffier and
Lischer, 2010). Both values are significantly >0 (p < 0.01) based
on 10,000 permutations of haplotypes among populations within
host species or populations between host species, respectively.]
In contrast, the global hierarchal analyses of Anderson and Jaenike
(1997) showed greater differentiation among populations within a
host species than between host species at both single copy nuclear
loci (GPH = 0.191; GHT = 0.091) and mtDNA (GPH = 0.366;
GHT = 0.150). Similarly, Bayesian clustering analyses of multilocus
microsatellite genotypes of individual worms showed genetic dif-
ferentiation between populations which was primarily driven by
global geography, with secondary differentiation resulting from
host affiliation within locations (Criscione et al., 2007b). As a ca-
veat, we note that classification into regional versus global is a
qualitative assessment of geographic distance and that political
and cultural boundaries do not equate to geographic boundaries.
Nonetheless, the global analyses conducted thus far obviously
incorporate a broader geographic area. The point we wish to illus-
trate is that the patterns of genetic differentiation between hu-
mans and pigs are reversed when comparing ‘‘regionally’’ versus
‘‘globally’’. This pattern is important as it suggests that there may
not have been a single split resulting in a single human Ascaris line-
age and a single pig Ascaris lineage (see Section 5).

The first internal transcribed spacer (ITS1) of the rDNA has also
been examined at regional and global scales. Zhu et al. (1999) ob-
served a nucleotide sequence difference of 1.3% in a �300 bp re-
gion of ITS1 of the rDNA between human and pig Ascaris.
However, the limited number of samples from widely separated
geographical locations made the interpretation from this study
guarded. Peng et al. (2003) analyzed six human–pig Ascaris popu-
lations (6 provinces in China) that covered a great diversity in
geography, climate and transmission characters. They found 5
ITS1 genotypes (G1–G5) for human Ascaris, of which 3 (G1–G3)
were also detected in pig Ascaris. G1 was more common in humans
(63–74%) whereas G3 more frequent in pigs (79–86%), indicating a
nonrandom distribution of ITS1 genotypes between human and pig
hosts. The frequencies of the other three genotypes were substan-
tially lower for each of the two host species (Peng et al., 2003). The
predominant genotype G1 found in humans in China was also
demonstrated to be the most prevalent genotypes in humans in
Brazil although an additional genotype G6 was described (Leles
et al., 2009). We note that ITS1 is a multicopy gene (�42 copies;
Pecson et al., 2006) and recent findings of >2 alleles within individ-
ual worms (Leles et al., 2010) indicates that this marker should not
be treated as a diploid locus in population genetic analyses. Never-
theless, ITS seems to have relatively useful diagnostic properties
(e.g., Anderson, 1995), and it appears that ITS1 shows similar pat-
terns of genetic structure to that of other genetic markers (e.g.,
compare Peng et al., 2003 to Peng et al., 2005).

