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Abstract 

 
The first genome sequences of Tula (TULV) and Puumala (PUUV) hantaviruses 

undoubtedly originated from France were recovered from tissue samples of European common 
voles and bank voles captured in Jura region. Genetic analysis of S and M segments of French 
PUUV strain revealed its highest similarity to strains from neighboring Belgium and Germany 
and also from Slovakia. On phylogenetic trees, French PUUV strain was placed within the 
central European lineage formed by strains from these three countries. Both of our French TULV 
strains clustered together and formed a distinct, well-supported genetic lineage. 
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Hantaviruses (genus Hantavirus, family Bunyaviridae) are negative-strand RNA viruses 
with a tripartite genome, each carried by a specific rodent host. Some hantaviruses are human 
pathogens causing Haemorrhagic Fever with Renal Syndrome (HFRS) and Hantavirus 
(Cardio)Pulmonary Syndrome, while others are apathogenic (Nichol et al., 2005). Three 
hantaviruses, namely Puumala (PUUV), Dobrava (DOBV) and Saaremaa (SAAV), are known to 
cause HFRS in Europe (Vapalahti et al., 2003). PUUV, a major European human pathogen, 
causes a generally milder than HFRS disease, called Nephropathia epidemica (NE), which 
presents most commonly with fever, headache, gastrointestinal symptoms, impaired renal 
function and blurred vision. Since 1980, over 1000 cases of hantavirus-caused human infection 
have been registered in France (Mailles et al., 2005). The HFRS/NE- endemic areas are in the 
northeastern France: in the Ardennes, along the Belgian border, and also along the German 
border (Mailles et al., 2005, Sauvage et al., 2002). Hantavirus infections have been reported also 
in Ile-de-France (the Paris area) (Lautrette et al., 2003) and Jura (near the Swiss border) (Mailles 
et al., 2005). The natural host of PUUV, bank vole Clethrionomys glareolus, is widely 
distributed on the territory of France, except some areas on the Mediterranean cost (Mitchell-
Jones et al, 1999). So far, no PUUV genome sequences have been recovered from bank voles 
trapped in France and only one, very short, partial S segment sequence has been recovered from 
a Belgian NE-patient who was presumably infected in French Pyrenean mountains (region of 
Perpignan) (Keyaerts et al., 2004).  

Four more rodent species known to carry hantaviruses exist in France: (i) Apodemus 

flavicollis, the host of DOBV, (ii) A. agrarius, which in Europe carries SAAV, (iii) Rattus 

norvegicus, the natural host of Seoul virus (SEOV), and Microtus arvalis, a carrier of TULV 
(Vapalahti et al., 2003). The first three hantaviruses are established human pathogens, TULV 
considered non-pathogenic. First SEOV genome sequences originated from France (Lyon) were 
recently reported (Heyman et al., 2004). There are no reports on DOBV, SAAV or TULV in 
France as yet. 

Recently (2005), several rodent species from the French Jura were screened for hantaviral 
markers [Deter et al., Ms in preparation]. Eight bank voles C. glareolus and nine common voles 
Microtus arvalis were found positive for hantavirus-specific antibodies. These were further 
screened by immunoblotting for the presence of hantaviral nucleocapsid (N) protein antigen, and 
that has been detected in four C. glareolus and two M. arvalis. Then these six samples were 
analyzed using RT-nested PCR. Two C. glareolus and two M. arvalis were found positive. The 
aim of this study is to gain more insights into the relationships between French PUUV strains 
and other PUUV (and PUUV-like) strains from Eurasia and also between French TULV strains 
and strains from other European countries. Toward this aim we recovered the complete S 
segment and partial M segment sequences of PUUV from C. glareolus and also partial S 
segment sequences of TULV from M. arvalis captured in Jura region and subjected them to 
phylogenetic analysis. 

 RNA was extracted from rodent lung tissue samples using the TriPure RNA isolation 
system (Behringer Maannheim). Partial S-sequences (nt 819-1082) of PUUV were obtained by 
RT-nested PCRs (Plyusnin et al., 1997). PCR-amplicons were gel-purified using QIAquick Gel 

Extraction kit (QIAGEN) and sequenced automatically using ABI PRISMTM Dye Terminator 
sequencing kit (Perkin Elmer/ABI, NJ). The partial S-sequences were 100% identical and, 
indeed, belonged to PUUV. Corresponding wild-type PUUV strain (which has not been isolated) 
was designated as PUU/Mignovillard/CgY02/2005, or MignovillardY02, for short. Next, using a 
different RT-PCR strategy (Plyusnin et al., 1994) we recovered complete S segment sequence 
from the tissue sample of one of these bank voles; partial M segment sequence (nt 2161-2570) 
was recovered from this sample as well. All experimental details are available upon request. 
Both sequences showed the highest similarity to known PUUV strains from Belgium, Germany 
and Slovakia.  
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To infer phylogenies, the PHYLIP program package (Felsenstein, 1993) was used. 
Hantavirus sequences used for comparison were recovered from the GenBank. 500 bootstrap 
replicates generated for complete coding sequences of the S segment, as well as partial sequences 
of the S segment and the M segments (Seqboot program) were fed to the distance matrice 
algorithm (Dnadist). Distance matrices were analyzed with the Fitch-Margoliash tree-fitting 
algorithm (Fitch) or with NJ-algorithm (Neighbor); the bootstrap support values were calculated 
with the Consense program. The nucleotide sequence data were also analyzed using maximum 
likelihood approach (with the Tree-Puzzle program) (Schmidt et al., 2002). On phylogenetic 
trees constructed for the complete coding region of the S segment (nt 43-1344) French PUUV 
strain was indeed placed into the central European (CE) lineage formed by strains from Belgium, 
Germany and Slovakia. Fitch-Margoliash tree is shown on Fig. 1A; the Neighbor-joining and 
Puzzle trees exhibited essentially the same branching pattern. Such a placing was well-supported 
(bootstrap support value of 99%). Within the CE-lineage, the French PUUV strain was located 
outside the well-supported group that included strains from Belgium (Momignies47 
Momignies55, Couvin59, Thuin33, Montbliart23, Belgium13891, 14444, and 14445) and 
Germany (CgErft).  

Altogether, nine genetic lineages of PUUV can be seen on the S-tree. In addition to eight 
previously established (Plyusnina et al., 2006) genetic lineages: Danish (DAN), CE, Alpe-Adrian 
(ALAD), Russian (RUS, which includes also strains from Estonia), Finnish (FIN, which includes 
also strains from Russian Karelia and Siberia (Omsk region)), South Scandinavian (S-SCA) and 
North Scandinavian (N-SCA that consist of strains from Sweden and Norway), and Japanese 
(JPN that includes C. rufocanus-associated strains from Hoikkaido), there is now the recently 
recognized Korean lineage (KOR) represented by Eothenomys regulus-originated Muju strains 
(Song et al., 1999). It is quite possible that JPN and KOR lineages represent, in fact, distinct 
hantavirus species, Hokkaido virus (HOKV) and Muju virus (MUJV), respectively. The lineages 
are well supported, with the sole exception of the S-SCA lineage (bootstrap support value of 
68%; however, this value was substantially higher, 95%, on the neighbor-joining tree). The 
overall phylogeny is star-like: relationships between the lineages remain obscure. 

To include in our analysis the previously reported short PUUV sequence recovered from a 
NE-patient who was presumably infected in southern France (Keyaerts et al., 2004), the 
phylogenetic tree was calculated for the corresponding part of the S segment (nt 43-293). The 
fragment of this tree is shown on Fig. 1B. Two French PUUV strains, the bank vole-originated 
strain MignovillardY02 and the NE-patient-originated strain Perpignan, were placed within the 
CE genetic lineage of PUUV but, surprisingly, not in the closest proximity to each other. While 
the Perpignan strain was located within the cluster formed by Belgian and German strains, the 
MignovillardY02 strain occupied the outsider's position. There might be two possible 
explanations for this result: (i) PUUV strains from the French Pyrenean Mountains and from Jura 
have different evolutionary histories; (ii) the Belgian NE-patient was infected back in his home 
country. It should be noted that the phylogeny based on rather short S-sequences is less reliable 
than the phylogeny inferred for the complete coding S-sequences. For instance, the bootstrap 
support value for the CE-lineage is far below the confidence level of 70% (Hillis, Bull, 1993). 
Therefore the results of this analysis should be treated with caution. 

On the phylogenetic tree constructed for partial M segment sequences (Fig. 2), the French 
PUUV strain was, again, placed into the CE lineage (bootstrap support value of 96%) and, within 
the lineage, it was located outside the well-supported duo of strains from Belgium and Germany. 
Seven genetic lineages of bona fide PUUV can be easily recognized of the M-tree: DAN, ALAD, 
RUS, FIN, S-SCA, and N-SCA (the M segment sequences for Japanese and Korean strains have 
not been determined yet). Interestingly, the M-phylogeny is not purely star-like. The CE and 
ALAD lineages share a common ancestor and so do the RUS and FIN lineages. This observation 



Page 144 

suggests somewhat closer evolutionary relationships between CE and ALAD lineages and also 
between RUS and FIN lineages. 

Partial S segment sequences (nt 918-1215, primers' sequences excluded) recovered from 
two M. arvalis belonged to TULV and were 97.3% identical. Deduced amino acid sequences of 
the encoded part of the N protein were 100% identical. Corresponding wild-type TULV strains 
(which have not been isolated) were designated as TUL/Mignovillard/MaY27/2005 and 
TUL/Mignovillard/Ma1751/2005, or MignovillardY27 and Mignovillard1751, for short. Our 
attempts to recover complete S segment sequences from TULV-positive rodent tissue samples 
were not successful. On phylogenetic trees two French TULV strains clustered together and 
formed a distinct, well-supported genetic lineage (The Fitch-Margoliash tree is shown on Fig. 3; 
Neighbor-joining and Puzzle trees revealed same branching pattern). Four other distinct, well-
supported lineages of TULV can be also seen on the tree. These lineages include strains from (i) 
Russia (Tula region), (ii) Germany and Poland, (iii) East Slovakia and Serbia, and (iv) Czech 
Republic and Croatia. TULV strain from Switzerland clustered together with one of German 
strains, #1640, but neither this cluster nor the group of strains that included the Czech-Croatian 
lineage and also Swiss and German strains was well supported. The M. gregalis- originated 
sequence from Omsk (Russia) appeared as a sister taxon to the lineage formed by five strains 
from Tula (Russia), the place where TULV was first discovered. Interestingly, the two newly 
described French TULV strains appeared somewhat closer to known strains from central Europe 
(Switzerland and Czech Republic) than to strains from eastern Europe (Russia, Slovakia and 
Poland). This relative closeness was not, however, well supported: the common ancestor was 
seen in only 21% of all trees. Similarly, the monophyly of Swiss91/German1640 duo and the 
Check-Croatian lineage was seen in only half of the trees. In our opinion, the likely reason was a 
relatively short S segment sequence available for the analysis. On the trees calculated for longer 
S segment sequences (these trees, of course, did not include French sequences) strains from 
central Europe were clustered together with convincingly high bootstrap support (our 
unpublished observations). It is worth mentioning that German strains were divided between the 
central European and east European groups: strain #1640 belonged to the first group while 
strains D63-98 and D5-98A to the second. This points to a possibility of recombination that is 
well-known for TULV (Sibold et al., 1999; Plyusnin et al., 2002). 

 
To summarize, our results unequivocally prove circulation of TULV and PUUV in France 

and suggest a recent common ancestor for PUUV strains currently circulating in three 
neighbouring countries: France, Belgium and Germany. Thus, of five currently known European 
hantaviruses three, SEOV, PUUV, and TULV, have been found in France. Whether DOBV and 
SAAV are present in this country remains to be seen. 
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Legends to Figures 

 
Fig. 1. A. Phylogenetic tree (Fitch-Margoliash) of PUUV based on the complete coding 

region of the S segment. Only bootstrap support values greater than 70% are shown. HTNV, 
Haantaan virus, strain 76-118; TULV, Tula virus, strain Moravia/02v. B. Phylogenetic tree 
(Fitch-Margoliash) based on the partial sequence (nt 43-293) of the S segment (only CE lineage 
is shown). Perpignan, strain France/Perpignan (Keyaerts et al., 2004). 

Fig. 2. Phylogenetic tree (Fitch-Margoliash) of PUUV based on the partial sequence (nt 
2161-2570) of the M segment. 

Fig. 3. Phylogenetic tree (Fitch-Margoliash) of TULV based on the partial sequence (nt 
918-1215) of the S segment. 
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ABSTRACT 
There are three emerging groups of rodent-borne viral zoonoses in Europe, due to 
hantaviruses (Puumala, Dobrava, Saarema and Seoul), arenaviruses (Lymphocytic 

choriomeningitis, LCMV) and orthopoxviruses (Cowpox virus, CPXV). The role of the 
fossorial water vole Arvicola terrestris scherman in the transmission of these zoonoses has 
not been investigated, although the population fluctuations of this species could play a role in 
the circulation of rodent-borne viruses. We performed an epizootiological survey of these 
three rodent-borne virus groups in twelve populations of A. terrestris (n=263, Jura, France). 
Based on immunofluorescence assays, we detected antibodies to hantaviruses, LCMV and 
CPXV. Our attempts to genetically characterize the hantavirus in A. terrestris were not 
successful. The question of a spillover from sympatric arvicoline species vs. a specific 
hantavirus strain carried by A. terrestris remains open. Antibodies to LCMV were detected 
only in two populations, but the seroprevalence levels (22.7-27.6 %) were similar to those 
observed in the primary reservoir. Finally, CPXV antibodies were observed in most of the A. 

terrestris populations (seroprevalence 9.1-82.6%). CPXV seropositive voles had a patchy 
distribution. The phase of A. terrestris cycle and the percentage of grassland areas 
surrounding the sampling sites strongly influenced the CPXV infection risk for voles This 
confirms that a strong link exists between fluctuations in the abundance of reservoir 
populations and virus occurrence. 
 
 Key Words : hantavirus – field studies – epidemiology – rodent-borne - zoonotic 



 Page 186 

INTRODUCTION 
Small mammals are reservoirs of many zoonotic pathogens, although their function in the 

cycle of transmission is so far poorly studied (Mills and Childs 1998). The past few years 
have shown an increasing interest in the study of reservoir ecology owing to the emergence of 
rodent-borne human diseases. There are three main groups of rodent-borne zoonotic viruses in 
Europe: hantaviruses, arenaviruses and orthopoxviruses (Kallio-Kokko et al. 2005). 
Hantaviruses belong to the Bunyaviridae family. They are primarily carried by distinct 
rodent/insectivore species. In Europe, the three major hantaviral pathogens are Puumala virus, 
carried by the bank vole Myodes, (earlier Clethrionomys) glareolus (Rodentia, Cricetidae, 
Arvicolinae), Dobrava virus carried by the yellow-necked mouse Apodemus flavicollis 

(Rodentia, Muridae, Murinae), and the Saarema virus carried by the striped field mouse A. 

agrarius (Rodentia, Muridae, Murinae) (Vapalahti et al. 2003). Also Seoul hantavirus occurs 
in Europe. Arenaviruses are members of the Arenaviridae family. The only arenavirus 
reported in Europe is the Lymphocytic choriomeningitis virus (LCMV). It has been believed 
to circulate in mouse Mus musculus (Rodentia, Muridae, Murinae) populations (Rousseau et 
al. 1997) but antibodies have recently been observed in other Muridae species (Kallio-Kokko 
et al. 2006; Laakkonen et al. 2006). Orthopoxviruses belong to the Poxviridae family. 
Cowpox virus (CPXV) is the main orthopoxvirus in Europe and may be transmitted to humans 
directly from rodents or more frequently from cats. The main rodent reservoirs identified at 
the moment are Myodes, Microtus (Rodentia, Cricetidae, Arvicolinae) and Apodemus species 
(Chantrey et al. 1999). These infections in humans can result in febrile diseases ranging in 
severity from mild to fatal. 

Rodent fluctuations are likely to explain the temporal variability in human epidemics (see 
references in Davis et al. 2005). In this context, identifying the role of the fossorial water vole 
Arvicola terrestris (Rodentia, Cricetidae, Arvicolinae) in the transmission of zoonoses in 
France is particularly relevant, as its role as a reservoir of viral zoonoses has yet not been 
explored. This species exhibits five to eight year density fluctuations in the Jura mountains of 
France and Switzerland (Saucy 1994). We investigated the seroprevalence of the three main 
rodent-borne pathogen groups, hantaviruses, LCMV and CPXV in the East of France, an area 
known to be endemic for several rodent-borne zoonoses (e.g. echinococcosis, hemorrhagic 
fever with renal syndrome, see http://www.invs.sante.fr/). We also assessed the impact of vole 
population dynamics, landscape and demography on shaping the seroprevalence patterns.  

 
METHODS 
Study sites and animal trapping 

Twelve grasslands sites, each 1-2 ha, separated by 2 to 15 km were sampled in the French 
Jura (Table 1). Trapping was carried out in autumn 2003 using 80 BTS live-traps per site and 
per day. Since 2002, vole abundance has been determined at each site using the surface index 
method developed by Giraudoux et al. (1995). An index of abundance, which corresponds to 
the percentage of 10-m intervals containing water vole surface activities over two transects of 
250 m, is derived for each site in October. We defined cyclic phases as increase, recent 
outbreak and long-term outbreak. Approximately 20 animals per site were sacrificed using 
cervical dislocation. Blood samples were taken from the heart of each vole on Whatman® 
blotting paper. Lungs were removed, and conserved subsequently in RNAlater® at -20°C. 
Eye lense mass was used to estimate the age of rodents using the formula established by 
Boujard (1982).  

We characterized the landscape features surrounding the sampling sites using an Enhanced 
Thematic Mapper (ETM) landsat 7 panchromatic image, at a spatial resolution of 7 m. We 
produced a binary description of the landscape as a patchwork of suitable habitat (grasslands) 
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within a hostile matrix (all other kinds of habitats). We estimated the percentage of non-
grassland area within a radius of 500 m (L500) around the site sampled. 
 
Serological testing 

In the laboratory, pieces of 1 cm² paper with dried blood were placed in 1 ml of phosphate-
buffered saline (PBS). 20 µl of these diluted blood samples were screened for IgG antibodies 
to hantaviruses, LCMV and CPXV by immunofluorescence assays using anti-mouse FITC-
conjugates (IFA, Kallio-Kokko et al. 2005). Note that serologies based on diluted filter paper 
samples, 1:10 or non diluted sera or fresh blood from the same vole provide very similar 
results (Laakonen, comm. pers.). Because hantaviruses carried by arvicoline rodents cross-
react strongly, Puumala virus (PUUV) antigens were used. This does not mean, of course, 
that the seropositivity found would have been caused by PUUV. Both seropositive human and 
bank vole sera were used as positive controls for PUUV- and CPXV- IFAs; an LCMV mouse 
monoclonal antibody (Progen, Heidelberg) was used in the LCMV-IFA. Two negative control 
antigens were included in the serological analyses, containing PBS and anti-mouse IgM or 
anti-human IgG. This protocol has been successfully used in screenings of serum samples 
from numerous wild rodent species (Kallio-Kokko et al. 2005; Kallio-Kokko et al. 2006; 
Laakkonen et al. 2006). 

As no hantavirus strain has yet been described in water voles, PUUV - IFA-positive samples 
were further screened with immunoblotting for viral antigen (Lundkvist et al. 1997). This 
would help to separate the real chronic infections from spillover seroreactions in a secondary 
species with no antigen. Briefly, lung samples were homogenized in Laemmli sample buffer, 
separated by electrophoresis in 10 % sodium dodecyl sulphate-polyacrylamide gels, and 
immunoblotted with rabbit polyclonal antibodies rose against PUUV. Mouse anti-rabbit 
antibodies conjugated with horseradish peroxidase were used as secondary antibodies. 

 
Statistical analyses 

We estimated the seroprevalence and its 95% confidence interval from a bootstrap 
procedure using the software QUANTITATIVE PARASITOLOGY® 3.0 (Rozsa et al. 2000). 
Fisher’s exact test and principal component analysis were conducted to infer the 
independence of the three viral infections. We analysed the individual risks of having been 
infected for each virus independently. We included individual (age, sex) and site 
(demographic phase, landscape) factors as the dependent variables and the serological status 
(presence vs. absence of antibodies) as the independent variable in logistic regressions 
(binomial error distribution and logit function). We included all two-way interactions and 
used the Akaike Information Criterion to select the best model considering fit and complexity 
(Johnson and Omland 2004). The acceptable type I error in all statistical tests was α = 0.05. 
We used the softwares ADE-4 (Chessel et al. 2004) and GENStat® 8.1 (Payne et al. 2003) to 
conduct these tests. 

We investigated the spatial aggregation of infections through spatial autocorrelation 
methods using the software AutocorQ® 2.0 (Hardy and Vekemans 2002) and pairwise 
geographical distances between sampling sites. All pairwise distances were grouped into six 
distance classes, defined to maximize the similarity of the number of pairs of samples 
between classes. Upper limits were 3.5, 6, 7.5, 9, 11 and 16 km. We estimated the Moran’s 
indices (Moran’s I) within each distance class. The significance of each Moran’s I statistics 
was calculated using 10 000 permutations. Spatial autocorrelation may be classified as either 
positive or negative. Positive spatial autocorrelation has all similar values appearing together 
and refers to a map pattern where geographic features of similar value tend to cluster 
spatially. Negative spatial autocorrelation has dissimilar values appearing in neighbouring 
locations. It indicates that geographic units of similar values scatter throughout the area 
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studied. When no statistically significant spatial autocorrelation exists, the pattern of spatial 
distribution is considered random. 

 
RESULTS 

The abundance survey revealed that the vole populations exhibited geographically 
asynchronous dynamics (Table 1). In 2003, five sampling sites showed a demographic 
increase: the abundance index was low in 2002 and increased between 2003 and 2004. Five 
others experienced a recent outbreak: the abundance index was quite high in 2002, reached its 
maximum in 2003 and remained stable or declined in 2004. Two sites indicated a long-term 
outbreak, characterized by a nearly maximal abundance index in 2002 and 2003, and a decline 
in 2004.  

