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Preface 

This thesis is submitted to fulfil the requirements for the Doctor of Philosophy (PhD) degree at the
Faculty of Health and Medical Sciences, University of Copenhagen. The work was carried out between
March 2010 and March 2015. During my studies, I was enrolled at the Department of Veterinary Dis
ease Biology, Faculty of Health and Medical Sciences, University of Copenhagen. The experimental
work was conducted partly at Foulum Research Centre, Faculty of Science and Technology, University
of Aarhus; the Section for Bacteriology, Pathology and Parasitology, National Veterinary Institute,
Technical University of Denmark; and the Department of Veterinary Disease Biology, Faculty of Health
and Medical Sciences, University of Copenhagen.

The overall objective of the thesis was to improve current knowledge on the occurrence
of Cryptosporidium species in organic pigs and the fate of oocysts following manure management and
treatment.

Specific objectives were:

 To determine the prevalence, intensity and zoonotic potential of Cryptosporidium on three organ

ic pig farms and any season and age related variations in these (Paper I). 

 To compare the leaching of Cryptosporidium parvum oocysts through soil to which raw and sepa

rated liquid pig slurry had been applied (Paper II).

 To determine the inactivation of Cryptosporidium parvum oocysts in cattle slurry with added

aqueous ammonia (Paper III).

The thesis consists of Chapters 1 5, followed by Papers I III in Chapter 6. Chapter 1 introduces the
theoretical background to the research areas; Chapter 2 describes the parasitological methods used
in the work; Chapter 3 presents a summary of the most important results from Papers I III and dis
cusses them in relation to state of the art research within the area; and Chapter 4 presents conclu
sions and perspectives for further research within the subject. Chapter 5 lists references cited in the
thesis, while sources cited in Papers I III are listed at the end of each paper. Papers I III are listed be
low.



Paper I
Petersen, H.H., Jianmin, W., Katakam, K.K., Mejer, H., Thamsborg, S.M., Dalsgaard, A., Olsen, A. Ene
mark, H.L. Cryptosporidium and Giardia in Danish organic pig farms: Seasonal and age related varia
tions in prevalence, infection intensity and species/genotypes. Veterinary Parasitology – in press.

Paper II
Petersen, H.H., Enemark, H.L., Olsen, A., Amin M.G.M. Dalsgaard, A. (2012). Transport of Cryptospor
idium parvum oocysts in soil columns following applications of raw and separated liquid slurries. Ap
plied and Environmental Microbiology 78 (17), 5994 6000.

Paper III
Petersen, H.H., Dalsgaard, A., Vinnerås, B., Jensen, L.S., Le, T.T.A., Petersen, M.A., Enemark, H.L. For
slund, A. Inactivation of Cryptosporidium parvum oocysts and fecal indicator bacteria in cattle slurry
by addition of ammonia. (Submitted for publication to Food and Waterborne Parasitology).

The PhD stipend was provided by the Postgraduate Research School, RECETO, at the Faculty of Health
and Medical Sciences, University of Copenhagen, while the research was performed as part of the
PATHOS project (From Manure to Freshwater – Technologies Avoiding Contamination with Pathogens,
Hormones and Pharmaceuticals) funded by the Danish Council for Strategic Research and the PAROL
project (PARasites in Organic Livestock) funded by the Danish AgriFish Agency, Ministry of Food, Agri
culture and Fisheries, supplemented with funding from the China Scholarship Council and the Danish
National Advanced Technology Foundation (Reagentless Online Cryptosporidium and Giardia Sensor
for Drinking Water).

Skovlunde, July 2015

Heidi Huus Petersen



Table of  contents 
ACKNOWLEDGEMENTS ........................................................................................................................... III

ENGLISH SUMMARY ............................................................................................................................... IV

DANSK SAMMENDRAG......................................................................................................................... VIII

LIST OF ABBREVIATION........................................................................................................................... XI

1. Background ............................................................................................................................... .......1

Introduction to Cryptosporidium ........................................................................................3

1.1 Life cycle of Cryptosporidium...............................................................................................4
1.2 Cryptosporidium species......................................................................................................7
1.2.1 Cryptosporidium in humans.................................................................................................8
1.2.2 Cryptosporidium in cattle...................................................................................................10
1.2.3 Cryptosporidium in pigs .....................................................................................................10
1.3 Cryptosporidiosis ...............................................................................................................12
1.3.1 Cryptosporidiosis in humans .............................................................................................12
1.3.2 Cryptosporidiosis in livestock ............................................................................................14
1.3.3 Treatment of cryptosporidiosis .........................................................................................16

Transmission and sources of human cryptosporidiosis .............................................19
1.4 Contamination of water sources by animal waste ............................................................22
1.4.1 Overland transport of Cryptosporidium oocysts from farmland .......................................23
1.4.2 Vertical transport of oocysts through soil .........................................................................24
1.4.3 Organic pigs: A potential source of environmental Cryptosporidium oocyst

contamination....................................................................................................................26
1.5 Environmental factors influencing oocyst inactivation .....................................................29
1.5.1 Temperature ......................................................................................................................29
1.5.2 Ammonia............................................................................................................................30
1.5.3 Other factors......................................................................................................................31

Objectives ............................................................................................................................... ..33

2. Materials and methods...............................................................................................................37
2.1 Study design.......................................................................................................................37
2.1.1 Study I ............................................................................................................................... .37
2.1.2 Study II ...............................................................................................................................38
2.1.3 Study III ..............................................................................................................................40
2.2 Screening of faeces samples..............................................................................................41
2.3 Concentration and purification of oocysts ........................................................................44
2.4 Assessing oocyst inactivation ............................................................................................47
2.4.1 Comparison of viability assays (included in the discussion of Paper III)............................52
2.5 Molecular characterisation of Cryptosporidium species ...................................................54

3. Summary of Results and Discussion........................................................................................59
3.1 Prevalence and intensity of Cryptosporidium infections on three organic

pig farms ............................................................................................................................59
3.2 Cryptosporidium species on the three organic pig farms..................................................63



3.3 Transport of oocysts in soil ................................................................................................65
3.4 Decreasing environmental oocyst contamination by increasing the ammonia

concentration in slurry.......................................................................................................68
3.4 Comparison of viability assays...........................................................................................71

4. Conclusions and Perspectives ...................................................................................................77
4.1 Perspectives and future research ......................................................................................78

5. References............................................................................................................................... .......81

6. Papers.……………………………………………………………………………………..………………………… 103



i

Acknowledgements 

This thesis is based on experimental work carried out in collaboration with the Department of Veteri
nary Disease Biology (University of Copenhagen), The National Veterinary Institute (Technical Univer
sity of Denmark) and Research Centre Foulum (Aarhus University).

I would like to thank the following people for their involvement and support during my time as a PhD
student: First of all, thank you to my three supervisors Annette Olsen, Anders Dalsgaard and Heidi
Larsen Enemark for useful comments during the thesis. Thank you also for your numerous ideas,
constructive scientific input and enthusiasm about the project, for believing in my ideas, keeping me
on the right scientific track and believing in my competence, and thank you, Heidi Larsen Enemark,
for always making me feel welcome in your group.

Special thanks to Anita Forslund for always meeting me with a smile and help with practical as well as
scientific matters. I am very happy to have had the opportunity to work with you. Thanks to Mostofa
Amin for providing me with the opportunity to add parasites to soil column experiments.

I am especially grateful to Helena Mejer, Lise Lotte Christiansen, Kiran Kumar Katakam and Wang
Jianmin for collecting, preparing and processing hundreds of faeces samples while I was on maternity
leave, trying to get the twins to sleep at the same time.

Thank you Leif Eiersted, Cynthia Dawn Juel and Boi Tien Thi Pharm from The National Veterinary
Institute (DTU) for continuously helping me in the laboratory and not commenting too much on my
smelly work.

To my dearest colleagues and friends in the Section for Parasitology and Aquatic Disease, thank you
for keeping your interest in me and inviting me to social events etc., even though I have been unso
cial. Tobias Boel Petersen, thank you so much for putting up with all my talk and for good crypto dis
cussions. Last, but not least, thank you Søren for tolerating my stress and late working hours. Thank
you also for your moral support, pretending to be interested in my faeces talk and taking care of the
kids while I was busy working.





iii

English summary 

Protozoan parasites of the genus Cryptosporidium can cause severe gastrointestinal symptoms, pri
marily diarrhoea, in e.g. young calves and humans. Some species in the genus, including C. parvum,
have a broad host range, are transmittable between animals and humans and can cause significant
disease in humans, cattle and sheep. In contrast, pigs primarily host the species specific C. suis and C. 
scrofarum, while C. parvum is only observed occasionally. However, studies of Cryptosporidium infec
tions in pigs are scarce and studies of commercial outdoor reared organic pigs are lacking. Outdoor
housing can lead to contact with wildlife and thus potential exposure to additional Cryptosporidium
species compared with conventional indoor housing.

Cattle and conventionally reared pigs are known to have high Cryptosporidium prevalences and young
animals can excrete large amounts of oocysts. Waste from these farm animals is spread on agricultur
al land, and this, together with year round contamination of pastures housing some age groups of
Danish organic pigs, could contribute to contamination of nearby water sources by runoff.

This thesis examined the occurrence of Cryptosporidium species in organic pigs and the fate of oo
cysts following manure management and treatment. In three sub studies, the prevalence, intensity
and zoonotic potential of Cryptosporidium on three organic pig farms and any season and age related
variations in these were determined; leaching of Cryptosporidium parvum oocysts through soil to
which raw and separated liquid pig slurry had been applied was compared; and the inactivation of
Cryptosporidium parvum oocysts in cattle slurry with added aq. ammonia was determined.

To assess age related Cryptosporidium (and Giardia) prevalence, infection levels, seasonal differences,
genetic variation and zoonotic potential in naturally infected, organically reared pigs, oocyst excretion
was monitored based on quarterly sampling (September 2011 June 2012) of piglets (n=152), starter
pigs (n=234), fatteners (n=230) and sows (n=240). Faeces samples were screened and oocysts quanti
fied by immunofluorescence microscopy, and 56 subsamples from Cryptosporidium infected pigs
were successfully analysed by PCR amplification and partial sequencing of the small subunit (SSU) 18S
rRNA and the heat shock protein (hsp70) gene, respectively.
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Cryptosporidium infection was observed in 40.9% (350/856) of pigs, of which 8.2% (70/856) were
dual infected with Cryptosporidium and Giardia. The infection intensity ranged from 200 to
10,551,200 OPG (mean 99,062 OPG), and surprisingly, dual infected pigs tended to excrete lower
levels of oocysts than pigs harbouring only Cryptosporidium. Of the successfully genotyped isolates,
67.9% (38/56) were C. scrofarum and 32.1% (15/56) C. suis. The C. scrofarum infected pigs excreted
fewer oocysts (mean OPG: 54,848 ± 194,508) than pigs infected with C. suis (mean OPG: 351,035 ±
351,035). The prevalence, infection intensity and presence of Cryptosporidium species varied signifi
cantly between age groups (prevalence: 53.3% piglets, 72.2% starter pigs, 40.4% fatteners, 2.9%
sows). Piglets had the highest infection intensity and excreted on average 1177 fold more OPG than
sows. Piglets almost exclusively hosted C. suis, while starter pigs and fatteners predominantly hosted
C. scrofarum. The overall prevalence, infection intensity and species distribution was stable through
out this sampling year. As organic pigs are partly reared outdoors, environmental contamination with
Cryptosporidium is inevitable. Although, sporadic cases of C. suis and C. scrofarum are reported in
humans, the contribution from organic pigs in this study to the epidemiology of cryptosporidiosis in
humans is apparently of minor importance. Accordingly, our findings suggest that the public health
risk associated with Cryptosporidium originating from organically outdoor reared pigs seems to be
negligible in Denmark.

The potential for contamination of land drains and groundwater by vertical soil transport of viable C. 
parvum oocysts present in slurry was studied using simulated rainfall events on intact soil columns
with surface applied raw slurry or with injected raw or separated liquid slurry. In weekly samplings, C. 
parvum oocysts were detected in leachate from all soil columns, regardless of slurry type and applica
tion method, although the recovery rates were low (<1%). Soil columns with injected liquid slurry
leached nearly four fold and 10 fold more oocysts than soil columns with injected and surface
applied raw slurry, respectively. Among leachate samples containing oocysts, 61.1% yielded viable
oocysts (determined by inclusion and exclusion of vital dyes), with the number positively correlated
(r=0.63) with total number of oocysts found. Thus, the risk of groundwater contamination depends
on organic matter present in the slurry and application method to soil.

The potential for C. parvum oocyst inactivation in cattle slurry following addition of approximately 60
mM aq. ammonia and the effect of temperature over time (4, 10 and 20 °C) was studied in a labora
tory set up. The results showed that addition of ammonia to slurry significantly affected oocyst inac
tivation over time, with an estimated 34.3% reduction in presumably viable oocysts (4', 6 diamidino
2 phenylindole positive (DAPI+) and propidium iodide negative (PI )), a 43.4% increase in presumably
non viable oocysts (DAPI+ PI+) and a 37.5% increase in potentially viable (DAPI PI ) oocysts at day 14
post treatment when compared with untreated raw slurry. However, only 40.4% presumably non
viable oocysts were present in the slurry despite addition of ammonia (mean concentration 89.7 ±
1.22 mM). No differences in inactivation were noted in correlation to incubation temperature in raw
slurry or slurry added ammonia. Our findings indicate that ammonia may be used to reduce pathogen
concentrations in slurry prior to application to agricultural land, although the exact concentration and
exposure time needed to kill all Cryptosporidium oocysts were not determined in the present study.
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In conclusion, environmental contamination with Cryptosporidium oocysts from Danish organic pigs
appear to be a minor concern for human health, but animal waste from these pigs is a potential
source of high environmental contamination with Cryptosporidium oocysts all year round. Viable oo
cysts in slurry can reach the groundwater by vertical transport. However, the risk of waterborne hu
man cryptosporidiosis from animal waste might be reduced substantially by treating slurry with aq.
ammonia prior to application to soil.
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Dansk sammendrag 

Infektion med encellede parasitter tilhørende slægten Cryptosporidium kan medføre mave
tarminfektion og diarré hos både mennesker og dyr. Nogle Cryptosporidium arter, herunder C. 
parvum, kan inficere et bredt spektrum af dyrearter, bl.a. krybdyr, mennesker, mange vilde dyrearter
og de fleste husdyr herunder kvæg. Svin derimod, inficeres primært med arterne C. suis og C. scrofa
rum, som sjældent observeres i forbindelse med sygdom hos mennesker, mens C. parvum kun lejlig
hedsvis er blevet diagnosticeret hos grise. Der er kun få studier af cryptosporidiose hos svin, og de
eksisterende studier har primært omfattet opstaldede dyr, mens studier baseret på udendørs (fx øko
logiske) svin mangler. Til forskel fra konventionelle svin opdrættes økologiske svin delvist udendørs,
bl.a. holdes søer og deres pattegrise udendørs størstedelen af året, mens de fravænnede grise og
slagtesvin er opstaldede med tilhørende delvist overdækkede udearealer. Disse udendørs produkti
onsforhold fremmer sandsynligvis transmissionen af Cryptoporidium. Derudover er de udendørs grise
en kilde til fæces (og oocyst) kontaminering af udemiljøet året rundt. Dette forhold i samspil med
udbringning af gylle fra både kvæg, økologiske og konventionelle svin kan bidrage til forurening af
det nærliggende vandmiljø.

På baggrund af ovenstående var det overordnede formål med afhandlingen at forbedre vores viden
om forekomsten af Cryptosporidium (og Giardia) infektioner hos økologiske svin. Derudover var for
målet at undersøge effekten af gyllehåndtering på vertikal transport af oocyster i jord, og undersøge
om behandling af gylle med ammoniak reducerede antallet af levende oocyster. I tre forsøg blev sæ
son og aldersrelateret variation i Cryptosporidium prævalens, infektions intensitet og zoonotisk po
tentiale undersøgt hos økologisk svin fra tre bedrifter; den vertikale transport af C. parvum oocyster
gennem jord blev undersøgt i jordsøjler påført rå eller separeret svinegylle; og inaktivering af C. 
parvum oocyster i kvæggylle tilsat vandig ammoniak blev bestemt.

For at undersøge sæson og aldersrelaterede variationer i forekomsten af cryptosporidiose, genetisk
variation og zoonotiske potentiale af Cryptosporidium hos økologisk svin, blev oocystudskillelsen un
dersøgt kvartalvis (September 2011 Juni 2012) i gødningsprøver indsamlet fra pattegrise (n=152),
fravænnede grise (n=234), slagtesvin (n=230) og søer (n=240). Identifikation af positive grise, samt
antallet oocyster i hver prøve blev bestemt via immunfluorescensmikroskopi. De fundne Cryptospori
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dium oocyster blev artsbestemt ved amplifikation og delvis sekventering af SSU rRNA og hsp70 ge
nerne fra 56 Cryptosporidium positive grise.

Undersøgelsen af gødningsprøverne viste en samlet forekomst af Cryptosporidium infektion hos
40,9% (n=350) af grisene, hvoraf 8,2% var dobbelt inficerede med Giardia. Grisene udskilte mellem
200 og 10.551.200 oocyster per gram fæces (OPG) med en gennemsnitlig oocyst udskillelse på 99.062
OPG. Der var en tendens til lavere oocystudskillelse hos grise, som var inficerede med både Crypto
sporidium og Giardia i forhold til grise der udelukkende var inficerede med Cryptosporidium. Moleky
lære analyser viste, at grisene var inficeret med C. scrofarum og C. suis, hvilket stemmer overens med
tidligere undersøgelser af både danske og udenlandske opstaldede grise. Cryptosporidium scrofarum
blev påvist hos størstedelen af grisene (69,0%) men forekom især hos de fravænnede grise og slagte
svin, mens pattegrisene næsten udelukkende var inficerede med C. suis (29,3%). Der var en betydelig
variation i antallet af inficerede dyr og infektionsintensiteten mellem aldersgrupperne. Den højeste
forekomst fandtes hos pattegrisene, mens et fåtal af søerne var positive (prævalens: 53,3% smågrise,
72,2% fravænnede grise, 40,4% slagtesvin, 2,9% søer). De yngste grise udskilte ligeledes de højeste
antal oocyster, fx udskilte smågrisene gennemsnitligt 1177 gange flere oocyster per gram fæces (OPG)
end søerne. Derudover udskilte grise inficerede med C. scrofarum i gennemsnit færre oocyster
(54.848 ± 194.508 OPG) end grise inficerede med C. suis (351.035 ± 351.035 OPG). Omvendt var der
intet, der tydede på en forskel i forekomsten af infektioner, infektionsintensiteten eller arternes for
deling henover året, og der var ingen sammenhæng mellem gødningskonsistens og oocystudskillelse.
Den høje prævalens og oocystudskillelse observeret hos de danske økologiske svin viser, at de i høj
grad kan være kilde til miljøforurening med Cryptosporidium. Dog er risikoen for human cryptospori
diose beskeden, da der kun blev fundet grise specifikke arter, omend humane infektioner med disse
arter er beskrevet i enkelte tilfælde.

Gylle fra landbrugets dyrehold tilføres i udpræget grad til agerjord, selvom det er uvist, i hvilken ud
strækning det kan medføre forurening af grundvand med bl.a. C. parvum oocyster via vertikal trans
port gennem jorden. Den potentielle risiko for grundvandsforurening med oocyster efter injektion og
overfladeanbringelse, samt injektion af den flydende fraktion af svinegylle på jord, blev derfor under
søgt i drænvand opsamlet under 20 cm jordsøjler udsat for ugentlige simulerede regnskyl. Cryptospo
ridium parvum oocyster blev fundet i drænvandet uanset gylletype og påføringsmetode. Signifikant
forhøjet udvaskning af oocysterne blev dog konstateret fra jordsøjler med injiceret flydende gylle
med næsten fire og 10 gange flere oocyster i drænvandet end fra jordsøjler med henholdsvis rå gylle
injiceret eller påført jordoverfladen. Oocysternes levedygtighed blev undersøgt og viste, at 44 af de
72 positive prøver indeholdt levedygtige oocyster og at deres antal var positivt korreleret (r = 0,63)
med det samlede antal oocyster i prøverne.

I en laboratoriemodel blev potentialet for inaktivering af C. parvum oocyster i kvæggylle tilsat 60 mM
ammoniak undersøgt hver anden dag i 14 dage. Endvidere blev effekten af temperatur (4, 10 og 20°
C) på oocysternes overlevelse undersøgt. Tilsætning af ammoniak til gylle, efterfulgt af 14 dages op
bevaring resulterede i at antallet af potentielt levende oocyster blev reduceret med 34.3% (DAPI+ PI )
og at antallet af potentielt døde oocyster steg med 43.4% (DAPI+ PI+) sammenlignet med rå ube
handlet gylle. Imidlertid var kun 40.4% af oocysterne potentielt døde (DAPI+ PI+) dag 14 i gylle med
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tilsat ammoniak (middelkoncentration 89.7 ± 1.22 mM). Dette viser, at selvom tilsætning af ammoni
ak til gylle reducerede antallet af potentielt levende oocyster i gyllen betydeligt i forhold til den rå
ubehandlet gylle, var den testede koncentration og/eller opbevaringsperiode ikke tilstrækkelig til at
sikre en fuldstændig inaktivering af alle oocyster. Gyllen kunne derfor stadig udgøre en human infek
tionsrisiko.

Afslutningsvis kan det konkluderes at miljøforurening med Cryptosporidium oocyster fra danske, øko
logiske svin udgør en minimal risiko for menneskers sundhed, selvom disse dyr er en potentiel kilde til
miljøforurening med artspecifikke Cryptosporidium oocyster året rundt. Levende oocyster i gylle kan
potentielt forurene grundvandet via vertikal transport, men risikoen for levende oocyster i gylle kan
reduceres ved at behandle gyllen med ammoniak inden udbringning på markerne. Yderligere under
søgelser af den vertikale oocyst transport, effekten af gylle opbevaring på oocysternes overlevelse og
overlevelse på markerner er dog nødvendige for at kvantificere den generelle risiko, som Cryptospori
dium infektioner hos danske husdyr udgør for menneskers sundhed

.
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CHAPTER 1 

BACKGROUND 
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Introduction to Cryptosporidium 

he protozoan parasites of the genus Cryptosporidium belong to the phylum Apicomplexa. The
parasite primarily infects epithelial cells in the microvillus border of the gastrointestinal tract
of all classes of vertebrates, including humans and many livestock species. The first descrip
tion of Cryptosporidium came in 1907, when Tyzzer (1908) found a sporozoon in the peptic

glands of the common mouse, identified it as a protozoan of uncertain taxonomic status and named
it Cryptosporidium muris. In 1912, Tyzzer observed oocysts of smaller size in the small intestine of
mice, concluded that this was an additional species of the genus Cryptosporidium and named it C. 
parvum (Tyzzer, 1912). In the years to come, Cryptosporidium infections were considered unim
portant, economically as well as clinically, and new studies or information were lacking. However, this
changed in 1955 with the initial association of Cryptosporidium infections with symptomatic disease
outbreak and death in turkeys. The species causing the outbreak was recognised as a third new spe
cies, named C. meleagridis (Slavin, 1955). In 1971, the first bovine cryptosporidiosis case was identi
fied in an 8 month old heifer with chronic diarrhoea (Panciera et al., 1971). Henceforth, Cryptosporid
ium infections were reported as causing neonatal diarrhoea in calves on several occasions, arousing
the interest of veterinarians (Panciera et al., 1971; Barker and Carbonell, 1974; Meuten et al., 1974;
Morin et al., 1976; Pohlenz et al., 1978). The identification of Cryptosporidium as a human pathogen
came almost 70 years after the initial discovery of Cryptosporidium. The first reported incidents of
cryptosporidiosis in humans occurred in 1976 and involved two separate cases; one in a 3 year old,
otherwise healthy, child and the other in a 39 year old immunocompromised man with a skin disease
characterised by blisters. Both individuals lived on cattle farms (Meisel et al., 1976; Nime et al., 1976).
However, Cryptosporidium infections were still considered rare in animals and humans at that time.
This view was about to change. Following the initial discovery, two events in particular stand out as
having influenced awareness of Cryptosporidium and the disease it causes. The first came in 1982
following a report by the Centers for Disease Control and Prevention (CDC) describing persistent and
life threatening Cryptosporidium infections in 21 males with Human Immunodeficiency Virus (HIV)
and Acquired Immune Deficiency Syndrome (AIDS). In addition to the gastrointestinal tract, the infec
tion had disseminated to the hepatobiliary and respiratory tracts of the patients (Anonymous, 1982;
Ma and Soave, 1983; Navin and Juranek, 1984). Following this event, cryptosporidiosis was recog

T
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nised as a potentially severe opportunistic infection in individuals living with AIDS. This motivated
substantial research efforts and a desire to understand the parasite. In the following years, several
large outbreaks of cryptosporidiosis linked to drinking water appeared in the UK and USA and Cryp
tosporidium became more widely recognised as a cause of diarrhoeal illness in humans. By the mid
1990s, Cryptosporidium infections were known to be ubiquitous and linked with childhood malnutri
tion and premature death in low resource settings. The second major event awakening worldwide
awareness of Cryptosporidium came in 1993, with the largest waterborne outbreak of cryptosporidio
sis to date, involving an estimated 403,000 individuals in Milwaukee, USA (MacKenzie et al., 1994).
This event demonstrated the ability for Cryptosporidium transmission through drinking water and its
resistance to common water treatment. The event led to the present recognition of Cryptosporidium
as a widespread and common cause of severe or life threatening infection in immunocompromised
and immunocompetent individuals, as well as neonatal calves, in all regions of the world.

The disease is most common in developing countries, where it is reported to account for 20% of all
cases of diarrhoea in children (Mosier and Oberst, 2000). In the Western world, the estimated preva
lence is 1 3% in North America and Europe (Current and Garcia, 1991). However, the true burden is
difficult to quantify, as estimates vary widely. Notably, the parasite has been cited as one of the most
important diarrhoeal pathogens affecting humans worldwide (Shirley et al., 2012) and is considered
the second greatest cause of diarrhoea and death in children, after rotavirus (Striepen, 2013). More
over, a recent Global Enteric Multicentre Study (GEMS) designed to identify the aetiology and popula
tion based burden of paediatric diarrhoeal disease among children less than 5 years of age in sub
Saharan Africa and south Asia found Cryptosporidium to be among the top four causes of moderate
to severe diarrhoea and associated with an increased risk of death in toddlers aged 12–23 months
(Kotloff et al., 2013). Cryptosporidium infections can have a significant impact on the affected individ
ual and household in terms of hospitalisation and absence from schooling or work (Widerstrom et al.,
2014). In recognition of the disease burden, the World Health Organization (WHO) has included cryp
tosporidiosis in its Neglected Diseases Initiative since 2004.

1.1 Life cycle of Cryptosporidium

The life cycle of Cryptosporidium is completed within a single host (i.e. a monoxenous cycle) and in
volves both asexual and sexual replication. The infective stage is a spherical 4 6 μm oocyst containing
four banana shaped sporozoites. The oocysts are excreted from the host in faeces and the cycle is
completed when oocysts are ingested by a new host (e.g. Chappell et al., 1999). Upon ingestion, the
oocysts are exposed to stomach acid and bile salts, resulting in excystation and the release of sporo
zoites (Dubey et al., 1990) (Fig. 1a). The sporozoites attach themselves to the apical membrane of the
enterocytes in the ilium and jejunum of otherwise healthy individuals (Fig. 1b) and are enveloped in a
parasitophorous vacuole, an intracellular, but extracytoplasmic (also named epicellular) compartment
(O'Donoghue, 1995; Huang et al., 2004) separated from the host cell cytoplasm (Fig. 1c). Consequent
ly, the parasite is bound to the cell surface and enclosed in a membrane fold of the host cell. Devel
opment of the parasite inside the vacuole results in the spherical trophozoite stage (Fig. 1d), which
further divides and performs asexual multiplication (merogony). The multiplication results in for
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mation of type I meronts (Fig. 1e) containing 6 8 type I merozoites (Fig. 1f). The merozoites are re
leased into the gut lumen (Fig. 1g) and, like the sporozoites, attach and invade new intestinal cells.
Inside the new cells, the merozoites undergo merogony and are transformed to either type I or II
meronts. The type II meronts produce four type II merozoites (Fig. 1h), which are released to the gut
lumen (Fig. 1i) and infect new cells (Fig. 1j). Type II merozoites differentiate (undergo gametogony)
into a microgamont (male) (Fig. 1k) or a macrogamont (female) (Fig. 1l) stage. Microgamonts divide
and form up to 16 microgametes. The microgametes are released into the gut lumen (Fig. 1m), where
they locate and fertilise a unicellular microgametocyte (developed from a macrogamont) by fusion
and produce a zygote (Fig. 1n). The zygote undergoes sporogony twice and develops into either a
thin walled oocyst (Fig. 1o) or a thick walled oocyst (Fig. 1p). Approximately 80% are thick walled
oocysts released into the environment with faeces (Fig. 1q), while 20% are thin walled oocysts imme
diately rupturing inside the gut and acting as a source of autoinfection (Fig. 1r) (Kosek et al., 2001).

Determination of encapsulation within host cells was recently reported to be non essential for multi
plication. Koh et al. (2013) observed extracellular presence of several key developmental stages from
asexual and sexual reproduction, i.e. sporozoites, trophozoites and type I and II meronts, suggesting
extracellular multiplication by C. parvum.

Despite similarities, Cryptosporidium demonstrates distinct unique features differentiating it from any
other of the class coccidian in which it is currently grouped taxonomically. These include: 1) The loca
tion of Cryptosporidium within the host cell, where the endogenous developmental stages are con
fined to the apical surfaces of the host cell (intracellular, but extracytoplasmic); 2) the intracellular,
but extracytoplasmic, attachment of the parasite to the host separated from the host cell cytoplasm,
facilitating the uptake of nutrients from the host cell; 3) the presence of two morpho functional types
of oocysts, thick walled and thin walled, with the latter responsible for the initiation of the auto
infective cycle in the infected host; 4) the autoinfection; 5) whereas other coccidian require sporula
tion to reach infectivity, Cryptosporidium oocysts are infective immediately upon excretion from the
host (shared with Giardia); and 6) the oocyst stage lack morphological structures such as micropyle
and sporocysts surrounding the sporozoites (review by Petry, 2004). 
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Figur 1: Life cycle of species. Reproduced with permission from (Chen ., 2002).
Copyright Massachusetts Medical Society.
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1.2 Cryptosporidium species

In 1980, Tzipori et al. (1980) presented evidence of Cryptosporidium being a single species genus.
However, this suggestion was proven wrong in the early 1990s by Nichols et al. (1991), who demon
strated that different cryptosporidiosis cases were caused by different organisms. The genus Cryptos
poridium is currently known to consists of 27 named species infective to humans and various species
of animals (Ryan and Xiao, 2014; Kvac et al., 2014a; Ryan et al., 2015). In addition, more than 40 gen
otypes and subtypes have been described (Ryan and Xiao, 2014).

Figure 2. Phylogenetic relation
ships of 25 of the currently ac
cepted species at
the 18S ribosomal RNA locus in
ferred by neighbour joining analy
sis based on genetic distances
calculated using Kimura 2 param
eters. Bootstrap values (>60%)
from 1000 pseudoreplicates are
shown (Ryan and Xiao, 2014).
Reproduced with permission from
Springer Science and Business
Media.

A Cryptosporidium genotype refers to a descriptor of a taxonomic rank below species level where the
intragenotypic variations at the small subunit (SSU) ribosomal RNA (rRNA) gene are sufficiently differ
ent from the known species (Fig. 2), but adequate data for species status are lacking (Nichols et al.,
2014a). For these genotypes to be granted taxonomic status, supplementary morphological, biologi
cal and molecular data are required, and names must comply with the rules of the International Code
for Zoological Nomenclature (ICZN) (Ryan and Xiao, 2014).

A Cryptosporidium subtype is a further subdivision of the Cryptosporidium genotypes, following spe
cies identification. The molecular subtyping relies on analysis of microsatellite variability in the glyco
sylation locus of the glycoprotein 60 (gp60). The 5 end of the locus contains a variable tandem repeat
region of the serine coding trinucleotide (TCA/TCG/TCT), a primary target of the gp60 typing meth
ods. The “TCA microsatellite region” comprises a variable number of “A” (TCA), “G” (TCG), “T” (TCT)
and “R” (rare repeats).

This subtyping is especially common for C. parvum and C. hominis and, to a lesser extent, C. melea
gridis, when studying the transmission dynamics and contamination sources in epidemic cryptospor
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idiosis (Xiao LiHua and Ryan, 2008; Stensvold et al., 2014). At present, C. parvum comprises 11 de
fined gp60 subtype families (Ila Ilk), C. hominis comprises six subtype families (Ia Ig; excluding Ic,
which is as yet undefined) (reviewed by Jex and Gasser, 2010) and C. meleagridis comprises seven
subtype families (IIIa IIIg) (Feng et al., 2011; Baroudi et al., 2013). The subtype family IIa is the most
commonly recorded form of C. parvum and the subtype family Ib is the most dominant and broadly
distributed form of C. hominis (reviewed by (Jex and Gasser, 2010). Sequencing of the gp60 gene has
provided a clearer understanding of the host specificity of C. parvum and has proven useful in investi
gating Cryptosporidium transmission dynamics (Molloy et al., 2010).

With the continuous development of molecular epidemiological investigations, several new spe
cies/genotypes will seemingly be added regularly in the years to come. The important achievements
of the application of molecular epidemiology have been the identification of infection sources.

1.2.1 Cryptosporidium in humans
In 1997, Peng et al. (1997) demonstrated that humans are usually parasitised by two types of Cryp
tosporidium species, one being apparently the same as found in cattle and the other exclusively
found in humans. In the early literature, these species were referred to as ‘human’ and ‘cattle,’ or
Type 1 and Type 2. Subsequently, these two species were confirmed in many laboratories and the
existence of distinct transmission cycles for each species was demonstrated, one being zoonotic and
comprising ruminants and humans and one exclusively comprising humans. In 2002, the name C. 
hominis was proposed for the parasite exclusively infecting humans (Morgan Ryan et al., 2002), while
the zoonotic species kept the name C. parvum.

Today, genotyping techniques have demonstrated that >90% of human cryptosporidiosis cases are
linked to C. hominis and C. parvum (e.g. Xiao, 2010; Insulander et al., 2013). However, in some areas
the rate of C. meleagridis infection is similar to that of C. parvum (Cama et al., 2007; Cama et al.,
2008). Besides these, an increasing number of Cryptosporidium species and genotypes have sporadi
cally been implicated as potential causes of human cryptosporidiosis (Table 1).

Of the three Cryptosporidium species repeatedly infecting humans, C. hominis is human specific,
whereas C. parvum and C. meleagridis are transmitted by either anthroponotic or zoonotic routes
(Xiao et al., 2004a; Silverlas et al., 2012). However, under experimental conditions C. hominis is
known to be infective to animals such as goats and sheep (Giles et al., 2009) and natural infections
with C. hominis have been demonstrated in cattle, dugong, goats and marsupials (Morgan et al.,
2000; Park et al., 2006; Ng et al., 2011; Abeywardena et al., 2012). Cryptosporidium parvum is infec
tious to various animal species including reptiles, humans, many wildlife species and most domestic
livestock species (Fayer et al., 2000; Xiao et al., 2004b). However, it appears that some C. par
vum subtypes (e.g. subtype family IIc) are transmitted only between humans (Mallon et al., 2003;
Alves et al., 2003). Cryptosporidium meleagridis is known as one of three currently recognised avian
species (Akiyoshi et al., 2003) and so far remains the only species known to infect two vertebrate
classes (birds and mammals) (Stensvold et al., 2014). However, the ability of C. meleagridis to infect
mammals and its close genetic relationship to C. parvum and C. hominis suggest that mammals were
the original host, with the adaption to birds appearing later (Xiao et al., 2002b; Xiao et al., 2004a).



9

Table 1. species and genotypes documented as infecting humans.