3. Inference of transmission between and among humans and
pigs

3.1. Contemporary cross-transmission between humans and pigs

Given the patterns of genetic differentiation discussed above,
what can be inferred about transmission patterns between human
and pig Ascaris? Anderson (2001) outlined three epidemiological
scenarios: (I) a single source pool of infection shared by humans
and pigs, (II) two separate transmission cycles where one cycles
in humans and the other in pigs, (III) two host-associated transmis-
sion cycles, but limited cross-infection between the two. It is clear
from local scale analyses in areas of endemic human and pig trans-
mission that there is strong neutral genetic differentiation between
host species (Anderson et al., 1993; Peng et al., 1998b, 2005; Crisci-
one et al., 2007b). Thus, scenario I can be ruled out. However, the
failure to find fixed allelic genetic (mtDNA or nuclear markers) dif-
ferences in studies with sympatric sampling makes it difficult to
determine between scenario II and III. For example, the same Asca-
ris mtDNA haplotype can be found in both humans and pigs within
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a village (Anderson et al., 1993; Peng et al., 1998b). This pattern
could result from incomplete lineage sorting (retention of ancestral
lineages in descendent taxa), current introgression (hybrid off-
spring resulting from cross-breeding between human and pig Asca-
ris), or cross-transmission, but no interbreeding (e.g., a worm is a
first generation migrant from one host species to the other). If
incomplete lineage sorting explained the genetic patterns, then
one would infer scenario II. If human–pig Ascaris hybridization or
first generation migrants caused the genetic patterns then scenario
III would be inferred (Detwiler and Criscione, 2010). Unfortunately,
most Ascaris studies have used a single genetic marker (ITS1 or
mtDNA) or nuclear makers with low polymorphism (Anderson
and Jaenike, 1997), and therefore lacked power to disentangle
the latter processes in areas of sympatric human and pig infections.
Nonetheless, molecular based studies in areas of non-endemic hu-
man transmission (USA, Denmark, and Japan) have provided evi-
dence for cross-transmission from a pig source into humans
(Anderson, 1995; Nejsum et al., 2005b; Arizono et al., 2010). For
example, amplified length polymorphism (AFLP) markers showed
an FST of 0.005 (not significantly different from 0) between human
and pig samples in Denmark where the ITS1 helped verify a pig ori-
gin (Nejsum et al., 2005b). Indeed, Anderson (1995) noted that not
only did the genetic data (ITS1) support pig Ascaris as the source of
human infection in the USA, but also that the people with infec-
tions had recent contact with pigs (including the author himself!).
Thus, in areas of non-endemic human transmission, there is sup-
port for cross-transmission. Does this cross-transmission lead to
introgression between human and pig Ascaris? This latter question,
which can only be addressed in areas of endemic human and pig
transmission, was addressed by Criscione et al. (2007b). Multilocus
microsatellites genotypes coupled with model-based Bayesian
methods were employed to test the hypothesis of hybridization.
In both sympatric samples from Guatemala and China, hybrid
worms were detected (4% and 7%, respectively; Criscione et al.,
2007b). These results indicate that there must have been contem-
porary interbreeding and thus, necessarily recent cross-transmis-
sion, between sympatric human and pig Ascaris, as the methods
used by Criscione et al. (2007b) can only detect hybrids going back
two generations (see Anderson and Thompson, 2002). Additional
studies have confirmed cross transmission and hybridization in
China (Zhou, 2011). Using the methods of Criscione et al.
(2007b), 137 human and 121 pig Ascaris from six provinces in Chi-
na were analyzed. Twenty individuals were identified as first gen-
eration migrants (19 were pig worms found in humans and 1
human worm in a pig) and of 20 worms identified as being of hy-
brid origin, 19 were from human hosts and 1 was from a pig host.
These data, may suggest a greater tendency of pig Ascaris to infect
humans than human Ascaris into pigs (Zhou, 2011). However, more
data are needed to infer directionality in cross transmission. None-
theless, these results indicate that pig Ascaris can serve as impor-
tant source of human ascariasis in endemic area where human
and pig Ascaris both exist. Current control strategies for human
ascariasis in sympatric areas are usually developed without identi-
fying pig Ascaris as an infection source for humans. Therefore, these
studies highlight a need to reconsider and possibly, revise current
control measures in China. In view of the current state of evidence,
it appears that scenario III (host-associated transmission cycles,
but limited cross-infection between the two) is the most plausible
with regards to the epidemiology of human and pig Ascaris. Never-
theless, additional studies from sympatric populations and that use
multilocus genotype data are warranted to determine if limited
cross-transmission is a global theme especially in relation to differ-
ent pig-raising, cultural, or economic conditions.

