
 

Aquatic Invasions (2008) Volume 3, Issue 3: 305-313 
DOI  10.3391/ai.2008.3.3.5 
© 2008 The Author(s) 
Journal compilation © 2008 REABIC (http://www.reabic.net) 
This is an Open Access article 

 

Special issue “Invasive Aquatic Molluscs – ICAIS 2007 Conference Papers and Additional Records” 
Frances E. Lucy and Thaddeus K. Graczyk (Guest Editors) 

 305

Research article 

Assessment of human waterborne parasites in Irish river basin districts - use 
of zebra mussels (Dreissena polymorpha) as bioindicators♣ 

Thaddeus K. Graczyk1,2,3*, Frances E. Lucy4,5,6, Leena Tamang1, Dan Minchin7 and Allen Miraflor8 
1Department of Environmental Health Sciences, Division of Environmental Health Engineering, Johns Hopkins Bloomberg School of 
Public Health, Baltimore, Maryland 21205, USA 
2Johns Hopkins Center for Water and Health, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland 21205, USA 
3Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of  Public Health, Baltimore, Maryland 
21205, USA 
4Department of Environmental Science, School of Science, Institute of Technology, Sligo, Ireland 
5Centre for Biomolecular Environmental and Public Health Research, School of Science, Institute of Technology, Sligo, Ireland 
6Environmental Services Ireland, Lough Allen, Carrick on Shannon, Co. Leitrim, Ireland 
7Marine Organism Investigations, Ballina, Killaloe, Co. Clare, Ireland 
8Johns Hopkins University, Baltimore, Maryland 21218, USA 
*Corresponding author 
E-mail: tgraczyk@jhsph.edu 

Received 19 August 2008; accepted in revised form 2 September 2008; published online 2 October 2008 

Abstract 

The zebra mussel (Dreissena polymorpha) is an abundant and invasive molluscan shellfish species which arrived in Ireland’s 
river basins in the early 1990’s. Inland and coastal surface waters can be contaminated by human waterborne zoonotic 
enteropathogens such as Cryptosporidium parvum, Giardia lamblia, Encephalitozoon intestinalis, E. hellem and Enterocytozoon 
bieneusi originating predominantly from wastewater treatment plant effluents and agricultural runoff.  Bivalve species, i.e., the 
invasive zebra mussel, Mytilus edulis (blue mussel) and Anodonta anatina (duck mussel) were used as sentinels and also as 
biomonitors of the aforementioned waterborne pathogens at twelve sites located in three Irish river basin districts impacted by 
pollution related to various water quality pressures.  A variety of advanced biomolecular techniques were utilized to assess the 
presence and concentration of these pathogens in molluscan shellfish.  At least one pathogen species was detected in bivalves at 
each of the twelve sites. Cryptosporidium, implicated in several recent Irish gastrointestinal epidemics, was recorded at all sites 
subjected to agricultural runoff and at one treated wastewater discharge site, linking source-track directly to animal and human 
fecal wastes. Overall, the results demonstrated a long-term human enteropathogen contamination of Irish waters with consequent 
public health risk-factors for drinking water abstraction and water-based recreational activities.  The study provided further solid 
evidence that zebra mussels can recover and concentrate environmentally derived human pathogens and therefore can be used for 
the sanitary assessment of surface water quality. 

Key words: biomonitoring, bivalves, Cryptosporidium, Dreissena polymorpha, environmental contamination, Giardia, Ireland, 
microsporidia, sentinel organisms, waterborne pathogens, zebra mussels 

                                                           
♣ This paper was presented at the special session “Dreissenology” of the 15th International Conference on Aquatic Invasive Species – ICAIS 
2007, September 23-27, 2007, Nijmegen 
 



 
T .K .  Graczyk  e t  a l .   

