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Background 



Antolin et al. 2002; Strapp et al. 2004

Example:

Sylvatic Plague in small mammals limited to 
west of  the 100th Meridian
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•  Splenic	  microbiota	  (16S	  MiSeq)	  

	  
	  
	  
•  Viral	  and	  protazoan	  seroposi1vity	  

	  
	  

•  Nematodes	  &	  Ectoparasites	  
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1 Sites  d’études 
 

Les  données  que  j’ai  collectées  sur  le  terrain  et  utilisées    au  cours  de  ma  thèse  proviennent  
de  deux  sites  d’études,  centrés  sur  deux  villages,  Boult-aux-bois et Briquenay, situés dans le 

nord-est de la France dans le département des Ardennes : (Figure 7). Ces deux villages se 

situent en zone rurale faiblement peuplée avec en moyenne 15 habitants au km² et sont 

distants  l'un  de  l'autre  d’environ  trois  kilomètres.   
Chaque site d’étude  couvre  une  superficie  d’environ  150  hectares  avec  au  centre  le  village,  
entouré   d’une  mosaïque   de   prairies   bocagères,   de   forêts   (feuillus   et   /   ou   résineux)   et   de  
cultures (Figure 8).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 : Localisation et  identité  des  deux  sites  d’études 
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(Apodemus spp, Myodes spp), 2) des pièges souterrains (piège BTS) et de surface (pièges 
INRA) pour les espèces prairiales (A. terrestris et Microtus.spp.) et 3) des cages grillagées 
pour le surmulot (R. norvegicus) dans les villages, au niveau des bâtiments ou le long des 
ruisseaux courants entre les habitations (Figure 11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 : Milieux, espèces échantillonnées et pose de pièges 
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Figure 8 :  Vue  aérienne  des  sites  d’études  de  Boult-aux-bois et Briquenay 

L’identification   des   différents   types   de   milieux   au   sein   de   chaque   site   d’étude   était  
disponible avec une échelle de production au 1/100 000

ième
 dans la base de données 

géographique CORINE Land Cover. Cependant, cette échelle ne me permettait pas de 

réaliser   une   cartographie   suffisamment   fine   des   habitats   nécessaire   à   l’élaboration   des  
différents  plans  d’échantillonnage  mis  en  œuvre  au  cours  de  ma  thèse.  J’ai  donc  effectué  un  
ensemble de relevés de terrains de manière à identifier et cartographier précisément 

chaque  type  de  milieu  sur  l’ensemble  des  deux  sites  d’études.   

Les différents types de milieux rencontrés se déclinent en 6 catégories : les prairies (prés de 

fauche et pâtures) ; les cultures ; les forêts ; les haies ; les potagers ainsi que les habitations 

(corps de fermes et greniers). Cette typologie a permis de vérifier que les proportions de 

chaque type d'habitat étaient équivalentes entre les deux sites et donc qu'ils pouvaient être 

considérés comme des réplicats paysagers (Figure 9).  
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Figure 11 : Milieux, espèces échantillonnées et pose de pièges 
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A growing number of studies are reporting simultaneous infections by parasites in many
different hosts. The detection of whether these parasites are significantly associated is
important in medicine and epidemiology. Numerous approaches to detect associations are
available, but only a few provide statistical tests. Furthermore, they generally test for an
overall detection of association and do not identify which parasite is associated with which
other one. Here, we developed a new approach, the association screening approach, to
detect the overall and the detail of multi-parasite associations. We studied the power of
this new approach and of three other known ones (i.e., the generalized chi-square, the
network and the multinomial GLM approaches) to identify parasite associations either due
to parasite interactions or to confounding factors. We applied these four approaches to
detect associations within two populations of multi-infected hosts: (1) rodents infected
with Bartonella sp., Babesia microti and Anaplasma phagocytophilum and (2) bovine
population infected with Theileria sp. and Babesia sp. We found that the best power is
obtained with the screening model and the generalized chi-square test. The differentiation
between associations, which are due to confounding factors and parasite interactions
was not possible. The screening approach significantly identified associations between
Bartonella doshiae and B. microti, and between T. parva, T. mutans, and T. velifera. Thus,
the screening approach was relevant to test the overall presence of parasite associations
and identify the parasite combinations that are significantly over- or under-represented.
Unraveling whether the associations are due to real biological interactions or confounding
factors should be further investigated. Nevertheless, in the age of genomics and the
advent of new technologies, it is a considerable asset to speed up researches focusing
on the mechanisms driving interactions between parasites.

