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Abstract

The nematode worm Spirocerca lupi has a cosmopolitan distribution and can cause the death

of its final canid host, typically dogs. While its life cycle, which involves a coprophagous

beetle intermediate host, a number of non-obligatory vertebrate paratenic hosts and a canid

final host, is well understood, surprisingly little is known about its transmission dynamics and

population genetic structure. Here we sequenced cox1 to quantify genetic variation and the

factors that limit gene flow in a 300km2 area in South Africa. Three quarters of the genetic

variation, was explained by differences between worms from the same host, whereas a quarter

of the variation was explained by differences between worms from different hosts. With the

help of a newly derived  model we conclude that while the offspring from different

infrapopulations mixes fairly frequently in new hosts, the level of admixture is not enough to

homogenize the parasite populations among dogs. Small infrapopulation sizes along with

clumped transmission may also result in members of infrapopulations being closely related.
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1.  Introduction

Spirocerca lupi occurs globally in tropical and sub-tropical areas and causes

spirocercosis in canids, predominantly dogs (van der Merwe et al., 2008). Spirocercosis can

be fatal when the oesophageal nodules undergo malignant transformation to sarcoma, with

subsequent metastasis to other sites (van der Merwe et al., 2008). Spirocercosis is also fatal

when it causes rupture of the aorta during larval migration. Occasionally, aberrant larval

migration to inappropriate tissues can result in a variety of life threatening problems (Dvir et

al., 2010). In recent years South African and Israeli veterinarians have reported an increase in

spirocercosis (van der Merwe et al., 2008).

Spirocerca lupi's life cycle can be summarised as follows: eggs containing first stage

larvae (L1) are ingested by coprophagous beetles where the worm develops to the third stage

larvae (L3). If an infected beetle is consumed by a paratenic host, which include birds, lizards

and rodents, the larvae excyst and then re-encyst in a variety of tissues (Bailey, 1972; van der

Merwe et al., 2008). The final host can contract spirocercosis by consuming either the beetle

or the paratenic host. Ingested L3 larvae penetrate the gastric mucosa and migrate in the wall

of the gastric and coeliac arteries to the caudal thoracic aorta, where they moult to L4 and

finally to adults.  Young adult worms then migrate from the aorta to the oesophagus below,

where they induce the formation of nodules. From here they lay eggs into the dog's alimentary

tract.

All quantitative studies suggest that S. lupi populations undergo frequent fluxes

(Chandrasekharon et al., 1958; Bailey, 1972) and the recent increases may be just that, or it

could also be the result of increased vigilance of veterinarians for the parasite. Traversa et al.

(2007) genotyped 20 S. lupi worms originating from Africa, Asia and Europe and found that

their samples from Israel (7), Iran (3) and South Africa (4) were identical. Given the vast

distances, this observation may suggest a very recent global expansion of one mitochondrial

DNA haplotype, possibly explaining the observed increase in the incidence of cases.

Similar to some macroparasites (Nadler, 1995; Criscione et al., 2010; Ferguson et al.,

2011), S. lupi has fairly small infrapopulation sizes – based on counts in du Toit et al. (2008)

and van der Merwe et al. (2008) a minimum estimate of the harmonic mean infrapopulation

size is N = 6 (the harmonic mean number reflects the effective population size the best;

Nadler, 1995; Hedrick, 2000). In such a small population, genetic drift will reduce genetic

variation of the population of co-transmitted parasites, while increasing the genetic

differences between populations of co-transmitted parasites (Nadler, 1995; Sire et al., 2001;
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Criscione and Blouin, 2006; Steinauer et al., 2010). For instance, if two alleles are present at

equal frequencies of 0.5, one of the alleles is expected to be lost within 2.8N generations

(Hedrick, 2000). In other words, if subpopulations of parasites do not merge and cycle

between the final and intermediate host, genetic variation within the subpopulation will be

lost in 2.8´6/2 = 8.4 generations. The division by two is because there is a sampling effect

going from the dog to the beetle and from the beetle to the dog. For mitochondrial variation

this clearance of genetic variation will occur even faster because only females transmit the

DNA and have only one copy each, i.e. if the sex ratio is 50:50 it will clear four times faster

and the subpopulation will be homogenous at their mitochondria within 2 life cycles.

