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Abstract The poténtial for transfer of the protozoan
" pathogen C'rypta.S'pondmm parvum through soil to land -
- drains and, subsequently, water courses following the ap-
plication of livestock waste to land was monitored in the
laboratory usmg simulated rainfall and imtact soil cores..
Following irrigation over'a 21- -day period, Cryptosporidi-
umt parvurn oocysts applied to the surface of soil cores
(initial inoculum concentration 1% 10°- oocysts core™!)
werz detected, albeit in low numbers, in the leachates
from clay loam and silty loam soils but not in that from-
a loamy sand soil. Variations in leaching patterns were re-
corded between replicate cores. At the end of the study
s0il cores were destructively sampled to establish the loca-
tion of cocysts remaining within the scil. Distribution .
within cores was similar in all three soil types. The major-
ity (72.8 £ 5.2%) of oocysts were found in the top 2 cm of
soil, with numbers decreasing with increasing depth to
13.2£2.8%, 8.39+1.4%, and 5.36+1.4% at depths of 10,
20, and 30 cm, respectively, '

Key words . C‘rypm.spbria‘ium parvum - Livestock waste -
Pathopens + Qocysts + S0il cores + Drinking water

Introduction

‘Livesiock waztes are considered a poilution threat be-
cause of their high biological O, demand and their abili-
ty 1o rafease nitrates and phosphates to the aqueous envi-
ronment (Khaleel et al. 1980; Kandeler and Eder 1993),
These wastes also contain large numbers of microorgan-
isms which may include pathogenic species (Elliott and
Ellis 1977; Strauch 1987, Kearney ot al. 1993) and it is
now racognized that following the application of live-
stock wasté 1o land there is a porential for the transfer of
these microorganisms to the human population following
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contamination of plgnts, soil, and subséquently, water

In the well developed countries of Western Europe and
North America with|drinking-water treatment facilities
designed essentially for bacterial removal, the incidence
of large scale waterbdrne bacterial gastroenteritis is now
rare, However, over the last two decades there has been in-
creasing concern over the emergence of ‘new’ forms of
enteritis caused by pretozoan parasites and enteroviruses
(West 1991). One such disease is cryptosporidiosis caused
by the protozoan pargsite Cryprosporidium parvum, and
the waterborne transthission of the pathogen is now well

" documented (Sterling 1990). This organism is of particu-

lar concern since as fgw as 10 infective cocysts may be re-
quired to cause infection (Smith 1992) and because its
transmissive opcyst is pesistant to current methods used in

‘drinking-water treatrmjent {West 1991).

~ Cryptosporidiosis {s not a new disease. Cryptosporidi-
um muris wag first described in 1907 and Cryprosporidi-

“um parvum, the spedies responsible for the infection of

livestock and man,
(Tyzzer 1907, 1912, cited in Fayer et al. 1990), However,
the importance of the/microorganism as a causative agent
of scouring in young cattle was only recognized in the
1970s (Current 1987) gnd it is only through improvements
in detection methody and increases in epidemiological
surveillance that an indication of the extent of both hu-
man and animal infection has now been realized.
Infection is via theifaecal-oral route and occurs follow-
ing ingestion of the transmissive oocyst (4—6 pm in diam-
eter) which is excfeted in large numbers (up to
1%10'g~Y in the faeces of infected animals (Smith
L992). The severity of the disease is governed by a number
of factors including the immunological status of the host.
In the human populajion immunccompromised patients,
especially those with |AIDS, suffer a sevare infection re-
sulting in protracted diarrhoea which is often irreversible,
death ({Grimason et al. 1990). Im-
munocompetent patidnts are less severely affected, diar-
rhoea and abdominal pain being accompanied by a flu-
like malaise which generally lasts 7—14 days, although
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general feelings of malaise may persist for up to a month