Keywords: associations, interactions, modeling, parasite community, screening, GLM approach, network model,
chi-square test

INTRODUCTION
A growing number of studies of many mammal hosts, including
wild and domestic animals and humans, are reporting simulta-
neous infections by different microparasites (Cox, 2001; Palacios
et al., 2009; Saisongkorh et al., 2009; Tadin et al., 2012; Jacquot
et al., 2014), macroparasites (Byrne et al., 2003; Behnke, 2009;
Fenton et al., 2010) and both (Jolles et al., 2008; Ezenwa and Jolles,
2011; Nunn et al., 2014). The frequency of co-occurrence can be
influenced by interactions between parasites. These interactions
are of crucial medical concern because they can alter host sus-
ceptibility, infection length and clinical symptoms, as illustrated
by the influence of helminths on malaria severity (Nacher, 2002).
From an epidemiological point of view, interactions can alter the

risk of transmission. Parasites can interact in a synergistic man-
ner when the presence of one favors the infection by a subsequent
parasite, as, for example, HIV and Mycobacterium tuberculosis
(Corbett et al., 2003). Parasites can also interact in an antag-
onistic manner, as, for example, in Aedes aegypti mosquitoes,
where infection with the symbiotic Wolbachia prevents subse-
quent infection with dengue virus, Chikungunya virus and the
agent of malaria (Moreira et al., 2009). Parasite interactions have
mostly been considered as a one-to-one interaction, where the
infection of one parasite influences the acquisition of and/or
dynamics of infection by a second parasite. However, interactions
between a set of parasites are conceivable where different para-
sites interact within a network or through “cascade consequence”
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Orien8a	  (100)	  	  
100%	  homology	  to	  rickegsial	  O.	  tsutsugamushi	  causing	  zoono1c	  

scrub	  typhus;	  here,	  found	  only	  among	  meadow	  voles	  



3 viruses (historical) 
 

2? protazoa 
 

15-31 bacteria species 
 

✓   Host species is the main determinant of  
among - individual presence for any one parasite. 
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whereas prevalence remained relatively constant in controls
(treatment ! time: F1,390 ¼ 5.49, p ¼ 0.02; table 1 and figure 1d).

Among untreated nematode-infected individuals, the
average infection intensity was 226.6 eggs per gram (see
the electronic supplementary material, table S1). Ivermectin
treatment did not significantly reduce nematode intensity,
however all treated-mice were uninfected by four-weeks.
There was also no significant effect of ivermectin treatment
on non-target parasite intensity.

(b) Effects on host fitness
The encounter rates for control and ivermectin-treated mice
were more than 95 per cent. Ivermectin-treated mice were
recaptured for, on average, 1.35 weeks after treatment,
whereas control mice were recaptured for 1.57 weeks; this
difference was not significant ( p . 0.1; see the electronic sup-
plementary material for more details). Ivermectin-treated or
control groups did not differ significantly in the proportion
of reproductive male or female mice post-treatment.

4. Discussion
These results suggest the presence of antagonistic inter-
specific parasite interactions in a natural population of
mice. Removing one group of intestinal parasites had signifi-
cant, and unexpected, effects on the parasite community
within an individual. Ivermectin treatment successfully
decreased intestinal nematode infection, but this was
accompanied by increases in non-target coccidia and

cestodes. The mechanisms driving these interactions are cur-
rently unknown. They may be due to either a ‘bottom-up’
process (via competition for space/resources) because all
parasite groups inhabit the gastrointestinal tract or a ‘top-
down’ (via shared immune responses) interaction, owing to
immune-mediated mechanisms such as enterocyte turnover,
which is a host response elicited by helminth infection that
can reduce resources available to coccidia [18]. Nematode
and coccidia infection, but not intensity, were affected by
ivermectin treatment, which may suggest that the interaction
affects parasite establishment and not within-host replication.
In addition, it is possible that ivermectin treatment increased
exposure to non-target parasites via changes in behaviour or
dietary habits; further experiments are needed to determine
the specific mechanisms.

Quite unexpectedly, there was no evidence that reducing
nematode infection increased the fitness of treated mice. In
fact, ivermectin-treated mice had lower recapture rates than
control mice. Although this effect was not significant, our
results are counter to studies showing increased fitness fol-
lowing removal of a single dominant nematode parasite
[12,19,20]. In this study, ivermectin treatment increased the
prevalence of non-target gastrointestinal parasites, especially
coccidia, which have been associated with decreased mass
and lower over-wintering survival in P. maniculatus [21]
and with high juvenile mortality in other mammals [22].
We found no difference in reproductive condition between
treated and control individuals. However, a larger-scale
experiment that targets different parasite groups and tracks
the longer-term host–parasite dynamics would provide a
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Figure 1. The effect of ivermectin on the probability of infection of drug-target parasites: (a) nematodes and (b) ectoparasites; and non-target parasites: (c) coccidial
protozoans and (d ) cestodes of ivermectin-treated (dashed line; open circles) and control (water; solid line; filled circles) mice from the GLM models (table 1). Week
0 represents pre-treatment infection probability, and week 2 and 4 represent recaptured individuals after treatment. Bars represent s.e.
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Parasite removal experiment demonstrates competitive exclusion 
between gut parasites of  Peromyscus spp. in the United States



Co-infection Patterns 
 

Do co-infections occur? 
What determines co-infection rates? 