On the other hand, the merger of subpopulations of parasite into one infrapopulation

results in gene flow that will homogenize the genetic variation between infrapopulations (the

parasites of a specific species in one host (Margolis et al., 1982)). Such mergers can occur

when third stage larvae from different intermediate/paratenic hosts are consumed by one

paratenic/final host or when an intermediate host consumes faeces from different infected

dogs resulting in the merger of the descendants of different infrapopulations. Therefore we

can deduce the rate of amalgamation of genes from different infrapopulations by determining

how genetic variation is structured within and between hosts (Criscione and Blouin, 2006;

Archie et al., 2008; Steinauer et al., 2010).

Although studies on parasitic helminths have found situations where there is no

genetic distinction between infrapopulations (Criscione and Blouin, 2006; Johnson et al.

2006) it is more common to have some discernable genetic differences between

infrapopulations although these differences tend to be small (Mulvey et al., 1991; Anderson et

al., 1995; Jobet et al., 2000; Sire et al., 2001; Criscione et al., 2007). Significant between-host

differences are frequently explained as a result of clumped transmission and small

infrapopulation sizes resulting in little gene flow and strong drift (Nadler, 1995; Criscione et

al., 2010), whereas small differences are associated with larger infrapopulations (Sire et al.,

2001; Theron et al., 2004; Johnson et al., 2006). Irrespective of the between host differences,

it is possible to find no genetic structure over vast geographic distances (Jefferies et al., 2010;

Baldwin et al., 2011) or significant structure (Wu et al., 2009; Belanger et al., 2011), in some

populations, even at a local scale (Criscione et al., 2010).

Nothing is known about the population genetic structure and transmission dynamics of

S. lupi. The aim of this study is therefore to quantify how genetic variation of S. lupi is

structured within and between hosts in order to gain an appreciation of transmission
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dynamics. To this end we develop a model for relating the rate of population amalgamation

with FST. We can also use the genetic variation to test if the population size has been growing.

2.  Materials and methods

2.1.  Spirocerca samples and DNA extraction

DNA was isolated from three worms per dog for twenty dogs giving a total sample

size of 60 S. lupi individuals. These worms were collected at the Onderstepoort Veterinary

Academic Hospital of the University of Pretoria (the largest referral hospital in Africa).  The

samples were obtained from dogs brought to the facility for necropsy.  All dogs from which S.

lupi individuals were sampled originated from the Pretoria and Centurion areas in South

Africa (Fig. 1).

All worms used for DNA extraction were individually washed three times with 96%

ethanol prior to transfer to separate Eppendorf tubes. The worms were crushed using liquid

nitrogen.  DNA was extracted using the DNeasy® Blood and Tissue Kit (Qiagen) following

the manufacturer’s protocol for DNA extraction from insects.  All samples were lysed

overnight at 55°C before completion of the procedure.

2.2.  PCR amplification and sequencing

Genetic variation was quantified by sequencing a mitochondrial gene, cytochrome

oxidase I (cox1). The cox1 mitochondrial gene has a high evolutionary rate (Powers, 2004),

which makes the gene a good candidate for the study of intraspecific genetic variation.  In the

study of parasitic nematodes, cox1 has been used to characterize genetic variation within and

between species (Hu et al., 2002; Hebert et al., 2003; Otranto et al., 2005).

Spirocerca lupi cox1 was amplified using primers previously designed and

successfully used in nematodes (Bowles et al., 1992; Hu et al., 2002), namely JB3 (5’

TTTTTTGGGCATCCTGAGGTTTAT 3’) and JB4.5 (5’

AAAGAAAGAACATAATGAAAATG 3’).  These primers yielded an amplicon of

approximately 440 bp. PCR reactions of 50µl were performed using approximately 100 ng of

S. lupi DNA, 25 pmol of each primer, 10 mM of each dNTP, 3 mM MgCl2, 0.25 U AmpliTaq

Gold (Applied Biosystems) and GeneAmp PCR Gold Buffer to a final concentration of 15

mM Tris-HCl, 50 mM KCl (pH 8.0 at room temperature).  The PCR reaction conditions were
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adapted from a study of ITS in Thelazia (Otranto et al., 2001).  The programme consisted of

an initial denaturation of DNA and activation of polymerase step of 5 minutes at 95°C

followed by 35 cycles of 95°C for 1 minute, 58°C for 1 minute and 72°C for 1 minute.  A

final elongation step of 5 minutes at 72°C completed the amplification process (Eppendorf

Gradient Mastercycler). PCR products were purified using the High Pure PCR Product

Purification Kit (Roche Diagnostics).

