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s tu d ie d the k in e t ic s a n d e x te nt o f t he rm a l in a c t i v a t io n o f C. p a r w m o o c ys ts in bu f fe r e d w a te r a t
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u s in g m a m m a l ia n c e ll c u lt u r e to q u a n t ify o o c y s ts i n fe c ti v ity . Co m p a r is o n s o f i n fe c t io u s o o c y s t

c o n c e n t r a t io n s be tw e e n u n tr e at e d c o n tr o ls a n d the rm a lly t r e a te d s a m p le s in d ic a te d s ig n ific a n t

lo s s e s o f o o c y s t in fe c t iv ity by hig he r te m p e r a tu r e the r m a l t r e a tm e n t in bo th m il ie u . W hile t he r e

w e r e o n ly m in o r r e du c t io n s o f o o c y s t i n fe c t iv ity i n bu f fe r e d w a te r a ft e r 24 ho u r s a t 23
°

a n d 35
°
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te m pe r a t u r e s o f 55
°

a n d 60
° C r e du c e d o o c y s t in fe c t iv it y by 9 9. 9% w ith in 60 m i n u te s . Ex po s u r e a t
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b u t i n

the u n t r e ate d m a n u r e o o c y s t i nfe c t iv ity w a s s ta b le fo r m a n y ho u r s a t 2 3° C. Th e s e d a ta

de m o n s t r a te tha t the i n fe c t iv ity o f C. pa r v u m o o c y s ts is r a pi dly a n d e x te n s iv e ly r e d u c e d i n w a te r

a n d b o v in e m a n u r e a t t he r m o p hi lic te mpe r a tu r e s a s lo w a s 5 5
°

C .
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CHA PTE R ONE

INT RODUCTIO N

Cryp to s p o ri diu m p a r v u m r e p r e s e n ts a hig hly in fe c t io u s , e m e rg in g dis e a s e , e s p e c ia ll y

a m o n g im m u n o c o m p r o m is e d in div id u a ls . T he r o b u s t n a tu r e o f the o o c y s ts , a lo w in fe c t io u s do s e

c o m b in e d w it h r e s is ta n c e to c o m m o n ly u s e d d is i n fe c ta n ts m a ke the s e o rga n is m s d if fi c u lt to c o n t r o l

a n d a s e r io u s t hr e a t to pu blic he a lth Oo c ys ts fo llo w a fe c a l o r a l r o u te
,
a n d c a n be t r a n s m it te d

th r o u g h m u lt iple s o u r c e s . Sym pto m a t ic a n d a s ym pto m a t ic hu m a n s p lu s fe r a l a n d d o m e s t ic

a n im a l s c a n s he d o o cy s ts ,
w hic h c a n be c a r r i e d i nto w a te r c o u r s e s a n d le a d to o u tb r e a k s o f

e n te r ic d is e a s e .

T he US En v ir o n m e n ta l Pr o te c t io n A ge n c y (USE PA ), by the d ir e c ti o n o f the Sa fe W a te r

D r i n k i n g A c t . pl a c e d Cryp to s p o ri diu m o n its D r in k i n g W a te r Pr io r ity L is t in 1986 The En ha n c e d

Su r fa c e W a te r Tr e a tm e n t R u le c u r r e n t l y r e q u ir e s m o n ito r in g o f th is o rg a n is m by la r ge u ti lit ie s u s in g

s u r fa c e a n d gr o u n d w a te r s a s dir e c te d b y the r e g u la to r y n e go t ia te d In fo r m a t io n C o lle c t io n R u le

(ICR). In fo r m a t io n g a i n e d thr o u gh this s tu d y w i ll be u s e d to de v e lo p r e gu la t io n s a n d e v a lu a te the

e f fe c t iv e n e s s o f t r e a tm e n t m e a s u r e s a n d th e po s s ible c o s t o f im p le me n t i n g c o n t r o l m e a s u r e s .

Si n c e d e te c t io n o f o o c y s ts i s p la gu e d w ith pr o bl e m s , it is e x pe c te d tha t r e g u l a t io n w ill r e q u ir e

t r e a t m e nt p r o c e s s e s to r e m o v e 99 . 9% o f o o c y s ts . C o nt ro l o f t his o r ga n is m is be s t m a de th r o u g h a

m u lt i ple ba r r i e r a pp r o a c h. A f i r s t b a r r ie r i n p r o te c t i n g dr in k i n g w a te r s o u r c e s is w a s te w a te r

t r e a t m e n t . Stu d ie s ha v e s ho w n th a t o o c y s ts a r e p r e s e n t a t hig h le v e ls in r a w s e w a ge a n d t ha t

t r e a tm e n t p r o c e s s e s a lo n e c a n n o t be r e a l is t ic a lly de p e n de d u p o n to p r e v e n t the r e le a s e o f o o c y s ts

i n to the e n v ir o n m e n t . W a s te w a te r t r e a tm e n t p r o c e s s e s c o n c e n t r a te o o c y s ts i n to t he s e w a ge

s l u d ge s , the r e fo r e pr o c e s s e s t ha t t r e a t s lu d ge a r e im p o r ta n t i n pr e v e n t io n o f r e l e a s e o f o o c y s ts

i nto t he e n v i r o n m e n t Stu d ie s to da te ha v e s ho w n t ha t o o c y s ts a r e e f fe c t iv e l y in a c t i v a te d by

a n a e r o bic a n d a e r o bic dig e s t io n bo th i n th e th e rm o p hilic a n d m e s o p hil ic r a n ge ,
a s e v i de n c e d b y

c o m m o n ly u s e d v ia bility m e tho ds . T he obje c t iv e o f t his r e s e a r c h w a s to e v a l u a te th e i n a c t iv a ti o n
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o f o o c y s ts by the rm o ph ilic a n a e r o bic di ge s t io n u s i n g a c e l l c u ltu r e in fe c t i v ity a s s a y . A n a e r o bic

t he rm o p hilic d ige s t io n is a n e me r gin g t r e a tm e n t p r o c e s s fo r m u n ic i pa l s l u d ge s a n d o n e th a t i s

be i n g u s e d to t r e a t w a s te a t s o m e la r ge d a ir y fa c il it ie s .

T o a s s e s s the e f fe c t iv e n e s s o f ph ys ic a l a n d c he m ic a l t r e a tm e n t pr o c e s s o n th e v ia b ility o r

in fe c ti v ity o f C. p a r v u m t hr e e ba s ic m e tho ds ha v e be e n e m plo ye d: 1) in v it r o e x c ys ta t io n o f

o o c y s ts , 2 ) v ita l d ye s ta i n in g (DA Pl/P I) ,
a n d 3) i n v iv o in fe c ti o n o f a s u ita ble a n im a l m o de l. W h ile

a n im a l m o de ls a r e a c c e pte d a s t he
"

g o ld s ta n d a rd
"

fo r a s s e s s in g v ia b ility a n d i nfe c t iv ity , the y a r e

c o s t ly a n d d o n o t a lw a ys y ie l d pr e c is e qu a nt ita t iv e da ta . V ia bility h a s be e n a d dr e s s e d b y

a p pl ic a t io n o f in v it r o e x c y s ta ti o n a n d s ta in i n g w ith v ita l d ye s . Qu e s ti o n s r e m a i n a s to t he a bi lit y o f

t he s e m e t ho d s to pr e dic t in fe c ti v ity r e lia b ly be c a u s e r e s u lts a r e o f te n n o t c o r r e la te d w it h

pr e d ic ti o n s f r o m a n im a l m o de l s (Fi n c h e t a l , 19 93 & Ko r ic h e t a l, 19 90 ). R e c e n t a dv a n c e s i n in

v iti ^

o c e ll c u lt u r e a s s a y m e tho ds (Ar r o w o o d e t a l, 1996, Slifc o e t a l , 1996) m a ke th is a n a tb-

a c ti v e

a lte r n a ti v e be c a u s e t he y p r o v i de in fo rm a ti o n o n t he v ia bility o f ti "

e a te d o o c y s ts a s de t e r m in e d by

t he a bil ity to in iti a te i nfe c ti o n a n d p r o life r at e . T he a bil ity to de te c t q u a n ti t a ti v e ly t he i nfe c ti v ity o f C .

p a r v u m o o c y s ts i n c e ll c u lt u r e pr o v ide s a c o n v e n ie n t to o l fo r be t te r de te r m in a ti o n o f w a te r
,

w a s te w a te r a n d s l u dg e t
'

e a ti n e nt e f fe c ti v e n e s s a n d a s s e s s in g r is ks to t he p u blic he a lt h .

T he p u rp o s e o f thi s s tu dy w a s to e v a l u a te the M a di n D a r by c a n in e k id n e y (MD CK) c e ll

c u ltu r e a s s a y m e tho d fo r u s e a s a to o l fo r qu a n ti t a ti v e a s s e s s m e nt o f to
'

e a ti n e n t e f fic i e n c ie s ; the n

a pp ly this m e tho do lo gy to qu a n ti fy the r e du c ti o n s o f o o c y s t i n fe c ti v ity in the rm a l pr o c e s s e s a n d

a n a e r o bic the rm o p hilic d ige s te d s lu dge . This s tu d y p r e s e n ts da ta o n the th e rm a l i n a c ti v a ti o n o f C.

p a r v u m o o c y s ts i n bu f fe r e d w a te r a n d i n a n a e r o bic the rm o ph ilic a lly dig e s te d bo v in e m a n u r e .
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CHA PT ER T WO

REV IEW OF THE L IT ERA T URE

Pa t ho g e n Ch a r a c te r iz a t io n

H is to r y

Cryp to s po r idiu m p a r v u m w a s f i r s t de s c r i be d a s a n e w s p e c ie s in 1912 by the A m e r ic a n

pa r a s ito lo g is t E r n e s t Edw a rd Ty z z e r (Tyz z e r , 19 29). It w a s d is t i n g u is he d f r o m p r e v io u s ly id e nt if ie d

s pe c ie s o f C ryp to s p o ri diu m by its s iz e (3- 7 pM ) a n d its r e s t r ic t io n to the d ige s t iv e t r a c t o f

a s y m pto m a t ic la bo r a to r y m ic e . T y z z e r
'

s i n it ia l in v e s t iga t io n s o f this ge n u s o f pa r a s it e s e lu c ida te d

th e d e ta ils o f the c o m ple x l ife c y c le o f this o rga n is m w h ic h e v e n to d a y ho lds u p a s th e de f in itiv e

de s c r i pt io n o f th e ir r e p r o du c t io n de v e lo p m e n t a n d m o r pho lo gy {Tyz z e r , 19 07 ).

R e g a r de d a s a n o pp o r tu n is t ic z o o n o s is w ith l it t le if a n y m e dic a l in te r e s t o r e c o n o m ic

im p a c t (C a s e m o r e a n d Ja c k s o n ,
19 84 & Sc hu ltz ,

198 3), C ryp to s p o ri diu m r e c e iv e d v i rt u a lly n o

a t te n t io n fo r m o r e tha n s ix t y ye a r s a f te r it w a s dis c o v e r e d . Ev e n tho u g h n u m e r o u s r e p o rt s

c o n fi rm e d the pr e s e n c e o f this pa r a s ite i n m a n y ho s t s p e c ie s it r e m a i n e d r e la t iv e ly o bs c u r e . In

197 1, C. p a r v u m w a s a s s o c ia te d w ith a c a s e o f b o v in e dia r r he a a n d t he i n te r e s t o f the v e te r in a r y

c o m m u n ity w a s s t im u l a te d a s its r o le a s a p a tho g e n i n a n im a ls w a s a ff ir m e d . The fi r s t de s c r ip t io n

o f a hu m a n c a s e w a s r e po r te d f iv e ye a r s la te r w he n In 19 76 a t hr e e - y e a r - o ld im m u n o c o m pe te n t

c hil d f r o m a r u r a l fa r m in g c o m m u n ity de v e lo p e d i n fe c ti o n d u e to z o o no t ic t r a n s m is s io n (N im e e t a l .

,

19 76 ). W it hin a m o nt h
,
a n o t he r r e s ide n t o f a fa r m in g c o m m u n ity w a s d ia g n o s e d w ith

c r y pts po ri dio s is (N im e e t a l, 19 76 & Me is e l e t a l
,
19 76) . Re po r ts o f hu m a n c r ypto s po r idio s is

r e m a in e d r a r e u n t il 1982 w he n phys ic ia n s thr o u gho u t t he U n ite d Sta te s be g a n r e po r t in g a n e v e r

i n c r e a s in g n u m be r o f c a s e s , e s p e c ia lly a m o n g yo u n g m a le s w ith a c q u ir e d im m u n o de f ic ie n c y

d is e a s e , to t he C e n te r s fo r D is e a s e C o n t r o l. W hile a p pa r e nt ly a s e lf li m ite d d is e a s e in h e a lthy

pe o ple , p a t ie n ts w ith s u p pr e s s e d im m u n it ie s c a n de v e lo p c hr o n ic in fe c ti o n s w ith hi g h m o r t a lity

r a te s . S in c e th e e a r ly 80
'

s
,
the n u m be r o f o u tbr e a k s a n d c a s e s o f c r ypto s po r id io s is ha v e
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c o n t i n u e d to ri s e a mo u n g in fi m u n o c o m pe te n t a n d s u pp r e s s e d pe o ple .