Species Primary host
Reference documenting the species in
humans

C. andersoni Cattle (Leoni et al., 2006)
C. baileyi Birds (Ditrich et al., 1991) 
C. bovis Cattle (Helmy et al., 2013)
C. canis Dogs (Gatei et al., 2006)
C. cuniculus Rabbits (Chalmers et al., 2011a)
C. erinacei Hedgehogs (Kvac et al., 2014c)
C. felis Cats (Leoni et al., 2006)
C. fayeri Red kangaroo (Waldron et al., 2010)
C. hominis Humans (Morgan Ryan et al., 2002)
C. meleagridis Turkeys (Leoni et al., 2006)
C. muris Rodents (Leoni et al., 2006)
C. parvum Multiple (Nime et al., 1976)
C. suis Pigs (Leoni et al., 2006)
C. scrofarum Pigs (Kvac et al., 2009b)
C. tyzzeri Domestic mice (Raskova et al., 2013)
C. ubiquitum Multiple (Li et al., 2014)
C. viatorum Humans (Elwin et al., 2012b)
Genotypes
Chipmunk I genotype Chipmunks (Xiao and Fayer, 2008)
Horse genotype Horses (Elwin et al., 2012a)
Skunk genotype Skunk (Elwin et al., 2012a)

The distribution of Cryptosporidium species in humans is influenced by various factors, including age
and geographical location of the host, contact with human and livestock waste, and contact with raw
water sources. In European countries, C. parvum and C. hominis are relatively evenly distributed (Le
oni et al., 2006; Zintl et al., 2007; Wielinga et al., 2008; Chalmers et al., 2009; Chalmers et al., 2011a).
In contrast, C. parvum infections dominate in the Middle East (Sulaiman et al., 2005; Meamar et al.,
2007; Al Brikan et al., 2008), while C. hominis appears to be the dominant species in the rest of the
world, especially in developing countries (e.g. Cama et al., 2007; Cama et al., 2008; Xiao and Fayer,
2008; Insulander et al., 2013; Samra et al., 2013). In addition, C. parvum and C. hominis can be dis
tributed differently between urban and rural areas of the same country (Learmonth et al., 2004; Tere
sa Llorent et al., 2007; Zintl et al., 2009; Chalmers et al., 2011a). For example, C. parvum infections
are more commonly detected than C. hominis infections in rural areas of the United States and Ire
land (Feltus et al., 2006; Zintl et al., 2009), suggesting zoonotic transmission from cattle as the most
common infection pathway. The species infecting humans can be attributable to time of year and
geography. In New Zealand and the UK, cryptosporidiosis cases appearing in the spring are almost
entirely caused by C. parvum, while C. hominis dominates in the autumn (McLauchlin et al., 2000;
Learmonth et al., 2004). Calving and lambing season in the spring apparently increases the environ
mental load of C. parvum, causing the increase in human C. parvum cases. Cryptosporidiosis is not a
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reportable infection in Denmark, so the species distribution is unknown. In Sweden, a survey of all
Swedish cases of cryptosporidiosis in 2006 2008 revealed C. parvum to be the dominant species fol
lowed by C. hominis and a few C. meleagridis cases (Insulander et al., 2013).

1.2.2 Cryptosporidium in cattle
From studies worldwide, it appears that cattle are infected with four species of Cryptosporidium, i.e.
C. bovis, C. ryanae, C. andersoni and C. parvum (Kvac and Vitovec, 2003; Fayer et al., 2007; Feng et al.,
2007; Langkjaer et al., 2007; Rieux et al., 2013). Apart from C. parvum, the additional three species
are almost exclusively found in cattle and are not considered important zoonotic agents. In addition,
sporadic cases caused by C. felis, C. hominis, C. scrofarum, C. serpentis and C. suis have been ob
served in cattle (Bornay Llinares et al., 1999; Santin et al., 2004; Smith et al., 2005; Geurden et al.,
2006; Langkjaer et al., 2007; Chen and Huang, 2012).

The Cryptosporidium species infecting cattle appears to be determined by the age of the animals and
the geographical location. Cryptosporidium parvum is typically responsible for more than 80% of in
fections in preweaned monogastric calves up to 2 months of age, while older calves and cattle are
more commonly infected with the other species (Kvac and Vitovec, 2003; Fayer et al., 2007; Feng et 
al., 2007; Langkjaer et al., 2007; Rieux et al., 2013). Contradictory geographical variations have been
observed regarding the age specific species distribution in developing countries and in a few devel
oped countries, where C. bovis infections are reported as most prevalent in pre weaned calves, while
C. parvum is rarely detected (Feng et al., 2007; Silverlas et al., 2010).

1.2.3 Cryptosporidium in pigs
In contrast to cattle, pigs predominantly host the species specific C. suis and C. scrofarum (previously
known as Cryptosporidium pig genotype II) (e.g. Langkjaer et al., 2007; Johnson et al., 2008b; Nemejc
et al., 2013). To date, four other Cryptosporidium species have sporadically been isolated from pigs,
including the zoonotic C. parvum (Table 2). Moreover, experimental infection studies have revealed
the susceptibility of pigs to two other well established human species, namely C. hominis and C. mel
eagridis (Darabus and Olariu, 2003; Akiyoshi et al., 2003; Ebeid et al., 2003). Before molecular meth
ods were developed, some early studies incorrectly reported C. parvum infection in pigs based on the
identification of oocysts in faeces by microscopy. However, C. parvum has since been reported in pigs
in studies in several continents, including Australia (Morgan et al., 1999), Ireland (Zintl et al., 2007),
Czech Republic (Nemejc et al., 2013) and Canada (Budu Amoako et al., 2012), suggesting that pigs
might be an important source of zoonotic Cryptosporidium transmission.

As with cattle, the pig adapted Cryptosporidium species seems to differ with age of the
pigs. Cryptosporidium suis appears to infect all age categories, although its prevalence is low in older
pigs (e.g. Langkjaer et al., 2007; Jenikova et al., 2011). In contrast, the susceptibility of pigs to C. 
scrofarum infection is age related and pigs aged less than 4 weeks seem refractory to infection with
this parasite (Kvac et al., 2014b). The reported studies of porcine cryptosporidiosis are primarily from
indoor housed pigs, while knowledge of prevalence and species present in outdoor reared pigs is
limited.
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1.3 Cryptosporidiosis

1.3.1 Cryptosporidiosis in humans
Cryptosporidium infection is confined almost exclusively to the gastrointestinal tract, preferentially
the terminal part of jejunum and ileum, where it causes the disease called cryptosporidiosis. Cryp
tosporidiosis can present substantial differences in clinical manifestation (e.g. Lim et al., 2004; Rim
seliene et al., 2011), but is usually characterised by acute, self limiting diarrhoea. Data obtained from
cohort studies, outbreak situations and experimental infections reveal that, besides the characteristic
diarrhoea, common symptoms are abdominal pain and cramps, vomiting, weight loss, nausea, head
ache and low grade fever (Okhuysen et al., 1999; Kosek et al., 2001). Diarrhoea is generally watery,
voluminous and occasionally explosive and foul smelling, with 3 6 stools per day. Based on evidence
from experimental infections, the incubation period is approximately 5 7 days (Okhuysen et al., 1999;
Chappell et al., 2006; Chappell et al., 2011), with mean illness duration of 6 9 days (Hunter et al.,
2007). Occasionally, recurrence of gastrointestinal symptoms, prolonged and increased severity of
symptoms and atypical disease presentations and post infection sequelae may occur. According to
the World Health Organisation (WHO), the criterion determining a diarrhoeal episode is three un
formed stools within a 24 h. A diarrhoeal episode lasting <2 weeks is recorded as acute diarrhoea, an
episode lasting 14 29 days as persistent diarrhoea and an episode lasting >30 days as chronic diar
rhoea (WHO, 1988).

Immunosuppressed individuals and children, especially the malnourished, experience the most
chronic and debilitating consequences of cryptosporidiosis, while immunocompetent individuals
generally present self limiting, mild or asymptomatic cryptosporidiosis (Cacciò and Putignani, 2014).
In a multicentre study of children younger than 5 years in India, 75% of the cryptosporidiosis cases
appeared in children younger than 2 years (Ajjampur et al., 2010). In a Guinean study, approximately
45% of children experienced cryptosporidiosis before the age of 2 years (Valentiner Branth et al.,
2003). In studies in the Arab countries, diarrhoea linked to cryptosporidiosis occurred mainly in chil
dren aged 1 year or less and was inversely correlated with age and the prevalence of cryptosporidio
sis was 1 43% (mean 8.7%) in diarrhoeic immunocompetent children and 1 82% (mean 41%) in im
munocompromised children and adults. Higher infection rates were found in children living in rural
and semi urban areas than in those residing in urban areas (review by (Ghenghesh et al., 2012).

Cryptosporidiosis is usually maintained in the population (endemic) in developing countries, most
frequently in the youngest children (Snelling et al., 2007; Xiao, 2010; Putignani and Menichella,
2010). In contrast, in developed countries the infection mainly occurs as a water or food related
outbreak (epidemic). For example, in the United States, an increase in reported cryptosporidiosis
cases coincides with the summer recreational water season (e.g., lakes, rivers, swimming pools, and
water parks) (Yoder et al., 2010). Sporadic cases due to travel or contact with infected animals and
humans also occur frequently (Hunter et al., 2004; Roy et al., 2004).

Almost half of Cryptosporidium infected children in developing countries develop recurrent or persis
tent diarrhoea (Newman et al., 1994; Sodemann et al., 1999), occasionally manifesting as chronic
diarrhoea (Behera et al., 2008). In a cohort study of 226 Bangladeshi children aged 2 5 years prospec
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tively followed for >3 years, 29.3% of the symptomatic individuals presented 1 4 recurrent episodes
of diarrhoea, but persistent and chronic diarrhoea and high severity of disease were rarely seen
(Kirkpatrick et al., 2008). In a 4 year cohort study in an urban slum area in north eastern Brazil, 6.9%
of children aged 0 4 years presented persistent diarrhoea and 1.1% presented chronic diarrhoea
(Newman et al., 1999). The long term effect of cryptosporidiosis in children is unknown, but studies
in sub Saharan Africa have documented significantly higher cryptosporidiosis prevalence among mal
nourished children (Mor and Tzipori, 2008). It is difficult to ascertain the direction of this association,
i.e. whether malnutrition predisposes the children to infection or whether infection actually impairs
nutrient absorption, causing weight loss. However, a study conducted in the West Indies found that
19.5% of malnourished children tested positive for Cryptosporidium (Macfarlane and Hornerbryce,
1987; Hunter and Nichols, 2002). All of these children experienced fever and diarrhoea, most demon
strated dehydration and vomiting, and two died due to the infection (Macfarlane and Hornerbryce,
1987; Hunter and Nichols, 2002). Moreover, a cohort study of children in Peru showed that even
asymptomatic infections were associated with poor growth (Checkley et al., 1997).

Immunocompromised individuals often present more severe symptoms than immunocompetent
individuals seemingly because the severity of a Cryptosporidium infection is associated with the abil
ity of the parasite to spread within the human gastrointestinal tract and the immune status of the
host. In circumstances where the disease becomes more severe, development of atypical disease
presentations in the gastrointestinal tract and extra intestinal sites (Hunter and Nichols, 2002) includ
ing the stomach, colon, gall bladder and respiratory and biliary tracts, can occur (Hunter and Nichols,
2002). Gall bladder and biliary system Cryptosporidium infections are common in HIV positive pa
tients, reportedly occurring in 10 26% of cases (Hasan et al., 1991; Gowan et al., 1993; Lopezvelez et 
al., 1995; Vakil et al., 1996). Furthermore, HIV positive individuals regularly present prolonged dis
ease presentations, as observed in a study by Blanshard (1999), where 59.6% of individuals tested
had diarrhoea and oocyst shedding in stools for >2 months.

Prolonged and recurrent cryptosporidiosis, with long term effects including post infectious sequelae,
is not restricted to children in developing countries and immunocompromised individuals. In sporadic
cases in Adelaide and Melbourne, Australia, mean symptom duration of 22.4 days (range 1 100 days)
and 19.4 days (range 2–120 days), respectively, has been reported (Robertson et al., 2002). In an Eng
lish study of sporadic cases, 40% of patients had recurrent diarrhoea (Hunter et al., 2004; Chalmers
and Davies, 2010). Moreover, follow up studies at six months and at two years after a waterborne
cryptosporidiosis outbreak in Sweden revealed post infectious sequelae, including diarrhoea, ab
dominal pain and headache, present in immunocompetent individuals (Lindh et al., 2014). Interest
ingly extra intestinal symptoms including eye pain, recurrent headache, fatigue and joint pain as se
quelae following cryptosporidiosis have been reported in immunocompetent persons (Hunter et al.,
2004).

The clinical presentation of Cryptosporidium infection and the severity of illness appear to involve
multiple mechanisms and vary depending on age, co infection with other pathogens and immune
status of the host. However, infection with different species may account for the differences, as C. 
hominis infected individuals are observed to shed more oocysts and for a longer period than C. 
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pavum infected individuals (Hunter et al., 2004). Moreover, children in Lima, Peru, with a C. hominis
infection presented diarrhoea, nausea, vomiting and general malaise, while only diarrhoea was re
ported in those individuals with C. parvum, C. meleagridis, C. canis or C. felis infection (Cama et al.,
2008; Chalmers and Davies, 2010). Cryptosporidium hominis infections have been observed to be
associated with eye pain and recurrent headache, which is not the case with C. parvum infections.
Symptoms such as fatigue and joint pain are present post infection with both species, but are signifi
cantly more common post C. hominis infection (Hunter et al., 2004).

In most cases, the parasite attaches to the intestinal epithelium and becomes intracellular, but re
mains extracytoplasmic. According to observational studies in humans (primarily immunocompro
mised individuals) and experimental studies in vivo and in vitro, the infection is confined to the lu
minal border of the enterocytes (Shikani and Weiss, 2014). In vitro studies have demonstrated an
association between symptomatic cryptosporidiosis and a destructive effect of Cryptosporidium on
cells, including villous atrophy, shortening, loss and displacement of the microvilli border, loss of bar
rier integrity and epithelia cell injury (Argenzio et al., 1990; Huang and White, 2006), diminishing the
absorptive capacity of the villi surface.

The essential role of CD4+ T lymphocytes in controlling the pathology and clinical outcome associated
with Cryptosporidium infection has been demonstrated in mice lacking the functional CD4+ T
lymphocytes, which consequently develop chronic cryptosporidiosis (Ungar et al., 1991). The severity
of immunosuppression, as measured by CD4+ T lymphocyte counts, appears to predict the severity of
illness and development of unusual complications of cryptosporidiosis (Navin et al., 1999). In con
trast, acquired immunity to Cryptosporidium re infection is evidenced by: 1) Increased susceptibility
and severity of disease in immunocompromised hosts; 2) adults in high endemic areas being partly
immune to re infection; 3) a higher infectious dose being required in human challenge studies to
obtain symptoms equivalent to those of seronegative individuals (Okhuysen et al., 1998b; Chappell et 
al., 1999); and 4) seropositive human volunteers excreting fewer oocysts than seronegative individu
als (Okhuysen et al., 1998b). However, challenged infected individuals present symptoms indicating
absence of complete acquired immunity to Cryptosporidium infection (Moss et al., 1998; Chappell et 
al., 1999). Overall, the data suggest that at least partial immunity is possible, but that multiple expo
sures may be required to develop significant protection against infection. An asymptomatic infection
is characterised by oocyst excretion without clinical symptoms. In endemic countries, studies show
10 35% asymptomatic infections (e.g. Esteban et al., 1998; Bushen et al., 2007; Siwila et al., 2011). In
experimentally infected humans, 14% are reported to excrete oocysts without presenting diarrhoea
(Chappell et al., 2006).

1.3.2 Cryptosporidiosis in livestock
Cryptosporidiosis infection by different species of Cryptosporidium in farmed animals is an ongoing
clinical concern in veterinary medicine. Moreover, the zoonotic nature of various Cryptosporidium 
species originating from livestock can affect public health. The following paragraphs provide insights
into Cryptosporidium infections in cattle and pigs, as these are amongst the most important
mammlian livestock in Denmark and worldwide. A range of other farmed animals, including sheep,
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poultry, fish and rabbits, can also be infected with Cryptosporidium but are not discussed in this sec
tion.

Cryptosporidiosis in mammalian livestock is almost exclusively confined to the gastrointestinal tract,
where it can present substantial differences in clinical manifestation both within species and between
different livestock species.

Cryptosporidium infections in cattle are common worldwide and have been reported in beef and
dairy cattle in many countries. The parasite is reported to be infectious to all age groups, although
infection most commonly occurs in young calves (e.g. Maddox Hyttel et al., 2006). Herd prevalence is
reported to range from 0 100% (Santin et al., 2004; Silverlas et al., 2009b; Fayer et al., 2010; Chang'a
et al., 2011), with point prevalence surveys in young calves showing a range of 5 93% (Uga et al.,
2000; Santin et al., 2004; Maddox Hyttel et al., 2006). Longitudinal studies have shown that all ani
mals from infected herds shed oocysts at some time during their life (O'Handley et al., 1999; Santin et 
al., 2008). In Denmark too, Cryptosporidium infections are frequently reported in cattle. The most
recent study of 50 dairy herds reported a prevalence of 61% for young calves less than 1 month and
24% for calves 1 12 month of age, whilst 17% of the cows excreted oocysts. Management factors such
as cleaning method, stocking rate and calving season are thought to influence the prevalence (Atwill
et al., 1999; Castro Hermida et al., 2002; Maddox Hyttel et al., 2006).  

Bovine cryptosporidiosis is usually characterised as an acute, self limited diarrhoeal illness, where the
most common feature is pasty to watery, pale, yellow/green, smelly diarrhoea. This diarrhoea is occa
sionally accompanied by dehydration, fever, fatigue, reduced weight gain and weight loss (O'Dono
ghue, 1995). Young calves are particularly susceptible to infection, so clinical cryptosporidiosis is
mostly seen in calves up to 6 weeks of age and calves are often already infected during the first week
of life (Uga et al., 2000). As in humans, calves often recover spontaneously within two weeks of infec
tion, but great variability in the severity and duration of diarrhoea caused by C. parvum has been
described (Fayer et al., 1998a) and in some cases the infection can be fatal (Tzipori et al., 1983; Fayer
et al., 1998a). A decrease in growth rate may be the consequence of infection weeks after recovery
from the acute phase (Klein et al., 2008). The economic impact of cryptosporidiosis is attributable not
only to the resulting deaths, but also to the slower growth of affected animals and expenditure on
veterinary treatment (de Graaf et al., 1999).

Calves begin shedding C. parvum oocysts 2 6 days after infection and shedding continues for 1 13
days (Tzipori et al., 1983; Fayer et al., 1998a). During the first 2 weeks an infected calf can shed mil
lions of oocysts (Fayer et al., 1998a; Uga et al., 2000), resulting in heavy environmental contamination
and efficient dissemination of the parasite within the herd and to the environment. In faecal samples
obtained from symptomatic calves naturally infected with C. parvum, 106 108 oocysts per gram faeces
(OPG) are often seen (e.g. Silverlas and Blanco Penedo, 2013).

Concomitant infection with other pathogens, e.g. rotavirus, coronavirus and enteropathogenic Esche
richia coli (E. coli F5+), can worsen the clinical signs and prolong the duration of illness (Blanchard,
2012). Infection with different Cryptosporidium species may also account for the differences in clinical
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presentation. For example, C. parvum is responsible for more than 80% of Cryptosporidium infections
in calves <2 months of age, which are those most severely affected (Santin et al., 2004; Fayer et al.,
2007; Santin et al., 2008; Brook et al., 2009).

Cryptosporidium infections have been reported in pigs worldwide, with prevalence ranging from 1.4
46%. However, in contrast to the situation in calves, naturally acquired Cryptosporidium infections in
pigs usually appear asymptomatic (e.g. Quilez et al., 1996; Maddox Hyttel et al., 2006; Nemejc et al.,
2013). Nevertheless, studies employing experimental infections have revealed a connection between
species and clinical symptoms in pigs. Pigs experimentally infected with C. suis (Enemark et al., 2003)
or C. scrofarum (Kvac et al., 2013) show mild or no clinical signs, despite excreting large numbers of
oocysts, while clinical symptoms such as anorexia, vomiting and depression have been observed in
piglets experimentally infected with oocyst species derived from calves (Moon and Bemrick, 1981;
Tzipori et al., 1982; Argenzio et al., 1990; Enemark et al., 2003). Experimental infection with the avian
species, C. meleagridis, obtained from a human infection consistently resulted in diarrhoea in pigs
(Akiyoshi et al., 2003). Misic and co workers (2003) reported diarrhoea in their entire study popula
tion of naturally infected Cryptosporidium positive piglets, although the species was unknown. A dif
ferent study observed an association between Cryptosporidium infection and diarrhoea in suckling
piglets (Hamnes et al., 2007). However, the severity of diarrhoea in piglets is usually a multifactor
effect in which pathogenic bacteria, viruses and parasites are important factors. For example, mixed
infections with Cryptosporidium and e.g. E. coli or rotavirus (de Graaf et al., 1999), Giardia duodenalis
(Maddox Hyttel et al., 2006) and Isospora suis (Nunez et al., 2003; Hamnes et al., 2007) occur fre
quently. In studies in experimentally C. suis infected pigs, co infection with rotavirus resulted in se
vere clinical symptoms and death of the piglets (Enemark et al., 2003).

For all livestock species, the major obstacle from a disease control perspective is the lack of effective
means to control Cryptosporidium infection and decrease the level of contamination of the environ
ment with oocysts.

1.3.3 Treatment of cryptosporidiosis
Testing and development of therapeutic agents and prophylactics for cryptosporidiosis in animals and
humans have been pursued since Cryptosporidium was first identified in humans. Various drugs have
been described with activity against Cryptosporidium in vitro, in animal models, and in patients (re
viewed in Checkley et al., 2015). Despite this, the success has been limited and no cure for cryptos
poridiosis exists. The therapies most widely tested in animal models, case reports and clinical trials
include immunotherapeutic treatment and prophylaxis, various antibiotic treatments and combina
tion therapy.

The progress in developing anti cryptosporidial drugs has been slow because many obstacles exist to
the development of drugs for cryptosporidiosis. These include poorly standardised animal models for
drug assessments, difficulty in propagation of Cryptosporidium in vitro, the inability to genetically
manipulate the parasite, and the target responses correlating with efficacy in humans are poorly
characterised (reviewed in Checkley et al., 2015)et al. Moreover, the distinct features of Cryptosporid
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ium species and the cryptosporidial life cycle in the host may account for the failure of most drug
treatments tested to date.

Current treatment options for human cryptosporidiosis are limited and only one drug, the thiazolide
antibiotic nitazoxanide (NTZ), has been approved by the US Food and Drug Administration (FDA) for
treatment of diarrhoea caused by Cryptosporidium infection. In 2002, FDA licensed NTZ for treatment
of Cryptosporidium infections in children aged 1 11 years, and in 2005, FDA further licensed NTZ for
treatment of adult and teens with otherwise healthy immune systems (Review by Anderson and Cur
ran, 2007). Currently, NTZ is not licensed to treat Cryptosporidium infection in immunocompromised
individuals (CDC).

Nitazoxanide was first synthesized in the early 1970s and was originally developed as an oral anti
parasitic agent with activity against protozoan and helminthic infections in vitro and/or in vivo in
mice, dogs and sheep (review by Rossignol, 2014). Eventually, NTZ was found effective against C. par
vum in cell culture assays and in several animal models (Blagburn et al., 1998; Theodos et al., 1998;
Baishanbo et al., 2006). From human studies, NTZ is reported to be efficient in reducing oocyst shed
ding and the severity of diarrhoea in immunocompetent human patients (Rossignol, 2006). This is,
amongst others, evidenced from a double blind, placebo controlled study in Egypt where NTZ treat
ment significantly reduced the duration of diarrhoea and oocyst shedding in both adults and children
(Rossignol et al., 2001). Similarly, a study including HIV seropositive and seronegative Ugandan chil
dren showed reduced clinical and parasitological response and mortality rate in HIV seronegative
children following NTZ treatment (Amadi et al., 2002). Conversely, NTZ treatment has proven ineffec
tive for HIV seropositive children (Amadi et al., 2002; Amadi et al., 2009), and regardless of increased
dosage and length of treatment, NTZ are found to have limited effect for immunocompromised pa
tients, specifically those with AIDS (Amadi et al., 2009; Shirley et al., 2012). Nitazoxanide has been
reported to cause dose dependent toxicity in cell cultures (Theodos et al., 1998; Giacometti et al.,
1999) and a clear association between the mammalian cell cycle and thiazolide toxicity (via induction
of apoptosis) has also been reported (Mueller et al., 2008).

Several studies have tested bovine colostrum (BC), hyperimmune bovine colostrum (HBC) and bovine
anti Cryptosporidium colostrum immunoglobulin (BACI), either as a treatment or as a prophylactic,
but without success. Treatment or prophylaxis with BC is believed to stimulate the immune response
of the infected individual, since it is rich in antimicrobial compounds and immunoglobulins (Gopal
and Gill, 2000). As Cryptosporidium infections are common in cattle, one could expect to find immu
noglobulins in BC specifically directed against Cryptosporidium either from a previous natural infec
tion or obtained by immunising the cow (HBC). However, Okhuysen et al. (1998a) found no significant
effect of BACI on duration of disease, time to onset of diarrhoea and severity of the disease in 16
healthy adults challenged with C. parvum compared with non treated controls, even though subjects
receiving BACI showed a 100 fold reduction in oocyst excretion compared with the baseline group.
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Despite a considerable effort to develop effective drugs against bovine cryptosporidiosis, halofugi
none lactate (HL) is the only drug registered in Europe to treat cryptosporidiosis in cattle (Delafosse et 
al., 2015). The drug halofuginone is approved for use in calves and can be used both therapeutically
and prophylactically. Halofuginone lactate it is known to delay the onset of infection, reduce oocysts
shedding and subsequently decrease the severity of cryptosporidiosis (Joachim et al., 2003; Silverlas
et al., 2009a; Meganck et al., 2015). However, in a study comparing the effect of HL treatment in
calves kept in two different calf rearing systems, the treatment was more effective in calves reared in
clean individual pens compared to calves reared together in a highly contaminated environment
where, although HL significantly reduced the number of diarrhoeic calves and oocysts excreted, the
time of onset of diarrhoea was not delayed (De Waele et al., 2010). Moreover, the anti  Cryptosporid
ium activity of HL is not associated with a clinical benefit in the presence of co infection with rota
virus and Salmonella Typhimurium in calves (Almawly et al., 2013).

Preventive hygiene measures and good management are currently the most important tools to con
trol cryptosporidiosis. By reducing oocysts ingested by neonatal calves, the severity of the infection
may be reduced. A common recommendation is to maintain good hygiene in calf facilities and ensure
that all new born calves ingest an adequate amount of colostrum during their first 24 h of life. Sick
calves should be housed in a clean, warm and dry environment and isolated to prevent spread of the
infection to other calves. Acutely infected animals may need supportive care with fluid and electro
lytes, and milk should be given in small quantities several times daily to optimise digestion and mini
mise weight loss (Robertson et al., 2014a). However, an effective means for controlling infection and
decreasing environmental contamination with oocysts is lacking.

Because of the lack of efficacious drug treatments, vaccine development to prevent disease or reduce
the severity of infection is a relevant option, particularly for immunocompromised individuals, chil
dren in developing countries and neonatal calves. Although vaccination has been attempted (Roche
et al., 2013), no commercial vaccines are currently available and there are only a few published re
ports of attempts to develop immunoprophylaxis based modalities (McDonald, 2011). However, sev
eral strands of evidence suggest that development of a vaccine to prevent cryptosporidiosis is feasi
ble (Mead, 2010). In calves, it might be difficult to achieve sufficient effect of the vaccine because the
calves are infected very early in their life where their immune system is still premature.
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Transmission and sources of  human 
cryptosporidiosis 

uman cryptosporidiosis is generally transmitted by the faecal oral route, but the Cryptos
poridium oocyst, the environmental stage, is ubiquitous and therefore, the cryptosporidio
sis can be acquired through multiple transmission routes (Fig. 3), either directly or indi
rectly related to faeces. The direct route of transmission occurs from human to human or

from animal to human, and is usually characterised by inadequate hygiene practices and follows
close contact between the infected individual and the susceptible host. Subsequent transmission
occurs easily between household members, sexual partners, hospital patients and staff, among chil
dren, and between children and staff members in daycare centres (Heijbel et al., 1987; Insulander et 
al., 2005; Persson et al., 2007; Coetzee et al., 2008). For example, in Gipuzkoa, Spain, a case with ex
traordinarily many children with diarrhoea attending the same daycare centre (n=26) occurred in
November December 2011. Cryptosporidium oocysts were isolated from 10 of 15 faecal samples,
while no other enteropathogens were found. Deficiencies in hygiene procedures in the daycare cen
tre were detected and, together with the epidemic curve, indicated a person to person transmission
pattern (Artieda et al., 2012). In late summer 2002, a cryptosporidiosis outbreak affecting an estimat
ed 800 1000 visitors to a public swimming pool in Stockholm, Sweden, resulted in 43 secondary cases
of cryptosporidiosis among household members (who had not used the pool) of individuals who had
used the pool (Insulander et al., 2005).

Direct animal to human transmission usually occurs through contact with animals (Kiang et al., 2006;
McGuigan et al., 2010), e.g. contact with farm animals has been identified as a significant risk factor
for cryptosporidiosis in the UK (Hunter et al., 2004). Consequently, outbreaks associated with farm
visits, either for occupational or recreational purposes, appear commonly, especially following inter
action with young animals such as lambs or calves (e.g. Robertson et al., 2006; Gait et al., 2008; Grin
berg et al., 2011). In Minnesota, USA, 31 (34%) cases of cryptosporidiosis appeared among students
from an educational farm programme following contact with an infected calf (Kiang et al., 2006). In
Perthshire, Scotland, 62 cryptosporidiosis cases were reported in 2005 in individuals who visited a
wildlife centre with a petting area with young animals and with no hand washing facilities available
(McGuigan, 2005).

H
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Figure 3. Main transmission routes of human infections. The dashed arrows indicate
direct transmission routes.

The indirect mode of transmission usually occurs via consumption of faeces contaminated food or
water and, in contrast to direct transmission, is often unpreventable because the infected individual
is unaware of the infection risk. Cryptosporidiosis outbreaks involving contaminated food can be
caused by inadequate hygiene among individuals handling the food or by insufficient preparation or
washing of the food product. In a company canteen in Denmark, a cryptosporidiosis outbreak ap
peared among 364 employees eating raw carrots kept in a bowl with water. An infected person dis
playing inadequate hygiene before taking a carrot presumably contaminated the water in the carrot
bowl (Ethelberg et al., 2009). Another outbreak with 21 cases of cryptosporidiosis occurred in Sep
tember 2008 in Stockholm, Sweden, among guests and staff at a wedding reception in a hotel restau
rant. The most likely source of the outbreak was béarnaise sauce topped with fresh chopped parsley
(Insulander et al., 2008). Another foodborne Cryptosporidium outbreak attributed epidemiologically
to bagged salad products appeared across England and Scotland in 2012 (Nichols et al., 2014b). Find
ing the source of foodborne cryptosporidiosis outbreaks is problematic because the foods involved
are generally short shelf life products discarded before symptomatic individuals are identified, leaving
no relevant food samples for testing. Cryptosporidium contamination of fruit and vegetables has pre
viously been suggested as originating from fertilisation with animal waste or irrigation with low quali
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ty water (Forslund et al., 2010). A study determining the level of Cryptosporidium contamination on
496 vegetable samples from 115 farms around Tehran, Iran, found that 6.6% of the samples were
contaminated with Cryptosporidium. The highest rate of contamination was reported for green on
ions (14.8%), followed by cress (8.9%). The irrigation water used on the vegetable farms was associ
ated with the contamination rate, and the Cryptosporidium incidence rate was 33.3% higher when
wastewater rather than well water was used for irrigation (Ranjbar Bahadori et al., 2013). Petersen et 
al., (Unpublished) found Cryptosporidium oocysts on 43% of freshly picked lettuce samples from
three farms in Ghana. The lettuces were presumably contaminated by the irrigation water, which
originated from a nearby stream receiving untreated wastewater from the city of Kumasi, as the
stream water tested positive for oocysts. Moreover, a study in Spain revealed a Cryptosporidium oo
cyst prevalence of 63% on lettuce irrigated with water originating from a canal receiving wastewater
and containing 10 70 oocysts L 1 (Amoros et al., 2010). In a study analysing irrigation water collected
from rivers and lakes in Costa Rica and Panama and from irrigation canals in Mexico and the United
States, 36% of the samples tested positive for Cryptosporidium oocysts. Many of the Central Ameri
can irrigation waters analysed originated from surface water bodies receiving industrial, urban and
agricultural wastewater (Thurston Enriquez et al., 2002).

Despite the many documented foodborne cryptosporidiosis outbreaks, the potential magnitude of
outbreaks related to water is greater than for most other sources (Baldursson and Karanis, 2011).
Putignani and Menichella (2010) highlight this in a review showing that 40 out of 71 (56.3%) cryptos
poridiosis outbreaks, which appeared worldwide in the past decade, were correlated to waterborne
diseases. Thus, water represents a very important vehicle of infection, and waterborne cryptosporidi
osis is a serious, worldwide public health concern. Monitoring data have revealed the presence of
Cryptosporidium in the entire water treatment system, including recreational water and drinking wa
ter from private and public water supplies. Of 325 water associated protozoan disease outbreaks
reported worldwide between 1904 and 2004, 51% were caused by Cryptosporidium species (Karanis
et al., 2007). In 2004 2010, Cryptosporidium caused 60% of reported protozoan outbreaks, with
46.7% of the documented outbreaks appearing on the Australian continent, 33.1% in the Americas,
16.5% in Europe and 3.5% in Asia. In 32.7% of the cases, the causal agent was recreational water,
while Cryptosporidium contaminated drinking water was cited as causing 20.6% of the outbreaks
(Baldursson and Karanis, 2011).

Recreational waters such as swimming pools are usually contaminated when an infected host defe
cates directly in the water or as a result of inadequate washing procedures by users together with
inappropriate filtration standards (Insulander et al., 2005; Coetzee et al., 2008), together with oocyst
resistance to chlorine (Pereira et al., 2008). Drinking water outbreaks can occur from contamination
of water catchment reservoirs, including surface waters and groundwater (Baldursson and Karanis,
2011) and subsequent treatment process failures. Screening studies of raw surface waters and
groundwater in various countries have revealed frequent presence of Cryptosporidium oocysts
(Lechevallier et al., 1991a; Lechevallier et al., 1991b; Lechevallier and Norton, 1995; Ward et al.,
2002; Jellison et al., 2002; Gallas Lindemann et al., 2013). For example, in North American, a large
survey of drinking water catchment areas in 1988 1993 found oocysts in 65 97% of the samples ana
lysed (Lechevallier and Norton, 1995; Lisle and Rose, 1995). A study in Canada in 1996 detected oo
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cysts in 4.5% of raw water samples (Wallis et al., 1996). Studies in Europe reported oocysts in 15.9%
of Norwegian raw water samples (Robertson and Gjerde, 2001), on 82% of Portuguese river banks
(Julio et al., 2012) and in 21.7% of samples from the river Rhine (Gallas Lindemann et al., 2013). In
2010, the second largest waterborne Cryptosporidium outbreak to date occurred in Östersund, Swe
den, and affected at least 27 000 individuals. The investigation revealed C. hominis in human samples,
raw water samples, treated and untreated wastewater and consistently at low numbers in drinking
water samples, revealing that the municipal water treatment plant had insufficiently reduced the
parasite. Yet another waterborne outbreak occurred in the city of Skellefteå, Sweden six months after
the outbreak in Östersund. This outbreak seemingly occurred because citizens from Skellefteå had
visited Östersund during the outbreak and spread Cryptosporidium oocysts on their return
(Widerstrom et al., 2014). In 1998, high oocyst concentrations detected in treated water in Sydney,
Australia, and multiple detections in source water led to a 2 months on again, off again boil water
advisories (McClellan, 1998).

All the above mentioned occurrences of oocysts in water and the resulting outbreaks indicate the
vulnerability of water reservoirs to oocyst contamination.

1.4 Contamination of water sources by animal waste

Surface water bodies are vulnerable to faecal contamination due to the potential short distance from
the onset of the contamination, e.g. agricultural fields, grazing animals and wildlife. Moreover, vari
ous hosts, the extreme oocyst shedding by these hosts and the remarkable stability of oocysts in the
environment can induce a widespread presence of Cryptosporidium in surface waters (Smith et al.,
2006). Consequently, farm animals, their waste and wildlife can be major sources of waterborne cryp
tosporidiosis outbreaks attributed to contaminated drinking water reservoirs. In genotyping studies
of oocysts in surface waters, various Cryptosporidium species and genotypes of both human and ani
mal origin have been demonstrated (Xiao et al., 2000; Jiang et al., 2005; Nichols et al., 2010). For
example, a study of 1296 Canadian raw water samples documented the presence of C. andersoni, C. 
baileyei and the skunk genotype. These data indicate that the contamination most likely originated
from animals such as cattle, birds and skunks or racoons. Thus, the risk to public health is low, as
these three species are known to be non infectious to humans (Ruecker et al., 2011). In contrast, a
study of Scottish drinking water sources and drinking water revealed the presence of 18 difference
Cryptosporidium species/genotypes, including C. andersoni, C. parvum and C. ubiquitum as the most
frequently observed species in both raw and drinking water samples. Besides these three species, all
species infectious to cattle were present together with minor human infecting species such as C. mu
ris, all of which indicate animals as the origin of the contamination (Nichols et al., 2010). Among wa
ter samples collected from canals and rivers used as drinking water sources in Tongxiang, China,
78.7% were Cryptosporidium positive, with the presence of C. suis, C. fragile, C. scrofarum, Cryptos
poridium avian III genotype and cervine genotypes confirmed. Three of these were also detected in
wastewater samples taken from neighbouring animal farms, indicating that farm animals were a po
tential major pollution source (Xiao et al., 2012). Based on these studies, animal waste is an infection
source in transmission routes involving water as a vehicle.
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Animal waste includes faecal pats, manure and slurry. Manure includes bedding material mixed with
faeces and urine, e.g. from deep litter systems, and is either spread directly on land or stored in a
manure stack for composting and later application. Slurry consists of faeces and urine produced by
housed animals, usually mixed with some bedding material and water from cleaning, and is often
stored in a slurry tank for later spreading on agricultural land as fertiliser. Some farmers have recently
begun to separate the slurry into a liquid and solid phase. To reduce the slurry volume and to mini
mise ammonia emissions, the liquid phase is typically spread on agricultural land as fertiliser, while
the solid phase is composted and used for other purposes, e.g. biogas production (Hjorth et al.,
2010). In Denmark, liquid manure can be applied from 1st February until harvest. Manure application
by broadcast spreading is prohibited but can be done by band spreading through hoses or injection.
Application of manure by hoses is only approved on growing crops while injection of manure is al
lowed on non vegetated areas. Liquid and solid manure that are applied on non vegetated areas have
to be incorporated into the soil within six hours (Anonymous, 2006).