Because current evidence support contemporary cross-trans-
mission, it will be important to establish the frequency of hybrid-
ization in additional sympatric populations. The latter data are
critical for understanding the potential for gene introgression be-
tween the host-associated populations, especially in relation to
the potential for the introgression of novel host infectivity genes
or genes that may play a role in drug-resistance evolution (Crisci-
one et al., 2007b; Zhou, 2011). It is interesting that despite the de-
tected hybridization there exists strong genetic subdivision
between sympatric human and pig Ascaris (Criscione et al.,
2007b). This subdivision could be caused by ecological separation
of host species and/or host-selective factors that result in de-
creased hybrid fitness (see McCoy, 2003). Given the likely contin-
ual exposure to eggs from pig Ascaris for those that raise pigs,
ecological separation seems unlikely. In addition, preliminary stud-
ies by Peng et al. (2006) may suggest host selective factors are act-
ing (discussed in Section 4). Still, more data are needed to ascertain
the mechanisms for generating genetic subdivision in sympatry
(see Section 4 for discussion of host affiliation).

3.2. Transmission among pigs

Different patterns of genetic structure among pig Ascaris infra-
populations (parasites within host individuals) have been observed
at the local scale (among pigs in the same locality). Anderson et al.
(1995) found significant structure among pigs within Guatemalan
villages using mtDNA restriction enzyme data (for hosts within vil-
lages, GHV = 0.203). With enzyme markers, Nadler et al. (1995)
found FST values of 0.024 and 0.08 between two pairs of pigs from
two farms in the USA. Significance was not tested, but these values
suggest low levels of local differentiation. Similarly, AFLP markers
revealed significant structure among pigs on farms in Denmark
(GST = 0.122; Nejsum et al., 2005a). As Anderson et al. (1995) dis-
cussed, among-host structure suggests a non-random transmission
process into hosts that was possibly caused by a clumped dispersal
process of parasite offspring (see Criscione and Blouin, 2006 for
how the transmission process can influence genetic structure
among hosts). In contrast, the mtDNA restriction enzyme analysis
by Peng et al. (1998b) did not reveal any significant genetic differ-
entiation in Ascaris among pigs in two neighboring villages in Chi-
na. Peng et al. (1998b) note they had low polymorphism (few
restriction enzymes were used), which could have precluded
detection of fine scale genetic structure. However, they also state
that the agricultural practices of using human and pig excrement
as fertilizer in China may have contributed to the homogenization
of parasites among pigs and resulted in a random distribution of al-
leles within the parasite populations.

At a regional scale (among locations within a country/conti-
nent), mild but significant genetic structure appears to be a com-
mon theme. For example, Nejsum et al. (2005a) reported GST

values (AFLP markers) between farms in a region or between re-
gions in Denmark of 0.05 and 0.027 (confidence intervals do not
overlap zero). In the USA, Nadler et al. (1995) noted an FST value
of 0.062 between two states (significance not tested with the en-
zyme markers). One of three enzyme markers had significant dif-
ferentiation (p < 0.05) between New Jersey and Iowa (USA)
samples in the study by Leslie et al. (1982). [Data were reanalyzed
in Arlequin using an exact test of population differentiation. Allele
frequencies used as input are those reported in the publication.]
One of three allozyme and three of five single copy nuclear loci
showed significant (p < 0.05) allelic differentiation between two
villages in Guatemala (Anderson et al., 1993; Anderson and Jae-
nike, 1997). [Data were reanalyzed in Arlequin using an exact test
of population differentiation.] The mtDNA also revealed low differ-
entiation between these two villages (village to the total,
GVT = 0.106; Anderson et al., 1995). In China, AMOVA analysis of
the ND1 haplotypes estimated a UST of 0.054 (p < 0.01, reanalysis
of data in Peng et al., 2005 conducted in Arlequin). Thus, at the re-
gional scale, Ascaris populations in pigs are somewhat isolated and
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do not represent a ‘‘panmictic’’ pool of parasites. Nonetheless, the
low levels of differentiation likely reflect some gene flow, which
is likely mediated by pigs being moved by humans, or only recent
isolation at a regional scale.