Genomic DNA was used as a template for the amplification of a 440bp cox1 fragment.

Amplicons were sent to Macrogen Inc, Rockville, USA, where sequencing was performed

using an ABI 3770 automated sequencer.  Sequences were viewed and aligned in BioEdit

(Hall, 1999) using the Clustal W algorithm (Thompson et al., 1994).  Manual analysis of

sequences was performed to ensure complete accuracy.

2.3.  Statistical analyses

An AMOVA was performed in Arlequin 3.11 (Excoffier et al., 2005) to test two levels

of population subdivision: 1) the dog host from which worms came (i.e. the infrapopulations)

and 2) the north and south sides of the Magaliesberg (mountain, Fig. 1). A Mantel test was

used to correlate the genetic and geographic distances between infrapopulations. Significance

was estimated with 10000 permutations (Excoffier et al. 1992). The overall jST between

infrapopulations was also estimated (Weir and Cockerham, 1984).

To obtain a visual appreciation for how clumped genotypes were in dog hosts, a null

distribution of the number of haplotypes per dog was created by assigning the observed

haplotypes randomly to each host (106 times). This distribution can be visualised in a ternary

plot with axes for the number of dogs with one worm haplotype, two worm haplotypes and

three worm haplotypes respectively. Significance was calculated as the sum of the probability

of the observed case and all more extreme cases (these calculations were performed in R

version 2.11.0 (R Development Core Team, 2010)).

Gene genealogies were calculated with statistical parsimony (Tempelton et al., 1992)

as implemented in TCS version 1.21 (Clement et al., 2000). The gene network showed two

haplogroups which may be the result of two former populations merging. To test this idea

Chakraborty's test of population amalgamation (Chakraborty, 1990) as implemented in

Arlequin 3.11 (Excoffier et al., 2005) was run on the data. For this test (and the next) we

trimmed our data by deleting repeated samples from the same dog as this can be the result of

recent ancestry so that the data cannot be considered independent (however, runs where all
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haplotypes were included lead to similar conclusions). To test if the population has been

expanding the mismatch distribution was analyzed with Arlequin 3.11 (Excoffier et al., 2005),

testing if the haplotype distribution differs from an expanding population model (Schneider

and Excoffier, 1999) and calculating the raggedness index (Harpending, 1994).

2.4. Amalgamation model

From our estimate of jST, a crude estimate of the number of female migrants can be

calculated as M = (1 – jST)/2jST (Slatkin, 1991). However, Whitlock and McCauley (1999)

have argued that these estimates are so dependent on unrealistic assumptions that it is

essentially meaningless (Holsinger and Weir, 2009). Here we briefly develop an alternative

model that does not make as many restrictive assumptions as the above estimate and takes

into account that a fraction of populations merge rather than a constant level of migration, M,

between populations. We assume a metapopulation composed of infinitely many

subpopulations (in this case each infrapopulation), each containing an effective copy number

of n alleles per population. All infrapopulations survive one generation only and a fraction (1

– a) of the new generation (t+1) populations are formed by sampling at random from a

randomly selected infrapopulation from generation t. The remaining fraction a, of new

populations are composed of a 50:50 amalgamation of two infrapopulations, both sampled at

random from generation t. FST = (HT – HS)/HT, with HT equal to the probability that two alleles

sampled at random from the entire population are not identical by recent descent and HS is the

equivalent probability sampling from a subpopulation only, in our case the infrapopulation.