1.4.1 Overland transport of Cryptosporidium oocysts from farmland
Contamination of drinking water sources can occur following spreading of animal waste on agricul
tural fields or deposition of animal faeces on land by grazing animals (Kuczynska and Shelton, 1999a;
Graczyk et al., 2000). Accordingly, the dispersal of oocysts from animal waste to the surrounding envi
ronment relies on rainfall to release them from the faecal matrix, overcome the barrier set by the
terrestrial environment and wash them into surface waters (Davies et al., 2004; Monis et al., 2014).
Such overland flow occurs when rainfall is unable to infiltrate the soil surface and runs over ground
(Tyrrel and Quinton, 2003), elevating the transport of microorganisms to surface water. With the ten
dency towards more frequent heavy rain events in certain parts of the world, including Denmark
(Olesen et al., 2014), water contamination through runoff from agricultural fields will probably be
come a greater concern in the future. During heavy rain events, the rainfall intensity exceeds the soil
infiltration rate, the soil becomes fully saturated and overland flow occurs (Tyrrel and Quinton, 2003).
This overland flow is a well known major driver behind the detachment of pathogens from faecal
material and further overland transport (Kistemann et al., 2002; Ferguson et al., 2003). The overland
flow of oocysts also depends on the capability of the oocysts to detach from the faecal material. Fac
tors affecting the detachment rate and subsequent overland transport of oocysts may include the
quantity of oocysts in the faecal waste, how strongly they adhere to the faeces particles and the over
land water flow intensity.

However, several studies have demonstrated that oocysts are capable of overland mobilisation, either
attached to faecal material or alone, following simulated and natural rainfall (Mawdsley et al., 1996b;
Tate et al., 2000; Atwill et al., 2002; Thurston Enriquez et al., 2002; Davies et al., 2004; Trask et al.,
2004; Davidson et al., 2014). Tate et al. (2000) demonstrated the ability of oocysts present in faecal
pats to move at least 1 m during natural rainfall, with the slope of the land as a significant determin
ing factor. Thurston Enriquez et al. (2005) demonstrated high concentrations of Cryptosporidium oo
cysts in runoff from agricultural plots treated with cattle manure and swine slurry following simulated
heavy rainfall. The potential of Cryptosporidium for overland transport is confirmed by two additional
studies documenting a positive correlation between rainfall and oocyst concentration in rivers and
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estuarine water (Hansen and Ongerth, 1991; Ferguson et al., 1996). Notably, in a longitudinal study in
Canada, oocysts at levels ranging from 1.7 to 44.3 oocysts per 100 litres of water were documented
throughout the year in surface water sources supplying domestic drinking water to two different
communities. Furthermore, high oocyst levels were recorded in water samples collected downstream
of a farm during peak calving activity on the ranch (Ong et al., 1996; Bodley Tickell et al., 2002).

In addition, a drinking water associated cryptosporidiosis outbreak affecting 182 individuals, which
occurred in Galway, Ireland, in 2007, seemingly originated from runoff from agricultural land follow
ing slurry spreading by farmers in late January and February (Pelly et al., 2007). All the individuals
affected lived in areas where the public water was supplied from a large lake. The winter of
2006/2007 was one of the wettest recorded in Ireland and the water level in the lake was very high in
January 2007 (Pelly et al., 2007). Although this outbreak was not documented as directly associated
with surface water contamination originating from runoff following application of animal waste to
agricultural land, the possibility of environmental contamination from animal waste was indicated.
The outbreak further serves to emphasise the extreme vulnerability of water supplies originating
from surface water to the risk of contamination with Cryptosporidium.

To minimise contamination of water sources by runoff, to prevent eutrophication of aquatic recipients
and to retain animal waste on land, addition of manure to snow covered, frozen, flooded or saturated
land or land running with a slope greater than 60° towards a stream or lake is forbidden by Danish
legislation (Anonymous, 2013). Moreover, vegetated surfaces, such as buffer strips, can retain faecal
waste on land and reduce overland transport of oocysts to water sources (Tate et al., 2004; Trask et 
al., 2004; McLaughlin et al., 2013; Davidson et al., 2014). Consequently, the retained faecal waste
increases the material present for vertical transport through soil.

1.4.2 Vertical transport of oocysts through soil
At present, Denmark almost exclusively produces drinking water from groundwater, with the excep
tion of one water supply based on treating surface water for a few months of the year. Groundwater
is located deep below ground and can be suitable as a drinking water source because it has been
filtered through several layers of soil and rock and thus purified. As a result, Danish tapwater is con
sidered safe to drink, since soil and rock are historically believed to inhibit vertical transport of patho
gens (Bhattacharjee et al., 2002). However, surveys of groundwater in the UK (Lisle and Rose, 1995),
USA (Moulton Hancock et al., 2000), Norway (Gaut et al., 2008) and Germany (Gallas Lindemann et 
al., 2013) have revealed frequent low concentration Cryptosporidium contamination of groundwater.
Contamination of groundwater with pathogenic microorganisms is generally believed to results from
introduction of faecal material into the subsurface (Macler and Merkle, 2000). Furthermore, oocysts
applied to the soil surface are found capable of leaching through 20 50 cm deep sand and soil col
umns (Mawdsley et al., 1996a; Harter et al., 2000; Forslund et al., 2011). Vertical oocysts transport
processes is of significant interest, from the perspective of protecting groundwater supplies from
contamination. Following application to the soil surface, oocysts transported vertical in the soil are
subjected to the unsaturated (vadose) zone, the upper boundary (water table) and eventually the
saturated zone (groundwater) (Sen, 2011) (Fig. 4).
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Figure 4. Subsurface water terminology. Source: United States Geological Survey.

The vadose zone comprises the subsurface environment, situated between the land surface and the
saturated zone (groundwater) and the first subsurface environment met by oocysts added to the en
vironment with animal waste (Sen, 2011). Vertical transport of oocysts in subsurface is a complex and
interacting process where the oocysts are affected by various physicochemical and biological pro
cesses including advection, straining and attachment. Water is the primary determining agent for
vertical oocysts movement (and other biocolloids) through soil and the water flow through soil
macropores is a governing process for their vertical transport (Joergensen et al., 1998a). Biocolloids
are transported as free cells or attached to other colloids such as soil particles or manure (Sen, 2011).
Leaching of oocysts seemingly arises from transport with the macropore water (advection) facilitating
vertical transport.

Macropores are commonly defined as having a diameter range of 30 10,000 μm and are created by
earthworms or plant roots (Beven and Germann, 1982). Macropores are usually connected, allowing
vertical water flow to occur (Beven and Germann, 1982), governing the transport of pathogens
(Joergensen et al., 1998b) and increasing the potential leaching of surface applied contaminants to
groundwater. McLaughlin et al. (2013) observed deeper transport of oocysts in vegetated soil com
pared with bare soil, with the oocysts reaching the depth of the grass roots. However, oocyst
transport depends on factors such as soil composition, since oocysts can adhere to clay particles,
while little or no aggregation is observed between oocysts and silt or sand particles (McLaughlin et 
al., 2013). This is because oocysts have a slightly negative surface charge, enabling attachment to the
slightly positive surface charged clay particles by electrostatic attraction or by entrapment within the
large surface area of aggregated clay particles (McLaughlin et al., 2013). Moreover, leaching is known
as highly influenced by precipitation intensity, organic matter and whether material containing the
contaminant is placed on the soil surface, or within the soil matrix (Chu et al., 2003; McGechan and
Vinten, 2003; Torkzaban et al., 2006; Forslund et al., 2011). For example, in an experiment by For
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slund et al. (2011), more oocysts were detached from slurry and leached through intact soil columns
when slurry was injected into the soil than when it was applied to the surface.

1.4.3 Organic pigs: A potential source of environmental Cryptosporidium oocyst
contamination
As described in section 1.2.2, pigs are well documented as being highly susceptible to Cryptosporidi
um infections worldwide. In Denmark, pigs are mainly managed in commercial conventional indoor
production or organic pig production systems. Conventional indoor pigs in Denmark have previously
been documented as having a high prevalence of Cryptosporidium (Maddox Hyttel et al., 2006). For
Danish organic pigs, little is known about Cryptosporidium prevalence, infection levels and species
distribution. Their contribution to oocyst contamination of the external environment is also unknown,
as is the potential public health risk. It is also not known whether the organic production system is
associated with increased protozoan infection. A study of pigs in Western Australia documented
higher Cryptosporidium prevalence (17.2%) in outdoor pig herds compared with indoor herds (0.5%)
(Ryan et al., 2003). Studies on cattle have also demonstrated higher Cryptosporidium oocyst excretion
(OPG) rates in organic cattle than in conventionally reared cattle (Maddox Hyttel et al., 2006; Silverlas
et al., 2009b). Moreover, outdoor housing of organic piglets has been observed to be associated with
increased helminthic worm loads compared with indoor housing (Roepstorff et al., 1992).

The overall guidelines for organic pig production include specific rules with regard to housing and
management conditions differing from conventionally reared pigs, but potentially important for
transmission and subsequent environmental contamination with Cryptosporidium. In general, con
ventional Danish pig production systems are characterised by good hygiene, indoor confinement of
pigs and generally larger herds than in organic production systems. In 2013, 150 out of a total of
3,855 (3.9%) Danish pig herds were organic (Anonymous, 2014b), with an average of 106 sows per
organic herd producing approximately 132,500 slaughter pigs (Sorensen et al., 2011). In contrast, the
Danish conventional herds consist on average of 270 sows per herd (Sorensen et al., 2011), producing
approximately 19 million slaughter pigs annually (Anonymous, 2014a). Organic pig production aims at
providing housing conditions allowing pigs to express their natural behaviour by satisfying their natu
ral movement patterns. Hence, the most noticeable differences to conventional production include
access to an outdoor area, contact between piglets from several litters, late weaning and provision of
straw bedding (Serup, 2010). The majority of pigs from organic herds have access to an outdoor area
(Table 3), i.e. breeding pigs and their suckling piglets are housed on pastures at a minimum from April
to November, while starter pigs and fatteners have access to an outdoor area. In contrast, the majori
ty of conventionally reared Danish pigs are housed indoors for their entire life (Table 3).

On the majority of Danish organic farms, the sows are housed on pasture all year round, farrowing
takes place outdoors and the piglets are housed on these pastures until weaning (Serup, 2010), which
according to the "Guidelines for organic agricultural production 2007” takes place at a minimum of 49
days. In contrast, the mean age of weaning in conventional pig production is 30 days (Sorensen et al.,
2011). The outdoor reared piglets have unrestricted access to areas with accumulation of manure
(and oocysts), as faeces remain on the pasture surface. Moreover, the piglets have free access to an
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area housing several sows. According to a report on the characteristics of Danish pig production, ap
proximately 17 21% of organic starter pigs and fatteners are housed on pasture and the remainder
are housed indoors with unrestricted access to an outdoor area connected to the house (Sorensen et 
al., 2011). In contrast, conventional pigs of all ages are almost exclusively housed indoors without
access to an outdoor area (Sorensen et al., 2011) (Table 3). Faeces produced by pigs housed on pas
tures are accessible for water contamination either by vertical or overland transport following precip
itation events all year round. Moreover, the access of pigs to an outdoor area can lead to wildlife in
terfaces and contact with other animal species, potentially exposing the pigs to different Cryptospor
idium species than encountered by conventional pigs. Intrusion by dogs, cats and wild birds to areas
with pigs and areas with stored feed and bedding material is more frequently reported in organic
herds compared with conventional herds (Sorensen et al., 2011).

Table 3. Proportion (%) of housing form used for each age group of pigs in organic and conventional
pig production in Denmark (Modified from Sorensen ., 2011).

Age group Type of housing Conventional Organic

Pregnant sows Pasture 0 100
Indoor with outdoor run 0 0
Indoor 100 0

Lactating sows Pasture 0 100
Indoor with outdoor run 0 0
Indoor 100 0

Piglets Pasture 0 35
Indoor with outdoor run 0 63
Indoor 100 2

Starter pigs Pasture 0 17
Indoor with outdoor run 2 78
Indoor 98 4

Fatteners Pasture 0 21
Indoor with outdoor run 1 77
Indoor 99 2

In contrast to conventional pig production, where provision of straw to the pigs is optional, all organic
pigs are required by law to have a well defined, dry and draught free bedding area consisting of
straw, sand or sawdust and large enough for all pigs to lie down simultaneously. The bedding can be
provided as deep litter or as a shallow dry layer (Anonymous, 2014c) (Fig.5). However, according to
the report on the typical characteristics of Danish pig production, 46% of conventional herds provide
fatteners with a limited amount of straw bedding (Sorensen et al., 2011).

Fatteners on conventional herds are almost exclusively housed on fully or partially slatted floors,
whilst no organic pigs are housed on fully slatted floors (Sorensen et al., 2011). Besides the outdoor
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area and the provision of straw, the indoor area per fattener is significantly greater on organic farms
than on conventional herds (Table 4) (Sorensen et al., 2011).
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Figure 5. Indoor and outdoor areas on three Danish organic pig farms. A) Semi opened housing system
with deep litter in the roof end of the pen and a semi slatted floor in the open part of the pen. B)
Deep litter covered concrete floor indoors and a semi slatted outdoor run. C) Relatively clean and
shallow semi straw covered indoor area and a semi slatted outdoor run.

According to the guidelines on organic agricultural production, all pigs must be provided with some
temperature regulation means in the summer, either in the form of wallowing holes or sprinklers in
the outdoor run. However, this maintains a certain level of moisture in the pastures and the outdoor
runs in those months where oocyst inactivation probably increases due to higher temperature and
UV light. Pigs housed on conventional farms are not required to have temperature regulation systems
involving water.

Table 4. Indoor and outdoor area requirement for pigs of different weights in Danish organic and con
ventional pig production (Modified from Sorensen ., 2011).
Organic pigs Conventional pigs
Weight (kg) m2pig 1 indoors m2pig 1 outdoors Weight (kg) m2pig 1 indoors
50 0.8 0.6 50 0.4
85 1.1 0.8 85 0.55
110 1.3 1.0 110 0.65
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1.5 Environmental factors influencing oocyst inactivation

The infective stage of Cryptosporidium is the thick walled environmentally resistant oocyst, the robust
nature of which has long been recognised. The oocysts are known to be resistant to various environ
mental stressors, which are lethal to other species of infective agents. This robustness might relate to
the impermeability of the oocyst wall. The oocysts wall is supposed to confer the oocyst protection
against agents stimulating excystation or exposure to lethal chemicals in the environment (Jenkins et 
al., 1997). However, several environmental factors can efficiently reduce oocyst viability and infectivi
ty. These include desiccation (Robertson et al., 1992; Robertson et al., 2014b), temperature (Fayer,
1994; Fayer and Nerad, 1996; Jenkins et al., 1997; Fayer et al., 1998b), pH (Robertson et al., 1992;
Reinoso et al., 2008), ammonia (Ransome et al., 1993; Jenkins et al., 1998; Reinoso et al., 2008) and
ultraviolet light (Lorenzo et al., 1993). Upon excretion from the animal, Cryptosporidium oocysts are
subjected to the rigours of the environment in either faecal pats or slurry on the pastures, in the slur
ry tank or in the bedding material in the house. Regardless of the scenario, C. parvum oocysts are
exposed to a combination of environmental stressors affecting their survival.

1.5.1 Temperature
Temperature is regarded as a key abiotic factor for oocyst survival, with increasing temperature de
creasing the viability of the oocyst (King et al., 2005; Peng et al., 2008). The effect is reported to be
more influential than that of pH (Reinoso et al., 2008). However, Cryptosporidium can be relatively
stable at low to moderate temperatures, remaining infectious for weeks to months at typical surface
water temperatures (Fayer et al., 1998b; Olson et al., 1999). For example, oocyst infectivity in water
can last >24 weeks at 4 °C and 16 24 weeks at 15 °C (Fayer et al., 1998b; Keegan et al., 2008). A study
by Jenkins et al. (2003) indicated that C. parvum oocysts are both viable and infectious for 7 months
when stored in water at 15 °C. In contrast, at elevated temperatures loss of infectivity/inactivation of
oocysts occurs rapidly. The infectivity, measured by cell culture combined with reverse transcription
polymerase chain reaction (RT PCR), of viable C. parvum oocysts suspended in raw surface water is
reduced by 3 log in 120 days at 18 °C, but only 40 days at 26 °C (Johnson et al., 2008a). At tempera
tures above 55 °C, oocysts lose infectivity within minutes (Fayer, 1994). For example, a mouse infec
tivity assay demonstrated complete inactivation of C. parvum oocysts suspended in water after 1 min
at 72 °C (Fayer, 1994). The more rapid loss of oocyst infectivity/viability with increasing temperature
is possibly caused by increased metabolic activity of the oocysts (King et al., 2005), whereby energy
reserves are consumed more rapidly (Fayer et al., 1998b).

While oocysts are sensitive to heat, they can survive short periods of freezing. In two previous stud
ies, a small proportion of oocysts was infective/viable for at least 14 and 32 days at 20 and 22 °C,
respectively, when stored in Hanks balanced salt solution (HBSS) or phosphate buffered saline (PBS)
(Sherwood et al., 1982; Robertson et al., 1992). Oocysts stored in water at 10 °C at seven days, 15 °C
for one day and 20 °C for 5 hours were still infectious to mice, as endogenous developmental stages
were observed (Fayer and Nerad, 1996). However, snap freezing by immersion in liquid nitrogen re
sults in immediate total inactivation of oocysts (Robertson et al., 1992).
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The temperature in dairy slurry is reported to range between 3 °C and 22 °C, even when the ambient
temperature reaches freezing point (Patni and Jui, 1991; Nicholson et al., 2005). This makes condi
tions in slurry optimal for prolonged survival of oocysts. The oocyst survival time in slurry is apparent
ly longer during winter than in summer, because of lower ambient temperatures. The temperature
within heaps of farmyard manure may reach at least 50 °C within 5 days and remain between 50 °C
and 70 °C (within the main body) (Nicholson et al., 2005). This seems to result in short oocyst survival
time.

1.5.2 Ammonia
In Denmark, slurry is usually stored in large tanks, mainly to reduce nitrogen emissions, but also be
cause large storage capacity is needed during wintertime in areas where slurry may not be applied to
soil due to the risk of surface runoff contaminating aquatic recipients. The storage time of slurry de
pends on the crops grown in a particular year, but the average storage time in temperate climates is
about 6 months, with application of slurry to fields during spring and autumn. Long time storage
might efficiently inactivate Cryptosporidium oocysts in the slurry and decrease human exposure and
the risk of disease following application of the slurry to agricultural soil (Vinneras, 2013). Oocyst sur
vival in faeces has received less attention compared with survival in water sources, but the survival
time is reported to differ between different types of stool samples and different types of faeces (Rob
ertson et al., 1992; Jenkins et al., 1999). Faster oocyst inactivation has been reported in faeces and
dung heap material than in water or buffer (Olson et al., 1999; Jenkins et al., 1999). The high ammo
nia concentration occasionally occurring in animal waste may be the reason for the differences in
oocyst survival observed between faeces materials (Whitehead and Raistrick, 1993). Ammonia has
been identified as a significant factor affecting oocyst survival (Ransome et al., 1993; Jenkins et al.,
1998; Reinoso and Becares, 2008). Fayer et al. (1996) demonstrated that oocysts suspended in water
and exposed to one atmosphere of pure ammonia at 21 23 °C for 24 h were non infectious to mice.
Jenkins et al. (1998) used excystation and the vital dye assay to assess the effect of a wide range of
ammonia concentrations (7 148 mM) on oocyst viability and found that 24 h exposure to 60 mM
ammonia inactivated 64.5% oocysts in distilled water at 24 °C and that 99.9% of the oocysts were
inactivated after 10.2 days. The inactivation rate was temperature dependent, taking 55 days at 4 °C
(Jenkins et al., 1998). Ammonia is more influential in the inactivation of C. parvum oocysts than tem
perature and alkalinity measured by fluorogenic vital dye assay (Reinoso et al., 2008). The inactivation
rate is dependent on the ammonia concentration, with a positive correlation between ammonia con
centration and inactivation of C. parvum oocysts after four days at 25 °C in HBSS (Reinoso et al.,
2008). The microbicidal and ovicidal properties of ammonia have also been observed for other mi
croorganisms, both when ammonia is naturally occurring, as in urine, and when different biosolids
are treated with ammonia or ammonia forming additives (Ghiglietti et al., 1997; Park and Diez
Gonzalez, 2003; Vinneras et al., 2003; Ottoson et al., 2008; Nordin et al., 2009).

Ammonia is only toxic in its uncharged form (NH3), while the ammonium ion (NH4
+) is harmless to

most microorganisms (Warren, 1962). The mechanism by which the uncharged NH3 acts on the organ
isms is incompletely understood. The uncharged NH3molecules are small and have a high solubility in
water and in lipids, which facilitate membrane transport by simple diffusion. Therefore, NH3 may
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destroy the membrane potential of cells or denature cell proteins in the membranes and inside the
cell (Vinneras, 2013). However, the effect of NH3 is dependent on pH and temperature, because NH4

+

and NH3 exist in equilibrium in aqueous solution. The relationship between NH3 (aq.) and total am
moniacal nitrogen (TAN = NH3 + NH4

+) in solution is quantified by the dissociation constant, Ka, expo
nentially related to temperature. Consequently, inactivation of pathogens might be further enhanced
by increased ammonia concentration following an increase in temperature.

1.5.3 Other factors
Aside from temperature and ammonia, the physical, chemical and biological properties created by
the weather conditions, soil and animal waste may affect oocyst survival. Solid manure is typically
applied to the soil surface, while slurry is either surface applied or injected into the soil. In Denmark,
approx. 70% of pig slurry is surface applied, while the rest is injected into the soil (Anonymous, 2006).
Oocysts in animal waste spread on the soil surface are more exposed to weather conditions such as
sunlight (UV radiation and desiccation), precipitation and temperature changes compared with oo
cysts added in a soil slit. Oocysts are very sensitive to inactivation by UV C radiation (Rochelle et al.,
2004; Johnson et al., 2005), while sunlight may be the most significant inactivating agent in environ
mental waters. Jenkins et al. (2002) found significant variations in oocyst survival in different soil
types and concluded that soil properties are important for survival. Furthermore, oocysts are particu
larly sensitive to desiccation, which can occur within the faecal matrix because of processing by in
sects such as dung beetles (Ryan et al., 2011) or once oocysts have been washed from the faecal ma
trix into soil. Loss of infectivity through desiccation has been shown to occur within one day, with
oocysts from calf faeces being incapable of establishing an infection in neonatal mice (Anderson,
1986).
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Objectives 

he overall objective of this thesis was to improve current knowledge on the occurrence
of Cryptosporidium species in organic pigs and on the fate of oocysts following manure man
agement and treatment.

To achieve this objective, the thesis was organised into three sub studies with the following specific
objectives:

 To determine the prevalence, intensity and zoonotic potential of Cryptosporidium on three or
ganic pig farms and any season and age related variations in these (Paper I). 

 To compare the leaching of Cryptosporidium parvum oocysts through soil to which raw and sepa
rated liquid pig slurry had been applied (Paper II).

 To determine the inactivation of Cryptosporidium parvum oocysts in cattle slurry with added
aqueous ammonia (Paper III).

A summary of the most important results from Papers I III and their relations to international state
of the art research are described in chapter 3. Only results concerning Cryptosporidium species are
described although Giardia was included in Paper I, and Escherichia coli and enterococci in Paper III.
Chapter 4 presents conclusions and perspectives for further research within the subject, and chapter
5 lists references cited in the thesis while sources cited in Papers I III are listed at the end of each
paper. Papers I III are listed below.

T
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CHAPTER 2 

METHODOLOGY 
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Materials and methods 

his chapter briefly describes the parasitological methods used in this thesis, supplemented
with a short explanation of why these methods were chosen and a description of methods
unsuccessfully tried. Detailed descriptions and sample size determinations are outlined in the
methods section in the respective papers enclosed in Chapter 6. The theories behind the

molecular techniques are only described briefly, as this topic lay outside the scope of the thesis and
the molecular typing and phylogenetic analyses were performed by co authors of the manuscripts.
Lastly, only methods concerning Cryptosporidium are described.

2.1 Study design

Animal waste is the common subject in Papers I III (enclosed in Chapter 6). Paper I deals with animal
waste in the form of rectal faeces samples collected from organic pigs, while Papers II and III concern
slurry from conventionally reared pigs and dairy cattle, respectively.

2.1.1 Study I
In Paper I, rectal faecal samples were obtained from pigs housed on three Danish organic farms with
good health status and without notable disease problems, but with previously confirmed Cryptospor
idium infections (characterised in Table 5). These samples were taken in four quarterly intervals from
sows, fatteners, starter pigs and piglets. We aimed at collecting 960 faecal samples, equalling the
collection of 20 samples per age group, farm and sampling season. Unfortunately, this was occasion
ally unobtainable and resulted in 856 samples collected from 240 sows, 230 fatteners, 234 starter
pigs and 152 piglets for assessment of seasonal and age related variations in the prevalence and in
fection intensity of Cryptosporidium, evaluate the zoonotic potential and uncover correlations be
tween species/genotypes and infection intensity.

The original aim was to follow individual pigs in relation to specific pens/pastures, compare manage
ment factors on the farms against parasite prevalence and infection intensity and assess pathogen
survival in soil and bedding material. However, the pigs were moved between pens, and pasture rota

T
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tion was carried out on the farms, and we could not be certain that pigs were present on the selected
pens or fields during the whole study. Consequently, we opted for a study design presenting a snap
shot of Cryptosporidium epidemiology in four age groups on three organic pig farms in Denmark.

To ensure the faecal samples were fresh, unaffected by environmental conditions and not contami
nated with oocysts from the surroundings, rectal samples were the obvious choice. Occasionally, rec
tal sampling is difficult because the pigs are manually caught and fixated during sampling, while small
pens/pastures and domesticated pigs ease the sampling process. As the piglets were kept on large
pasture areas and were minimally domesticated, they were not catchable and faeces samples were
therefore collected from the ground immediately after defecation.

Detailed characteristics of the three study farms included in Paper I are presented in Table 5. These
three farms represent examples of commercial organic Danish pig herds.

2.1.2 Study II
The study described in Paper II was performed using 20 cm high and 20 cm wide intact soil columns
collected from a Danish agricultural field. In a laboratory setup, these soil columns were exposed to
artificial precipitation events. Two types of pig slurry were either applied on the surface of the soil
(Fig. 6A) or injected into slits in the soil (Fig. 6B).

A B

Figure 6. Schematic illustration of intact soil columns with slurry spiked with
A) applied on the surface or B) injected into slits in the soil.

The aim of the study was to compare the leaching pattern of oocysts from two pig slurry types follow
ing soil application. In such experiments, oocyst quantity and viability in the slurry should be known
beforehand, should be relatively equal and high enough for countable oocysts to leach. These condi
tions were not naturally fulfilled in the pig slurries used in Paper II, so the slurry was spiked with C. 
parvum oocysts from a batch of known quantity and viability before soil application. Although C. par
vum is only occasionally observed in pigs, this species was chosen because: 1) it is easily available

Area where slurry
was surface applied

17 cm

20 cm

2 cm

4 cm

Area where slurry
was injected

10 cm

20 cm

10 cm
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from naturally infected cattle near the University of Copenhagen; and 2) it is zoonotic and highly
infective to humans and avoiding water contamination with this species is of special interest. The
study was funded by the PATHOS project, which was studying how manure management influences
pathogen leaching through intact soil. Hence, sources of pig slurry were chosen beforehand. When
this Ph.D. study began, on 1 March 2010, the PATHOS project was already underway and the study
described in Paper II was more or less planned and ready to begin. For that reason, sampling of oo
cysts had to begin immediately, with the Cryptosporidium contaminated faecal samples used for spik
ing collected from the farm on 4 March. Consequently, sampling was rushed and the technique was
more or less learned by doing.

A fuller understanding of oocyst leaching through soil following slurry application could have been
gained by adding additional soil columns with liquid slurry applied on the surface, or with oocysts
applied directly to the soil surface or injected (without slurry). The leaching pattern of oocysts from
these soil columns would have supplied more information on the role of organic matter in retaining
the oocysts at the soil surface. The experiment described in Paper II was conducted at 10 °C to simu
late the field temperature usually observed in northern Europe during spring manure application. For
all irrigated columns, an initial 1 week delay between slurry application and the first rain event was
chosen to simulate conditions in the field, where slurry is typically applied during a dry spell in spring,
followed by three additional weekly irrigation events to simulate rainfall after slurry application.
Equal volumes of artificial rain were applied to all irrigated columns, to study if slurry placement and
organic content affected oocyst leaching. To assess when leaching of oocysts stopped, additional
weekly samplings were preferable, but was not possible due to time limitations.

A non reactive chemical tracer was added to the slurry prior to soil application to assess how water
moved in the soil columns. Information of water and tracer movement in soil is important because
water movement is the main positive driving force for the transport of contaminants. The movement
of oocysts and water can then be compared. A non reactive tracer was chosen to assess this because
almost all of the constituents/contaminants studied by the other project participants were reactive
(Amin et al., 2013), i.e. chemically and/or biologically active so they usually do not move similarly as
water in soil and cannot be used to calculate the general transport parameter. The tracer was collect
ed in the leachate and measured.

2.1.3 Study III
The original intention was to conduct a third study in which the fate of oocysts in separated pig slurry
was compared with that in raw pig slurry. In collaboration with two colleagues, a laboratory setup
studying oocyst inactivation and helminth eggs and bacterial indicator survival in raw pig slurry and
the liquid fraction of separated slurry incubated at 4 °C and 20 °C was established. Regular sampling
was conducted for 16 weeks and two mice infectivity assays were used to substantiate the results
obtained by the vital dye assay. Unfortunately, an initial high number of dead oocysts in the batch
used for spiking and large variations between replicate samples resulted in inapplicable results and
the study had to be abandoned. As a replacement, a study investigating whether aqueous (aq.) am
monia (25% NH3 by weight) added to pig slurry affects C. suis and/or C. scrofarum oocyst inactivation
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over time and whether the results differ between raw slurry and the liquid fraction of separated slur
ry was planned. Slurry for the study was collected from the same farm supplying slurry to the study
described in Paper II. Unfortunately, faeces samples collected on two occasions did not contain
enough oocysts to form a batch for spiking, even though the starter pig and piglet samples were from
a farm where pigs were previously found to be highly infected (Paper I). The design was modified and
a study examining whether raw cattle slurry with added aq. ammonia affected C. parvum oocyst inac
tivation over time was conducted (Paper III). In contrast to pigs, cattle are well known natural hosts of
the zoonotic C. parvum (e.g. Langkjaer et al., 2007), making cattle slurry a suitable choice. The oocyst
quantity in slurry was irrelevant in Paper III, but knowledge of oocyst viability prior to adding ammo
nia was essential to determine whether oocysts was inactivated over time after addition of aq. am
monia. The count of oocysts naturally present in the collected slurry batch was 8 oocysts L 1, which
was too small a volume to fulfil the aim of the study. Hence, the slurry was spiked with oocysts from a
batch of freshly purified oocysts from naturally infected 1 to 3 week old calves from the dairy farm
where the slurry was collected. Since cattle slurry is rarely separated in practice, the liquid fraction of
slurry was excluded from the study.

In this study, the aim was to investigate if an increase in uncharged ammonia (NH3) concentration
increased the inactivation of oocysts as previous observed in distilled water and HBSS (Jenkins et al.,
1998; Reinoso et al., 2008). Moreover, we wanted to assess whether the effectiveness of uncharged
NH3 changes with temperatures as reported elsewhere for oocysts and bacteria (Jenkins et al., 1998;
Vinneras et al., 2008). Therefore, we attempted to adjust the aq. ammonia concentration added to
slurry to achieve the same uncharged NH3 concentration regardless of incubation temperatures. As
ammonia is only toxic in its uncharged/free form (NH3) we were mostly interested in assessing that
form. Uncharged NH3 and ionized ammonia (NH4

+) represent two forms of inorganic nitrogen which
exist in equilibrium depending upon the pH and temperature of the solution of which the exist. At
each sampling time, the pH was lowered in the slurry to enable storage and later measurement of
ammonia. When the study was over, the concentration of uncharged NH3 in each individual tube was
calculated based on the measured total ammonium (TAN), pH and incubation temperature. As the
concentration of uncharged NH3 depends on pH and temperatures, different volumes of aq. ammonia
were added to slurry depending on the incubation temperature. Thus, the volume of aq. ammonia
added to reach a final uncharged NH3 concentration of approx. 60 mM was 125 μL (4°C), 100 μL
(10°C), or 88 μL (20°C) in 10 mL cattle slurry stored in a closed container at 4, 10 or 20 °C, respective
ly. This volume corresponded to uncharged NH3 concentrations of 67, 64 and 57 mM, respectively.

2.2 Screening of faeces samples

Papers I III involved direct screening of faeces samples to identify Cryptosporidium positive animals.
There are several methods currently available for direct screening of oocysts in faeces, including
staining. For screening of faeces samples simply to identify high oocyst excreting, Cryptosporidium
positive animals with the purpose of purifying the oocysts to form a batch of known quantity and
viability (Papers II and III), the modified Ziehl Neelsen staining technique (MZN) was applied. For
screening of faeces samples and simultaneous determination of Cryptosporidium infection intensity
(Paper I), a fluorescent labelled antibody assay (IFA) was applied.
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The MZN technique is one of many available for direct detection of oocysts in faecal smears (Henrik
sen and Pohlenz, 1981). The technique relies on oocyst staining with Carbol Fuchsin, followed by
destaining with acid alcohol and then background staining with malachite green. Certain bacteria,
protozoa and fungal yeasts are resistant to decolourisation by acids because the acid is more soluble
in the cell wall lipids than in the acid alcohol, a characteristic referred to as acid fastness. Conse
quently, acid fast microorganisms retain the initial red colour of the dye and appear clearly visible
against a green/brown/blue background (Fig. 7).

Figure 7. oocysts appearing as red against a blue background following
modified Ziehl Neelsen staining.

The method has several disadvantages, including low sensitivity depending on size of the smear, fae
ces consistency and the volume examined. The low sensitivity is exemplified by lower prevalence in
pig studies screening samples by MZN (Yu and Seo, 2004; Suarez Luengas et al., 2007; Maurya et al.,
2013; Nguyen et al., 2013) than pig studies screening samples by IFA (Maddox Hyttel et al., 2006;
Hamnes et al., 2007; Yui et al., 2014). Furthermore, variations in faeces consistency can influence the
ease of detection; oocysts are more easily detected in samples originating from watery diarrhoeal
specimens than from formed stool specimens (Weber et al., 1992). As a methodological disad
vantage, oocysts may stain inconsistently with some oocysts, only staining partially. Another disad
vantage is unspecific staining, as some fungal yeast forms are acid fast and can be mistaken for oo
cysts. However, the method is readily available in our laboratory and is relatively fast, inexpensive and
sufficiently sensitive to identify high oocyst excreting animals. Therefore, MZN was the method of
choice to identify high oocyst excreting calves in Paper II and III.

The IFA technique relies on the binding of a single fluorophore labelled mouse monoclonal antibody
directed against a dimeric 70 kDa/140 kDa protein in the outer oocyst wall. This allows oocyst visuali
sation by fluorescence microscopy. According to the manufacturer’s information, the targeted proba
ble genus specific antigen is a very stable structural protein with multiple repeating epitopes. The
monoclonal antibodies used in our laboratory were labelled with FITC, so that oocysts would fluores
cence bright green when examined with a maximum excitation wavelength of 490 nm and a mean
emission wavelength of 530 nm (Fig. 8).
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A B

Figure 8. oocysts displaying bright green fluorescence following incubation
with anti fluorescein isothiocyanate (FITC) labelled antibody mix (Crypto Cell IF test,
Cellabs, Australia) and displayed at: A) 400x magnification and B) 200x magnification at a maximum
excitation wavelength of 490 nm and a mean emission wavelength of 530 nm.

The advantages of IFA include high specificity, the ability to increase the sensitivity by subsequent
concentration of oocysts (e.g. 97%) (Chalmers et al., 2011b), screening of a large sample volume,
ease of performance and simultaneous screening for Giardia cysts. However, the IFA specificity is
based on the specificity of the monoclonal antibody antigen reaction. Occasionally, environmental
samples can present non specific bindings, resulting in staining of particles/organisms other than
oocysts. Moreover, distinguishing Cryptosporidium oocysts from autofluorescent spores and yeast
cells of identical size may be difficult (Bialek et al., 2002). However, oocysts can most often be identi
fied by their size and shape. The disadvantages of IFA include high costs, requirement of a fluorescent
microscope, time consuming work and the fact that it is impossible to discriminate between Cryptos
poridium species/genotypes.

The IFA technique was chosen over MZN in Paper I to increase the sensitivity of the screening, to
improve the probability of detecting low excreting pigs and because we wanted to screen the faecal
samples for Giardia cyst simultaneously with Cryptosporidium oocysts. The IFA proved preferable
following concentration when assessing infection intensity simultaneously with screening of Cryptos
poridium positive animals, because a larger volume of faeces can be examined than with MZN and
faecal debris can be removed to facilitate counting. How time consuming the method is depends on
the numbers of oocysts present. Enumerating oocysts following purification relies on fixing the sam
ple on a microscope well slide prior to labelling with FITC monoclonal antibodies and examination by
epifluorescence microscopy. In the present thesis, microscopic examination of each sample required
approximately 15 20 min, with the time required increasing with number of oocysts present. Manual
examination with magnification of x200 is routinely used because samples can be analysed faster
than at higher magnification. However, some oocysts do not stain efficiently and consequently can be
difficult to detect at low magnification, so lower recovery rate is expected.