(Smith 1992). Excretion of oocysts commences with the
onset of diarrhoea but may persist long after disease
symptoms have ceased (Ungar 1990). In animals, infec-
tion is almost exclusive to the young (Robertson and
Smith 1992), calves being especially susceptible, In hu-
mans, infection may occur at any age although young
children are more prone because of their lower hygiene
levels (Grimason et al. 1990). ' '
Although many studies have been made of the move-
ment of microorganisms in 50l (Gannen et al, 1991a,b;
Huysman and Verstraete 1993; Paterson et al. 1993) these
have largely concentrated on bacteria and, to a lesser ex-
tent, viruses and most have been in risk-assessment stud-
ies of microbial inoculants, The potential for transfer of
microorganisms, particularly protozoa, 1o water courses,
after the application of livestock waste to land has not
been addressed to any great extent. The aim of this study
was to investigate the transport, with percolating water, of

C’rypro.spondmm parvum oocysis through three different

soil types.

Matenals and methods

Dmlupmem of methodology for oocyst mractmn from sml

Initizl studi=s were updertaken o investigate thc efficiency of the
method that Campbell et al, (1592) used to extract Cryprosperidi-
um parvum oocysts from faccal sampiss at removing 0ocysts from
soil. Samples of Denbigh clay loam soil (1 g dry weight equivalent)
contained within 30-ml centrifuge tubes were inoculated with
53 10% aocysts g~ and incubated at 26 °C for up to 14 days, At in-
tervais triplicate samples wers removed and oocysts purified accord-
ing to Campbell ot al. (1992). ]

In subsequent studies atternpts were made to improve the re-
corded recovery efficiencies by using different extraction fluids in
combination with a more rigomus physical dispersal technique. Dis-
tilled water, phosphate-buffersd saline (pH7.2),. S0mM TRIS
(BDH, Pools, UK), S0mM TRIS+0.5% (w/v) Tween 80 (BDH,
0.1% (w/v) sodium cholats (Sigma Chemical Co., Poole, UK), and
0.1% (w/v) sodium cholate+iminodiacetic acid chelating resin (Sig-
mz Chemical Co.) were tested a5 possible extraction solutions. Ex-
traction solution (20 ml) was added to each of thres replicate soil
sarmples {as used in the above study) and the contents vortexed for
{ min before centrifugation (10 min, 1500 g Centaur | bench cen-
trifuge, MSE, Crawley, UK). The supernatant fraction was discard-
ed and the washing procedure repeared, After the second wash the
pellet was resuspended in 10 mi of the extraction solution, 10 glass
beads (3 mm diameter} added, and the sample mixed for 15 min on
a wrist-action shaker (Stuarts Scientific flask shaker, BDH: setting
7). The resubting suspension was underiaid with 10 ml cold sucrose
solution (specific gravity i.18) and centrifuged (15 min, 1500 g).
The interface (10 ml) was temoved o a clean S0-mil centrifuges tube
using a syringe fitted with a 0.8x40mm hypodermic needle
(Terumo, Fisons, Loughborough, UK) and washed thres times in
distilled water. After the final wash the supernatant fraction was
removed down to | ml, and aliquots were stained and examined mi-
croscopically for the presence of oocysts (see below). Samplas
{20 ul} were dried onto l-cm? areaz on microscope siides, fixed in
methanol, stained in auramine phenol (Lempert, BOH), ¢ounters-
wined in dilue carbol fuschin {Gurr, BDH), and allowed to dry
{Casemore et al. 1985). Slides wer examined using an
epifivorescence microscops (BH2, Olympus Oprical Company,

London, UK) equipped with 2 blue filtar block (exzitation 490 nm,
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chosen fields of view was founted, and at least thres replicate slides
for each sample were exafnined. Numbers of oocysts detected wers
expressed (with SE) as the mean of replicates. Student’s r-test wasg
userd 10 assass the differsfice batween sample means,

