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a b s t r a c t

In Belarus, Naroch Lake is the only area with a high incidence of the human cercarial
dermatitis (HCD). However, very little is known about the taxonomy of avian schistosomes,
the causative agents of the disease, which are found in Naroch Lake and other lakes in
Belarus. In this study, we used a molecular approach to investigate the systematic position
and biodiversity of avian schistosomes from Naroch Lake and Polonevichi Lake. Based on
the sequence analysis of the ITS genomic region, we were able to detect four different
species of bird schistosomes in Naroch Lake (Trichobilharzia szidati, Trichobilharzia franki,
Bilharziella polonica and a novel Trichobilharzia species) and two species in Polonevichi
Lake (T. szidati and B. polonica). The data were used to reveal the phylogenetic position of
HCD causative cercariae found in Belarusian water reservoirs and to establish their rela-
tionships within the group of avian schistosomes. We discuss the possibility of identifying
species of Trichobilharzia using the fragment length polymorphism analysis of the ITS
region. Possible epidemiological causes of HCD incidence in Belarus are also discussed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Human cercarial dermatitis (HCD) is a common disease in recreational areas around the world. The causative agents of
HCD are considered to be avian schistosome larvae (cercariae) that accidentally penetrate into human skin provoking irri-
tation often accompanied by a severe allergic response (De Gentile et al., 1996; Horak et al., 2002; Verbrugge et al., 2004).
Avian skin-penetrating schistosomes from European fresh waters mainly belong to the Trichobilharzia and Bilharziella genera
(Kolarova, 2007). The following three species of Trichobilharzia are regarded as potential agents of HCD: Trichobilharzia szidati,
Trichobilharzia franki, and Trichobilharzia regenti.

There are a number of well known European foci of HCD located in Italy (Golo et al., 1998), France (Caumes et al., 2003;
Ferte et al., 2005; Jouet et al., 2008), Austria (Allerberger et al., 1994; Cerroni et al., 1997), Switzerland (Chamot et al., 1998;
Eklu-Natey et al., 1985), the Netherlands (Schets et al., 2008), Iceland (Kolarova et al., 1999; Skirnisson et al., 2009), Poland
(Zbikowska, 2003, 2004) and the Czech Republic (Kolarova et al., 1992,1997). The disease foci are in freshwater reservoirs that
are primarily used for recreational purposes. In Belarus, the only focus of cercarial dermatitis is located in Narochanski
National Park (Beer et al., 1995), the largest lake resort complex in the country. Over a ten-year period, the annual number of
the registered HCD cases among swimming tourists varied from 232 to 679 (Bekish and Dorozhenkova, 2008). HCD has
a significant impact on the local economy associated with water-dependent recreational activities. There is no documented
evidence for HCD in other Belarusian water reservoirs, although avian schistosomes may also exist there.
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Despite concerns over cercariosis in Belarus, little is known about the taxonomy of avian schistosomes from Belarusian
lakes due to the complexity of classical morphological identification methods that often give conflicting results. Using
a molecular genetics approach in avian schistosome research (Brant et al., 2006; Jouet et al., 2008; Rudolfova et al., 2002), the
first attempts to clarify the taxonomy of these organisms in Naroch Lake were recently made (Chrisanfova et al., 2009;
Rizevsky et al., 2009). These studies were carried out at the Naroch Biological Research Center, which is responsible for
controlling andmanaging HCD in the Naroch region. However, there is still only scarce information available on the biological
diversity of avian schistosomes in other Belarusian water reservoirs and their relationship to similar European species.

We carried out rDNA amplification, sequencing and phylogenetic analysis to characterize HCD causative cercariae found in
Belarusian water reservoirs. Samples were collected from Naroch and Polonevichi Lakes at Naroch and Negoreloe experi-
mental research stations, respectively. In contrast to Naroch Lake, Polonevichi Lake is not a tourist resort area but is
predominantly used for recreation by local residents. There are no registered outbreaks of HCD despite the presence of
waterfowl and gastropodmollusks. In this study, we provide new data on the biodiversity of HCD causative agents from these
Belarusian lakes and reveal their taxonomic position based on the comparative analysis of ITS2 regions.