Given that the population is infinite in size HT is normally assumed to be 1. This means that

FST = 1 - HS which is equal to the chance that two randomly sampled alleles from a population

are identical by recent descent, f. We proceed to calculate the equilibrium value of f by setting

up a recursion equation: the chances that two randomly drawn alleles from a subpopulation

(in our case infrapopulation) are copies of the same gene in the previous generation is 1/n

(irrespective of if the new population is an amalgamation or not). Additionally, if the two

drawn alleles are not copies from the same allele in generation t (= 1-1/n in non-amalgamated

populations and = ½ - 1/n in amalgamated populations), they may still be identical by recent

descent from previous generations and this is equal to ft-1. This yields the recursion equation:
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Seeing as FST = f~ , we can rearrange equation (1), inserting our estimates of FST and n to

solve for the rate of amalgamation, a = 2(1 – FST)/nFST. We can use this model to draw FST

isoclines in the parameter space of infrapopulation size (n) and the rate of population

amalgamation (a) (Fig. 2). Simulations indicate that these equilibria of FST are reached rapidly

(within ten generations).

3.  Results

3.1.  Population genetic structure

Eleven haplotypes were identified and their sequences submitted to Genbank under

accession numbers HQ674751 to HQ674761 (Table 1). These all translated into amino acids

without any stop codons. Within the 346 scored nucleotide sites there were 20 segregating

sites, with 18 transitions and 3 transversions. On average there were 6.57 pairwise differences

between all the combined sequences, giving a nucleotide diversity (π) of 0.01898. The

AMOVA showed that most of the genetic variation, 76%, is explained by differences between

worms from the same dog, while a not insignificant fraction (28%) of the variation is

explained by differences between infrapopulations (Table 2). The sides of the mountain

explained none of the genetic variation; in fact the sides were more similar than expected

from chance (Table 2). The global jST among dogs of 0.272 was significant (p = 0.0086)

while the pair-wise jST values were not correlated with the distances between dogs (r = -

0.047; p = 0.658).

The random assignment of data underscores this finding showing that haplotypes are

significantly more clumped than random (p = 0.0328; Fig. 3). Under a random assortment of

haplotypes the most likely observation would have been that two of the single haplotype dogs

and two of the two-haplotype dogs contained three haplotypes. We note that dogs containing
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a mixture of the two haplotype groups (see below) are nearly significantly underrepresented

(chi-squared test: X2
2 = 4.218, p = 0.06).

At a 95% connection limit of parsimony, TCS split the cox1 network into two, but at

94% the limit of parsimony was 8 mutation steps, which allowed the two haplotype groups to

be connected (Fig. 4).  The first haplotype group is comprised of haplotypes 1, 2, 3, 6, 9 and

10, and the second group includes haplotypes 4, 5, 7, 8 and 11.

3.2. Population dynamics

Although the observed number of 11 alleles are more than the expected 8.15, this

difference was not significant (p = 0.14). The goodness of fit tests show that the estimated

expansion model differed significantly from the data (SSD = 0.1207, p = 0.014). The

raggedness index of 0.279 was significantly greater than the estimated model (p = 0.0001) and

the mismatch distribution shows the peakiness of a typical stationary population (Fig. 5).

4.  Discussion

Three quarters of the genetic variation was explained by differences between worms

sharing the same host while the remaining quarter was explained by differences between

infrapopulations. Although we found two haplogroups of worm, we found no significant

evidence to suggest that it is the result of two populations having made secondary contact. We

found evidence that the population is stable in size rather than that it has grown. Given the

structuring of the genetic variation over infrapopulations and the small infrapopulation sizes,

at least 20% of populations are the result of the amalgamation of offspring originating from

different parent infrapopulations, but this value may be as high as 60%.

For cox1 we identified 11 haplotypes from sixty sequences in 300km2. This is more

than the 2 haplotypes identified by Traversa et al. (2007) looking at 20 S. lupi worms, but

originating from three continents (Africa, Asia and Europe). This low variation of Traversa et

al. (2007) is at odds with the high variation we observed at a local scale and more data will be

required to resolve this inconsistency.

Neither the AMOVA, nor the Mantel test found any evidence for geographical

structure of the studied population. This means that either the winged intermediate beetle

hosts, or the final dog hosts move around sufficiently to prevent the build-up of local variants

at this geographical scale. Despite the inability of many macroparasites to disperse actively
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their populations are frequently unstructured due to the movement of intermediate or final

hosts (Jefferies et al., 2010; Baldwin et al., 2011). More variable DNA markers such as

microsatellites may mutate fast enough to pick up local structure, but the cox1 data suggest

that geographically, S. lupi is unstructured in this population of 300km2. From a

metapopulation perspective it suggests that gene flow is equally likely between all

subpopulations.