emission 510 nm). The n|}‘nh=r af vocysts in each of 100 randomly

o1l columns

[ntact soil corss were takpn from each soil type by driving 35-cm
lengths of 15 em {inner Jiamerer) pelyvinyl chloride (PVC) drain
piping 30 cm into the soill To aid this process, detachable steel cut-
ting adges were fitted to the bortom of each tube. Three contrasting
soil types wers used in study, a loamy sand, a silty loam, and
a clay loam; further details of these soils are shown in Tabie 1. All
three soils were taken frofn perennial ryegrass lays and cores were
taken with the vegetatioh inincr, Once extracted, the cores were
transported back to the laboratory and brought to maximum water-
holding capacity by irrigation over a 5-day period. Five replicate
cores were mounted on sn irrigation/suppoft apparatus in a con-
stant temperature room | (18°C) and Cryprosporidium parvum
oocyits (supplied by J. Kemp and S. Wright, Moredun Research In-
stitute, Edinburgh, UK} were applied to each core at a density of ¢ca.
1% 10% pocysts cora™": After 16 1, artificial rainwater (Skibber and
Cresser 1936] wis applieq to ¢ach ¢oré over a 4-h period at a rate

of 706 ml h~! by means of a peristaltic pump, 10 individuzl lines
lispersal of the rainwater over the surface
of the core and thase wer su.spcndcd at a height of 5 cm zbove the
top of the core by insefting them through = clear plastic disk
mounted over the top of |the core, Irrigation was subsequently re-
peated on alternate days fover & peried of 21 days. Leachare from
each core drained, via alplastic funnel, into & 500 ml Winchester
hortle, and was collected for 24 b following the start of sach irriga-
tion event and subsequertly analyzed for the presence of cocysts.
At the end of the 31-day study, cores were destructively sempled
and soil removed to detgrmine the location of cocysts remeining
within the cores. Soil was yaken from the top and bottom of the core
(at depths of 1 and 30 ¢m) before holes (4.5 cm diameter) were
drilied through the plastil - drain piping at depths of 10 and 20 ¢m.
A soil corer (4.25 em diarpeter) inserted through the holes was used
o withdeaw soil from thd whole width of the tube and subsamples
of this zoil, together with that eollected from the top and bottom
of the ¢ore, were axaminef individually for the presence of oocysts.

Extraction and concentration of pocysts from leachate and soil
samples ‘ :
The volume of leachats
rigation svent was meas
tton times 217 ml, SEM
centrifugs tube. Samples pvere centrifuged (Europa 24 M centrifuge,

liected from eeplicats cores after each ir-
(average for all soif types at all irriga-

Tabie1 Characreristics bf the thres contrasting soi! types used in
the soil core studies to inpestigate the vertical transport of the pro-

tozoan Cryplesporidium parvum
Characreristic Roil type

Loamy sand  Siley lpam  Clay loam
Soil series Pridgenorth - Teme Dienbigh
pH - 5.35 5.60 6.09
Sand (%) 7o 1 40
Silt (o) 11 52 16
Clay (%) 10 - 29
Organic matter (%) 3.9 5.55 6.10

.01 ) and then transferred to a2 300-ml
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MSE, Crawley, UK) for 15 min at 1500 g and ¢a. 175 mi of the su-
pernatant fraction was discarded. The pellet was resuspended in the
rematning leachate and transferred to a 50-ml centrifuge tube The
damples were centrifuged again for {5 min (this and all subsequent
centrifugation steps were carried out vsing a MSE Centaur | Bench
Centrifuge, 1500 g) and the supernatant fraction discarded, lsaving
ca. 10 ml leachate and the pellet in the tube, This was resuspended
in 20 ml 50 M TRIS +0.5% Tween 80, mixed by vortexing, and
recentrifuged for 10 min. The supernatant fraction (20 ml) was re-
moved, leaving 10 ml end the pellet remaining in the tube; these
were vortexed to mix before the resulting suspension was further
coneentrated by sucrose gradient centrifugation and washed as for
soil samples (see above). After the final wash the supernarant frac-
tion was aspirated down to 1 ml :

To extract oocysts from soil, | g dry weight equivaients of soil
removed frum samples taken from each depth of the five replicate
soil cores were weighed into 50-ml centrifuge tubes. Each sample
was analysed in duplicate. To each tube 50mM TRIS+0.5%
Tween B0 (20 ml) was added and oocysts extracted by the method
described above. ' A