2. Materials and methods

2.1. Specimens

Snail hosts belonging to species Lymnaea stagnalis, Radix auricularia, Radix peregra and Planorbarius corneuswere collected
from May 2007 to September 2008 from the shores of Naroch Lake (26�410E, 54�530N) and Polonevichi Lake (26�570E,
53�380N). The identification of mollusks was carried out according to Gloër and Meier-Brook (1998). The total number of
mollusks used in this study was 1649, including the following: 447 L. stagnalis, 611 R. auricularia, 305 R. peregra and 286
P. corneus. The following specimens were infected with avian schistosomes: 2 L. stagnalis, 13 R. auricularia, 7 R. peregra and 8
P. corneus.

Cercarial emergence was stimulated by lighting pools of 5 mollusks in Petri dishes. Preliminary screening of cercariae was
carried out using the morphological criteria proposed by Ginetsinskaya (1968) and Combes and Albaret (1980). Selected
cercariae were preserved in 70% ethanol and frozen (�20 �C) before being subjected to DNA analysis. Cercariae with pig-
mented eye spots and short furca from P. corneus mollusks were identified as B. polonica and were subsequently used for
sequence analysis only. All cercarial specimens were deposited as vouchers in the Zoology Museum of the Biology Depart-
ment of the Belarusian State University, Minsk, Belarus. The list of species, isolate codes, sites of collection, and dates of
collection are given in Table 1.

2.2. DNA isolation

Genomic DNA was isolated from the individual cercaria. Each cercaria was washed 3 times with sterile water to prevent
sample contamination.

Each cercaria was placed in a PCR tube containing 50 mL of a 5% water suspension of the chelating resin Chelex (BioRad,
USA) and 1 mL of 10 mg/ml Proteinase K (Applichem, Germany). The mixture was incubated for 30 min at 65 �C with periodic
stirring. The tubes were then placed in boiling water for 8 min and centrifuged for 3 min at 10,000 g. Supernatant was
transferred into new tubes. DNA yield and purity were measured spectrophotometrically.

2.3. PCR with genus-specific primers

To confirm taxonomic validity, DNA samples were amplified with genus-specific primers. PCR was carried out using two
pairs of primers specific for representatives of the Trichobilharzia genus: T1323-1 (50-GTGACTTGCTACAGGTTGG-30) or T1323-2
(50-GACGACAATAGTTGGGGT-30) and reverse primer T1323-R (50-GGCAAGCTCGTATACCATTC-30) (Hertel et al., 2002).
Table 1
List of the analyzed specimens.

Identified pathogen Isolate Host mollusk Collection site Date

Trichobilharzia sp. RB01 Lymnaea stagnalis Naroch Lake Aug. 2007
RB02 Naroch Lake Aug. 2007
RB08 Polonevichi Lake Sep. 2007
RB09 Polonevichi Lake Sep. 2007
RB03 Radix auricularia Naroch Lake Aug. 2008
RB04 Naroch Lake Aug. 2008
RB05 Radix peregra Naroch Lake Sep. 2008
RB06 Naroch Lake Sep. 2008
RB07 Naroch Lake Sep. 2008

Bilharziella polonica RB10 Planorbarius corneus Naroch Lake Aug. 2007
RB11 Polonevichi Lake Sep. 2007
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The reactionmixturecontained180mMofdNTPmix, 500mMofeachprimer, 3.5mMofMgCl2,1�TaqBuffer,1UTaqpolymerase
(Fermentas, Lithuania) and 5 mL of DNA solution. A GeneAmp PCR system 2700 (Applied Biosystems, USA) was programmed
withdenaturation (20 s at 94 �C), annealing (20 s at 50 �C) andelongation (90 s at 72 �C) steps,witha total of 30 cycles. The initial
denaturation and final synthesis steps had durations of 3 min at 94 �C and 5min at 72 �C, respectively. The DNA samples from
theDiplostomatidae and Strigeidae trematodeswereused as negative controls. PCRproductswere analyzed byelectrophoresis
in 1.5% agarose gels. The sizes of the products were calculated using FragmeNT Analysis 1.1a software (Molecular Dynamics).
2.4. PCR of the ITS region