Even though the S. lupi population is unstructured at a local geographical scale, it does

not mean that infrapopulations are randomly composed of genotypes from the

suprapopulation (Anderson et al. 1995). Our estimate of jST in S.lupi is higher than typical

estimates for other macroparasitic worms (Table 3) suggesting lower levels of gene flow.

However, note that n for mitochondrial DNA is four times smaller than for diploid genomic

DNA. The heavy lines in Fig. 2 connects observed mt DNA FST values with expected FST

values for nuclear DNA. It is clear that these expected values are comparable to estimates of

other macroparasites listed in Table 3. Our model suggests that the amount of admixture

required to obtain these values of FST are fairly high: for infrapopulations composed of an

average of 24, 12 or 6 female worms, respectively 22, 45 or 90% of infrapopulations are a

mixture of worms descending from different parent infrapopulations. Even at the lowest of

these rates, only 30% of populations can expect to avoid amalgamation for more than 5

generations. Because we worked with mitochondrial DNA we can only estimate the

movement of females, but since this parasite has no free living phase and the sex ratio seems

to be unbiased (Anantaraman and Sen 1966), it is hard to imagine how male worms would

migrate differently from females. Given that there was no geographical structure, the model

assumption that founders are sampled from random parent infrapopulations is not violated at a

local scale.

From ecological data gleaned from the literature we can also try to see if

subpopulations amalgamate: If we consider that dogs frequently have around 4 nodules, each

containing about 6 worms (van der Merwe et al., 2008), and that less than half the consumed

larvae normally manage to establish (Bailey, 1972) this gives us a rough estimate of 48

consumed larvae. Although infected beetles can harbour in excess of 100 larvae, the average

number in Pretoria is 32 (n = 10, du Toit et al., 2008).  This suggests that dogs may have to

eat more than one infected beetle to reach the observed infrapopulation size. Population

mergers can also occur in paratenic hosts (Rauch et al., 2005; Dávidová et al., 2011) such as

lizards or birds that eat intermediate beetle hosts more readily than dogs do and that can be

riddled with larvae (Anantaraman and Sen 1966; Bailey, 1972).
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The jST between infrapopulations in our urban sample may be uncharacteristically low

as compared to rural and wild areas. The urban areas of Pretoria have a 5 times higher

prevalence of S. lupi larvae in intermediate beetle hosts than surrounding rural areas (13.5%

versus 2.4%; du Toit et al., 2008). This high prevalence may be explained by the dense final

host populations in urban areas (JMG counted 41 dogs on his block, which is 0.023km2 giving

a density of 1775 dogs per squared kilometre). With such a high prevalence in the

intermediate host, final hosts can be expected to be infected by multiple beetles more

frequently which will increase the genetic variation of infrapopulations and decrease the

differences between infrapopulations (Eppert et al. 2002). In rural settings dog densities are

much lower and their distribution is more clumped around farm homesteads. Under natural

conditions canids are normally territorial leading to lower densities (Pitt et al., 2003) and our

results should thus not be extrapolated to wild populations.

If within host variation is an important determinant of virulence as suggested by

theory (Frank, 1996; Berens et al., 2007; Restif, 2009), the more frequent amalgamation of

infrapopulations (Eppert et al., 2002) in urban areas should lead to a more virulent parasite

population. It may be interesting to compare virulence between such populations.

While our results support the idea that infrapopulations may frequently amalgamate,

the small size of the infrapopulations results in sampled worms often being close relatives and

in high drift reducing genetic variation within the infrapopulations (Criscione et al., 2005).

For this reason 25% of genetic variation exists between infrapopulations.

At least one long branch can be expected in networks of sampled alleles as the average

coalescence time of the last two alleles in a population takes just as long as the coalescence of

all the other alleles combined (Hedrick, 2000). A long branch could also result if two

formerly isolated parasite populations make secondary contact such as may have occurred

with the introduction of European breeds of dog to southern Africa. Although there is one

relatively long branch in the network, Chakraborty's amalgamation test showed that there is

no evidence that it resulted from underlying population substructure. Tests to see if the

perceived increase in spirocercosis could be the result of an increase in the parasite population

size suggested that rather than growing, S. lupi seems to have been a stable population for a

long time.
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 Tables

Table 1. The haplotypes of 60 S. lupi individuals sampled from twenty dogs.