 
Seroprevalence and co-occurrence of antibodies 

Serostatus was studied from the 263 water voles trapped in 2003 (Table 2). Cross-reactive 
antibodies to PUUV were observed at seven sites. Seroprevalence levels were low. Only one 
or two voles were seropositive at each positive site. Immunoblotting was conducted on the 
lung samples of the nine PUUV-seropositive individuals. In none of these individuals could 
hantavirus antigens be detected.  

Two sites over twelve exhibited LCMV- seropositive individuals, with seroprevalence 
levels reaching 22 % (5/21 in Doye and 8/29 in Cuvier). CPXV- antibodies were detected in 
seven sampling sites, and seroprevalence reached high level in some populations, ranging 
between 9.1% (2/22 in Onglières) and 82.8% (24/29 in Cuvier).  

Nine out of 263 voles were seropositive both for CPXV and LCMV. This positive co-
occurrence was statistically significant (Fisher’s exact test). It remained significant also when 
individuals from Cuvier, which exhibited 82% CPXV-seropositivity, were removed (Fisher’s 
exact test). This excess of positive co-occurrence was confirmed when considering the 
principal components analysis (axis 2, 21.7% inertia, Fig. 1).  
 
Individual and environmental risk factors of Cowpox virus infection 

We assessed the individual and environmental risks for only CPXV as the numbers of 
hantavirus- and LCMV-seropositive individuals were too low for analyses. 

The best model to explain the infection status to CPXV was significant (F5,258 = 12.84). The 
model included two environmental factors: the demographic phase (F1,262 = 15.06) and the 
landscape (t = -2.06), and their interaction (F3,260 = 6.55). The highest numbers of CPXV-
seropositive voles were observed in populations experiencing a long-term outbreak (N= 51, 
mean seroprevalence 51%). Vole populations experiencing a recent outbreak also included 
significantly more CPXV seropositive voles (N=115, mean seroprevalence 23%) than 
populations experiencing a demographic increase (N=97, mean seroprevalence 13%; Fisher’s 
exact test). More CPXV seropositive voles were observed in grassland areas (N=197, mean 
seroprevalence 26.45%) than in wooded areas (N=66, mean seroprevalence 18.52%). This 
result must be taken cautiously as it was not observed in populations experiencing a recent 
outbreak (F1,114 = 0.16; p = 0.69).  
 
Spatial autocorrelation of Cowpox-seropositive water voles 

We examined the spatial autocorrelation of CPXV- seropositive voles. As Moran’s I 
measure is sensitive to null values, the autocorrelogram was computed only for sites 
seropositive for CPXV. The spatial autocorrelation in CPXV seroprevalence is presented in 
Fig. 2. The large oscillations around 0 and the significant negative spatial autocorrelation for 
sites separated by 3.5 to 6 km indicate a coarse-grained patchy structure, with similar 
seroprevalence levels scattering throughout the area studied. 
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DISCUSSION 

This study provides the first evidence for the presence of antibodies to hantaviruses, 
arenavirus (LCMV) and poxvirus (Cowpox virus) in Arvicola terrestris. 

No hantavirus strain has yet been recorded in the water voles. In France, Tula (Plyusnin et 
al. 1994) and Puumala hantaviruses (Sauvage et al. 2002) have been reported. Two recent 
molecular studies confirmed the presence of these viruses in respectively M. arvalis and M. 

glareolus populations sampled in an area less than 10 km far from the sites considered in this 
study (Plyusnina et al. in press; Deter et al. in press). However experiments have shown that 
Tula virus can not infect other rodent species than M. arvalis whereas several Muridae species 
could be infected with Puumala virus (Klingstrom et al. 2002). These secondary species, 
however, do not shed the virus (Klingstrom et al. 2002). Our attempts to further characterize 
the hantavirus in A. terrestris using immunoblotting were not successful. It is thus difficult to 
distinguish yet whether A. terrestris represents a genuine alternative host for a new hantavirus 
rather than spillover of the virus from other sympatric primary hosts, most likely M. 

glareolus. 
LCMV is known to circulate in Mus musculus populations (Kallio-Kokko et al. 2005). 

Recent studies have detected antibodies to LCMV in Arvicolinae and wild Murinae species 
around Europe (Kallio-Kokko et al. 2006; Laakkonen et al. 2006). Our results on A. terrestris 
and the general host-specificity of arenaviruses emphasize the potential for more than one (the 
one in Mus) strain of LCMV-type viruses circulating in European rodents. Further genetic 
characterization of LCMV strains from different reservoir species is required to confirm this 
assumption. 

Wild rodents are the natural reservoir of Cowpox virus. Antibodies to Cowpox virus have 
previously been recorded in French populations of Microtus and Myodes species (Boulanger 
et al. 1996), but our study demonstrates for the first time that these infections exist at high 
prevalences in A. terrestris populations. Seroprevalence levels were similar to those observed 
in bank voles (e.g. Pelkonen et al. 2003) and field voles (e.g. Cavanagh et al. 2004). 
Serological cross-reactivity between CPXV and other rodent-associated poxviruses are likely 
to exist. Preliminary molecular analyses based on water vole lungs and using primers 
designed from Cowpox virus sequences (Chantrey et al. 1999) provided successful 
amplifications. This supports the hypothesis that Cowpox virus is the poxvirus infecting A. 

terrestris populations, although sequencing remains necessary to conclude. It also indicates 
that Cowpox virus is able to replicate in A. terrestris, suggesting that this rodent is involved in 
the transmission of this virus (our unpublished observations).  

These results have two major consequences. First, Cowpox virus is an occasional zoonosis, 
which has emerged following the cessation of smallpox vaccination, approximately 30 years 
ago (Kallio-Kokko et al. 2005). A thorough knowledge of its host range and dynamics in 
wildlife is crucial to understand the epidemiology in humans and decide on measures to 
prevent them. Whether coexisting wildlife host species should be considered independent or 
combined reservoirs of this zoonotic infection, remains scarcely explored. Comparing 
population dynamics of host species, Carslake et al. (2006) showed that between-species 
transmission rates were extremely low compared to those within species. Genetic studies are 
needed to compare the strains in different host species and confirm this result. 

Second, Cowpox virus has been identified as one possible cause for the field vole density 
cycles in England (Cavanagh et al. 2004): The virus affects vole fecundity (e.g. Feore et al. 
1997), and there is a delayed density-dependent response of Cowpox virus infection to vole 
density (Cavanagh et al. 2004). In this study, we found a high variability in CPXV-
seroprevalence among sites. The distribution of CPXV-seropositive voles was spatially 
aggregated, forming patches of populations exhibiting similar seroprevalence levels at a very 
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small scale (a few km). This spatial pattern could be the result of habitat differences 
promoting differences in contact rates, or affecting the Cowpox virus survival outside its 
hosts. The results of this study suggest that there is a positive association between risk of 
poxvirus infection and vole density in water vole populations in the French Jura. This 
corroborates the conclusions of previous epidemiological studies (Cavanagh et al. 2004; 
Carslake et al. 2006). High density increases contact rates among infectious and susceptible 
voles, or promotes the infections due to social stress. Also, CPXV-seroprevalence levels were 
slightly higher in sites surrounded by grasslands. Wooded areas may constitute barriers to 
vole dispersal and therefore limit Cowpox virus spreading among water vole populations. 
Therefore landscape structure plays a significant role in the patchy distribution of Cowpox 
virus infections. 
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TABLE 1. LANDSCAPE AND CYCLIC CHARACTERISTICS OF THE TWELVE SITES SAMPLED. THE GEOGRAPHICAL COORDINATES ARE GIVEN FOR EACH LOCALITY IN 

DEGREE MINUTES. N IS THE NUMBER OF VOLES TRAPPED AND SEROSCREENED. L500 CORRESPONDS TO THE PERCENTAGE OF NON-GRASSLAND AREA WITHIN A 

RADIUS OF 500 M AROUND THE CENTRE OF THE SITE. THE VOLE ABUNDANCE INDEX IS ESTIMATED AS THE PERCENTAGE OF 10 M-INTERVALS CONTAINING 

VOLE SURFACE INDEX OVER TWO TRANSECTS OF 250 M. THE CYCLIC  PHASE IN 2003 IS DESCRIBED AS LO (LONG-TERM OUTBREAK), RO (RECENT OUTBREAK) 
AND I (INCREASE). 
 
Site code  

Coordinates 

N L500 Abundance index in autumn Cyclic phase in 2003 

    2002 2003 2004 2005 2006  

03 – Cuvier 46°49 - 6°03 29 7.28 98 99 72 1 1 LO 
 

04 – Onglières 46°48 – 6°00 22 50.11 85 100 89 1 10 LO 

          

05 – Billecul 46°44 – 6°04 23 43.54 48 97 99 66 0 RO 

07 – Doye 46°46 – 6°01 21 13.25 70 99 80 1 1 RO 

10 - Mignovillard 46°47-6°07 22 37.28 50 76 71 0 0 RO 

12 – La Latette 46°44-6°06 21 35.69 19 90 85 60 4 RO 

13 - Gillois 46°44-6°01 28 14.60 44 98 95 50 0 RO 

          

14 - Arsure 46°43-6°03 20 15.51 0 89 96 95 5 I 

15 – Conte 46°44-5°59 15 29.51 2 28 67 80 5 I 

16 – Bief des maisons 46°42-6°02 22 11.24 0 76 92 84 0 I 

17 – Fraroz 46°43-6°05 19 21.84 4 71 90 69 0 I 

43 – Grange des prés 46°46-6°06 21 21.85 5 70 82 25 0 I 
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TABLE 2. SEROPREVALENCES OF THREE RODENT- BORNE VIRAL PATHOGENS IN 

ARVICOLA TERRESTRIS FROM FRANCE. CI CORRESPONDS TO THE 95% CONFIDENCE 

INTERVAL ESTIMATED FOR SEROPREVALENCE.  
Site code Seroprevalence 
 Hantavirus  LCMV  CPXV  
 Number of 

positive 
voles 

(percentage) 

95% 
CI 

Number of 
positive 
voles 

(percentage) 

95% CI Number of 
positive 
voles 

(percentage) 

95% 
CI 

03 – Cuvier 1 (3.4) 0.18 – 
16.88 

8 (27.6) 13.61 – 
46.50 

24 (82.8) 64.22 
– 

94.16 
04 – 
Onglières 

0 - 0 - 2 (9.1) 1.64 – 
29.07 

05 – Billecul 2 (8.7) 1.57 – 
27.81 

0 - 7 (30.4) 14.52 
– 

52.21 
07 – Doye 1 (4.5) 0.24 – 

22.21 
5 (22.7) 9.42 – 

45.34 
13 (59.1) 38.26 

– 
77.70 

10 - 
Mignovillard 

1 (4.5) 0.24 – 
22.21 

0 - 7 (31.8) 15.18 
– 

54.65 
12 – La 
Latette 

0 - 0 - 0 - 

13 - Gillois 1 (3.6) 0.19 – 
17.48 

0 - 0 - 

14 - Arsure 2 (10.0) 1.81 – 
31.99 

0 - 0 - 

15 – Conte 0 - 0 - 0 - 
16 – Bief 
des maisons 

0 - 0 - 7 (31.8) 15.18 
– 

54.65 
17 – Fraroz 0 - 0 - 6 (31.6) 14.75 

– 
55.38 

43 – Grange 
des prés 

1 (4.8) 0.25 – 
23.26 

0 - 0 - 

 



 Page 194 

FIG. 1. Principal components analysis plot of hanta serological infection status, LCMV and 
CPXV. Individual parameter measurements (sex, weight and age) could be risk factors and 
were included in the analysis.  
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FIG. 2. Spatial autocorrelogram of CPXV-seroprevalence based on Moran’s index (I). Sample 
sizes are 943, 2046, 2178, 1914, 2053 and 1673 distances per class. The filled symbol 
indicates a significant autocorrelation of the seroprevalence for sites included in the second 
distance class.  
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Summary 

 
Hantaviruses are among the main emerging infectious agents in Europe. Their mode of 
transmission in natura still remains not too well known. In particular, social features and 
behaviours could be crucial for understanding the persistence and the spread of hantaviruses 
in rodent populations. Here we investigated the importance of kin-clustering and dispersal in 
hantavirus transmission by combining a fine-scale spatiotemporal survey (4 km2) and a 
population genetic approach. Two specific host-hantavirus systems were identified and 
monitored: the bank vole Myodes, earlier Clethrionomys glareolus-Puumala virus and the 
common vole Microtus arvalis-Tula virus. Sex, age and landscape characteristics significantly 
influenced the spatial distribution of infections in voles. The absence of temporal stability in 
the spatial distributions of viruses suggested that dispersal is likely to play a role in the virus 
propagation. Analysing vole kinship from microsatellite markers, we found that infected voles 
were more related among each other than non- infected ones. Winter kin-clustering, shared 
colonies within matrilineages or delayed dispersal could explain this pattern. These two last 
results hold whatever the host-hantavirus system considered. This supports the roles of 
relatedness and dispersal as general features for hantavirus transmission. 
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Introduction 
Hantaviruses (genus Hantavirus) are specific rodent-borne viruses belonging to the 
Bunyaviridae family, many of which cause more or less severe illness in humans [64]. Each 
hantavirus is carried by a specific rodent species, and transmission to other species (including 
human people) is a dead-end for the virus [37, 52]. Among Hantavirus genus present in Europe, 
Puumala virus (PUUV) is associated to the bank vole Myodes glareolus and Tula virus 
(TULV) is carried by the common vole Microtus arvalis. Dobrava virus (DOBV) is found in 
the yellow -necked mouse in SE Europe up to German- Czech border, and Saaremaa virus in 
the striped field mouse A. agrarius eastern Europe [64]. The Seoul virus has recently been 
detected in brown rats Rattus norvegicus in urban areas [21]. PUUV is the causative agent of 
Nephropathia epidemica, a mild form of hemorrhagic fever with renal syndrome (HFRS) and 
DOBV causes a severe form of HFRS. Thousands of human cases are diagnosed in Europe 
annually. By contrast, TULV is believed to be non- pathogenic for humans [64] although a 
suspected human case has been reported [59]. Despite the diagnosis of several hundreds of 
HFRS in humans and seropositive rodents [50, 64], hantaviruses have only recently been 
isolated and characterized in bank and common voles in Fance [53]. 

Several studies have been conducted on hantavirus dynamics in rodent populations in 
Europe these past few years [2, 15, 16, 47, 71]. Most of these studies focused on the examination of 
risk factors associated with individual (sex, age, and sexual activity), population (density) or 
environmental (habitat) characteristics. Adult males are generally more commonly infected 
than females and juveniles or subadults for behavioural and/or physiological reasons [2, 33, 45] 
Seroprevalence in rodents seems to be either density- (with a delay, see Davis et al. [11]) or 
habitat-dependant [16, 47, 48, 71].  

The understanding of hantavirus transmission in rodents has improved although important 
unknowns remain [40]. Hantavirus transmission is believed to be horizontal only [5, 14, 64]. 
Juveniles born from an infected female are protected against hantavirus infection for 2-3 
months because of the transfer of maternal antibodies [2, 32, 44]. Moreover voles and mice 
generally start to disperse away from their natal site before that limit [22]. Hantavirus 
transmission from mother to progeny in the pre-dispersal period is thus unlikely. However, 
high densities may lead to a delay of sexual maturation and consequently of bank vole 
dispersal [8, 54, 66]. In this particular case, voles may remain in their natal site until next spring 
and get infected from their mother after the disappearance of maternal antibodies.  

Horizontal transmission can be both direct and indirect. PUUV is secreted in urine, faeces 
and saliva and animals get probably infected through aerosols in the environment and/or from 
antagonistic interactions [16]. Another possible mode of direct transmission remains scarcely 
discussed and might be associated with the social behaviours of rodents. Complex social 
systems are observed in burrows and colonies (see a review for voles in Boonstra et al. [4] and 
Wolff [69]). In temperate climates, bank voles tend to cluster during winter for thermodynamic 
reasons [9]. Female common voles establish in matrilines within colonies, especially at high 
densities [6, 7]. These features, as well as the delayed settlement associated with high densities 
and social constraints, may increase contacts in shared burrows and favour virus transmission 
between relatives. 

The possibility of indirect transmission through contaminated environment, burrows or 
runaways was recently suggested [57] then experimentally confirmed [31]. In this case 
dispersers could face a greater risk of being infected because they cross several adult vole 
territories and explore a greater area than at any other stage of their life. The particular 
attention they pay to urine mediated scent mark deposits when looking for a territory probably 
enhances their risk of becoming infected [13]. Modelling suggested that dispersal is an 
essential feature to understand the persistence and the dynamics of hantaviruses in rodent 
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populations. Hantaviruses do not persist in a metapopulation if rodent dispersal is set to zero 
[57], but there is a lack of field data relating dispersal and transmission in wild rodents.  
 

Despite the development of powerful genetic tools to document relatedness and dispersal 
in wild rodent populations (e.g. [3, 24, 27]), little consideration has been given to analyse their 
respective impact in virus propagation and persistence. In this paper, we report a short-term 
survey of the dynamics of hantaviruses in a rodent community in the East of France. Using a 
combination of spatial and genetic analyses we searched for patterns relating hantavirus 
transmission and rodent behaviours. We tested the two non-exclusive hypotheses of a higher 
transmission rate during dispersal and/or between relatives due to specific social structures 
involving kin-clustering and delayed settlement.  
 

Materials and methods 
Rodent sampling and specific abundance 

The rodent community was surveyed in a four km² area equally covered with wooded 
meadows and forests (man-made spruce or semi-natural forests) near Mignovillard (6°13’N, 
46°8’E; Jura, France). Five species were monitored. The fossorial water vole Arvicola 

scherman (earlier terrestris) and the common vole Microtus arvalis prevail in grassy lands, 
whereas the bank vole Myodes glareolus, the yellow-necked mouse Apodemus flavicollis and 
the wood mouse Apodemus sylvaticus inhabit wooded areas. Apodemus individuals were 
identified to species following the molecular test developed by Michaux et al. [42]. 

Rodents were surveyed between September 2004 and April 2006 in spring, summer and 
autumn. Trap-lines were used for the sampling of all species except A. scherman, which is 
mostly subterranean [61, 62]. For each session, twenty 100 m-lines of 34 INRA live-traps 
separated by 3-m intervals, were equally set between open (nine lines in meadows and 
hedges) and wooded (five lines in forests and six lines in meadows bordering forests) areas 
for three consecutive nights. Traps were checked twice a day. Traps were fitted out with 
dormitory boxes and baited with hay and a piece of apple. The relative abundance of these 
four rodent species was determined using the trapping success, i.e. the number of animals 
trapped per trap-nights [62]. Note that common voles were also trapped directly in colonies 
located near the trap-lines when the number of capture was fewer than 30. These animals 
were not considered in abundance estimations. The fossorial water vole was sampled directly 
in colonies found in the meadows surrounding trap-lines using modified BTS live-traps. No 
more than two animals per colony were kept. Traps were checked every two hours until the 
sampling of approximately 35 animals per session. The abundance of the fossorial water vole 
was estimated following the index surface method described by Giraudoux et al. [18]. This 
estimate is highly correlated to abundance calculated using capture-recapture studies [18]. 
 
Hantavirus detection 

Rodents were sacrificed with cervical dislocation as recommended by Mills et al. [43]. Animals 
were sexed and weighted, and their age was estimated using eye lens mass [28, 39]. Pregnant 
females were too few to be considered. Animals were dissected: lungs and hearts were 
removed and conserved in RNA later at -20°C. Before conserving, blood samples were taken 
from the heart or the thoracic cavity on a 1 cm² Whattman® blotting paper. Blood samples 
were screened for IgG anti-hantavirus antibodies using an IgG immunofluorescence assay 
(IFA) as described earlier by Kallio-Kokko et al. [30]. The molecular identification of 
hantavirus responsible for these infections has been published elsewhere [53]. 
 

Testing the influence of spatial, environmental and individual factors 
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For each species and trapping session, seroprevalence was calculated and 95 % confidence 
intervals were estimated using the bootstrap procedure in Quantitative Parasitology v3.0 [56]). 
Specific seroprevalence levels were compared between trapping sessions using contingency 
tables [70]. 

We performed logistic regressions to determine the factors that best explained the 
hantavirus infection status for each rodent species. The dependent variable was the presence 
or absence of antibodies in a vole. We included environmental (landscape surrounding the 
line: open vs. wooded areas) and individual (age, sex) factors as explanatory variables. 
Combining sexual maturity and eye lens mass allows for the classification of individuals as 
juveniles, subadults and adults. However we had too few juveniles or sub-adults to include 
such distinction. We used the Akaike’s Information Criterion (AIC) for model selection [10, 29]. 
Models with difference of AIC<2 compared to the model with the lowest AIC were selected. 
Significance of explanatory factors was determined using deletion testing, with the 
significance of a term determined by the log-likelihood ratio-test [41]. Finally, we used the sum 
of squares to test model fit (F-statistic).  

We investigated the variation in spatial distribution of seropositive rodents through time. 
Assuming an important role of rodent dispersal in hantavirus transmission, we expected the 
distribution (trap line) of positive cases at session t to be independent of the distribution of 
positive cases at session t-1. This null hypothesis was tested using chi-square tests for each 
species and each pair of trapping sessions. Statistical analyses were all performed using 
GENSTAT (v7.0, VSN International Ltd). 
 

Testing the influence of kinship and dispersal 

Genetic analyses based on microsatellite loci were only conducted on rodent species found to 
carry a hantavirus, namely Mi. arvalis and My. glareolus. 
Microsatellite typing - DNA was extracted from tissue samples using Puregene DNA 
Purification Kit® (Gentra Systems) according to manufacturer’s instructions. Genetic 
variation of common voles was assessed using 13 microsatellite loci. Eleven were developed 
specifically for the common vole [17], one was adapted from A. scherman (AV13 [63]) and 
another from the field vole (MSMM6 [25]). PCR conditions are detailed in Gauffre et al [17]. 
Seven microsatellite loci were analysed for bank voles. MSCg-4, MSCg-9, and MSCg-15 
were described in Gockel [19], LIST3-001, LIST3-003 and LIST3-005 (called (2)) in Barker et 
al. [1] and MSCRB5 in Ishibashi et al. [23]. Amplifications were performed for bank voles in a 
25 µl reaction mixture containing 12.5 µl Qiagen multiplex PCR kit®, 7.5 µl H2O, 2.5 µl of 
DNA solution and 2.5 µl of a 100 µl primer mix including 4 µl of List3-001, 2µl of all the 
other primers and 82 µl of water. All primers were 100µM and labelled with fluorescent dyes. 
After denaturation at 95°C for 15 min, the PCR was carried out for 10 cycles under the 
following conditions: denaturation at 94°C for 30 s, annealing at 64 °C for 90 s (minus 1°C 
per cycle) and extension at 72°C for 1 min, then for 20 cycles using similar conditions except 
the temperature of annealing which was fixed at 54 ° C. A final 10 min extension step was 
carried out at 72°C. PCR was performed on an Epgradient® thermocycler (Eppendorf). Loci 
were genotyped using the ABI PRISM® 310 automated sequencer (Applied Biosystem). 
Alleles were scored manually using ABI PRISM® Genotyper® 2.5 (Applied Biosystems).  
 