To amplify the entire ITS region, including the ITS1 element, the 5.8S rRNA coding region and the ITS2 element, we used
the primers Its5Trem, Its4Trem, Its2Trem, and Its3Trem described by Dvorak et al. (2002). These primers have the following
sequences:

Its5Trem, 50 – GGAAGTAAAAGTCGTAACAAGG – 30

Its4Trem, 50 – TCCTCCGCTTATTGATATGC – 30

Its2Trem, 50 – GCTGCACTCTTCATCGACGC – 30

Its3Trem, 50 – GCGTCGATGAAGAGTGCAGC – 30

The amplification was carried out according to the conditions described by Dvorak et al. (2002). PCR products were
separated by electrophoresis in 1.5% agarose gels.
2.5. DNA sequencing

DNA samples from the individual cercaria were sequenced with the primers Its3Trem and Its4Trem. PCR products con-
taining ITS2 sequence, with lengths of w500 bp, were extracted from agarose gels and purified using the DNA Extraction Kit
(Fermentas, Lithuania), according to the manufacturer’s protocol. Each product was sequenced in both directions on a 3130
Genetic Analyzer (Applied Biosystems, USA) using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA).
2.6. Analysis of the ITS2 sequences

Phylogenetic analysis was done on the sequences obtained in this study and the sequences for T. regenti, T. franki, T. szidati,
T. stagnicolae, Trichobilharzia brantae, Trichobilharzia physellae, Trichobilharzia querquedulae, T. sp., B. polonica, Allobilharzia
visceralis, Gigantobilharzia huronensis and Dendritobilharzia pulverulenta obtained from GenBank (see Table 2). The Schisto-
somamansoni sequencewas used as the outgroup. Sequences were aligned by the ClustalWalgorithm included in theMEGA 4
software (Tamura et al., 2007). The ITS2 region sequences were used for the construction of trees, and the outgroup sequence
was used for rooting the trees. The maximum likelihood analysis was done in MEGA 4 and the reliability of tree nodes was
assessed by bootstrapping (1000 replicates).

3. Results

For isolates RB01–RB09, PCR amplification using the primers T1323-1 and T1323-R produced two major DNA fragments,
with sizes of w200 bp and w600 bp, (Fig. 1). Primers T1323-2 and T1323-R gave fragments with sizes of w100 bp and
w500 bp. These results are consistent with previous data (Hertel et al., 2002) and indicate that the phylogenetic position of
the investigated cercariae isolates RB01–RB09 is within the Trichobilharzia genus.

DNA samples from the Trichobilharzia isolates RB01–RB09 were amplified using two primer pairs (Its4Trem – Its5Trem and
Its2Trem – Its5Trem) to obtain PCR products for the entire ITS region and for the ITS1 element from this region. Isolates were
divided into two groups according to the size of PCR products. One group included the isolates RB01, RB02, RB08, and RB09, with
the corresponding PCR products of w1550 bp for the entire ITS region and w1100 bp for the ITS1 element. The other group
included the isolates RB03, RB04, RB05, RB06, and RB07, with the corresponding PCR products ofw1310 bp for entire ITS region
and w850 bp for the ITS1 element. The lengths of the PCR products were compared to the size of the ITS region and the ITS1
element of T. szidati, T. franki and T. regenti, whichwere obtained fromGenBank.We initially assumed that comparing the lengths
of the PCR products may be suitable for a preliminary Trichobilharzia species identification. Indeed, the ITS region and the ITS1
element of the isolates RB01, RB02, RB08 andRB09hadnearly the same size as those of T. szidati in GenBank. Considering that our
isolates were obtained from L. stagnalis, they could indeed belong to T. szidati. The lengths of PCR products for the isolates RB03,
RB04,RB05, RB06, andRB07 suggested that theiroriginwas from T. franki (Fig. 2). However, theywereobtained fromtwodifferent
snails, R. auricularia and R. peregra, which suggest that the identification of cercariae species was unreliable.

To further investigate the genetic polymorphism and phylogenetic relationship of Trichobilharzia species, we carried out
nucleotide sequencing of the Internal Transcribed Spacer 2 (ITS2) region. The ITS2 region is a commonly used marker in
phylogenetic studies of closely related organisms, along with markers for D2 and Cox1 domains. The suitability of the ITS2



Table 2
GenBank sequences of bird schistosomes used for phylogenetic analysis.