Global scale analyses also reveal significant structure of Ascaris
among pig populations. With the four single copy nuclear loci
(MYO, HEM, G9, and G12) that Anderson and Jaenike (1997) used
for both a regional analysis (two Guatemalan villages) and global
analysis (samples from Peru, USA, Philippines, Scotland, and Swit-
zerland), the mean FST was 0.087 (range, 0.019–0.189) at the regio-
nal level and 0.15 (range, 0.07–0.29) at the global scale. [Data were
reanalyzed in Arlequin using the reported allele frequencies.] Sim-
ilarly, Criscione et al. (2007b) report a multilocus (23 microsatel-
lites) FST of 0.238 between Guatemalan and Chinese pig samples.
Obviously, more data and better sampling designs are needed to
verify the regional versus global levels of genetic differentiation.
Nonetheless, the degree of differentiation at the global scale qual-
itatively appears to be higher than at the regional level. This pat-
tern may reflect longer periods of isolation among global Ascaris
populations in pigs, but could also be influenced by a history of
multiple host-colonization events (see Section 5).
3.3. Transmission among humans

Local scale population genetic studies can greatly facilitate our
understanding of the transmission process because they provide an
indirect means to infer dispersal among host individuals. In Dhaka,
Bangladesh, no genetic structure was found among Ascaris infra-
populations collected from eight children (Ibrahim et al., 1994).
However, the low polymorphism at just three allozyme loci may
have precluded detection of fine scale structure. Restriction en-
zyme data of the mtDNA have also been used to examine for local
structure. Anderson et al. (1995) reported a non-random distribu-
tion of parasite haplotypes among individual people (for hosts
within villages, GHV = 0.206). With the caveats that mtDNA pro-
vides only a single marker and only reflects female dispersal, the
data of Anderson et al. (1995) suggest a non-random recruitment
of parasites into their hosts. In contrast, Peng et al. (1998b) ob-
served no structure among people in the two villages. But as with
the pig data of Ascaris in Peng et al. (1998b), the use of fewer
restriction enzymes or cultural practices of using human and pig
feces as fertilizer may explain the lack of structure.

Although population genetics studies yield data on the pattern
of parasite transmission among hosts (e.g., random vs. non-
random), incorporation of molecular data into a landscape genetics
framework can provide detailed information on epidemiological
correlates to the transmission process and potentially identify
source pools of infection. The latter approach was used by Crisci-
one et al. (2010) to examine the epidemiology of Ascaris in Jiri, Ne-
pal. In this study, 23 autosomal microsatellites were analyzed with
Bayesian clustering methods and spatial autocorrelation analyses.
Analysis of 1094 worms from 320 people across 165 households
revealed significant genetic structuring on a very small scale
(14 km2). The results of the population clustering analyses were
subsequently incorporated into multivariate regression methods
to elucidate spatial, geographical, or epidemiological features asso-
ciated with the partitioning of genetic variation in the sampled
worms. These analyses revealed three key insights into Ascaris
transmission in Jiri. There were separate foci of transmission on
this local scale, households and nearby houses shared genetically
related parasites, and people reacquired their worms from the
same source pool of infection over time. These results challenge
the dogma that a single human community will correspond to a
homogenous parasite population. Thus, in Jiri, multiple source
pools of infection need to be considered when modeling parasite
transmission, especially in relation to modeling drug treatment
control strategies (Criscione et al., 2010).

In contrast to pigs, regional studies of Ascaris in humans do not
always reveal significant structure. Although, mtDNA showed sig-
nificant structure between two Guatemalan villages (village to
the total, GVT = 0.09; Anderson et al., 1995), three allozyme and five
single copy nuclear markers do not show any significant differ-
ences (Anderson et al., 1993; Anderson and Jaenike, 1997). [Data
were reanalyzed in Arlequin using the allele frequencies reported
in the publications.] Microsatellite data did not reveal any signifi-
cant structure among four villages of Unguja, Zanzibar (Betson
et al., 2011) or villages in Uganda (Betson et al., 2012). In China
(Peng et al., 2005), AMOVA analysis of the ND1 haplotypes re-
turned a UST of 0.084 (p < 0.01, reanalysis of data conducted in
Arlequin). Keep in mind, however, that the ‘‘regional’’ scale from
the samples in China likely encompasses greater geographic dis-
tances, and thus may account for the difference to the other regio-
nal studies. With the current data, one can only speculate that
human movement tends to disperse parasites at the regional scale.