306 

 

Introduction 

Cryptosporidium parvum, Giardia lamblia, and 
human-virulent microsporidia such as Encephali-
tozoon intestinalis, E. hellem, and Entero-
cytozoon bieneusi are human anthropozoonotic 
pathogens that inflict considerable morbidity on 
healthy people and can cause mortality (e.g., 
Cryptosporidium and microsporidia) in immuno-
suppressed population (Wolfe et al. 1992; 
Graczyk et al. 2004). The tranmissive stages, 
i.e., oocysts, cysts, and spores, respectively, are 
resistant to environmental stressors and therefore 
ubiquitous in the environment (Graczyk et al. 
2007a; 2007b). Cryptosporidium and Giardia are 
very frequently transmitted via water (Wolfe 
1992; Graczyk et al. 2004) and considerable 
evidence gathered to date indicates involvement 
of water in the epidemiology of microsporidia 
(Cotte et al. 1999; Fournier et al. 2000). 

Because Cryptosporidium, Giardia, and 
microsporidia can infect a variety of non-human 
hosts, identification of human-virulent species 
represents a challenge. Another challenge is 
determination of viability of the aforementioned 
pathogens as they may be non-viable and thus, 
not of epidemiological importance. Both challen-
ges are met by fluorescence in situ hybridization 
(FISH) technique. FISH employs fluorescently 
labeled oligonucleotide probes targeted to 
species-specific sequences of 18S rRNA, and 
therefore identification of pathogens is species-
specific (Hester et al. 2000; Graczyk et al. 2004; 
2007b; 2008a).  Also, as rRNA has a short half-
life and is only present in numerous copies in 
viable organisms, FISH allows for differentiation 
between viable and non-viable pathogens (Vesey 
et al. 1998; Hester et al. 2000; Dorsch and Veal 
2001). The FISH technique has been developed 
for C. parvum (Vesey et al. 1998), G. lamblia 
(Dorsch and Veal 2001), E. hellem (Hester et al. 
2000) and E. intestinalis (Graczyk et al. 2002).  
Recognized alignment of respective 16S rRNA 
regions of 22 micro-sporidia species (Hester et 
al. 2000) allowed for the design of the E. 
bieneusi-specific 19 bp oligonucleotide probe 
(Graczyk et al. 2004) for the present study. FISH 
has been combined with direct immunofluo-
rescent antibody (IFA) against the wall antigens 
of Cryptosporidium and Giardia and this 
approach has been successful for detection of  

 
C.parvum and G. lamblia in zebra mussels 
(Graczyk et al. 2004; Lucy et al. 2008). 

Historically, waterborne C. parvum oocysts 
were first identified in the tissue of blue mussels 
in Ireland, i.e., Sligo Bay, (Chalmers et al. 1997) 
and this initiated a worldwide investigation of 
this pathogen in molluscan shellfish (see 
Graczyk 2003, for review). Since then, multiple 
studies demonstrated that these filter-feeding 
organisms can harbor environmentally-derived 
protozoan parasites as a result of concentrating 
the recovered particles (Graczyk et al. 2003). 
This includes another report from Ireland on C. 
parvum oocysts in surface water used for 
recreation and associated blue mussel beds 
(Lowery et al. 2001). Oysters, mussels and clams 
remove and concentrate waterborne pathogens by 
filtration and can be used for sanitary assessment 
of water quality (Chalmers et al. 1997; Graczyk 
et al. 1998; 1999a; 1999b; 2001; 2003; 2004; 
2007a; Lucy et al. 2008). 

The molluscan shellfish monitored in the 
present study included the marine blue mussel 
(Mytilus edulis), and two freshwater species; the 
zebra mussel (Dreissena polymorpha), and the 
duck mussel (Anodonta anatina). Of these, the 
duck mussel is the largest and can attain a shell 
length of ~11 cm. The blue mussel attains ~6 cm 
and the zebra mussel 2 to 3 cm (Lucy et al. 2005; 
Zotin and Ozernyuk 2004). The zebra mussel is 
an abundant and invasive species, which arrived 
in Ireland’s river basins in the early 1990’s 
(Minchin et al. 2006). It has since spread to 
many other Irish waterbodies (www.invasive 
speciesireland.com) and provides a readily 
accessible biomonitoring tool to detect human 
pathogens in water catchments (Lucy et al. 2008) 
characterized under the water framework 
directive as being ‘at risk’ from diffuse or point 
source organic pollution (www.wfdireland.ie).  