Pathogen Host Origin GenBank accession number

Trichobilharzia szidati Lymnaea stagnalis Czech Republic AF263828, AY713961, AY713972,
AY713968, GU233735, GU233736

Lymnaea stagnalis Finland FJ609409, FJ609410
Lymnaea stagnalis Germany AY713971
Anas platyrynchos Czech Republic EF094541
Anas platyrynchos Poland EF094536

Trichobilharzia franki Radix auricularia Poland AY713964, AY713966
Radix auricularia Czech Republic AY713969, AF356845
Radix peregra Iceland FJ469812; FJ469821; FJ469810;

FJ469819; FJ469820; FJ469817
Radix peregra France EU413976; EU413972
Anas platyrynchos France FJ793879; FJ793876; FJ793875
Anas crecca France FJ793882; FJ793881
Cygnus olor France FJ793883
Aythya fuligula France FJ793880

Trichobilharzia regenti Anas platyrynchos Czech Republic EF094538, GU233740
Radix peregra Czech Republic AF263829
Anas platyrynchos France FJ793887, FJ793888, EU413977

Trichobilarzia sp. Radix peregra France EU413974, EU413971
Radix peregra Iceland FJ469784–FJ469787, FJ469794–FJ469796,

FJ469804, FJ469807; FJ469803
Anas Penelope Poland EF094532, EF094531
Lophodytes cucullatus USA FJ174576
Anas americana USA FJ174572; FJ174570
Stagnicola sp. Canada FJ174537; FJ174535
Anas acuta Canada FJ174536

Trichobilharzia stagnicolae Stagnicola emarginata USA FJ174546; FJ174542
Stagnicola sp. USA FJ174540
Mergus merganser USA FJ174545

Trichobilharzia brantae Chen caerulescens Canada FJ174533
Gyraulus parvus USA FJ174532

Trichobilharzia physellae Mergus merganser USA FJ174567
Aythya valisineria USA FJ174565
Bucephala albeola USA FJ174561

Trichobilharzia querquedulae Anas discors USA FJ174555
Anas clypeata USA FJ174548

Bilharziella polonica Anas platyrynchos Czech Republic EF094539
Grus grus France FJ793899
Anas platyrynchos France FJ793903
Anas crecca France FJ793901

Allobilharzia visceralis Cygnus cygnus Iceland DQ067561
Cygnus columbianus USA EF071991

Gigantobilharzia huronensis Agelaius phoeniceus USA EF071986
Dendritobilharzia pulverulenta Gallus gallus USA AY713962

Mergus merganser USA EF071988
Schistosoma mansoni Homo sapiens Zambia AY446082
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marker for determining the systematic position of the avian schistosomes has been confirmed in previous studies (Jouet et al.,
2008, 2009; Rudolfova et al., 2005).

We compared the novel 11 sequences of the ITS2 region, obtained from the isolates RB01-RB11, to the 87 sequences
available in GenBank. Using the maximum likelihood algorithm, we generated a congruent phylogenetic tree (Fig. 3). The
sequences under investigation form several separate clades, which have high bootstrap support. These clades correspond to
the following genera of avian schistosomes: Bilharziella, Dendritobilharzia, Gigantobilharzia, and Allobilharzia. The genus
Trichobilharzia cannot be considered a monophyletic group since T. brantae from North America aligned with the distinct
genus Allobilharzia. Moreover, the tree topology revealed a high genetic heterogeneity of Trichobilharzia. This genus is divided
into several branches. High bootstrap support was obtained for the group of T. regenti isolates and for a number of unde-
termined Trichobilharzia species. A separate group with high bootstrap support is composed of T. franki, T. physellae,
T. querquedulae and T. sp. (FJ174570, FJ174572). Similar phylogeny is discussed by Brant and Loker (2009), who revealed a close
relationship between geographically distant species inhabiting Europe and North America. Isolates of T. szidati and T. stag-
nicolae show high variability and form groups with low bootstrap support.