N o w a c c e pte d a s a p r o m i n e n t a ge nt o f dia r r he a in li u m a n s a n d do m e s t i c a te d a n im a ls

t hr o u g ho u t the w o ri d,
Cry p to s po ri diu m is t he le a di n g c a u s e o f w a te rbo r n e o u tbr e a k s fo r w hic h a n

e t io lo gic a ge n t ha s be e n ide n t if ie d in t he U n ite d Sta te s (Kr a m e r , 19 9 6). Th e CD C r e c e n t ly

i de n t if ie d C . p a r v u m a s a n e m e r gin g in fe c t io u s dis e a s e d u e to e v i de n c e s u g ge s t in g th a t it is n e w ly

s pr e a d a n d n e w ly a b le to c a u s e life th r e a te n in g d is e a s e . It s r o le i n th e e p ide m ic o u tb r e a k i n

M ilw a u ke e in 1993 ge n e r a te d m u c h pu blic a t te n t io n a n d c o n c e r n fo r th e po te n t ia l fo r w a te r bo r n e

t r a n s m is s i o n . It
'

s u biq u ito u s n a t u r e , s m a ll s iz e a n d a lo w i n fe c t io u s do s e c o m b in e d w ith its r e la t iv e

r e s is ta n c e to ty pic a l w a te r t r e a tm e nt p r o c e s s e s a n d dis in fe c t io n m a ke s it o f pa r t ic u la r c o n c e r n to

t he p u b lic he a lt h.

T a x o n o m y

C ryp to s p o ri diu m be lo n gs to the ge n e r a o f C o c c id a e p r o to z o a n p a r a s ite s i n t he p hy lu m

A pic o m ple x a (t he s p o r o z o a n s ). T he m e m be r s o f this ge n u s de v e lo p w ith in t he e pit he l ia l c e lls o f

t he ga s t r o in te s t i n a l a n d r e s pir a to r y t r a c ts o f v e r te b r a te s . Spe c ie s w ithi n this ge n u s c o m p le te the ir

life c y c le w ithi n a s in gle h o s t a n d ha v e the s m a lle s t o o c y s ts a m o n g the c o c c id ia . A ltho u gh o n c e

c o n s ide r e d s t r ic t ly ho s t s p e c if ic , the y a r e n o w kn o w n to be c r o s s t r a n s m is s ible (Pa y e r a n d Un ga r ,

1986) , be tw e e n dif fe r e n t ho s ts w ith in th e s a m e v e r te b r a te c la s s .

In it ia lly ,
n o m e n c l a tu r e w a s ba s e d o n t he s pe c ifi c ho s t - p a r a s ite r e la t io n s hi p (Pa ye r e t a l,

199 0) a n d a s m a n y a s tw e n ty - o n e d if fe r e n t s pe c ie s w e r e ide n t if ie d . T a x o n o m ic c la s s if ic a t io n

r e m a in s c o n f u s in g du e to th e la c k o f ho s t s pe c if ic ity a n d Is t he r e fo r e u n de r r e v is io n . A t pr e s e n t , s ix

s pe c ie s o f Cryp to s po ri diu m a r e a c c e p te d (C a s e m o r e
,
1990); C. pa r v u m i n fe c ts m a m m a ls

,

in c lu di n g m a n ; C. m u n s in fe c t r o de n ts ; C. ba il e y a n d C. m e /e a g n
'

c l/s i nfe c t bir ds ; C. c r o fa // i n fe c ts

r e pt ile s ; a n d C. n a s o r u m in fe c ts f is h. V a ri a t io n s w ithi n ho s t s p e c if ic ity , s ite s o f in fe c t io n a n d

pa tho ge n ic ity m a y e v e n tu a lly le a d to v a li da t io n o f a dd itio n a l s pe c ie s . A ltho u gh c r o s s t r a n s m is s io n

do e s o c c u r
,
C. p a r v u m is the s pe c i e s r e s p o n s ible fo r m o s t hu m a n a n d a n im a l i n fe c t io n s a n d it is

t he o n ly w a te r bo r n e Co c c i d to in fe c t hu m a n s (C u rds ,
1992).

Su bs pe c ie s a n d s t r a in s o f Cryp to spo ri diu m a r e n o t c u r r e n t ly r e c o g n i z e d e v e n t ho u g h

bio lo gic a l v a ri a t io n w ithi n s pe c ie s h a s be e n o b s e r v e d . In a n a t te m pt to dif fe r e nt ia te h o s t s pe c if ic
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s t r a in s , M e a d e t a l (1990 ) c o m pa r e d p r o te in pa t te r n s f r o m tw o - dim e n s io n a l ge l e le c t r o p ho r e s is o f

s po r o z o ite s f r o m h u m a n , ho r s e a n d c a lf s o u r c e s . Fo u r o r f iv e o f the s e is o la te s s ho w e d s u f fic ie n t

dif fe r e n c e s i n pe pt id e pr o p e r t ie s to a l lo w ide n t if ic a t io n o f the is o l a te . Ye t , the r e is s t ill i n s u f fic ie n t

e v ide n c e t ha t Is o la te s c a n be s u bd iv ide d ba s e d o n a n t ige n ic o r o t he r s u btype s (C a s e m o r e
,
198 4).

Ot he r s t u di e s h a v e id e n tif ie d d if fe r e n c e s be tw e e n is o la te s a t the g e n e t ic a n d p he n o typic le v e l, b u t

a r e n
'

t c o n c lu s iv e (N ic ho ls e t a l, 199 0,
Aw a d- EI- Ka r ie m e t a l , 19 95 , Ca r r a w a y e t a l

,
19 96).

In a r e c e n t dis pa tc h i n CDC
'

s Em e rgi n g In fe c t io u s Di s e a s e jo u r n a l , i n v e s t iga to r s de s c r i be d

a ge n e t ic po ly mo r ph is m w ithi n the T RA P- 2 ge n e w h ic h m a y a l lo w fo r the ide n t if ic a t io n o f th e

s o u r c e o f o o c y s ts (Pe n g e t a l
,
199 7). The a u tho r s r e po r te d tha t b o v i n e a n d hu m a n i s o l a te s c a n be

d is ti n g u is he d b a s e d o n the s e m o le c u la r te c hn i qu e s . T his r e pr e s e n ts a s ig n if ic a n t br e a kt hr o u g h if

the y a r e a ble to v e r ify th is pa t te r n w ith fu r the r r e s e a r c h. D e te rm in a t io n o f s o u r c e s o f o o c y s ts is

im p o r ta n t in th e in v e s ti g a ti o n o f fu tu r e o u tb r e a k i n v e s t iga t io n s a n d c o n t r o l e f fo r ts .

F i gu r e 2 . 1 T ax o n o m y o f Cr yp to s p o ri d i u m

Ph y la S a r c o m a st igo ph o r a

(a m o e b a s
,
f la g e l la te s ,

E n ta m o e b a . G ia r d ia )

O r d e r

S u b o r d e r

F a m i l i e s

G e n e r a

P r o t o z o a

A p l c o m p le x a

(s p o r o z o a n s )
C i li o p ho r a

(c i li a te s )

E u c o c c i d lo r id a

. E im io r in a ^
.

,

^ ^ ^

S a r c o cy s t ida e C r y p t o s p o ri d ild aT ^
Eiin e i i id a e

S a rc o c y s li s ,

To x o p la s m a

C ry p to s p o r id iu m E im e r ia
,

Is o sp o r a

Life Cyc le

Cryp to sp o r idiu m , a m o n e c io u s pa r a s ite , c o m p le te s its e n t ir e life c y c le w ithi n a s in gle ho s t .

Its life c yc le is s im i la r to o the r Coc c ida e in tha t it c a n be d iv ide d i nto s ix d is t in c t iv e p ha s e s :

e x c y s ta t io n , m e r o go n y , ga m e to go n y , fe r ti l iz a t io n , o o c y s ts w a ll fo rm a ti o n , a n d s p o r o go n y (C u r r e n t ,

198 7). Infe c ti o n is in iti a te d fo llo w in g in g e s ti o n o f the th ic k w a lle d, e n v i r o n m e n ta lly r e s is ta nt o o c y s t

w hic h is s he d in the fe c e s o r n a s a l s e c r e ti o n s o f the in fe c te d ho s ts . Oo c ys ts c a n be pr e s e n t in

c o n ta m in a te d fo o d ,
w a te r o r the ge n e r a l e n v ir o n m e n t a n d a r e e x ti

'

e m e ly r o bu s t Ea c h o o c y s t
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c o n t a i n s fo u r m o t ile , n a ke d s po r o z o ite s , e a c h c a pa ble o f in it ia t in g i n fe c t io n . Spo r o z o ite s e x c y s t

f r o m t he o o c y s ts i n the ga s t r o i nte s t i n a l o r r e s p ir ato r y tr a c t a n d in fe c t e p it he lia l c e lls . A ll

e n do ge n o u s s ta ge s o f the p a r a s ite a r e fo u n d a t the lu m i n a l s u rf a c e o f the e p it he liu m . W hile

a n a to m ic a l s ite s o f In fe c t io n u s u a lly in v o lv e the a lim e n ta r y t r a c t , o the r m u c o s a l s u r fa c e s li n e d w ith

e pit he lia l c e lls a r e a ls o pe rm is s iv e to i n fe c t io n (Ca s e m o r e
,
1988).

Ex c y s ta t io n is tho u g ht to r e s u lt f r o m e x po s u r e to a c o m bin a t io n o f bo dy te m p e r a t u r e , CO j ,

p r o te o lyt ic e n z ym e s a n d bile s a lts (C u r r e n t , 1987). Upo n at ta c hm e n t o f th e s po r o z o ite t o a c e ll, a

fe e d e r o rg a n e lle de v e lo ps be tw e e n the s p o r o z o ite s a n d c e ll c y to pl a s m . T he pa r a s ite u n de rgo e s

dif fe r e n ti a ti o n w ithi n t he ho s t s pa r a s ito p ho r o u s v a c u o le m e m br a n e to fo rm a n in t r a c e llu la r

t r o p ho z o ite . As e x u a l div is io n ,
m e r o go m y ,

r e s u lts i n th e fo rm a t io n o f ty pe I m e r o nts . T he s e

m e r o n ts c o n ta in s ix to e ig ht me r o z o ite s a n d c a n in fe c t a ho s t c e l l to de v e lo p in to a n e w T ype I

m e r o n t o r T ype II m e r o n ts . T ype II m e r o n ts u n d e r go a s e x u a l div i s io n s to p r o du c e fo u r m e r o z o ite s

th a t go o n to de v e lo p i n to ga m o n ts , t he s e x u a l s ta ge . A m ajo r ity o f t he m e r o ite s fr o m Typ e II

m e r o n ts go o n to fo rm m a c r o g a m e ts (80% ), the r e m a i n i n g fo rm m ic r o g a m o n ts (20%), t he fe m a le

a n d m a le c o u n te rpa r ts r e s pe c t iv e ly (Cu r r e n t , 1987 ). F e rt il iz a t io n r e s u lts in the p r o du c t io n o f a

z yg o te th a t de v e lo p s i nto e ithe r thin o r th ic k w a lle d o o c y s te w h ic h s po r u la te s i n v iv o . Bo th typ e s o f

o o c y s t c o n ta in fo u r s po r o z o ite s . M o s t o f th e o o c y s ts pr o d u c e d a r e t hic k w a l le d a n d a r e s h e d i n the

fe c e s . T he s e a r e t he e n v ir o n m e n ta lly r e s i s ta n t fo r m s th at c a n t r a n s m it the in fe c t i o n to o the r ho s ts .

The thi n w a lle d o o c ys t is s u r r o u n de d o n ly b y a u n it m e m br a n e a n d e x c y s t w ith in the

g a s t r o in te s t in a l t r a c t o f the ho s t s o o n a f te r r e le a s e f i'o m a ho s t c e ll a n d a r e c a pa ble o f r e in it i a ti n g

the e n do ge n o u s c y c le . T he po te n t ia l fo r r e c y c li n g s po r o z o ite s thr o u gh the ge n e r a t io n o f th in w a lle d

o o c y s ts is u n iqu e to t his gr o u p o f Co c c id ia
'

s pa r a s ite s (Cu r r e n t a n d Lo n g ,
1 983). T his fe a tu r e is

p r o ba bly r e s p o n s ib le fo r the lo w i n fe c t iv e do s e r e q u ir e d to i n it ia te i n fe c t io n a n d the p e r s is te n t l ife

t hr e a te n in g i n fe c t io n in a bs e n c e o f r e pe a t o r a l e x po s u r e o f te n s e e n i n A IDS p a t ie n ts .