Diffuse or point-source discharges of raw or 
treated human sewage or agricultural runoff 
within catchments often contaminate surface 
waters of river basin districts when followed by 
precipitation events (www.wfdireland.ie), and 
this cause serious public health risks for drinking 
water abstraction and production, and for 
recreational activities (Beach 2008). Several 
Irish studies have detected Cryptosporidium 
species (Chalmers et al. 1997; Skerrett and 
Holland 2000; Lowery et al. 2001; Graczyk et al. 
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2004; Lucy et al. 2008), G. lamblia (Graczyk et 
al. 2004; Lucy et al. 2008) and E. intestinalis and 
E. bieneusi (Graczyk et al. 2004; Lucy et al. 
2008) in Irish river basins.  The purpose of this 
study was to evaluate the presence, prevalence, 
and concentration of C.  parvum oocysts, G.  
lamblia cysts, and spores of E. intestinalis, E. 
hellem and E. bieneusi, based on FISH and IFA 
analysis of bivalves over a greater range of Irish 
sampling sites (Figure 1) with various water 
quality pressures (Table 1). 

Material and Methods 

Molluscan shellfish were collected from 12 sites 
(Figure 1) that had various water quality 
pressures (Table 1). Zebra mussels (Sites 2-12) 
were collected either from vertical surfaces using 
a long-handled scraper (Minchin et al. 2002), or 
from bottom substrate by diving (Lucy et al. 
2005). Blue mussels (Site 1) were hand-collected 
during a low equinoxial tide, and duck mussels 
(Site 4)  were  collected  by  diving  (Lucy  et  al.  

 

 
Figure 1. Map of Ireland showing sites where blue mussels (Mytilus edulis) (1), zebra mussels (Dreissena polymorpha) (2-12) 
and duck mussels (Anodonta anatina) (4) were collected: (1) Sligo Bay; (2) Lough Erne; (3) Lough Arrow; (4) Lough Meelagh; 
(5) Lough Key; (6) Shannon River A; (7) Lough Forbes; (8) Lough Sheelin; (9) Lough Ree; (10) Shannon River B;(11) Lough 
Derg and (12) Ardnacrusha Headrace 

 
2005). Zebra mussels (n = 350 per site) were 
measured to the nearest mm, weighed, and 
homogenized using an industrial blender 
(Graczyk and Cranfield 1996). Blue mussels (n = 
105) and duck mussels (n = 15) were measured, 
weighed, and shucked from shells; all liquor and 
flesh was pooled and homogenized. The 
homogenates were gravity sedimented (Graczyk 
et al. 2007b) overnight at 40oC, and 50 ml 
samples of the top sediment were collected into a 
plastic tube and centrifuged (10,000g, 10 min), 
supernatant discharged, and the pellet stored in 
75% ethanol. Ethanol was washed from the 

pellets by centrifugation (10,000g, 10 min) two 
times using sterile phosphate-buffered saline 
(PBS) pH 7.4, and evenly divided into two 
aliqouts. One aliquot was processed for C. 
parvum and G. lamblia by combined FISH and 
direct immunofluorescent antibody (IFA), and 
the other for E. intestinalis, E. hellem and E. 
bieneusi by FISH (Graczyk et al., 2007b).  FISH 
oligonucleotide probes were synthesized by the 
DNA Analysis Facility of the Johns Hopkins 
University, Baltimore, MD, in 1.0 µM scale, 
purified by HPLC, and 5' labeled with a single 
molecule of a fluorochrome (Graczyk et al. 
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2007b). A FITC-conjugated monoclonal IFA 
against the cell wall antigens of Cryptosporidium 
and Giardia from MERIFLUORTM Crypto-
sporidium/Giardia test kit (Meridian Diagnostic, 
Inc., Cincinnati, OH) was used (Graczyk et al. 
2007b). The walls of the pathogen’s transmissive 
stages were permeabilized (Graczyk et al. 
2007b). All combined FISH and direct IFA 
reactions were carried out in eppendorf tubes in 
a total volume of 100 µl of hybridization buffer 
at 48oC for 1 hr (Graczyk et al. 2007b). 
Concentration of each oligonucleotide probe, 
i.e., CRY-1, GIAR-4, and GIAR-6, (Graczyk et 
al. 2007b) was 1 mMol l-1 and IFA was 1:1 
diluted. The FISH reaction for human-virulent 
microsporidia was carried out in eppendorf tubes 
in a total volume of 100 µl of hybridization 