As with the pig Ascaris, human Ascaris populations show strong
structure among global populations. For example, Betson et al.
(2011, 2012) found very high FST values (0.12–0.54) between Zan-
zibar villages and Uganda villages. Likewise, microsatellite data
show very high FST values among samples from Guatemala, Nepal,
and China (Criscione et al., 2007b) and the four single copy nuclear
loci used by Anderson and Jaenike (1997) all showed significant
(p < 0.05) allelic differentiation among global locations. [Data were
reanalyzed in Arlequin using an exact test of population differenti-
ation.] Again, global isolation and/or multiple host-colonization
events may contribute to high structure at the global scale.
4. Inference of host affiliation and infection success

Knowledge of host affiliation and infection success into differ-
ent host species is essential for understanding parasite transmis-
sion. Early experiments highlight both humans and pigs are
possible hosts for each other’s Ascaris parasite (Galvin, 1968; Tak-
ata, 1951). In addition, ascariasis was identified in dogs (Sharabi
et al., 2010), squirrels, bears, primates and possible accidental
infections in cattle and sheep (reviewed in Crompton, 1989b; Lor-
eille and Bouchet, 2003). These findings raise questions about host
affiliation and infection success of Ascaris in nature that are hard to
address by traditional biological and epidemiological methods. As
discussed in Sections 2 and 3 above, population genetics data have
revealed clear host-associated populations. Nonetheless, the ge-
netic differentiation observed between the natural Ascaris host
associated populations may not reflect a genetic determinant that
enables the parasites to differentially infect and reproduce within
the different host species. For example, factors unrelated to the
host such as the external environment, exposure opportunity, or
manner of the process of infection may result in host affiliated par-
asite populations in nature (McCoy, 2003; Wakelin and Bradley,
2002). Therefore, it is necessary to use experimental infections to
exclude environmental effects in order to determine if there is host
selection for host-associated parasites.

Molecular markers have been useful in ascertaining infections
success. Experimental infection of pigs and mice using Ascaris eggs
of selected genotypes (e.g., ITS1 genotype G1 derived from humans
and G3 derived from pigs) was conducted to test differential infec-
tion success of Ascaris originating from humans or pigs (Peng et al.,
2006). Initial findings indicate that there is a significant difference
in the ability of Ascaris eggs of genotype G1 and G3 to infect and
establish as larvae in mice and as adults in pigs. The disparity in
recovery rates from pigs (also from mice) could be explained as
family variation in infection success as was observed in Nejsum
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et al. (2009b) (discussed below). Nevertheless, the results are in
the direction consistent with the very low prevalence of genotype
G1 and very high prevalence of genotype G3 in naturally infected
pigs in China, and may suggest host affiliation is driven by host-in-
duced selection (Peng et al., 2003, 2007). It will be of interest to re-
peat this experiment where there is replication within genotype
lines to account for among family variation (i.e., multiple families
of G1 and G3 are tested). If the results remain the same, this will
be a strong indication that host-selective forces may drive the local
genetic differentiation patterns between human and pig associated
populations of Ascaris. Note we are not saying that the ITS1 geno-
type itself is responsible for infection into different host species,
rather the genotypes are simply markers of family lines and host
origin.