Haplotype

Worm 1 Worm 2 Worm 3
Dog 1 1a 1 2
Dog 2 1 1 3
Dog 3 1 4b 5
Dog 4 4 5 5

Dog 5 1 6 6
Dog 6 1 5 7

Dog 7 5 8 8
Dog 8 1 5 5

Dog 9 1 5 5

Dog 10 1 4 9
Dog 11 1 1 4

Dog 12 1 1 1
Dog 13 1 1 4

Dog 14 1 4 4
Dog 15 4 5 5

Dog 16 1 10 11

Dog 17 1 1 5
Dog 18 5 5 5

Dog 19 5 5 5

Dog 20 1 5 5
a Boldface numbers indicates haplotypes from haplogroup 1
b Normal type numbers indicates haplotypes from haplogroup 2.
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Table 2.  AMOVA design and results for cox1.

Source of variation df SS
variance

components

% of

variation
p

Among sides of the

Magaliesberg
1 0.933 -0.149 -4.61 0.883

Among dogs within

sides of the

Magaliesberg

18 94.167 0.922 28.45 0.009

Within dogs 40 98.667 2.467 76.15 0.012

Total 59 193.767 3.240
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Table 3. A summary of studies that quantified between host genetic differentiation of

macroparasitic worms.

Species Marker Between host

FST or % of

genetic variation

Reference

Blatticola blattae RAPD 0.253 Jobet et al.

Ascaris mtDNA restriction 0.206 (humans)

0.203 (pigs)

Anderson et al. 1995

Ascaris suum isozymes and

RAPD

0.09 Nadler et al. 1995

Ascaris lumbricoides microsatellites 0.081 Criscione et al. 2007

Schistosoma mansoni RAPD 0.08 Sire et al. 2001

Schistosoma mansoni RAPD 0.061 Theron et al. 2004

Plagioporus shawi microsatellites 0-0.01 Criscione and Bluoin

2006

Ascaris lumbricoides microsatellites 0.005 Criscione et al. 2010

Trychostrongylus tenius microsatellites 0.00 Johnson et al. 2006
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Figures

Fig. 1. Sample locations in the Pretoria and Centurion area of South Africa (see inset). The

thin lines indicate rivers (flowing to the north, is the Apies river and one of its tributaries; in

the south, flowing to the east is the Hennops river.  The feathered heavy line indicates the

eastern tip of Magaliesberg mountain; each circle represents one dog and each third represents

one of the three worms sampled per dog. The circle is centred on the locality unless more than

one dog was sampled per locality in which case a smaller filled circle indicates the locality.

Black colouring indicates that the mitochondrial haplotype falls in the 2nd haplotype group

and white colouring refers to haplogroup 1. Numbers next to the circles indicate the identity

of the sampled dog.

Fig. 2. Isoclines of expected FST values given that a fraction a of infrapopulations were

formed by the amalgamation of offspring from two parent infrapopulations and that

infrapopulations contain n effective copies of the allele. For mtDNA n is equal to the number

of females in the population. The heavy lines bounded by circles connect the observed FST =

0.272 for mitochondrial DNA to the equivalent expectation for nuclear markers such as

microsatellites due to the larger effective population size of nuclear markers.

Fig. 3.The ternary plot of the number of haplotypes per triad of worms from each dog (the

axis are number of dogs with three identical worms, two identical or no identical worms). The

black circle indicates the observed sample and the colour shading of the other circles

correlates with the probability of each possible combination with grey the lowest and browner

colours being more likely.

Fig. 4. Gene network for cox1 calculated using TCS version 1.21 (Clement et al., 2000).

Circle area is correlated with number of individuals of each haplotype (h1 = 22, h2 = 1, h3 =

1, h4 = 8, h5 = 20, h6 = 2, h7 = 1, h8 = 2, h9 = 1, h10 = 1, h11 = 1). Small circles are inferred

haplotyes to link sampled haplotypes most parsimoniously. Numbers in circles are the

haplotype number and numbers on lines are the sites that are mutated.

Fig. 5. The mismatch distribution of the trimmed (solid) and complete (dashed) sample.
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