buffer at 57oC for 3 hrs (Graczyk et al. 2007b). 
Concentration of each oligonucleotide probe, 
i.e., HEL 878, INT-1, BIEN-1, (Graczyk et al. 
2007b), was 1 mMol l-1. Positive and negative 
controls were as described previously (Graczyk 
et al. 2007b). After hybridization, the tubes were 
centrifuged twice at 4oC (2,000g, 5 min) and the 
pellets were resuspended in 100 µl of sterile 
PBS.  Five, 20 µl samples were transferred onto 
lysine-coated wells (5-mm-diameter) on a teflon-
coated glass slide, and air-dried. The entire area 
of a well was examined with the aid of an 
Olympus BH2-RFL epifluorescent microscope, 
dry 60X objective, and BP450-490 exciter filter 
without knowledge of sample identity, the 
pathogens were enumerated, and samples 
uncoded. 

 
 
Table 1. Geographical location, name, and characteristics of 12 molluscan shellfish collection sites (as shown in Figure 1) with 
associated water quality pressures 

Geographic coordinates Site 
Latitude, N Longitude, W 

Location name Description and Water Quality Pressures 

1 54º17' 08º31' Sligo Bay Sheltered bay: routine discharge of untreated 
wastewater 

2 54º20' 07º39' Lower Lough Erne Urban lakeside park: leisure craft, abundant 
waterfowl, intense surface runoff 

3 54º01' 08º19' Lough Arrow Rural lake: wastewater discharges, agricultural 
runoff 

4 54º03' 08º09' Lough Meelagh Rural lake: wastewater discharges 

5 53º59' 08º14' Lough Key 
Rural lake: leisure craft, abundant waterfowl, 
waterside park,  wastewater discharges, 
agricultural runoff 

6 53º56' 08º06' River Shannon (A) at 
Carrick on Shannon Urban river boat mooring: leisure craft 

7 53º46' 07º52' Lough Forbes Rural lake: agricultural runoff 

8 53º48' 07º19' Lough Sheelin Rural lake: agricultural runoff 

9 53º28' 07º56' Lough Ree Rural lake: leisure craft 

10 53º19' 07º59' River Shannon (B) at 
Clonmacnoise River: agricultural runoff, managed wetland area 

11 52º53' 08º23' Castlelough, Lough Derg Rural lake: human bathing area 

12 52º42' 08º35' Ardnacrusha Headrace Canal, sheep grazing on sloping banks 
 
 
 

Results 

The mean values of shell length and wet weight 
for zebra mussels, blue mussels and duck 
mussels and were: 1.5 cm and 1 g ; 3.2 cm and 7 
g and 7.4 cm and 38 g, respectively.  

Of the five enteric parasite species tested, 
there was at least one species detected in 

molluscan shellfish at each of the 12 sites 
(Figure 2). Site 1, Sligo Bay, had the highest 
cumulative number of all five pathogen species 
in marine blue mussels (Figure 2). Sligo Bay was 
a site to which raw sewage and secondary-treated 
wastewater were routinely discharged (Table 1).  
In contrast, only G. lamblia was identified (1 
cyst/g and 1 cyst/zebra mussel) at Site 9 (Figures 
2 and 3), which is predominantly used for leisure 
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craft and angling (Table 1).  Shellfish at the 
other ten sites had an average of three species of 
enteropathogen present (Figure 2).  In general, 
bivalves at the sites subjected to agricultural 
runoff (Site 7, 8, and 12) contained the highest 
cumulative numbers of human pathogens (Figure 
2); the bivalves from sites used only for 
recreation (Site 9 and 11) had the lowest (Figure 
2). Interestingly, cumulative numbers of patho-
gen species identified in molluscan shellfish at 
sites subjected to wastewater effluent discharges 
(Sites 1, 3, 4, and 5) varied considerably (Figure 
2).  
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Figure 2. Cumulative number of species of human 
waterborne parasites identified in molluscan shellfish at 
each of 12 collection sites as shown in Figure 1 