Aliguots (20 ul) of oocysts concenttated from leachat® or soil
were dried {at 37°C) onto I-cm? areas on microscope slides and
stained and e:amined as detailed above,

Results

The preliminary studies undertaken to evaluate the rele-
vance for soil studies of the technigue that Campbell et
al, (1992) used to extract oocysts from faecal material
showed that modification was needed for use in long-
term experimental soil studies. Although 61.6% of the
added oocysts were extracted immediately following inoe-
ulation, the efficiency of recovery declined rapidly, so
that by day 7 only 0.32% of the Cryptosporidium parvum
pocysts initially inoculated wers detected, and by day @
numbers were below the level of detection (Table 2).

A more rigorous extraction procedure was developed
subsequently and the efficiency of the different extraction
solutions evaluated. Soil samples that had been inoculat-
ed with 5x10° cocysts g=! were extracted using the dif-
ferent solutions at regular intervals over a 21-day period.
‘Iable 3 shows the numbers of oocysts extracted on day 14,

which’ were typical of the pattern of results obtained -

throughout the study, although by day 21 numbers of
oocysts extracted from the sodium cholate and sodium
cholate plus chelating resin samples had falien to below

Table 2 Effect of incubation time on numbear of oocysts exttacted
from Denbigh clay loam soil initally inoculated with §x10°
ooeysts g ' dry weight. Values are means:3EM (BQL below
quanrifiable limits, <5.29% 10% oocysts g~ dry weight)

‘quently decreasing wit

incubation Cocysts exeracred Cocysts extracued

time {2 10°3~" dry weight) (% of initial incculum)
15 min 308+ 28 &1.6

1h 169 =23 Kk ]

24h i.4+2.9 4.3

4 days 27.3+£2.54 5.4

7 davs 1.59 = 0.53 0.3

9 days BOL BQL

guantifiable limits. Edftraction using 50mAM TRIS
+0.5% Tween 80 consigtently gave significantly higher
(P < 0.01) oocyst recoveries and was therefore used in all
subsequent investigations. ' ‘

Once a method had peen developed to extract Cryp-
tosporidium parvum oodysts from soil, studies were car-
ried out to investigate the fate of the pathogen following
its application to soil. Vertical transport with percolating
water of the protozoan wWas demonstrated in all three soil
types although variatiotfs in the rate and extent of this
movement were measured. Whilst oocysts were detected
in the leachate from both the silty loam and the clay loam
cores, none were detected in that from loamy sand cores.

. In the silty loam soil j(Fig. 1) oocysts were detacted in
leachate from four of the five replicate cores on one or
more sample dates over the complete course of the study.
The majority (99.1%) of oocysts were detected in the 3
days immediately following introduction and none were
detected after day 9. One of the five replicate cores did
not release detectable nymbers of cocysts over the entite
study period, However, on destructive sampling, this non-
ralease core had a distribution of oocysts identical to that
observed in the other fonr replicates, indicating that the
eluted oocysts were probably below quantifiable imits.

In the clay loam soil {(Fig. 2) oocysts were detected in
the leachate of all five réplicate cores for the first 7 days
after introduction, but thereafier the sffluent of only one
core continued to contajn cocysts and numbers released
remained at a similar level over the rest of the 21-day
study. . o

At the end of the stydy, soil cores were destructively
sampled to determine the distribution of oocysts remain-
ing within the cores. Significantly higher numbers of
vocysts were recovered ffom the silty loam sgoil than from
either the loamy sand or{clay loam soils (Fig. 3). However,
the distribution of oocysts remaining within the cores was
similar in all three soil{ types. The majority of cocysts
were located in the |[top few centimetres of soil
(72.8x£5.19% at a depth of 1-2cm), numbers subse-
increasing depth with averages
for the three soils being 13.2%2.8%, B.39+1.4%, and
5.36=x1.4% at depths of 10, 20, and 30 cmn regpectively.