The t im e r e qu ir e d to c o m p le te the e n t ir e life c y c le o f this p a r a s ite v a r ie s w ithi n ho s ts
,
bu t is

r e po rt e d to be be tw e e n 18 - 24 ho u r s w ithin hu m a n s . The pe r io d be tw e e n in fe c ti o n a n d o o c y s t

s he dd in g in h u m a n s v a r ie s fi
-

o m f iv e to 21da ys (A n de r s o n a n d Ha ll
,
1981, Bla gb u r n a n d C u r r e nt

1983 a n d Re e s e e t a l , 1982). D u r a ti o n o f o o c ys t s he ddi n g a ls o v a r ie s a m o n g hos ts a n d i s

de p e n den t o n ho s t phys io lo gic a l s ta te , but m a y be > 30 da ys (M o o n e t a l
,
1988). D u r in g t he a c u te
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dia r r he a s ta ge o o c y s t m a y e x c e e d 10
^
pe r gr a m fe c e s (C a s e m o r e ,

199 0). T he n u m be r o f o o c y s ts

s he d i n fe c e s a ppe a r s to be a s s o c ia te d w ith s e v e r ity o f s ym pto m s
, bu t a s ym pt o m a t ic c a r r ie r s a r e

a ls o c a p a b le o f s h e d di n g o o c y s ts .

Fi g u r e 2 . 2 L if e Cy c le o f Cry p to s po ri d i u m

4 H o s t ^ p i i h a l i i i V

m r s G t k H i In g e s t io n

I I

Tw e i m e r a n t

M a t u r e
o o c y s t TM i e l m e r a M

M a c r o g a m o n l

C rypto s po r i dio s is

T he e f fe c t o f in ge s t i n g C. p a r v u m o o cy s t c a n r a n ge f r o m a s ym pto m a t ic i n fe c t io n , a fe w

d a y s o f m i ld to s e v e r e dia r rh e a
,
c ho le r a - lik e di a r r he a r e q u ir in g me d ic a l a tte n t io n

,
ho s pita liz a tio n

a n d po te n t ia lly de a t h. T he m o s t p r o m in e n t a n d f r e qu e n t ly ide n t if ie d m a n ife s ta t io n o f

c r ypto s po rd io s is is p r o f u s e , w a te r y d ia r rhe a , a s s o c i a te d w ith v o m it in g, a bd o m in a l pa in , a n o r e x ia ,

w e ig ht lo s s , de hy dr a t io n a n d lo w gr a de fe v e r (C u r r e n t a n d Ga r c i a , 1991). Ge n e r a lly a s e lf - lim ite d

i nf e c t io n o f s ho r t du r a t io n in im m u n o c o m pe te n t v ic t im s , the s e v e r ity a n d du r a t io n o f the illn e s s

a pp e a r s to be c o n n e c te d to the im m u n e sy s te m (Un g a r , 19 90). Sym p to m s u s u a lly o n s e t o n e to

tw o w e e ks a ft e r e x po s u r e , g e n e r a lly la s t in g be tw e e n e ig ht a n d tw e n ty da ys , bu t c a n b e c o m e

c h r o n ic a n d le a d to m o rt a lity in c e r ta in pa t i e n ts . T he d iffe r e n c e i n c lin ic a l o utc o m e s be tw e e n the

im m u n o c o m pe te n t v s . im m u n o s u pp r e s s e d p a t ie n ts is pr o ba bly d u e to a n im m u n e r e s po n s e w h ic h
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is o f s u f fic ie n t m a g n it u de to c le a r t li e p a r a s ite (Cu r r e n t a n d Ga r c ia ,
1991). T his is s u pp o r te d b y a

r e p o r t o f a pa t ie n t u n de rg o i n g c he m o th e r a py w ho w a s in fe c te d w ith C. p a r v u m , b u t w a s a bl e to

r e c o v e r a n d c le a r the i n fe c t io n fo llo w in g r e tu r n o f im m u n e fu n c t io n s (M il le r e t a l, 198 3 ). Se v e r e

a n d c hr o n ic c r ypto s po r id io s is h a s be e n r e po rt e d to c o r r e la te w e ll w ith CD4 c o u n ts . Of p a ti e n ts

w ith th e di s e a s e , t ho s e w ith CD4 c o u n ts > 180 c e lls /m m
^
w e r e a ble to c le a r i n fe c ti o n s , w h e r e o n ly

13% o f t ho s e w ith C D4 c o u n ts < 180 c e l ls /m m 3 ha d i n fe c ti o n s th a t c le a r e d (F la n iga n e t a l , 1 992 ).

A r e c e n t s tu d y o f C. p a r v u m in hu m a n v o l u n te e r s de te rm i n e d th e i nfe c ti o u s do s e o r ID 50 a t

132 o o c y s ts . T his e s ti m a te is ba s e d o n a s in g le is o la te s tu dy in hu m a n v o lu n te e r s w ho s ho w e d n o

e v id e n c e o f p r e v io u s e x po s u r e (D u po n t e t a l, 1995 ). Ot he r s tu d ie s h a v e r e po rte d i n fe c ti v ity a s lo w

a s o n e o o c y s t in go a ts (H a a s a n d Ro s e , 1995). The in fe c ti o u s do s e v a r ie s be tw e e n a n im a l ho s ts

a n d is de pe n de n t o n the i n fe c ti v ity o f a n o o c y s t is o la te . Oo c y s t i nfe c ti v ity is a ls o d e p e n de n t u po n a

v a r ie ty o f fa c to r s : a ge o f o o c y s t a n d ho s t , phys io lo gic a l s ta te o f ho s t a n d o o c y s t , a n d im m u n ity o f

the ho s t . W h ile lit ti e is k n o w n a bo u t the d if fe r e n c e s in v ir u le n c e be tw e e n o o c y s t is o la te s ,
th is

i nfo rm a ti o n c o u ld s e r v e a s a s o u r c e o f v a r ia ti o n i n in fe c ti v e do s e s a s c o u ld the s o u r c e o f o o c y s ts .

Crypto s p o r i dio s is c a n n o t be d is ti n g u is he d c li n ic a l ly f r o m t he n u m e r o u s o the r i lln e s s e s th a t

c a u s e dia r r he a . De fi n iti v e d ia gn o s is r e qu i r e s de te c ti o n o f o o c y s ts i n fe c e s a n d is u s u a lly m a de by

a c id fa s t o r i m m u n o f l u o r e s c e n c e s ta i n in g. Of pr o c e d u r e s a v a ila ble fo r th e de te c ti o n o f o o c y s ts

w ith in fe c e s a ll s u f fe r f r o m lo w s e n s iti v ity ,
w h ic h m ig ht r e s u lt in the u n d e r - d ia gn o s is a n d u n de r ¬

r e po r ti n g o f this d is e a s e (A r r o w o o d a n d Ste r lin g,
1987). D e v e lo pm e nt o f n e w e r te c h n i qu e s s u c h

a s po ly m e r a s e c ha in r e a c ti o n (P CR) a n d fl o w c y to m e te r y p r o v i de s a m o r e s e n s iti v e , s pe c ifi c to o l

fo r u s e i n c l in ic a l d ia gn o s is (L a x e r e t a l , 1992).

D e s pite w ide s pr e a d e v a lu a ti o n o f h u n d r e ds o f p r o p hy la c ti c a n d t he r a pe u ti c c o m po u n ds ,

n o n e ha v e be e n fo u n d w ith r e li a ble c y s ti c i da l a c ti v ity (O
'

D o n o gh u e , 1995 & Wo o d e t a l
,
1996).

Pa r o m o m yc in , a z it hr o m yc in a n d s p ir a m yc in w e r e fo u n d to ha v e a m o d e s t be n e fi t i n c o n ti -

o lle d

s t u d ie s , bu t n o n e w e r e a ble to e r a dic a te i n fe c ti o n (W hite e t a l, 1994 ). A s tu d y by Fo r n e y (199 6)

r e p o rte d s ig n ifi c a n t r e d u c ti o n s in C. p a r v u m i n fe c ti o n i n c u ltu r e d c e lls in the pr e s e n c e o f s e r in e

p r o te a s e in hi bito r s . An o the r s tu dy r e po rt e d n iti ^

a z o x a n ide w a s e f fe c ti v e a ga in s t C. p a r v u m

i n fe c tio n s i n pa ti e n ts w ith AIDS (Do u m bo e t a l , 1997), i n de c r e a s in g pa r a s ite s a s w e ll a s d ia r rh e a .

T his d r u g w a s a ls o s ho w n to h a v e b r o a d s pe c ti
"

u m e ff ic a c y a g a in s t o t he r kn o w n i n te s ti n a l
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p a r a s ite s . T he s e r e po r ts r e pr e s e nt s ig n if ic a nt a d v a n c e i n the t r e a tm e n t o f i n fe c t io n s i n pa t ie nts

w it h A IDS . T r e a tm e n t fo r p a t ie n ts o f n o rm a l im m u n ity is ge n e r a lly n o t n e c e s s a r y ,
b u t m a i n te n a n c e

o f f lu ids a n d s ym pto m a t ic t r e a tm e n t o f di a r r he a c a n b e a pp lie d .

T r a n s m is s i o n

C ryp to s p o ri diu m is t r a n s m it te d b y the fe c a l o r a l r o u te t hr o u gh in ge s t io n o f o o c y s t s th a t

h a v e be e n e x c r e te d in t he fe c e s o f in fe c te d hu m a n s a n d a n im a ls . In fe c t io n m a y o c c u r a s a r e s u lt

o f d ir e c t c o n ta c t w ith fe c a l m a te r ia l , thr o u g h pe r s o n - pe r s o n o r a n im a l- pe r s o n c o n ta c t In d ir e c t

t r a n s m is s io n m a y o c c u r by c o nt a c t w ith fe c a lly c o n ta m in a te d fo o d a n d w a te r a n d e n v i r o n m e n ta l

s u r fa c e s . In te r m s o f i m po r ta n c e to hu m a n dis e a s e it is u n kn ow n ho w t he s e dif fe r e n t r o u te s r a n k .

Pe r s o n - pe r s o n tr a n s m is s io n is a m ajo r r o ute i n da y c a r e a n d n u r s in g fa c il it i e s (A lp e r t e t a l ,

1986) , a m o n g he a lth c a r e p r o v ide r s (Ba x by e t a l, 1983), s e x u a l pa r tn e r s a n d fa m i ly m e m be r s

(H e ijbe l e t a l , 1987 ). Z o o n o ti c t r a n s m is s io n o c c u r s m a in ly a m o n g t ho s e a s s o c ia te d w ith fa rm a n d

r e s e a r c h a n im a ls (A n d e r s o n e t a l , 1982) . Whi le n o do c u m e n te d c a s e s a r e a v a i la b le , t r a n s m is s io n

f r o m do m e s ti c a n im a ls is po s s i ble . In o n e c a s e , a do m e s ti c a n im a l w a s in fe c te d by a h u m a n

(pe r s o n a l c o m m u n ic a ti o n , M . J . A r r o w o o d).

While fe w c a s e s o f fo od - bo r n e t
r

a n s m is s io n ha v e a ct u a lly be e n r e po r te d ,
t he po te n ti a l o f

c o n ta m in a ti o n o f fo o d s tu f f po s s e s a s e ri o u s ri s k fo r de v e lo pm e n t o f i nfe c ti o n . E pid e m io lo g ic

fe a tu r e s o f t his pa r a s ite s u p po r t the a s s u m pti o n tha t t he in c ide n c e s o f c r ypts p o ri dio s is d u e to

c o n ta m in a te d fo o d s tuf fs a r e pr o ba bl y u n de r - r e p o r te d (L a be r ge a n d Gri f f iths ,
19 96). P r o o f o f fo o d -

b o r n e ti
^

a n s m is s io n is h a m p e r e d by the li m ita ti o n s in r e c o v e r y m e th o do lo g y ,
lo w n u m be r o f o o c y s ts

p r e s e nt i n c o nta m i n a te d ite m s a s w e ll a s the i n s e n s iti v it y o f e p ide m io lo gy s u r v e y m e t ho ds . In

Oc to be r 1994 , t he f ir s t w e ll do c u m e n te d fo o d- bo r n e o u t br e a k a s s o c ia te d w ith C. pa r v u m w a s

r e po r te d in M a in e . The o ut br e a k r e s u lte d f r o m the c o n s u m pti o n o f fe c a lly c o nta m i n a te d , ha n d -

pr e s s e d a pp le c i de r (M ill a rd e t a l, 1 994 ). Ot he r c a s e s o f c r ypts po ri dio s is a m o n g hu m a n s ha v e

im p lic a te d r a w m ilk a n d o the r r a w s o u r c e s , bu t c o n c lu s i v e de m o n s tr a ti o n o f t r

a n s m is s i o n ha s n o t

be e n e s ta blis he d . Co n s u m pti o n o f li v e s to c k a n d th e i r p r o du c ts s u c h a s r a w m ilk a n d m e a t

pr o d u c ts po s e a hig h ri s k d u e to t he hig h pr e v a le n c e o f C. p a r v u m a m o n g d a ir y he rd s .