Genetic analyses 

All genetic analyses were performed independently for Mi. arvalis and My. glareolus. We 
first checked that the Mi. arvalis and My. glareolus whole samples conformed to the Hardy-
Weinberg equilibrium (HWE), considering each locus separately and over all loci. This 
provides information about the reliability of the microsatellite loci used (absence of null 
alleles) and about the panmictic status of the two populations sampled. We used exact tests 
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and Markov chain methods implemented in GENEPOP v3.3 [55]. Corrections for multiple tests 
were applied using the sequential Bonferroni approach. We investigated relatedness 
coefficients for all pairs of individuals within a vole species and the spatial pattern of 
relatedness using SPAGeDI v1.2, [20]. Relationship coefficients between individuals were 
estimated over all microsatellite loci as the proportion of genes in one individual with alleles 
identical to those of a reference individual. We followed Li et al. [38] and applied the sample 
size correction defined by Wang [67]. This estimator shows a high accuracy (low bias) 
combined with a high precision (low variance) compared to others [65]. We performed a 
Jackknife procedure to provide a standard error of the multilocus estimates.  

We calculated the mean values of these pairwise coefficients considering two groups per 
species: hantavirus seropositive voles and hantavirus seronegative ones. Permutation of 
individuals between these groups permitted to test the null hypothesis of a similar mean 
relatedness between infected and non-infected voles. We considered the alternative hypothesis 
of a higher mean relatedness between infected rodents than between non-infected ones. This 
will provide information on the influence of vole kin-structuring in hantavirus transmission. 
Finally we investigated the spatial pattern of genetic relatedness between individuals, i.e. how 
kinship between individuals is related to the distance separating them, using spatial 
autocorrelation analyses. A significant decrease of mean relatedness with geographic distance 
(isolation by distance pattern) will suggest restricted vole dispersal in space within the studied 
area. 

Finally the genetic differentiation between successive trapping sessions was analysed to 
check for temporal population homogeneity. High temporal differentiation would indicate 
important gene flow from surrounding non-sampled areas. The estimator θ of FST 

[68] was 
calculated over all loci. Tests for genotypic differentiation were performed using exact tests 
and Markov chain methods in GENEPOP v3.3. We also implemented assignment tests to 
detect recent immigrants using the frequency method and the statistic Lh in Geneclass v2.0 
[51]. This approach is recommended when source populations for immigrants have not been 
sampled [49]. The probability for an individual to be a resident was assessed using the Monte 
Carlo resampling procedure. Individuals were considered immigrants when their probability 
to be resident was lesser than 0.01. 
 

Results 
We captured 546 rodents: 128 bank voles, 158 common voles, 134 fossorial water voles, 82 
yellow-necked mice and 43 wood mice. Most captures were realized in 2005: 96 bank voles, 
97 common voles, 104 fossorial water voles, 73 yellow-necked mice and 23 wood mice. The 
bank vole exhibited high abundance levels in 2005 and then declined in spring 2006. The 
common vole and the fossorial water vole abruptly decreased in abundance from autumn 2004 
to spring 2005 and then remained at very low abundance levels (Fig 1). Apodemus species 
exhibited more stable abundances with a marked seasonal pattern (Fig 1). Among the 546 
rodents, 11 common voles and 11 bank voles were hantavirus-seropositive. No hantaviral 
antibodies were detected in any of the three other species. Molecular analyses revealed that 
hantavirus sequences recovered from the bank vole belonged to Puumala virus (PUUV) while 
those from the common vole belonged to Tula virus (TULV) [53]. PUUV seroprevalence 
ranged from 0 to 50 % (Table 1.). No statistical differences were found between the three 
sessions in 2005 (contingency table, χ2

0.05, 2 = 2.374, P = 0.305). TULV seroprevalence ranged 
from 0 to 19.4 % (Table 1), with significantly higher levels observed in autumn 2005 
(contingency table - comparison with summer, χ2

0.05, 1 = 4.753, P = 0.029). 
 
Influence of environmental, individual and spatial factors 
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The spatial location of seropositive voles is displayed per sampling session and species in Fig. 
2 and 3. Note that seropositive voles have been observed near the village. The analysis of 
factors that might affect the hantavirus-seroprevalence revealed that the sex strongly 
influenced PUUV-seroprevalence in bank voles (t = 2.62, P = 0.006, total model: deviance 
0.05, 1 = 3.15, P = 0.006) whereas both age (t = -2.64, P = 0.008) and landscape (t = -2.19, P = 
0.028) significantly explained TULV-seroprevalence in common voles (Total model: 
deviance 0.05, 2 = 5.44, P = 0.001). Seroprevalence levels were higher in male (mean 
seroprevalence = 17.39 %) than in female bank voles (mean seroprevalence = 6 %). TULV-
seropositive common voles were mainly older voles (respectively mean seroprevalence = 15 
% for voles older than 20 days compared to 3 % for younger ones), and in forested areas 
(mean seroprevalence = 19.05 %) than in open areas (mean seroprevalence = 69.21 %).  

In both host-virus systems, statistical analyses revealed strong variations in the spatial 
distribution of infected voles through time. Indeed the location of seropositive cases at time t 
did not depend on that at time t-1, (PUUV spring-summer: P = 0.051, summer-autumn: P = 
0.239; TULV spring-summer: not enough data, summer-autumn: P = 0.083).  
 
Influence of kinship and dispersal 

The genetic analyses were undertaken for animals sampled in 2005 only, as no individual was 
hantavirus-seropositive in autumn 2004 and only one was seropositive in spring 2006 (Table 
1). For all the trapping sessions, the single locus and multilocus probability tests showed an 
absence of departure from Hardy-Weinberg equilibrium (P>0.05). Considering both bank and 
common voles, the mean relatedness between seropositive individuals was significantly 
higher than the mean relatedness between seronegative ones (Table 2).  

Spatial autocorrelations of pairwise relatedness revealed that voles caught in the same 
locations were significantly more genetically related than expected (bank voles P=0.002; 
common voles P=0.006). No pattern of isolation by distance was detected over the study site 
whatever the vole species concerned. 

The genetic differentiation estimated between two successive sampling sessions was very 
low and exact tests indicated that FST-values were not significant; whatever the species 
considered (Range of FST estimates [0.0019; 0.0047], P > 0.05). The assignment procedure 
revealed only one recent migrant (Probability of being a resident = 0.008), which was a 
seronegative bank vole. All other individuals were considered as residents. 
 

Discussion 
 
Our study documents the presence of voles infected with hantaviruses in the French Jura, a 
region 450 km distant from the Ardennes region, the known hot spot for HFRS in France 
(INVS data). Bank voles in this study site exhibit similar seroprevalence levels as observed in 
the Ardennes epidemic region (ranging from 0 to 18 % for PUUV [50]). Moreover our data 
suggest a real risk for human health because of the capture of PUUV seropositive bank voles 
close to human settlements. Incidentally, 36 human cases were reported in Jura during the 
bank vole outbreak of 2005 [26].  
 
Dispersal in hantavirus tranmission 

Our results support the role of vole dispersal and mobility in hantavirus transmission. First, 
seropositive animals appeared randomly over all the study area. Second, sex influenced the 
risk of PUUV infections in bank voles. Actually, adult males are often the most frequently 
infected animals in a population during the breeding season [34]. This has been observed for 
PUUV- infections in bank voles from France [58], foothills of the Ural mountains [2] and 
Sweden [46]. More intensive mobility and dispersal activity of young maturing males 
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compared to reproducing females was proposed as an explanation by Bernshtein [2] referring 
to Khlyap [33]. Moreover, during reproductive season, breeding males travel over more female 
territories and frequently visit “excretory points” and shelters of other animals, increasing 
their risk of acquiring infection. However immunological differences between breeding males 
and females in response to infection could also explain this sex effect (see for sex specific 
immunological pathways of Seoul hantavirus infection [35, 36]). Third, old voles were more 
TULV-seropositive than younger ones. Young, immature voles have probably not dispersed 
yet whereas territories occupied by olders are continuously visited by dispersers. 
Alternatively, this age effect could also be explained without referring to dispersal as older 
voles have been longer exposed to viruses than younger ones and settled males could suffer 
from immuno-suppression due to high levels of sex hormones and corticosterone associated 
with breeding [45]. 

The detection of seropositive voles immigrating in the surveyed area would have 
confirmed the role of dispersal in hantavirus transmission. Our study did not succeed in 
identifying such individuals. This highlights the importance of choosing an appropriate spatial 
scale in such genetic and epidemiological studies. Genetic analyses, which revealed no 
departure from Hardy-Weinberg equilibrium and no pattern of isolation by distance over the 
study site, indicate that the spatial scale covers a smaller area than that corresponding to the 
whole panmictic population. The genetic differentiation between voles sampled and those 
coming from surrounding areas might thus be too weak to allow the detection of immigrants. 
Such geographically extended populations have already been described during outbreaks of 
fossorial water voles using genetic studies [3]. Moreover, both bank and common voles have 
considerable dispersal ability. Distances covered can reach more than 2-3 km for the bank 
vole (Henttonen, unpubl. data), and 50 to 160 m in case of short-range natal dispersal but 
occasionally up to 400 m within a few days for the common vole [6, 60]. The 4-km2 area is thus 
too small to monitor properly en entire common or bank vole population, and consequently 
HFSR risks. Determining the appropriate geographical scale for such studies is now essential 
and this could be achieved by estimating the surface over which individual isolation by 
distance would be significant.  
 
Kinship in hantavirus transmission 

To our knowledge this study is the first one revealing that PUUV and TULV are preferentially 
transmitted among relatives in vole species. This topic has already been tackled for PUUV in 
the grey- sided vole, My. rufocanus bedfordiae [27] but these authors did not found any 
evidence for closer relatedness among infected voles. Their result must, however, be 
considered cautiously as they used a very restricted dataset (only three seropositive animals). 
Several specific behaviours may result in higher hantavirus transmission between relatives. 
The simplest case concerns cohorts born from infective mothers and delaying their maturity 
and dispersal during high densities, which holds for our study site. Young are no more 
protected by maternal antibodies and can be infected in their natal site from their mother. 
Alternatively, cohorts born from non-infected mothers, thus not protected by maternal 
antibodies, may get infected during the pre-dispersal period if their colony is visited by 
infected voles [6, 7]. Finally, related individuals might become infected once adults if they 
remain in the same colony for common voles [6, 7] or after dispersal during winter kin-
clustering for bank voles [8]. 

On the other hand, higher transmission rates between relatives could have a completely 
different, non -behavioural origin. Relatives could be more prone to infection because of their 
similar genetic background particularly at genes involved in hantavirus susceptibility. 
Recently, Deter et al. [12] pointed out associations between class II Major Histocompatibility 
Complex (MHC) haplotypes and PUUV infections in bank voles. Some of these factors are 
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likely to be involved in the susceptibility of bank voles to hantavirus infections. More studies 
are required to disentangle the effects of behaviours and genetic background in the higher 
hantavirus transmission rates between relatives in these two vole species. 
 
Conclusion 

We reported the presence of two hantavirus serotypes in French wild rodents and 
demonstrated the influence of dispersal and relatedness in hantavirus transmission for two 
vole species, which have different ecologies and social behaviours. Results were consistent 
among both host-pathogen systems, suggesting that they are general features for transmission 
modes in hantavirus within rodent populations. This study thus provides new essential 
information to include in mathematical models, which aim at providing a better understanding 
of viral and rodent dynamics [see 57, see 58]. The future challenge for emerging diseases will 
consist in linking ecology and modelling to predict the risks for human health. 
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LEGENDS OF FIGURES 
 

Fig. 1. Mean abundance (number of rodents per trapping effort) of rodents: bank voles (black 
line, diamond), common voles (grey line, square), yellow-necked mice (grey line, circle) and 
wood mice (black line, triangle), and mean abundance (in percentage of positive intervals) of 
water voles (broken black line, cross) in Mignovillard between autumn 2004 and spring 2006.  

 

Fig. 2. Spatial and temporal expansion of PUUV-seropositive Myodes glareolus in the study 
site in spring (a), summer (b) and autumn (c) 2005. Landscape is described as village (black), 
roads (black lines), grassy land with hedges (white area) and wooded land (grey area). 
Squares indicate the location where trap-lines were set. Numbers and diagrams respectively 
correspond to the number of voles trapped and the seroprevalence (hatched) per line. A 
crossed square indicates no rodents caught in the line.  

 

Fig. 3. Spatial and temporal expansion of TULV-seropositive Microtus arvalis in the study 
site in spring (a), summer (b) and autumn (c) 2005. Landscape is described as in Fig.2 
Squares indicate the location where trap-lines were set. Numbers and diagrams respectively 
correspond to the number of voles trapped and the seroprevalence (hatched) per line. A 
crossed square indicates no rodent caught in the line.  
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Table 1. Field data per species and trapping session. The numbers of rodent sampled and of 
hantavirus seropositive animals are shown for both sex. Seroprevalence is given in percentage 
with the 95% confidence interval in brackets.  

 

Species 
Trapping 
session 

Number of 
rodents sampled 

Male / female 

Number of 
seropositive 

rodents 

Male / female 

Seroprevalence 

Bank vole 

Autumn 2004 

Spring 2005 

Summer 2005 

Autumn 2005 

Spring 2006 

22 / 14 

16 / 14 

17 / 15 

17 / 16 

1 / 1 

0 / 0 

2 / 0 

1 / 4 

0 / 4 

1 / 0 

0 

6.70  [0.81 – 22.08] 

15.60  [6.36 – 30.09] 

11.80  [4.11 – 24.94] 

50.00  [2.53 – 97.47] 

Common 
vole 

Autumn 2004 

Spring 2005 

Summer 2005 

Autumn 2005 

Spring 2006 

20 / 12 

16 / 12 

14 / 19 

23 / 13 

21 / 20 

0 / 0 

2 / 0 

1 / 1 

4 / 3 

0 / 0 

0 

1.28  [0.81 – 20.83] 

1.08  [6.36 – 17.88] 

9.49  [4.11 – 33.34] 

0 

Fossorial 
water vole 

Autumn 2004 

Spring 2005 

Summer 2005 

Autumn 2005 

Spring 2006 

18 / 12 

23 / 13 

18 / 17 

21 / 15 

0 / 0 

0 / 0 

0 / 0 

0 / 0 

0 / 0 

0 / 0 

0 

0 

0 

0 

0 

Yellow-
necked 
mouse 

Autumn 2004 

Spring 2005 

Summer 2005 

Autumn 2005 

Spring 2006 

8 / 3 

16 / 20 

8 / 7 

12 / 18 

0 / 2 

0 / 0 

0 / 0 

0 / 0 

0 / 0 

0 / 0 

0 

0 

0 

0 

0 
Autumn 2004 7 / 9 0 / 0 0 
Spring 2005 6 / 5 0 / 0 0 

Summer 2005 2 / 2 0 / 0 0 
Autumn 2005 6 / 6 0 / 0 0 

Wood 
mouse 

Spring 2006 0 / 0 0 / 0 0 
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Table 2. Mean pairwise relatedness (± standard error) among hanta seropositive and 
seronegative rodents. Probabilities are presented for the following hypothesis H: mean 
relatedness among infected rodents is higher that mean relatedness among non- infected ones 
(one-sided permutation test). 

 
 Number of rodents 

genotyped 
Mean pairwise 

relatedness 
H 

Bank voles    
Infected  11 0.0494 ± 0.0306 
Non- infected 82 - 0.0085 ± 0.0079 

P<0.0001 

Common voles    
Infected 10 0.0120 ± 0.0233 
Non- infected 79 0.0007 ± 0.0019 

P=0.0198 
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ABSTRACT  
Cowpox virus is among the main emerging zoonotic agents in Europe. In France, human cases 
have been reported and a recent work showed seropositive fossorial water voles in the East of 
France. We focused here on reservoir identification, spatiotemporal dynamics of the virus and 
individual factor risks. We studied a rodent community in the same region between autumn 
2005 and spring 2006. We observed a temporal increase of seroprevalence levels and a spatial 
expansion of cases. Bank voles showed higher seroprevalence levels and were the only 
seropositive rodents in spring. Later common voles and mice, then fossorial water voles 
became infected. Being a bank vole was also the most significant factor, with age and 
landscape, explaining the presence of antibodies anti-Cowpox virus. All these results suggest 
bank vole as the most susceptible species and / or the reservoir of Cowpox virus for the other 
species. This could be confirmed using molecular biology.  
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INTRODUCTION 
 
The World Health Organization defines an emerging zoonosis as a zoonosis that is newly 
recognized or newly evolved, or that has occurred previously but shows an increase in 
incidence or expansion in geographical, host or vector range. There are three main groups of 
rodent-borne zoonotic viruses in Europe: hantaviruses, arenaviruses and orthopoxviruses 
(Kallio-Kokko et al., 2005). Emerging zoonotic diseases have potentially serious human 
health and economic impacts. It is thus essential for prevention to identify the reservoirs of 
these diseases, and to better understand transmission modalities.  
Cowpox is a zoonotic dermatitis affecting mainly cats and humans. The disease is caused by 
Cowpox virus (CPXV), a close relative to Variola virus (smallpox ) and Vaccinia virus 
(Esposito and Fenner, 2001). In Europe, number of human cases are increasing since 
smallpox vaccination (with its cross protective immunity) was abandoned after its eradication. 
Cowpox virus (orthopox-virus, Family Poxviridae) is thought to be easily transmitted among 
host species as different as rats and monkeys (Martina et al., 2006). Reservoir hosts are 
believed to be wild rodents (Bennett and Baxby, 1996). The virus is endemic in rodent 
populations throughout Europe and western Asia (Begon et al., 1996). In the UK, where 
Cowpox cases in wildlife are the most studied, the highest seroprevalence levels occur in field 
voles, bank voles and wood mice, viewed as the reservoir hosts (Chantrey et al., 1999). 
Transmission among this community was investigated, and Chantrey et al. (Chantrey et al., 
1999) proposed the bank vole for being the reservoir for wood mice. However, Carslake et al. 
(Carslake et al., 2006), using a modelling approach, recently favoured an absence of 
transmission between wild bank voles and wood mice in West England. Modalities of 
transmission within rodent communities thus remain to be investigated. 
 

In France, a single study indicates the presence of Cowpox infections in wild rodents 
(Charbonnel et al., Submitted), although several human cases have been published (Claudy et 
al., 1982, Petsaris et al., 1998, Groux et al., 1999, Heilbronner et al., 2004). This recent work 
showed CPXV antibodies in most of the 12 fossorial water vole Arvicola terrestris scherman 
populations (seroprevalence 9.1-82.6%) (Charbonnel et al., Submitted). The authors 
evidenced a patchy distribution of CPXV seropositive voles. The goal of this paper is to first 
identify other reservoirs for Cowpox virus within a French community of rodents exhibited 
demographic fluctuations. Then, the analyses of spatiotemporal survey of seroprevalence 
bring insight into infection dynamics in reservoir species and provide indices about the 
possible transmission of Cowpox virus within the rodent community. Finally, environmental 
and individual characteristics are considered to identify the risk factors associated with 
Cowpox virus infection. 
 
MATERIALS AND METHODS 
 
Rodent sampling and specific abundance 

 

The rodent community was surveyed in a four km² area equally covered with wooded 
meadows and forests (man-made spruce or semi-natural forests) near Mignovillard (6°13’N, 
46°8’E; Jura, France). Five species were monitored. The fossorial water vole Arvicola 

terrestris scherman and the common vole Microtus arvalis prevail in grassy lands, whereas 
the bank vole Myodes glareolus, the yellow-necked mouse Apodemus flavicollis and the wood 
mouse Apodemus sylvaticus inhabit wooded areas. Apodemus individuals were identified to 
species following the molecular test developed by Michaux et al. (Michaux et al., 2001). 
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Rodents were surveyed for their abundance between September 2004 and April 2006 in 
spring, summer and autumn (see Deter et al., submitted). Trap-lines were used for the 
sampling of all species except A. terrestris scherman, which is mostly subterranean (Spitz, 
1974, Spitz et al., 1974). For each session, twenty 100 m-lines of 34 INRA live-traps 
separated by 3-m intervals, were equally set between open (nine lines in meadows and 
hedges) and wooded (five lines in forests and six lines in meadows bordering forests) areas 
for three consecutive nights. They were checked twice a day. Traps were fitted out with 
dormitory boxes and baited with hay and a piece of apple. The relative abundance of these 
four rodent species was determined using the trapping success, i.e. the number of animals 
trapped per trap-nights (Spitz et al., 1974). Note that common voles were also trapped directly 
in colonies located near the trap-lines when the number of capture was fewer than 30. These 
animals were not considered in abundance estimations. The fossorial water vole was sampled 
directly in colonies found in the meadows surrounding trap-lines using modified BTS live-
traps. No more than two animals per colony were kept. Traps were checked every two hours 
until the sampling of approximately 35 animals per session. The abundance of the fossorial 
water vole was estimated following the index surface method described by Giraudoux et al. 
(Giraudoux et al., 1995). 