Are there associations (+ & -) between 
parasites (or a history thereof )? 
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animals, where the odds of infection were 15%
of those of uninfected animals (Figs. 1 and 2B).
B. microti also decreases the length of Bartonella
taylorii infections (10). Reciprocally, current
Bartonella spp. infections were associated with
reduced susceptibility to B. microti (Figs. 1 and

2C). Resource depletion may play a role here
because both species target erythrocytes (Table 1).
Reduced infection intensity of haemoparasites has
been observed in mice coinfected with anemia-
causing helminths (3). Alternatively, negative ef-
fects may reflect up-regulation of mediators of a

cross-effective Th1 response and therefore could
represent an example of immunologically driven
ecological interference (7, 15).

Our data also highlight the contrasting effects
that one parasite may have on susceptibility to
other parasites. A. phagocytophilum infection at t0
increased susceptibility to cowpox by a factor of
5 (Figs. 1 and 2D) but substantially decreased
susceptibility to Bartonella spp. (Figs. 1 and 2B).
A. phagocytophilum infections are known to have
immunomodulatory effects, provoking cytope-
nias and reducing numbers of both red and white
blood cells (Table 1). Consequently, positive ef-
fects may be immune-mediated (down-regulation
of immune response), whereas the reduced sus-
ceptibility toBartonella spp.may also be immune-
mediated (cross-effective response) and/or due to
resource depletion.

We found, further, that whereas new and
recently cleared A. phagocytophilum infections
increased susceptibility to B. microti, ongoing
A. phagocytophilum infections, as previously
noted, decreased susceptibility to B. microti (Figs.
1 and 2C). There was also evidence in this case
of reciprocal positive effects: Chronic and new
B. microti infections increased the risk of
A. phagocytophilum infection factors of 2 and
5, respectively (Figs. 1 and 2A). Both of these
microparasite species are tick transmitted, and the
co-occurrence of tick-borne pathogens is com-
mon (16). Despite the inclusion of tick abundance
in the models, the reciprocal positive interactions
could be a case of unaccounted-for correlations in
exposure risk such as coinfected ticks (17), whereas
the negative effect of ongoing A. phagocytophilum
infection could reflect an antagonistic interaction
within hosts . For example, the suppression of
Babesia divergens by simultaneous A. phagocyto-
philum infections has been observed in cattle (18).

Finally, our results emphasize that the stan-
dard practice of classifying individuals in natural

Fig. 1. The web of interactions between microparasite species within this community, showing the
magnitude of effects. All associations shown obtained overwhelming support (accumulative weight in
models >0.9) (see table S3). Positive associations are shown in red [odds ratio (OR) >1] and negative
associations (OR < 1) in blue, with the strength of the line color reflecting the magnitude of the
effect. ORs (exp b) (see table S3) relative to uninfected individuals, with 95% confidence intervals in
brackets. Thus an individual with a new B. microti infection is ~5 times as likely to become
infected with A. phagocytophilum than an uninfected individual (OR = 5.43). Infection history associated
with each effect is also indicated: N, negative, P, positive. Thus, NP indicates no infection at t-1, infection
at t0. –P is used to signify that NP and PP show similar effects. Because B. microti induces a chronic
infection, there are three infection status histories (uninfected, chronic, and new infections). For cowpox
virus, a probability of infection was used in analyses, and results are for individuals that sero-
converted at t0 (i.e., NP infection history, probability of infection at t0 = 0.5) (12).
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Fig. 2. Predicted probabilities of acquiring an infection depending on
infection status by other parasites for (A) A. phagocytophilum (AP), (B)
Bartonella spp. (BT), (C) B. microti (BM), and (D) cowpox virus (CP). Pre-
dictions are based on the models in table S3. Gray bars represent indi-
viduals without other infections (uninf); red and blue bars highlight positive
and negative effects on susceptibility, respectively. Each bar is labeled with

the infection (e.g., CP) and the infection history (see Fig. 1 for explanations)
associated with each effect. Error bars represent 95% confidence intervals,
averaged over random effects. Predicted probabilities are defined with
reference to an 18-g male in July at one specific site. In cases where NP and
PP show similar effects, predicted probabilities are based on an NP infec-
tion history.
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Cowpox (OPXV) weakly facilitates bacterial infections 
in 5981 Microtus agrestis of  a UK forest
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An example from our data:



Cowpox Virus (OPXV)  33%
Bartonella (any)               78%
Mycoplasma (any)           46%
Helicobacter (1)              10%
Toxo History (Abs)           7%
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Factor Correspondence Analysis (AFC)
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Summary 
 

✓ Do co-infections occur?�
✓What determines co-infection rates?�
✗Are there associations (+ & -) between 

parasites (or a history thereof)?�
�




Perspectives 


•  How does OPXV affect the species-richness of  the 
pathobiome?

•  What about opportunistic infections of  the splenic 
microbiome?

•  How does phylogenetic distance impact the detection 
and/or reality of  parasite-parasite interactions?



Thank you! 



Bon retrait! 
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