Co n t a m i n a te d w a te r a l s o po s e s a ri s k to th e fo o d i n d u s ti y , s in c e it i s u s e d fo r c le a n in g r a w
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pr o du c e o r c a n be i n c lu de d in t he pr o d u c ts the m s e l v e s (L a Be rg e a n d G r if f it hs ,
19 96)

W a te r bo r n e t r a n s m is s io n is w e ll d o c u m e n te d a n d m a y be t he m o s t s ig n if ic a n t r o u te o f

t r a n s m is s io n . Ou tbr e a k s a s s o c i a te d w ith c o nt a m in a te d dr i n k in g w a te r a n d r e c r e a t io n a l w a te r s

ha v e b e e n r e p o r te d a n d a r e w e ll do c u m e n te d in the l ite r a tu r e . A t le a s t e le v e n o u tbr e a k s o f

c r ypt s po r id io s is a t tr ib u te d to dr in ki n g w a te r ha v e be e n r e c o g n i z e d i n the USA (So lo - G a br ie l e
,

199 6). Othe r o ut br e a k s h a v e be e n c a u s e d by the in a dv e r te n t c o n s u m p t io n o f c o n ta m i n a t e d w a te r

w hi le s w im m i n g (A n o n . , 1993) , a t w a te r s lid e s a n d a m u s e m e n t pa rk s (Le v i n s e t a l, 19 90 , So r v illo

e t a l
,
1992

,
a n d Be ll e t a l

,
1993). Co nta m in a t io n o f dr in k i n g w a te r s o u r c e s ha s be e n l in ke d to

s e w a ge a n d s e pt ic c o n ta m in a t io n a n d a g r ic u ltu r a l p r a c t ic e s w it hi n the w a te r s h e d .

Wa te r bo r n e D is e a s e Ou tb r e a k s

A l a r ge n u m be r o f o u tbr e a ks a n d e pide m ic s o f c r ypto s po rdio s is h a v e be e n t r a c e d to th e

c o n s u m ptio n o f c o n ta m i n a te d dr in k in g w a te r . T he le a d in g c a u s e s o f d r i n k in g a n d r e c r e a t io n a l

w a te r o u tbr e a k s i n t he Un ite d Sta te s be tw e e n 1991 a n d 1994 w e r e 6 /a ra f/a a n d Cryp to sp o ri diu m ,

bu t Cryp to sp o ri diu m a c c o u n te d fo r s u b s ta n t ia l ly m o r e c a s e s t ha n Gi a rd ia (G u e r r a t ,
1997 ). D u r in g

t his pe r i o d 30 w ate r bo r n e d is e a s e o ut br e a k s w e r e r e po r te d ; o f the 25 w it h kn o w n e t io lo gy ,
4 0%

w e r e c a u s e d b y e ithe r Gi a r dia o r C rypto s p o r idia , a n d o f t he 405 , 360 p e r s o n s ill 403 , 000 ha d

c rypto s po r idio s is (A n o n .

,
1993). T o da te the r e ha v e be e n e le v e n do c u m e n te d o u tb r e a k s o f

c r ypto s po r idio s is in d r i n k in g w a te r
,
in c l u di n g the l a rge s t k n o w n o u tb r e a k e v e r d o c u m e n te d in

M ilw a u ke e (So lo - Ga b r ie le
,
1996) .

A di s e a s e o u tbr e a k i n 198 4 in B r a u n Sta ti o n ,
T e x a s w a s the f ir s t do c u m e n te d c a s e o f

c r ypto s po r dio s is c a u s e d by c o n ta m in a te d gr o u n d w a te r th a t ha d be e n d is i n fe c te d, b u t n o t f ilte r e d

(D
'

A n to n io , 198 5). Su bs e qu e n t ly , w a te r bo r n e o u tbr e a ks h a v e b e e n r e po r te d in n u m e r o u s s ta te s

thr o u g ho u t t he U n ite d Sta te s . Out br e a k s ha v e o c c u r r e d in bo th s m a ll, r u r a l c o m m u n iti e s w it h s m a l l

w a te r s u pp lie s (i. e .

,
W a s h in gto n Sta te ) a n d la rg e u r ba n a r e a s (i. e .

,
Milw a u ke e a n d La s Ve ga s ) w ith

m o r e s o phis ti c a te d w a te r s u pp ly s y s te m s . R a w w a te r s o u r c e s ha v e in c lu de d bo t h s u r fa c e (r iv e r s

a n d l a ke s ) a n d g r o u n dw a te r (s p r in gs a n d w e l ls ) s u pplie s . R o u gh ly ha lf o f the r e p o rte d o u tb r e a k s

w e r e a s s o c ia te d w ith c o n ta m i n a te d gr o u n dw a te r
, ye t n o n e ha v e be e n r e po r te d fo r f ilte r e d

g r o u n dw a te r . T he m a jo r ity o f the c a s e s w e r e s e r v e d by s u r fa c e w a te r s u pp lie s (So lo - Ga br ie le ,
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199 6) .

W hil e the a c t u a l s o u r c e o f o o c y s ts c o n ta m in a ti o n ha s n o t be e n c o nf i rm e d in m o s t

w a te r bo r n e o u tbr e a ks , s u s pe c te d s o u r c e s in c l u de bo th a gr ic u ltu r a l a n d w a s te w a te r c o n ta m i n a ti o n .

A ll t he w ate r bo r n e o ut br e a k s in the US be tw e e n 1984 a n d 1993 o c c u r r e d in c o m m u n iti e s w he r e

u ti liti e s m e t lo c a l a n d fe d e r a l s ta n da rds fo r a c c e pta ble d r in k i n g w a te r q u a lity . T r e a ti n e n t

de f ic ie n c ie s a n d s u bo pti m a l o pe r a ti o n a l pr a c ti c e s w e r e n o te d d u r i n g s o m e
,
w hi le o p ti m a l ti '

e a ti n e n t

w a s a c h ie v e d by o the r s . Th e s e o u tbr e a k s in dic a te th a t e v e n w ith c o m pl ia n c e w it h US EPA w a te r

ti
^

e a ton e n t s ta n d a r ds a d e q u a te pr o te c ti o n a ga in s t w a te r bo r n e Cryp to s p o ri d iu m m a y n o t be p r o v ide d

a n d il lu s ti
-

a te s the im po rt a n c e o f in c r e a s i n g o u r kn o w le dge o f ti
'

e a ti n e nt , s o u r c e a n d ti
"

a n s m is s io n

o f t he s e o o c y s ts .

A n a ly s is o f Cr y p to s p o r id iu m

M e t ho ds o f de te c ti n g a n d q u a n ti f yi n g Cyp to s p o r diu m o o c y s t s in e n v ir o n m e n ta l s a m ple s

r e pr e s e n t a d a p ta ti o n s f iro m m e th o ds o ri g in a lly de v e lo pe d fo r u s e w ith Gia r d ia c y s ts a n d o the r

Co c c id iu m o o c y s ts . R e c o v e r y a n d de te c ti o n o f Cryp to spo ri di u m o o c y s ts i n e n v ir o n m e n ta l s a m p le s

c a n be div ide d in to s e v e r a l ba s ic s te ps : r e c o v e r y a n d c o n c e nti
-

a ti o n , is o la ti o n , pu r ific a ti o n ,

ide n ti f ic a ti o n a n d e n u m e r a ti o n . M e t ho ds fo r the de te c ti o n o f C . p a r v u m in e n v i r o n m e n ta l s a m p le s

c a n be d iv id e d i n to thr e e type s : de te c ti o n o f o o c y s t a n ti ge n s , d e te c ti o n o f n u c le ic a c i ds a n d

de te c ti o n o f o o c y s t i nfe c ti v ity o r v i a b ility .

Co n c e n ti '

a ti o n a n d Re c o v e r y

W a te r Sa m p l e s

R e c o v e r y a n d c o n c e nti '

a ti o n o f o o c y s ts f r o m w a te r s a m ple s r e ly m o s t c o m m o n ly o n

m e tho ds in v o lv in g m ic r o po r o u s f ilti
"

a ti o n ,
a pr o c e s s th at m o ve s w a te r th r o u gh b a r ri e r s w ith

po r o s iti e s t ha t a llo w the fl o w o f w a te r , bu t ti
-

a p the p a tho ge n w ithi n its s ti '

u c t u r e . Co n c e n ti '

a ti o n is

n e c e s s a ry du e to the r e la ti v e ly lo w n u m be r o f o o c ys ts fo u n d in w a te r s o u r c e s . T hr e e m e tho ds

w hic h r e l y o n fi lti
'

a ti o n h a v e typ ic a lly be e n u s e d to r e c o v e r w a te rbo r n e o o c y s ts : A m e ri c a n So c ie ty

fo r T e s ti n g a n d M a te ri a ls (A ST M - 19, 19 93) ,
the Sta n d a rd M e tho ds fo r t he Ex a m in a ti o n o f W a te r

a n d W a s te w a te r (A n o n .

,
1995), a n d the A lte r n a ti v e M e tho d (AM) (Gra c z y k e t a l, 1997). F o llo w in g
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t he n u m e r o u s w a te r bo r n e o ut br e a k s o f C. p a r v u m i n the US, EPA c ho s e t he A ST M a s a r e fe r e n c e

m e t ho d fo r t he d e te c t io n o f C . p a r v u m o o c y s t in w a te r . T he A ST I\1 a n a l yt ic a l p r o c e d u r e w a s

s e le c te d a n d is c u r r e n t ly m a n d ate d by the E PA fo r ICR m o n ito r i n g . Ho w e v e r ,
the m e tho d is

f r o u g ht w it h in c o n s is te n t , lo w r e c o v e r ie s a n d po o r r e p r o d u c i bility . M u c h w o rk is go in g fo rw a rd

to w a rd th e de v e lo p m e n t o f im p r o v e d m e th o do lo gie s .

T he A ST M m e tho d i n v o lv e s the u s e o f a ya r n - w o u n d po lyp r o py le n e f i lte r c a r t r id ge o f

n o m in a l- po r o s ity (o n e pm ).
T his f ilte r c a r t r id ge is w ide ly u s e d a n d a c c e p te d d u e to its a pp lic a t i o n

to a br o a d r a n ge o f w a te r s o u r c e s . In a dd iti o n , t he y a r e r e l a t iv e ly i n e x pe n s iv e a n d c a n be u s e d to

p r o c e s s la r ge v o l u m e s o f w a te r {100L filte r e d - 1, 000 L r a w ). In e x pe r im e n ts w ith s e e d e d s a m ple s

t he r e te n ti o n r a te s o f the s e f i lte r s a r e r e po rte d to be a s h igh a s 84% - 86% (M u s ia l e t a l , 1 98 7,

Le Che v a llie r e t a l , 1995 ), w it h a pa s s thr o u g h o f 5 - 30% (V e r s e y a n d Sla de
,
1991). A

d is a dv a n ta ge o f c a r t r i dge f i lte r s is the dif fic u lty i n s u bs e qu e n t p r o c e s s in g s te p s ,
w hic h m a y le a d to

v a r ia ble r e c o v e r y r a te s .

El u ti o n o f r e ta i n e d pa rti c le s f r o m f ilte r s is a c c o m plis he d by w a s he s i n a de te r ge n t - ba s e d

s o l ut io n (n o n io n ic a n d io n ic s u r fa c ta n ts ) fo llo w e d by r e c o n c e n t r a t i n g by c e n t r if u g at io n . M o s t

o o c y s t lo s s e s c a n o c c u r d u r i n g the c e n t r ifu g a t io n s te p (Le Che v a llie r e t a l, 1995 ). C e n t r ifu g a t io n

s p e e ds r e c o m m e n de d in the EPA- A ST M m e t ho d (1, 500 x g ) le a v e o o c y s ts in the s u p e r n a ta nt .

L e Che v a l lie r (1995) e v a lu a te d th e A STM pro c e du r e a n d s h o w e d t ha t im p r o v e m e n ts i n r e c o v e r ie s

c o u ld be r e a li z e d by in c r e a s in g the n u m be r o f fi lte r w a s he s a n d c e n t r ifu ga t io n s pe e d (5, 000 x g).