Our results suggest that cercariae from Naroch Lake can be assigned to the following four species of avian schistosomes:
T. szidati (isolates RB01 and RB02), T. franki (isolates RB03 and RB04), B. polonica (isolate RB10) and the new Trichobilharzia
species (isolates RB05–RB07). The latter was first described by Jouet et al. (2008). Isolates from Polonevichi Lake belong to
T. szidati (isolates RB08 and RB09) and B. polonica (isolate RB11). The T. szidati isolates fromNaroch Lake (RB01 and RB02) were



Fig. 1. PCR products of total DNA amplification using the genus-specific primers T1323-1 and T1323-R (A) and T1323-2 and T1323-R (B). M – DNA marker, 1 – Tri-
chobilharzia sp. isolate RB01, 2 – Strigeidae cercaria, 3 – Diplostomatidae cercaria.
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found to be different from the T. szidati Polonevichi Lake isolates (RB08 and RB09) by one nucleotide substitution. The
B. polonica isolates had identical ITS2 sequences for both lakes; this confirms the monospecificity of this genus in Europe.

The sequences of ITS2 regions of RB01–RB11 isolates fromNaroch and Polonevichi Lakes were deposited in GenBank under
the accession numbers GU350726 (isolate RB01) and HM001253 – HM001262 (isolates RB02–RB11).
4. Discussion

The first incidents of HCD in Belaruswere recorded in the 1980s in the area of Naroch Lake,which is one of the largest natural
water reservoirs in the countryand is extensively used for recreational purposes. The etiologyof this disease remainedunknown
for many years. Beer et al. (1995) discovered the causative agents of dermatitis and classified them as cercariae of the
Fig. 2. Size comparison of the entire ITS region and the ITS1 element of Trichobilharzia species. Upper part of the figure shows average sizes of fragments
calculated based on the sequences from GenBank: 8 sequences of T. regenti, 18 sequences of T. franki and 18 sequences of T. szidati. Lower part of the figure shows
sizes of PCR products obtained in this study.



Fig. 3. Phylogenetic tree based on the sequences of the ITS2 element of rDNA of cercariae obtained in this study and the GenBank sequences of bird schistosomes.
Values at the nodes are the bootstrap values obtained from 1000 replicas of the maximum likelihood analysis. Schistosoma mansoni was used as the outgroup.
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“Trichobilharzia ocellata group”. However, the exact taxonomicpositionof the schistosomes inhabitingNarochLakehadnot been
established. Since then, several publications described the systematics of avian schistosomes (Chrisanfova et al., 2009; Rizevsky
et al., 2009). According with these studies, the HCD causative agents are restricted to species from the Trichobilharzia and Bil-
harziella genera that belong to the Schistosomatidae family. Cercariae from other families, namely Strigeidae and Diplo-
stomatidae,were also detected inNaroch Lake. Strigeidae andDiplostomatidae cercariae possess similarmorphological features
and usually infect the same gastropod mollusks as Schistosomatidae cercariae. However, Strigeidae and Diplostomatidae
cercariae are currently recognized as uninfectious to humans, but can be mistakenly considered as pathogenic agents and thus
obscure the true estimate of the schistosomal threat to humanhealth.Modernmolecular geneticsmethods are the best tools for
the precise determination of HCD causative species (Dvorak et al., 2002; Rudolfova et al., 2005; Jouet et al., 2008).

In this study, we identified the presence and described the diversity of HCD causative agents from two water reservoirs in
Belarus: Naroch Lake and Polonevichi Lake. Using PCRwith genus-specific primers, as in Hertel et al. (2002), we found species
from the Trichobilharzia genus in both lakes.