Regarding the pathogen prevalence, G. 
lamblia was most commonly found, and occurred 
at 11 of the 12 sites (Figure 3).  Concentration of 
G. lamblia cysts at Site 4 was lower in duck 
mussels (3 cysts/g; 97 cysts/mussel) than in 
zebra mussels (13 cysts/g; 13 cysts/mussel) 
(Figure 3).  Both C. parvum and E. bieneusi were 
found at eight sites (Figure 3).  For C. parvum, 3 
oocysts/g and 22 oocysts/blue mussel were 
recorded at Site 1 whereas a range of 1 to 6 
oocysts/g  and 1 to 4 oocysts/zebra mussel were 
detected at other sites (Figure 3). At the 8 sites 
where it was recorded, E. bieneusi varied in 
concentration: <1 spore/g and 1 spore/blue 
mussel; 2 spores/g and 67 spores/duck mussel; 1-
12 spores/g and 1-12 spores/zebra mussel 
(Figures 2 and 3). E. hellem (1 spore/g and 18 
spores/blue mussel; 1 spore/g and 3 spores/duck 
mussel; 1-2 spores/g and 1-2 spores/zebra 
mussel) and E. intestinalis (1 spore/g and 6 
spores/blue mussel; 1-2 spores/g and 1-2 
spores/zebra mussel) were found at only 5 and 3 
of the 12 sites, respectively (Figure 3).  
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E. intestinalis

0
2
4
6
8

10
12
14

Site
1

Site
2

Site
3

Site
4

Site
5

Site
6

Site
7

Site
8

Site
9

Site
10

Site
11

Site
12

Pa
ra
si
te
s/
g

 
E. hellem
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Figure 3. Number of Cryptosporidium parvum oocysts, 
Giardia lamblia cysts, and spores of Enterocytozoon 
bieneusi, Encephalitozoon intestinalis, and Encephalitozoon 
hellem per gram of molluscan shellfish wet weight 
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Discussion 

Environmental studies undertaken by Chalmers 
et al. (1997) and Lowery et al. (2001) on C. 
parvum in molluscan shellfish in Ireland 
postulated the values of filter-feeders as alter-
native monitoring systems for aquatic habitats 
for waterborne contamination. Zebra mussels 
very efficiently concentrate C. parvum and G. 
lamblia in relation to low ambient concentration 
of oocysts and cysts, respectively (Graczyk et al. 
2003); and actually serve already as excellent 
indicators for C. parvum in the St Lawrence 
River, Quebec, Canada (Graczyk et al. 2001). 
Together with the previous reports (Graczyk et 
al. 2004; Lucy et al. 2008), the present study 
showed that zebra mussels are able to recover 
spores of human-virulent species of micro-
sporidia. All these studies together, leave no 
doubt that zebra mussels are highly applicable as 
a biomonitoring tool for assessing Ireland’s river 
basins for contamination with human waterborne 
parasites. This study also strengthened the 
applicability of bivalves from marine habitats as 
sentinels for human pathogens in the aquatic 
environment. Although not present in the marine 
waters, the zebra mussel is the most highly 
applicable biomonitor in surface freshwaters, 
because it is easily sampled, occurs at a high 
abundance, is widely distributed and continues to 
spread to different catchments. Zebra mussels 
are convenient for such purposes because they 
(1) form dense populations and clumps (druses), 
which facilitate collection of a large sample, (2) 
do not have economic value, (3) have a relatively 
small size, and (4) are easily collected through-
out the year. The transmissive stages of C. 
parvum, G. lamblia and microsporidia are 
resistant to environmental stressors (Wolfe 1992; 
Graczyk et al. 2007b), remaining viable for long 
periods in the environment (Tamburini and Pozio 
1999). In general zebra mussels live and 
reproduce for two to three years in Irish waters 
(Lucy 2006), blue mussels and duck mussels 
may live in excess of 10 years and hence these 
species are effective for long-term biomonitoring 
for animal and human fecal water pollutant 
inputs to surface and coastal waters of river 
basin districts. 