44

The theoretical detection limit for oocyst enumeration by IFA in Paper I was 200 OPG, corresponding
to 1 oocyst counted in 10 L of an initial 2 mL processed suspension. However, a higher detection
limit would have been preferable to increase the sensitivity of the method. This could have been
achieved simply by assessing a larger sample volume, as the slides used in our laboratory can hold up
to 100 μL sample volume. However, a considerable amount of faecal debris remained in these sam
ples subsequent to purification, so a larger sample volume would increase the interfering debris and
lower the readability of the sample. This could be circumvented by applying another purification
technique (described in section 2.3). Thus, samples were considered below the detection limit (<0
OPG), rather than Cryptosporidium negative, when no countable oocysts were present.

2.3 Concentration and purification of oocysts

As mentioned above, the sensitivity of IFA can be increased by concentration of the oocysts. Concen
tration of oocysts enables analysis of a larger sample volume, concomitantly with separation from
interfering debris (purification). Various methods are available for concentration and purification of
oocysts from faeces, but a feature in common for all these methods is that oocysts can be lost in the
subsequent concentration procedure and cause a false lower number of oocysts. However, this can
be circumvented by calculating the recovery efficiency of the concentration procedure by spiking
studies. The technique employed should be selected after consideration of the type of study being
done and type of faeces. However, in practice this decision is usually based on other factors, such as
equipment available, cost or familiarity.

In this thesis, an IMS technique was generally used to concentrate and purify oocysts upon accessing
viability/inactivation (Papers II and III). The IMS technique selectively isolates oocysts from all the
background debris, considerably improving the readability of the sample following staining by IFA.

The principle underpinning the IMS method is surface exposed Cryptosporidium oocyst epitopes
binding to magnetic beads coated with monoclonal antibodies. In our laboratory, we use Dynabeads®
(Life technologies, Denmark); uniform, monodisperse, 2.8 μm beads with purified antibodies against
Cryptosporidium oocysts covalently bound to the surface.

A B C

Figure 9. A) Leighton 10 (L10) tube containing a magnetic bead oocyst complex sample and placed in a
magnet; B) Eppendorf tube containing a magnetic bead oocyst complex sample without debris; C)
Eppendorf tube containing a magnetic bead complex captured by a magnet while the oocysts are free
in the suspension.
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The bead oocyst complex is concentrated by applying magnetic force from a permanent magnet,
attracting the bead oocyst complex to the side of a Leighton 10 tube (L10) (Fig. 9A), whilst the sus
pension holding the faecal debris is discarded. A buffer is then added, the bead oocyst complex sus
pension is transferred to a 1.5 mL eppendorf tube (Fig 9B). Here, oocysts are dissociated from the
beads by adding 0.1N hydrochloric acid (HCl), vortexed and the magnetic beads are captured with a
permanent magnet (Fig 9C), liberating a clean and concentrated oocyst suspension that can be trans
ferred to a new tube.

The recovery efficiency of IMS can vary depending on the dirtiness of the sample, with increasing
dirtiness (turbidity) decreasing the efficiency of the method and depends on the commercial kit used
(Bukhari et al., 1998; Rochelle et al., 1999). Therefore, to determine the recovery efficiency in a par
ticular sample, spiking studies are generally essential. Unfortunately, no additional leachate was
available from soil columns in Paper II and a spiking study was not performed with leachate. However,
the mean turbidity of the leachate was 4.1 nephelometric turbidity units (NTU), only marginally high
er than in MQ water (1.2 NTU) and, in the absence of a better medium, a spiking study including four
replicate MQ water samples spiked with 159 ± 41 oocysts was performed. This gave a recovery effi
ciency of 74.7% for the IMS method on low turbidity water (results not shown in Paper II). This recov
ery rate is similar to 70.1% reported in water with a turbidity of 3.0 NTU (Yao Yu Feng et al., 2003). In
Paper II, only 50 mL of approx. 1 L leachate was examined by IMS, giving a theoretical detection limit
of 20 oocysts L 1. The whole leachate volume should preferably be examined to increase the sensitivi
ty of the method and to obtain a realistic result of the oocyst volume leached. However, this was not
possible because leachate was distributed among the other study participants for other evaluations.
The main advantage of IMS separation is the possibility to concentrate few oocysts from a large sam
ple volume because it specifically captures the oocysts from the bulk materials, removes inhibitory
substances from the sample and produce a very clean oocyst suspension useful for assessing oocyst
viability/inactivation by e.g. inclusion and exclusion of vital dyes. However, the commercially available
products are expensive and IMS was only used prior to assessing oocyst viability/inactivation in this
thesis.

Oocyst concentration and purification in samples prior to oocyst enumeration were achieved by flota
tion techniques or density gradient centrifugation. Both techniques can be modified in various ways
for particular laboratory purposes. The flotation technique involves the use of a liquid suspension
denser than the oocysts concentrated and can, among other, include sucrose or saturated salt and
sucrose. Hence, the samples are underlayered with the suspensions or placed on top of the suspen
sion and centrifuged. Oocysts can then be collected from the top layer of the sample. The method of
choice in this thesis differed between the studies. In Paper I, the oocysts were concentrated from
individual faeces samples by a method utilised as a standard in our laboratory and described by Mad
dox Hyttel et al. (2006) which utilised a saturated salt and sucrose suspension (flotation fluid). In
Paper III, a slight modification of this method was utilised to concentrate oocysts from a large volume
of faeces (the method described by Maddox Hyttel et al. (2006) involves only 2 g faeces) to form a
batch for spiking. In general, the method involved sample homogenisation and filtration followed by
concentration by saturated salt and sucrose solution (flotation fluid), with a final specific gravity of
1.13 g mL 1 and centrifugation at 53 × g.
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Oocysts were recovered from soil samples in Paper II by another modification of the flotation tech
nique utilised as a standard in our laboratory to concentrate oocysts from slurry, followed by IMS.
This method differed from that in Paper I by omitting the initial filtration step, as no large particles
like straw were present in the soil. Moreover, centrifugation after adding flotation fluid was per
formed at 350 × g. The sample volume was equalised by enumerating oocysts in 0.1% dry soil content
from each soil sample. This was done because the different water content in irrigated and non
irrigated soil columns would have caused fewer soil particles in e.g. 2 g raw soil sample in the irrigat
ed soil compared with non irrigated soil. The 0.1% dry soil content represented 1.0–5.2 g soil from a
soil section weighing 1023–5389 g. An initial pilot study with five replicate 2 g soil samples spiked
with 1.8 x 105 ± 2.3 x 104 oocysts revealed a recovery efficiency of 40%. The concentration of oocysts
by flotation prior to IMS was seemingly unnecessary and might have caused lower recovery efficien
cy. However, some of the soil samples consisted of 0.5 mL packed pellets (the maximum sample
volume recommended by the manufacturer), so we opted to concentrate the oocysts by flotation
first. Alternatively, the sample could have been split into several samples, but this would have in
creased the cost of the study substantially.

Figure 10. Concentration of oocysts
by the Percoll™ gradient method where three different
density suspensions, 1.09, 1.05 and 1.01 g mL 1 are
underlayered the oocysts containing sample. The picture
shows the sample following 10 min centrifugation at 1540 × .
oocysts were oocysts can be collected between the
1.09 and 1.05 g mL 1 Percoll™ layers (black arrow).

In Paper II, oocysts from faeces of three high excreting calves were concentrated by a modification of
a Percoll™ gradient centrifugation method previously described by Kuczynska and Shelton (1999b).
This method involved sample homogenisation and filtration followed by concentration utilising three
different density suspensions, i.e. 1.09, 1.05 and 1.01 g mL 1. The three Percoll™ suspensions under
layered the faeces sample containing oocysts, resulting in sharp interfaces between the layers. The
tube was centrifuged at 1540 × g for 10 min forming distinct bands and a pellet in the bottom (Fig.
10). In addition to centrifugation, oocysts were collected between the 1.09 and 1.05 g mL 1 Percoll™
layers (Fig. 10, arrow).

1.09 g mL
1 

1.03 g mL
1 

1.05 g mL
1 
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The oocysts concentrated by Percoll™ gradient centrifugation originated from young calves with a
large amount of fat in the faeces. Therefore, the method of choice had to remove fat efficiently.
Moreover, the oocysts concentrated were intended for an oocyst batch (stock solution) for later spik
ing of slurry. Thus, the recovery rate was less important, while a relatively clean oocyst suspension
was required. Personal observation showed that the requirements were fulfilled satisfactorily by the
Percoll™ gradient centrifugation method. However, other methods are commonly used to concen
trate and purify oocysts from faeces, including diethyl ether sedimentation (Entrala et al., 2000), cae
sium chloride (e.g. Fayer et al., 2006) or ethyl acetate sedimentation (Weber et al., 1992) and these
methods might have removed fat more efficiently. However, ether is highly explosive and necessitates
the use of a safety hood and a cooling centrifuge to prevent explosions, and ethyl acetate is flamma
ble and precautions should be taken against static discharges.

Although these procedures result in separation of oocysts from background debris, the degree of
clarification can be highly variable and the remaining volume of debris can be large and interfere with
oocyst detection, complicate enumeration and may allow for a lower sample volume for microscopic
examination. Moreover, oocysts tend to clump, causing difficulties with enumeration.

In general, oocysts in liquid faeces such as watery diarrhoea concentrate better than those in formed
and semi formed samples, whilst oocysts from very young calves are problematic to concentrate be
cause of the fat content. In all cases, the faeces should be thoroughly mixed by vortexing with MQ
water or 0.01% Tween to destroy potential oocyst debris aggregates prior to adding the flotation
suspension or Percoll. The flotation procedures can yield very variable oocyst recoveries between
replicates depending on parameters such as spike dose and remaining debris and the recovery effi
ciency can be low. For example, Fricker and Crabb, (1998) found that recovery rates obtained with
sucrose flotation varied from 11 to 56%.

The physical and biochemical properties of oocysts differ according to oocyst viability and age, poten
tially decreasing the recovery rate. For example, Young and Komisar (2005) found that in a population
of oocysts primarily consisting of viable oocysts, the density was 1.077–1.108 g mL 1, while the oocyst
density in a population consisting primarily of intact non viable oocysts was 1.024–1.041 g mL 1 and in
a population consisting primarily of non intact oocysts, it was 1.005–1.024 g mL 1. These differences
in density between viable, non viable and morphologically degenerated oocysts might be problematic
depending on the oocyst concentration and purification purpose. In the Percoll gradient centrifuga
tion assay, where oocysts are typically collected between 1.05 g mL 1 and 1.09 g mL 1, fractions of
viable oocysts and non viable oocysts may not be collected. If the purpose is to study inactivation of
oocysts, this method will select for viable oocysts and give a false high viability. The density of the
saturated saline with glucose (flotation fluid) used in our laboratory is 1.13 g mL 1 and this appears to
be unproblematic.

2.4 Assessing oocyst inactivation

Papers II and III included assessment of oocyst inactivation following storage in slurry. In general, the
aim was to compare the extent to which some stressors associated with manure management affect
ed oocyst inactivation.
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The term oocyst inactivation or inactivation rate (sometimes referred to as oocyst survival) is widely
used in the literature and covers oocyst degradation pattern and die off rate following some kind of
treatment. Inactive oocysts are defined as non functional or dead, since the biological activity is de
stroyed. However, both live and dead oocysts fluorescently react with antibodies utilised by IFA, while
simple enumeration of visible oocysts gives an incorrect result for live oocysts. Hence, additional as
says are required to discriminate between living and dead oocysts. Several assays are available for
measurement of oocyst inactivation, including tests of oocyst viability, infectivity and excystability.

The correlation between viability, infectivity and excystability has been discussed extensively in the
literature, with conflicting results. The surrogacy of Cryptosporidium viability for infectivity has histor
ically been used and while several studies have proven this assumption invalid, others have demon
strated the utility of oocyst viability assessment to determine oocyst inactivation rates (e.g. Jenkins et 
al., 1997).

In general, a viable organism is an intact organism, capable of metabolic activity such as reproducing
or maintaining itself. Therefore, measures of oocyst viability specify that oocysts are alive and provide
indicators of cell health, such as membrane integrity or enzyme activity (Robertson and Gierde,
2007). However, oocyst viability might not correlate with infectivity, since viable oocysts can be non
infective. The infective oocyst is capable of excystation; the process whereby the oocyst wall opens
along a suture and releases four sporozoites, which subsequently initiates infection by invading the
host epithelial cells. However, some viable oocysts might not excyst or the excystated sporozoites
might be incapable of invading the host cells or initiating multiplication within the cells. Accordingly,
the oocysts excystability and the ability of the excysted sporozoites to invade and multiply within the
epithelial cells are the decisive factors that determine oocyst infectivity. Obviously, infective oocysts
are always viable. Conversely, a non viable oocyst is always non infective (Robertson and Gierde,
2007).

In this thesis, oocyst inactivation was determined by assessing oocyst wall permeability by the inclu
sion/exclusion of vital dyes. As the studies involved compared the effect of various treatments on
oocyst inactivation, infectivity was of minor importance. A series of 27 fluorogenic dyes have been
assessed (Campbell et al., 1992a) to determine whether their inclusion or exclusion correlated with
viability as assessed by in vitro excystation. Of these dyes, simultaneous dual labelling with 4',6
diamidino 2 phenylindole (DAPI) and propidium iodide (PI) are currently the most widely used dyes.
Propidium iodide is a florescent molecule commonly used to assess the DNA content in live and dead
cells. Propidium iodide binds between the nucleotide bases in DNA with a stoichiometry of one dye
per 4 5 base pairs of DNA (can bind to RNA). PI is membrane impermeable and generally excluded
from viable cells, and hence as a counterstain to DAPI it identifies dead cells appearing red
fluorescent at an excitation maximum of 535 nm and an emission maximum of 617 nm (Fig. 11A). The
DAPI stain is a nucleus and chromosome counterstain, emitting blue fluorescence upon binding to AT
regions of DNA (particularly double stranded DNA). The dye is cell permeable and capable of passing
through intact cell membranes of both live and dead oocysts. As a result, the nucleus of each sporo
zoite is stained and appears with a characteristic sky blue fluorescence visualised under UV filter
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block with an ultraviolet light absorption maximum of 358 nm and an emission maximum of 461 nm
(Fig. 11B).

A B

Figure 11. Fluorescence microscope image of oocysts concentrated from
cattle slurry and stained with A) 4',6 diamidino 2 phenylindole (DAPI) and B) propidium iodide (PI).

The result of the inclusion/exclusion of the vital dyes is generally presented as four different oocyst
categories based on oocyst wall permeability to the dyes and the internal structure of the oocysts;
semipermeable (viable), permeable (non viable), impermeable (non staining intact oocysts (viable))
and “ghost” (empty oocyst shells) oocysts. Oocysts are characterised as semipermeable only if they
include DAPI (DAPI positive (DAPI+)) and exclude PI (PI negative (PI )), while permeable oocysts are
those including both dyes (DAPI positive (DAPI+) and PI positive (PI+)). Oocysts excluding both dyes
are characterised as impermeable (DAPI negative (DAPI ) and PI negative (PI )), while “ghosts” are
oocysts shells without contents determined by light microscopy.

Semipermeable (DAPI+ PI ) oocysts are considered viable (alive) because they have an intact wall
membrane and contain sporozoites. Permeable (DAPI+ PI+) oocysts are considered non viable (dead)
as they stain with PI, demonstrating lack of cell integrity with a disrupted or broken cell wall mem
brane, whilst they exhibit a diffuse DAPI staining pattern throughout the cytoplasm, indicating nucle
ar disintegration. Impermeable oocysts (DAPI PI ) are considered living because they contain sporo
zoites, although the exclude both dyes, and a pre treatment procedure has shown that they can be
converted to semipermeable oocysts (DAPI+ PI ) (Campbell et al., 1992b; Robertson et al., 1993).
“Ghosts” do not stain with either dye because they are empty oocyst shells without contents due to
either excystation or degradation, whereas the dye has nothing to bind to. “Ghosts” are differentiated
from impermeable oocysts by light microscopy, being nonrefractile apart from the residual body
(Campbell et al., 1992b). Impermeable oocysts appear morphologically intact and with internal fea
tures such as sporozoites and nuclei (Campbell et al., 1992b; Grimason et al., 1994). However, oocyst
contents can be masked by organic debris present in environmental samples, rendering identification
by light microscopy impossible (Grimason et al., 1994).

The proportion of impermeable oocysts (DAPI PI ) can be minimised by pre treatment of oocysts
(e.g. incubation with acidified HBSS for 1 h at 37 °C) prior to incubation with DAPI and PI. This pre
treatment process renders the wall of impermeable oocysts permeable to DAPI. Campbell et al.
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(1992b) demonstrated that a relatively low proportion of oocysts stored in a HBSS suspension, which
had not been acidified, was semipermeable (11.1%), while 60.3% were impermeable. Of oocysts from
the same oocyst batch pre treated with acidified HBSS, only 5.3% were impermeable and 64.0% were
semipermeable. Hence, since both semipermeable and impermeable oocysts are considered viable,
PI alone is the indicator of viability and DAPI provides no information on oocyst viability, although it
may provide some information on the permeability of the oocyst wall (Robertson et al., 1998).

In this thesis, neither of the studies investigating oocysts inactivation (Paper II and III) differentiated
between “ghosts” and impermeable oocysts. Thus, these two oocyst types were combined into one
category entitled DAPI PI . This term (DAPI PI ) will be used throughout this thesis when referring to
the undifferentiated oocysts neither DAPI+ nor PI+.

In paper II, upon request by the reviewers, oocysts categorised as DAPI PI was considered viable.
However, in the original manuscript we stated that only DAPI+ PI oocysts were considered viable,
and that DAPI PI was considered as an additional category with uncertain viability status, as a con
servative measure of infectivity.

Disadvantages of assessing oocyst inactivation by inclusion/exclusion of vital dyes include manual
microscopy assessment of oocyst wall permeability, why the reliability of the assay depends on the
competency of the operator and is consequently open to error. The microscopic analysis requires a
high degree of operator skill, judgement and accuracy to avoid errors associated with misidentifica
tion. Interpretation of DAPI can occasionally be difficult because only those oocysts in which the nu
clei of 1 4 sporozoites stain are considered viable, whilst oocysts exhibiting a diffuse blue staining
pattern throughout the cytoplasm are considered non viable due to nuclear disintegration. The PI
staining varies from distinct points of intense fluorescence corresponding to the locations of sporozo
ite nuclei to the whole oocysts fluorescing bright red.

In Paper II and III, in vitro excystation could alternatively have been used to document oocysts inacti
vation. A strong positive correlation between viable oocysts and in vitro excystation of oocysts has
been demonstrated previous (e.g. Campbell et al., 1992b; Robertson et al., 1993; Black et al., 1996).
However, this strong correlation only occurs if oocysts have been subjected to an acid pre treatment
(Robertson et al., 1993). In a study exposing oocysts to ammonia, discrepancies in oocyst inactivation
rate were observed between the in vitro excystation assay and the vital dye assay (Jenkins et al.,
1998). Moreover, Jenkins et al. (1997) found that the proportion of excystable oocysts was consistent
ly lower than the proportion of viable oocysts. However, in that study, acid pre treatment was only
used for oocysts to be excysted and apparently not for those subjected to the vital dye assay and
viable oocysts were a combination of semipermeable and impermeable oocysts (ghosts not includ
ed). In other studies, the vital dye assay has been shown to overestimate the viability after chemical
inactivation when compared with infectivity in mice (Black et al., 1996). Further studies comparing
the oocyst inactivation as assess by the vital dye assay with mouse infectivity when assessing the
effect of chemical disinfectants and ozone found that the vital dye assay could not reliably predict
inactivation (Finch et al., 1993; Black et al., 1996; Bukhari et al., 2000).
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Inactivation of oocysts in Paper II could have been assessed by infectivity assay, since the study aimed
at assessing whether leached oocysts constitute a public health risk. Oocyst infectivity can be as
sessed directly by in vivo animal infectivity assays and in vitro cell culture. The neonatal mouse model
is the most extensively used animal infectivity assay (e.g. Finch et al., 1993; Bukhari et al., 2000; Ro
chelle et al., 2002) and infectivity in mice is generally considered the “gold standard” for measuring C. 
parvum infectivity, and is widely used for assessing C. parvum infectivity in disinfection studies. Varies
other animals have commonly been used for C. parvum infectivity assays, including hamsters, ma
caques, pigs, lambs, opossums, adult mice and even humans. However, the use of animals in scien
tific research raises ethical concerns, requires a licence and is expensive (Neumann et al., 2000). An
other disadvantage is that the animal model remains poorly suited for routine monitoring of oocyst
infectivity, e.g. in water testing facilities. Consequently, infectivity assays based on in vitro cell culture
have been developed to circumvent many of the disadvantages of animal based assays. A variety of
cell culture based methods are available to study the infectivity of C. parvum, and several cell models
are capable of supporting the growth of Cryptosporidium (Current and Haynes, 1984). Prior to cell
infection, in vitro oocyst excystation is performed and the suspension containing excysted sporozoites
is inoculated into cell culture and the sporozoites ability to invade cultured monolayer cells can be
detected and quantified by varies methods, such as immunofluorescence. Since excystation is used as
a method for obtaining infectious sporozoites, limitations in the excystation procedure determine the
sensitivity of the assay. For example, oocysts that do not excyst but are infectious remain undetected
by these assays. The preparation technique required for oocysts prior to addition to cell cultures may
adversely affect oocyst viability/infectivity (Neumann et al., 2000).

Assessing oocyst inactivation by inclusion/exclusion of vital dyes is cheap and a relatively fast method
and DAPI/PI are readily available in our laboratory. Moreover, assessing oocyst inactivation by inclu
sion/exclusion of vital dyes was the method of choice in Paper III because the infectivity of the oo
cysts was of minor importance. The initial aim in Paper III was to verify whether the estimated time of
10.2 days to reach 99.9% oocyst inactivation at an ammonia concentration of 60 mM accomplished
by Jenkins et al. (1998) in distilled water was achievable in slurry by adding aq. ammonia. Therefore,
oocysts in Paper III were expected to inactivate rapidly and the initial intention was to focus on the
non viable oocysts (DAPI+ PI+). The use of inclusion/exclusion of the vital dyes was therefore a suita
ble choice, as it enabled quantification of oocysts at single oocyst level. We attempted to assess oo
cyst inactivation without purification by IMS, because the cost is high. By lowering the cost of the
study by omitting IMS, more replicate samples could be included. However, the first sampling round
showed that omitting IMS was impossible, as too much background debris was present in the sam
ples, although this approach had been tested in a pilot study prior to start of the experiment. There
fore, the study was restarted with the oocysts isolated from the slurry by IMS. The intention was to
include five replicate samples, but enumeration of oocysts currently involves lengthy, tedious manual
counting using a standard fluorescence microscope, so replicates was reduced to three owing to time
restrictions. With hindsight, more replicates and a longer interval between sampling days would have
been optimal. Acid pre treatment was not included in Paper III because apparently only the wall
permeability of the impermeable oocysts (non staining intact oocysts) was affected (Campbell et al.,
1992b; Robertson et al., 1993) and because I was ignorant of the importance.
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An alternative to the vital dye assay is fluorescence in situ hybridisation (FISH) (Vesey et al., 1998;
Deere et al., 1998). The FISH technique employs fluorescently labelled oligodeoxynucleotide probes
designed to hybridise with specific sequences targeted to intracellular 18S ribosomal RNA (rRNA) of
Cryptosporidium. Molecules of rRNA are ideal targets because high sensitivity can be achieved due to
potentially high numbers of the target. Moreover, rRNA is degraded by RNase and is short lived. Ac
cordingly, this technique is based on the theory that rRNA breakdown following cell death, why it is
only present in high copies in viable or recently viable oocysts (Vesey et al., 1998). Moreover, dead
oocysts are hypothesised to stay unstained because loss of viability is linked with breakdown of
membrane integrity, followed by rapid RNA degradation (Vesey et al., 1998). Accordingly, oocysts
containing fluorescing sporozoites after hybridisation with the probes are considered viable, while
non fluorescent oocysts are considered dead (Deere et al., 1998). The FISH assay shows agreement
with results from in vitro excystation assay (Graczyk et al., 2003; Jenkins et al., 2003; Lemos et al.,
2005), but does not always correlate with cell culture assay or in vivo infectivity studies (Jenkins et al.,
2003). The disadvantage of this method is the many regions within the 18S rRNA unusable for FISH
because the structures include regions inaccessible for the probe (Amann, 1995). Moreover, the in
tensity of the fluorescence depends on the binding capacity of the probe, seemingly due to the target
region being less exposed and the fluorescence signal from oocysts stained with FISH possibly being
weaker than the autofluorescence of many particles. However, this could be overcomed by using IMS
prior to FISH. The FISH technique could have been the method of choice in this thesis, as it can identi
fy viable C. parvum oocysts (Smith et al., 2004; Lemos et al., 2005).

2.4.1 Comparison of viability assays (included in the discussion of Paper III)
The method used to assess inactivation in Paper II and III (‘our’ method) differ in four areas from the
original vital dye assay described by Campbell et al. (1992b), an assay known to correlate well with
other methods of assessing viability (e.g. in vitro excystation) (Campbell et al., 1992b). These four
areas are: 1) lack of acid pre treatment prior to incubation with the vital dyes; 2) no differentiation
between “ghosts” and non staining intact oocysts; 3) no correlation of the inclusion/exclusion of vital
dyes with in vitro excystation and 4) the inclusion/exclusion of the vital dye was scored in dry mounts,
while Campbell et al (1992b) scored oocysts in wet mounts. Moreover, ‘our’ method has not been
correlated with the method described by Campbell et al. (1992b) or other viability or infectivity as
says. Consequently, the result obtained in Paper III are presented as the proportion of presumably
viable, presumably non viable and potentially viable oocysts. The presumably viable and presumably
non viable oocysts are those scored as semipermeable to the dyes (DAPI+ PI ) and permeable to the
dyes (DAPI+ PI+), respectively. The potentially viable oocysts are those categorised as DAPI PI .

Subsequent to the three studies forming the basis for this thesis, a comparative study was conducted
to provide information on the correlation of the results obtained by ‘our’ method with the Campbell
et al. (1992b) method and a modification of ‘our’ method. Oocysts were semi purified by the method
described in Paper III and further purified by IMS from faeces of natural infected calves (the same
farm as used in Paper II and III), divided into three times nine replicate samples exposed to three
different staining protocols (A, B and C) (Table 6). Staining protocol A was equal to the method de
scribed by Campbell et al. (1992b), i.e. oocysts were pre treated with acidified HBSS, and stained and
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scored in suspension. Protocol B and C differed from A by omitting acid pre treatment, while staining
protocol B differed from C by scoring oocysts in dry mounts according to the method described in
Paper II and III. Protocol C was included to assess the effect of drying oocysts down to slides prior to
scoring. In all three protocols fluorescein isothiocyanate (FITC) labelled monoclonal antibody were
used to aid identification of oocysts.

Table 6. Schematic overview of the different staining approaches used in the comparative study.

Staining protocol

Acid
pre

treatment

DAPI/PI
staining in
suspension

FITC staining Oocysts scored in

in
suspension

after drying
to slides

dry
mounts

wet
mounts

A) Campbell et al
(1992b) method × ×a ×c ×

B) The method used in
paper II and III ×b × c ×

C) Equal to method B,
but scored in
suspension

×a ×c ×

a Incubated 2 hours at 37°C
b Incubated 3 hours at 37°C
c Incubated 1 hour at 37°C

All oocysts were scored according to inclusion/exclusion of vital dyes as described in chapter 2.4.
Contrasting to Paper II and III, those oocysts which did not stain with either dyes (Fig. 12A, red arrow)
were further differentiated according to contents, i.e. “ghosts” or non staining intact oocysts (DAPI
PI ) as observed in Figure 12B.

A B

Figure 12. A) oocysts scored as 4',6 diamidino 2 phenylindole negative (DAPI )
(red arrow) and DAPI positive (DAPI+) (white arrow) and B) the same oocysts visualised by light mi
croscopy. One oocyst (red arrow) is empty (“ghosts”) and the other (white arrow) has content.
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2.5 Molecular characterisation of Cryptosporidium species

Within the aim of evaluating organic pigs as potential contributors to human cryptosporidiosis by
environmental contamination with Cryptosporidium oocysts, characterisation of species hosted by
the pigs was performed.

Cryptosporidium oocysts of different species/genotypes lack unique phenotypic features and are
morphologically indistinguishable from one another (Xiao et al., 2000). Consequently, identification
of species/genotypes based on oocyst morphology is impossible and molecular diagnostics are re
quired.

Polymerase chain reaction (PCR) based techniques, employing specific primer pairs for the selective
amplification of genetic loci (markers), followed by sequencing, can be used to categorise Cryptospor
idium species/genotypes. Useful loci include Cryptosporidium oocyst wall protein gene (cowp) (Egyed
et al., 2003), the SSU of the nuclear ribosomal RNA gene (Morgan et al., 1999; Jex et al., 2007) and
the 70 kilodalton (kDa) heat shock protein (hsp70) gene (Xiao et al., 2004a). These markers have been
utilised frequently in the investigations of Cryptosporidium, thus providing a basis for the current
classification of members within the genus (Morgan et al., 1999; Xiao et al., 2004a).

The SSU rRNA gene (~1325 or ~840 bp, depending on the primer set) (Xiao et al., 1999) is a multicopy
ribosomal gene presenting semi conserved and hyper variable regions. Mutations are restricted to a
certain region, facilitating the design of genus specific primers. The SSU rRNA based tools are gener
ally used in genotyping Cryptosporidium in humans, animals and water samples. The hsp70 gene
(~2015 bp or ~1950 bp depending on the primer set used) is a single copy gene coding for a function
al protein with mutations spread all over the entire gene and a high level of heterogeneity spread
over the entire sequence (Sulaiman et al., 2000). The cowp gene (~1033bp) (Spano et al., 1997) is
also a single copy gene coding for a structural protein. However, cowp based tools have limited use
fulness in genotyping Cryptosporidium spp. of animals because of their narrow specificity (Xiao,
2010).

In Paper I, when more than two pigs were positive, the two pigs having the highest OPG from each
age group, season and farm (n=75) were selected for molecular and phylogenetic analyses. The puri
fied oocysts were stored at 5 °C for approximately one year prior to DNA extraction. The oocyst iso
lates were characterised to genus level by amplification of 18S SSU rDNA and hsp70 gene by the pri
mers previously described by Langkjaer et al. (2007). The amplified PCR products were visualised on
an agarose gel (Fig. 13). The partial nucleotide sequences obtained by PCR were then sequenced. The
PCR products were purified either directly from the PCR reaction, or following electrophoresis and
extraction of specific DNA fragments from the agarose gel. The purified PCR products were se
quenced separately in both directions. A selection of representative fragments of the sequences pro
duced (one for each species and each molecular marker) were aligned with reference sequences from
GenBank and identified as either C. suis or C. scrofarum. No simultaneous infection with more than
one Cryptosporidium species/genotype was observed. Similarly, only a few previous studies have
reported mixed Cryptosporidium infection (Kvac et al., 2009c). One Cryptosporidium species usually
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dominates the other. Thus, as most PCR assays are limited to only amplifying the dominant type (Tan
riverdi et al., 2003), other less dominant species may remained undetected.

Figure 13. The amplified PCR product from the heat shock protein ( )70 gene,
visualised on a agarose gel.

If C. parvum or C. hominis had been identified, these could have been further subtyped. Subtyping
has been extensively used in studies of the transmission of C. hominis and C. parvum and to identify
infection sources and investigate the transmission dynamics of specific Cryptosporidium isolates. For
C. parvum, C. hominis and some genetically related species, the most widely used target to identify
subtypes is the 60 kDa glycoprotein gene (gp60) (Strong et al., 2000). The gp60 gene consists of tan
dem repeated sequences of the serine coding trinucleotide (TCA/TCG/TCT) (Li et al., 2014). Within
each subtype family, subtypes differ from each other mostly in the number of trinucleotide repeats
(TCA, TCG or TCT microsatellite). The gp60 locus has the highest resolution as a single marker for sub
typing of C. parvum isolates because nearly one hundred gp60 subtypes of C. hominis and C. parvum
exist.

Cryptosporidium oocysts spiked to slurry in Papers II and III were only identified to species level i.e. as
C. parvum by partial sequencing of the 18S rDNA locus and the hspP70 gene according to Langkjaer
et al. (2007).

Ultimately, phylogenetic trees can be constructed to explain the evolutionary relationships among
various species/genotypes and subtypes. The evolutionary relationship between the pathogens is
based on similarities and differences in the genetic makeup. Isolates joined together in the tree indi
cate a close evolutionary relationship (Barton et al., 2007).
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CHAPTER 3 

SUMMARY OF RESULTS 
AND DISCUSSION 
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Summary of  Results and Discussion 

he overall objective of this thesis was to improve current knowledge on the occurrence
of Cryptosporidium species in organic pigs and on the fate of oocysts following manure man
agement and treatment.

3.1 Prevalence and intensity of Cryptosporidium infections on
three organic pig farms

Potential environmental contamination with Cryptosporidium oocysts excreted from Danish organic
pigs was analysed based on quarterly sampling throughout one year of pigs housed on three farms
(Paper I). In total, 856 faeces samples from sows (n=240), fatteners (n=230), starter pigs (n=234) and
piglets (n=152) were microscopically screened for the presence of Cryptosporidium oocysts. The
overall prevalence of Cryptosporidium positive pigs was found to be 40.9% (n=350). However, there
were significant variations between age groups (p=0.0002); 53.3% piglets, 72.2% starter pigs, 40.4%
fatteners and 2.9% sows had Cryptosporidium positive faeces samples (Fig. 14A). The infection inten
sity ranged from 200 to 10,551,200 oocysts per gram of faeces (OPG) with an average of 99,062 OPG.
As observed for prevalence, young age was strongly associated with infection intensity (p<0.0001);
the youngest pigs presented markedly higher OPG than any other age group (Fig. 14B).

The overall prevalence (40.9%) in the organic pigs (Paper I) was slightly higher than that observed in
pigs with a similar age distribution in the Czech Republic (12.0%) (Nemejc et al., 2013), Denmark
(31.9%) (Maddox Hyttel et al., 2006), England (38.6%) (Featherstone et al., 2010), Japan (32.6%) (Yui
et al., 2014) and Serbia (34.2%) (Misic et al., 2003). The organic management systems in Paper I pre
sumably contributed to these differences, since the pigs screened in the other studies were from
conventional management systems. The main differences between the Danish organic pig production
systems and conventional production systems include housing of pigs and straw bedding. As a mini
mum, the organic pregnant and lactating sows, and piglets are housed outside, while in conventional
pig production, lactating sows and their piglets are housed in individual, indoor pens with slatted
floors (Nielsen and Norgaard, 2010; Serup, 2010). Moreover, post weaned organic pigs are provided

T
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straw bedding, while this is optional for conventional pig production systems (Nielsen and Norgaard,
2010; Serup, 2010).
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Figure 14. A) Proportion of positive pigs (%) and B) mean (± SEM) number of oocysts
excreted per gram of faeces (OPG) from positive pigs on the three organic farms
included in Paper I.

Compared with indoor housing, outdoor housing of organic pigs probably facilitate transmission of
Cryptosporidium through contamination of the environmental to which the pigs have access. This
tendency has been observed in pigs in Western Australia, where Cryptosporidium infections were
more prevalent in outdoor pig herds (17.2%) than in indoor herds (0.5%) (Ryan et al., 2003). Outdoor
reared Danish organic piglets have also been associated with increased helminth worm loads com
pared with indoor housed piglets (Roepstorff et al., 1992). This is further supported by the markedly
higher Cryptosporidium prevalence in the outdoor reared piglets (53.3%) prior to weaning reported in
Paper I than in piglets from conventional management systems studied previously in Denmark (5.9%)
(Maddox Hyttel et al., 2006) and abroad (18.3 32.0%) (Misic et al., 2003; Featherstone et al., 2010;
Nemejc et al., 2013; Yui et al., 2014). This might relate to the higher age at weaning on organic farms
(minimum 7 weeks) compared with conventional farms (approximately 4 weeks), as Cryptosporidium
prevalence is highly age related (e.g. Maddox Hyttel et al., 2006; Yui et al., 2014). However, on Danish
organic farms, faeces remain on the pasture surface and the outdoor reared piglets have unrestricted
access to a large area with accumulated faeces and possibly also oocysts. Thus, once oocysts are ex
creted into the terrestrial environment, their inactivation relies on environmental factors, which are
affected by changing weather conditions. Oocysts present above the soil matrix most likely have lim
ited survival due to desiccation (Robertson et al., 1992), although this may vary depending on the
weather conditions, with expected increased inactivation in warmer and drier periods during summer
because high temperature, UV radiation and desiccation contribute to faster oocyst inactivation
(Robertson et al., 1992; Nasser et al., 2007). However, once within the soil matrix, oocysts appear to
be protected from desiccation, most likely since the soil maintains a certain moisture level. Moreover,
cold, humid winter conditions are known to favour oocyst survival (Robertson et al., 1992; Olson et 
al., 1999). This was demonstrated in a study of C. parvum oocyst inactivation in natural soil environ
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ments, where it was observed that 5 30% of oocysts remained viable and potentially infective 120
days after their deposition on soil at temperatures ranging from 0 to 1 °C (Kato et al., 2004). In an
other study where C. parvum oocyst spiked pig slurry was applied to grassland, it was found that 63
days were required for complete inactivation at temperatures ranging 5 °C to 15 °C (Hutchison et al.,
2005a). Hence, seasonal variations in prevalence in outdoor reared pigs were expected to reflect
these changing conditions. However, no such variations were observed here regarding Cryptosporidi
um prevalence (Fig. 15) or infection intensity (Fig. 16) on overall study level or within each farm and
age group, probably linked to susceptible piglets continuously present due to farrowing year round.
The absence in season variation in prevalence and infection intensity could reflect limited variation in
the climate between seasons that particulate year. If the sampling has persisted for several years to
gether with registration of the weather conditions (e.g. temperature and precipitation), variation
between seasons or a correlation with the weather conditions might have been observed.
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Figure 15. Proportion of pigs (%) in different age groups and on sampling in
different seasons on three Danish, organic pig farms, September 2011 December 2012.