 
Cowpox virus detection 

 

Rodents were killed by cervical dislocation as recommended by Mills et al. (Mills et al., 
1995). Animals were sexed and weighted and their age was estimated using eye lens mass 
(Martinet, 1966). This estimation of age compared to the weight of the individuals was used 
to class animals in two categories: young or adults (mean weight of adults being around 78 g 
for the fossorial water vole, 16 g for the common vole and the wood mouse, 23 g for the bank 
vole and 24 g for the yellow-necked mouse (Le Louarn and Quéré, 2003)). Pregnant females 
were too few to be considered. Animals were dissected: lungs and hearts were removed and 
conserved in RNA later at -20°C. Blood samples were taken from the heart or the thoracic 
cavity on a 1 cm² Whattman® blotting paper. They were next screened for anti-orthopoxvirus 
IgG using an immunofluorescence assay (IFA) as described earlier (Klingström et al., 2004, 
Kallio-Kokko et al., 2005, Kallio-Kokko et al., 2006, Laakkonen et al., 2006). Infection with 
Cowpox virus results in long-term antibody production in rodents (Chantrey et al., 1999). 
Experimental studies have shown that animals remain infected and infectious during 4 weeks 
after the infection, and develop an antibody response after approximately 2 weeks (Bennett et 
al., 1997, Chantrey et al., 1999). Detecting a seropositive animal means that it has 
encountered the virus. Individuals detected as seropositive are not necessarily infectious and 
some infectious animals can be missed during the two weeks of the immune response 
mounting.  
 
Statistical analyses 

 
Spatio-temporal distribution of seropositive rodents 

We aim to test the hypothesis of a spatio-temporal spread of the virus within the rodent 
community. In a first step, we investigated the potential differences of seroprevalence 
between species and seasons. Differences in seroprevalence were modelled using logistic 
regression with the infection cases (seropositive/seronegative) as response variable, season 
and species as explaining variable. Models were computed from the null model to the full 
model, and compared using the Akaike’s Information Criterion (AIC) (Burnham and 
Anderson, 1998, Johnson and Omland, 2004). The model with the lowest AIC value can be 
viewed as the most parsimonious one, i.e. the one explaining most of the variance with the 
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fewest parameters (Burnham and Anderson, 1998). Models with difference of AIC < 2 
compared to the model with the lowest AIC were selected. Significance of explanatory factors 
and their interactions were determined using deletion testing, with the significance of a term 
determined by the log-likelihood ratio-test (McCullagh and Nelder, 1989). When an 
interaction term was found to be significant, the lower order terms involved in that interaction 
were also retained (Crawley, 1993). Odd ratios and 95% confidence interval estimates were 
computed by bootstrap (1000 replicates). Furthermore, the spatial distribution of 
seroprevalence was modelled pooling species, with seasons and a second order polynomial of 
geographical coordinates as independent variables. Up to second degree interactions were 
considered for the full model. Model selection was processed as above. The residuals were 
checked for spatial structure by plotting an empirical variogram. A variogram envelope was 
then computed by performing 1000 permutations of the residual values on the spatial 
locations and the envelope limits were then compared to the variogram to test the null 
hypothesis of an absence of spatial structure of residuals. Computing and graphical displays 
were done using R 2.5 (R Development Core Team, 2006) and geoR (Ribeiro and Diggle, 
2001). 
 

Factors influencing the individual infection rates  

Logistic regressions were used to determine the factors that best explain the presence of 
antibodies anti-Cowpox virus in each reservoir considered independently. For each host 
species, the response variable was the presence or absence of antibodies in an individual. We 
included individual (relative age, sex, species) and environmental (landscape surrounding the 
line: open vs. wooded areas) factors, and all possible two way interactions as explaining 
variables. Model selection was performed as described above, using AIC. We used the sum of 
squares to test model fit (F-statistic). In a posteriori pairwise comparisons for least squares 
means, a multiple comparison adjustment for the p-values were done according to the Tukey-
Kramer method. These analyses were performed using GENSTAT 7.0. 
 
RESULTS 
 
No seropositive animals were found in 2004 and 2006. Thus only data collected in 2005 were 
used for statistical analyses. In total, 424 animals were caught in 2005. Taking away the 
pregnant females, the data set is composed of 393 rodents: 104 A. scherman, 97 Mi. arvalis, 
96 My. glareolus and 96 Apodemus sp. (23 A. sylvaticus and 73 A. flavicollis).  
The bank vole exhibited high abundance levels in 2005 and then declined in spring 2006. The 
common vole and the fossorial water vole abruptly decreased in abundance from autumn 2004 
to spring 2005 and then remained at very low abundance levels (Fig. 1). Apodemus species 
exhibited more stable abundances with a marked seasonal pattern (Fig. 1). Antibodies against 
Cowpox virus were found in all species, including 15 My. glareolus, 2 Apodemus sp., 3 A. 

terrestris scherman and 4 Mi. arvalis (Fig. 2).  
 

Spatio-temporal spread of the virus 

 
The model with the lowest AICc included both species and season and was significant 
(Deviance ratio = 6.41, p< 10-3). Results presented in Table 2 confirm that My. Glareolus 

presented the highest prevalence among the rodent community (odd ratios < 1), and show that 
prevalence levels were lower in spring than in summer or autumn (odd ratios > 1). The 
variogram (Fig. 4) indicates an absence of residual spatial autocorrelation; it is as there was a 
spatial expansion to the North West. Fig. 5 illustrates the spatial and temporal expansion of 
seropositive cases with all species considered together. In spring, a single trap line (in the 
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South-East of the map) presented seropositive rodents although voles and mice were caught 
everywhere else. New cases were found in the centre of the site in summer. Then, we caught 
positive animals in almost all trap-lines in autumn. Note that positive rodents were caught 
very closed to the village (less than 1 km). 
 

Individual and environmental risk factors  

 
The model selected is highly significant (deviance ratio = 3.49, P < 0.001) and contains the 
factors age, landscape, species and the interaction between age and landscape (Table 1). 
Seroprevalence levels were higher in the bank voles (16 % compared to 2 to 4% in the other 
species), in adults (7 % compared to juveniles 2 %) and in wooded areas (9 % compared to 
open areas 4.5 %). The influence of landscape on seroprevalence was only observed in adults 
(Fig. 3). 
 
DISCUSSION 
 
Few studies have focused on Cowpox virus infections in European rodents (Vapalahti, 2003, 
Essbauer et al., 2006, Laakkonen et al., 2006, Charbonnel et al., Submitted). This study is the 
first one, which finds antibodies against Cowpox virus in different rodent species in France. 
All of the species (voles and mice) exhibited seropositive individuals. By this contribution we 
add the common vole and the yellow necked mouse to the list of the rodents viewed as 
reservoir hosts (Chantrey et al., 1999). We showed a spatial and temporal expansion of 
Cowpox virus infection, and we provided evidence of bank voles being the main rodent 
reservoir in this area. 
 
Being an adult and leaving in forested areas as risk factors for rodent infection? 

 

Seropositive cases were more frequently detected among old animals, as observed by Burthe 
et al. (Burthe et al., 2006) or Cavanagh et al. (Cavanagh et al., 2004) in field voles. Longer 
exposure period to parasites and hormonal immunosupression (stress and sexual hormones 
during breeding) of older individuals could explain this pattern (Nelson et al., 2002). 
Landscape also has a significant effect on seroprevalence, especially for adults in forested 
areas. A similar effect has already been highlighted for Puumala virus, the specific hantavirus 
carried by bank voles (Deter et al., submitted). Infected animals were mainly observed in 
forests compared to hedges. Like many poxviruses, Cowpox virus is known to be able to 
survive for extended periods outside its host (Baxby and Bennett, 1999). These results might 
suggest a better survival of viruses in wooded areas, where humidity, pH, or protection 
against sun light could confer more favourable conditions. This better survival of Cowpox 

virus in wooded habitats could also explain the spatial pattern of infection dynamics observed, 
with seropositive cases first appearing in the forest (North or south of the study site) and then 
expanding throughout the area. Determining the environmental conditions influencing the 
longevity of Cowpox virus could provide a better understanding of its transmission patterns. 
 
Spatio-temporal spread of positive cases: role of rodent dynamics and consequences for 

human health 

 

There is a clear spatial and temporal expansion of seropositive cases within this study site. 
Cowpox virus seroprevalence levels markedly increase through time despite the demographic 
decline and low abundance exhibited by some of the rodent populations surveyed.  
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Several results suggest bank vole as the most susceptible rodent species and/or the reservoir 
of Cowpox virus for the other species. Bank voles are the first seropositive cases appearing 
after the extinction of Cowpox virus in this area, and they exhibit the higher levels of 
seroprevalence throughout the year, even when other species become infected. Bank voles 
could infect these other rodent species directly when encountering rodents or indirectly via 
faeces or urine deposited when crossing other rodent territories. Why bank voles are the most 
susceptible and/or the principal reservoir remains unclear. This could not be explained by a 
more intensive exposition to the virus in forested area as yellow necked mice live also 
preferentially in this habitat and present less seropositive cases and after the infection of bank 
voles. This could be led by an immune antagonism between parasites via the host immune 
response. An analysis of the parasite community in this rodent community revealed that 
animals seropositive to CPXV or hantavirus were generally not infested by helminths 
(Unpublished data). The reason could be the different immune response engaged by a host for 
the fight against an intracellular (via T helper 1, cellular response) or an extracellular parasite 
(via T helper 2, humoral response). Another explanation could be a genetic susceptibility of 
bank voles to CPXV comparing to other rodent species. Recently, Deter et al. (Deter et al., In 
press) pointed out associations between class II Major Histocompatibility Complex (MHC) 
haplotypes and CPXV infections in bank voles. Some of these factors are likely to be 
involved in the susceptibility of bank voles to CPXV infections. More studies are required to 
disentangle the effects of the community of parasites or of genetics in the role of bank voles in 
CPXV epidemiology. 
In UK, bank voles were previously thought to be a reservoir for wood mice (Chantrey et al., 
1999) although a recent modelling work suggests two independent systems even with 
different modes of transmission (Carslake et al., 2006). Molecular variation of Cowpox virus 
should now be investigated to disentangle the number of virus strains circulating within the 
different species of this rodent community. 
 
Conclusion 

 
Our data suggest a real risk for human health because of the proximity of human habitats with 
infected rodents: seropositive rodents were found at less than 1 km from the village. 
Moreover, infectious rodents can infect domestic cats, which hunt in meadows around the 
houses, then increasing the risk for humans (Bennett and Baxby, 1996, Pastoret et al., 2000). 
Whether the diversity of Cowpox virus rodent reservoirs represents an increased or a 
decreased risk for humans is an open question. Modelling and literature reviews suggest that 
high host diversity is likely to decrease disease risk (Keesing et al., 2006). It can occur when a 
less susceptible species reduces the transmission by reducing the intrapsecific contacts of the 
most susceptible species for example. This phenomenon called a “dilution effect” appears 
when pathogen transmission is frequency dependent and greater within species than between 
species. (Keesing et al., 2006).  
Modelling could be used in order to understand the role of host diversity (rodents, cats or 
other species) on the virus persistence. In this way, further studies are needed in order to 
determine the pathogenicity of the virus depending on the host species and the virus gene flow 
among the reservoirs. 
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Table 1. Logistic model results.  
 

 Odds ratio [CI 2.5-98.25 %] 

Intercept 1.11 [1.05-1.19] 

Apodemus sp. 0.87 [0.81-0.95] 

Avicola terrestris scherman 0.88 [0.81-0.95] 

Microtus arvalis 0.89 [0.82-0.96] 

Summer 1.06 [1.00-1.12] 

Autumn 1.10 [1.05-1.16] 

 

Odds ratios are computed for the model with Cowpox virus seroprevalence as the dependent 
variable and host species and season the independent variables. Reference is seroprevalence 
of Myodes glareolus in spring. CI indicates confidence interval at 2.5 and 98.25 %. 
 

Table 2. Generalized linear model results.  

Parameters t P 

Age - 0.99 0.320 

Landscape -2.01 0.044 

Species 12.30 < 0.001 

Age x Landscape 6.99 0.008 

 

Cowpox virus individual serostatus is the dependent variable. P model < 0.001, deviance ratio 
= 10.26, DF = 7, N = 394 voles. P-values were estimated by comparison with reduced models 
not including the term in question. 
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LEGENDS OF FIGURES 
 

Fig. 1. Mean abundance (number of rodents per trapping effort) of rodents (histograms): bank 
voles (points), common voles (cross lines), yellow-necked mice (horizontal lines) and wood 
mice (bold horizontal lines) and mean abundance (in percentage of positive intervals) of water 
voles (black line, circles) in Mignovillard between autumn 2004 and spring 2006.  
 
Fig. 2. Seroprevalence in percentage of Cowpox virus for Arvicola terrestris scherman 

(draughtboard), Microtus arvalis (cross lines), Myodes glareolus (points) and Apodemus sp 
(horizontal lines) in Mignovillard between spring and autumn 2005. For more visibility, both 
Apodemus species were grouped in Apodemus sp. N is the number of animals sampled. 
 
Fig. 3. Influence of the landscape and age-class (adults vs. juveniles) on Cowpox virus 
seroprevalence (in percentage) in five rodent species. Rodents were caught in wooded 
(horizontal lines) or open (white) areas. *** indicates a significant difference. ns indicates a 
non-significant difference. N is the number of animals sampled. 
 
Fig. 4. Variogram plotting the residuals of the selected generalized linear model (see Table 2). 
The residuals were checked for spatial structure by plotting an empirical variogram: dashed 
lines depict random spatial structure, generated by 95% confidence intervals from Monte 
Carlo simulations. Distance is indicated in meters. 
 
Fig. 5. Spatial and temporal expansion of Cowpox virus seropositive rodents (Arvicola 

terrestris scherman, Microtus arvalis, Myodes glareolus and Apodemus sp) in the study site 
(Mignovillard, 4 km2) in spring (a), summer (b) and autumn (c) 2005. Landscape is composed 
of the village (black), roads (black lines), grassy land with hedges (white) and wooded land 
(grey). Squares show places where trap lines were set. Numbers in the squares indicate the 
number of animals caught per line, and the diagram indicates the proportion of seropositive 
animals (cross-hatched). A crossed square means that no rodent was caught in the line.  
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Characterization and PCR multiplexing of polymorphic microsatellite loci in the 

whipworm Trichuris arvicolae, parasite of arvicoline rodents and their cross-species 

utilization in T. muris, parasite of murines. 
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Abstract  

We isolated and characterized 12 dinucleotide microsatellite loci in the nematoda Trichuris 

arvicolae. A multiplex panel was developed. Application to a set of 30 individuals collected 
from three arvicoline species allowed clear and easy characterization of allele sizes. The 
number of alleles ranged from 2 to 6 per locus with observed heterozygosities ranging from 0 
to 0.93. A test on eleven T. muris collected in two Apodemus species revealed that eight loci 
among twelve amplified, and five were polymorphic. These sets of microsatellite loci provide 
high throughput capacity for population genetic studies. 
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The gastro-intestinal nematode, Trichuris arvicolae is frequently found in the fossorial water 
vole Arvicola terrestris, the common vole Microtus arvalis and the bank vole Myodes 

(Clethrionomys) glareolus (Feliu et al. 2000) which experience periodic outbreaks in Europe 
(Le Louarn & Quéré 2003). We recently demonstrated that T. arvicolae affects female 
common vole fecundity (Deter et al. in press-b) and modelling showed its capacity for 
regulating vole populations (Deter et al. in press-a).  
We aimed to develop a population genetic approach to assess whether host species genetically 
structures T. arvicolae populations. Microsatellites designed for the human whipworm T. 

trichiura (Barker & Bundy 2000) provided non specific or an absence of amplification. We 
thus developed microsatellites for T. arvicolae. We present here the isolation of 12 
dinucleotide polymorphic microsatellite markers, which were optimised for multiplex PCR 
reaction and genotyping. 
Microsatellite screening was performed following Estoup & Cornuet (1994). Genomic DNA 
was obtained from a worm isolated in a water vole captured in Jura (France). The worm was 
cleaned using water, 70 % alcohol and a 10 second ultrasound baths. It was dried in a 
Concentrator 5301 (Eppendorf) before being crashed for DNA extraction (Puregene® DNA 
Purification Kit, Gentra Systems). We verified the absence of contamination with host DNA 
by amplifying water vole microsatellites (Berthier et al. 2004). The whole genomic DNA was 
amplified using a GenomiPhi DNA amplification Kit from Amersham Biosciences. 
Approximately 2.8 µg of DNA were digested using Sau3-AI restriction enzyme. A 400-900 
bp fraction of the digested DNA was selected, purified and ligated to Rsa-21 and Rsa-25 
linkers (Rsa-21 (5'−3') CTCTTGCTTACGCGTGGACTA; Rsa-25 (5'−3') phosphate-
TAGTCCACGCGTAAGCAAGAG). The enrichment procedure followed the protocol from 
Kijas et al. (1994) based on streptavidin-coated magnetic particles (MagneSphere®, 
Promega). 5’-biotinylated (CT)10 and (TG) 10 oligonucleotides were used as probes. The 
enriched single stranded DNA was amplified using Rsa-21 linker as primer to obtain enriched 
products and to recover double stranded DNA. PCR products were cloned using pGEM®-T 
Easy cloning kit (Promega) according to the manufacturer's instructions. In total, 1638 
recombinant clones were transferred on Hybond-N+ nylon membranes (Amersham 
Biosciences). Colonies were hybridized at 50°C with the mixture of oligonucleotide probes 
labelled with the DIG oligonucleotid tailing kit (Boehringer). A total of 332 positive clones 
were detected, 139 of them were sequenced using a dye-terminator cycle sequencing and an 
automated sequencer (Genome Express S.A.). Among the 38 unique sequences containing 
clear repeated units, i.e. from 9 to 35 consecutives repeats, 24 were appropriate for designing 
primers using Primer Designer (v 2.0, Scientific & Educational Software 1990, 91).  
Twelve loci provided good quality amplification products in monolocus PCRs and were 
retained for PCR multiplexing. Forward primers were 5' end labelled with a fluorescent dye 
(FAM, HEX or NED), determined to avoid overlapping between loci (Table 1). Multiplex 
amplification of all loci was performed on a Mastercycler ep-gradient-S (Eppendorf) using the 
Multiplex PCRTM Kit (Qiagen). It was conducted in 10 µl reaction volume containing the 
Qiagen Multiplex PCR Master Mix (1X) (including Taq, dNTPs and 3 mM of MgCl2 as final 
concentration), 0.1 µM of each primer (except for Ta52, Ta272 and Ta87, 0.2 µl), about 50 ng 
of genomic DNA, and RNase-free water. PCR started with an initial activation step at 95°C 
for 15 min, followed by 40 cycles with denaturation at 94°C for 30 sec, annealing at 57°C for 
90 sec, extension at 72°C for 60 sec and final extension of 60°C for 30 min. PCR products 
were detected using MegaBACE 1000 DNA Analysis system® (Amersham Biosciences); 0.8 
µl of the PCR products were mixed with 7.7 µl RNase-free water and 0.5 µl MegaBACETM 
ET-ROX400 size standard (Amersham Biosciences). 
We tested the microsatellite kit on 30 T. arvicolae collected in arvicoline rodents (19 in A. 

terrestris, 9 in M. arvalis and 2 in My. glareolus) trapped within a 4 km2 area in Eastern 
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France (6°13’N, 46°8’E) in September 2005. All loci were polymorphic (2 to 6 alleles per 
locus, Table 1). Tests for genotypic disequilibrium and deviations from the Hardy–Weinberg 
proportions were performed using Genepop 3.4 (Raymond & Rousset 1995). All loci except 
Ta52, Ta87 and Ta 275 displayed significant deviations from Hardy–Weinberg expectations 
(P < 0.05; Table 1). The observed and expected heterozygosities estimated over all loci were 
respectively 0.17 and 0.30. Eleven on the 66 pairs of loci exhibited significant genotypic 
disequilibrium (P < 7.5x10-4). Finally, we tested the microsatellite kit on eleven T. muris 
collected from eight yellow necked mice Apodemus flavicollis and three wood mice A. 

sylvaticus trapped in the same area. All loci amplified except Ta08, Ta32, Ta84, Ta248 and 
Ta272. The loci Ta13 and Ta22 were monomorphic, when Ta52, Ta55, Ta87, Ta254 and 
Ta275 displayed respectively 5, 6, 3, 2 and 2 alleles. Observed and expected heterozygosities 
over all loci were respectively 0.25 and 0.29 for the T. muris sample. 
Heterozygote deficiency is quite common in invertebrates and was already observed in T. 

trichiura (Barker & Bundy 2000). It is generally explain by null alleles, reproductive systems 
or Wahlund effect. On going works suggest that null alleles cannot on their own explain our 
data (not shown). Further studies using this set of microsatellite loci will give the opportunity 
to investigate the reproductive system and whether host species and dispersal genetically 
structure T. arvicolae populations. 
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Table 1 Characteristics of the 12 loci isolated in Trichuris arvicolae: number of alleles (A), Observed (HO) and expected (HE) heterozygoties 
with deviation from Hardy-Weinberg proportions (P). – indicates that no p value could be calculated because one allele was present at a single 
exemplar. 