For identification of viable pathogens such as 
C. parvum, G. lamblia or human-virulent 
microsporidia, FISH is more advantageous than 
PCR because it allows species-specific identifi-
cation, visualization, and viability assessment of 

up to a single pathogen cell.  Such resolution is 
not available, or extremely impractical with any 
other technique. For example, using highly sensi-
tive RT-PCR, the lowest number of C. parvum 
oocysts that can be assessed for viability was 
103 (Jenkins et al. 2000). Considering the 
advantages of FISH for identification of viable 
pathogens of medical and veterinary importance 
it is surprising that this technique has not been 
widely implemented into screening of a variety 
of environmental samples. As only weak auto-
fluorescence of nonstructural debris was 
observed in the present study, FISH is a suitable 
technique for identification of human pathogens 
in freshwater and marine molluscan shellfish. 

Zebra mussels have an important ecological 
role in aquatic habitats because by filtering 
suspended particles they clarify the water and 
may generally improve water quality (McMahon 
1991). In North America, zebra mussels serve as 
an excellent biological indicator of chemical, 
viral, and bacterial pollutants in the Great Lakes 
and the St. Lawrence River predominantly 
because they can bioaccumulate these pollutants 
in their tissue (see Graczyk et al. 2001, for 
review). Zebra mussels collected from the St. 
Lawrence River near a wastewater discharge site 
contained on average approximately 440 C. 
parvum oocysts per specimen (Graczyk et al. 
2001). Knowing C. parvum retention rate as 4.9 
x 102 oocysts/mussel/24 hr (Frischer et al. 1999) 
and D. polymorpha densities of approximately 
30,000 specimens/m2 for adult (>1-yr-old) 
mussels in St. Lawrence River (McMahon 1991), 
it has been calculated that during 24 hr 
approximately 1.3 x 107 waterborne C. parvum 
oocysts can be removed by a square meter of a 
zebra mussel bed in the St Lawrence river 
(Graczyk et al. 2001). 

An interesting finding of the present study is 
the identification of human-virulent micro-
sporidia in molluscan shellfish. Microsporidia 
infect a variety of vertebrate and invertebrate 
hosts, and approximately 14 species has been 
reported to infect people (Kotler and Orenstein 
1999). Of these E. intestinalis and E. bieneusi 
have been reported to be zoonotic and to infect 
wildlife, domestic animals, and livestock 
(Graczyk et al. 2002). Although the actual route 
of transmission of spores of these species is no 
known, it is quite possible that spores of human 
or animal origin were secreted to the environ-
ment with animal feces or delivered by 
wastewater discharges.  Spores  of microsporidia 
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have been detected from a variety of surface 
waters, and water has been implicated as a 
source of human infections, from epidemio-
logical data (Cotte et al. 1999; Fournier et al. 
2000).  

In this study, increasing the geographical 
spread of sites monitored in Ireland (Chalmers et 
al. 1997; Skerrett and Holland 2000; Lowery et 
al. 2001; Graczyk et al. 2004), provides new data 
on the presence and abundance of C. parvum, G. 
lamblia, E. intestinalis, E. bieneusi, and E. 
hellem in a wide range of waters included in 
three Irish river basins districts (i.e., Shannon, 
Western and North-Western) as defined by the 
European Union water framework directive 
(Council of the European Communities 2000).  
In Ireland, the most common source of Crypto-
sporidium oocysts, Giardia cysts and micro-
sporidian spores most likely relates to the 
spreading of animal slurries and sewage sludge-
end products (i.e., biosolids) on agricultural 
land. Due to the development of slatted houses 
for overwintering of farm animals, an estimated 
29.3 million tones of animal slurry are spread on 
Irish farm lands annually (Hyde and Carton 
2005). Since 2000, there has been an increase 
both in the overall percentage and volumes of 
sewage sludge spread on Irish farmland (EPA 
2004; 2007).  Various international studies have 
identified high levels of Cryptosporidium in both 
treated and untreated sewage sludges (Rimahen-
Finne et al. 2004; Graczyk et al. 2007b; 2008a).  
It is likely that spreading of biosolids has 
occurred in watersheds surveyed for this study, 
as 50% of the waterbodies were in catchments 
used for semi-intensive livestock agriculture 
(Sites 3, 5, 7, 8 and 10). C. parvum was found in 
zebra mussels at all farmed sites (Figure 3), 
including Site 12 which was proximate to sheep 
grazing pastures (Table 1). This indicates the 
close association between Cryptosporidium and 
the agricultural environment (Zintl et al. 2006).  
G. lamblia was also widespread, with the 
exception of Site 7. 