Genetic markers have also been used to help characterize the
infection success of Ascaris progeny of known maternal origin. Nej-
sum et al. (2009b) performed inoculation experiments on pigs
using egg mixtures from 4 female worms. Infection success among
these 4 families could be monitored due to the fact that each of the
4 female parents had a different mtDNA haplotype, which is mater-
nally inherited. Results revealed significant differences in the
abundance and distribution along the small intestine, as well as
the size of worms among the 4 families within a pig (Nejsum
et al., 2009b). Moreover, the pattern also varied among pigs. These
results indicate that not only may there be ‘‘a competition mecha-
nism’’ for the 4 strains of Ascaris within the same host individual,
but that also host genetic variation may alter these interactions
as family infection success varied among different pigs. Impor-
tantly, these data show that infection success can vary among
worm families. The authors highlight that their results challenge
the hypothesis of infection rates being determined by simple host
contact rates.

It is interesting to speculate if the variation in family infection
success observed in pigs (Nejsum et al., 2009b) is a potential expla-
nation for epidemiological patterns observed in human endemic
ascariasis. For instance, Hall and Holland (2000) analysed geo-
graphical variation in fecundity (measured by EPG) of A. lumbrico-
ides. They found that variation in fecundity was not due to
competition for resources or a ‘crowding effect’ and, that for any gi-
ven worm burden, there were relatively large differences in worm
fecundity. Thus, is this variation in fecundity a result of different
combinations of host–parasite genetic backgrounds? Similarly,
Peng et al. (2003) studied Ascaris fecal egg profiles from humans.
Eggs were classified into three profiles: a mixture of fertilized
and unfertilized eggs (FUE), fertilized eggs only (FEO), and unfertil-
ized eggs only (UEO). Results showed 71% FUE, 26% FEO, and 3%
UEO from all adult Ascaris expelled after anthelmintic treatment
(Peng et al., 2003). Given the evidence of contemporary cross-
transmission and the finding of hybrid or first generation migrant
worms into human hosts, it would be interesting to see if these
unfertilized eggs are coming from worms that are of pig origin
(or recent pig Ascaris ancestry). Such data may further highlight
host-selection as a mechanism of the host-affiliation patterns
(i.e., worms of pig or hybrid origin have reduced fitness in the hu-
man host).

If host selection is causing the host-affiliated Ascaris popula-
tions, then what might be some of the host–parasite interactions
determining the infection outcome? Preliminary findings from
experimental infections of mice with Ascaris of human origin
(ITS1 G1 genotype) and pig origin (marked by the G3 genotype)
showed a significant difference in host mean spleen weight (Table
1, Peng et al., 2006), and in the level of some cytokines (TNF-a, IFN-
r, IL-2 and IL-5) (Zhang et al., 2008). Furthermore, distinct differ-
ences in egg hatching (the timing and location of hatching, and
the numbers hatched), and in larvae migration and distribution
(the means and constituent ratios, the time of peak recovery, and
larvae reappearing in intestines) of the two different genetically
marked lines were also observed (Qiu, 2007). These all call for fu-
ture investigations on the relationship between Ascaris with
known host-origin (which is followed via genetic markers) and
host susceptibility/resistance and immune responses.
5. Inference of evolutionary history from genetic data