Locus 
Primer sequence (5'-3') 

F: forward; R: reverse 
Dye 

Repeat 

motif in 

library 

Cloned allele size 

(bp) 
GenBank accession no. A Size range HO /HE P 

F: ACTAACGCTCCAGTGCAG FAM Ta08 
R: AGCGTATGTAGTTGAACAGAGC  

(GA)16 369  3 207-215 0.00/0.26 < 0.001 

F: GCAATTATCACCTGAGCTGC FAM Ta13 
R: CCACTGAACCAGGAACTACA  

(CT)13 154  4 152-164 0.03/0.27 < 0.001 

F: TTCTCCAATGGCGACTACAG FAM Ta22 
R: GTTAGAAGAGCGGTGCGAG  

(GT)11 243  4 238-252 0.00/0.62 < 0.001 

F: CAGGCGCTGTTAAGTTGATG HEX Ta32 
R: TCATCTGGAAGTGCGTTAGG  

(GA)15 291  5 293-301 0.03/0.62 < 0.001 

F: TAGGAGCGACGGTCATTAG FAM Ta52 
R: CAGATGAAGAGACGTTCGAC  

(GA)12 328  2 330-334 0.07/0.06 1 

F: CGCTCACCGGCTGCAAAG HEX Ta55 
R: TGATGTGATCGCACGGCATAG  

(GA)14 159  5 154-166 0.03/0.22 < 0.001 

F: ATACGCAGGACGATCAGAAC FAM Ta84 
R: CGTCTTCGACGGAGAGAGAG  

(CT)14 272  2 265-271 0.03/0.03 - 

F: AACAGGAAGTGTCGCAGGTT NED Ta87 
R: CATATCCGGCGTCGTATACC  

(GA)15 192  6 184-195 0.86/0.67 0.263 

F: GATGCCGTGTAAGCTCTTGT NED Ta248 
R: CTGCAGATGACTACGCTGAA  

(CA)11 206  3 205-215 0.03/0.21 < 0.001 

F: CACTCTCCGCTTCTCTCGTT HEX Ta254 
R: AATAATGCCGCCGAAGAGAG  

(CA)18 358  2 355-358 0.03/0.03 - 

F: CTGTGAGCGAGTTGC HEX Ta272 
R: GTAGCTTCATCGGTGC  

(TG)13 245  3 241-249 0.03/0.07 0.017 

F: GTAGTAGGTCAAGCGGTGAT HEX Ta275 
R: GACGGAGGAATAGACCAATC  

(GT)15 200  3 194-199 0.93/0.55 1 
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Abstract 

Parasites play a key role in the evolution of their hosts by driving main adaptation processes, 
especially at immune genes. Each parasite species is supposed to act as a distinctive selective 
pressure, the whole parasite burden maintaining polymorphism (parasite-mediated balancing 
selection: PMBS). We investigated two Major Histocompatibility Complex (MHC) class II 
genes (DQA and DRB) in natural populations of water voles (Arvicola terrestris) in Jura (East 
of France). Previous studies have shown that these genes experienced historical positive 
selection. In this work, we both aimed at detecting contemporary selection and identifying the 
agents mediating selection on these genes. We applied multivariate analyses to analyse 
conjointly genetic and parasitological data and avoid statistical problems related to multiple 
tests. Considering samples from six localities and three sampling years, an almost exhaustive 
screening of the parasites was done. All internal macroparasites (gastrointestinal helminths 
and brain coccidian) and antibodies against three viruses responsible for zoonoses were 
searched for. Associations between MHC alleles and parasitism indicated PMBS. Two alleles, 
Arte-DRB-11 and Arte-DRB-15, exhibited antagonist associations with parasite richness and 
the nematode Trichuris arvicolae. Alternatively, population genetic approaches revealed 
significant homogeneity in allelic frequencies at the DQA gene in five samples out of 15. As 
this result was not observed over 11 neutral microsatellite markers, it was interpreted as the 
action of balancing selection instead of a mutation-drift disequilibrium. Although we only 
found a weak linkage disequilibrium between DQA and DRB, patterns of selection detected 
on these two MHC class II genes were quite different. Among the potential mechanisms 
underlying balancing selection, overdominance seemed very unlikely. We found no 
heterozygote excess, whatever the samples considered, and the variables describing 
heterozygosity were not associated with parasitism in co-inertia analyses. On the opposite, the 
associations observed between specific alleles and parasite species / richness supported the 
hypothesis of negative frequency dependence mechanism. 
 

Keywords: MHC class II; parasite mediated balancing selection; multivariate analysis; co-
inertia; frequency dependence. 
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Introduction 
Major Histocompatibility Complex (MHC) genes are unique candidates for the study of 
selection in natural populations (Bernatchez & Landry, 2003). How their extreme 
polymorphism evolves still remains debated (review in Piertney & Oliver, 2006). Balancing 
selection has frequently been detected on these genes at a macroevolutionary time scale 
through the study of substitution patterns or trans-species polymorphism (e.g. Bryja et al., 
2006; Musolf et al., 2004). Recently, evidence of selection acting at a microevolutionary time 
scale has been found using comparison of population genetic structure at MHC and neutral 
genes (e.g. Charbonnel & Pemberton, 2005 ; Landry & Bernatchez, 2001; but see Seddon & 
Ellegren, 2004). Another approach developed to detect contemporary selection consists in 
investigating associations between MHC alleles and infection status. Parasite-mediated 
balancing selection (PMBS) has long been suspected because of the key immune function of 
these genes (foreign peptides recognition leading to initiate specific immune response, 
Hughes & Yeager, 1998; Delves et al., 2006) and the ubiquitous distribution of immune 
function among taxa (Klein and O’Huigin 1994). Associations have thus frequently been 
reported in the context of human infectious diseases (Hill et al., 1991; Thursz et al., 1995; 
Carrington et al., 1999) or considering a single parasite species in wild host populations 
(Briles et al., 1977; Langefors et al., 2001; Bonneaud et al., 2006). This approach might not 
meet requirements for evolutionary studies because of the difficulty to justify the selection of 
a particular parasite species. Moreover, several evidences suggest that multiple parasites are 
necessary to drive MHC polymorphism (Wegner et al., 2003). Considering this constraint, 
associations between MHC genes and infection have been explored using parasite richness or 
burden (Prugnolle et al., 2005; Schad et al., 2005). This might still not be appropriate as such 
indices of parasite pressure do not reflect the particular selection mediated by each parasite 
species (especially antagonistic effects between species, e.g. Meyer et al., 1994). Surprisingly, 
we are not aware of any study examining the associations between MHC alleles/genotypes 
and the specific composition of the parasite community. 

Consequently, this study covers the wider possible range of internal macroparasites in wild 
populations of the fossorial water vole (Arvicola terrestris sherman, Shaw 1801). It aims to 
demonstrate balancing selection mediated by multiple parasites and to identify the different 
parasite species acting on MHC polymorphism. This rodent is a relevant model for 
immunogenetics since it suffers from infections involving a moderate number of 
macroparasites (Cerqueira et al., in press), which allows their exhaustive screening. MHC 
class II genes are relevant candidates as they encode for molecules, which present exogenous 
antigens to T-helper cells, and so are implied in the recognition of extracellular parasites 
(Hughes & Yeager, 1998). Moreover associations between MHC class II genotypes and levels 
of resistance to helminths have been observed using laboratory strains of mice (Else et al., 
1990; Keymer et al., 1990), and more recently in wild mammals (Paterson et al., 1998; 
Meyer-Lucht & Sommer, 2005). Experiments on Class II deficient mice have shown that 
MHC class II genes are involved in immunity against viruses too (Apanius et al., 1997). 
Therefore, as the water vole is also known as a reservoir of zoonotic agents (Charbonnel et 

al., submitted), we also integrated information about the presence of antibodies against 
viruses responsible of zoonoses. 

DQA and DRB are the most studied MHC class II genes in small mammals (Charbonnel et 

al., 2006). Both genes were included in this study, and the second exon of these genes was 
selected as it encodes the peptide binding site (PBS, in humans: Brown et al., 1993; and in 
voles Bryja et al., 2006). Associations between host genetics and parasite load have already 
been reported on DRB gene in several wild populations (Meyer-Lucht & Sommer, 2005; 
Schad et al., 2005; Froeschke & Sommer, 2005) and on the DQA gene in wild rodents (Deter 
et al., in press in Infection, Genetics and Evolution). In Arvicolinae, historical selection has 
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been evidenced on both DQA and DRB (Bryja et al., 2006; Bryja et al., submitted; Oliver & 
Piertney, 2006). Confirming a still acting selection on these genes in contemporary 
populations was of particular interest, especially because such evidence of past selection can 
persist a long time after selection has stopped (Garrigan & Hedrick, 2003). One way to detect 
contemporary selection, is to compare population genetics patterns at MHC loci to neutral 
markers. This approach has been recently used in A.terrestris populations of Jura by Bryja et 
al. (submitted). We developed an alternative and complementary approach, which focuses on 
the potential agents mediating selection at MHC genes, namely parasites. 

The specific objectives of this study were to explore associations between genetics (MHC 
class II DQA and DRB genes) and parasitism, with regard to alleles, heterozygosity, parasite 
species and diversity. We thus aimed to identify the potential agents mediating selection on 
these genes. We also examined the relative importance of two non-exclusive mechanisms, 
which were likely to underlie balancing selection: negative frequency dependence (Doherty & 
Zingernagel, 1975) and overdominance (Takahata & Nei, 1990). Intra-population genetic 
analyses were finally developed based on DQA, DRB and microsatellites to confirm (i) the 
existence of balancing selection acting on MHC class II genes over the contemporary history 
of A. terrestris populations, and (ii) the relative role of the two previously proposed 
mechanisms of selection. 

 

Materials and methods 
Species, sampling design and parasite screening 

The fossorial water vole (Arvicola terrestris sherman, Shaw 1801) is an arvicoline rodent, 
which typically inhabits grasslands and experiences pluri-annual demographic cycles in 
various regions of France and Switzerland (Saucy, 1994). We sampled six localities for water 
voles in the East of France (Nozeroy, Jura, Franche-Comté, France) during three successive 
years (2003, 2004, 2005). The sampling was conducted in October as helminths of mammals 
exhibit higher prevalences at the end of the summer (e.g. Haukisalmi et al., 1988; Umur & 
Yukari, 2005). Sampling areas covered about 2 ha each and were distant by four to 13 km. 
We used 80 Sherman live-traps per site, and only one live-trap per colony (i.e. nest) to avoid 
the sampling of related individuals. This led to the capture of about 20 animals per locality 
after a single day of sampling. When more than 24 voles were trapped, we only took a piece 
of tail of these additional individuals for genetic analyses and released animals, to limit our 
impact on vole densities. Voles were brought to the laboratory and housed individually during 
one week in standardized conditions for the need of physiological experiments (Charbonnel et 

al., in press). Voles were then euthanized by cervical dislocation as recommended by Mills 
(1995), then weighted and dissected. Only sexually mature individuals were kept for the 
study, and pregnant females or females that gave birth in the laboratory were removed from 
the analyses. Finger tissue was kept in 95° alcohol for DNA samples. Blood samples were 
taken from the heart and centrifuged. Serum were screened for IgG antibodies to Puumala 

virus (PUUV, hantavirus), Cowpox virus (CPXV, orthopox virus) and Lymphocytic 

choriomeningitis virus (LCMV, arenavirus) using immunofluorescence assays (IFA), as 
described in Kallio-Kokko et al. (2005). Brains were crushed between slides and checked 
microscopically for the presence of Frenkelia cysts (Coccidia, Apicomplexa: Sarcocystidae). 
Helminths observed in the liver and the cavities, were identified during the vole dissection. 
Finally, the digestive tracts were conserved in 95° ethanol. Helminths were identified using 
microscope. As helminth pathologies usually depend more on infection intensity than on 
infection status (May & Anderson, 1979), we counted the number of individuals detected for 
each helminth species when possible. The parasite diversity was expressed as the number of 
parasite species detected in a vole. We both considered the helminth richness (Rh) and the 
total richness (Rp), which included viruses and coccidia.  
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MHC class II gene and microsatellite genotyping 

Vole genomic DNA was extracted from one toe using DNeasy® Tissue Kit (Qiagen), 
according to the manufacturer’s instructions. Final elution was performed in 400µl of AE 
buffer. 

Complete exon 2 of the DRB and DQA class II MHC genes were amplified and genotyped 
as described in Bryja et al. (2005; submitted). Primers were fluorescently labelled with 
different dyes (FAM, HEX, or NED). Capillary Electrophoreses – Single Strain Conformation 
Polymorphism (CE-SSCP) were performed on a MegaBACE 1000 DNA Analysis system 
(Amersham Biosciences). The DQA gene is duplicated in the water voles and the second copy 
(named DQA2) is not present in all individuals (see Bryja et al., 2006). We identified two 
alleles at this locus using cloning and sequencing, but they could not be distinguished by CE-
SSCP. Therefore we decided to consider only the polymorphism of DQA duplication, ie the 
presence / absence of DQA2. 

We used microsatellite loci to infer the role of neutral evolutionary processes on MHC gene 
polymorphism. All individuals were genotyped at nine polymorphic autosomal microsatellite 
loci specifically developed on A. terrestris, as described in Berthier et al. (2004). 
 
Detecting genetic / parasitologic associations using co-inertia analyses 

We used multivariate analyses to investigate associations between (i) a MHC class II genetic 
matrix including for each individual screened, the presence/absence for each allele of DQA1 
and DRB genes, DQA1 and DRB heterozygosity (0= homozygote, 1 = heterozygote), the 
presence of DQA2, and (ii) a parasitological matrix including for each individual screened, 
the abundance of each parasite species and parasite richness indices (Rh and Rp). A co-inertia 
analysis (ACO) was performed to search for axes that maximize the covariance between the 
row coordinates of the two matrices (Dray et al., 2003). ACO was used because it accepts all 
types of variables and is robust to correlation between variables from a same matrix (Dray et 

al., 2003). Briefly, each matrix was first analysed independently, the MHC genetic matrix 
following a Correspondence Analysis (CA) and the parasitological one following a Principal 
Component Analysis (PCA). The global relationship between the two matrices was estimated 
from the co-inertia (vectorial correlation) of the matrices, and significance was obtained by 
comparing the co-inertia estimates of the real data with the distribution of co-inertia estimated 
after 1000 permutations of the parasitological matrix lines. These analyses were also 
performed considering each MHC class II gene independently. Particular associations were 
first visually detected using the distribution of genetic and parasitological variables on the 
ACO factor map. The variables located in a given direction relative to the origin were 
considered positively associated, whereas the variables located in opposite directions were 
considered antagonistic. Variables plotted near the origin could not be interpreted. These 
associations were then statistically tested using a cross-validation approach (Draper & Smith, 
1981; see e.g. Hallgren et al., 1999). We randomly divided the data in two independent 
datasets and performed two independent ACO. Associations between genetic and 
parasitological data were considered significant if they were observed in both datasets. All 
multivariate analyses were performed using ADE-4 software (Thioulouse et al., 1997).  

Behind frequency dependent selection, we expected positive or negative associations 
between the presence of specific MHC alleles and parasite species. This association could be 
interpreted in terms of resistance (negative association) or susceptibility (positive association) 
alleles to parasite species. Alternatively, the overdominance hypothesis should result in 
negative associations between heterozygosity or duplication and specific infection or parasite 
richness. 
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Population genetic analyses 

Associations between MHC and parasites could reflect associations between any part of the 
genome and parasites if the voles sampled were highly related. In this case such associations 
would not be evidences of selection acting on MHC genes through parasite pressure. 
Therefore, we verified the absence of relatedness between voles sampled in a given locality. 
Means and variances of the relatedness coefficients (rxy) were estimated from microsatellite 
data according to Queller & Goodnight (1989) using IDENTIX 1.0 software (Belkhir et al., 
2002). Permutation tests (1000 genotype permutations) were used to compare observed values 
(means and variances) to those expected in a panmictic population.  

The presence of linkage disequilibrium was also tested for each pair of loci, including nine 
neutral microsatellite loci, DQA1 and DRB, in each population. We used exact tests and 
Markov chains as implemented in GENEPOP 3.3 software (Raymond & Rousset, 1995). 
Corrections for multiple tests were performed using the false discovery rate approach (FDR) 
according to Benjamini & Hochberg (1995).  

Because demography affects all loci in the genome while selection acts on a single locus, 
comparing patterns at MHC genes and microsatellites may provide evidence for balancing 
selection (Cavalli-Sforza, 1966). Genetic diversity was described within each vole population 
for each sampling site and year at the DQA1 and DRB genes, at each microsatellite and over 
all microsatellites. We calculated the expected and observed heterozygosity (HE and Ho) 

using GENETIX software (Belkhir), and the unbiased estimator f̂  of Wright’s inbreeding 

coefficient FIS according to Weir & Cockerham (1984) using FSTAT 2.9.3 (Goudet, 1995).  
Balancing selection is expected to homogenise allelic frequencies (Watterson, 1978). As a 

result, we expected the genic diversity HE to be higher for MHC genes than for 
microsatellites. We applied the Ewens-Watterson neutrality test (Watterson, 1978) to the 
MHC genes and for each population using ARLEQUIN 3.01 software (Excoffier et al., 2005). 
This test considers an infinite allele mutation model (IAM). Alternatively homogeneity in 
allelic frequencies can result from a recent demographic bottleneck (Watterson, 1986). Such 
demographic event is likely to occur in water vole populations as they periodically experience 
decline and low densities (Saucy, 1994; Charbonnel et al., in press). Therefore we 
distinguished selection from demography by checking the genetic impact of bottleneck on 
microsatellites. We used the Wilcoxon sign tests implemented in the program BOTTLENECK 
1.2.02 (Piry et al., 1999) by considering a Stepwise Mutation model (SMM) for 
microsatellites and 10 000 simulated datasets. 

In line with the overdominance hypothesis, selection should result in an excess of 
heterozygotes (Doherty & Zingernagel, 1975; Garrigan & Hedrick, 2003). This might be 
detected through (i) Hardy-Weinberg disequilibrium at MHC class II genes despite 
equilibrium at microsatellites. An exact test of heterozygote excess was performed using the 
Markov chain methods implemented in GENEPOP 3.3 to test this hypothesis. Sequential 
Bonferroni corrections (Rice, 1989) were used to control for multiple tests. (ii) Lower levels 
of inbreeding coefficient (FIS estimates) and higher levels of observed heterozygosity (Ho) are 
expected at MHC genes compared to microsatellites. We analysed the effects of the type of 
marker (microsatellite, DQA1 and DRB), and of the locus nested within the type of marker on 
FIS estimate (arc-sin transformed) and Ho variability using general linear models with a 
normal error structure (Sokal and Rohlf 1995) in GENSTAT (v7.0, VSN International Ltd). 
When main effects were significant, post-hoc comparison of parameter means was performed 
following Tukey-Kramer test 

 

Results 
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We sampled 302 water voles for parasite screening and 367 for the population genetic 
analyses. In 2005, the three water vole sampling areas located in the North of the study area 
experienced such low densities that no animal could be trapped after several days of capture. 

Antibodies against PUUV, CPXV and LCMV were detected. Seroprevalence are described 
in Table 1. Two coccidian species were observed in the brain (Frenkelia microti and 
Frenkelia glareolus), four nematodes (Trichuris arvicolae, Syphacia nigeriana, Aonchotheca 

wioletti, Eucoleus bacillus) and four adult cestodes (Anoplocephaloides dentata, 

Aprostatandrya sp., Paranoplocephala omphalodes, Hymenolepis horrida) were detected in 
the digestive tracts. Two larvae cestodes were observed in the liver (Echinococcus 

multilocularis, Taenia taeniaeformis) and one in the cavity (Taenia crassiceps). Detailed 
prevalence estimates are described in Table 1. Individual helminth richness ranged between 0 
and 5 and total parasite richness between 0 and 7. As the helminths Eucoleus bacillus, Taenia 

crassiceps and Anoplocephaloides dentate have been found in a single individual (Table 1), 
we could not include these species in the association analyses.  

We identified five alleles at DQA1 and 12 alleles at DRB among the 367 water voles 
screened for DNA analyses. They all have previously been detected, cloned and sequenced in 
water voles (Bryja et al., 2005; Bryja et al., submitted). Allelic frequencies are reported in 
Fig. 1. Two DRB alleles (Arte-DRB-12 and Arte-DRB-14) had frequencies lower than one 
and could not be included in the association analyses.  
 
Co-inertia analyses 

The ACO analysis was first performed on the 302 individuals screened both for the 18 genetic 
(five DQA1 alleles, 10 DRB alleles, DQA1 and DRB heterozygosity, presence of DQA2) and 
15 parasitological variables (three viruses, two coccidias, height helminth species, helminth 
and total parasite richness). 

The CA based on the genetic table (Fig. 2) revealed that the two first axes explained a weak 
part of the total variance (27.4 % total, 14.6 % F1, 12.7 % F2). The first axis (F1) is structured 
by the alleles Arte-DQA-06 and Arte-DRB-09 opposed to Arte-DQA-07, Arte-DRB-16 and 
Arte-DRB-10. The second axis (F2) mainly opposes Arte-DRB-11 to Arte-DRB-13. Neither 
heterozygosity nor duplication was important in the structure of this dataset. The first two 
dimensions of the PCA performed on the parasitological table (Fig. 3) explained only 29.2 % 
of the total variance (18.3 % F1, 10.9 % F2). The first axis is structured by the two parasite 
richness indices: Rp and Rh. The second axis opposes the two viruses Orthopox virus (CPXV) 
and Arenavirus (LCMV) and the coccidian Frenkelia glareolus (Cocc-Fg) to the two 
nematodes located in the caecum: Trichuris arvicolae (Nem-Ta) and Syphacia nigeriana 
(Nem-Sn). This opposition between viruses and helminths located in the caecum probably 
results from trade-offs between different immune defences against different parasite families.  

The global co-inertia (0.112) between the genetic and parasitological matrices was not 
significant (p = 0.736). This indicates an absence of global relationship between the two 
matrices, but does not exclude the existence of particular associations. This result was also 
observed when performing this co-inertia analysis with each MHC gene independently 
(DQA1: p = 0.170; DRB: p=0.328). 

The two first axes of the ACO explained 48.4 % of the variance shared between the two 
matrices (32.5 % F1, 15.9 % F2). Plotting the genetic variables on the F1xF2 ACO factor map 
(Fig. 4a) indicated that five alleles were mainly involved in the co-inertia. They all belonged 
to the DRB gene (Axis 1: Arte-DRB-11 and Arte-DRB-15; Axis 2: Arte-DRB-07, Arte-DRB-
10, Arte-DRB-16, Arte-DRB-11). Neither heterozygosity, nor duplication seemed to play a 
significant role in the co-inertia. Richness indices, nematodes from the caecum (S. nigeriana 
and T. arvicolae) and in a lesser extent the two viruses CPXV and LCMV were variables 
involved in the co-inertia (Fig. 4b) and previously found to structure parasitological data in 
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the PCA. Note also that the cestodes P. omphalodes and H. horrida, which were not 
important in the PCA, highly structured the co-inertia (respectively first and second axes).  

Superposing the genetic and parasitologic variables on this ACO factor map revealed 
positive (resp. negative) associations on the first axis between Arte-DRB-11 (resp. Arte-DRB-
15) and richness indices, P. omphalodes, and T. arvicolae. Another positive association 
detected on both axes concerns Arte-DRB-11 and H. horrida. The second axis revealed less 
important associations, due to the lesser part of the variance it explained. Associations were 
observed between the two viruses CPXV and LCMV and the alleles Arte-DRB-16 and Arte-
DRB-10 (positive associations) and Arte-DRB-07 and Arte-DRB-11 (negative). 