M e m br a n e fi lt r a ti o n s o f fe r a n a lte r n a t iv e to c a r t r i dge filt r a t io n . Se v e r a l p r o du c t s a r e

a v a i la ble fo r u s e In c lu di n g : po ly c a r bo n a te fi lt r a t io n (On ge r th a n d Sti bbs
,
19 87 ),

m ic r o /u lt r a po r o u s

fi lt r a t io n (Ju lia n o ,
1 997), v o r te x - fl o w fi lt r a t io n (Jo n a s e t a l, 1995), a n d c e llu l o s e a c e ta te m e m br a n e

fi lte r s (Al do m ,
199 5). A ll a lte r n a ti v e s s ho w pr o m is e fo r fu tu r e a p pl ic a ti o n s w ith c o n s i de r a ble

im pr o v e m e n ts o v e r c a r ti i dge fi lti
^

a ti o n r e c o v e r y e ffi c ie n c ie s a n d e a s e o f p r o c e s s in g (N ie m in s k i e t

a l, 1995 ).

Re c o v e r y e ffi c ie n c y by fi lti
^

a ti o n is de pe n de n t u p o n the tu rb idity o f w a te r
,
r e l a ti v e o o c y s t

c o n c e n ti "

a ti o n a n d s a m ple v o l u m e (M u s ia l e t a l , 1987) . A m ajo r fl a w o f t he fl lti
"

a ti o n r e c o v e r y

m e tho d is tha t o th e r p a r ti c u la te s (i. e .

, a lg a e ) c o m p a c t w ith o o c y s ts a n d t he r e is a n o n - s e le c ti v e

Is o la ti o n o f o bj e c ts w ithin the s i z e r a n ge o f o o c ys ts . T he s e o bj e c ts te n d to i n te r fe r e w ith f u r th e r
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pu r ifi c a t io n a n d e n u m e r a t io n o f is o l a te d o o c y s ts .

Che m ic a l f lo c c u l a t io n (Ve r s e y a n d Sla d e , 1993) is be in g s u c c e s s fu ll y u s e d by r e s e a r c he r s

i n t he UK fo r o o c y s ts r e c o v e r y . Sa m ple s t r e a te d w ith c a lc iu m c h lo r ide o r s o di u m c a rbo n a te s ,

a dj u s te d to pH 10
,
fo rm pa r t ic le s tha t pr e c ip it ate f r o m so l ut io n . W he n fi lt r a t io n a n d c he m ic a l

fl o c c u l a t io n w e r e c o m pa r e d,
c he m ic a l f lo c c u l a ti o n r e s u lte d in the hig he s t r e c o v e r ie s ,

w ith a n

a v e r a g e o f 6 8% (S he p he rd a n d Wyn
- J o n e s

,
19 95) T he m e t ho d is li m ite d by its a pp lic a t io n to

s a m pl e s o f s m a ll v o l u m e s (< 10 L).

Im m u n o c a ptu r e (IMC) ha s r e c e n t ly be e n e v a lu a te d fo r r e c o v e r in g o o c ys ts f r o m

e n v ir o n m e n ta l s am p le s a n d s h o w s pr o m is e fo r fu tu r e a p plic a t io n . Wh e n IMC is c o m bi n e d w ith

m e s s e n g e r RNA- PCR (Sti n e a r e t a l , 1996) it p r o v id e s a v e r y s e n s it iv e m e tho d fo r is o la t io n a n d

de te c t io n o f o o c ys ts f r o m s m a l l v o lu m e s .

O r g a n ic S a m p le s - F e c e s . Sl u dg e a n d Se w a g e

Se v e r a l te c h n iq u e s a r e a v a ila ble fo r is o la t in g o o c y s ts f r o m fe c e s a n d m a te r ia ls c o n s is t i n g

o f hi gh c o n c e n tr a t io n s pa r t ic u la te s s u c h a s r a w s ew age a n d a c t iv a te d s lu dge . Effic ie n c y o f

r e c o v e r y v a r ie s f r o m s a m ple to s a m p le , a n d is d e p e n de n t o n the c o n s is te n c e o f th e m a t r ix a n d the

p r e s e n c e o f hig h n u m b e r s o f o o c y s t w ith in t he s t a rt in g m a te r i a l.

I n t he i n it ia l r e c o v e r y s te p , the a m o u nt o f o r ga n ic de br is a n d s o m e o f t he fe c a l fa t th a t m a y

be p r e s e n t i n t he s a m ple is m in im iz e d . Th is s te p is a c c o m p lis h e d by s t r a i n in g t he m a t e r ia l thr o u g h

a s e r ie s o f w ir e s c r e e n s ie v e s o f de c r e a s in g po r e s iz e s , the n r i n s i n g the r e ta i n e d de b r is to fl u s h

t hr o u gh a n y t r a ppe d o o c ys ts . U n ite d s t a n da r fed c o n c e n t r a t io n gr a de s t a n da rd m e s h s ie v e s a r e

m o s t c o m m o n ly u s e d in po r e s iz e s r a n g in g f r o m 20 thr o u gh 100 p M m e s h.
A dd iti o n o f n o n - io n ic

a n d io n ic s u r fa c ta n ts to s a m ple s i s u s e d to im p r o v e o o c y s t r e c o v e r ie s f r o m o r ga n ic s a m p le s

(Whitm o r e a n d R o be r ts o n ,
19 95 , Le n g e t a l , 1995 ). D e te r ge n ts fa c ilita te the r e l e a s e o f o o c y s ts

fr o m a n y hy dr o pho bic a s s o c i at io n s a n d d is pe r s e tr a ppe d pa r t ic u la te m a te r i a l in to s o l ut io n .

Si e v i n g s te ps a r e fo llo w e d by s e qu e n t ia l w a s h e s in de te r ge nt - ba s e d s o lu t io n s a n d

c e n t r ifu ga t io n . Ethy l e th e r o r c hlo r o fo rm e x tr a c t io n o f th e s u p e r n a ta n t m a y be in c l u d e d to r e m o v e

e x c e s s lip id m a te r i a l a n d fe c a l fa t t ha t c a n in te rf e r e w it h fu r t he r p r o c e s s s te ps , bu t the u s e o f

o r ga n ic c o m po u n ds i n o o c y s t s is o la t io n m a y a lte r the a n t ige n ic ity o f the o o c y s t (C u r r e n t , 19 90) .
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A ft e r c e n t r ifu ga t io n a n d w a s h s te p s ,
a lo w s pe e d c e n tr ifu ga t io n o r a s e tt li n g s te p se d im e n ts t he

he a v ie r fe c a l de b r is to c l a r ify s a m p le s . W a s he d o o c y s ts c a n be r e s u s pe n de d in e ithe r a n a n ti bio t ic

c o c k ta il s o l u ti o n ,
fo r m a l in o r 2 . 5% po ta s s iu m dic hr o m a te . St u d ie s ha v e s ho w n t ha t o o c y s ts s to r e d

i n po ta s s iu m d ic hr o m a te s o l ut io n r e t a in the ir v ia bility a n d i n fe c t iv ity o v e r a lo n g e r p e r io d o f ti m e

th a n o o c ys ts s to r e d i n p ho s p ha te bu f fe r s (A r r o w o o d a n d St e r lin g, 19 87 ). Po ta s s i u m d ic h r o m a te is

c o m pa t i ble w it h n u c le ic a c id te c h n iqu e s a n d e f fe c t iv e ly k il ls m o s t m ic r o be s tha t m a y be pr e s e n t in

the s a m ple .

W hile m e tho ds de s c r i be d a bo v e a r e e f fe c t iv e w ith s a m p le s c o n ta i n i n g h igh n u m be r s o f

o o c y s ts ,
m o r e s e n s it iv e , s p e c if ic m e tho ds a r e n e e d e d fo r r a pi d r e c o v e r y a n d fo r th e de te c t io n o f

s m a l l n u m be r s o f o o c y s ts i n d il ute e n v ir o n m e n ta l s a m ple s

P u r if ic a t io n

Pu r if ic a t io n m e t ho ds a r e n e c e s s a r y to is o l a te o o c y s ts f r o m c o n ta m in a t in g m ic r o o rga n is m s

a n d de br is th a t c o - Is o la te w ith o o c y s ts d u r in g t he c o n c e nt r a t io n s te ps . P u r ific a t io n o f o o c y s ts is o f

p a r t ic u l a r v a lu e fo r c lin ic a l u s e , in v itr o a n d im m u n o lo gic a p p lic a t io n s , w he r e c le a n , r e la t iv e ly

m ic r o be a n d a nt i ge n - f r e e p r e p a r a t io n s a r e n e e de d. T ypic a lly , pu r if ic a t io n o f o o c y s ts f r o m

e n v ir o n m e n ta l a n d o rg a n ic s a m p le s is a c h ie v e d by de n s ity g r a die n t c e nt r ifu ga t io n w hic h i s o l a te s

o o c y s ts ba s e d u p o n bu o ya n t de n s ity . Oo c ys t pu r if ic a t io n te c hn i qu e s ha v e be e n b a s e d o n a

n u m be r o f f lo ta t io n m e tho ds in c l u di n g : s u c r o s e {s g= 1. 2 thr o u gh 1. 0 64 0 (C u r r e n t a n d Ha y n e s , 1984 ,

H e in e e t a l, 1987 ), pe r c o l- pe r c o l (s g = 1. 05 & 1. 09), p e r c o l- s u c r o s e , c e s iu m c hlo ri de (1 . 4 - 1. 05

g/m l) (A r r o w o o d a n d Do n a l ds o n ,
1996 ,

Kila n i a n d Se k i a , 1987), a n d z i n c s u lfa te (s g= 1. 18 & 1 . 2) .

Pe r c o l- pe r c o l fl o a ta t io n is t he te c h n iq u e i n c lu de d i n th e A STM
- E PA m e t ho d. Th is te c h n iq u e w a s

fo u n d to be le s s o s m o t ic a lly s t r e s s fu l tha n fl o ta t io n i n v o l v i n g z i n c s u lfa te , a n d the r e c o v e r y o f

o o c y s ts w e r e hi gh e r th a n p e r c o l- s u c r o s e (N ie m in s k i , 1995), b u t l e s s th a n diff e r e nt i a l s u c r o s e

(Su r e s h a n d Re hg ,
1996). A m ajo r d is a d v a nta ge to this m e tho d is the c o s t o f th e pe r c o l a n d it

a ppli c a bility to s m a l l s a m p le s .

A n u m be r o f i m pr o v e m e n ts in the pu ri fi c a ti o n p r o c e s s ha v e be e n i n t r o d u c e d o v e r the

y e a r s to in c r e a s e t he qu a lity a n d qu a ntity o f o o c ys ts w ith the flo ta t io n te c h n iqu e . Ar r ow o o d a n d

Ste r li n g (1987) in t r o du c e d the u s e o f t w o s e q u e n t ia l d isc o n t i n u o u s s u c r o s e gr a d ie n ts (s g = 1
. 103 &
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1. 064) fo llo w e d by a n is o pyc n ic - pe r c o l g r a die nt . Th e y r e po r te d o o c ys ts o bt a i n e d by this m e t ho d

w e r e v ir t u a l ly fr e e o f de b r is a n d ba c te r ia a n d r e p r e s e n te d a r e c o v e r y o f 34% o f the o r ig in a l o o c y s ts

i n s u s pe n s i o n . Su r e s h a n d Re hg (1996) e v a lu a te d the a dd iti o n o f e ithe r a pe r c o l, gla s s be a d

c o l u m n s o r d ia ly s is s te p fo llo w in g d if fe r e n t ia l s u c r o s e p u r if ic at i o n o f o o c y s ts f r o m r a t fe c e s . In thi s

s t u dy a ll a p pr o a c he s y ie ld e d in fe c t iv e o o c y s ts , bu t a fi n a l p e r c o l is o la t io n s t e p r e s u lte d in r e c o v e r y

o f the m o s t v ia ble o o cy s ts a n d p r o v e d to be the o n ly o n e fr e e o f ba c te r i a l c o n ta m in a t io n .