Tabled Bffect of different extraction solutions on numbers of
pocysts recovered from Dehbigh clay loam soil 14 days after in-
pculation with Sx 10° ogeysts g-! dry: weight. Values are
means = SEM: those followsd by the same letter are not significant-
ly different (P=0.01) :

Oocysts extracred
(x10% g~ ! dry weight)

Extraction soluzion

0.1% w/v Sodium cholate . 313+ 1.40a
0.1%% w/v Sodium cholate 16,222 40b
chelating resin

50 mM TRIS C 30.9+3.51¢
Phosphate-buifered saline {pH 7.2} '28.8£3.30c
S0mM TRIS +0.5T v/v Tween 80 76.8 £B.01d
Distilled warer 372370
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Discussion

Many studies have examined the effzct of soil type on the
movement of both bacteria and viruses in soil, aithough
few, if any, have examined the movement of protozoal
cysts. Due fo their sinall size, the major factor influencing
viral moverment is adsorption to seil particles (Burge and
Enkiti 1978) whereas with bacteria, because of their larg-
er size, filtration, and sedimentation will also play a part
in governing the degree of microbial movement (Reddy et
al. 1981; Gannon et al. 1991 b; Bitton and Harvey 1992;

Core.
Core
Core

Core
Core

O ESB®SR
(LR P S

I

I
3 5 7 9| 11 13 15 17 19 .21
Time after introduetion (days)

Tan et al. 1992). Protgzoal cysis are considerably larger
than bacterial cells (Cryptosporidium parvum cocysts aré
46 um in diameter) and, as with bacteria, filtration and
sedimentation in additjon to adsorption can be expeciad
to affect the extent ofimovement. Differences in the de-
gree and rate of movement of bactaria and viruses have
often been reported, |with most studies indicating in-
¢reased movement in sand as opposad to soil (Bashan and
Levanony 1988), in coarse as opposed to fine soil frac-.
tions (Tan et al. 1991)] and in sandy as opposed to clay.
soils (Bitton et al. 1974; Huysman and Verstraete 1993),
This variation is due, ig part, to differences in the adsorp-
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Fig. 3 Distribution of Cryp- 10%

‘tosporidium parvitm 0ocysts
in cores of siky loam, clay

+ Ypam, and loamy sand soil 21
days after introduction and ir-
rigation. Cores were ongmally
muculated with 110 0OCYsts
core ~'. Vertica! bars represent
SEM. dwr Dry weight

T

i

dwt soil ‘

10

1 lIIIII]

[ paril

Numbers eof oocysls g
e
o

107

tive propertiss of soils and to the number and size of
micropores (Griffin and Quail 1968; Postma et al. 198%;
Tan et al. 1992). Clay and organic matter are the major
soil compnnents affecting -adsorption of bacteria and
viruses because of their large surface areas and their neg-
ative charge (Marshall 1971; Reddy et al. 1981).

In our study, transport of Cryptosporidium parvum
oocysts through soil and into leachate was greater in a sil-
ty loam and a clay loam soil than in a loamy sand soil.

A study by Paterson et al. (1993) demonstrated similar re-

sults for recoveries. of an introduced - bacterium,
Pseudomonas fluorescens, with greatef recoveries in the
leachate from intact clay loam soil cores than from either
sandy loam or loamy sand soil cores, As the majority of
_evidence suggests that the degree of adsurption is greater
and the siz¢ of micropores is smaller in clay as opposed
to sandy soils, our results indicate that factors other than
adsorption and micropore size affecred the extent of
oocyst movement in the present study. A major difference
between our study and those cited above reporting greater
movament in coarse sandy soils than in clay soils is that

while we used intact soil cores; the other studies were all

carried out in disturbed and repacked cores. Although
repacked cores provide a homogeneous environment in
which to study the affect of individual soil variables on
microbial movement (Trevors et al. 1990; Gennon et al.
1991 a; van Elsas et al. 1991), intact or undisturbed soil
cores are more representative of field conditions (Bentjen
et al, 1989).