Wastewater discharges or sewage seepage to 
surface waters, operational deficiencies at 
wastewater treatment plants, septic tank mal-
functioning, and leisure craft discharging wastes 
overboard may also be implicated in waterborne 
pollution (Graczyk et al. 2004; Lucy et al. 2008). 
A previous Irish study demonstrated the 
persistence of these pathogens throughout the 
wastewater treatment processes (Graczyk et al. 
2007b). Overall, the results suggest long-term 
contamination of the Irish lacustrine environ-

ment and consequent risk-factors for recreational 
lake activities. 

Waterfowl have also been identified as 
mechanical carriers of protozoan pathogens in a 
number of studies and Cryptosporidium spp. 
have been reported in more than 30 avian species 
worldwide (Graczyk et al. 2008b).  Sites 2 and 5 
(Table 1), located in recreational park areas, 
have flocks of resident and overwintering water-
fowl, which may contributed to the presence of 
enteropathogens in water. Many of the diffuse 
sources of human and animal fecal pollution 
have been identified as risk factors in the water 
framework directive characterization report 
because they are definitive pressures for organic 
pollution (www.wfd.ireland.ie). In terms of 
human health, the presence of enteropathogens, 
particularly Cryptosporidium, is of growing 
concern due to the increasing number of water-
borne cryptosporidiosis outbreaks in Ireland and 
worldwide (Pelly et al. 2007). Since 2004, when 
cryptosporidiosis became a notifiable disease in 
Ireland, several outbreaks have been recorded in 
Ireland including a massive outbreak in Galway 
in 2007, with 242 clinically confirmed cases 
(Pelly et al. 2007). Up to 90,000 households 
were without drinking water and a boil water 
notice was issued (Pelly et al. 2007).  

Drinking water outbreaks of cryptosporidiosis 
have been associated with heavy rainfall, stream 
flow, and flooding (Beach, 2008). Ireland is a 
densely watered country that has high rainfall 
associated with a temperate oceanic climate; 
there are about 14,000 km of rivers and streams 
with a similar length of smaller tributaries. There 
are approximately 4,000 Irish lakes greater than 
5 ha (Reynolds 1998).  In addition, many farms 
have developed their own drainage systems, 
which flow directly to local catchments. Many 
Irish drinking water treatment plants rely on 
disinfection by chlorination of finished drinking 
water and this is ineffective in inactivation of 
Cryptosporidium oocysts.  

The results of the present study highlights the 
effective use of naturally available and long-
lived bivalves for biomonitoring of C. parvum 
oocysts, G. lamblia cysts, and human-virulent 
microsporidian spores in Irish aquatic environ-
ments. Evidence gathered to date indicate that 
zebra mussels should be utilized in freshwater 
biomonitoring, surveillance, and sanitary assess-
ment of surface water quality. The widespread 
contamination of Irish river basins with human 
protozoan enteropathogens relates to water 
quality pressure factors that were generated by 
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point and diffuse contamination sources. The 
presence of C. parvum in shellfish from at all 
sites subjected to agricultural runoff indicates 
contamination generated by current animal slurry 
and biosolid agricultural landspreading practices. 
As demonstrated by the present study, consump-
tion of raw shellfish from contaminated coastal 
waters could cause gastroenteritis related to the 
investigated enteropathogens. The widespread 
utilization of Irish waters for drinking water and 
recreational purposes poses definite and far 
reaching public health risks. This has been 
indicated both by this and previous studies 
(Graczyk et al. 2004; Lucy et al. 2008) and by 
the recent cryptosporidiosis epidemic in County 
Galway (Pelly et al. 2007). 
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