F u r th e r i m pr o v e m e nts in pu r if ic a ti o n h a v e be e n a c hie v e d by a ddi n g a c e s i u m c hlo r ide

g r a die n t fo llo w i n g d if fe r e n t ia l s u c r o s e gr a die n ts (A r r o w o o d a n d Do n a ld s o n , 1996). Ce s iu m

c h lo r ide g r a d ie n t pu r ifi c a t io n r e s u lts in hig hly pu r if ie d o o c ys ts w hi c h c a n be e a s ily s e p a r a te d fr o m

p u r if i c a t io n m e di a u n lik e pe r c o l pr e ps (C u r r e n t , 1990). T he e a s e o f u s e
,
in e x pe n s iv e c o m po n e n ts

p lu s the qu a l ity o f the o o c y s ts m a ke this a n a tt r a c t iv e m e tho d fo r the p u r ifi c a t io n o f s a m pl e s fo r

b io lo g ic a l u s e . A dis a dv a n ta ge o f th e s u c r o s e g r a die n t m e th o d i s the in c l u s io n o f p he n o l in

She a the r
'

s (s u c r o s e ) s o l ut io n w hic h m a y a lte r a nt i ge n ic ity o f the o o c ys ts (H e ym a n e t a l
,
1986), a n d

t he n e e d to u s e o n ly fr e s h (< 60 da ys ) o o c y s t s to m a x im iz e r e c o v e r y fr o m c e s iu m c hlo r ide

gr a die n ts (Ki la n i a n d Se k ia ,
1987 ).

De te c ti o n An a lys is

The ide n t if ic a t io n o f o o c y s ts in the c o n c e n fr a te s o bta i n e d f r o m e n v ir o n m e n ta l s a m p le s is

m o s t o f te n a c c o m pl is he d u s i n g a n t ibo dy ba s e d im m u n o fl u o r e s c e n t a s s a y s (IFA ) c o m b in e d w it h

m ic r o s c o pic o bs e r v a t io n . T his m e tho d is r o u ti n e l y u s e d in la bs a n d i s the te c h n iqu e in c l u d e d i n the

EPA - A STM m e tho d . In this m e tho d the c o n c e n t r a te d s a m p le Is f ilte r e d thr o u g h a c e ll u lo s e a c e ta te

m e m br a n e a n d the n s ta in e d w ith l a be le d a n t ibo d y . Bo th m o n o c lo n a l a n d p o l y c lo n a l a n t i bo die s

ha v e be e n u s e d i n dir e c t a n d in di r e c t im m u n o f lu o r e s c e n t pr o c e d u r e s (O n ge r th a n d Stib bs , 1986 ,

A r r o w o o d a n d Ste r li n g ,
1987

,
a n d Ga r c ia e t a l

,
8197), b u t m o n o c lo n a ls h a v e be e n u s e d e x c lu s iv e l y

fo r c o m me r c ia l k its . A n t ibo d ie s c o n ta in e d in the k its c r o s s - r e a c t w it h s p e c ie s o t he r th a n hu m a n

s fr a i n C. p a r v u m : i. e .

,
C . m e le a gri di s (tu r k e y s ), C . s e rp e n t is (s n a ke s ), C . w r a /ri (q u in e a pi gs ), C.

m u r i s (m ic e ).

Ide n t if ic a t io n o f o o c y s ts is ba s e d o n f l u o r e s c e n c e , s iz e a n d s h a p e o f o bje c ts a n d in te r n a l

m o r ph o lo g ic a l fe a tu r e s (Ja bu bo w s k i e t a l, 1 996). T his a s s a y is ge n e r a l ly u s e d a s a p o s it iv e o r
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n e ga t iv e te s t w ith r e s u lts e x pr e s s e d a s p r e s u m p ti v e o r c o n f ir m e d . A po s it iv e te s t in d ic a t e s t li e

o rga n is m is pr e s e n t , bu t p r o v id e s n o in fo rm a t io n o n its c o n c e n t r a t io n in th e s o u r c e A n e g a t iv e

r e s u lt d o e s n o t m e a n tha t th e o r ga n is m is n o t p r e s e n t , o n ly th a t it w a s n o t de te c te d in the s a m p le .

W hile the IFA m e tho d pr o v ide s r a p id r e s u lts ,
is e a s y to u s e , a n d in e x pe n s iv e , it r e q u ir e s a s k il le d

a n a ly s t a n d a lo t o f ti m e D is a d v a n ta ge s in c lu de th e in a c c u r a c y o f the m e th o d
,
t he d e te c t io n o f

o o c y s ts w hic h m a y n o t be o f pu blic he a lth s ign if ic a n c e a n d the in a b ility to d is t in g u is h v i a b le f r o m

n o n v ia ble o o c y s ts .

A lte r n a tiv e m e th o d s a r e c u r r e n t ly a v a ila ble a n d o the r s a r e u n d e r d e v e lo p m e n t fo r o o c y s ts

ide n t if ic a t io n . M a n y o f th e s e a lte r n a tiv e m e tho ds a dd r e s s the lim ita t io n s in h e r e n t to the IFA

m e th o d . Th e s e m e th o d s i n c lu de f lo w c yto m e t r y (V e r s e y e t a l , 1990 , A r r o w o o d e t a l, 199 5), PC R

(Jo hn so n e t a l
,
19 93

,
Ro c he lle e t a l , 19 95 ), EL ISA (d e l a C r u z ,

1994 ),
c o n fo c a l m ic r o s c o py

(A n q u is t , & G hio r s e , 199 7 , a n d e le c t r o n r o ta t io n (US E PA , 19 95 ),
a n d UV s pe c t r o p ho to m e te r

(P a tte n , 1994 ). S im ila r to IFA , a ll m e tho ds r e q u ir e p u r if ie d m a te r ia l. F lo w c y to m e tr y c o u p le d w ith

c e ll s o r t in g pr o c e d u r e s a r e p u b lis he d . W he n c o m bi n e d w ith v it a l s ta in i n g (4
'

,
6 - d ia m id in o - 2-

phe n y lin d o le (DA P I) a n d pr o p id i u m io d ide (P I) the y a r e c a p a b le o f pr o v idi n g in fo rm a t io n o n o o c ys t

v i a b ility (Ve r s e y e t a l , 19 93 ),
t his m e tho d i s c u r r e n t ly be in g u s e d in a n u m b e r o f c o u n t r ie s .

In d ic a to r s

M e tho d s u s e d to de te c t a n d ide n t ify o o c y s ts in w a te r a r e b o th c o m p le x a n d in e ff ic ie n t
,

th e r e fo r e the d e v e lo pm e n t o f a n in d ir e c t m e tho d fo r m o n ito r in g fo r c o n ta m in a t io n o f th is p a tho ge n

i n w a te r is w a r r a n te d (Cha u r e t e t a l , 19 95 ). In d ic a to r s a re ge n e r a lly u s e d in le u o f pa tho g e n

de te c t io n du e to c o s t a n d e a s e o f m e th o d o lo gy . Sin c e pr o to z o a n s a r e m o r e r e s is ta n t th a n

to ta l/fe c a l c o lifo rm s to e n v i ro n m e n t a l s t r e s s e s a n d d is i n fe c ta n ts
,
the s e m ic r o be s a r e n o t r e lia b le

in d ic a to r s fo r the pr e s e n c e o f Crypto s po r i diu m o o c ys ts (Cha u r e t , 19 95 ). Se v e r a l s tu d ie s ha v e

in v e s t ig a te d th e r e la t io n s hip o f o o c y s ts w ith s t a n d a rd s u r r o g a te s . In 19 8 8 , R o s e r e po r te d th a t

n e ithe r G ia rd ia n o r C ry p to sp o rdi u m w e r e s ign if ic a n t ly c o r r e la te d w ith tu rb id ity ,
to ta l o r fe c a l

c o l ifo rm s . Le Che v a llie r (19 9 1),
i n a s tu d y o f 6 6 p u b lic o p e r a t io n t r e a tm e n t w o rks , fo u n d th a t

tu rbid ity le v e ls c o u ld n o t be c o r r e la te d to o o c y s ts n u m be r s . H e s u gg e s te d tha t p a r t ic le m o n ito r in g

i n the s iz e r a n ge o f o o c y s ts m a y be a u s e fu l m e tho d fo r th e d e te c t io n o f w a s te w a te r t r e a tm e n t
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br e a kt hr o u gh s . Ch a u r e t (1 995) e v a lu ate d Clo s tr i diu m p e r fh n g e n s a n d fe c a l s t r e pto c o c c u s a s

p o s s ib le s u r r o g a te s fo r o o c y s ts . A ltho u g h Cha u r e t fo u n d c o r r e la t io n s w it h fe c a l s t r e pto c o c c u s ,
it

w a s h ig hly v a r ia ble w ith w a te r s o u r c e . Pa ym e n t a n d F r a n c o (93) r e po r te d a n a pp a r e n t r e la ti o n s h ip

o f C. pe r fri n g e n s w ith o o c y s t s i n r a w w a te r s , y e t in s tu di e s by Ch a u r e t t he y w e r e u n a ble to f i n d a n y

c o r r e la t io n , bu t d id r e po r t o f a c o r r e la t io n w ith 6 /
'

a r of/a .

M e th o d s fo r Ev a lu a t in g Oo c y s ts Vi a bi lit v

D e te c ti n g o o c y s ts in e n v ir o n m e n ta l s a m ple s is a c a u s e fo r c o n c e r n ,
bu t de te c ti o n by

ti '

a d iti o n a l m e tho ds pr o v id e s n o in fo r m a ti o n o n t he v ia bility o r i n fe c ti v ity o f the o o c y s ts . M e th o d s

tha t de te c t v ia ble o r i n fe c ti o u s o o c ys ts e n a b le the e s ti m a ti o n o f he a lth r i s k , the le v e l o f

c o n ta m in a ti o n , a n d t he e f f ic a c y o f dis i nfe c ti o n o r s te r iliz a ti o n p r o c e du r e s . D e te rm i n a ti o n o f o o c y s t

v ia bi lity a f te r e x po s u r e to dis in fe c t a n ts ha s s ig n ifi c a nt p u b li c he a lth im po r ta n c e s in c e in ju r e d

o o c y s ts m a y r e ta i n t he i r in fe c ti v ity . Se v e r a l m e tho d s a r e a v a il a b le w h ic h p r o v ide a s u r r o ga te

e s ti m a ti o n o f o o c y s ts v i a b ility a n d n e w o n e s a r e u n de r de v e lo pm e n t . The s u ita bi lity o f e a c h o f

the s e m e tho ds m a y be de pe n de nt o n th e qu a lity o f the s a m p le o r the pa rti c u l a r a pp lic a ti o n (Ko r ic h

e t a l, 1990).

An im a l In fe c ti v ity

The n e o n a ta l m o u s e in fe c ti v ity m o de l ha s be e n pu t fo r th a s the
"

go ld s ta n d a r d
"

, o r m e th o d

o f c ho ic e fo r m e a s u r in g the a b ility o f o o c y s ts to in iti a te i n fe c ti o n . A n im a l s tu die s pr o v i de

in fo rm a ti o n n o t o n ly o n the v ia bility o f the o o c y s ts ,
b ut a ls o e s ta blis h o o c y s ts in fe c ti v ity in v i v o

(R o s e , 1988 ,
S te r li n g , 1990 ,

Sc ha e f fe r , 1987). In s ide by s ide c o m p a r i s o n w ith o the r v i a b ility

a s s e s s m e n t m e tho ds , a n im a l m o de ls pr o v e d m o r e s e n s iti v e tha n e ithe r v ita l dye s ta in i n g (DA PI/ PI)

o r in v i tr o e x c ys t a ti o n (Bla c k e t a l , 1996 , Fin c h e t a l, 1993). W h ile Ko r ic h (1990) r e po r te d t ha t in

v it r o e x c y s ta ti o n g a v e r e s u lts s im ila r to tho s e o f the a n im a l m o de l, F in c h (1993) r e po r te d th a t

e x c y s ta ti o n a n d v ita l d ye m e th o d s c o n s is te n fl y u n d e r e s ti m a te the e f fe c ti v e n e s s o f ti ^

e a t m e n t in

d is in fe c ti o n e x pe r im e n ts w he n c o m pa r e d to the a n im a l m o de l. T he dif fe r e n c e in the ir e x c y s ta ti o n
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r e s u lts m a y be d u e to the dif fe r e n t e x c y s ta t i o n pr o c e d u r e s u s e d to s c o r e v i a b ility a n d in th e

m e th o d o f o o c y s ts e n u me r a ti o n .

T he r e a r e n u m e r o u s dis a dv a nt a ge s w it h a n im a l s t u die s be yo n d the m o s t o b v io u s :

e x p e n s e a n d de m a n d o n t im e a n d s pa c e . T he d o s e - r e s po n s e r e l a ti o n s hi p be tw e e n a n im a ls a n d

hu m a n s ha s n o t be e n e s ta blis he d , t he r e fo r e it is n o t c le a r ho w the m e a s u r e d e f fe c t in a n im a ls

r e l a te s to the po te n t ia l fo r i n fe c t iv ity i n hu m a n s (Ja b u bo w s k i
,
1996). T he i n fe c t iv e d o s e o r ID 5 0

v a r ie s be tw e e n a n im a ls a n d is de pe n d a n t o n a n u m be r o f ho s t a n d o o c y s t fa c to r s (D e pt . En v n .