The evolutionary history and species status of human and pig
Ascaris has been a bit more problematic to resolve. It is clear there
is genetic divergence between sympatric human and pig Ascaris.
Consequently, the question is, was there a single host-shift result-
ing in diverged host-affiliated populations (or species)? Anderson
et al. (1993) first reported two divergent mtDNA clades (about
3–4%) and subsequent studies in China and Africa support the exis-
tence of these two clades (Peng et al., 1998b, 2005; Betson et al.,
2011, 2012). At face value, it is tempting to infer that two such
clades represent historical isolation among humans and pigs. How-
ever, there are four arguments that cloud this interpretation. First,
from a genetic yardstick perspective, 3–4% mtDNA divergence is on
the borderline of ‘‘cryptic species’’ recognition in many metazoan
parasites (Blouin, 2002; Vilas et al., 2005). Therefore, maybe inter-
mediate haplotypes representing intraspecific variation have just
not yet been sampled. Second, under a population genetics model
of continuous low-dispersal, deep phylogenetic lineages can
emerge in the absence of historical barriers to gene flow (e.g.,
vicariance or host–race isolation) (Irwin, 2002; Kuo and Avise,
2005). Third, Anderson and Jaenike (1997) and Nejsum et al.
(2010) both identified mtDNA haplotypes that fall out in a third
clade that is about equally divergent from the other two known
mtDNA clades. Thus, what led to the evolution of a third divergent
clade? Fourth, genetic differentiation on a global scale is higher
among populations of a host species relative to between host spe-
cies for both mtDNA and nuclear markers (Anderson and Jaenike,
1997; Criscione et al., 2007b). In fact, the results of Criscione
et al. (2007b) suggest that host-associated populations emerged
after geographical isolation. Thus, geography and multiple host-
colonization events may have also played an important role in
the evolutionary history of human and pig Ascaris. Under a multi-
ple host-colonization hypothesis, Ascaris (of pig or human origin)
colonizes a new geographic location, but in a single host species.
Next, a cross-transmission event leads to establishment in the
other species in this new location. If conditions are suitable for
transmission in both human and pigs, genetic differentiation pro-
gresses between the two host-associated populations in sympatry.
The process would repeat upon colonizing a new geographic loca-
tion. Considering reports of mature pig-derived parasites (i.e. grav-
id females) in humans from areas of non-endemic human
transmission (Anderson, 1995; Nejsum et al., 2005b), multiple host
colonization events seem plausible. Moreover, genetic data (AFLP,
ITS1, and mtDNA) have shown that non-human primates (chim-
panzees) have acquired Ascaris from pigs in a Denmark Zoo. These
infections have persisted since 2003 and egg embryonation was
confirmed (Nejsum et al., 2006, 2010). This example provides evi-
dence of a successful host jump and colonization event.

Nadler and Hudspeth (2000) state ‘‘Addressing the species sta-
tus of host-associated Ascaris taxa with sequence data requires
population-level sampling’’. We agree with this argument, but to
it add that a combined analysis with more global data from multi-
ple sympatric human and pig samples and incorporating many se-
quenced loci (as such that might be obtained from next generation
sequencing methods) will likely be needed to resolve the history of
Ascaris between humans and pigs. Recent publications of the A.
suum (Jex et al., 2011) draft genome and complete mtDNA gen-
omes (one worm from humans and another from pigs; Liu et al.,
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2012) should greatly facilitate future molecular based studies com-
paring human and pig Ascaris.

It is important to tease apart if multiple colonization events
have occurred historically. If multiple colonization events have oc-
curred then this suggests that even in areas of non-human trans-
mission, there remains the possibility (likely depending on local
economic and behavioral factors) of establishing a human trans-
mission cycle if parasites persist in sympatric pig populations (Cri-
scione et al., 2007b). Furthermore, a recurrent pattern of
colonization means that one cannot infer local contemporary
cross-transmission based on global allele frequency data. An allele
common in one host species in one location may be rare in that
same host species in another location. For example, Betson et al.
(2011) found the CO1 haplotype H9-809 (a common Ascaris haplo-
type in humans in China) to be common in pigs from Uganda. Yet,
H9-809 is rare in pigs in China (Peng et al., 2005). These authors
(Betson et al., 2011) also note that the finding of ‘‘pig’’-haplotypes
(as found from Chinese samples; Peng et al., 2005) from human
samples in Zanzibar was ‘‘perhaps surprising given the present rar-
ity of these animals on Unguja’’. However, the result would not be
so surprising under the multiple host-colonization hypothesis or a
historical introgression event. Either way, these latter two histori-
cal scenarios also highlight the limitations of using single markers
to interpret cross-transmission. Thus, determination of parasite
allele frequencies (at multiple loci) in both local human and pig
populations will be needed to test the hypothesis of local contem-
porary cross-transmission.