Oocyst quantity passed in faeces can vary in individual animals between consecutive days, necessitat
ing multiple sample collections to assess the true infection intensity. However, the study design in
Paper I was cross sectional with repeated sampling on each farm but without repeated sampling of
individual pigs, and it was therefore impossible to determine whether the high prevalence in piglets
was caused by them lacking the ability to clear the infection or whether it was due to repeated re
infection. If sampling had been performed more frequently, i.e. several times a month, or over a
longer period in Paper I or if the same pig or the same pen had been sampled regularly, an infection
pattern might have emerged. Nevertheless, the environmental pressure of Cryptosporidium oocysts
from piglets, starter pigs and fatteners appears as relatively constant during the one year study, while
the contribution from sows was negligible. However, soil samples were not analysed, why it is un
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known if this potentially high environmental pressure is consistent with reality. Soil samples were
collected at each sampling season from the pastures hosting the sows and piglets and from the bed
ding material in the stables, but these have not been analysed due to lack of time. Future analysis of
such samples could confirm the contamination pressure on the pastures and reveal a fuller picture of
the contamination risk to nearby water bodies via surface runoff. This risk has been reported to be
high in studies monitoring oocyst concentrations in streams flowing through areas with cattle farms,
where higher oocyst loads have been observed downstream from cattle farms compared with up
stream (Ong et al., 1996).
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Figure 16. Frequency of pigs in different groups based on excretion rate of oocysts
per gram of faeces (OPG) at different sampling seasons on three Danish organic pig farms, September
2011 December 2012.

The potential environmental contamination in organic pig farming is not limited to pigs kept on pas
tures. The waste from starter pigs and fatteners housed indoors on the farms in Paper I is spread on
agricultural land as a fertiliser, posing a potential risk of water contamination. On these organic farms,
72.2% starter pigs were Cryptosporidium positive, with relatively high infection intensity (Fig. 14B).
This high prevalence is seemingly triggered by weaning of piglets, since weaning is associated with
significant social, environmental and nutritional changes resulting in dramatic alterations in gut struc
ture, microbiology and function (Montagne et al., 2007). Then again, post weaned pigs were housed
indoors in concrete pens and provided with straw bedding of different depths. Straw bedded housing
systems have previously been demonstrated to be strongly positively associated with Cryptosporidi
um infection in pigs (Nemejc et al., 2013) seemingly due to poor hygiene from faeces accumulation
and high moisture level in the bedding. This might explain the considerably high prevalence in starter
pigs in Paper I than previously observed from conventional housing systems (e.g. Budu Amoako et al.,
2012; Yui et al., 2014). Deep litter might be even more correlated with poor hygiene due to accumula
tion of faeces and a higher moisture level, whilst on farms with no or shallow clean bedding material,
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the moisture and oocyst levels might be lower. However, the Cryptosporidium prevalence on the
three farms was similar, despite differences in straw bedding management (Table 5) and, bedding
material/deep litter may be less of a risk factor than expected.

3.2 Cryptosporidium species on the three organic pig farms

In Paper I, of the 350 Cryptosporidium positive Danish organic pigs, we attempted to characterise the
Cryptosporidium species hosted by 75 of these pigs by amplification and sequencing of the SSU 18S
rRNA and hsp70 gene of oocyst isolates. Of these, 56 isolates were successfully sequenced and the
results revealed that the pig specific C. suis and C. scrofarum were exclusively present (Table 7). Cryp
tosporidium scrofarum was the most commonly isolated species on all three farms (Table 7) and
mainly identified in starter pigs and fatteners (Table 7). In contrast, piglets exclusively hosted C. suis
with a single exception (Table 7). Hence, the results in Paper I are in agreement with those of most
other studies on pigs (e.g. Langkjaer et al., 2007; Johnson et al., 2008b; Kvac et al., 2009c; Jenikova et 
al., 2011; Yin J.H. et al., 2013). In addition, our results demonstrated that the potential contact with
wildlife due to outdoor rearing did not, in the current study, affect the number of Cryptosporidium
species present in the pigs.

Although sporadic cases of C. suis and C. scrofarum have been reported in humans (Xiao et al., 2002a;
Cama et al., 2003; Bodager et al., 2015), zoonotic transmission of Cryptosporidium from organic pigs
to humans is apparently of minor significance. However, the results in Table 7 might reflect selection
bias, as only oocysts from the two pigs with the highest OPG from each farm, age group and sampling
season (75/350) were selected for molecular and phylogenetic analyses, rendering them unrepre
sentative of the entire population. Of these, only 56 isolates were successfully sequenced, equating
to 6.5% of the total faecal samples collected (56/856) (Paper I). If molecular typing had been per
formed in cases with low oocyst excretion or preferably from all isolates, co infections with two or
more Cryptosporidium species or infections with less host adapted species with lower reproductive
capacity might have been revealed, including e.g. C. parvum. Moreover, complementary methods
including IMS quantitative PCR (IMS qPCR) technique (Gao et al., 2014) might have revealed C. par
vum infections, as this method can specifically detect C. parvum oocysts and has proven reliable for
the detection of less than 10 OPG of faecal samples.

A few previous studies have detected the highly zoonotic C. parvum in pigs (Zintl et al., 2009; Kvac et 
al., 2009c; Featherstone et al., 2010; Budu Amoako et al., 2012; Maurya et al., 2013; Rzezutka et al.,
2014) (see Table 2), and experimental infection studies have demonstrated that pigs are also suscep
tible to infection with C. meleagridis and C. hominis (Akiyoshi et al., 2003; Darabus and Olariu, 2003;
Sheoran et al., 2012), both frequent causes of human cryptosporidiosis. Accordingly, pigs can be po
tential reservoir for human Cryptosporidium infection. However, C. parvum infections in pigs are cur
rently infrequently documented worldwide as both single and co infections (see Table 2), lowering
the likelihood of undetected C. parvum infections in the organic pigs in Paper I. Moreover, assess
ment of C. parvum infection intensity in pigs remains to be documented in the literature, hindering a
reasonable estimation of expected infection intensity in potential C. parvum infected Danish, organic



64

pigs. However, none of the high excreting pigs (Paper I) were C. parvum positive, indicating that po
tential C. parvum infections in pigs will result in low reproductive capacity.

Table 7. Seasonal and age related prevalence of Cryptosporidium infection determined by partial
sequencing of the SSU 18S rRNA and hsp70 gene of 56 isolates from three Danish
organic pig farms between September 2011 December 2012 (Paper I)

No. of Cryptosporidium
isolates analysed

No. successfully ana
lysed (%) C. suis (%) C. scrofarum (%)

Farm 1 25 18 (72.0) 6 (33.3) 12 (66.7)

Farm 2 24 17(70.8) 4 (23.5) 13 (76.6)

Farm 3 26 21 (80.8) 8 (38.1) 13 (61.9)

September 19 16 (84.2) 6 (37.5) 10 (62.5)

December 16 12 (75.0) 2 (16.7) 10 (83.3)

March 18 14 (77.8) 4 (28.6) 10 (71.4)

June 22 14 (63.6) 6 (42.9) 8 (57.1)

Piglets 21 13 (61.9) 12 (92.3) 1 (7.7)

Starter pigs 24 22 (91.7) 3 (13.6) 19 (86.4)

Fatteners 24 21 (87.5) 3 (14.3) 18 (85.7)

Sows 6 0 (0.0) 0 (0.0) 0 (0.0)

Total 75 56 (74.7) 18 (32.1) 38 (67.9)

Molecular typing of all Cryptosporidium positive isolates was not possible due to time and economic
constraints, so a decision was made to characterise oocyst from high excreting pigs to increase the
chances of obtaining sequencing results. In addition, no simultaneous infections with multiple Cryp
tosporidium species were observed, probably because amplification of mixed infections was limited
by one species usually dominating over the other/s. As most PCR assays only amplify the dominant
type (Tanriverdi et al., 2003), other species are highly likely to remain undetected. The purified oo
cysts were stored at 5 °C for approximately one year prior to DNA extraction and not frozen. This in
creases the risk of DNA degradation and concomitantly lowering the chance of obtaining sequencing
results and may explain why some isolates were unsuccessfully genotype, especially those from low
oocysts excreting pigs, and why we did not observe mixed infections or infection with less host adap
tive species.

Cryptosporidium infection intensity appeared to be linked to species, as C. suis infected pigs excreted
above six fold more oocysts (mean 351,035 OPG) than C. scrofarum infected pigs (mean 54,848
OPG). However, the direction of this association is difficult to ascertain, i.e. whether the species in
fecting the pig predisposes to high oocyst excretion, or whether the lack of protective immunity in
piglets to C. scrofarum causes the higher oocyst excretion. The study was not specifically designed to
study species specific differences in oocyst excretion and further research regarding variations in the
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reproductive potential of the porcine Cryptosporidium species is needed before firm conclusions can
be drawn. Finally, pigs shed oocysts intermittently (Guselle et al., 2003) and differences in point prev
alence can underestimate or overestimate the true incidence of both Cryptosporidium prevalence
and infection intensity.

3.3 Transport of oocysts in soil

The potential for transport of C. parvum oocysts through soil to land drains and groundwater follow
ing animal waste application was investigated in vitro using simulated rainfall (Paper II). Soil columns
were applied with C. parvum oocyst spiked raw pig slurry or separated liquid slurry, either spread on
the soil surface or injected into the soil, and subsequently exposed to four weekly simulated rain
events. Leachate was collected every week and oocyst leaching capability through soil was investigat
ed by enumerating oocysts in the leachate after each rain event.

Oocysts were detected in leachate from all soil columns, regardless of slurry type and application
method. A significant finding was that greater oocyst leaching was observed following injection of
liquid slurry than following injection or surface spreading of raw slurry (Table 8). When liquid slurry
was injected 0.06% of oocysts were recovered, while applying raw slurry on the surface or injecting it
resulted in 0.02% and 0.01% oocyst recovery rate, respectively (Table 8).

Table 8. oocysts recovered in leachate following liquid and raw slurry applica
tion by different methods and irrigation of soil columns

Slurry type
Slurry applica
tion method

No. of spiked
oocystsa

Total oocysts
recovered

Recovery rate
(%)

Total recovered
tracer mg L 1

Liquid Injected 3.0 x 106 2651 ± 1342 0.06 126.3
Raw  Injected 3.1 x 106 707 ± 173 0.02 127.5
Raw  Surface 3.1 x 106 263 ± 66 0.01 130.3
aSum of naturally occurring oocysts and oocysts added by spiking.

The higher oocyst leaching observed from soil columns with injected slurry is comparable to results
obtained by Forslund et al. (2011), who studied the effect of slurry application method on transport
of different microorganisms in intact soil cores of 22 29 cm exposed to natural weather conditions.
However, Forslund et al. (2011) calculated an oocyst recovery rate of 0.66% in leachate from soil col
umns with raw slurry injected. This is considerably higher than the calculated recovery rate in Paper II
and was probably caused by the duration of their study, i.e. 6 months compared with 4 weeks in Pa
per II. The differences in recovery rate observed between studies could also reflect differences in soil
composition. In general, clayish soils have small pores whereas sandy soils have larger pores. Soil
pores are central in the context of pathogen capability to leach through soil, as exemplified by en
hanced microorganism leaching in intact soil cores compared with repacked soil (Forslund, 2012).
Furthermore, oocysts can adhere to clay particles, while little or no aggregation has been observed
between oocysts and silt or sand particles (McLaughlin et al., 2013). Cryptosporidium oocysts have a
slightly negative surface charge, enabling attachment to the slightly positive surface charged clay
particles by electrostatic attraction. Moreover, oocysts can seemingly be entrapped within the large
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surface area of aggregated clay particles (McLaughlin et al., 2013). The true incidence of oocysts in
leachate is highly likely to be greater than observed in Paper II, because oocyst recovery by IMS was
performed on only 50 mL of approximately 1000 mL total leachate from each soil column, giving a
theoretical detection limit of 20 oocysts L 1. This, together with 74.7% recovery efficiency for IMS
from low turbidity water in our laboratory, undoubtedly underestimated the number of leached oo
cysts. Nevertheless, the findings in Paper II indicate that Cryptosporidium oocysts in animal waste
applied to soil are capable of vertical movement and can potentially contaminate groundwater. The
results also show that the number of oocysts leached is affected by factors such as slurry type and
application method, as exemplified by the number of oocysts in leachate from columns with injected
liquid slurry, which was nearly four fold and 10 fold times higher than the number in leachate from
soil columns with injected and surface applied raw slurry, respectively (Table 8). Moreover, when raw
slurry was injected it was placed in a slit up to 10 cm deep in the soil matrix and it leached 2.8 fold
more oocysts compared with raw slurry applied to the soil surface, most likely due to the shorter
leaching path with slurry injection.

The greater oocyst recovery in leachate from soil columns with injected liquid slurry rather than raw
slurry was most probably caused by differences in organic matter in the slurry. The raw slurry con
tained almost twice the proportion of solids (5.65±0.08%) than was found in the liquid fraction
(3.14±0.07%) seemingly favouring higher retention of oocysts in the raw slurry by attachment to or
ganic matter. This assumption is supported by previous studies reporting a lower recovery rate of C. 
parvum from manures with high dry matter content compared with more liquid slurry (Kuczynska and
Shelton, 1999a; Kuczynska et al., 2005). Oocysts are highly likely to be transported in the soil through
macropores (e.g. naturally occurring cracks, fractures or earthworm channels) and these pores are
presumably more easily clogged by the many organic particles in raw slurry compared with liquid
slurry.

The potential inverse correlation between organic matter in the slurry and leaching of oocysts was
further demonstrated by the results on oocyst leaching over time. As illustrated in Fig. 17, oocyst
numbers in leachate from columns with injected liquid slurry peaked earlier than oocyst numbers in
leachate from columns with injected raw slurry, while oocyst leaching from columns with surface
applied raw slurry only had a small peak. This can be explained by the high water content and low
organic matter in liquid slurry compared with raw slurry. Quite simply, more water is needed to de
tach oocysts from slurry particles in the raw slurry. This is further demonstrated by the breakthrough
curve for the tracer in the columns (Fig. 18).

The amount of tracer detected in leachate from columns with raw slurry applied on the surface was
comparable to tracer leaching from columns with injected slurry, even though the leaching of oocysts
was substantially lower. This indicates that water flow took place through all these columns but that
the majority of oocysts appeared to be retained in soil or slurry. The retention is seemingly governed
by mechanical surface filtration, straining or attachment to the surfaces of soil or slurry particles
(McDowell Boyer et al., 1986). The leaching of tracer peaked a week prior to the leaching of oocysts
for the injected slurry (both raw and liquid). This implies in general that a great volume of water is
needed to detach oocysts from the slurry and transport it downwards in the soil. The few oocysts
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observed in leachate from columns with injected liquid slurry in weeks 3 and 4 might indicate that
following the peak in week 2, oocysts were retained in these columns too. However, Paper II and pre
vious studies demonstrate the capability of oocysts to detach from faecal material and leach through
soil (Ramirez et al., 2009; Forslund et al., 2011). This is further substantiated by Cryptosporidium oo
cyst observations in groundwater samples from the UK, US, Norway and Germany (Lisle and Rose,
1995; Moulton Hancock et al., 2000; Gaut et al., 2008; Gallas Lindemann et al., 2013).

Figure 17. Leaching of oocysts over time from intact soil columns with spiked
raw or liquid slurry applied by injection or surface spreading

Figure 18. Leaching of non reactive tracer over time from intact soil columns with
spiked raw or liquid slurry applied by injection or surface spreading.

Oocysts are known to survive for a prolonged time in the environment, including in soil, but little is
known about oocyst viability following leaching through soil. The results presented in Paper II
demonstrated that DAPI+ PI oocysts (presumably viable) were present in the leachate following four
weeks of exposure to the slurry soil water environment. However, the study was conducted indoors
at a constant temperature without exposure to changing temperatures, and hence only demonstrat
ed that oocysts retained viability when leaching through soil column in a laboratory setup (Fig. 19).
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Slurry is usually applied to agricultural land following storage and storage will undoubtedly lead to
some oocyst inactivation prior to land application, e.g. due to the high ammonia content.

Figure 19. Laboratory setup with soil columns and artificial irriga
tion used in Paper II.

The method used in Paper II to assess oocyst viability was not identical to that described by Campbell
et al. (1992b) as inadvertently indicated in Paper II. The reference to Campbell et al. (1992b) in Paper
II was intended to refer to simultaneous incubation of DAPI and PI working solution at 37 °C prior to
assessing oocyst viability, and not the exact method used in Paper II. In Paper II, differentiation be
tween non staining intact oocysts (potentially viable) and “ghosts” were not carry out, as was acid
treatment prior to incubation with DAPI and PI. Moreover, the obtained result was not correlation
with in vitro excystation, as described in Campbell et al. (1992b) and the oocysts were score in dry
mounts, while Campbell et al. (1992b) scored oocysts in wet mounts.

3.4 Decreasing environmental oocyst contamination by increasing
the ammonia concentration in slurry

In Paper III, adding aq. ammonia to slurry resulted in a mean uncharged NH3 concentration of 81.0 ±
16.3 mM, corresponding to a mean value 72.4 mM (89.3%) higher than in raw slurry (p<0.05). This
increase in uncharged NH3 concentration by adding aq. ammonia caused a 34.3% reduction of pre
sumably viable and a 43.4% increase in presumably non viable at day 14 post treatment compared
with raw slurry, while there was large fluctuations in the proportion of potentially viable oocysts
(DAPI PI ) in both treated and raw slurry.

This inactivating effect of NH3 corresponded to observations of Cryptosporidium oocysts stored in
distilled water or HBSS, where oocysts were increasingly inactivated by exposure to increasing am
monia concentration (Jenkins et al., 1998; Reinoso et al., 2008). For example, Jenkins et al. (1998)
observed that oocyst viability in distilled water at 25 °C was significantly affected by ammonia, with
99.99% of oocysts rendered non viable within 10.2 days when exposed to 60 mM ammonia, while
this was 34.3 days when exposed to 7 mM. Reinoso et al. (2008) observed that increased ammonia
concentration and exposure time reduced the proportion of viable oocysts from an initial viability of
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approximately 80% to 15% viable oocysts after 4 days of exposure to 50 mg uncharged NH3 L 1 (equiv
alent to 2.9 mM uncharged NH3). The study in Paper III utilised only one concentration of ammonia,
but the uncharged NH3 concentration was calculated in each individual sample, demonstrating a posi
tive correlation of 0.80 between the uncharged NH3 concentration and the proportion of presumably
viable oocysts (Fig. 20).
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Figure 20. Correlation between calculated uncharged ammonia (NH3) concentration in slurry samples
and proportion of presumably viable (DAPI+ PI ) oocysts in : Cattle slurry
with added aq. ammonia; : Raw slurry. The dashed line is the linear regression line (correlation
coefficient 0.80).

The oocysts inactivation rate reported in two previous studies (Jenkins et al., 1998; Reinoso et al.,
2008) was significantly faster than in Paper III, even though the ammonia concentration was equal or
considerably lower. Both those studies evaluated oocyst inactivation based on inclusion and exclusion
of DAPI and PI as described by Campbell et al. (1992b). The inactivation of oocysts in Paper III was
likewise assessed by inclusion and exclusion of the vital dyes, but, as described in chapter 2.4.1, dif
ferences appears between the method used in Paper III (and Paper II) and the protocol for the vital
dye assay described by Campbell et al. (1992b), a method that has been in relatively extensive use for
over 20 years. It is reasonable to assume that these differences in oocyst viability between studies
resulted from differences in the sensitivity of the method employed. For instance, the acid pre
treatment (e.g. acidified HBSS for 1 h at 37 °C) is known to alter the wall permeability of some im
permeable oocysts and converts the majority of these into semipermeable oocysts (DAPI+ PI ) when
assessed by the vital dye assay (Campbell et al., 1992b; Robertson et al., 1993). Thus, oocysts deter
mined as viable then correlates with the viability determined by oocysts in vitro excystation (Camp
bell et al., 1992b; Black et al., 1996). Consequently, by omitting the acid pre treatment step as in Pa
per II and III, the proportion of DAPI+ PI oocysts might be underestimated. However, the oocysts
permeability has been considered as a dynamic situation (Robertson et al., 1998), and besides being
increased, the wall permeability can be reduced by incubation in cow faeces (Robertson et al., 1992).
If acid pre treatment and differentiation of DAPI PI (potentially viable) oocysts into “ghosts” and
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non staining intact oocysts (impermeable) have been included in Paper II and III, the ‘middle’ catego
ry of DAPI PI of uncertain status would have eliminated.

Moreover, the proportion of oocysts evaluated as DAPI PI using “our” method might have been
overestimated owing to evaluation in dry mounts. Drying of oocysts can cause the oocyst wall to rup
ture without excysting (Robertson et al., 1992) and the oocysts will therefore appear empty and bro
ken, although they were viable when stained. Actually, some of the oocysts assessed as DAPI PI in
Paper III were observed with components with the characteristic sky blue colour of DAPI close to it
(Fig. 21). These could be excysted sporozoites and thus the oocyst should be categorised as “ghosts”
instead of impermeable (viable). The sporozoites could also appear outside the oocysts as a conse
quent of the drying down resulting in the break of the oocyst wall. This problem with correct evalua
tion might have been circumvented if oocysts were evaluated in wet mount as described in Campbell
et al. (1992b). Lastly, DAPI stain is not exclusive to sporozoite DNA, but binds to AT regions of particu
larly double stranded DNA from anything containing DNA and the blue dot could represent other
things than sporozoites. However, the nuclei are close to the oocyst and it is assumed that these do
represent DNA from sporozoites. Ultimately, the reliability of the method used to assess oocyst inac
tivation in Paper III (and II) could have been validated by correlating it with another viability measure
such as the Campbell et al. (1992b) method, the in vitro excystation assay or an infectivity assay

Figure 21. A oocyst
enumerated as DAPI+ (green arrow) and an oocyst
enumerated as DAPI (red arrow), but potentially
excysted or broken and empty as sporozoites like
blue dots (white arrow) appeared close to, but
outside, an apparently empty oocyst shell.

The proportion of DAPI PI oocysts in Paper III was higher in slurry with added ammonia than in raw
slurry throughout the study, although there were large fluctuations in both categories. However, the
changes in the estimated proportion of DAPI PI oocysts appeared to be minor over time and not
significantly different between treated and raw slurry (p=0.957). Since differentiation between
“ghosts” and non staining intact oocysts was not performed, it is uncertain whether increased excys
tation and wall permeability to DAPI following ammonia addition to slurry actually occurred. Howev
er, Jenkins et al. (1998) reported that the proportion of “ghosts” was unaffected by increased ammo
nia concentration, indicating that excystation is unaffected by ammonia concentration, while Reinoso
et al. (2008) showed that increasing ammonia concentration and exposure time resulted in increased
occurrence of “ghosts”.
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The faster inactivation observed for oocysts stored in water in previous studies compared with that in
slurry in Paper III might indicate that protective mechanisms exist in slurry. This hypothesis is sup
ported by the finding of approximately 60% viable oocysts at day 94 in slurry generated by breeding
pigs during summer and stored at ambient temperature with a uncharged NH3 concentration of 172
mM (2930 mg L 1) at the beginning of the analyses (Hutchison et al., 2005b). Oocysts exposed to am
monia when stored in water are probably more directly exposed to the toxic effect of ammonia, while
slurry may protect oocysts from direct exposure to the chemical activity of uncharged NH3. The actual
mechanism of action of ammonia on microorganisms is not known, but it has been speculated that
the uncharged NH3 molecule is transported across the cell membranes of the microorganisms by
simple diffusion (Kadam and Boone, 1996). Accordingly, contact between the uncharged NH3 mole
cule and the oocyst is necessary for inactivation to occur. In slurry, oocysts may be entrapped within
the large surface area of aggregated faecal particles existing in slurry, which might prevent this direct
contact. Another theory is that components in faeces may enter into the oocyst wall and provide the
oocysts with protection from environmental stress (Robertson et al., 1992). However, the variations
in inactivation between studies might be explained by variations in oocyst isolates and their ability to
withstand environmental pressures. For example, Robertson et al. (1992) observed that different
isolates of oocysts have different excystation efficiencies.

However, it can be speculated that oocysts impermeable to DAPI are more environmentally robust
than oocysts whose walls are permeable to DAPI. This statement is supported by Campbell et al.
(1992b) who found that the proportion of killed oocysts following incubation for one hour in 0.1 M
NaOH or 0.1M HCl was significantly lower in the isolates whose oocysts were originally impermeable
to DAPI compared with those permeable to DAPI. This effect could have been circumvented in Paper
III by adding replicate samples with oocysts stored in MQ water, incubated at equal temperatures and
sampled regularly. Accordingly, it is impossible to conclude whether properties in the slurry protected
the oocysts against ammonia in Paper III.

The findings in Paper III are in line with current evidence of faster pathogen inactivation when ex
posed to ammonia. Yet, the lower level of inactivation found in Paper III indicates that under the ex
perimental conditions applied, a great percentage of oocysts remained viable.

3.4 Comparison of viability assays

The reliability of the assay used to assess viability in Paper II and III can be questioned as it differs
from the original viability assay widely used in the literature (Campbell et al., 1992b), and due to the
absence of data correlating this assay with other measures of viability. Therefore, the correlation of
‘our’ method with the method described by Campbell et al. (1992b) and a modification of ‘our’
method was investigated in three times nine replicate samples. Cryptosporidium parvum oocysts
were either pre treated with acidified HBSS, and stained and scored in suspension (protocol A, Table
6); stained in suspension but scored after drying to slides and no acid pre treatment (protocol B, Ta
ble 6); or stained and scored in suspension but without acid pre treatment (protocol C, Table 6). Ex
cept for one sample treated with following protocol A and one with B, 100 oocysts were scored mi
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croscopically as semipermeable (DAPI+ PI ), permeable (DAPI+ PI+), impermeable (DAPI PI ) or
“ghosts” according to the description in chapter 2.4.

This study demonstrated that a considerably greater proportion of oocysts were scored as viable
(sum of semipermeable and impermeable oocysts) when following protocol A (p < 0.0001) and C (p <
0.0001) than protocol B (Fig. 22). When protocol A and C was used, 82.5 ± 0.9% and 76.0 ± 1.6% oo
cysts were scored as viable, while applying protocol B resulted in 57.7 ± 2.2% viable oocysts (Fig. 22).

Figure 22. Proportion of
oocysts scored as viable following three different
staining protocols (A,B and C).

The higher proportion of viable oocysts observed when applying protocol A might be the result of the
acid pre treatment and/or the scoring of oocysts in wet mounts. However, the proportion of viable
oocysts was similar following staining protocol A (acid pre treated; scored in wet mounts) and C (no
acid pre treatment; scored in wet mounts) (Fig. 22). This specifies that the scoring of oocysts in dry
mounts rather than the acid pre treatment caused the lower proportion of oocysts scored as viable
following protocol B. This is in line with a study of Robertson et al. (2014b), where results obtained by
the method described by Campbell et al. (1992b) (equal to method A) where compared with a meth
od in which oocyst containing samples were dried to slides before staining with DAPI and PI (e.g. Cas
tro Hermida et al., 2010). The results revealed that the majority of oocysts (92.4 ± 4.9) were scored
as non viable when dried to slides prior to staining, while this was only 42.8 ± 7.1% when oocysts
were stained and scored in suspension (Robertson et al., 2014b). This indicates that the drying proce
dure kills a proportion of the oocysts, and this method is inapplicable to study viability. Unlike e.g.
Castro Hermida et al. (2010) and Grit et al, (2012), in protocol B, oocysts were stained with the vital
dyes in suspension, dried to slides, FITC labelled monoclonal antibody added and then scored accord
ing to inclusion/exclusion of vital dyes. Accordingly, the lower proportion of viable oocysts observed
when using protocol B (scored in dry mounts) compared to A and C (scored in wet mounts) appeared
to be caused by an increase in the proportion of “ghosts” rather than non viable oocysts (DAPI+ PI+)
(Fig. 23). The drying of oocysts to slides might have resulted in breaking of the oocyst wall making
them appear as “ghosts” (excystated or broken oocysts), even though they seemingly were viable
oocysts broken because of the drying. This demonstrates that applying staining protocol B rather than
A or even C, caused an approx. 25 % underestimation of viable oocyst, and there is a definite possibil
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ity that the impression of viability in a sample evaluated when dried to slide is wrong. In contrast, the
three protocols yielded comparable proportions of non viable oocysts. This demonstrates the utility
of ‘our’ method (approach B) for determining oocysts inactivation rates when focussing on non viable
oocysts.

Figure 23. Proportion of oocysts scored as semipermeable (DAPI+ PI ), per
meable (DAPI+ PI+), impermeable (DAPI PI ) and “ghosts” following three different staining protocols.

In addition, the interpretation of DAPI was more difficult when scoring oocysts in dry mounts (proto
col B) than in wet mounts (protocol A and C), since differentiation between those oocysts in which
the nuclei of 1 4 sporozoites is stained (viable) (Fig. 24A) and those exhibiting a diffuse blue staining
pattern throughout the cytoplasm (non viable) (Fig. 24B) were sometimes difficult. In contrast, the
viable oocysts were easily identified in the wet mounts since the nuclei of the 1 4 sporozoites stood
out clearly (Fig. 24C). This difficulty in differentiating between viable and non viable oocysts when
obtaining viability data by scoring oocysts in dry mounts have likely caused incorrect scoring of some
oocysts in paper II and III.

A B C

Figure 24. Fluorescence microscope image of oocysts concentrated from
cattle slurry and stained with 4',6 diamidino 2 phenylindole (DAPI) and scored A) as viable in dry
mounts, B) as non viable in dry mounts and C) as viable in wet mounts.
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CHAPTER 4 

CONCLUSIONS AND PERSPECTIVES 
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Conclusions and Perspectives 

he main conclusions from Papers I III were as follows:

Screening of 856 faeces samples from Danish, organic pigs revealed a high age related Cryp
tosporidium prevalence (40.9%) and infection intensity. Cryptosporidium infections were

most prevalent in piglets (53.3%) and starter pigs (72.2%), and piglets excreted the highest amounts
of oocysts, while oocyst excretion from sows was negligible. The sampling seasons of this particular
year were of no importance for prevalence and infection intensity. Thus, Danish organic pigs are cer
tainly a source of high environmental contamination with Cryptosporidium oocysts highly likely
throughout the year, both from starter pigs housed indoors from which the waste is spread on agri
cultural land and from piglets housed outdoors. Nevertheless, successfully genotyped isolates
showed that the organic pigs exclusively hosted the species specific C. suis and C. scrofarum. Thus
high environmental contamination with Cryptosporidium oocysts from organic pigs seems to be of
minor concern for human health because the species involved have limited zoonotic potential.

The leaching study of C. parvum oocysts in 20 cm intact soil columns showed that following weekly
rain events oocysts were capable of detaching from slurry and leaching through soil. The highest risk
of leaching was associated with injection of separated liquid slurry into the soil matrix, followed by
injection of raw slurry, while only a small fraction of oocysts leached when raw slurry was surface
applied. Presumably viable oocysts were observed in the leachate. Hence, oocysts were capable of
surviving the leaching process. Thus, the risk of groundwater contamination depends on organic mat
ter present in the slurry and application method to soil.

Treatment of raw cattle slurry with aq. ammonia significantly reduced the proportion of presumably
viable oocysts and significantly increased the proportion of presumably non viable oocysts over time
compared with untreated raw slurry. However, presumably viable oocysts were still present at day 14
post treatment, suggesting that the volume of aq. ammonia added to slurry was ineffective in inacti
vating all oocysts within 14 days. The method used to determine oocysts inactivation did, however,
appear to identify oocysts viability inaccurately with approx. 25 % underestimation of viable oocysts.
Nevertheless, addition of aq. ammonia directly to cattle slurry prior to application to agricultural land

T
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can be a useful pre treatment for inactivating oocysts, although the exact concentration and expo
sure time needed to inactivate all Cryptosporidium oocysts were not determined in the present study.

4.1 Perspectives and future research

The results presented in this thesis suggest various avenues for future research.

In Paper I, Danish organic pigs showed high prevalence of Cryptosporidium, especially younger pigs,
and the organic farming system was associated with higher prevalence than documented in Danish
conventional herds. However, to confirm whether organic farming is in fact associated with higher
Cryptosporidium prevalence, screening of a larger number of pigs and herds in both production sys
tems is needed. Moreover, some essential organic farming strategies might pose a high risk of envi
ronmental contamination and further potential transmission of Cryptosporidium from agricultural
fields to the aquatic environment. To ascertain whether viable oocysts are readily available in the
terrestrial environment surrounding pig farms and in particular cattle farms, soil samples should be
analysed. This is mainly important in areas near streams and lakes, since more frequent heavy rain
events during summer and autumn have been predicted for Denmark as a result of expected, future
climate changes. Hence, the risk of surface runoff from agricultural fields might be increased.

Despite the high Cryptosporidium prevalence observed in the Danish, organic pigs, it appears that
porcine cryptosporidiosis is subclinical and has minor economic impact. Furthermore, the organic
pigs did not host any of the species usually associated with human cryptosporidiosis, why the risk of
human cryptosporidiosis originating from pigs is probably negligible. Based on this, one could argue
that no further studies on porcine cryptosporidiosis are needed. However, this study was subjected to
selection bias as only oocysts from pigs with high OPG were selected for molecular and phylogenetic
analyses. Hence, studies including screening of high, moderate and low excreting pigs of all ages are
necessary to reveal if pigs host some less host adapted species causing low oocysts excretion, and to
make firm conclusions regarding risk of human cryptosporidiosis caused by organic pigs. Moreover,
better methods to detect co infections with various Cryptosporidium species and genotypes should
be applied to enhance the chance of detecting the less dominant species. Nevertheless, understand
ing the mechanism behind the oocysts excretion pattern, which appears to be related to age and/or
species, is important for the general understanding of Cryptosporidium epidemiology in pigs and oth
er hosts. This could be studied by experimental infections where Cryptosporidium naïve pigs of vari
ous age are given equal infection doses of C. suis and C. scrofarum. Cohort studies where individual
pigs are sampled regularly from birth to slaughter could clarify when this apparently age related sus
ceptibility to C. suis and C. scrofarum occurs, and substantiate if seasonal variations in prevalence and
infection intensity occur.

When oocysts contaminated slurry was added to agricultural soil, leaching of viable oocysts proved
possible, at least for four weeks following addition of liquid or raw slurry, applied on the surface or
injected into the soil. The highest leaching was observed for the injected liquid slurry, followed by
injection of raw slurry. This raises concerns, since the intention with separation of slurry is partly to
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reduce runoff of e.g. nitrogen and phosphor in order to minimise contamination of the aquatic envi
ronment. Moreover, injection of slurry is broadly practised to limit odour, and contamination of crops
and the external environment with faecal microorganisms. This thesis showed that oocysts are capa
ble of surviving the leaching process, thus, studies are required to verify if oocysts are actually pre
sent in the liquid part of separated slurry or retained with the solid fraction. Outdoor housing of pigs
and grazing cattle necessitates more studies of vertical transport of oocysts not only following slurry
application, but also from faecal pats all year round. Moreover, studies examining oocysts transport
beyond 20 cm are needed to verify whether this transport through intact soil poses a risk of oocyst
transport to drains or groundwater. This could be done with soil columns >20 cm or by taking soil
samples of various depths of field plots following slurry application.

This thesis highlighted the importance of reducing the concentration of infective oocysts in slurry
before application to soil and showed that adding aq. ammonia to slurry can be used as a treatment
prior to soil application to reduce the number of viable Cryptosporidium oocysts. However, the inacti
vation appears to depend on the concentration of free NH3 present in slurry. Further research is
therefore needed to assess the level of ammonia required to inactivate all oocysts in slurry stored
under various conditions, e.g. the study of addition of different ammonia concentrations to slurry
stored at various temperatures and incubation periods should be carried out to establish how the
oocyst inactivation is affected. The effects of stirring and covering of the slurry on oocyst inactivation
also need to be determined.