,

1995 ). T he r e is a lo t o f v a r ia bility in r e s u lts f r o m o n e a n im a l m o de l to the n e x t du e to the u s e o f

dif fe r e nt a n im a ls ,
t he v a r ia bility in do s e p r e p a r at io n a n d d e liv e r y . Ev e n the e n d po in t , o r e v ide n c e

o f i n fe c t iv ity ,
c a n be de f in e d d if fe r e n t ly a m o n g gr o u p s o f r e s e a r c he r s . So m e s tu d ie s u s e

his to lo g ic a l e v id e n c e o f in fe c t io n w he r e o t he r s u s e pr o o f o f o o c y s ts s he d di n g . T his la c k o f dir e c t

r e la t io n s hip a n d v a r ia b ility c a n m a ke in te r pr e ta t i o n o f Cryp to sp o ri diu m a n a ly t ic a l da ta dif f ic u lt .

In v iv o s tu d ie s a r e lim ite d in the i r a pp lic a t io n b y the n e e d to u s e l a rg e n u m be r s o f

pa r a s ite s In o r de r to in du c e a de te c ta ble in fe c ti o n i n a n im a l m o de ls . De te c ti o n o f lo w

c o n c e n t r a t io n s o f p a r a s ite s ,
typic a l o f e n v i r o n m e nt a l s a m p le s ,

i s the r e fo r e n o t c o n s i s te n t w ith

a n im a l i n fe c ti v ity s t u die s .

In V iti
-

o Ex c y s t a ti o n

Ex c y s ta ti o n pr o v i de s a n e s ti m a te o f the o o c y c t v ia bility ba s e d o n its a bility to r e le a s e

s p o r o z o ite s fo l lo w i n g e x po s u r e to e x te r n a l phys io
- c he m ic a l s ti m u li. Ca l c u la ti o n o f e x c y s ta ti o n

in de x r e qu ir e s hig h c o n c e n ti
'

a ti o n s o f c le a n o o c y s ts a n d is ba s e d o n the r a ti o o f e x c y s te d v s

u n e x c y s te d o o c y s t s o bs e r v e d m ic r o s c o p ic a lly . Th e e x c y s ta ti o n in d e x c a n be m is le a d i n g if

e x c y s ta ti o n r e s u lts in de s t r

u c ti o n o f s po r o z o ite s , w hic h le a v e s e m pty s he lls tha t a p p e a r to be

v ia ble (Ko r ic h,
1990). Alte r n a te ly ,

o o c ys ts w hic h fa i l to e x c y s t , bu t a r e in fe c ti o u s ,
w i ll be s c o r e d a s

n o n v ia b le . In a c c u r a c y i n e s ti m a ti n g o o c y s t v ia bility a n d e f fi c ie n c y o f ti e a ti n e n t a n d di s in fe c ti o n i s

p o s s ib le w ith th is m e tho d . Ko r i c h (1990) r e po r te d tha t if s po r o z o ite s a r e c o u n te d, n o t e m pty s he lls ,

a be t te r c o r r e la ti o n w ith a n im a l in fe c ti v ity c o u ld be r e a l iz e d .

Ev i de n c e o f e x c y s ta ti o n is n o t e v ide n c e fo r i n fe c ti v ity . In fe c ti o n is p r e dic a te d o n
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e x c y s ta ti o n bu t e x c y s ta t io n do e s n o t im p ly i n fe c t iv ity o f s po r o z o ite s . Ne v e r the le s s , e x c y s ta t io n

p r o v id e s a n in e x p e n s iv e ,
e a s y w a y to e s t i m a te v ia bility .

T he c o r r e l a t io n be tw e e n v i a bi lt iy a n d in v i v o in fe c t iv ity i s a n im p o r t a n t is s u e . A c o r r e la t io n

b e tw e e n e x c y s ta t io n a n d a n im a l in fe c t iv ity in m ic e w a s r e po r te d by B le w e t t (198 9) a n d Ko r ic h

(19 90) i n i n a c ti v a ti o n s t u die s , bu t l a te r di s pu te d by F in c h (19 93). V ia bility e s t im a te s ba s e d o n t his

m e tho d s ho u ld be r e g a rd e d w it h c a u t io n , s i n c e the s e n s it iv ity d e p e n ds o n the a ge o f th e o o c y s ts

a n d s u bje c t i v e c o u nt i n g p r o c e d u r e .

V ita l D ye Sta i n i n g

T he i n c l u s io n o r e x c lu s io n o f f l u o r e s c e n t v ita l d ye s a n d No m a r s k i dif fe r e n t i a l in te r fe r e n c e

c o n t r a s t m ic r o s c o py (D IG) is o f te n u s e d fo r a s s e s s in g v ia bility o f is o la te d o o c y s ts . A lt ho u g h

n u m e r o u s dye s a r e a v a i la b le , du a l la be li n g w ith 4
'

, 6- di a m id in o - 2- phe n y li n do le (DA PI) a n d

p r o pi diu m io d ide (P I) is m o s t f r e q u e n t ly u s e d. T he m ix tu r e c o n ta in s a dye w hic h pe n e t r a te s t he

m e m b r a n e a n d s t a in s n u c le a r m a te r i a l in liv in g o o c y s ts (DA PI) a n d a d ye w hic h d o e s n o t pe n e t r a te

the o o c y s t s u n le s s t he r e is a lo s s o f m e m bra n e i n te gr it y (PI).

T he u s e o f v ita l dye s fo r de te c t io n o f v ia b le o o c y s ts o f C. pa r v u m h a s be e n r e po r te d by

n u m e r o u s a u tho r s .
Re s u lts f r o m the ir s t u die s s ho w tha t e s t im a te s o f v i a b ility f r o m v ita l d ye

s ta i n in g c o r r e la te hig hly w ith e x c ys ta t io n (r
^
= 0. 997). A go o d c o r r e l a t io n i s a ls o n o te d b e tw e e n v ita l

dye s ta i n in g a n d e x c y s ta t i o n w he n o o c y s ts w e r e s u bj e c te d to v a r io u s e n v ir o n m e nt a l p r e s s u r e s

(Ro b e r ts o n e t a l
,
1992). In c o n tr a s t

,
Fi n c h (1993) r e po r te d tha t v ita l d ye s o v e r e s t im a t e o o c y s ts

in fe c t iv ity w he n c o m pa r e d w ith a n im a l in fe c t iv ity ; a ga in ill u s tr a t in g t he s ho r t c o m in gs o f v ia bil ity

a s s a y s tha t do n o t m e a s u r e i n fe c ti v it y d ir e c t ly . Stu die s w h ic h e v a l u a te a n im a l in fe c t iv ity i n

c o nju n c ti o n w ith v ita l d ye s s ta in in g a r e n e e de d to d e te r m in e the r e lia bility o f t he m e tho d fo r

pr e d ic ti n g in fe c ti v it y o f o o c y s ts .

R e c e n ti y ,
i n a s t u dy by Be lo s e v is (1997 ) th e u s e o f a n u c le a r s ta in s (SYTO- 9

,
he x id iu m ,

SYT O- 5 9) in th e de te c ti o n o f v ia ble o o c y s ts w a s c o r r e l a te d w ith a n im a l in fe c ti v it y , b u t n o t

e x c y s ta ti o n . T his r e po r t pr o v ide s a n e x c iti n g n e w de v e lo pm e n t i n the u s e o f v ita l d ye s ta i n i n g .

V ita l dye s p r o v ide a c o n v e n ie n t
,
r e p r o d u c ib le , qu ic k a n d e a s y v ia bility m e tho d , y e t v a r ia bi lity i n

qu a lity a n d c o n s is te n c y o f s t a i n in g ha v e be e n r e po r te d (Ja b u bo w s k i e t a l , 19 96)).
In a n
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in a c t iv a ti o n e x pe r i m e n t u s in g e n v ir o n m e nta l s a m p le s , the a pp lic a ti o n o f v ita l dye s ta in i n g w a s

fo u n d to be to ta lly u n r e l ia ble (Ko r ic h,
1990). Dis in fe c t io n a n d o t he r e n v i r o n m e n ta l fa c to r s m a y

a f fe c t t he u pta ke o r e x c lu s io n o f dye s a n d o o c y s t m e m br a n e i n te gr ity . Pa r a s ite s t ha t s ho w s o m e

m e ta b o lic p o te n ti a l m a y n o t n e c e s s a r ily c a u s e in fe c t io n in a n im a l ho s t ,
he n c e u s e o f the s e

in dic a to r s m a y le a d to e r r o n e o u s e s t im a t io n s o f v ia bility (La ba t i u k ,
19 9 1) .

PCR

Un lik e o t he r v ia bility m e tho ds , PCR re q u ir e s a s m a l l n u m be r o f o o c y s ts . PCR p ro v ide s a

s e n s it iv e (1 - 100 o o c y s ts ), highly s pe c ifi c m e t ho d fo r the de te c t io n o f o o c y s ts , ho w e v e r it i s

pla g u e d w ith i n hi bit io n by pa r t ic u l ate s fo u n d in e n v ir o n m e n ta l s a m p le s . Se v e r a l s t u die s h a v e

r e c e n tl y r e po r te d s u c c e s s fu l d e te c t io n o f v i a ble o o c y s ts u s in g t his m e th o d . D e n g (19 9 7) r e p o r te d

o n de te c tio n o f v i a b le o o c y s ts f i
-

o m e n v ir o n m e n ta l s a m ple s u s i n g P CR l in ke d w it h e x c y s ta t io n a n d

im m u n o m a gn e t ic c a p tu r e (IM C) to ta rge t s po r o z o ite s . In o the r s t u d ie s ,
r e v e r s e tr a n s c r i pta s e - PCR

o f he a t in du c e d m R NA
,
tho u ght o n ly to be pr e s e n t in v i a ble c e lls (Lin dle y e t a l, 1988) a lo n g w ith

18s r RNA (Ro c he lle e t a l
,
1997 ),

w a s a ble to d e te c t v ia ble o o c y s ts . PCR o f m RNA in a s t u d y b y

Bej a n d Ma hbu ba n i (1991) s ho w e d c o r r e la t io n w ith the i nfe c t i v ity o f Le gi o n e ll a p n e u m o p h il a .

m RNA pro v ide s a g r e a t ta r ge t fo r m o l e c u la r de te c t io n , be c a u s e it is p r e s e nt i n m u lt ip le c o p ie s

the r e b y i n c r e a s in g t he s e n s it iv ity o f the a s s a y (Jo hn s o n e t a l, 1995) Ev e n tho u gh PCR h a s a

p o te n t ia l fo r a p pl ic a t io n w ith e n v ir o n m e n ta l s a m ple s , it s s e n s it iv ity is lin ke d to de te c t io n a n d

r e c o v e r y m e t ho d s c u r r e nt ly i n u s e , the r e fo r e it c a n o n ly be a s go o d the s e m e tho ds w hic h a r e

i n e f f ic ie n t a n d v a r ia ble .

PCR h a s p r o v e n to be a s e n s it i v e m e tho d fo r th e de te c ti o n o f o o c ys ts , y e t th e qu a n t ita t iv e

n a tu r e ha s ye t to be pr o v e n . M o s t PCR b a s e d v i a bi lity a s s a y s in v o lv e i n
- v it r o e x c y s t a t io n a n d a r e

the r e fo r e de t e c t in g v ia ble b u t n o t n e c e s s a r ily in fe c t io u s o o c y s ts . Th e r e fo r e r e s u lts f r o m t he s e

s tu die s s u f fe r f iro m t he s a m e s ho r tc o m in gs a s tho s e m e n ti o n e d pr e v io u s l y . F u r th e r s tu die s a r e

n e e d e d w hic h lin k a n im a l in fe c t iv ity w ith PC R re s u lts .