We randomly divided the dataset in two independent ones to highlight the non-random 
genetic / parasitological associations (Figs 5). We only confirmed the positive (resp. negative) 
associations between Arte-DRB-11 (resp. Arte-DRB-15) and richness indices (Rh and in a 
lesser extent Rp) and T. arvicolae. The other associations first revealed from the analysis of 
the whole dataset were attributed to chance. Indeed some associations were not observed 
whatever the sub-dataset considered. This concerned Arte-DRB-11 (positive) or Arte-DRB-15 
(negative) with P. omphalodes, or Arte-DRB-10 (positive) and LCMV or CPXV. The others 
were observed in only one of the two datasets, for example, the positive associations between 
Arte-DRB-07 and Arte-DRB-11 with H. horrida (second sub-dataset), or the positive 
associations between Arte-DRB-16 and LCMV or CPXV (first dataset). DQA1 and DRB 
heterozygosity as well as the presence of DQA2 were located very close to the origin on the 
co-inertia factor maps (Figs 4 and 5), revealing the likely absence of linkage between these 
three variables and parasitism. 

Considering DRB locus only in ACO analyses also revealed the strong opposition between 
Arte-DRB-11 and Arte-DRB-15. Although no associations were significant, we noticed that 
Arte-DRB-15 was negatively associated with each parasite species whereas Arte-DRB-11 was 
positively associated with most parasite species (Fig. 6). 
 
Population genetics 

Relatedness analyses revealed an absence of kinship, whatever the population considered, 
except in population A in 2004, where a high variance of rxy was detected (mean (rxy) = -0.05, 
p = 0.42; variance (rxy) = 0.04, p =10-3).  

We performed 815 tests to analyse the linkage disequilibrium between genes (55 pairs of 
locus x 15populations -10 pairs of locus as one microsatellite was monomorphic in one 
population). After FDR correction, four tests (0.48 %) remained significant. If these 
remaining significant comparisons were stochastic (random) events, 0.48 % from 55 pairs of 
loci would correspond to 0.26 cases. Nevertheless, within four significant comparisons, three 
included DQA1 and DRB, suggesting linkage between these two genes. 

Ewens-Watterson tests indicated significant deviations from neutrality in five populations 
for the DQA1 gene, and in one population for the DRB gene (Table 2). This homogeneity in 
allelic frequencies could not result from demographic bottlenecks as none of the population 
studied presented significant deviation from mutation-drift equilibrium when considering 
microsatellites (Table 2). 

Whatever the gene considered, no population deviated from Hardy-Weinberg equilibrium, 
revealing an absence of significant heterozygosity excess (Table 2). However, the variability 
in inbreeding coefficients (FIS) and observed heterozygosity (Ho) was explained by the type 
of marker (respectively p = 10-3; p < 10-4). Post-hoc Tukey-Kramer tests revealed that FIS 
estimates were significantly lower at DRB and microsatellites than at DQA1, indicating that 
none of the MHC class II genes studied exhibited higher levels of heterozygote excess. On the 
other hand, the levels of observed heterozygosity were significantly higher at DRB locus than 
at DQA1 and microsatellites. 



 Page 248 

 

Discussion 
Parasite impact on MHC gene polymorphism can be complex. To our knowledge, this is the 
first study exploring jointly the potential role of both parasite species and parasite burden as 
selective pressures acting on immune genes. Our combined approach of multivariate statistics 
and population genetics covers a complex set of associations including MHC polymorphism 
of two class II MHC genes and parasitological variables. We found significant associations 
between parasitism and genetics which support the notion of parasite mediating balancing 
selection (PMBS). 

 
Evidence of PMBS 

The first evidence of balancing selection acting on both MHC class II genes was the extensive 
polymorphism found within the small study area (five DQA1 alleles and 12 DRB alleles 
within populations distant of 20 kilometres maximum). Moreover, we observed contrasted 
patterns of genetic diversity at MHC genes and neutral microsatellite markers. Homogeneity 
in allelic frequencies (Watterson, 1978) was significantly detected in one population for DRB, 
five populations for DQA1 and none for microsatellites. This absence of impact of 
demographic bottleneck on genetic diversity at neutral loci is supported by a previous study of 
A. terrestris populations (Berthier et al., 2006). Homogeneity in allelic frequencies is thus 
locus specific, and as a consequence, can be attributed to balancing selection (Cavalli-Sforza, 
1966; Luikart et al., 2003). 

We did not find significant global co-inertia between the genetic and parasitological 
matrices but this is not surprising considering the difficulties related in the literature of 
finding MHC-parasite associations (Hedrick & Kim, 2000). This result is not in contradiction 
with PMBS if (i) we missed some important parasites, such as bacteria or viruses, (ii) various 
strains of parasites are different enough that different alleles might confer resistance, and 
genetic diversity of parasites should be included in such studies (e.g. Webster & Woolhouse, 
1998; Moore et al., 2002), or if (iii) only a few main associations are driving MHC 
polymorphism. Indeed we found and could confirm associations between two specific MHC 
alleles, parasite load and parasite species. One allele, Arte-DRB-15, exhibited significant 
negative associations with parasite richness (mainly helminth richness Rh) and with the 
presence of the nematode Trichuris arvicolae. An antagonist allele, Arte-DRB-11, is 
positively associated with the same parasitological variables. Associations between parasitism 
and MHC polymorphism reveal PMBS only if the parasite species can affect host fitness. 
Here, most parasite species studied were known to affect host fecundity or mortality (e.g. 
Feore et al., 1997 for Cowpox virus; Fichet-Calvet et al., 2004 for Frenkelia; Vervaeke, 2006 
for Echinococcus; but see Deter et al., 2006 for Taenia teaniformis). In particular, it has been 
shown experimentally that Trichuris muris infection influenced reproductive success in mice 
(Porcherie, 2005); and a recent laboratory experiment confirmed that Trichuris arvicolae 
affects fecundity in the vole Microtus arvalis (Deter et al., in press). These associations 
between MHC and parasitism are thus indirect evidence of selection acting on DRB gene, or 
on another gene closely related. Associations between DRB genotypes and fitness would be 
direct evidence of selection, but such data are difficult to obtain (but see De Eyto et al., 2007 
for impact on survival; Sauermann et al., 2001 for impact on reproductive success).  

The nematode T. muris was known to be influenced by its host’s genetics (Else & Wakelin, 
1988), including MHC genes (Else et al., 1990), in mice. This agrees with the association 
reported here between DRB alleles and T. arvicolae in voles. The same pathways are likely to 
be involved in these two close systems of rodent host (Arvicola terrestris / Mus musculus) and 
nematode parasite (T. arvicolae / T. muris). 
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Insights into mechanisms of selection 

The number of alleles per individual, whatever the estimator considered (DQA1 and DRB 
heterozygosity and DQA duplication) was not involved in the co-inertia between MHC and 
parasitological matrices. This means that being heterozygote or having a supplementary copy 
of one gene might not influence the parasite susceptibility of these water voles. Several other 
studies could not reveal an impact of heterozygosity on parasite burden (e.g. Schad et al., 
2005; Paterson et al., 1998; but see Froeschke & Sommer, 2005). Furthermore none of the 
water vole populations studied deviated from Hardy-Weinberg equilibrium, whatever the 
locus considered. Neither DQA1 nor DRB exhibited low inbreeding coefficient estimates, and 
high levels of observed heterozygosity compared to microsatellites. Thus none of the 
approaches investigated here brought evidence in favour of overdominance in these 
populations. Alternatively, heterozygote excess at MHC genes have been reported in one 
human population (Markow et al., 1993) and in semi natural populations of mice (Potts et al., 
1991), but MHC studies of wild natural populations usually report Hardy-Weinberg 
equilibrium (review in Piertney & Oliver, 2006). These results support the idea emerging 
from empirical (see references above) and theoretical (De Boer et al., 2004; Borghans et al., 
2004) studies that particular alleles could be more important for disease resistance than 
heterozygosity (Piertney & Oliver, 2006; Bernatchez & Landry, 2003). 

Associations between one allele and parasite load are expected under the negative frequency 
dependence hypothesis. Here we report associations between two particular alleles of DRB 
gene and three parasitological variables: parasite richness (Rh and Rt) and one nematode 
species, Trichuris arvicolae. These two DRB alleles seem to play antagonistic roles in vole 
susceptibility to parasites. A similar result has already been reported with two different alleles 
of the same locus playing an antagonistic role in the resistance of sheep to gastrointestinal 
nematodes (Paterson et al., 1998). These associations can be interpreted in terms of resistance 
alleles (Arte-DRB-15) and susceptibility allele (Arte-DRB-11) although alternative 
hypotheses exist. First, other alleles in linkage disequilibrium could be the real resistance and 
susceptibility alleles. On the other hand, only one allele would be associated with parasites 
whereas the other would be negatively associated with this allele (consequence of an 
unknown selective effect, unlinked to parasites). It may be the case here as the antagonism 
between the two alleles was already present in the preliminary genetic analysis, independent 
from parasites. These two DRB alleles present amino acid sequences which are 
phylogenetically close compared to other DRB alleles (Bryja et al., submitted). However they 
differ by ten different amino-acid, among which nine seem to be involved in peptide 
recognition (Bryja et al., submitted). This supports the hypothesis that these two alleles could 
be functionally very different.  

After all, our results are consistent with negative frequency dependence mechanism. In this 
way, we notice that both alleles involved in parasite associations (Arte-DRB-11 and Arte-
DRB-15) are rare alleles (respectively 6.8% and 3.4% in the whole data set). Rare alleles are 
expected to be advantageous because of being ‘unknown’ from parasites (Van Halen, 1973; 
see Lively & Dybdahl, 2000; Trachtenberg et al., 2003 for empirical evidences). 
Nevertheless, observed patterns may strongly differ throughout co-evolutionary processes 
(Dybdahl & Lively, 1998). The frequency of an advantageous rare allele is supposed to 
increase until parasite adaptation makes this allele no more advantageous; it would then 
decrease in frequency and become rare again, although unfavourable. Patterns would thus be 
more complex than expected (Dybdahl & Lively, 1998), and even more complicated 
considering local adaptation (Kaltz & Shykoff, 1998). In this way, as voles populations of 
Jura exhibit strong demographic cycles (Saucy, 1994; Charbonnel et al., in press), these 
populations are particularly likely to undergo spatio-temporal variations in selective pressures 
(Hedrick, 2002). Selection is susceptible to vary in space as gene flow is, at least during the 
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low density phase of the demographic cycle, very limited (Berthier et al., 2006), and in time 
as competition could be stronger during population outbreak than during low density and 
increase phases (Lochmiller, 1996). Spatio-temporal variations in selective pressures are thus 
another non-exclusive possible mechanism of balancing selection likely to mediate selection 
in these populations.  
 
Comparison between the two genes 

Within rodents, the precise position of Class II genes on the chromosome is known only for 
the laboratory mouse (Blake et al., 2003) and rat (Gunther & Walter, 2001) where the DQA 
gene is tightly linked to DRB genes. In this study, we found weak signal of linkage 
disequilibrium between DQA1 and DRB genes and different selection pressures acting on 
both genes. On one hand, DQA1 gene seemed weakly involved into genetic / parasitological 
associations in comparison with DRB gene. This indicates parasite-mediated selection acting 
mainly on DRB in the present generation (Garrigan & Hedrick, 2003). On the other hand, 
homogeneity in allelic frequencies was mostly observed at DQA1 gene. This pattern traduces 
balancing selection acting over population history on this gene (Garrigan & Hedrick, 2003). 
These results challenge the common idea that patterns observed at one locus reveal all MHC 
patterns (Bryja et al., submitted, and references therein), and encourage joint studies of 
several genes of the MHC, which remain scarce (but see Aguilar et al., 2004). Such studies 
would bring insight into the potential effects of different selective pressures acting on MHC 
genes and recombination within the MHC, which begins to be recognized as a quite common 
process (e.g. Richman et al., 2003; Schaschl et al., 2005).  
 

Conclusions and future prospects 
Our study proposes a new approach to detect associations between immunogenetics and 
parasitism. Although this question has become very common in evolutionary biology since 
the last ten years, most studies suffer from major flaws. First, they consider independently the 
relationship between MHC and either one species or global parasite load. Second, they do not 
take into account the multiple tests applied to investigate all possible associations, strongly 
increasing the risks of type I error. The multivariate co-inertia approach affords to evaluate 
jointly the influence of parasite burden and species on MHC polymorphism, and to decrease 
this risk of type I error. Nevertheless we still have to face the problem that rare alleles are 
expected to be involved in such associations under the negative frequency hypothesis. Cross-
validation might then not be appropriate to confirm the significance of such rare associations 
observed over a whole dataset. The re-sampling of the populations studied, or the sampling of 
different localities might be thought about as a possible solution. However spatio-temporal 
variations of parasite pressure may drive MHC polymorphism and associations, making 
previous results hard to confirm. Experimentation thus becomes the ultimate way to the 
understanding of the role of immunogenetics in host-parasite interactions. 
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Table 1 List of the viruses and macroparasite species identified in the 306 water voles 
screened. Nem-, Cest and Cocc- respectively refer to nematodes cestodes and coccidia. Np is 
the number of infected (macroparasites, protozoans) or seropositive (viruses) animals detected 
in the whole dataset. Prevalence estimates are presented in percentage. * indicates parasites 
which were not included in co-inertia analyses because of low levels of prevalence.  
 
 Species Code Np Prevalence 
VIRUSES 

Hantavirus 
 

Undetermined 
 

PUUV 
 
8 

 
2.61 

 
Orthopox virus 

 

Cowpox virus 

 
CPXV 

 
60 

 
19.60 

 
Arenavirus 

 

Lymphocytic choriomeningitis virus 

 
LCMV 

 
12 

 
3.92 

     
COCCIDIA 

Sarcocystidae 
 

Frenkelia glareolus 

 
Cocc-Fg 

 
44 

 
14.38 

  
Frenkelia microti 

 
Cocc-Fm 

 
7 

 
2.28 

     
HELMINTHS 

Nematoda 
 

Syphacia nigeriana 

 
Nem-Sn 

 
85 

 
27.77 

  

Trichuris arvicolae 

 
Nem-Ta 

 
132 

 
43.14 

  

Aonchotheca wioletti 

 
Nem-Aw 

 
27 

 
8.82 

  
Eucoleus bacillus 

 
Nem-Eb* 

 
1 

 
0.33 

 
Cestoda larvae 

 

Ecchinococcus multilocularis 

 
Cest-Em 

 
26 

 
8.49 

  
Taenia taeniaeformis 

 
Cest-Tt 

 
56 

 
18.3 

  
Taenia crassiceps 

 
Cest-Tc* 

 
1 

 
0.33 

 
Cestoda adults 

 

Anoplocephaloides dentata 

 
Cest-Ad* 

 
1 

 
0.33 

  

Aprostatandrya sp. 

 
Cest-Asp 

 
4 

 
1.31 

  
Paranoplocephala omphalodes 

 
Cest-Po 

 
73 

 
23.86 

  

Hymenolepis horrida 

 
Cest-Hh 

 
27 

 
8.82 
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Table 2 Detection of balancing selection and overdominance for six vole populations and 
three sampling dates. N corresponds to the number of voles screened for genetic analyses. 
Results of the mutation-drift-neutrality tests are provided following Ewens-Watterson 
homozygosity tests for MHC genes (IAM) and Wilcoxon sign-test for the 11 
microsatellites (SMM). Only probabilities are reported. Estimates of FIS, are given 
separately for each type of marker. The probability of conformity to Hardy-Weinberg 
equilibrium (H1=heterozygote excess), obtained from exact tests, is indicated in 
parentheses. Significant probabilities are indicated in bold.  

   Mutation-drift-neutrality tests Heterozygote excess 
   Ewens- Watterson  Wilcoxon sign FIS 

 
Sampling year Locality N DQA1 DRB MS DQA1 DRB MS 

2003 A 30 0.010 0.234 0.543 -0.077 -0.110 0.065 
      (0.150) (0.140) (0.871) 
 B 30 0.027 0.002 0.469 -0.095 -0.004 0.018 
      (0.249) (0.497) (0.930) 
 C 26 0.002 0.149 0.281 0.224 0.022 -0.002 
      (0.980) (0.476) (0.509) 
 D 27 <10

-3
 0.037 0.110 0.132 0.120 0.004 

      (0.878) (0.868) (0.463) 
 E 25 0.033 0.101 0.275 0.166 0.006 -0.030 
      (0.810) (0.435) (0.187) 
 F 28 <10

-3
 0.149 0.282 -0.095 -0.107 0.043 

      (0.316) (0.143) (0.958) 
2004 A 20 0.066 0.114 0.535 0.215 0.164 0.019 

      (0.875) (0.937) (0.951) 
 B 22 0.040 0.197 0.107 0.103 0.079 0.064 
      (0.774) (0.930) (0.975) 
 C 22 <10

-3
 0.138 0.104 0.103 -0.077 0.057 

      (0.844) (0.187) (0.659) 
 D 23 0.018 0.006 0.028 0.215 0.025 0.028 
      (0.980) (0.511) (0.786) 
 E 21 0.009 0.146 0.528 0.341 -0.128 0.038 
      (0.997) (0.090) (0.801) 
 F 22 0.007 0.005 0.108 0.091 -0.101 -0.025 
      (0.714) (0.094) (0.398) 

2005 D 23 0.006 0.455 0.281 0.174 -0.093 -0.018 
      (0.866) (0.243) (0.518) 
 E 24 0.008 0.093 0.289 0.157 0.044 -0.080 
      (0.959) (0.640) (0.015) 
 F 24 0.001 0.166 0.027 0.343 -0.129 0.016 
      (0.998) (0.085) (0.779) 
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Figure legends 

 

Fig. 1 Allelic frequencies estimated over the whole data set for both class II MHC genes: a) 
DQA1 and b) DRB. * indicates alleles which were not included in association analyses 
because of a too low levels of frequency.  
 

Fig. 2 Correspondance analysis (CA) of the genetic table including 18 variables and 302 
voles. The variables DQA1 and DRB alleles coded with their name, heterozygosity (Het-) and 
DQA duplication (Dupl) are projected on the F1 x F2 map. Variables reflecting allele’s 
number are in bold and variables structuring the data are underlined: with solid line for 
variables structuring axis 1, and with dotted line for axis 2. 
 

Fig. 3 Principal Component Analysis (PCA) of the parasitological table including 15 
variables and 302 individuals. The variables are projected on the F1 x F2 correlation circle. 
Nem-, Cest- and Cocc- respectively correspond to nematode, cestode and coccidia. The two 
following letters refer to the code used to identify species (see Table 1). Rh and Rp 
respectively correspond to the helminth and total parasite richness. Viruses are coded using 
CPXV for Cowpox virus, LCMV for Lymphocytic choriomeningitis virus and PUUV for 
hantavirus. Variables structuring the data are indicated underlined: with solid line for 
variables structuring axis 1, and with dotted line for axis 2. 
 
Fig. 4 Co-inertia analysis (ACO) of the genetic and parasitological matrices. Projection on 
common ACO axes of a) the genetic variables and b) the parasitological variables, encoded 
respectively as in Figs 2 and 3. The variables located in a given direction relative to the origin 
can be considered positively associated (susceptibility), whereas the variables located in 
opposite directions can be considered negatively associated (resistance). Associations 
between genetic and parasite variables visually detected on F1 are underlined with solid line, 
and on F2 are underlined with dotted line. Associations revealed significant by cross-
validation are bordered. Variables reflecting allele’s number are in bold. Variables plotted 
near the origin can not be interpreted. 
 
Fig. 5 Co-inertia analyses of the genetic and parasitological matrices divided in two 
independent dataset of 151 individuals each. Projection on the first factor ACO maps of a) the 
genetic variables of dataset 1, b) the parasitological variables of dataset 1, c) the genetic 
variables of dataset 2 and d) the parasitological variables of dataset 2. All variables are 
encoded as in Figs 2 and 3. Associations between genetic and parasite variables visually 
detected on F1 are underlined with solid line, and on F2 are underlined with dotted line. 
Variables involved in associations observed in both dataset co-inertia analyses are bordered. 
Variables reflecting allele’s number are in bold Variables plotted near the origin can not be 
interpreted. 
 
Fig. 6 Associations between DRB and parasitological variables projected on the first axis of 
the co-inertia analysis (ACO) performed using DRB gene only. This first axis contains 33.1 % 
of the variance of the previous analyses (CA for the genetic table and PCA for the 
parasitological table, results not shown). Grey circles indicate positive associations whereas 
white squares to negative associations. The size of the symbol indicates the importance of the 
association. Variables involved in previously confirmed associations are bordered. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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ABSTRACT 
Trichuris species are gastro-intestinal nematodes causing large economic costs when 
infections are endemic in humans or cattle. In this study, we analyze ITS1-5.8S-ITS2 
ribosomal DNA (rDNA) sequences to test the relative specificity of Trichuris species to 
arvicoline and murine rodents. We surveyed temporally (between autumn 2004 and autumn 
2006) a sympatric rodent community composed of fossorial water voles, common voles, bank 
voles, yellow necked mice and wood mice in the East of France. We used a population 
genetics approach (microsatellite markers) to assess how host species may structure Trichuris 

sp. Using rDNA and microsatellites, T. muris and T. arvicolae were totally separated and 
specific of respectively murine and arvicoline rodents. Both nematode species showed weak 
allelic richness that could be explained by a small effective population. Contrary to T muris 
(N = 17), T arvicolae (N = 115) showed high departures to HWE and high heterozygote 
deficiency. Three major processes are discussed: inbreeding, natural selection and the 
Wahlund effect. Using trees and Amova, no structure (host species or date) was detected 
among our sample, but high genetic variation was observed at a fine scale. An extensive 
parasite gene flow is proposed. 
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INTRODUCTION 
 

The medical importance of Trichuris spp is now obvious (Stephenson et al., 2000). 
Although rarely causing death, the human whipworm, T. trichiura, is associated with high 
levels of morbidity and bears a large economic burden when infections are endemic. Trichuris 

muris, a natural intestinal parasite of mice has been extensively used as a laboratory model for 
the study of the human whipworm (Koski and Scott, 2001). This worm is a monoxenous 
parasite (Feliu et al., 2000). Unembryonated eggs are passed with the faeces of infected 
rodents and become infective in the soil. After ingestion by soil-contaminated food or 
grooming, eggs hatch in the small intestine and release larvae that mature and establish 
themselves as adults in the caecum. T. muris was identified as a cosmopolitan worm 
parasitizing various species of rodents until Feliu’s work (2000). Using multilocus enzyme 
electrophoresis, Feliu et al. differentiated Trichuris arvicolae harboured by arvicoline rodents 
from the nearly morphological similar parasite of murine rodents, T. muris. More recently, 
Cutillas et al. (2002) confirmed this distinction using ribosomal DNA sequences on 15 worms 
collected in Spain in three rodent host species: the wood mouse Apodemus sylvaticus, the 
mouse Mus musculus and the bank vole Myodes [Cletrionomys] glareolus.  
The gastro-intestinal nematode, T. arvicolae is frequently found in the fossorial water vole 
Arvicola terrestris, the common vole Microtus arvalis and the bank vole M. glareolus (Deter 
et al., In press-a), arvicoline species which experience periodic outbreaks in Europe (Le 
Louarn and Quéré, 2003). In theory, macroparasites may regulate host abundance by 
influencing host fecundity and/or survival (Anderson and May, 1978, May and Anderson, 
1978, Scott and Dobson, 1989). Further studies suggest that parasites may play a key role in 
driving population cycles (a special case of regulation) in vertebrates (Gulland et al., 1993, 
Grenfell et al., 1998, Redpath et al., 2006).We recently demonstrated that T. arvicolae affects 
female common vole fecundity (Deter et al., In press-b) and modelling showed its capacity for 
regulating vole populations but not for creating population cycles (Deter et al., In press-
a).However, this theoretical work assumed rare contacts between the three host species 
leading to separate nematode populations, and then used independent models for each host 
(Deter et al., In press-a). Assuming a possible transmission among the rodent community 
could totally change the outputs of the model, even more if the rodents show more or less 
synchronic dynamics as it is the case for these rodents in the East of France (Raoul et al., 
2001).  
In this study, we analyze ITS1-5.8S-ITS2 ribosomal DNA (rDNA) sequences to test the 
relative specificity of Trichuris species to arvicoline and murine rodents. In this way, we 
surveyed temporally a sympatric rodent community composed of fossorial water voles, 
common voles, bank voles, yellow necked mice and wood mice in the East of France. After 
that, recent development of microsatellite markers for T. arvicolae (Deter et al. submitted), 
usable in T. muris allow us to assess how host species may structure Trichuris sp populations 
by a population genetics approach.  
 