6. Use of genetic markers to study mating dynamics, diagnostics
and paleoparasitology

Parasite mating and reproductive success are important epide-
miological parameters as they determine a parasite’s fitness and
ultimately, control population growth of the parasite. Thus, it is
critical to understand how the host–environment affects parasite
fecundity, mating opportunities, or infection success of parasite
larvae. Unfortunately, because Ascaris is an endoparasite, mating
interactions cannot be directly observed. Furthermore, following
the infection success of parasite offspring of a given parent would
be next to impossible in the field. However, genetic markers can be
employed to address these latter two situations under experimen-
tal conditions. For example, Zhou et al. (2011) used microsatellites
and paternity analyses to show that there is polyandry in pig Asca-
ris. Whereas previous studies were limited to assessing female
reproductive success (e.g., Walker et al., 2010), paternity analyses
provide a means to determine male reproductive success. It is also
interesting to note that several epidemiological studies on human
Ascaris have found a male to female ratio less than 1 (Cabrera,
1984; Elkins and Haswell-Elkins, 1989; Monzon, 1991; Peng et
al., 2002; Seo, 1990). Paternity analyses from field data could help
confirm if there are really fewer males in the host or if some males
that were successful at mating were just lost from the host prior to
sampling. Understanding male and female reproductive skew in
the field will also be important for assessing what controls Ascaris
effective population size (an important population genetics param-
eter that affects overall levels of genetic diversity; Criscione and
Blouin, 2005).

Several molecular diagnostic approaches have been developed
to aid in epidemiological studies of Ascaris because sometimes only
egg or larval stages are available for study. For example, Carlsgart
et al. (2009) successfully sequenced ITS1 and mtDNA from a mul-
tiplex PCR of individual eggs. Such a method may be helpful in
screening patients from fecal samples (e.g., Leles et al., 2009).
Egg or larval stages are also often morphologically indistinguish-
able among closely related parasite species, but genetic markers
can help identify species (Criscione et al., 2005). For example,
because experimental infections have shown that chickens can
possibly serve as a paratenic host to Ascaris, Ishiwata et al.
(2004) undertook a study to identify tissue-embedded ascarid lar-
vae in naturally infected turkeys. In this case, the molecular iden-
tification revealed larvae of Toxocara canis and not Ascaris. Such
methods may prove useful in confirming suspected human cases
of visceral larva migrans caused by Ascaris (e.g., Maruyama et al.,
1996). Another useful application was the recent development of
a real-time PCR method of the ITS1 rDNA to quantify Ascaris egg
viability (Pecson et al., 2006). As the authors note, further develop-
ment of this method may provide a faster and more accurate mea-
surement of Ascaris eggs after treatment of wastewaters.

Ascaris molecular epidemiology has also made its way into the
field of paleoparasitology. Loreille et al. (2001) were the first to
successfully amplify small fragments of Ascaris DNA (176 bp of
18s rDNA and 98 bp of CytB mtDNA) from eggs found in 600 year
old coprolites in Namur, Belgium. Subsequent studies have used
the same DNA regions to verify Ascaris identifications from copro-
lite or mummified samples from pre-Columbian South American
sites (as far back as 8000 years before present; Leles et al., 2008)
and a medieval tomb in Seocheon, Korea (Oh et al., 2010). As with
all fossil data, it should be recognized that the lack of finding par-
ticular genetic variants in paleosamples is not evidence that such
variants never existed in that region as the fossil record is likely
incomplete. Nonetheless, as suggested by Loreille and Bouchet
(2003), molecular paleoparasitological data on Ascaris has the po-
tential to provide insight into the evolutionary history of Ascaris.
For example, if the three divergent mtDNA clades that are cur-
rently seen in modern samples (see Section 5) can be found in sam-
ples that pre-date pig domestication, then the currently observed
mtDNA divergence would unlikely be due to mechanisms arising
from modern day human–pig interactions. Also, pre-Columbian
samples may shed light on genetic diversity in Ascaris of humans,
but without the presence of pigs as pigs were not yet introduced
into the Americas.
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