Taken together, Cryptosporidium infections appear to be persistently present in many livestock spe
cies. This can be problematic for human health in areas where people and livestock live close togeth
er. Moreover, future climate changes resulting in more frequent and heavier rain events will probably
increase the risk of oocysts transmission to water sources and potentially increase the risk of water
borne outbreaks of human cryptosporidiosis. Accordingly, improved knowledge of Cryptosporidium
sources, transmission pathways and survival in the environment is essential.
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Highlights 

• High Cryptosporidium and Giardia prevalence in organic pigs throughout the year
• Piglets predominantly hosted C. suis, while older pigs mainly hosted C. scrofarum
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• The intensity of infection was >6 x higher for C. suis compared to C. scrofarum
• Crypto/Giardia infected pigs excreted fewer oocysts compared to mono-infected pigs
• Public health risk of Cryptosporidium/Giardia in Danish organic pigs seems negligible

Abstract 

Although pigs are commonly infected with Cryptosporidium spp. and Giardia duodenalis, 

including potentially zoonotic species or genotypes, little is known about age-related infection 

levels, seasonal differences and genetic variation in naturally infected pigs raised in organic 

management systems. Therefore, the current study was conducted to assess seasonal and age-

related variations in prevalence and infection intensity of Cryptosporidium and Giardia, 

evaluate zoonotic potential and uncover correlations between species/genotypes, infection 

intensity and faecal consistency. Shedding of oocysts and cysts ((oo-)cysts) was monitored at 

quarterly intervals (September 2011 to June 2012) in piglets (n=152), starter pigs (n=234), 

fatteners (n=230) and sows (n=240) from three organic farms in Denmark. (Oo-)cysts were 

quantified by immunofluorescence microscopy; and 56/75 subsamples from Cryptosporidium 

infected pigs were successfully analysed by PCR amplification and partial sequencing of the 

small subunit (SSU) 18S rRNA and hsp70 genes, while 13/67 Giardia subsamples were 

successfully analysed by amplification and partial sequencing of the 18S rRNA and the gdh 

genes. Altogether, Cryptosporidium or Giardia infections were observed in 40.9% (350/856) 

and 14.0% (120/856) of the pigs, respectively, including 8.2% (70/856) infected with both 

parasites. Prevalence, intensity of infections and presence of Cryptosporidium species varied 

significantly between age-groups; 53.3% piglets, 72.2% starter pigs, 40.4% fatteners and 2.9% 

sows were infected with Cryptosporidium, whereas 2.0% piglets, 27.4% starter pigs, 17.8% 

fatteners and 5.0% sows were infected with Giardia. The overall prevalence was stable 

throughout the year, except for dual-infections that were more prevalent in September and 
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December (p<0.05). The infection intensity was age-related for both parasites, and dual-

infected pigs tended to excrete lower levels of oocysts compared to pigs harbouring only 

Cryptosporidium. Likewise, pigs infected with C. scrofarum excreted fewer oocysts (mean CPG: 

54,848±194,508 CI: 9085–118,781) compared to pigs infected with C. suis (mean OPG: 

351,035±351,035 CI: 67,953–634,117). No correlation between faecal consistency and (oo-

)cyst excretion levels was observed. 

Of the successfully genotyped isolates, 38/56 (67.9%) were C. scrofarum and 18/56 (32.1%) 

were C. suis, while the livestock specific G. duodenalis Assemblage E was detected in 11/13 

(84.6%) isolates and the potentially zoonotic Assemblage A was identified in 2/13 (15.4%) 

isolates. Piglets exclusively hosted C. suis, with one exception, while starter pigs and fatteners 

predominantly hosted C. scrofarum. As organic pigs are partly reared outdoors, environmental 

contamination with Cryptosporidium and Giardia is inevitable. Nevertheless, the present data 

indicate that the potential public health risk associated with both of these parasites in Danish 

organic pig production seems to be negligible. 

Keywords: Cryptosporidium; Giardia duodenalis; organic pigs; prevalence; molecular typing. 
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1. Introduction

Protozoan parasites belonging to the genera Cryptosporidium and Giardia are prevalent in a 

variety of animal species, including cattle, pigs and humans (Current and Garcia, 1991; 

Maddox-Hyttel et al., 2006). Both parasites can cause severe symptoms, primarily diarrhoea, 

e.g. in young calves and humans. In addition, giardiasis is known to induce chronic malnutrition

and growth retardation with subsequent risk of impaired cognitive function in humans 

(Berkman et al., 2002). Moreover, post-giardiasis complications such as fatigue and abdominal 

symptoms years after infection have been observed (Morch et al., 2009, 2013; Naess et al., 

2012). Natural porcine infections with either of the parasites are typically asymptomatic 

(Quilez et al., 1996; Maddox-Hyttel et al., 2006; Kváč et al., 2009a; Nemejc et al., 2013; Zhang 

et al., 2013), whilst watery diarrhoea, anorexia and increased mortality have been described in 

piglets experimentally infected with C. parvum (Tzipori et al., 1982; Enemark et al., 2003).  

Both parasites can be transmitted directly through contact with infected individuals or 

indirectly by consumption of faeces contaminated food or water (Meinhardt et al., 1996; 

Fayer, 2004). Livestock, in particular cattle, has been implicated as a major source of surface 

water contamination with Cryptosporidium and Giardia (oo-)cysts (Bodley-Tickell et al., 2002; 

Thurston-Enriquez et al., 2005). Moreover, Cryptosporidium contamination of water sources 

through surface run-off from faeces deposited on agricultural land has repeatedly been 

documented (Tate et al., 2000; Davies et al., 2004; Thurston-Enriquez et al., 2005). In addition, 

Petersen et al. (2012) demonstrated that C. parvum oocysts present in pig slurry applied to soil 

can leach and potentially contaminate groundwater. Cryptosporidiosis and giardiasis are 

widespread and debilitating diseases in calves, and cattle often host the zoonotic C. parvum 

and to a lesser degree also G. duodenalis Assemblage A. Thus, cattle have frequently been the 
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subject of Cryptosporidium and Giardia surveys (Appelbee et al., 2003; Maddox-Hyttel et al., 

2006; Silverlås et al., 2013). The opposite applies for pigs, where cryptosporidiosis and 

giardiasis generally have been disregarded. Additionally, pigs are mostly reported to host C. 

suis and C. scrofarum (Ryan et al., 2003; Langkjaer et al., 2007; Yin J.H. et al., 2013; Nemejc et 

al., 2013; Nguyen et al., 2013; Zhang et al., 2013), that are considered relatively host specific; 

and G. duodenalis Assemblage E (Langkjaer et al., 2007; Armson et al., 2009; Sprong et al., 

2009), which is restricted to livestock. Recently, the awareness of porcine infections with these 

protozoan parasites has, nevertheless, increased worldwide. This has led to occasional 

observations of the zoonotic C. parvum and G. duodenalis Assemblage A in pigs (Xiao et al., 

2006; Leoni et al., 2006; Langkjaer et al., 2007; Armson et al., 2009 Kváč et al., 2009b), as well 

as C. andersoni (Hsu et al., 2008), C. muris (Zintl et al., 2007), C. tyzzeri (Budu-Amoako et al., 

2012), G. duodenalis Assemblage C, D, E and F (Langkjaer et al., 2007; Armson et al., 2009; 

Minetti et al., 2014), all of which have been documented sporadically in humans (Leoni et al., 

2006; Sprong et al., 2009; Raskova et al., 2013). However, none of these studies provided a 

comprehensive description of seasonal and age-related differences in prevalence or genetic 

variation of Cryptosporidium and Giardia in outdoor reared pigs. Detailed knowledge of 

potential zoonotic transmission is furthermore hampered because only few studies in pigs 

have characterised specimens by sequence analysis of molecular markers (Spong et al., 2009).  

As pigs have the capability to excrete extremely high numbers of oocysts and cysts per gram of 

faeces (OPG and CPG) (Fayer et al., 2006; Maddox-Hyttel et al., 2006), fertilisation of 

agricultural land with slurry or faecal deposition directly on the ground from infected free-

range pigs can eventually be a source of human waterborne cryptosporidiosis and giardiasis. 

Organic pigs, contrary to conventionally reared pigs, have access to outdoor areas throughout 

most of their lives. Therefore, this study was conducted to: 1) assess seasonal- and age-related 
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variations in prevalence and infection intensity of Cryptosporidium and Giardia in organic pig 

farms, 2) to evaluate the zoonotic potential of these infections through DNA sequence 

analyses, and 3) to uncover any correlation between species/genotypes hosted by the pigs, 

infection intensity and faecal consistency in the pigs. 

2. Material and methods

2.1 Study farms 

Three commercial Danish organic pig farms with laboratory confirmed Cryptosporidium and 

Giardia infections were selected for the study based on the owner’s willingness to participate. 

The farms were visited at quarterly intervals from September 2011 to June 2012. In all farms, 

piglets were born outdoor on farrowing pastures and weaned at seven to nine weeks of age. 

The farrowing pastures were subdivided into smaller paddocks, with one to five sows 

separated by a single electrical wire; in practice, allowing the piglets free access to the entire 

area. Post-weaning, the starter pigs were housed indoor in concrete pens with access to a 

partially roofed outdoor area. Moreover, all weaned pigs were provided with straw bedding up 

to 25 cm deep.  

On farm 1, weaned pigs from several sows were randomly allocated into pens accommodating 

20–25 pigs. At 35 kg (≈ 15 weeks of age) the group was split in two, and half of the pigs were 

relocated to a new pen. The stable was partly roofed with no clear distinction between indoor 

and outdoor areas. Bedding was deepest underneath the roofed part of the stable and 

gradually decreased towards the open part where the floor was partially slatted. On farm 2 

and 3, starter pigs and fatteners were kept in separate, fully roofed units with separate 

outdoor runs and separate feeding areas.  
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2.2 Sample collection 

Individual faecal samples were collected rectally at quarterly intervals from September 2011 to 

June 2012. At each visit, we aimed at taking 20 samples from sows (10 pregnant and 10 

lactating), fatteners (80–100 kg) and starter pigs (20–30 kg corresponding to 9–14 weeks of 

age), respectively. In addition, samples were collected immediately after defecation from 9–19 

suckling piglets (≤7 weeks) in the farrowing paddocks. The samples were transported on ice to 

the laboratory and stored at 5°C until processing.  

2.3 Faecal examination 

Faecal consistency was assessed on a scale from one to five (1: normal; 2: soft, 3: liquid; 4: 

watery; 5: watery with blood and/or intestinal tissue). Giardia cysts and Cryptosporidium 

oocysts ((oo-)cysts) were isolated and enumerated as previously described by Maddox-Hyttel 

et al. (2006). Briefly, 1 g faeces was suspended by vortexing in 3.5 mL 0.01% Tween 20 and 

filtered through multilayered 20-thread gauze (a 5 cm × 5 cm piece placed in a 10 mL syringe 

and held in place by a piece of wire). Another 3.5 mL 0.01% Tween 20 was added and the fluid 

pressed through the gauze with the syringe piston. The filtrate was under layered with 3.5 mL 

flotation fluid (saturated saline with glucose (50 g in 100 mL) diluted 1:1 with MQ water (final 

specific gravity = 1.13 g mL-1) and centrifuged at 53 × g for 3 min. The supernatant was 

transferred to a clean tube and washed three times using MQ water and subsequently 

centrifuged at 1540 × g for 10 min to obtain a final sample volume of 2 mL. For each sample, a 

10 μL subsample was placed in a well on a 3-well Teflon printed diagnostic slide (Immuno-Cell 

Int., Belgium) with 10 μL MQ water already added to the well. The slide was air-dried 

overnight, fixed with acetone and left to dry for 5 min before adding 25 μL of anti-Giardia/ and 

anti-Cryptosporidium fluorescein isothiocyanate (FITC)-labelled antibody mix (Crypto/Giardia-

CEL IF, Cellabs, Australia) according to the manufacturer’s instructions. The (oo-)cysts were 
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quantified by epifluorescence microscopy at 200× or 400× magnification and expressed as 

oocysts or cysts per g (OPG, CPG). The theoretical detection limit was 200 (oo-)cyst per gram of 

faeces corresponding to (oo-)cysts counted in 10 μL of an initial 2 mL of processed suspension.  

2.4 Molecular and phylogenetic analyses 

Purified (oo-)cysts were stored at 5°C for approximately one year prior to DNA extraction using 

a QIAamp® DNA Stool Mini Kit (QIAGEN GmnH, Hilden, Germany) according to the 

manufacturer’s directions, except that the lysis temperature was increased to 95°C, and the 

DNA was eluted with only 100 μl Buffer AE, and subsequently stored at -20°C. 

When possible, samples from the two pigs containing the highest OPG and CPG were selected 

for molecular and phylogenetic analyses from each farm, age-group and season. Furthermore, 

all samples from pigs with CPG≥1000 were selected (n=32). Thus, for some groups at particular 

time points, faeces from more than two animals were included in the molecular analyses. 

Partial nucleotide sequences of the Cryptosporidium isolates were obtained by polymerase 

chain reaction (PCR) and subsequent sequencing of the small subunit ribosomal RNA gene (18S 

SSU rDNA locus) and the heat shock protein (hsp) 70 gene, whereas molecular typing of G. 

duodenalis was performed by PCR and partial sequencing of the 18S rRNA and the glutamate 

dehydrogenase (gdh) genes (Langkjaer et al., 2007). 

PCR products were purified either directly from the PCR reaction, or following electrophoresis 

and extraction of specific DNA fragments from the agarose gel using the High Pure PCR 

Product Purification Kit (Roche Diagnostics Gmbh, Mannheim, Germany). The purified PCR 

products were sequenced in both directions on an ABI 3130-4 Genetic Analyzer (Applied 

Biosystems, Europe BV, Danish branch in Nærum, DK) using Big Dye1 Terminator V3.1 cycle 

sequencing kit (Applied Biosystems). Alignment of selected representative fragments (one for 
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each species and each molecular marker) and reference sequences from GenBank were made 

with Clustal W using the software MEGA6 (Tamura et al., 2013). Phylogenetic relationships 

were determined by neighbour joining analyses using 1000 bootstrap replicates, and the 

evolutionary distances were computed using the Jukes-Cantor method. In addition, the 

average evolutionary divergence over sequence pairs was determined for each of the gene 

fragments to estimate the number of nucleotide substitutions per site from averaging over all 

sequence pairs within each species (Tamura et al., 2013). 

2.5 Statistical analyses 

Mono-infection with Cryptosporidium or Giardia and dual infection with both parasites were 

binary response variables, and differences between age-groups, farms and sampling seasons 

were evaluated using a logistic regression model allowing findings from the same farm to be 

correlated. The model was estimated using restricted pseudo-likelihood estimation (SAS 

Glimmix procedure).  

The OPG were ln (x) transformed, while CPG were square root transformed to ensure a 

normally distributed interval dependent variable. The differences in OPG means between 

mono/dual infected pigs and age-groups were analysed by linear regression to test whether 

the mean number of (oo-)cysts excreted per pig differed by age-group, mono/dual infection or 

if there was any interaction between these. The normality assumption was validated by 

quantile-quantile plots and Shapiro–Wilk test, and variance homogeneity was validated by 

residual plot. Thereafter, the non-significant effects were removed by stepwise backward 

model reduction on a 5% significance level. The final model for excreted oocysts (OPG) 

included farm number, season and age-group as fixed factors. The differences in CPG were 

square root transformed and analysed using a generalized linear regression model assuming a 
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gamma error distribution and an inverse link function. The distributional assumptions were 

validated by inspecting the residual distribution. One extreme CPG value was omitted from the 

analysis.  All mean data ± standard deviation (S.D.) are stated as arithmetic means calculated 

from the raw non-transformed data. All statistical analyses were done in SAS, version 9.3 (SAS 

institute Inc., Cary, NC). 

The Cryptosporidium spp., C. suis or C. scrofarum, were a binary response variable, and 

differences between age-groups, farms and sampling seasons were evaluated using a logistic 

regression model allowing findings from the same farm to be correlated. The model was 

estimated using restricted pseudo-likelihood estimation (SAS Glimmix procedure). 

3. Results

3.1 Prevalence 

Faecal samples were collected from 240 sows, 230 fatteners, 234 starter pigs and 152 piglets, 

yielding a total of 856 samples. Based on microscopical examination, 46.7% (400/856) of the 

sampled pigs tested positive for Cryptosporidium, Giardia or both parasites. Of these, 40.9% 

(350/856) were infected with Cryptosporidium and 14.0% (120/856) with Giardia. Of the 

Cryptosporidium-positive pigs, 20.0% were dual-infected with Giardia, while 58.3% of the 

Giardia-positive pigs were concomitantly infected with Cryptosporidium, corresponding to a 

total of 8.2% (70/856) dual-infected pigs. The theoretical expected prevalence of dual-

infections was 5.7% (0.409 × 0.140). Pigs infected with Giardia thus had an increased relative 

risk of being concomitantly infected with Cryptosporidium (relative risk= 2.02; CI 1.45–2.83; 

p<0.0001) and vice versa (relative risk= 1.53; CI 1.28–1.83; p<0.0001).  
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The prevalence of Cryptosporidium infections was significantly age-related both on study level 

(p=0.0002) and within each farm (p<0.05) (Table 1). Infections were markedly more prevalent 

in starter pigs (72.2%) compared to any other age-group (p<0.0001) and least prevalent in 

sows (2.9%). Likewise, the overall prevalence of Giardia was significantly age-related 

(p=0.0017) with higher prevalence in starter pigs (27.4%)and lower prevalence in piglets (2.0%) 

compared to other age -groups. Yet, the prevalence of Giardia mono-infections was similar in 

starter pigs (7.3%), fatteners (9.6%) and sows (4.6%), whereas no piglets (0.0%) were mono-

infected with this parasite (Table 1). In agreement with the overall high prevalences observed 

in starter pigs, dual-infections were significantly (p<0.0001) more prevalent in this age-group 

(20.1%) compared to any other age-group. 

Generally, the prevalences of both parasites were unaffected by season at study level and 

within each farm and age-group. Yet, fatteners and starter pigs tended to have more Giardia 

infections during autumn and winter, and dual-infections were more prevalent in September 

and December (p<0.05).  

3.2 Oocyst and cyst excretion levels 

In general, regardless of age, farm, season and species, Cryptosporidium were excreted at 

considerably higher levels compared to Giardia. The intensity of infection ranged 200–

10,551,200 OPG with a mean of 99,062 ± 35,151 OPG and median of 2100 OPG for 

Cryptosporidium infected pigs, and 200–21,400 CPG with a  mean of 1,285 ± 261 CPG and 

median of 400 CPG for Giardia infected pigs. In addition, the excretion levels of 

Cryptosporidium were markedly lower for dual-infected pigs (all ages) compared to mono-

infected pigs (all ages) (mean ± S.E., and median, dual-infected: 11,157 ± 3,776 OPG and 1,600 

OPG; mono-infected:  121,038 ± 43,846 OPG and 2200 OPG), although not statistically 
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significant (p>0.05). Moreover, only 1.4% of the dual-infected pigs (all ages) excreted 104–105 

OPG while the corresponding number was 8.6% for Cryptosporidium mono-infected pigs (all 

ages), and with one exception (a dual-infected piglet), excretion levels >105 OPG were only 

observed in Cryptosporidium mono-infected piglets. Moreover, only three of 152 (4.3%) piglets 

were dual infected, while 78 out of 152 (51.3%) were mono-infected with Cryptosporidium.   

At all four sampling seasons, some pigs did not excrete detectable numbers of (oo-)cysts, while 

others excreted extreme quantities. The average excretion levels for each age-group are 

presented in Figure 1, demonstrating an age-related excretion pattern, where the infection 

intensity decreased with increasing age. Piglets excreted, on average, 1,177 times more OPG 

and 8 times more CPG than sows. Infection intensity was independent of season and farm.  

Mean oocyst excretion for C. suis infected pigs was 351,035 OPG (range: 2.4 x 103 -1.6 x 106; 

S.D. 351,035; 95% CI: 67953–634117) while pigs infected with C. scrofarum excreted 54,848

OPG (range: 0.6 x 103 - 1.2 x 106; S.D. 194,508: 95% CI: -9085–118781). The average excretion 

levels of C. suis and C. scrofarum are presented for each age-group in Table 2.Scouring animals 

(faecal scores ≥ 3) were not detected among the sampled animals and infection intensity was 

unrelated to faeces consistency (p>0.05).  

3.2 Molecular characterization of Cryptosporidium and Giardia  

Of the 350 Cryptosporidium positive samples, we attempted to analyse 75 samples by partial 

sequencing of the 18S rDNA locus and the hsp70 gene; 55 samples from Cryptosporidium 

mono-infected pigs and 20 samples from dual-infected pigs. Of these, 40 samples from mono-

infected pigs and 16 from dual-infected pigs were successfully sequenced revealing 38 (67.9%) 

C. scrofarum and 18 (30.9%) C. suis. Of the 16 successfully sequenced samples from dual-
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infected pigs, 14 were C. scrofarum and two were C. suis. Seasonal- and age-related 

prevalences of Cryptosporidium species on the three farms are presented in Table 3. 

The Cryptosporidium species infecting the pigs was determined by age. Piglets hosted 

exclusively C. suis (except for one piglet infected with C. scrofarum), while starter pigs and 

fatteners were infected with C. suis as well as C. scrofarum; the latter species occurring most 

frequently. Species distribution appeared unaffected by season or farms. The sows excreted 

few oocysts (below 1,000 OPG), and no typing results could be obtained from this age-group. 

Both C. suis and C. scrofarum were detected on all three farms during all seasons.  

For those Cryptosporidium isolates where typing results were obtained with both molecular 

markers (n=35), the results were consistent. Phylogenetic analyses of the Cryptosporidium 18S 

rDNA (Fig. 2) and hsp70 gene sequences (Fig. 3) were largely consistent, and the sequences 

were 95-100% identical to those previously published for porcine isolates of C. suis and C. 

scrofarum from GenBank. Estimates of the number of base substitutions per site from 

averaging over all sequence pairs within each group involved 44 18S rDNA nucleotide 

sequences (13 C. suis, 31 C. scrofarum) with a total of 476 base pairs in the final dataset, and 

47 hsp70  sequences (13 C. suis, 34 C. scrofarum) with a total of 354 base pairs in the final 

datasets. Rates of nucleotide substitutions were generally higher in the hsp70 sequences 

compared to 18S rDNA sequences, but while hsp70 sequences of C. suis (0.046) were more 

variable relative to C. scrofarum (0.020) the opposite was the case for 18S rDNA sequences  (C. 

suis: 0.001; C. scrofarum: 0.004). Selected representative sequences (B14, B26, B35, B37) from 

the present study have been uploaded to GenBank under the Accession numbers: KT223028–

29 and KT716819–20. 
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Of the 120 Giardia positive samples, we attempted to analyse 67 by partial sequencing of the 

18S rDNA locus and the gdh gene; 31 samples from Giardia mono-infected pigs and 36 samples 

from dual-infected pigs. None of the dual-infected pigs were successfully sequenced, while 

genotypes were successfully obtained from 13 of the mono-infected isolates, revealing 11 

(84.6%) G. duodenalis Assemblage E and two (15.4%) Assemblage A. Assemblage E was 

detected in samples from all seasons and was found in pigs from all three farms, whereas 

Assemblage A was only detected in pigs from farm 2 and 3 in June and September, respectively 

(Table 4). Giardia species distribution was only analysed to calculate the relative risk of a co-

infection with both parasites, while too few data were obtained from the screening to do 

logistic regression.  

4. Discussion

4.1 Prevalence  

Cryptosporidium and Giardia infected pigs were identified on all three farms, at all seasons and 

from pigs of all ages. Nevertheless, young age was strongly associated with prevalence and 

intensity of infections, particularly for Cryptosporidium, which had very high prevalence rates

in piglets and starter pig whereas Giardia infections were more prevalent only in starter pigs 

compared to any other age-group. The prevalences of both parasites were unaffected by 

season, while the prevalence of dual-infections peaked in September and December. In 

accordance with previous studies in pigs, sheep and cattle (Maddox-Hyttel et al., 2006; Santín 

et al., 2007; Siwila and Mwape, 2012; Budu-Amoako et al., 2012), Cryptosporidium infections 

were approximately three times more prevalent than Giardia infections. Moreover, the dual-

infections constituted a substantial part of the infections: 20.0% of the Cryptosporidium and 

58.3% of the Giardia positive pigs. Hence, pigs infected with one parasite appeared more likely 
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to be simultaneously infected with the other. Most previous studies of Cryptosporidium 

infection in pigs did not include Giardia, and in the few studies that did, dual-infected animals 

were not reported (Budu-Amoako et al., 2012; Farzan et al., 2011). However, studies in cattle, 

sheep and horses identified Cryptosporidium/Giardia dual-infected young animals by PCR or 

immunofluorescence assay with prevalences ranging 7–26% (Xiao et al., 1993; Xiao and Herd, 

1994 Castro-Hermida et al., 2006; Hamnes et al., 2006; Sweeny et al., 2011). None of these 

studies compared the intensity of the infections, while others have reported cryptosporidiosis 

to be a risk factor for giardiasis in children and vice versa (e.g. Wang et al., 2013). The relatively 

high prevalence of dual-infections reported here as well as in other livestock, indicates that 

dual-infections are fairly common. This may be the result of identical infection routes and 

infectivity of the two parasite species, rather than one being a risk factor for the other. Yet, 

solid data, e.g. experimental infection studies, to support this hypothesis is lacking.   

Weaning of piglets may have triggered the high prevalence in starter pigs observed in this 

study and elsewhere, since weaning is associated with significant social, environmental and 

nutritional changes resulting in dramatic alterations of gut structure, microbiology and 

function (Montagne et al., 2007). However, two studies in Vietnam demonstrated that the 

prevalence of Cryptosporidium in pre-weaned pigs (< 1 month) was significantly higher than in 

post-weaned pigs (1–2 month) (Nguyen et al., 2012, 2013). This discrepancy, compared to our 

study where the highest prevalences were detected post weaning, was probably related to 

differences in weaning age, and diagnostic methods. Pigs in our study were weaned at 7–9 

weeks of age, i.e. approximately one month later than pigs in the Vietnamese study. Further, 

the Vietnamese study used the Modified Ziehl-Neelsen technique, a method known to have 

low sensitivity. Thus, post weaning samples with low intensity might have remained 

undetected. 
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Pigs raised on straw bedding have previously been shown to be more commonly infected with 

Cryptosporidium than pigs raised on slatted floors (Nemejc et al., 2013). Yet, the prevalences 

of Cryptosporidium (72.2%) and Giardia (27.4%) in starter pigs in the present study, where the 

pigs had access to straw bedding, were similar to those described in an earlier Danish study of 

conventional pig farms, where the animals were raised on slatted floor (Maddox-Hyttel et al., 

2006). The Cryptosporidium prevalences in our study were, however, considerably higher than 

the prevalence of 33–48% for starter pigs reported elsewhere (Budu-Amoako et al., 2012; Yui 

et al., 2014). It should be noted though, that prevalence of Cryptosporidium in piglets (53.3%) 

prior to weaning was noticeably higher than formerly described both in Denmark (Maddox-

Hyttel et al., 2006) and abroad (Budu-Amoako et al., 2012; Yui et al., 2014). Outdoor rearing 

and late weaning as practiced in organic pig production probably contributed to these 

differences. In Danish organic pig production, suckling piglets have unrestricted access to large 

pasture areas with accumulation of manure and contact with several sows (Serup, 2010). This 

is in contrast to conventional pig production where lactating sows and their piglets are housed 

in individual, indoor pens with slatted floors (Nielsen & Norgaard, 2010). Our results are in 

agreement with a study of pigs in Western Australia where Cryptosporidium was found to be 

more prevalent in outdoor pig herds (17.2%) than in indoor herds (0.5%) (Ryan et al., 2003). 

Additionally, stress related to changing weather conditions may have contributed to the high 

prevalence and infection levels observed in our study of outdoor reared animals. Due to the 

cross-sectional study design with repeated sampling in each farm, but without repeated 

sampling of individual pigs, we were unable to demonstrate if the high prevalence in piglets 

was caused by inability to clear the infection or due to repeated re-infection. In contrast, 

hardly any piglets had detectable Giardia infections, whereas the parasite was relatively 

prevalent among starter pigs and fatteners.  
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As cold and humid conditions, occurring during winter, are known to favour (oo-)cyst survival 

(Robertson et al., 1992; Olson et al., 1999), prevalence was expected to vary in outdoor raised 

pigs due to seasonality. However, the prevalence of Cryptosporidium was relatively constant 

during this one-year study, demonstrating a continuous infection pressure and environmental 

contamination throughout the year; supported by the presence of susceptible piglets due to 

farrowing at all seasons. Giardia cysts are more sensitive than Cryptosporidium oocysts to 

adverse environmental conditions (Olson et al., 1999), which might account for the fluctuation 

of Giardia prevalence observed in starter pigs and fatteners between sampling seasons in the 

present study.     

4.2 Infection intensity 

As for the prevalence, the infection intensity of both parasites was age related with the highest 

Cryptosporidium intensity in piglets, while the highest Giardia intensity appeared in starter 

pigs. Nonetheless, the dual infected piglets excreted more Giardia cysts than the dual infected 

starter pigs (Fig. 1). The Cryptosporidium intensities are in accordance with previously reported 

data (Yui et al., 2014; Jeníková et al., 2011). The lower Cryptosporidium excretion levels in 

starter pigs compared to piglets (Fig. 1) may have been the result of acquired immunity or 

parasite factors, as this age-group, in agreement with e.g. Yin et al. (2013), was predominantly 

infected with a Cryptosporidium species different from that observed in the piglets (Table 3). 

Nevertheless, excretion levels >103 OPG were seen in 68.6% of the infected starter pigs, 

demonstrating relatively high infection intensities in this age-group despite development of 

immunity and predominant infection with C. scrofarum. Pigs concomitantly infected with 

Cryptosporidium and Giardia excreted lower levels of (oo-)cysts compared to mono-infected 

pigs.  Hence, our results may suggest that dual-infections prevent pigs from excreting 
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extremely high numbers of (oo-)cysts. Yet, the differences were insignificant, probably due to 

relatively few dual-infected pigs, and large variation in (oo-)cyst excretion within the age-

groups. To our knowledge, this is the first study to compare infection intensity of dual- and 

mono-infected pigs, and, although a few studies have documented prevalence of mono- and 

dual-infections in cattle and analysed infection intensity, they did not compare the infection 

intensity between mono- and dual-infected animals (O'Handley et al., 1999; Hamnes et al., 

2006). Accordingly, more studies are needed to reveal whether these parasite infections may 

have antagonistic effects or whether the lower infection intensity observed in dual-infected 

pigs was mainly caused by Giardia infections occurring later in life compared to 

Cryptosporidium, and thus the majority of the dual infected pigs are more immunologically 

mature compared to the young piglets. This study revealed that the intensity of 

Cryptosporidium infections in pigs was linked to species and age, as C. suis infected pigs 

excreted above 6 times more oocysts than C. scrofarum infected animals, and piglets 

exclusively hosted C. suis.  This is in agreement with results of Kváč et al. (2009a), who found 

that pigs infected with C. suis shed statistically higher numbers of oocysts compared with pigs 

infected with C. scrofarum. Nevertheless, as our study was not specifically designed to analyze 

species-specific differences in oocyst excretion, firm conclusions regarding variation in 

reproductive potential of the porcine Cryptosporidium species needs further scrutiny. 

Based on scoring of the faecal samples the infections were subclinical over the course of the 

study and no correlation could be found between faecal consistency and (oo-)cyst excretion 

levels. A recent Japanese study showed that piglets with signs of diarrhoea shed more 

Cryptosporidium oocysts than piglets with normal or loose stools (Yui et al., 2014); but the 

study did not exclude co-infection with other pathogens. In contrast, and in agreement with 

our findings, most other studies demonstrated a subclinical course of infection (Xiao, 1994; 
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Quilez et al., 1996; Guselle et al., 2003; Ryan et al., 2003; Vitovec et al., 2006; Suarez-Luengas 

et al., 2007; Jeníková et al., 2011). This suggests limited clinical importance of Cryptosporidium 

and Giardia in naturally infected pigs, but does not preclude an impact on productivity. 

Furthermore, co-infection with other commonly occurring pathogens may result in clinical 

disease, e.g. rotavirus has previously been demonstrated to enhance pathogenicity leading to 

severe disease and mortality in pigs with cryptosporidiosis (Enemark et al., 2003). 

4.3 Species composition 

Cryptosporidium suis, C. scrofarum, G. duodenalis Assemblage E and the zoonotic Assemblage 

A were identified in the present study. Cryptosporidium scrofarum was the most commonly 

isolated species on all three farms, and the species predominantly identified in starter pigs and 

fatteners. In contrast, piglets exclusively hosted C. suis with a single exception. This finding is 

congruent with results seen in other studies where piglets under the age of four weeks were 

refractory to C. scrofarum infection (Langkjaer et al., 2007; Johnson et al., 2008; Kváč et al., 

2009a; Jeníková et al., 2011; Yin J.H. et al., 2013; Kváč et al., 2014). Likewise, C. suis and C. 

scrofarum were the most common species in pigs according to studies by others (Xiao et al., 

2006; Langkjaer et al., 2007; Zintl et al., 2007; Johnson et al., 2008; Kváč et al., 2009b; Yin J.H. 

et al., 2013), while infections with species known to be highly zoonotic such as e.g. C. parvum 

have only occasionally been demonstrated (Budu-Amoako et al., 2012; Kváč et al., 2009; Zintl 

et al., 2007; Featherstone et al., 2010 ). Our results may, however, be biased by selection of 

samples for genotyping only from the two pigs with the highest excretion levels from each 

farm, age-group and season, rendering them unrepresentative of the entire population. 

Molecular analyses of samples containing few oocysts might have revealed less host adapted 

species or other species with lower reproductive capacity. 
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No typing results were obtained from sows. Low OPG or differences in species and genotypes 

infecting the sows compared to other age groups may have contributed to this unsuccessful 

molecular typing. Nevertheless, other studies detected both C. suis and C. scrofarum in sows 

(Zintl et al., 2007; Budu-Amoako et al., 2012). 

We were unable to evaluate any relationship between the presence of G. duodenalis 

Assemblages and age, as only 13 of 67 Giardia-positive samples were successfully genotyped.  

The low success rate was probably caused by inadequate storage of the semi-purified cysts, 

which were stored in MQ water at 5°C for approximately one year prior to DNA extraction and 

PCR analysis. This was unintended and due to a mistake, and probably resulted in degradation 

of the DNA (Nechvatal et al., 2008) which could have been prevented by preservation in e.g. 

ethanol (Wilke and Robertson, 2009) or freezing (Kohli et al., 2008).  Nevertheless, the 

zoonotic Assemblage A was detected in two pigs: a starter pig and a fattener, while the 

positive isolates containing Assemblage E were obtained from starter pigs, fatteners and sows, 

from all three farms and at all four seasons.  

The phylogenetic analysis showed that Danish isolates grouped together with C. scrofarum and 

C. suis isolates from GenBank. Yet, intraspecies variations within the hsp70 gene fragments

were demonstrated particularly for C. suis where an evolutionary distance of 0.046 was 

revealed between the isolates. This is considerably higher than observed for C. scrofarum. In 

comparison, little variation was present within the 18S rDNA fragments, but interestingly, C. 

scrofarum was more variable than C. suis within this gene locus. In accordance with our 

results, actin gene variants of C. suis and C. scrofarum were recently described in Japan (Yui et 

al., 2014). However, few studies have analysed genetic variation within porcine 
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Cryptosporidium species and further epidemiological studies are needed to fully understand 

the extent and significance of this variation.     

No simultaneous infection with several Cryptosporidium species/genotypes was observed, 

which corresponds with earlier studies, where only few have reported mixed Cryptosporidium 

infection (Kváč et al., 2009b). Diagnosis of mixed infections is limited by one species usually 

predominating. Thus, as most PCR assays only amplify the dominant type (Tanriverdi et al., 

2003), other species may remain undetected.  

In conclusion, the study of three organic, Danish pig farms including examination of 856 faecal 

samples collected from different age-groups throughout one year revealed high prevalences of 

Cryptosporidium and Giardia infections leading to an inevitable risk of environmental 

contamination. However, the identified Cryptosporidium species were all of the pig-specific 

species and while the zoonotic G. duodenalis Assemblage A was present, it was rare. Although, 

sporadic cases of C. suis and C. scrofarum are reported in humans (Xiao et al., 2002; Cama et 

al., 2003; Bodager et al., 2015), the contribution from organic pigs in this study to the 

epidemiology of cryptosporidiosis and giardiasis in humans is apparently of minor importance. 

Accordingly, our findings suggest that the public health risk associated with Cryptosporidium 

and Giardia originating from organically outdoor reared pigs seems to be negligible in 

Denmark. 
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Figure captions: 

Figure 1: Intensity of infection in organic pigs naturally mono-infected with Cryptosporidium 

(n=280) and Giardia (n=50), or dual-infected with both parasites (n=70). Mean ± SEM (oo-

)cysts per gram of faeces (OPG/CPG) per age-group. Based only on data from positive animals 

and merged across four seasons in a year. Please note the different scales on the Y-axes.  

Figure 2: Phylogenetic relationships of porcine Cryptosporidium isolates inferred by Neighbour 

Joining analysis of 18S rRNA partial nucleotide sequences (628 base pairs in the final dataset). 

Percentage bootstrap support from 1,000 replicate samples is indicated at the left of each 

node. Accession numbers are shown in parentheses. The scale bar indicates 0.02 nucleotide 

substitution/site. 