MATERIALS AND METHODS 
 
Rodent sampling  

 

The rodent community was surveyed in a four km² area equally covered with wooded 
meadows and forests (man-made spruce or semi-natural forests) near Mignovillard (6°13’N, 
46°8’E; Jura, France). Five species were monitored. The fossorial water vole A. terrestris and 
the common vole M. arvalis prevail in grassy lands, whereas the bank vole M. glareolus, the 
yellow-necked mouse A. flavicollis and the wood mouse A. sylvaticus inhabit wooded areas. 
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Apodemus individuals were identified to species following the molecular test developed by 
Michaux et al. (2001). 

Rodents were trapped between September 2004 and 2006 in spring, summer and autumn. 
Trap-lines were used for the sampling of all species except A. terrestris, which is mostly 
subterranean (Spitz, 1974, Spitz et al., 1974). For each session, twenty 100 m-lines of 34 
INRA live-traps separated by 3-m intervals, were equally set between open (nine lines in 
meadows and hedges) and wooded (five lines in forests and six lines in meadows bordering 
forests) areas for three consecutive nights. They were checked twice a day. Traps were fitted 
out with dormitory boxes and baited with hay and a piece of apple. Note that common voles 
were also trapped directly in colonies located near the trap-lines when the number of capture 
was fewer than 30. The fossorial water vole was sampled directly in colonies found in the 
meadows surrounding trap-lines using modified BTS live-traps. No more than two animals 
per colony were kept. Traps were checked every two hours until the sampling of 
approximately 35 animals per session. 

 
Parasite identification and DNA extraction 

 

Rodents were euthanized by cervical dislocation. Data were kept of other experiments. 
Finally, rodent caeca were dissected and Trichuris specimens were identified, counted using 
dissecting microscopes and conserved in 70° ethanol at 4°C until genetic analyses. Individual 
worms were placed 10 second in ultrasound baths, and then were dried in a Concentrator 5301 
(Eppendorf) before being crashed for DNA extraction (Puregene® DNA Purification Kit, 
Gentra Systems).  

 
ITS1-5.8S-ITS2 rDNA region sequencing and phylogenetic analyses 

 

The rDNA ITS1-5.8S-ITS2 region was amplified by PCR using a PTC-100 thermocycler 
(MJ RESEARCH, INC.) according to Cutillas et al (2002) with the following mix: 1 µl of 10X 
PCR buffer containing 15mM MgCl2, 0.2 µl of 10mM dNTP mixture (0.2mM each), 0.15 µl 
25mM MgCl2, 0.2 µl 10 µM of each primer, 2 µl template DNA, 0.1 µl 5U/µl Taq DNA 
polymerase (Qiagen) and ultrapure water to 10 µl. PCR products were checked on ethidium 
bromide-stained 2% agarose gels. Assayed PCR products with known quantities of Lambda 
phage were purified using ExoSAP-IT® (USB) according to the manufacturer’s protocol and 
sequenced using a dye-terminator cycle sequencing and an automated sequencer (Genome 
Express S.A.). All sequences were aligned and compared with each other using BioEdit 
sequence alignment editor version 7.0.0 (Hall, 1999). The sequences were also compared to 
the ones of T. muris (accession number: AJ299407) and T. arvicolae (accession number: 
AJ310667) available on Genebank. A Neighbor Joining (NJ) tree was built with Kimura 2 
parameter using MEGA 3.1 (Kumar et al., 2004). 

 
Microsatellite genotyping and population genetic analyses 

 

Genetic variation was assessed using 12 microsatellite loci developed specifically for T. 

arvicolae (Deter el al. submitted). Seven makers can be used on T. muris (Deter el al. 
submitted). PCR conditions are detailed in Deter et al (submitted). PCR products were 
detected using MegaBACE 1000 DNA Analysis system® (Amersham Biosciences); 0.8 µl of 
the PCR products were mixed with 7.7 µl RNase-free water and 0.5 µl MegaBACETM ET-
ROX400 size standard (Amersham Biosciences). Alleles were scored manually using 
MegaBACETM Genetic Profiler 1.5 (Amersham Biosciences 2001). In case of failure, 
concerned individual was amplified and genotyped a second time. 
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First, within each Trichuris species, frequencies of observed and expected heterozygosity 
and allelic richness were estimated using GENETIX v. 4.03 (Belkhir, 2001). Using the same 
software, 2D Correspondence Factor analysis (CFA) was performed on common markers of 
both Trichuris species in order to test the existence of two separated genetic entities.  
Within each Trichuris species, the genetic data were checked for conforming to the Hardy-
Weinberg equilibrium (HWE), considering each locus separately and over all loci. This 
provides information about the reliability of the microsatellite loci used (absence of null 
alleles) and about the panmictic status of the population sampled. We used exact tests and 
Markov chain methods implemented in GENEPOP v. 3.3 (Raymond and Rousset, 1995). 
Corrections for multiple tests were applied using the sequential Bonferroni approach. Null 
allele(s) frequencies for each locus were estimated using the so-called ENA method 
implemented in FreeNa (Chapuis and Estoup, 2007). The unbiased probability of identity 
(P(ID)) i.e. the probability that two individuals drawn at random will have the same genotype at 
multiple loci, was calculated according to Waits et al. (2001).  

 
The genetic relationships among individuals and among groups of individuals captured in 

different dates or hosts were analyzed using their genotypes and the neighbor joining (NJ) 
method (Saitou and Nei, 1987) with Nei's Minimum distance (Nei, 1973). Two thousands 
replicas of bootstrapping were performed with the NJ method to test for support of the branch 
nodes. The nodes with bootstrap values below 50% were considered unsupported. Trees and 
bootstrap were performed using TreeMaker (Cornuet and Piry, 2000) and figures redrawn 
using TreeView v 1.6.6 (Page, 1996). If there is structure depending on the time, on the host 
species and/or on the host individual (infrapopulation = parasites leaving in the same host 
individual), we expect to observe individuals grouped by date, host species and/or host 
individual. Robustness of the grouping (group = date, population = host species) with genetic 
discontinuity was tested by locus per locus analysis of molecular variance (Amova) with 
10000 permutations, using Arlequin v 3.11 (Excoffier et al., 2005). Finally, the genetic 
differentiation between pairs of groups cited above were quantified using f F-statistics. 
Because of Hardy Weinberg departure in most of loci (see Deter et al. submitted), pairwise 
population differentiation was estimated assuming non random mating (permutations on 
genotypes instead of alleles) using FSTAT 2.9.3.2. 

 
RESULTS 
 
In total, 666 rodents (529 arvicolines and 137 murines) were kept providing 158 and 25 
Trichuris from Arvicoline and Murine hosts respectively. We chose to sequence 23 worms 
(18 from Arvicoline and 5 from Murine hosts) for the rDNA ITS1-5.8S-ITS2 region among 
the 183 collected. Concerning the genotyping, all the worms collected could not be analysed 
because of amplification failures. This can be explained by a relative difficulty to well 
conserve DNA, to extract DNA and then conserve the extractions but also by the small 
quantity of DNA obtained from a whole worm (60µl), limiting the number of possible PCR. 
Finally, 132 (115 T. arvicolae and 17 T. muris) were genotyped for the 12 microsatellite loci. 
All these data are described in Table 1.  

 
Trichuris species specificity among murines and arvicolines 

 

Both ITS and microsatellite data revealed a complete specificity of host-whipworm 
associations between arvicolines and murines. All PCR products amplified from Trichuris sp. 
isolated in arvicolines (> 1000 bp) were longer than that from whipworms isolated in murines 
(< 1000 bp). We obtained 18 sequences, the most complete counting 1043 base pairs (bp) 
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(ITS1 = 434 bp; 5.8S = 173 bp; ITS2 = 424 bp) for whipworms in arvicoline species 
(Genebank accession number) and five sequences, counting maximum 979 bp (cut ITS1 = 
405 bp; 5.8S = 173 bp; ITS2 = 385 bp) for whipworms in Apodemus species (Genebank 
accession number). Sequences were aligned and shortened to 988 bp (including gaps) for the 
phylogenetic analysis. Fourteen gaps (from 1 to 14 bp) were detected in the ITS non coding 
regions and none in the 5.8S coding region. There were no intrapsecific indels among 
whipworms collected in arvicolines on one hand, and those collected in murines on the other 
hand. Both whipworms groups are further referred as T. arvicolae and T. muris respectively. 
Moreover no genetic variation (base substitution) was observed within T. arvicolae sequences 
including that from Spain. Alternatively, one T. muris collected in a wood mouse present one 
substitution comparing to the others (C instead of T) (Figure 1). Sequences from both 
Trichuris sp. presented 75.91 % of homology between each other. 
CFA partitioned microsatellite individual data (132 worms) along two axes. The first axis 
(20.52 % of the variance) divides the sample into two groups: one composed of T. muris on 
the right on the graph and another one composed of T. arvicolae closed to the axis 2. The 
second axis (15.70 %) subdivided T. arvicolae in agroup composed of the majority of the 
data, and another one composed of four individuals: two helminths collected in common voles 
in autumn 2005, one in a fossorial water vole in autumn2005 and the last one in a fossorial 
water vole in autumn 2004 (Figure 2). 
 

Gene flows within Trichuris species 

 
Trichuris arvicolae. Taking the entire data set into account, Ta08, Ta13, Ta22, Ta32, Ta55, 
Ta248 and Ta 272 displayed significant deviations from Hardy–Weinberg expectations (Table 
2 a). T arvicolae individuals presented between two and nine alleles per locus. The observed 
and non biased expected heterozygosities estimated over all loci were respectively 0.18 and 
0.25. Eighteen on the 66 pairs of loci exhibited significant genotypic disequilibrium (P < 
7.5x10-5).As heterozygote deficiency may reflect the presence of null alleles (NA), we 
estimated NA frequencies for each loci (Table 2 a). The expected numbers of null 
amplification (homozygote for NA) were then deduced and compared to the observed 
amplification failures using χ2 tests. Numbers of observed null amplifications were 
significantly lower than expected for each loci (P < 0.05) except Ta84 (P = 0.05), Ta87 (P = 
0.12) and Ta272 (P = 0.07).  
The phylogeny built on data grouped by host species and dates (14 groups) did not show any 
preferred relationship between each other. In particular, whipworms collected at different 
dates in the same host species are not grouped altogether. The same is true for whipworms 
collected at the same date in different host species, excepted for helminths harboured by 
common voles and bank voles in autumn 2006 (bootstrap value = 82 %, Figure 3). 
The tree based on individual genetic data gave no more evidence for a genetic subdivision 
according to host species (Figure 4 a), date (Figure 4 b). Remarkably, at infrapopulation level, 
whipworms found in a single rodent are not grouped altogether and may be relatively distant 
from each other (Figure 4c). 
Aside this low genetic structure, we also noticed the existence of 14 groups of genetically 
similar individuals (bearing the same genotype) each one comprising two to 20 individuals, 
for a total of 80 individuals. Moreover several similar multilocus genotypes have been 
observed in different host species or in different dates (Figure 4). The occurrence of similar 
multilocus genotypes may result either by chance or from a particular (non panmictic) 
reproductive system. The unbiased probability of identity, i.e. the probability that two 
individuals drawn at random will have the same genotype at multiple loci, is P(ID) = 1.08 x10-3 
in our data set. Given the size of the data set (N=115 individuals), we thus expected to detect 
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about 115*1.08 x10-3 = 0.12, that is no individuals bearing the same genotype by chance. The 
probability to observe as much as 80 individuals sharing its genotype with at least another one 
by chance alone is thus very low (contingency tables: Fisher exact probability P < 0.001). 
Both the occurrence of large HW deficiency in most of loci and the high occurrence of similar 
multilocus genotypes in our data set suggest that T. arvicolae has a non panmictic 
reproductive system either due to high inbreeding or to partial clonality. Clonality is less 
plausible because to our knowledge it has never been observed in Trichuridae. 
 
The absence of evident structure considering the host species or the date of the sampling was 
confirmed by an analysis of molecular variance (Table 3). Most of the genetic variation was 
observed at the population level, ie whipworms isolated within a host species at a certain date 
(more than 96 % of variation, P < 0.001, Table 3). By contrast the date of sampling explained 
only 1.19% of the genetic variation and was not significant, while the host species explained a 
slightly larger part of the genetic variance (2.54%) and was weakly significant (P=0.046, 
Table 4). Permutation tests between population pairs further underlined the absence of genetic 
structure either by date or host species (Table 4). 
 
Trichuris muris. Seven among the 12 microsatellite markers developed for T. arvicolae 
amplified on T. muris. Taking the entire data set into account, no loci displayed significant 
deviations from Hardy–Weinberg expectations (all P > 0.05, Table 2 b). T muris individuals 
presented between two and seven alleles per locus except for Ta13 and Ta22 which were 
monomorphic. The observed and non biased expected heterozygosities estimated over all loci 
were respectively 0.26 and 0.30. All the 21 pairs of loci exhibited non significant genotypic 
disequilibrium (P > 0.02). Null allele frequencies (NA) were estimated for each loci (Table 2 
b). The expected numbers of null amplification (homozygote for NA) were then deduced and 
compared to the observed amplification failures using χ2 tests. Numbers of observed null 
amplifications were significantly lower than expected for each locus (P < 0.05) except for 
Ta52 (P = 0.29) and Ta87 (P = 0.88) (Table 2b).  
The tree based on individual genetic data gave no more evidence for a genetic subdivision 
according to host species or date (Figure 5). Remarkably, at infrapopulation level, whipworms 
found in a single rodent are not grouped altogether and may be relatively distant from each 
other. We can also notice the existence of a group of two genetically similar individuals 
(bearing the same genotype) coming from a same individual host a. The unbiased probability 
of identity, i.e. the probability that two individuals drawn at random will have the same 
genotype at multiple loci, is P(ID) = 3.4 x10-3 in our data set. Given the size of the data set 
(N=158 individuals), we thus expected to detect about 17*3.4 x10-3 =0.06, that is no 
individuals bearing the same genotype by chance. The probability to observe two individuals 
sharing a same genotype by chance alone is thus very low (contingency tables: Fisher exact 
probability P = 0.03). As T. arvicolae, it is possible that T. muris presents a non panmictic 
reproductive system either due to high inbreeding or to partial clonality. 
 
DISCUSSION 
 
This study demonstrated as showed by Cutillas et al. (2002) that T. muris and T arvicolae 
from Murine and Arvicoline respectively are two well-defined species that can be easily 
distinguished by a simple PCR-agarose electrophoresis. We added ITS Trichuris worms 
sequences from additional host species: Ap. flavicollis, Ap. Sylvaticus, M. arvalis and A. 

terrestris, and from a supplementary locality: Eastern France. No host switching has been 
found in the material analysed, which corroborates the host specificity of Trichuris. This was 
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also confirmed by microsatellite data as T muris and T arvicolae are divided in two separated 
groups and clones are found in different host species.  
 

Low rDNA intraspecific variation 

 

We found several specific indels leading to the sequence length difference between the two 
species (around 60 bp). Unfortunately we were not able to use the entire ITS1 sequences 
because of bad starts. This could be explained by a bad assay of primers and PCR products 
and by the fact that primers were too near to the interest sequence. Anyway, no intraspecific 
variation was found by Cutillas et al. (2002) in ITS1. No intraspecific variation was detected 
in T. arvicolae and a weak one in T. muris. Comparatively, a considerable intraspecific 
variation was found in ITS regions of the parasitic nematode Cooperia oncophora (Mes and 
Cornelissen, 2004) and in the genus Meloidogyne even within individual nematodes (Hugall 
et al., 1999). This variation let even envision the use of ITS polymorphism in phylogenetic 
reconstructions as showed in Longidorus spp. (De Luca et al., 2004). The absence of 
intraspecific variation in rDNA sequences observed in our study is in accordance with 
Cutillas’s results (Cutillas et al., 2002) and could have been expected considering the 
concerted evolution which usually prevails in the ITS region (Brown et al., 1972). Actually, 
individual repeats in the multigene family 18S-5.8S-28S evolve in concert, resulting in the 
homogeneization of all the repeats in an array. This can lead to homogeneity of sequences 
among individuals and among populations (see for a review (Elder and Turner, 1995) as 
found on other parasites (Epe et al., 1997, Agudelo et al., 2005). Then, we can put forward 
that concerted evolution, which is not fully understood is also acting in Trichuris species.  
 

Absence of population structure and small effective population size 

 

No time clustering was observed. This can be explained by free parasite gene flow as 
suggested for Ostertagia ostertagi in cattle in USA (Dame et al., 1993) or for A. suum in pigs 
in Denmark (Nejsum et al., 2005). Parasite dispersal generally depends on host dispersal 
(Criscione et al., 2005). Vole dispersal has been showed to be correlated with geographic 
distance (Berthier et al., 2005) and a recent work suggested that the distribution of T. 

arvicolae could be influenced by vole dispersal, although this effect might be overwhelmed 
by local adaptation processes or environmental conditions (Deter et al., 2007). Further study 
considering a spatial scale is now needed to detect a spatial structuring and such a potential 
local adaptation. 
Although no clear structure was detected among our sample, high genetic variation was 
observed at a fine scale (within host individuals and within nematode populations: date x host 
species) compared to subdivision per date or host species. This was already observed with 
Ascaris suum and explained by a founder effect (Nejsum et al., 2005). As Ascaris suum, adult 
Trichuris worm burdens generally consist of a low number of highly fecund individuals, 
which predominantly originate from the very first few exposures to infective eggs, while later 
infections have low establishment of adults unless after an expulsion (Deter et al., 
unpublished data) (Eriksen et al., 1992, Morand, 1996, Kringel and Roepstorff, 2006). We 
expect then that worms within individuals tend to be of the same age as observed for Ascaris 
in humans (Jung, 1954). A founder effect can occur because related eggs tend to be clumped 
in space (Anderson et al., 1995) and host get mostly infested by the first cohort of eggs 
ingested.  
Low allelic richness was observed whatever the Trichuris species considered. Even if 
Trichuris species have an important fecundity with a female maturing at 14 days and 
producing 6000 eggs per day during 39 days on average (Morand, 1996), Trichuris should 
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have relatively small effective population size for three reasons. First, with prevalence around 
30 % and a mean intensity around 1.5 worms per host, the nematode population is smaller 
than the host population. Secondly, Trichuris, as the majority of parasites are aggregated in 
few hosts (Boulinier et al., 1996, Combes, 2001). And finally worms infesting a host can be 
related (see above). This low genetic variability observed for microsatellite data could thus be 
explained by an important inbreeding. Such a low genetic variability was already observed in 
a parasite of soil-dwelling insects Heterorhabditis marelatus with a mtDNA study (Blouin et 
al., 1999) because of a patchy distribution and the same reasons exposed above. A more 
important data set is needed in order to investigate these hypotheses.  
 