One of the obvious differences between intact soil
cores and those that have been repacked is the lack of nat-
ural 50il structure and the notable absence of macropores
in the latter. Soil water content and the flow of water
through soil are major factors affecting the extent of mi-
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_ : @ Denbigh ¢lay loam

“al. 1990; van Elsas et

% Teme silty loazm
2 Bridgenorth leamy sand

- Distanes from pqiflt‘ uf“-"indaul‘a‘l;ilu‘l;i {em)

crobial transport in soi] (Kuikman et al. 1990; Trevors et
. 1991). While the importance of
MACTOPOTES int water t sPc:rt tlufough soils hds been rec-
ognized for many ye (Thomas and Phillips 1979), it is
only recently that the potential effects on the release of

" soil chemical pollutarjts’ have been consuiered (White

1985). The rapid flow of. water through macropores,
thersby largely bypasm the filtmng and adsorptive ef-
fects of the soil, may|also greatly increase the risk of
pathogen transport to groundwater arid land drains. This
hypothems is supportedd by many studies indicating that
smaller numbers of bafréria are transporied through re-
packed soil cores than!through intact cores where chan-
nels and pores have begn retained (Smith et al. 1985; van
Elsas et al, 1991). Th presence of macropores may &x-
plain the large differenge observéd in the oocyst flow pat-
tern in one of the Denbigh clay loam cores in the present
study although, in gegeral, remarkably good agrecment

‘was récorded berween |replicate soil cores,

Although all three soil types had been inoculated with
sirnilar numbears of oodysts, significantly higher numbers
were recovered from the silty loam soil than from either
the loamy sand or the ¢lay loam soils. From the results of
prehmmary studies (J] Mawdsley, unpublished observa-
tions) it is clear that tHis was not due to increased extrac-
tion efficienicies in the|silty loam soil compared to those

probably due to diffefences in the adsorptive properties
of the soils, The lo sand soil had significantly lower
organic matter and cfay contents than either the silty
loam or clay loam soil] Both organic matter and clay play




a major roie in the adsorption of microbes in soil, due to
their large surface area and negative charge, and many
studies have shown increased adsorption in soils with
high organic matter or clay contents (Guy and Visser
{979; Bashan and Levanony 1988; Huysman and Ver-
straete 1993). However, this does not explain the higher
recoveries of oocysts from the silty loam cores. Perhaps
oocysts in silty loam soils are less prone to predation or
are less readily degraded compared to cocysts in clay
loam or loamy sand soils, We are at present investigating

this phenomenon and studies have already shown differ- -

ences in the viability of Cryprosporidium parvum 0OCYsts

in a lpamy sand r:nmpared toa cla)f loaxrr-ksml (Mawdsley‘

1994).

tions of soil cores, as recorded in the present “study, has

been reported in prevmus mvest:gatiem with other micro-

‘orgamsms. Wollum- and”. Cassel: ,(1978) momtored the

maovement of bacteria and streptnmycete ‘conidia i in a'san
_ dy soil and showed that the majority of- mreroorgamsms*

were retained near the soil surface, Gerba et al, (1975)
sugzested that straining (i.e., retention) of bacteria at the
soil surface is a major factor in determining the extent of
bacterial transport, and suggestad that as bacteria and
other particles are strained out at the soil surface, they
will in rurn have a filtering effect.
. The present study has shown that under the conditions
examined, with purified oOCYSts applied in very high
numbers. leaching of the pathogen dowh through the soil
profile does occur although the extent of this is affected
by soil type. However, the distances examined in’ this
study are shorter than those required for the pathogen to
enter land drains. Further studies are needed for an accu-
rate assessment of the real risk of environmental contami-
nation, as the sxtent and rate of movement thrcmgh deep-
er soil horizons may vary significantly from the move-
- ment easured in topsoil. It seems likely that a combina-
tion of facters, mcludmg a natural filtering effect, preda-
tion, and loss of viability, may interact to decrease the
risk of further environmental contamination following
" the eontammatipn of sml with cocysts; further studies are
m progress to exarmne these poss:bﬂmes
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