Figure 3: Phylogenetic relationships of porcine Cryptosporidium isolates inferred by Neighbour 

Joining analysis of partial nucleotide sequences of the hsp70 gene (268 base pairs in the final 

dataset). Percentage bootstrap support from 1,000 replicate samples is indicated at the left of 

each node. Accession numbers are shown in parentheses. The scale bare indicate 0.02 

nucleotide substitution/site. 
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Transport of Cryptosporidium parvum Oocysts in Soil Columns
following Applications of Raw and Separated Liquid Slurries

Heidi H. Petersen,a Heidi L. Enemark,b Annette Olsen,a M. G. Mostofa Amin,c and Anders Dalsgaarda

Department of Veterinary Disease Biology, University of Copenhagen, Frederiksberg, Denmarka; Section for Adaptive Immunology and Parasitology, National Veterinary

Institute, Copenhagen V, Denmarkb; and Department of Agroecology, Faculty of Science and Technology, Aarhus University, Tjele, Denmarkc

The potential for the transport of viable Cryptosporidium parvum oocysts through soil to land drains and groundwater was
studied using simulated rainfall and intact soil columns which were applied raw slurry or separated liquid slurry. Following irri-
gation and weekly samplings over a 4-week period, C. parvum oocysts were detected from all soil columns regardless of slurry
type and application method, although recovery rates were low (<1%). Soil columns with injected liquid slurry leached 73 and
90% more oocysts compared to columns with injected and surface-applied raw slurries, respectively. Among leachate samples
containing oocysts, 44/72 samples yielded viable oocysts as determined by a dye permeability assay (DAPI [4=,6=-diamidino-2-
phenylindole]/propidium iodide) with the majority (41%) of viable oocysts found in leachate from soil columns with added liq-
uid slurry. The number of viable oocysts was positively correlated (r � 0.63) with the total number of oocysts found. Destruc-
tively sampling of the soil columns showed that type of slurry and irrigation played a role in the vertical distribution of oocysts,
with more oocysts recovered from soil columns added liquid slurry irrespective of the irrigation status. Further studies are
needed to determine the effectiveness of different slurry separation technologies to remove oocysts and other pathogens, as well
as whether the application of separated liquid slurry to agricultural land may represent higher risks for groundwater contamina-
tion compared to application of raw slurry.

Cryptosporidium parvum (42) is a protozoan parasite infecting
the gastrointestinal tracts of many vertebrates, including hu-

mans. The parasite is among the most common nonbacterial
causes of severe human gastroenteritis and diarrhea, which can be
life-threatening for immunocompromised individuals (7). Trans-
mission of C. parvum to humans may occur through a number of
routes, among which the ingestion of fecal contaminated drinking
water is a major source (19, 30). Contamination of drinking water
with C. parvum is of particular concern since as few as 10 infective
oocysts may be required to cause infection (39). Furthermore, the
oocysts are resistant to most commonly used disinfectants, in-
cluding chlorine, at levels applied during water treatment (24).

Contamination of drinking water with C. parvum originate
primarily from surface water (16), where oocysts have been intro-
duced through direct fecal pollution from free-ranging livestock,
wildlife or humans, wastewater, or by water runoff from manure-
fertilized fields, where the oocysts can remain infective for several
weeks (14, 35). Oocysts in fecal pats on rangeland can be released
during rainfall and transported to water bodies (41) and have been
found throughout the year in streams flowing through areas with
livestock production (3, 36).

Besides introduction through malfunctioning boreholes, con-
tamination of groundwater with Cryptosporidium requires that
oocysts move through soil to reach the water reservoir. Transpor-
tation through soil has usually been considered an insignificant
pathway because soil is generally assumed to be an effective filter
inhibiting the transport of different pathogens. Thus, the majority
of oocysts are typically found in the topsoil (32), but if macropores
are present they may facilitate the vertical transport of oocysts.
Studies in soil columns do also show that C. parvum oocysts are
capable of percolating through up to 50-cm deep sand and soil
columns (17, 32, 33). Field surveys of Cryptosporidium spp. in
groundwater in Great Britain (29, 30) and United States (34) in-
dicate that contamination with low concentrations of C. parvum

in groundwater may be frequent, although it is unknown how the
groundwater was contaminated. Limited information is available
about the viability and infectivity of oocysts in groundwater, but
oocysts have been shown to survive in soils for as long as 22 weeks
(22).

Cryptosporidium spp. are capable of infecting virtually every
mammal, including humans, but the major reservoir is domestic
livestock, almost exclusive young animals, with calves being espe-
cially susceptible (19). Other livestock animals, however, have also
been shown to excrete large number of Cryptosporidium oocysts,
e.g., a study of 50 Danish pig herds demonstrated a crude preva-
lence of 16, 31, and 100% for sows, piglets, and weaners, respec-
tively (31).

Application of animal slurry to agricultural land is practiced
worldwide to fertilize the soil and increase the organic matter
content (11). At the same time, animal slurry is also a well-docu-
mented source of different pathogens such as Cryptosporidium
spp. that may be released into the environment. Conventional
slurry management leads to nutrient losses both during storage
and when applied to the fields (11, 40), and the slurry has an
obnoxious smell. By separating the slurry mechanically as well as
chemically into a solid fraction that is typically composted before
use and a liquid fraction used to fertilize the paddocks, nutrient
losses and smell problems are reduced (12). Little information,
however, is available about the impact and fate of pathogens in the
separated solid and liquid slurry fractions during storage and
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when applied on agricultural land, e.g., no information seems to
be available concerning transport of Cryptosporidium oocysts in
soil water when the separated liquid slurry fraction is used as fer-
tilizer.

The objective of the present study was therefore to assess the
transport of C. parvum oocysts in columns of undisturbed soil
after the injection of raw slurry and separated liquid slurry into
topsoil and raw slurry applied on the soil surface.

MATERIALS AND METHODS
Cryptosporidium oocysts. Feces from 1- to 3-week-old naturally infected
Holstein calves were collected from two Danish dairy farms, Cryptospo-
ridium-positive samples were identified by the modified Ziehl-Neelsen
technique (18), and the oocysts were subsequently concentrated (31).
Briefly, Cryptosporidium-positive fecal samples were suspended in tap wa-
ter, filtered through gauze, and centrifuged at 1,540 � g for 10 min; the
supernatant was then removed and discarded, and the pellet was resus-
pended in tap water by vortexing. This washing procedure was repeated
two to three times until the supernatant was clear. Depending on the
volume of the pellet, tap water was added to the pellet to a total volume of
either 5 ml (�2-ml pellet) or 10 ml (�2-ml pellet), and the pellet was then
resuspended by vortexing. A total volume of 10 ml was divided into two
50-ml centrifuge tubes before further processing. The fecal solution was
underlayered with a gradient consisting of 1.09/1.05/1.01 Percoll (Amer-
sham Biosciences, Australia) prepared with distilled water. Samples were
centrifuged at 1,540 � g for 10 min, and oocysts were collected between
the 1.09/1.05 Percoll layers. Purified oocysts were washed three times by
centrifugation in distilled water at 1,540 � g for 10 min to remove Percoll;
all of the samples were then pooled, and the oocysts were then enumerated
by immunofluorescence microscopy. Cryptosporidium oocysts were iden-
tified as C. parvum by sequencing of the 18S rRNA gene locus and the
HSP70 gene (28).

Soil columns. Soil columns used in the study were collected in Octo-
ber 2009 from the Foulum Experimental Station (56°29=N, 9°34=E), Den-
mark, from a field rotated with spring barley and winter wheat. When soil
was sampled, the field contained some leftover crops which were removed
together with 5-cm topsoil before the start of the experiment. No animal
manure had been applied to the plot for the previous 2 years. The columns
consisted of undisturbed soil, sampled by pushing a 20-cm-long, 20-cm-
wide stainless steel column vertically into the soil by a tractor-mounted
device. Collected intact columns capped with plastic lids were transported
to the laboratory within a few hours and stored at 2°C until initiation of
the leaching experiment. Prior to the start of the experiment, the soil was
saturated with 0.01 M CaCl2 solution and drained to a soil water potential
at �100 hPa. The soil was loamy sand with 8% clay, 13% silt, and 78%
sand; further details of the soil are shown in Table 1.

Slurry application. Raw slurry and chemical-mechanical (Kemira
separators; Kemira Water A/S, Denmark) separated liquid slurry fractions
collected from a pig farm in Åbɵl, Denmark, were stored at 2°C prior to
use. The raw slurry was separated by a mechanical screw press through a
sieve (0.2-mm screen size). Details on the physicochemical properties of

raw and liquid slurry are shown in Table 2. Before the slurry was spiked
with C. parvum oocysts, the presence of naturally occurring oocysts was
determined in 2 g of slurry by purifying the oocysts with Percoll as de-
scribed above. Individual portions of oocysts were prepared in distilled
water and mixed with 9 samples of liquid slurry and 15 samples of raw
slurry, which were added to individual soil columns. Two different
batches of oocysts were added to liquid and raw slurry, respectively. Three
portions from each of the two batches of oocysts were used to examine the
number and viability of oocysts added to each soil column. The number of
C. parvum oocysts in each portion was examined by immunomagnetic
separation (IMS) (Dynabeads anti-Cryptosporidium kit; Invitrogen,
IDEXX Laboratories, Suffolk, United Kingdom), followed by immuno-
fluorescence microscopy (see below for details). Both slurry types were
spiked with C. parvum oocysts and 2,6-difluorobenzoic acid (Sigma-Al-
drich, Germany) at 2 g liter�1 as a nonreactive tracer. The total oocysts
added per column (i.e., the sum of naturally occurring oocysts and oocysts
added by spiking) was 3.1 � 106 (mean of four oocyst counts) with a
viability of 58% (36% DAPI� [4=,6=-diamidino-2-phenylindole positive]/
propidium iodide negative [PI�]), 21% DAPI�/PI�) when raw slurry was
applied, while 3.0 � 106 oocysts (mean of three oocyst counts) of which
57% were viable (34% [DAPI�/PI�], 24% [DAPI�/PI�]) were inoculated
per column when liquid slurry was applied. The oocyst-spiked slurry was
added to soil columns either by injection into a slit (10 by 9 by 4 cm) in the
middle of the column that was subsequently covered with soil or surface
applied at a rate of 50 tha�1 (Fig. 1). The surface application was done by
removing the top 2-cm soil from a circular area with a diameter of 17 cm
in the center of the column surface, adding the slurry and then covering
the slurry again with the soil (Fig. 1). This was done to imitate the normal
farmer practices of incorporating the slurry into the soil shortly after its
application.

TABLE 1 Physicochemical characteristics of the soil

Characteristic

Before expt

10-cm depth 30-cm depth

Organic content (%) 2.0 1.8
Porosity (%) 41 43
Bulk density (kg m3) 1,534 1,489
Ksat (mm/h)a 61.1 43.2
pH 6.33 6.33
Electrical conductivity (mS cm�1) 0.047 0.047
a Ksat, hydraulic conductivity.

TABLE 2 Physicochemical properties of slurry

Characteristic

Mean � SDa

Raw slurry Liquid slurry

Density (g ml�1) 1.02 1.01
Total solids (%) 5.65 � 0.08 3.14 � 0.07
Volatile solids (%) 4.17 � 0.07 1.97 � 0.03
pH 7.10 � 0.01 7.56 � 0.02
Electrical conductivity (mS cm�1) 19.3 � 0.01 15.8 � 0.01
NH4-N (g kg�1) 3.01 � 0.02 2.89 � 0.01
Total N (g kg�1) 4.47 � 0.07 4.28 � 0.02
a The values are means of 3 to 12 replicates.

FIG 1 Schematic illustration of soil column sections analyzed for oocysts. Raw
slurry was applied to soil columns either on the surface (a) or in a slit (b), while
the liquid slurry fraction was injected only in a slit (b).
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Experimental setup. Leaching of oocysts was investigated in intact soil
columns (26, 27), where the soil rested on a glass filter disc with a pore size
of 60 to 100 �m and a thickness of 1.6 cm (ROBU; Glassfiltergerate
GmbH, Germany). The experimental setup is illustrated in Fig. 2. A hy-
podermic needle guided leachate to a 1,000-ml glass bottle with a suction
of �12.5 hPa on the soil columns lower boundary.

Before slurry was added to the soil columns, sample portions of
oocysts and the chemical tracer were poured into glass bottles containing
the liquid or raw slurry to be added to each soil column. The Eppendorf
tube that contained oocysts was subsequently washed with 	2 ml of dis-
tilled water to remove any remaining oocysts, and the wash water was also
added to the slurry. Oocysts were mixed well with the slurry by turning the
bottle 10 times. The effect of the application method on leaching of
oocysts was studied in 12 soil columns; to 6 of these, raw slurry was added
on the surface, and 6 were injected with raw slurry. Liquid slurry was
applied only through injection into six new soil columns to reflect natural
conditions. Application of liquid slurry onto the soil surface is not prac-
ticed by farmers since this leads to significant emission of nitrogen. All of
the above-mentioned columns were irrigated by a rain simulator (Fig. 2).
Three soil columns with raw slurry injected and three columns with liquid
slurry injected were kept nonirrigated, while three irrigated soil columns
with neither slurry nor oocysts applied served as controls. One week after
slurry application, the first simulated rainfall was applied at 10 mm h�1

for 3.5 h. Altogether, four rain events occurring 1 week apart were applied
through uniformly distributed needles in the rain simulator. After the
cessation of each rain event and percolation, leachate was collected, and
50-ml subsamples were analyzed for Cryptosporidium oocysts and the
chemical tracer. Subsamples of leachate collected after the first irrigation
event were collected after 15, 45, 75, 120, and 180 min and just after
percolation had ceased. The leaching experiments were conducted at
10°C. After four rain events and the collection of leachate, the soil col-
umns were sliced into four sections by two different methods depending
on the manure application method (Fig. 2), and 0.1% of the dry matter
content of each section was analyzed for any remaining oocysts.

Soil samples. The dry matter content was analyzed in a subsample
from each of the soil sections (1) and used to determine the volume
(grams) of soil to be analyzed for oocysts in each of the soil sections. This
was done to analyze an equal weight of soil particles from each soil section,
since the irrigated soil columns had different water content compared to
the nonirrigated soil columns. Furthermore, each section of the columns
contained different volumes of soil. The dry matter content was measured
after drying at 102 to 105°C for 16 h (1). Recovery of oocysts from soil was
completed in a single subsample equal to 0.1% of the dry matter content
from each section of all soil columns. The weight of 0.1% dry matter was
different for each soil section but represented between 1.0 and 5.2 g of soil
and was weighed into 50-ml centrifuge tubes. To each tube was added

0.01% Tween 20 (polyoxyethylene sorbitan monolaurate) solution corre-
sponding to 10 times the amount of soil (0.1% dry matter content). These
samples were homogenized by vortexing for 1 min, and the sample solu-
tions were then left to sediment for 5 min. The top 10 ml was underlaid
with 40 ml of flotation fluid with a specific gravity of 1.27 and centrifuged
at 350 � g for 10 min. The top 20 ml was removed and placed in a clean
50-ml centrifuge tube, 40 ml of distilled water was added, and the tube was
centrifuged 1,540 � g for 10 min. The supernatant was removed leaving
	2 ml, and the oocysts were isolated by IMS according to the manufac-
turer’s instructions. All oocysts in each of soil sample were enumerated as
described below. An initial pilot study showed that ca. 40% of the oocysts
could be recovered from the soil (results now shown). The total number of
oocysts in each soil column section was calculated based on the number of
oocysts found in 0.1% dry matter.

Enumeration and viability testing of oocysts. Microscopic detection
and quantification of Cryptosporidium oocysts in the leachate was done by
IMS. The viability testing of oocysts in the leachate was based on the
inclusion or exclusion of two fluorogenic vital dyes, 4=,6 diamidino-2-
phenylindole (DAPI) and propidium iodide (PI) (6). The 100-�l oocyst
solution obtained from the IMS procedure was incubated with 10 �l of
DAPI working solution (2 mg/ml in absolute methanol) and 10 �l of PI
working solution (1 mg/ml in 0.1 M phosphate-buffered saline [pH 7.2])
at 37°C for 3 h. Oocysts were washed twice in distilled water by centrifu-
gation at 3,500 � g for 5 min, and the supernatant was removed and
discarded down to 	100 �l. The entire sample volume was placed in a
well on a three-well (12 mm) Teflon-printed diagnostic slide (Im-
mono-Cell, Mechelen, Belgium). The slide was air dried, fixed for 5
min with acetone, and left to dry before the addition of 25 �l of anti-
Cryptosporidium fluorescein isothiocyanate (FITC)-labeled antibody
mix (Crypto-Cell IF test; CellLabs, Australia) according to the manu-
facturer’s instructions. The entire well area of the slide was examined
using an epifluorescence microscope at either �200 or �400 magnifica-
tion equipped with appropriate filter blocks (350-nm excitation and
450-nm emission wavelengths for DAPI, 500-nm excitation and 630-nm
emission wavelengths for PI, and 519- and 495-nm excitation wavelengths
for FITC). The proportion of PI�/DAPI�, DAPI�/PI�, and DAPI�/PI�

oocysts were quantified by enumerating up to 100 oocysts in each sample.
DAPI�/PI� and DAPI�/PI� oocysts were considered viable as a measure
of infectivity (21).

Statistics. The numbers of oocysts counted in the leachate from the
irrigated soil columns with injected liquid slurry, injected raw slurry, and
raw slurry applied on the surface were compared. The numbers of oocysts
counted in soil sections 2, 3, and 4 from soil columns injected liquid slurry
and raw slurry with or without irrigation, and soil columns applied raw
slurry on the surface and then irrigated were also compared. The ln(x � 1)
transformed oocysts counts were analyzed in a linear normal model with
random effects. The normality assumption was validated by quantile-
quantile plots, and variance homogeneity was validated by residual plot.
Thereafter, the nonsignificant effects were removed by stepwise backward
model reduction on a 5% significance level. The final model for the num-
ber of oocysts in leachate included (i) each individual column as a random
factor, (ii) the leached water volume, pH, and turbidity of the leachate as
covariates, (iii) the column type, number of oocysts added, and week as
fixed factors, and (iv) the number of interactions column � week. The
final model for the number of oocysts counted in the soil included column
number as a random factor, while the column type, number of oocysts
added, and soil section were fixed factors. The upper section (section 1) of
the soil column was left out of the analysis, since the slurry samples with
oocysts was added to this section. The purpose of the statistical test was to
analyze the differences in oocyst numbers released from the upper section
in the different column types.

All mean data and 95% confidence intervals are presented as back-
transformed least-significant means, while the total values of oocyst
counts were calculated from the raw nontransformed data. The recovery
rate was calculated by taking the sum of oocysts found in the leachate from

FIG 2 Schematic illustration of the soil column apparatus used in the labora-
tory experiments.
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all four weekly samplings and dividing it by the number of oocysts added.
All statistical analyses were performed using SAS (version 9.2; SAS Insti-
tute. Inc., Cary, NC).

RESULTS

No leachate was observed from any soil column in the period from
the application of slurry to the first artificial rain was applied.
Visual inspection of the soil columns did not reveal any cracks or
holes. A total volume of 1,100 ml of artificial rain was applied
weekly to each soil column, and an average of 92.8% � 2.5% of the
irrigated water volume was recovered as leachate from the col-
umns. Before the slurry was spiked with Cryptosporidium oocysts,
initial analyses showed that the liquid slurry column contained
9.4 � 103 oocysts and the raw slurry column contained 2.0 � 104

oocysts.
Transport and viability of oocysts in leachate. Analyses of

leachate collected from the six replicate soil columns used for each
combination of slurry type and application method (72 leachate
samples) yielded a total of 56 (78%) leachate samples that were
positive for oocysts. The soil columns with injected liquid slurry
and injected raw slurry each yielded 21/24 (88%) positive samples,
while 12/24 (50%) leachate samples from soil columns with raw
slurry applied to the surface contained oocysts. In general, the
recovery rate of oocysts in the leachate was low, with 0.06%
oocysts recovered in leachate from soil columns with injected liq-
uid slurry, 0.02% oocysts recovered from columns with injected
raw slurry, and 0.01% oocysts found in leachate from soil columns
with applied raw slurry on the surface. High-pressure washing of
the filter disc located at the bottom end of the soil column (Fig. 1)
and subsequent concentration of possible oocysts and IMS analy-
sis of the wash water could not detect any oocysts trapped on the
filter disc.

Oocysts were detected in leachate collected at each of the four
weekly samplings irrespective of the slurry type and means of ap-
plication (Table 3), although not all individual replicate soil col-
umns released oocysts. Overall, the mean number of recovered
oocysts in the leachate was affected by slurry type and application
method (P 
 0.033) irrespective of week and soil column number
with the highest number of oocysts recovered from the columns
with injected liquid slurry. However, the difference was only sta-
tistically significant (P 
 0.026) between soil columns with in-
jected liquid slurry and soil columns with applied raw slurry on
the soil surface. The turbidity and pH value of the leachate showed
mean values of 4.1 nephelometric turbidity units and 6.5, respec-
tively but did not have a significant effect on the number of oocysts
released.

At the initial sampling 1 week after slurry application, leachate
from the columns with injected raw and liquid slurry yielded sig-

nificantly (P 
 0.004 and P 
 0.009, respectively) more oocysts
than leachate from columns where slurry was applied on the sur-
face. In week 2, soil columns with injected liquid slurry yielded the
highest number of oocysts observed throughout the study, which
was significantly higher than the number of oocysts recovered
from columns with raw slurry applied on the surface (P � 0.0001)
and injected (P 
 0.034). Leachate from any soil column con-
tained the lowest number of oocysts in week 4 (1 to 4%) (Table 3).

The nonreactive chemical tracer added to the slurry was mea-
sured in every leachate sample as mg/liter of leachate. The mean
percentage of the added tracer measured in the leachate over the
4-week period was almost similar for the 18 irrigated soil columns,
with ca. 41% � 3% of the chemical tracer leached. There was no
correlation between the concentration of the chemical tracer and
the number of oocysts leached, and the breakthrough curves of the
tracer did not follow the same trend as the leached oocysts from
the soil columns (results not shown).

The DAPI/PI staining of the oocysts tended to show a positive
correlation (r 
 0.63) between the number of enumerated oocysts
and numbers of viable oocysts with a total of 44/72 (61%) leachate
samples containing viable oocysts (DAPI�/PI� and DAPI�/PI�).
Leachate from columns injected with liquid slurry released a total
of 668 viable oocysts, while columns injected with raw slurry and
columns with raw slurry applied on the surface released totals of
123 and 76 viable oocysts, respectively (sum of the four weekly
samplings). Viable oocysts were found in leachate collected during
all 4 weeks in all column types.

Recovery of oocysts in soil. After the 4-week study period, the
distribution of oocysts retained in the soil column was investi-
gated by slicing the columns into four sections and subsequent
analyses of soil samples collected from each of the sections 2, 3,
and 4 (Fig. 2). Oocysts were detected in soil from all three sections
in all soil columns. Overall, the mean number of recovered oocysts
in the five different soil columns was significant different (P 

0.0003), irrespective of whether the columns were irrigated or not,
with the highest number of oocysts recovered from the columns
with injected liquid slurry.

When comparing the number of oocysts recovered from soil
columns with added liquid and raw slurry, the soil columns with
injected liquid slurry (with or without irrigation) yielded higher
numbers of oocysts than soil columns with applied raw slurry, i.e.,
injected with or without irrigation, and surface applied with irri-
gation (Table 4). Furthermore, the total number of oocysts recov-
ered from columns with injected liquid slurry was 38% higher
than when the soil columns were irrigated; and 45% more oocysts
were recovered from irrigated columns with injected raw slurry
compared to nonirrigated columns (Table 4). The distribution

TABLE 3 C. parvum oocysts recovered in leachate following slurry application and irrigation of soil columns

Slurry type
Application
method

Total oocysts
recovereda � SE

Mean oocysts
recovered/literb

Mean oocysts/literc

Weak 1 Weak 2 Weak 3 Weak 4

Liquid Injected 2,651 � 1,342 76.1A (30.7–186.6) 144 (30–681) 1,232 (289–5,254) 20 (4–88) 9 (1–46)
Raw Injected 707 � 173 39.0AB (15.1–98.1) 84 (20–346) 12 (2–61) 189 (36–992) 11 (2–54)

Surface 263 � 66 12.3B (4.3–32.1) 2 (–0.6–21) 132 (28–626) 22 (3–120) 3 (–0.3–16)
a That is, the sum of the total oocysts recovered from all leachate samples collected at all four sampling times.
b That is, the mean number of oocysts recovered per liter of leachate from six replicate columns at the four weekly samplings (mean of 24 samples). Mean values followed by
different superscript capital letter are significantly different at P � 0.05.
c Numbers are presented as the back-transformed LS-means estimate, and the 95% confidence interval is indicated in parentheses.
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pattern of oocysts in the soil sections was similar for all three types
of irrigated columns, with the majority of oocysts located in sec-
tion 2 and numbers of oocysts decreasing with increasing depth
(P � 0.05). The oocyst distribution patterns in nonirrigated soil
columns with injected raw slurry and injected liquid slurry were
different from each other and from the oocyst distribution pat-
terns in the irrigated soil columns. Section 4 had the lowest num-
ber of oocysts for all five types of column. Overall, the percentages
of oocysts found in the individual soil sections of all soil column
types were 62.1% (section 2), 32.7% (section 3), and 5.2% (section
4). The percentages of oocysts in sections 2, 3, and 4 of the soil
columns were calculated by dividing the number of oocysts found
in each section by the total number of oocysts found in all three
sections.

Compared to the total number of oocysts applied to the col-
umns, the highest recovery rate of oocysts was seen for soil sam-
ples (9.8% � 3%) compared to the leachate samples (0.03% �
0.03%). A pilot study made prior to the investigations showed that
the method used in the present study recovered ca. 40% of oocysts
applied to soil (results not shown).

DISCUSSION

Our findings suggest that field application of the liquid fraction
obtained from separation of raw slurry is associated with in-
creased transport of viable C. parvum oocysts in soil compared to
the application of raw slurry. Despite the removal of organic par-
ticles and nutrients, both chemical and mechanical manure sepa-
ration seem to cause a limited reduction in the concentration of
fecal bacterial indicators and Cryptosporidium oocysts in the liq-
uid fraction compared to raw slurry (D. L. Baggesen, unpublished
data).

Other studies have investigated the transport of Cryptospo-
ridium oocysts through soil (4, 8, 9, 15, 25, 32), but none of these
studies evaluated the leaching of oocysts following application of
separated liquid slurry containing oocysts. In our study, soil col-
umns with injected liquid slurry released more oocysts over the
4-week study period than did soil columns with added raw slurry
regardless of the application method, although the difference was
not statistically significant. To eliminate differences in soil param-
eters, such as porosity and clay content that are known to be pos-
itively correlated with increased transport of oocysts, all soil col-
umns contained the same type of sandy soil collected at the same
field site. The greater recovery of oocysts in leachate from soil
columns injected with liquid slurry was probably due to different

physicochemical properties of the liquid fraction compared to raw
slurry, e.g., the raw slurry contained more than double the amount
of volatile solids (organic matter) than the liquid fraction (Table
2). Kuczynska et al. (25) found that more oocysts were attached to
soil particles when bovine manure was applied compared to soil
where no bovine manure was added, indicating that manure facil-
itated oocyst attachment, although the factors determining such
attachment were not studied. In the present study, it was unfortu-
nately not possible to determine whether slurry alone facilitates
oocyst attachment to soil particles, since our study did not include
soil columns with added oocysts only. Organic particles have been
shown to play a major role in the adsorption of microorganisms in
soil, due to their large surface area (20), and Searcy et al. (38) have
demonstrated that C. parvum oocysts generally attach to sus-
pended sediments under a wide range of chemical conditions in
water. Presumably, an increased number of particles and therefore
large surface area in raw slurry will increase the total particle sur-
face area and thereby the number of potential attachment sites for
oocysts. Oocysts attached to such manure particles will (due to
their increased size) have a higher chance of being retained in soil
than nonattached oocysts. The oocysts used in the present study
were purified from feces by the use of Percoll and subsequently
added to the slurry and the soil columns. Purification of oocysts by
using Percoll has been suggested to alter the surface walls of the
oocysts (23). Interaction with soil and feces particles can therefore
be different in this study than under normal circumstances. Inges-
tion of only a few infective C. parvum oocysts can cause severe
illness in healthy adults (10). Thus, knowledge of the viability of
oocysts as an indicator of infectivity is important. Since the rela-
tively low number of leached oocysts did not allow testing of their
infectivity through experimental inoculation of mice, we used vi-
ability testing by a DAPI/PI dye permeability assay as an indicator
of the potential infectivity of C. parvum (21). Although this test
has a tendency to overestimate the infectivity compared to mouse
infectivity studies (2, 5), our overall finding of 61% viable oocysts
in leachate indicates that the consumption of drinking water con-
taminated with leachate containing such oocysts can cause human
infections.

Several studies have looked at the transport of oocysts through
soil, but only a few studies have determined the viability and/or
infectivity of oocysts in leachate and soil (4, 15, 22). Jenkins et al.
(22) used the dye permeability assay to test the viability of oocysts
in different soil types kept at different temperatures and found
between 12 to 57% viable oocysts after 156 days, with most viable

TABLE 4 C. parvum oocysts recovered from soil following slurry application and four times irrigation of soil columns

Slurry type
Application
method Irrigation

Total oocysts recovered
per columna � SE

Mean oocysts (oocysts/0.01% dry matter)b

Soil section 2 Soil section 3 Soil section 4

LS-ME
(95% CI) %

LS-ME
(95% CI) %

LS-ME
(95% CI) %

Liquid Injection Yes 39 � 13 21.5 (10.1–44.7) 64.5 10.4 (5.0–20.6) 31.3 1.4 (0.3–3.5) 4.2
Raw Injection Yes 20 � 7 12.0 (5.7–24.1) 69.9 3.7 (1.5–7.7) 21.4 1.5 (0.3–3.7) 8.8
Raw Surface Yes 9 � 3 4.0 (1.7–8.4) 72.6 1.3 (0.2–3.4) 22.7 0.3 (–0.3–1.4) 4.8
Liquid Injection No 24 � 10 8.4 (2.8–22.4) 45.2 9.6 (3.4–24.4) 51.7 0.6 (–0.4–2.8) 3.1
Raw Injection No 11 � 5 1.4 (–0.3–7.7) 86.8 0.0 (–0.8–1.1) 0.0 0.2 (–0.5–2.0) 13.2
a That is, the sum of total oocysts recovered from the0.01% dry matter content from the three soil sections.
b LS-ME (95% CI), back-transformed least-significant mean estimate (95% confidence interval). %, The percent distribution of oocysts in the three soil sections compared to the
total numbers of oocysts recovered inall three sections per column type.
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oocysts detected at low temperatures. Boyer and Kuczynska (4)
tested the infectivity of C. parvum oocysts released from manure
and leached through columns of undisturbed, macroporous karst
soil. These researchers found that 20% of the oocysts in leachate
were still infective to neonatal mice 12 weeks after the start of the
experiment. Since there was a positive correlation between the
number of oocysts leached and the number of viable oocysts in
our experiments, it was expected that viable oocysts would have
been found in leachate from all soil columns after the 4-week
study period. Further, our study was based on the application of a
relatively small amount (157 g) of slurry compared to the amount
of slurry normally added to the agricultural fields as fertilizer.
This, in addition to calves typically excreting thousands of viable
oocysts per gram of feces when infected (13), suggests that there is
a real hazard of leaching substantial numbers of viable oocysts to
high level groundwater tables when contaminated slurry from
calves is applied to agricultural soil.

Our results support a high retention of oocysts in the surface
soil following manure application (32, 43). It was further shown
that the type of slurry added to the soil, as well as irrigation of the
soil, had an impact on the vertical distribution of oocysts. Thus,
more oocysts were found in soil from columns with injected liquid
slurry compared to columns with injected raw slurry, regardless of
whether the columns were irrigated or not. Similarly, a higher
percentage of the oocysts were seen in sections 2 and 3 from col-
umns with added liquid slurry compared to columns with injected
raw slurry. These results support the hypothesis that the higher
organic particle content in raw slurry compared to liquid slurry
increases the number of attachment sites and therefore the reten-
tion of attached oocysts in the topsoil. Nevertheless, irrigation
seems somehow to interfere with the attachment between oocysts
and particles in raw slurry, since 45% more oocysts were found in
the soil when columns injected with raw slurry was irrigated. A
similar pattern was seen for columns with injected liquid slurry,
where 38% more oocysts were found in the soil when the columns
were irrigated. Our results corroborate the findings of Ramirez et
al. (37), who also found that the amount of irrigation had an effect
on the transport of pathogens through the soil, with more oocysts
leaching when soil columns were heavily irrigated.

Other studies have shown a similar distribution of microor-
ganisms in soil columns. Wollum and Cassel (43) monitored the
transport of bacteria and Streptomycetes conidia in a sandy soil and
showed that the majority of microorganisms were retained near
the soil surface. Retention of Escherichia coli similar to that found
for oocysts in our study was seen for E. coli when using the same
soil columns (1). Forslund et al. (15) found that intact soil cores
injected with raw pig slurry spiked with C. parvum leached 10
times more oocysts than did soil cores applied with slurry on the
surface after 148 days of study under natural climate conditions.
However, the amount of oocysts retained in the soil was not de-
termined (15).

It is obvious that laboratory studies can only predict oocysts
transport in the field under conditions similar to those used in the
laboratory, e.g., only one soil type was studied in the present in-
vestigation. A higher recovery rate in leachate and thereby more
viable oocysts would be expected if a less sandy soil was used (32).
Furthermore, the liquid slurry used in the present study was ob-
tained from only one type of slurry separation technology. There-
fore, additional studies are needed on the effectiveness of different
slurry separation technologies to remove oocysts and other patho-

gens before recommendations can be made on the hygiene aspects
of using the liquid and solid slurry fractions as fertilizers for dif-
ferent crop types. Nevertheless, we showed here that the applica-
tion of separated liquid slurry spiked with oocysts to soil columns
resulted in the leaching of higher numbers of viable oocysts com-
pared to soil columns with raw slurry applied regardless of the
application method. Thus, further studies are needed to assess
whether the application of separated liquid slurry may cause
groundwater contamination with Cryptosporidium oocysts.
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ABSTRACT 
Livestock waste is a valuable source of plant nutrients and organic matter, but can contain pathogens 
in high concentrations contaminating the environment, subsequently causing disease outbreaks. Die-
off rates of Salmonella spp. and Escherichia coli in organic wastes increases when treated with chem-
icals. Such studies are few for Cryptosporidium in slurry but increasing ammonia concentrations in 
distilled water or Hank’s balanced salt solution have previously been shown to correlate with oocyst 
inactivation. This study examined at different temperatures, the inactivation of C. parvum oocysts by 
inclusion and exclusion of vital dyes and reduction of E. coli and enterococci in cattle slurry added 
approximately 60 mM aqueous ammonia. Examination of fecal pathogens was done every second 
day throughout two weeks. In ammonia treated slurry, an estimated 34.3 % reduction of presumably 
viable oocysts (DAPI+ PI-), a 43.4% increase in presumably non-viable oocysts (DAPI+ PI+) and a 
37.5% increase in potentially viable (DAPI- PI-) oocysts were observed at day 14 post treatment com-
pared with untreated raw slurry. However, 38.9% oocysts remained presumably viable despite addi-
tion of ammonia. Likewise, E. coli was reduced by 91.8% and enterococci by 27.3% at day 14 post 
ammonia treatment compared to controls. These changes were unaffected by incubation tempera-
ture. In conclusion, addition of aqueous ammonia significantly reduced the proportion of presumably 
viable oocysts and bacterial indicators compared with raw untreated slurry. Hence, ammonia may be 
used to reduce pathogen concentrations in slurry prior to application to agricultural land. However, 
studies using additional concentrations of aqueous ammonia and prolonged exposure times are 
needed to explore the full effect of ammonia.  
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1. INTRODUCTION

Livestock waste is a valuable source of plant nutrients and organic matter and is therefore used to 
fertilize agricultural land. Unfortunately, livestock waste can contain large quantities of microorgan-
isms pathogenic to humans (Hutchison et al., 2005a), including the zoonotic protozoan parasite Cryp-
tosporidium parvum, Salmonella spp. and Escherichia coli. Following livestock waste application to 
agricultural land, all of these microorganisms have been associated with contamination of crops or 
the aquatic environment (Ong et al., 1996; Bodley-Tickell et al., 2002; Islam et al., 2004; Pelly et al., 
2007; Tanaro et al., 2010) potentially infecting humans when consumed. Dispersal of pathogens from 
animal feces relies on rain to release the pathogens from the fecal matrix or slurry, and surface run-
off water then contaminates water bodies serving as recreational, irrigation, or drinking water 
sources. In 2007 in Galway, Ireland, approximately 182 people were infected with Cryptosporidium 
oocysts contracted from a lake, which was apparently contaminated by runoff from agricultural land 
following application of slurry in a wet winter (Pelly et al., 2007). In Walkerton, Canada, E. coli 
O157:H7 and Campylobacter jejuni infections resulted in 2300 cases of illness and seven deaths 
among individuals who consumed drinking water from a municipal water supply contaminated with 
pathogens originating from a nearby farm, where cattle manure was applied to agricultural fields and 
subsequently washed into the water reservoir (Clark et al., 2003; Hrudey et al., 2003). Due to ex-
pected increased heavy rain events related to climate changes, slurry-contaminated surface runoff 
from fields will probably be a growing source of contamination of water sources in certain parts of 
the world. Abu-Ashour and Lee (2000) studied E. coli overland transport at field sites with 2% and 6% 
slopes during surface water runoff events in which grass-covered plots were contaminated by pour-
ing water containing E. coli on the surface using watering cans. Escherichia coli was released from the 
slurry by this simulated rainfall event and 15 and 16 CFU mL-1 were isolated in runoff water 20 and 30 
m, respectively, from the initial location (Abu-Ashour and Lee, 2000). Furthermore, C. parvum from 
manure inoculated with oocysts and applied to agricultural land has been detected in runoff water 
(Thurston-Enriquez et al., 2005). In addition, rain events can cause vertical transport of slurry-borne 
microorganisms, resulting in shallow groundwater contamination (Mawdsley et al., 1996; Forslund et 
al., 2011; Petersen et al., 2012). Compounding this issue, Cryptosporidium is infectious at low dosag-
es (Okhuysen et al., 1999) and the oocysts possess very robust multi-layered structures (Harris and 
Petry, 1999) resistant to various environmental stressors such as e.g. periods of freezing (Robertson 
et al., 1992), and they are resistant to commonly utilized water disinfectants such as chlorination 
(Korich et al., 1990; Venczel et al., 1997; Shields et al., 2008). However, high temperature and expo-
sure to ammonia, factors that might be present in slurry tanks, can inactivate oocysts (Jenkins et al., 
1998; Reinoso et al., 2008; Li et al., 2010). In Denmark, slurry is usually stored in large tanks for ap-
proximately six months and then applied to fields during spring and autumn (Vinneras, 2013). Yet, 
during storage, fresh slurry is most often added continuously to the slurry tanks, resulting in short 
storage time for fractions of the slurry and limited time for pathogen reduction and corresponding 
risk of transmission to the external environment (Hutchison et al., 2005a; Vinneras, 2013). A good 
sanitization effect of ammonia in reducing pathogens have previous been highlighted in fecal wastes 
(Mendez et al., 2004; Watcharasukarn et al., 2009; Nordin et al., 2013). For example, in a study with 
20% w/w ammonia, fecal coliforms were reduced by 7 log, Salmonella spp. by 6 log, and 83% of via-
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ble helminth eggs were reduced within a contact time of 2 h in sludge (Mendez et al., 2004). Moreo-
ver, the decimal reduction of Salmonella inoculated in bovine manure added 0.5% aqueous (aq.) 
ammonia and stored at 4°C was 1.1 day, compared with 34 days when incubated in raw slurry (Otto-
son et al., 2008a). There is an apparent linear relationship between Salmonella and E. coli inactiva-
tion rates following ammonia treatment, while enterococci appear more resistant to ammonia 
treatment (Himathongkham and Riemann, 1999; Ottoson et al., 2008a; Nordin, 2010). 