Molecular identification of the species identity typically requires sophisticated techniques, such as the sequencing of DNA
markers coupled with statistical cluster analysis. A non-functional fragment of an rDNA gene, ITS2, is extensively used in
taxonomic investigations of avian schistosomes. The ITS2 sequences obtained in this study showed that cercariae fromNaroch
Lake are closely related to the following four species of bird schistosomes: T. szidati (isolates RB01 and RB02), T. franki (isolates
RB03 and RB04), B. polonica (isolate RB10) and the new Trichobilharzia species (isolates RB05–RB07). The new Trichobilharzia
species was first described by Jouet et al. (2008) as the EAN17 isolate and was also found in Iceland infecting R. peregra and
Mergus serrator (Aldhoun et al., 2009). Cercariae from Polonevichi Lake were assigned to the species T. szidati (isolates RB08
and RB09) and B. polonica (isolate RB11). Different species of Trichobilharzia had different levels of ITS2 sequence homology
and different numbers of polymorphic sites. These data suggest that the Trichobilharzia genus is a genetically heterogeneous
groupwith complex systematics, and therefore, it is the subject of ongoing investigations. B. polonica is a homogeneous group,
as no ITS2 polymorphism was found in European isolates. We screened gastropod mollusks collected from Naroch Lake and
Polonevichi Lake for avian schistosome infections and found that Trichobilharzia cercariae infect three gastropod species. L.
stagnalis was found infected with T. szidati, R. auricularia was infected with T. franki, and R. peregra was infected with an
unknown Trichobilharzia species. At the same time, B. polonica cercariae were found to infect a single species of gastropod
mollusks, P. corneus.

Sequencing of chromosomal DNA is a reliable method for the molecular identification of a species but is excessively
laborious for routine epidemiological studies. Considering this, we propose a more convenient approach based on PCR of the
ITS region and the ITS1 and ITS2 elements in this region. The lengths of the resulting PCR fragments differ between the three
best studied Trichobilharzia species, T. szidati, T. franki and T. regenti, and should allow for their unambiguous identification.
However, the method would not distinguish the novel Trichobilharzia species (isolates RB05–RB07) from T. franki (isolates
RB03 and RB04) because the lengths of the PCR fragments are the same between these species. If we consider the species
identity of the intermediate hosts that are found in the studied water reservoirs, then the discrimination between the novel
Trichobilharzia species and T. frankimay become possible. Using species identity of intermediate hosts within the PCRmethod
requires knowledge of the host preferences of different Trichobilharzia species. However, there are variations in the host
preferences of Trichobilharzia (Aldhoun et al., 2009; Rudolfova et al., 2005), and further experimental work is necessary to
clarify these preferences. It may be possible to find newmolecular markers suitable for the discrimination of a wider range of
Trichobilharzia species and other HCD causative cercariae species.

The causes of HCD near Naroch Lake are not fully understood. Identification of these causes is important for understanding
the epidemiology of HCD disease. It is possible that ecological changes in the lake ecosystem contributed several important
factors. One factor is that the abolition of hunting in the resort area established favorable conditions for an increase in the
number of certain waterfowl that are the known hosts of avian schistosomes. According to Bychkova and Kheidorova (2008),
the trematodes of the Schistosomatidae family are preferentially found in birds of the genus Anatidae and in the species Anas
platyrhynchos, Anas crecca, Anas querquedula, Anas penelope, Aythya fuligula, Aythya ferina, and Cygnus cygnus. The second
factor is that some of these species have developed new behaviors that are different from their behavior in their natural
environment. The birds became accustomed to people and are now found in large numbers in beach areas. The third possible
factor is the extreme decrease of the lake water level due to climate variation. This resulted in the formation of large areas of
silt and shallow water, which are favorable environments for gastropod mollusks, the intermediate hosts of Trichobilharzia
and Bilharziella. Finally, the fourth factor is the over-crowding of resort areas, which increases the exposure of people to the
infectious cercariae. It is estimated that Naroch Lake is visited by 80,000 people each year, thus forming a large epidemio-
logical risk group.

Recreational and economic activities that affect ecological balance are possible causes of the formation of HCD high-risk
areas. Yet, our study also revealed the presence of avian schistosomes in Polonevichi Lake, where anthropogenic influence is
low. A natural water reservoir that is inhabited by significant numbers of avian schistosomesmay become a newHCDhigh-risk
area as a consequence of an increase in human influence on the area or due to the natural variations in ecosystem and climate.
The presence of waterfowl and gastropod mollusks can be used as an indirect indicator of the potential risk of dermatitis.
However, only directmonitoringof avian schistosomes in naturalwater reservoirs, particularly in recreation zones, can reliably
evaluate the risk.We reported here the application of amolecular biologymethod to detect and establish the species identity of
avian schistosome cercariae in freshwater snails from Belarusian reservoirs. This method is suitable for the identification of
potential transmission sites ofHCDdisease and can aid the further investigationof avian schistosomebiodiversity in the region.
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