High heterozygote deficiency: inbreeding, natural selection or Wahlund effect 

 

T. arvicolae sample showed heterozygote deficiency and high FIS values. Such an excess in 
homozygosity was not observed in T. muris, but we have to be cautious as the sample is very 
small. An excess of homozygosity was already observed on Ascaris suum (Nejsum et al., 
2005) and is commonly found in invertebrates (Pérez-Portela et al., 2006, Zamora-Bustillos et 
al., 2007). Large departures for so many loci in linkage equilibrium are probably not a 
consequence of null alleles (nor aneuploidy). Heterozygote deficiencies are typically 
attributed to one of the three major processes: (i) inbreeding, (ii) natural selection (disruptive 
or balanced) and (iii) the Wahlund effect (José and Nisaka Solferini, 2007). 
(i) Inbreeding could explain the strong identity observed and moreover the presence of many 
clones (identical genotypes for different individuals) collected in different hosts at different 
dates. Nevertheless, inbreeding would affect all loci equally, regardless of gene frequencies 
(Lewontin and Krakauer, 1975). Our data showed heterogeneity of heterozygote deficiency 
between loci but homogeneity at four loci, disfavouring the inbreeding explanation. But, this 
should be explored with a bigger sample.  
(ii) Natural selection against heterozygotes or disruptive selection has been reported in marine 
invertebrates (Hilbish, 1996). Considering host parasite system, genetic or phenotypic 
variability of parasites will constrain the range of hosts they can successfully exploit (Poulin, 
2006). At a population level, parasite populations with higher genetic diversity should be able 
to cope with a broader array of hosts. At an individual level, low levels of heterozygosity are 
generally associated with decreased fitness (Hansson and Westerberg, 2002, Keller and 
Waller, 2002). Further experiments are needed in order to understand how the strong 
homozygosity observed can influence T. arvicolae fitness. 
(iii) High heterozygote deficiencies can be related to the sampling of divergent groups: the 
Wahlund effect. This has been observed in molluscs (Hellberg et al., 2002). There is no 
evidence that T. arvicolae presents permanent divergent subgroups as we did not find any 
structure depending on time or host species. An alternative hypothesis derived from the 
Wahlund effect: the breeding groups’ hypothesis (Tracey et al., 1975) is often considered in 
marine ecology (José and Nisaka Solferini, 2007). According to these authors, the 
heterozygote deficiency of marine invertebrate populations would be a consequence of 
temporary assemblages of individuals with different genotypes given rise to “breeding 
groups” along the rocky shore. In this hypothesis, the homozygote excess would be related to 
some structuring process in the environment. This can easily be transposed to host-parasite 
system, with different host grouping different parasites and giving rise to “breeding groups” 
although we did not find any infrapopulation structure. The eggs of T. arvicolae are long-
lived and resistant (until 1 year at 4°C in the laboratory with humid conditions, personal 
observations). Eggs can be ingested at different times, nematode can recruit in different 
periods and host can disperse leading to spatial variation. This could result in one big 
panmictic worm population or in temporary fine-scale structuring.  
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Conclusion 

 

Our results demonstrated an absence of population structure depending on time or host 
species whatever the helminth species: T. arvicolae or T. muris. This suggests a free parasite 
flow between both mice species on one hand and between the three voles species on the other 
hand, instead of what was assumed in our theoretical work (Deter et al., In press-a). We 
modelled three T. arvicolae-vole systems (Deter et al., In press-a) assuming rare contacts 
between these three host species. This new result proves that voles may visit the same areas. 
This new element should be used in a new model assuming free transmission of T. arvicolae 
among the rodent community. Results that have been obtained concerning the epidemiology 
of this parasite and its regulator effect in natura could be changed. 
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Figure 1. Neighbor Joining tree of the partial ITS1-5.8S-ITS2 region alignment (988 bp) of 
Trichuris species collected temporally in different host species (see legend of Table 1 for the 
code used). 
 
 
 



 Page 282 

Figure 2. 2D Correspondence Factorial Analysis on individual common data for Trichuris 

arvicolae (white squares) and T. muris (grey squares). Analysis realised on 132 individuals 
with 7 microsatellite markers. 
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Figure 3. Neighbor Joining tree on Trichuris arvicolae microsatellite data grouped per host 
species and date. Number on the nodes indicate bootstrap values superior to 50 %. 
See legend of Table 1 for the code used.  
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Figure 4. Neighbor Joining tree on Trichuris arvicolae genetic individual data (microsatellite 
markers) with one colour per host species (a), per date (b) and per infrapopulation (c). See 
legend of Table 1 for the code used.  
 
a) b) 
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c) 
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Figure 5. Neighbor Joining tree on Trichuris muris genetic individual data (7 microsatellite 
markers) with one colour per host species (a), per date (b) and per infrapopulation (c). 
Number on the nodes indicate bootstrap values superior to 50 %. See legend of Table 1 for the 
code used. Letters refer to helminths found in a same host indicated by the letter. 
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Table 1. Description of the available data. Number of trapped hosts per date with species 
specification: A = Arvicola terrestris, M = Microtus arvalis, C = Myodes glareolus, F = 
Apodemus flavicollis and S = Apodemus sylvaticus. Number of available Trichuris sp per host 
species and per date, number of ITS1-5.8S-ITS2 rDNA sequences and of genotyped 
individuals used for analyses.  
 

Date 
Number of 

rodents 

Number of 

Trichuris sp 

Number of 

rDNA 

sequences 

Number of 

Trichuris 

individuals 

genotyped 

30 A 14 - 11 
30 M 7 1 3 
30 C 3 2 1 
7 F 2 - - 

Autumn 2004 

(1) 

20 S 7 1 - 
36 A 2 - 3 
34 M 20 3 12 
36 C 0 - - 
36 F 2 - - 

Spring 2005 (2) 

11 S 0 - - 
35 A 25 - 19 
37 M 15 2 11 
35 C 0 - - 
15 F 2 - 9 

Summer 2005 

(2) 

4 S 0 - - 
35 A 23 2 19 
36 M 18 1 9 
35 C 1 1 2 
30 F 3 - 2 

Autumn 2005 

(2) 

12 S 5 1 3 
0 A 0 - - 

31 M 14 3 12 
2 C 0 - - 
2 F 4 2 3 

Spring 2006 (2) 

0 S 0 - - 
20 A 11 2 9 
35 M 4 1 2 
20 C 1 - 2 
0 F 0 - - 

Autumn 2006 

(2) 

0 S 0 - - 
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Table 2. Estimates of genetic variability for a) Trichuris arvicolae population (N = 115 
helminths) and b) T. muris population (N = 17 helminths). FIS are calculated according to 
Weir and Cockerman (1984). *** indicates p values inferior to 0.001for Hardy Weinberg 
departure. 
 
 
a)  

Null Percent of Mean heterozygosity 

Locus 

Number 

of alleles 

per locus 
Alleles 

frequency 

amplification 

failure 

Observed 

(HO) 

Expected 

(HE) 
FIS  

Ta08 4 0.19 0.01 0.02 0.17*** 0.89 
Ta13 4 0.13 0.03 0.03 0.11*** 0.76 
Ta22 5 0.34 0 0.00 0.50*** 1.00 
Ta32 9 0.36 0 0.05 0.64*** 0.92 
Ta52 5 < 0.01 0 0.04 0.04 -0.01 
Ta55 8 0.15 0.02 0.01 0.13*** 0.87 
Ta84 2 < 0.01 0.01 0.01 0.01 0.00 
Ta87 6 < 0.01 0.03 0.90 0.63 -0.42 
Ta248 4 0.15 0.02 0.03 0.14*** 0.81 
Ta254 3 < 0.01 0.01 0.03 0.03 -0.01 
Ta272 4 0.06 0.01 0.02 0.04*** 0.60 
Ta275 3 < 0.01 0.01 0.97 0.52 -0.88 
 
b) 

Null Percent of Mean heterozygosity 

Locus 

Number 

of alleles 

per locus 
Alleles 

frequency 

amplification 

failure 

Observed 

(HO) 

Expected 

(HE) 
FIS  

Ta13 1 < 0.01 0 0.00 0.00 - 
Ta22 1 < 0.01 0 0.00 0.00 - 
Ta52 5 0.04 0 0.50 0.61 0.21 
Ta55 7 < 0.01 0.01 0.69 0.73 0.07 
Ta87 4 0.05 0.01 0.41 0.50 0.18 
Ta254 2 < 0.01 0.01 0.12 0.11 -0.03 
Ta275 2 < 0.01 0 0.13 0.12 -0.03 
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Table 3. Results of analyses of molecular variance (Amova) of microsatellite data from 14 
populations of Trichuris arvicolae (N total = 115 helminths). For abbreviation, see Table 1. 
***P < 0.001; * P < 0.05; ns, not significant. Significance levels are based on 10000 
permutations. 
 
 
 

Grouping Source of variation d.f. 
Percentage of 

variation 

Among groups 5 1.19 ns 
Among populations within groups 8 2.54 * 

Group = date 

Population = date * 

host species 
Among individuals within 

populations 
216 96.25 *** 

 

Table 4. Genetic differentiation between pairs of groups (= host species or date) assuming 
non random mating (permutations on genotypes). Significance levels are based on 5000 
permutations. For abbreviation, see Table 1. 

 

Grouping Pair comparison P for log-likelihood G 

A / M 0.82 
A / C 0.49 Host species 

M / C 0.34 
1 / 2 0.67 
2 / 3 0.83 
3 / 4 0.02  
4 / 5 0.49 

Dates 

5 / 6 0.09 
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 INTRODUCTION 
 
Despite an evident medical and veterinary interest, few studies relate on the population 
genetics of nematodes in wild hosts. However, knowledge of the genetic structure of 
populations is important for the understanding of their ecology, epidemiology and evolution. 
From a population point of view, parasite gene flow is dependent not only on the parasites 
own life history, but also on the patterns of movement of their hosts (Criscione and Blouin, 
2004).  

Trichuris arvicolae is a gastro intestinal monoxenous parasite, harboured by arvicoline 
rodents (Feliu et al., 2000). Unembryonated eggs are passed with the faeces of infected 
rodents and become infective in the soil. After ingestion by soil-contaminated food or 
grooming, eggs hatch in the small intestine and release larvae that mature and establish 
themselves as adults in the caecum.  

This whipworm is frequently found in the fossorial water vole Arvicola terrestris, the 
common vole Microtus arvalis and the bank vole Myodes [Clethrionomys] glareolus (Deter et 
al., In press), which experience periodic outbreaks in Europe (Le Louarn and Quéré, 2003). 
Using rDNA sequencing and microsatellite markers, we recently showed evidence that T. 

arvicolae was structured neither by host species nor by sample time. Thus, free transmission 
occurs among the three host species (Deter et al., in prep.). This last work also showed a 
homozygote excess among the sample that could be explained by inbreeding, natural selection 
or breeding groups. A founder effect linked to a low number of highly fecund individuals, 
predominantly originating from the very first few exposures to infective eggs, aggregated in 
few animals could the strong genetic variation observed within subpopulations (Deter et al., in 
prep.).  
A previous study on 13 fossorial vole populations and their parasite T. arvicolae, has 
demonstrated a heterogeneity in prevalence not explained by host population structure, 
landscape or vole abundance, but by the phase of the vole population fluctuations (Deter et 
al., 2007). However, population genetic analyses based on microsatellites revealed significant 
differentiation between vole populations, and higher dispersal rates of young voles compared 
to old ones. These younger individuals were also more frequently infected than older voles. 
This suggested a role for host dispersal in the distribution of T. arvicolae although it could be 
influenced by local adaptation processes or environmental conditions (Deter et al., 2007). The 
existence of T. arvicolae local adaptation to its host might affect the transmission success of 
the nematode from one population to a genetically differentiated one. Local adaptation of 
parasites to their hosts (i.e. higher fitness in local hosts compared with foreign hosts) is 
commonly observed in host-parasite interactions (see a recent review in Kawecki and Ebert 
(2004)). Theoretical models predict that it occurs when parasite dispersal rates are lower than 
those of hosts (Gandon et al., 1996). Microsatellite markers being now available for T. 

arvicolae (Deter el al., submitted), it will be possible to complete this previous work by 
testing the existence of such a local adaptation. 
The goal of this study is to investigate the spatial structure of T. arvicolae populations. In this 
way, we monitored five sites located in Jura (East of France) in autumn 2004 and 2005. We 
aim to investigate the existence of isolation by distance and how gene flow is shaped in space. 
Finally, theses should confirm the existence of local adaptation, too. 
 
MATERIALS AND METHODS 
 

Rodent sampling  
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The study area is the canton of Nozeroy. It covers about 250 km² in the middle east of France 
(Franche-Comté, Jura, Nozeroy: 46°47' N, 6°03' E). This is an area of low lying mountains 
ranging in altitude from 370 m to 970 m. The landscape is essentially constituted of large 
extents of open grasslands interrupted with forests and mixed habitat areas (i.e. countryside 
with many hedges, trees and small fields). Five sites corresponding to 1-2 ha grasslands, 
separated by two to 15 km were sampled in autumn 200 and 2005 (Fig. 1). The site Y located 
in Mignovillard represents 400 ha divided in grasslands, hedges and forests. 

In Mignovillard, trap-lines were used for the sampling of bank voles and common voles. 
For each session, twenty 100 m-lines of 34 INRA live-traps separated by 3-m intervals, were 
equally set between open (nine lines in meadows and hedges) and wooded (five lines in 
forests and six lines in meadows bordering forests) areas for three consecutive nights. They 
were checked twice a day. Traps were fitted out with dormitory boxes and baited with hay 
and a piece of apple. The relative abundance of these four rodent species was determined 
using the trapping success, i.e. the number of animals trapped per trap-nights (Spitz et al., 
1974). Note that common voles were also trapped directly in colonies located near the trap-
lines when the number of capture was fewer than 30. The fossorial water vole because of its 
subterranean way of life (Spitz, 1974, Spitz et al., 1974) was sampled directly in colonies 
found in the meadows surrounding trap-lines using modified BTS live-traps. No more than 
two animals per colony were kept. Traps were checked every two hours until the sampling of 
approximately 35 animals per session. In the four other sites, the same protocol was followed 
for the fossorial water vole until the capture of 20 animals per site approximately. Because of 
a lack of time, common voles were trapped directly in colonies using INRA live traps in site 
17 only. 

. 
Parasite identification and genetics 

 

Voles were euthanized by cervical dislocation. Data were kept of other experiments. Finally, 
rodent caeca were dissected and Trichuris specimens were identified, counted using 
dissecting microscopes and conserved in 70° ethanol at 4°C until genetic analyses.  

Genetic analyses 

As free transmission was demonstrated among the three host vole species (Deter et al., in 
prep.), analyses were performed mixing T. arvicolae whatever the host species they were 
found in.  
Individual worms were placed 10 second in ultrasound baths, and then were dried in a 
Concentrator 5301 (Eppendorf) before being crashed for DNA extraction (Puregene® DNA 
Purification Kit, Gentra Systems).  
Genetic variation was assessed using 12 microsatellite loci developed specifically for T. 

arvicolae (Deter el al. submitted). PCR conditions are detailed in Deter et al (submitted). PCR 
products were detected using MegaBACE 1000 DNA Analysis system® (Amersham 
Biosciences); 0.8 µl of the PCR products were mixed with 7.7 µl RNase-free water and 0.5 µl 
MegaBACETM ET-ROX400 size standard (Amersham Biosciences). Alleles were scored 
manually using MegaBACETM Genetic Profiler 1.5 (Amersham Biosciences 2001). In case of 
failure, concerned individual was amplified and genotyped a second time. 

First, within each site, frequencies of observed and expected heterozygosity and allelic 
richness were estimated using GENETIX v. 4.03 (Belkhir, 2001). Using the same software, 
3D Correspondence Factor analysis (CFA) was performed in order to test the existence of a 
spatial structure.  

Genetic data were then checked for conforming to the Hardy-Weinberg equilibrium 
(HWE), considering each locus separately and over all loci. This provides information about 
the reliability of the microsatellite loci (absence of null alleles) and about the panmictic status 
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of the two populations sampled. We used exact tests and Markov chain methods implemented 
in GENEPOP v3.3 (Raymond and Rousset, 1995). Corrections for multiple tests were applied 
using the sequential Bonferroni approach.  

The genetic relationships among individuals were analyzed using their genotypes and the 
neighbor joining (NJ) method (Saitou and Nei, 1987) Nei's Minimum distance (Nei, 1973). A 
tree was performed using the TreeMaker program (Cornuet and Piry, 2000). Tree view was 
modified using the software TreeView1.6.6 (Page, 1996). If there is structure depending on 
space and/or on the time, we expect to observe individuals grouped by sampling site and/or 
date. Robustness of the above grouping (group = date, population = site) with genetic 
discontinuity was tested by locus per locus analysis of molecular variance (Amova) with 
10000 permutations, using the Arlequin version 3.11 software (Excoffier et al., 2005). Finally, 
we searched on the origin of the genetic differentiation more precisely by estimating genetic 
differentiation between pairs of groups cited above. Because of an expected Hardy Weinberg 
departure (see Deter et al. submitted), pairwise population differentiation was estimated 
assuming non random mating (permutations on genotypes instead of alleles) using FSTAT 
2.9.3.2 (Goudet, 1995, , 2001). In order to confirm a genetic variability among distance, we 
performed the same analysis estimating genetic differentiation between 20 samples from 
France (Y in autumn 2005) and 18 T. arvicolae from field voles, M. agrestis sampled in 
Luhanka (61°46’ N, 25° 41’ E), Finland (between November 1991 and march 1992). Before 
that, we confirmed the identification of the Finnish nematodes as T. arvicolae by rDNA ITS1-
5.8S-ITS2 sequencing (see Deter et al., in prep for the method). 

We expected T. arvicolae gene flow, and thus effective dispersal, to be strongly influenced 
by host dispersal, influenced by distance (Criscione and Blouin, 2004, Deter et al., 2007). The 
null hypothesis of independence between geographical and genetic distances was thus tested 
against the hypothesis of a positive correlation (isolation by distance), using the method 
developed by Rousset (1997). Under isolation by distance, a correlation is expected between 
the logarithm of the geographical distance and FST / (1- FST). This correlation was tested using 
a Mantel test and a rank correlation coefficient (Rousset, 1997). These analyses were 
conducted using GENEPOP® 4.0 (Raymond and Rousset, 1995) considering samples from 
autumn 2004 then 2005 and finally both dates together. Significant isolation by distance 
would reveal the influence of geography on T. arvicolae genetic differentiation and thus on its 
effective dispersal.  

 
RESULTS 
 

In total, 410 rodents were kept providing 211 T. arvicolae in France. Prevalence ranged 
between 2.86 and 43.48 %. Hundred and thirty worms were genotyped for the 12 
microsatellite loci. Data separated by site and date are described in Table 1. The Finnish 
nematodes found in M. agrestis were confirmed to be T. arvicolae (Genebank Accession 
number XX). 
T arvicolae individuals presented between two and twelve alleles per locus (Table 2). The 
observed heterozygosities estimated over all loci ranged respectively between 0.11 (Finland) 
and 0.21 (17) and the non biased expected heterozygosities between 0.14 (Finland) and 0.33 
(16). Taking the entire French data set into account, only the locus Ta275 respected HWE (P 
= 1.00). Even dividing the data set in five populations containing individuals grouped per 
sites, no one population respected HWE for none of the loci (all P < 0.05). Considering the 
Finnish sample, Ta08, Ta84 and Ta272 were monomorphic. Only Ta13, Ta32 and Ta52 
respected HWE (respectively P = 0.08, 0.12, 0.08). Finnish T arvicolae individuals presented 
between one and five alleles per locus. Considering the entire data set (French and Finnish 
data), six on the 66 pairs of loci exhibited significant genotypic disequilibrium (P < 7.5x10-5).  
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Temporal genetic structure of T. arvicolae populations 

No temporal structure was detected using Amova when a weak but significant differentiation 
was observed among localities (Table 3). Important genetic variation was observed within the 
population (more than 95 % of variation, P < 0.001). 
 

Spatial genetic structure of T. arvicolae populations 

CFA partitioned microsatellite individual data (148 worms) along three axes. The first axis 
(84.79 % of the variance) divides the sample into two groups: one composed of Finnish T. 

arvicolae on the links of the graph and another one composed of French T. arvicolae on the 
right. The second axis (6.76 %) dissociated weakly T. arvicolae from the site 17 from the 
other sites (Figure 2). 
A tree based on individual genetic data did not evidence for a potential pool according to host 
species or date (Figure 3). Parasites found at the same date or in hosts trapped in the same site 
are not more similar than others except the Finnish samples and one part of nematodes 
sampled in the locality 17. On this tree, we can see the existence of 78 clones divided in 12 
groups of two to 24 individuals presenting the same genotype. Unbiased probability of 
identity (P(ID)) i.e. the probability that two individuals drawn at random will have the same 
genotype at multiple loci, can be calculated according to Waits et al. (2001). All the kinds of 
clones observed are more numerous than expected (all Pobs > P(ID) = 1.3 x10-4, contingency 
tables: all P < 0.05).  
 
If we consider more precisely pairs of localities, significant differentiation was never 
observed (All p > 0.05, Table 4) except for the site 17 which is significantly different from 5, 
16 and Y (P = 0.01) but not from 4 (P = 0.14). Significant genetic differentiation was also 
observed between T. arvicolae sampled in France and in Finland (P < 0.01).  
 

Isolation by distance 

No significant isolation by distance was observed (respectively P = 0.77, 0.71 and 0.76). Even 
if we did not consider the site 4, isolation by distance remained not significant (P = 0.44). 
 
DISCUSSION 
 

Is being written… 
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Figure 1. Sites of sampling for genetic and parasitological analyses in the canton of Nozeroy 
(Franche-Comté, France). The map is a binary image representing suitable habitat for vole 
(grassland) in white and all other kinds of habitat in grey. (i.e. forest, town etc…). Numbers 
represent the site codes. 
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Figure 2. 3D Correspondence Factorial Analysis on individual Trichuris arvicolae collected 
in six sites (one in Finland in yellow and five in France : 4 in blue, 5 in white, 16 in grey, 17 
in pink, Y in green. Analysis realised on 132 individuals with 7 microsatellite markers. 
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Figure 3. Neighbor Joining 
tree on genetic individual data 
(12 microsatellite markers) 
with one colour per site. The 
code used refers to “site-year 
of sampling”. Fin = Finnish 
site. 
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Table 1. Description of the available data. Number of T. arvicolae genotyped per date of 
sampling and per site.  
 

Sites 
Number of T arvicolae 

per date 

 2004 2005 Total 

4 5 4 9 
5 15 12 27 
16 12 13 25 
17 6 19 24 
Y 15 30 45 
Fin 18 in 1991-1992 18 

 
Table 2. Estimates of genetic variability for Trichuris arvicolae sampled in five French sites 
and one Finnish one.  
 

Mean heterozygosity 

Locus 

Number of T. 

arvicolae 

genotyped 
Observed (HO) Expected (HE) 

4 11 0.19 0.23 
5 25 0.17 0.26 
16 25 0.19 0.33 
17 24 0.21 0.30 
Y 45 0.18 0.29 
Fin 18 0.11 0.14 

 
Table 3. Results of analyses of molecular variance (Amova) of microsatellite data from 10 
populations of Trichuris arvicolae (N total = 130 helminths). ***P < 0.001; ns not significant. 
Significance levels are based on 10000 permutations. 
 

Grouping Source of variation d.f. 
Percentage of 

variation 

Among dates 1 -0.50 ns 
Among populations within dates 8 4.49 *** 

Group = date / 

population = date x 

site 
Among individuals within 

populations 
250 96.01 *** 

 

Table 4. Genetic differentiation between pairs of sites assuming non random mating 
(permutations on genotypes) among French data. Significance levels are based on 5000 
permutations.  
 

P for log-

likelihood G 
5 16 17 Y 

4 0.61 0.22 0.14 0.22 
5 - 0.20 0.01 0.30 
16 - - 0.01 0.68 
17 - - - 0.01 

 
 
 