Pathogen reduction rate following treatment of fecal material determines the effect of treatment 
and the hygiene quality. Such data are lacking for Cryptosporidium in slurry, since previous studies 
have focused on oocyst survival in fecal pats, soil and water. However, Cryptosporidium oocysts 
stored in distilled water or Hank's balanced salt solution (HBSS), and exposed to ammonia were in-
creasingly inactivated with increasing ammonia concentration (Jenkins et al., 1998; Reinoso et al., 
2008), e.g., 99.9% oocysts were inactivated after an estimated 10.2 days when exposed to 60 mM 
ammonia, compared with 17.8 days when exposed to 26 mM ammonia (Jenkins et al., 1998).  

The objective of the present study was at different temperatures to determine the inactivation of C. 
parvum oocysts and reduction of E. coli and enterococci in cattle slurry added 60 mM aq. ammonia. 

2. MATERIALS AND METHODS

Slurry was collected from a slurry tank on a conventional dairy farm, Store Heddinge, Denmark. 
Properties of the slurry are described in Table 1. The pH and electrical conductivity were measured 
directly in the slurry with a combination tester HI 98130 (Th Geyer, Roskilde, Denmark). Dry matter 
content was determined by oven drying at 105°C. Cryptosporidium oocysts were determined in 2 g of 
slurry as described in Petersen et al. (2012). Concentration of E. coli and enterococci, and total am-
moniacal nitrogen (TAN) were determined as described in chapter 2.4 and chapter 2.5, respectively.  

Table 1. Properties of the cattle slurry used in the experiment 

Parameter measured Mean ± S.D. 
pH 8.48 ± 0.08 
Electric conductivity (mS) 13.8 ± 1.7 
Dry matter (% of wet weight) 3.55 ± 0.03 
Total ammoniacal  nitrogen:  (TAN, mg L-1)  2050 ± 256 

(mmol  L-1) 145 ± 10 
Oocysts L-1 8 ± 1.20a 
E. coli (CFU mL-1) 68 ± 28 
Enterococci (CFU mL-1) 1.6×104 ± 2.5×103 
aAll oocysts found in the slurry prior to spiking were categorized as DAPI+ PI+. 

As the concentration of naturally occurring oocysts was only 8 ± 1.2 oocysts L-1 in the collected slurry 
(Table 1), the slurry was spiked with C. parvum oocysts in the laboratory. The C. parvum oocysts orig-
inated from naturally infected Holstein calves aged 1-3 weeks, from a dairy farm in Store Heddinge, 
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Denmark. Feces was collected in August 2013, and Cryptosporidium positive calves were diagnosed 
by the modified Ziehl-Neelsen technique (Henriksen and Pohlenz, 1981) and oocysts were subse-
quently concentrated by a modified version of a previously described method (Maddox-Hyttel et al., 
2006). Cryptosporidium-positive fecal samples were suspended in tap water and 10 mL distributed 
into several 50 mL centrifuge tubes, diluted to 50 mL with tap water and centrifuged at 1540 × g for 
10 min. The supernatant was discarded and the pellet re-suspended to 50 mL in tap water by vortex-
ing. The washing procedure was repeated two to three times until the supernatant was clear. Pellets 
larger than 5 mL were divided between two 50 mL centrifuge tubes. The pellet in each tube was sus-
pended in 7 mL MilliQ water (MQ) with 0.01% Tween 20 (Merck Millipore, Darmstadt, Germany) and 
filtered through multi-layered 20-tread gauze into a new 50 mL centrifuge tube. The initial tube was 
then rinsed by addition of 3.5 mL 0.01% Tween 20, which was transferred to the new tube holding 
the sample. The sample was underlayered with 7 mL flotation fluid (saturated saline with glucose (50 
g in 100 mL) diluted 1:1 with MQ water, i.e., final specific gravity = 1.13 g mL-1) and centrifuged at 53 
× g for 3 min. The top 10 mL of the supernatant were collected in a new 50 mL centrifuge tube and 
washed three times using MQ water with centrifugation at 1540 × g for 10 min, reaching a final vol-
ume of 2 mL. All sample fractions were then pooled and inclusion or exclusion of two vital dyes were 
established as described in 2.3. Cryptosporidium oocysts were identified to the species level by poly-
merase chain reaction (PCR) amplification and partial sequencing of the small subunit ribosomal gene 
(18S SSU rDNA locus) and the 70-kDa heat shock protein gene (hsp70) as previously described 
(Langkjaer et al., 2007).  

2.1 Experimental design.  
Every second day throughout 14 days, inactivation of C. parvum oocysts and reduction of E. coli and 
enterococci in cattle slurry following addition of aq. ammonia (25% NH3 by weight) was determined 
at three temperatures (4, 10 and 20°C). These temperatures correspond to the typical variation in 
ambient temperature over the year in temperate countries such as Denmark.  

The cattle slurry was placed in a 5 L plastic container on a magnetic stirrer and 10 g portions of slurry 
were added to centrifugation tubes (n=144). The tubes were then stored in incubators at 4, 10, or 
20°C overnight for the slurry to reach the required temperature prior to start of the experiment. On 
the following day, all tubes were transferred to a fume hood and half of the slurry samples were 
spiked with approximately 2.2 × 105 C. parvum oocysts whereas E. coli and enterococci were present 
in sufficient numbers to perform the study without supplementary spiking. Aqueous ammonia was 
added to 50% (n=72) of the tubes. The tubes were immediately sealed with a lid to avoid vaporiza-
tion, mixed well by shaking and placed in incubators at 4, 10 or 20 °C together with the remaining 
50% (n=72) of the tubes which acted as controls and contained raw slurry with no added ammonia. 
Inactivation of C. parvum oocysts and reduction of E. coli and enterococci were determined in tripli-
cate samples every second day for 14 days.  

To determine whether an increase in pH affected inactivation of oocysts in the slurry with added 
ammonia, approximately 2.2 × 105 C. parvum oocysts were added to 10 mL buffer with pH of 7 or 9 
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(Th. Geyer, Roskilde, Denmark). Oocysts in buffer were also incubated at 4, 10, and 20 °C and tripli-
cate tubes were collected at day 14.  

To achieve identical uncharged NH3 concentration in slurry samples incubated at different tempera-
tures, the volume of aq. ammonia added to reach a final uncharged NH3 concentration of approxi-
mately 60 mM was determined for each incubation temperature prior to start of the experiment. 
This NH3 concentration was chosen because a previous study demonstrated that a concentration of 
60 mM NH3 will inactivate 99.9% oocysts within 14 days in distilled water (Jenkins et al., 1998). The 
specific concentration was reached by incremental addition of aq. ammonia to a predefined volume 
of slurry and measurement of pH, to create an ammonia standard curve. In brief, 100 mL slurry were 
placed in a beaker on a magnetic stirrer, 250 μL aq. ammonia were added at once, the slurry was 
stirred for 1 min, and the pH was measured. The procedure was repeated until 5000 μL aq. ammonia 
had been added. Uncharged NH3 along the standard curve was then calculated for each incubation 
temperature according to Vinneras (2013):  

NH3 =
TAN × Ka 
Ka + H+ 1) 

Where TAN is total ammoniacal N and the dissociation constant Ka, varies with temperature (T, Kel-
vin), and pKa (defined as -log[pH]) which is related to T by: 

pKa = 
2728.9

T
+ 0.090181 2) 

The theoretical requirement of TAN to be added as aq. ammonia per 10 mL of slurry to reach the 
same uncharged calculated NH3 concentration was estimated. 

Based on this, 125 μL (4°C), 100 μL (10°C), or 88 μL (20°C) aq. ammonia, corresponding to uncharged 
NH3 concentrations of 67, 64, and 57 mM, respectively, were added at day 0. 

2.2 Isolation of C. parvum oocysts from slurry.  
Cryptosporidium parvum oocysts were isolated from slurry samples (n=63) by immunomagnetic sep-
aration (IMS) (Dynabeads® Anti-Cryptosporidium Kit, Life technologies, Nærum, Denmark). As the 
manufacturer’s instructions for IMS do not describe how to isolate oocysts from slurry, a pilot exper-
iment was conducted to determine whether a sufficient number of oocysts (>200) for inactivation 
measurements could be isolated from a volume of 1.5 mL out of 10 mL slurry spiked with approxi-
mately 2.2 × 105 C. parvum oocysts. In brief, 10 mL slurry were added to three replicate 50 mL cen-
trifugation tubes, spiked with 2.2 × 105 C. parvum oocysts and mixed well. Subsequently, 1.5 mL slur-
ry were added to a flat-sided L10 tube, diluted to 10 mL with MQ water, followed by 1 mL 10X SL™-
Buffer A, 1 mL 10X SL™-Buffer B, and 100 μL Dynabeads® anti-Cryptosporidium. The subsequent oo-
cyst isolation was carried out according to the manufacturer’s instructions, resulting in 100 μL of 
clear oocyst solution. As a sufficient number of oocysts (>200) was isolated from 1.5 mL slurry, this 
volume was used in further experiments.  
2.3 Assessment of C. parvum oocyst inactivation in cattle slurry.  
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Oocyst inactivation was assessed by scoring oocysts according to inclusion or exclusion of the vital 
dyes 4',6-diamidino-2- phenylindole (DAPI) and propidium iodide (PI). In brief, the 100 μL oocyst so-
lution obtained by IMS was incubated simultaneously with 10 μL DAPI working solution (2 mg mL-1 in 
absolute methanol) (Sigma, Sigma-Aldrich Denmark ApS) and 10 μL PI working solution (1 mg mL-1 in 
0.1M phosphate buffered saline (PBS, pH 7.2); Sigma, Sigma-Aldrich Denmark ApS). Following 3 h 
incubation at 37°C, each sample was washed twice in MQ water by centrifugation at 3500 × g for 5 
min and removal of the supernatant down to approximately 100 μL. The entire sample was then 
placed in a well on a three-well (12 mm) teflon printed diagnostic slide (Immono-Cell, Mechelen, 
Belgium). The slide was air-dried, fixed for 5 min with acetone, and 25 μL anti-Cryptosporidium fluo-
rescein isothiocyanate (FITC)-labelled antibody mix (Crypto-Cell IF test, Cellabs, Australia) were add-
ed according to the manufacturer´s instructions. Oocysts were characterized as presumably viable 
only if the nuclei of 1-4 sporozoites included DAPI and fluoresced sky blue under UV filter block 
(DAPI-positive (DAPI+)) and if they excluded PI (PI-negative (PI-)). Oocysts that included both dyes 
(DAPI-positive, PI-positive (DAPI+ PI+)), i.e. fluoresced blue and red under UV filter block, were char-
acterized as presumably non-viable, while oocysts fluoresced neither blue nor red (DAPI-negative, PI-
negative (DAPI- PI-)) were characterized as potentially viable. The proportion of presumably viable 
(DAPI+ PI-), presumably non-viable (DAPI+ PI+) and potentially viable (DAPI- PI-) oocysts were quanti-
fied by enumerating approx. 100 oocysts in each sample using an epifluorescence microscope at 
400× magnification (Leica DMRA2) and subsequently calculating the percentage of each category of 
oocyst. The DAPI- PI- oocysts were not visualized by Nomarski differential interference contrast (DIC) 
microscopy and therefore not differentiated into “ghosts” (i.e. oocysts with no contents = dead) or 
oocysts excluding both dyes (non-staining intact oocysts. i.e. potentially viable). The microscope was 
equipped with the following filter blocks: 350 nm excitation, 450 nm emissions for DAPI; 500 nm 
excitation, 630 nm emissions for PI; and 495 nm excitation, 519 nm emission wavelength for FITC.  

2.4 Bacteriological analysis.  
For the E. coli and enterococci analysis, 10-fold dilutions of slurry were prepared in Maximum Recov-
ery Dilution (MRD) (Oxoid, UK) and surface-spread onto Brilliant E. coli/coliform Selective Agar (Ox-
oid, UK) and Slanetz & Bartley Agar plates (Oxoid, UK), respectively. For the E. coli analysis, the Bril-
liant E. coli/coliform Selective Agar plates were incubated at 37°C for 24 h and purple colonies were 
counted. Enterococci were determined as typical red-maroon colonies on Slanetz & Bartley Agar 
following incubation at 44°C for 48 h. Detection limit for both indicator bacteria was 1 CFU mL-1. 

2.5 Physico-chemical analysis.  
The pH was measured directly in all replicate slurry samples on each sampling day with a combina-
tion tester HI 98130 (Th Geyer, Roskilde, Denmark). The pH was then lowered in 5 g slurry in all repli-
cate slurry samples by diluting it 1:20 in 1M KCl (74.56 g mol-1). The diluted slurry was shaken on a 
shaker table at 170 rpm in 45 min, left to sediment for 45 min, and 15 mL of the supernatant filtered 
through a filter paper (Advantec 5A, Frisennette Aps, Denmark). The filtrate was stored at -20°C for 
later ammonium analysis. Total ammonium N was measured spectrophotometrically on a Foss FI-
Astar 5000 flow injection analysis system. The concentration of uncharged NH3 in each individual 
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tube was then calculated according to equation (1) and (2) (Vinneras, 2013), based on TAN, pH and 
incubation temperature.  

2.6 Data analysis.  
The log-transformed calculated uncharged NH3 concentration, pH, proportion of presumably viable 
oocysts (DAPI+ PI-), presumably non-viable (DAPI+ PI+) and potentially viable (DAPI- PI-) oocysts, E. 
coli, and enterococci were analyzed as outcome variables in a standard linear regression model, with 
the following potential explanatory variables: treatment (raw slurry and slurry with added aq. am-
monia), incubation temperature (4°C, 10°C, 20°C), and time (modelled as a continuous variable). The 
normality assumption was validated by quantile-quantile plots, and variance homogeneity was vali-
dated by residual plot. To improve fit, mean pathogen levels and associated standard deviations 
(S.D.) were normalized by transforming to ln (x) and the normality assumption was validated by 
quantile-quantile plots, and variance homogeneity was validated by residual plot. To fit E. coli to a 
standard linear regression model, time was transformed using ln (x + 1). For all outcomes, non-
significant effects were removed by stepwise backward model reduction using a 5% significance level 
starting with the model with the three-factor interaction of treatment*incubation tempera-
ture*time. All mean ± S.D. values were back-transformed from means calculated from the estimated 
ln (x) value. The statistical analyses were conducted using SAS v. 9.3 [1]. 

3. RESULTS 

3.1 Ammonia and pH.  

Figures 1A and 1B show the pH and calculated uncharged NH3 concentration in cattle slurry over time 
for the various treatments. The pH at day 0 was 8.49 ± 1.01 in raw slurry, while addition of ammonia 
to slurry increased the pH to 9.66 ± 1.00. The pH in raw slurry increased significantly over time 
(p<0.0001), while that in slurry with added ammonia was non-significantly lowered over time 
(p>0.05). The changes in pH over time were unaffected by incubation temperature in raw slurry as 
well as slurry with added ammonia (Fig. 1A).  
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In raw slurry, the uncharged NH3 concentration at day 0 was 7.1 ± 2.0 mM, while 91.2 ± 1.3 mM in 
slurry with added ammonia. The mean uncharged NH3 concentration in the slurry with added ammo-
nia (regardless of time) was 67.4–77.0 mM higher than in raw slurry (p<0.05), corresponding to a 
mean concentration of 71.4 ± 1.2, 78.3 ± 1.1, and 89.7 ± 1.22 mM when incubated at 4, 10, and 20°C, 
respectively. 

In raw slurry, the uncharged NH3 concentration increased significantly over time (p<0.0001), but the 
increase was unaffected by the incubation temperature. However, regardless of time, the mean un-
charged NH3 concentration in slurry incu-
bated at 20°C was significantly higher than 
at 4°C and 10°C. 

In slurry with added ammonia, the un-
charged NH3 concentration was linear over 
time and almost equal in slurry incubated at 
different temperatures (Fig. 1B). Hence, the 
uncharged NH3 concentration over time was 
unaffected by incubation temperature and 
a similar uncharged NH3 concentration was 
achieved throughout the study in slurry 
with added ammonia, regardless of tem-
perature.  

3.2 Cryptosporidium oocysts. 
The vast majority of oocysts (69.7%) used 
for spiking were categorized as presumably 
viable (DAPI+ PI-), while smaller proportions 
of oocysts were categorized as presumably 
non-viable (DAPI+ PI+) (12.0%) and  poten-
tially viable (DAPI- PI-) (18.3%), respectively. 

Both in slurry with added ammonia and in 
raw slurry, the proportion of presumably 
viable (DAPI+ PI-) oocysts was significantly 
(p<0.0001; p=0.003) reduced over time in 
cattle slurry (Fig. 2A), while the proportion 
of presumably non-viable (DAPI+ PI+) oo-
cysts significantly (p<0.0001; p=0.0003) 
increased over time (Fig. 2B). Incubation 
temperatures had no effect on the propor-
tion of oocyst categories neither in raw 
slurry nor in slurry added ammonia 
(p>0.05).  
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When disregarding the incubation temperature, the proportion of presumably viable (DAPI+ PI-) oo-
cysts was reduced significantly faster over time in slurry added ammonia than in raw slurry (p=0.023) 
(Fig. 2A). Likewise, the proportion of presumably non-viable (DAPI+ PI+) oocysts increased significant-
ly faster over time in slurry added ammonia than in raw slurry (p=0.021) (Fig. 2B). These changes 
resulted in estimated 38.9% presumably viable (DAPI+ PI-) and 40.4% presumably non-viable (DAPI+ 
PI+) oocysts in slurry added ammonia at day 14. In contrast, estimated 59.8% presumably viable 
(DAPI+ PI-) and 22.8% presumably non-viable (DAPI+ PI+) oocysts were present in raw slurry at day 
14 corresponding to 34.3% fewer (p<0.0001) presumably viable oocysts (DAPI+ PI-) and 43.4% more 
(p=0.001) presumably non-viable oocysts (DAPI+ PI+), respectively. Addition of ammonia to slurry did 
not result in any significant changes in the proportion of  potentially viable oocysts (DAPI- PI-) over 
time neither in slurry added ammonia nor in raw slurry (p=0.957) (Fig. 2C), although estimated 37.5% 
more potentially viable oocysts (DAPI- PI-) were present in slurry added ammonia at day 14.  

No significant differences were observed in the proportion of oocyst categories following 14 days of 
storage in buffer with a pH 7 or 9 (data not shown). 

3.2 Bacterial indicators. 
Enterococci were naturally present in slurry, with a mean initial concentration of 1.6 × 104 ± 2.5 × 103 
CFU mL-1 (Table 1). Enterococci concentration was reduced faster at 20°C than at 4°C (p=0.019) or 
10°C (p=0.004) in slurry with added ammonia (Fig. 3A). The enterococci concentrations following 
incubation at 4°C and 10°C were not significantly different (p=0.289), and no differences in reduction 
was noted in correlation to incubation temperature in raw slurry (p=0.194) (Fig.3B). 

A) B) 

1 10
0.1

1

10

100

4°C
10°C
20°C

Time (days)

E.
 c

ol
iC

FU
 m

L-1

1 10
0.1

1

10

100

Time (days)

E.
 c

ol
i C

FU
 m

L-1

0 2 4 6 8 10 12 14

10000

100000

4°C
10°C
20°C

50000

5000

Time (days)

En
te

ro
co

cc
us

 C
FU

 m
L-1

0 2 4 6 8 10 12 14

10000

100000

50000

5000

Time (days)

En
te

ro
co

cc
us

 C
FU

 m
L-1

FFigure 33. Ln (x) transformed E. coli and enterococci concentrations (CFU mL-1) as a function of time in A) cattle 
slurry with added aqueous (aq.) ammonia and B) raw slurry. Values on the y-axis are back-transformed Ln (x). 
Values on the x-axis for E. coli data are back-transformed Ln (time+1). Standard error of the mean (SEM) values 
not indicated are smaller than the symbols. 



163 

When the incubation temperature was disregarded, addition of ammonia to slurry resulted in a sig-
nificantly faster reduction of enterococci over time (p=0.006) compared with raw slurry, correspond-
ing to 27.3% fewer enterococci in slurry added ammonia than in raw slurry at day 14. Based on the 
standard linear regression model, the estimated mean time for a 1 log reduction (T90) ranged from 
33.9 to 77.8 days in slurry with added ammonia, compared with 66.6-175.3 days in raw slurry.  

Likewise, E. coli was naturally present in slurry with an initial concentration of 68 ± 28 CFU mL-1 (Ta-
ble 1). Since E. coli concentration in slurry was reduced rapidly within the first couple of days, time 
was ln (x+1) transformed to enable linear modeling of the correlation between E. coli and time by a 
standard linear regression model. Based on this model, the concentration of E. coli CFU mL-1 was 
significantly reduced over time in both raw slurry and slurry with added ammonia. No difference in  
reduction was noted in correlation to incubation temperature in slurry with added ammonia 
(p=0.176) (Fig. 3A), while in raw slurry E. coli was reduced faster at 20°C than at 4°C (p=0.033) or 10°C 
(p=0.014) (Fig. 3B). 

In slurry samples with added ammonia, the concentration of E. coli was already below 10 CFU mL-1 at 
day 2 and was reduced to below the detection limit within 6 days (Fig. 3A). In contrast, 12.2 ± 2.6 CFU 
E. coli mL-1 could still be detected at day 14 in raw slurry incubated at 20°C (Fig. 3B), corresponding to
91.8% fewer E. coli in slurry added ammonia. The estimated mean decimal reduction time (T90) for E. 
coli when disregarding the temperature in raw slurry and slurry with added ammonia was 25.8 days
and 9.8 days, respectively, with less reduction in raw slurry.

4. DISCUSSION

In this laboratory study, addition of ammonia (approximately 60 mM) to cattle slurry significantly 
affected C. parvum oocyst inactivation over 14 days, with a 34.3% reduction of  presumably viable 
oocysts (DAPI+ PI-) and a 43.4% increase in presumably non-viable oocysts (DAPI+ PI+) compared 
with untreated raw slurry. In contrast, oocyst inactivation was unaffected by temperature in raw 
slurry as well as slurry with added ammonia.  

This effect of reduced oocyst viability due to increased ammonia concentration agrees with results 
obtained in previous studies (Fayer et al., 1996; Jenkins et al., 1998; Reinoso et al., 2008), and con-
firms the vulnerability of the otherwise very robust Cryptosporidium oocysts to ammonia. For exam-
ple, ammonia concentration and number of inactivated oocysts correlate in HBSS (Reinoso et al., 
2008) and distilled water (Jenkins et al., 1998) with an estimated 17.8 days to reach 99.9% inactiva-
tion at 30 mM NH3 and 10.2 days at 60 mM NH3 in distilled water (Jenkins et al., 1998). However, in 
this study, an estimated proportion of 40.4% presumably non-viable (DAPI+ PI+) C. parvum oocysts 
were present in slurry with added ammonia (mean concentration 89.7 ± 1.22 mM ammonia) at day 
14. This result was rather unexpected, as Jenkins et al. (1998) reported an estimated 8.1 days to
reach 99.9% oocyst inactivation in distilled water when exposed to 104 mM ammonia at 24°C. Fecal
material is more complex than a simple ammonia solution and can differ substantially in composition
due to animal species, age and diet of the animals (Fayer, 1994). Furthermore, stressors such as am-
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monia and organic matter in the slurry seemingly influence oocyst fate, complicating attempts to 
predict survival. The fecal material might provide the oocysts some protection from direct exposure 
to the chemical activity of uncharged NH3, while oocysts stored in water are probably more directly 
exposed to the toxic effect of ammonia. Robertson et al. (1992) suggested that a component in feces, 
possibly a mucopolysaccharide, may insert into the oocyst wall to provide the oocysts with protec-
tion from environmental stress. This hypothesis was supported by Kearney et al. (1993), who sug-
gested that high levels of organic matter might be conducive to pathogen adherence, initiating in-
creased survival. Unfortunately, our study was limited by lack of oocysts stored in water at conditions 
equal to slurry, preventing us from concluding whether slurry protects oocysts from the inactivating 
effect of ammonia. Nevertheless, our results support those of Hutchison et al. (2005b), who found 
approx. 60% viable oocysts at day 94 in slurry generated by breeding pigs during summer and stored 
at ambient temperature. Robertson et al. (1992) observed that at 4°C, an oocyst fraction in stool 
samples from individuals with cryptosporidiosis remained viable for at least 178 days, while others 
found that oocysts remained infective to mice for 10 weeks when stored in feces at 10°C (Olson et 
al., 1999; Li et al., 2010). However, contradictory results have been presented in other studies 
demonstrating faster oocyst degradation in feces compared with water (Olson et al., 1999; Jenkins et 
al., 1999), and similar survival rates for oocysts placed in containers buried in cow feces or in labora-
tory-grade water (Robertson et al., 1992). The discrepancies in survival rates between studies might 
be explained by variations in oocyst species, between isolates and their ability to withstand environ-
mental pressures or by differences in the methods used to determine oocysts inactivation.  

As opposed to most other studies determining oocysts inactivation, our study was limited by lack of 
differentiation of oocysts scored as DAPI- PI- into “ghost” (i.e. non-viable) and non-staining intact 
oocysts (i.e. viable) by DIC microscopy (Robertson et al., 1992). Consequently, oocysts scored as 
DAPI- PI- were considered as an additional category: potentially viable, rather than viable or non-
viable. The proportion of this category was then compared between treated and untreated slurry. 
Moreover, we did not pre-treat the oocysts (e.g., incubation with acidified HBSS for 1 h at 37°C) prior 
to incubation with DAPI and PI or confirm oocyst inactivation by in vitro excystation or infectivity 
tests. Lastly, the oocysts were scored in dry mounts, while oocysts are scored in wet mounts in most 
other viability studies (e.g. Robertson et al., 1992; Campbell et al., 1992; Jenkins et al., 1999; Nichols 
et al., 2004; Ryan et al., 2011). The drying of oocyst onto slides might have caused an overestimation 
of non-viable oocysts, since the drying procedure may damage the oocyst wall. However, un-
published data from our laboratory comparing the Campbell et al. (1992) method (scoring in wet 
mounts) with our method (scoring in dry mounts) showed that scoring oocysts in dry mounts did not 
affect the proportion of non-viable (DAPI+ PI+) oocysts (p = 0.148; mean ± SEM; wet mounts: 9.7 ± 
0.4; dry mounts: 12.1 ± 1.5). In contrast, scoring oocysts in dry mounts significantly underestimated 
the proportion of viable oocysts (DAPI+ PI-) (p < 0.0001; mean ± S.E.; dry mounts: 53.0 ± 2.1; wet 
mounts: 80.6 ± 1.0) and an overestimated the proportion of DAPI- PI- (sum of “ghost” and non-
staining intact oocysts) (p < 0.0001; mean ± S.E.; dry mounts: 34.9 ± 2.5; wet mounts: 9.7 ± 0.7) com-
pared to oocysts scored in wet mounts. The drying of oocysts on to slides in our study seemingly 
resulted in excystation/damage of the oocysts walls leading to 25% falsely lower viability. Neverthe-
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less, the proportion of non-viable oocyst (DAPI+ PI+) was equivalent to results obtained with the 
Campbell et al. (1992) method.  

Differentiation between “ghosts” and non-staining intact oocysts in wet mounts could have revealed 
whether oocyst excystation increased with increased ammonia concentration in slurry. Yet, Jenkins 
et al. (1998) reported that the proportion of “ghosts” was unaffected by increased ammonia concen-
tration, indicating that excystation is unaffected by ammonia concentration, while Reinoso et al. 
(2008) showed that increasing ammonia concentration and exposure time resulted in increased oc-
currence of “ghosts”.  

The proportion of the various oocyst categories stored in buffers at pH 7 and 9 were virtually identi-
cal, indicating that within the examined pH range, the pH is not important for oocyst inactivation. 
This is in agreement with results obtained by Jenkins et al. (1998), who found minimal changes in the 
frequency of DAPI+ PI+ oocysts at pH between 7 and 11. Jenkins et al. (1998) hypothesize that the 
inability of pH alone to inactive oocysts is due to that the charged components of pH (H+ and OH−) 

remain external to the oocyst wall. Nevertheless, other studies have shown that high and low pH can 
affect oocyst viability significantly (Robertson et al., 1992; Reinoso et al., 2008).   

Changes in the proportion of presumably viable (DAPI+ PI-) and presumably non-viable (DAPI+ PI+) 
oocysts over time were unaffected by incubation temperature in both slurry with added ammonia 
and raw slurry. This non-significant effect of temperature was unexpected, because stressors such as 
temperature are widely reported to be particularly effective in influencing oocyst inactivation (Fayer, 
1994; Fayer and Nerad, 1996; Olson et al., 1999; Pokorny et al., 2002; Li et al., 2010). For example, 
Pokorny et al. (2002) showed decreasing C. parvum infectivity in a mouse model when the tempera-
ture of river water increased from 4°C to 23°C, and Fayer (1994) demonstrated complete inactivation 
of C. parvum oocysts suspended in water after 2 min at 64°C or 1 min at 72°C. Additionally, the incu-
bation temperature usually affects the ammonium-ammonia equilibrium, initiating a rise in un-
charged NH3 concentration with increasing temperature (Christensen and Sommer, 2013), as ob-
served in raw slurry in the present study. This theoretically enhances the effect of temperature, be-
cause increased uncharged NH3 concentration can escalate oocyst inactivation (Jenkins et al., 1998). 
However, the aq. ammonia added to slurry in this study was adjusted to achieve the same uncharged 
NH3 concentration regardless of temperature, in order to examine whether the effectiveness of am-
monia changes with temperatures as reported elsewhere (Jenkins et al., 1998; Vinneras et al., 2008). 
No increased effect of ammonia with changing temperature on oocyst inactivation was observed. 
This contradicts results obtained by Jenkins et al. (1998), who found higher oocyst inactivation in 
distilled water at temperatures around 25°C compared with 4°C when exposed to the same NH3 con-
centration. Fidjeland et al. (2013b) reported a similar trend for Ascaris suum egg viability; at equal 
NH3 concentration, increasing temperature resulted in shorter storage time for a 3 log reduction in 
fecal sludge.  

Addition of aq. ammonia to cattle slurry significantly affected the numbers of indigenous E. coli and 
enterococci. In particular, E. coli appeared sensitive to treatment, as evidenced by a reduction below 
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the detection limit of 1 CFU mL-1 within six days. In contrast, in raw slurry 12.2 ± 2.6 CFU E. coli mL-1 
remained at day 14, with a mean estimated decimal reduction time (T90) of 25.8 days. Similar T90 val-
ues have been reported for indigenous E. coli in non-aerated cattle slurry at 7°C and 20°C (Munch et 
al., 1987). Moreover, Kudva et al. (1998) reported a 3.0-3.5 log reduction over 30 days at 4°C in an E. 
coli O157:H7 strain spiked to bovine slurry, while McGee et al. (2001) reported an approximate 3.5-
5.5 log reduction of E. coli O157:H7 over 12 weeks at 10°C in cattle slurry. In contrast, Maule (1997) 
observed a rapid E. coli O157:H7 decline from 1.2 × 108 CFU mL-1 to undetectable within 9 days when 
spiked to cattle slurry and stored at 18°C. However, in contrast to the present study, these slurry 
samples were aerated during storage, which seemingly resulted in faster pathogen inactivation 
(Munch et al., 1987). These data indicate a tendency for longer survival of indigenous bacteria com-
pared with spiked bacterial strains, possibly due to adaptations to the environmental conditions in 
the slurry. Consequently, results based solely on spiked bacterial strains might underestimate the 
decimal reduction rate.  

Addition of aq. ammonia to slurry affected enterococci less than E. coli. These findings agree with 
those of earlier studies in which enterococci displayed lower ammonia sensitivity, were more heat-
resistant, and survived longer than E. coli, Salmonella spp., and several other bacterial pathogens 
(Vinneras et al., 2008; Ottoson et al., 2008b; Nordin et al., 2009; Watcharasukarn et al., 2009; Nordin 
et al., 2013). Enterococci are Gram-positive bacteria whose cell wall offers more resistance to meso-
philic temperature, disinfection, and desiccation compared with Gram-negative bacteria such as E. 
coli (WHO, 2004; Ottoson et al., 2008b; Bitton, 2011). In a field study of human urine with an ammo-
nia concentration of 4.2 g L-1,  stored at 19-31°C, E. coli was reduced more rapidly (T90 = 0.1 day) than 
enterococci (T90 = 7.6-7.7 days) (Nordin et al., 2013). Similarly to E. coli, enterococci added to urine, 
and sewage- and fecal sludge samples appeared more sensitive to ammonia than indigenous entero-
cocci (Nordin et al., 2013; Fidjeland et al., 2013a; Fidjeland et al., 2013b). In addition, enterococci 
exposed to low concentrations of uncharged NH3 are observed to display a biphasic reduction where 
the length of the lag phase depends on incubation temperature (Fidjeland et al., 2013a; Fidjeland et 
al., 2013b). An approximate 20-day lag phase for enterococci was observed at 14°C in bovine manure 
with 2% urea added, while the linear die-off phase was absent at 4°C (Ottoson et al., 2008a). In the 
present study, enterococci lacked a biphasic die-off rate both in raw slurry and in slurry with added 
ammonia, seemingly due to the short duration of the study (14 days). The decimal reduction rate was 
estimated based on a linear regression model, which risks overestimating the rate.  

In general, no major reductions of E. coli and enterococci over time were noted in correlation to in-
cubation temperature. However, enterococci in slurry with added ammonia and E. coli in raw slurry 
incubated at 20°C required a shorter storage time to achieve a 1 log reduction compared with 4°C 
and 10°C. This was probably attributable to the significant rise in uncharged NH3 concentration with 
higher temperature (20°C) (Christensen and Sommer, 2013) measured in raw slurry and slurry with 
added ammonia, rather than being solely a temperature effect. Similarly, (Fidjeland et al., 2013b) 
observed corresponding die-off for enterococci treated with 0.5-2% urea in sewage sludge at similar 
temperatures within the first 14 days of their study. As observed for oocysts, a significant effect of 
temperature on bacteria die-off rate has been reported (Kudva et al., 1998; Vinneras et al., 2008).  
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Overall, addition of ammonia to cattle slurry significantly reduced the pathogenic microorganisms C. 
parvum oocysts, E. coli and enterococci compared with raw slurry. However, only E. coli was reduced 
to below the detection limit within the study period (14 days), while an estimated 38.9% presumably 
viable oocysts and 7.2 × 103 CFU mL-1 enterococci were still present at day 14 in slurry added ammo-
nia. Interestingly, the effectiveness of ammonia in inactivating microorganisms did not alter with 
increasing temperature. Unfortunately, only a single ammonia concentration was tested here owing 
to time restrictions. It would, however, have been relevant to test the effect of several ammonia 
concentrations. Higher concentrations are likely to result in further reductions in microorganisms 
within 14 days, as observed e.g. for oocysts exposed to different ammonia concentrations in distilled 
water (Jenkins et al., 1998). Our findings indicate that ammonia may be used to reduce pathogen 
concentrations in slurry before application to agricultural land, but the tested concentration did not 
inactivate all oocysts and enterococci to eliminate the public health risk. Hence, further experimental 
work is needed to explore the full potential of ammonia treatment and to determine ammonia con-
centration and exposure time needed to abolish the risk of Cryptosporidium transmission from cattle 
slurry.
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