In v it r o Ce ll Cu ltu r e A s s a y

Cu r r e n t a n d H a ye s (1984 ) w e r e the fi r s t to de s c r i be the c u lti v a t io n o f a h u m a n is o la te o f C.
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p a n / u m in v it r o u s i n g h u m a n fe ta l lu n g c e l ls (HFL), pr im a ry c h ic ke n k id n e y (PC K) a n d p o r c in e

k id n e y c e lls (PP K). Sin c e t ha t t i m e n u me r o u s pa pe r s ha v e de s c r ib e d the de v e lo pm e n t o f C .

p a r v u m i n c e ll c u lt u r e . A v a r ie ty o f d if fe r e nt c e ll li n e s s u ppo r t the de v e lo p m e n t a n d gr o w th o f C.

p a r v u m in v it r o in c lu d in g : Ca Co - 2 (B u r a rd e t a l, 1991), HT - 29- 7 7 (F la n ig a n e t a l
,
19 91), HFL

(C u r r e n t a n d Ha ye s ,
1984),

c a n in e o r bo v in e e pith e li a l c e lls (Gu t e t a l, 1993 , L a m b, e t a l a n d

Ro s a le s e t a l , 19 9 3), HCT - 8 (Upto n e t a l, 1994 ) a n d MDCK (G u t e t a l, 19 9 1, Ro s a le s e t a l , 199 3,

H a m m e r e t a l , 19 94 ,
A r r o w o o d e t a l, 1996 , Vill a c o r ta e t a l, 1996). The la c k o f ho s t s pe c ifi c ity

s u ppo r ts th e pe rm is s iv e n a tu r e o f the s e n u m e r o u s c e ll l in e s . Spe c ie s s pe c if ic ity o f c e ll c u ltu r e

li n e s ha s n o t be e n t ho r o u gh ly a dd re s s e d, bu t a t te m pt to g r o w C. h a le y i i n c e ll c u ltu r e h a v e f a ile d

(C u r r e n t s Li n ds a y 1988).

T he a bil ity to s u ppo r t the de v e lo pm e n t thr o u gh the c o m p le te life c yc l e ha s be e n r e po rt e d

i n HFL
,
PCK

,
PK a n d B FT E a n d MDCK (Cu r r e n t a n d Ha ys , 1984 , Y a n g e t a l, 1996), bu t o n ly B FT E

h a s c o n f irm e d c e ll c u lt u r e - de r iv e d o o c y s t in fe c t iv ity fo r a n im a ls (Y a n g e t a l, 1996) . D e v e lo p m e nt o f

the p a r a s ite in c e ll c u ltu r e p a r a lle l s tha t fo u n d in v iv o ; it de v e lo p s e x t r a c yto p la s m ic a lly a t the

s u r fa c e o f c e ll s (Y a n g e t a l, 1996). Ho w e v e r ,
Ro s a l e s (199 3) r e po rt e d th a t C . p am i m d e v e lo pe d in

t he c y to pl a s m o f MDCK c e lls .

Ce ll c u lt u r e o f C. pa r j u m is po s s ibl e du e to the de v e lo pm e n t o f p r o c e du r e s a n d

t e c hn i qu e s to p r o du c e l a r ge v o lu m e s o f o o c y s ts a n d the a bility t o pu r ify a n d is o la te the m , /n w fr o

c e l l c u ltu r e a s s a y s a llo w the s t u dy o f o rg a n is m s i n a n e n v ir o n m e n t m o s t s im i la r to the in i / /V o

s itu a ti o n w it ho u t the e x p e n s e o f u s in g liv e a n im a ls . In v it r o s y s te m s a r e a d v a nt a ge o u s fo r s tu dy i n g

ho s t - c e ll p a r a s ite in te r a c t io n s
,
m e ta bo lic pa thw a ys , pa r a s ite s pe c if ic m o l e c u la r ta r ge ts fo r d r u g

in te r v e n t io n a n d the ba s ic bio lo gy o f t he o r ga n is m . A pp lic a t io n o f the c e l l c u ltu r e a s s a y h a s be e n

l im ite d to t he s e a r e a s o f r e s e a r c h,
b ut its u s e c a n a ls o le a d to a be t te r u n de r s ta n d in g o f

d is i n fe c t io n a n d i n a c t iv a tio n b y pr o c e s s e s u s e d fo r C. pa r v u m . R e c e n tl y S lifk o (1997 ) r e po r te d the

u s e o f HCT - 8 c e ll c u ltu r e s fo r de v e lo pm e nt o f a de te c t io n m e t ho d fo r m e a s u r in g t he i n fe c tiv ity o f

o o c y s ts f r o m e n v ir o n m e n ta l s a m ple s . T his m e tho d h a s be e n r e fe r r e d to a s t he fo c i d e te c t io n

m e t ho d (F DM ).

T he f ir s t s te p i n a c e ll c u lt u r e a s s a y is i n o c u la t io n o f the s a m p le , o r dil u t io n o f t he s a m ple ,

c o n ta i n in g Cryp to s po ri diu m in to the c e ll c u ltu r e . M ic r o b ia l c o nt a m i n a t io n pr e s e n t in s a m p le s
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r e qu i r e s d e c o n ta m in a t io n to e n s u r e s te r i lity p r io r to c e ll c u ltu r e in o c u la t io n .
Th is is a c h ie v e d by th e

a dd it io n o f a c o c kta il o f a n t ib io t ic s a t hig h c o n c e n t r at io n s (ba c te r ic id a l a n d fu n g ic id a l) . Bo th

s p o r o z o ite s a n d o o c y s ts h a v e be e n u s e d a s in o c u lu m , b u t d ir e c t i n o c u la t io n o f c e lls w ith o o c y s ts is

p r e fe r r e d d u e to e a s e o f u s e a n d d ir e c t a c c e s s o f s po r o z o ite s to c e lls (Upto n ,
1994 ). T r e a tm e nt o f

o o c y s ts w ith 10% s o di u m hyp o c hlo r ite pr io r to i n o c u la t io n is c o m m o n a m o n g r e s e a r c he r s to

s u r fa c e s te r il iz e a n d p r o mo te e x c y s ta t io n (Upto n ,
1994). Othe r s ha v e u s e d s o d iu m pe r io da te

t r e a tm e n t (Y o u e t a l
,
96) a n d bi le e x t r a c ts (M e io n i e t a l

,
1996). In c u ba ti o n s o f 24 a n d 4 8 ho u r s a r e

typi c a l , w ith 48 ho u r s b e i n g p r e fe r r e d d u e to a p e a k in t he n u m be r o f e n do g e n o u s s ta ge s o bs e r v e d

in s e v e r a l c e ll li n e s (M e lo n i e t a l , 19 96 , Ya n g e t a l, 1996). Lo n ge r p e r i o d s o f in c u ba ti o n m a y le a d

to in c r e a s e d n u m be r s o f e n do g e no u s s ta g e s , b u t c e ll m o no la ye r he a lth be g in s to de te r io r a te a f te r

48 ho u r s .

The e n d po in ts u s e d fo r qu a n t ify in g C. p a r v u m i n fe c t iv it y a r e the a s e x u a l a n d s e x u a l

e n do g e n o u s de v e lo p m e n ta l s ta ge s . P a r a s ite e n u m e r a t io n in v o lv e s s c a n n in g a n u m be r o f

m ic r o s c o pic f ie lds a n d c o u n t i n g the a c tu a l n u m be r o f e n d o ge n o u s s ta ge s w it hi n the fi e ld o f v ie w .

D e te c t io n o f the in fe c t iv e s ta ge s o f pa r a s ite s is ge n e r a lly ba s e d o n im m u n o lo gic a l r e a c t io n s w it h

a n t i bo die s ,
w hic h ta rge t e n do ge n o u s s ta g e s , c o nj u g a te d to a fl o u r e s c e n t dy e . Bo t h m o n o c lo n a l

a n d po ly c lo n a ls tha t r e c o gn i z e e p ito pe s o f C. pa r v u m a r e be in g u s e d w ith IFA . Im m u n o fl u o r e s c e n t

a s s a y s (A r r o w o o d e t a l, 1996, S lifk o e t a l, 1997, Upto n e t a l, 1994 ), e n z ym e lin ke d im m u n o a s s a y s

(ELISA) (W o o ds e t a l
,
1995

,
Upto n e t a l

,
1994 ), in s i tu PCR (Ro c he lle e t a l, 1995) a n d

c he m il u m in e s c e n c e (C LIA ) (Y o u e t a l, 1996) de te c t io n m e tho ds h a v e a ll be e n e v a lu a te d . Alt ho u g h

the m ajo r ity o f de te c t io n m e tho ds a r e lin ke d w ith m ic r o s c o p y , the a b ilit y to a u to m a te q u a n t ic a ti o n

s u c h a s w it h CLIA a n d f lo w c y to me te r y ,
w o u ld r e pr e s e n t a n a d v a n ta ge o v e r t he m o r e la bo r

i n te n s iv e
,
s u bje c t iv e m e t ho ds .

R e s e a r c h to w a rd o pt im i z i n g c e ll c u ltu r e p a r a m e te r s t ha t fa v o r the gr o w t h a n d de v e lo p m e n t

o f C. p a r v u m ha s be e n r e po r te d (Upto n e t a l, 1994 , A r r o w o o d e t a l , 1 996 ,
M e lo n i a n d T ho m ps o n ,

1996). Va r ia bl e s te s te d i n c lu de type o f m e dia , c u ltu r e s u p ple m e n ts , a n d a ge o f c e lls a t t im e o f

in o c u la t io n . R e po r ts s u ppo r t i n g the u s e o f a p a r tic u la r c e ll lin e d u e to be t te r s e n s it iv ity a r e typic a l,

y e t the r e is c o n f lic t i n g e v i de n c e to s u ppo r t the c la im s . D if fe r e n c e s in m e t ho do lo gie s a m o n g

in v e s t ig a to r s m a k e c o m pa r is o n s a m o n g c e l l l in e s a n d b e tw e e n e x pe ri m e n ts dif f ic u lt . In fe c t io n
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r a te s r a n g in g f r o m 1% i n MDCK to 39 .
4% in B FE C ha v e be e n r e po r te d . H a m m e r (199 4) r e p o r te d

1% in fe c tio n r a te s fo r M DCK ,
R e s a le s 3 . 6 % (19 93) a n d Y a n g 4 . 6% (199 6) . Su c h dif fe r e n c e

,
e v e n

a m o n g s im ila r c e ll l in e s il lu s t r ate s the pr o ble m w ith s u c h c o m pa r is o n s . Th e de ba te o n w hic h c e ll

li n e i s the m o s t s u ita ble fo r de te c t i n g o o c y s ts in fe c t iv ity w ith t he be s t s e n s it i v ity w ill c o nt in u e . It i s

the r e fo r e le ft to the r e s e a r c he r to s e le c t t he m o s t s u ita ble c e ll l in e fo r th e ir a p plic a t io n .

Oc c u r r e n c e a n d So u r c e o f Oo c y s ts i n the En v ir o n m e n t

Se v e r a l i n v e s t ig a t io n s in to t he o c c u r r e n c e o f Cryp to s p o r i diu m o o c y s ts i n t he e n v ir o n m e n t

h a v e be e n c o n du c te d a n d a r e s u m m a r iz e d i n T a ble 2. 1 . Du e to th e dif fe r e n c e s i n m e th o d o l o g ie s

u s e d in s a m p lin g, v o lu m e s s a m p le d a n d the de te c t io n m e tho d a pp lie d, the da t a s ho u ld be

i n te r pr e te d w ith c a u t io n . V a r ia bility in the r e c o v e r y e ff ic i e n c y (5- 59% ) (Sm ith a n d Ro s e , 1990) a n d

de te c t io n m e t ho ds u s e d c a n in t r o du c e u n c e r ta i nt y i nto the da ta s i n c e m o s t o f the r e s u lts h a v e n o t

be e n c o r r e c te d fo r th e s e r a te s . M e tho ds c u r r e n t ly u s e d fo r o o c y s ts de te c t io n te n d to

u n d e r e s t im a te t he a c tu a l p r e v a le n c e o f th e s e p a r a s ite s in the e n v ir o n m e n t . T he o o c y s t s de te c te d

r e p r e s e n t a f r a c ti o n o f the to ta l p o p u la tio n - tho s e t ha t c a n be is o la te d a n d d e te c t e d b y m e th o d s

kn o w n to be highly v a r ia ble a n d i n s e n s iti v e .

So u r c e W a te r

De s p ite s a m p lin g a n d d ia gn o s t ic diff i c u lt ie s ,
o o c y s ts a r e fo u n d w i de ly dis t r i b ute d i n v a r io u s

t ype s o f n a tu r a l s u r fa c e w a te r s ; bo th pr is t i n e w a te r s a n d tho s e s u bje c te d to im pa c t f r o m hu m a n

a c t iv it ie s . D a t a f r o m o c c u r r e n c e s u r v e y s in d ic a te tha t o o c ys ts a r e u biq u ito u s in s u rf a c e w a te r s i n

lo w c o n c e n tr a t io n s , a n d o c c a s io n a lly i n hig h n u m be r s in w a te r s u bje c te d to fe c a l c o n ta m i n a t io n . In

a s u r v e y o f 25 7 s u r f a c e w a te r s (80% pr is t i n e ) c o n d u c te d i n th e 17 s ta te s . Ro s e (1991) fo u n d

o o c y s ts p r e s e n t i n 55% o f the s a m p le s w ith a n a v e r a ge c o n c e n t r a t io n o f 4 3 o o c y s ts /1 00 L. In

a n o the r s u r v e y o f e a s te r n s u r fa c e w a te r s (m o s t ly im p a c te d by s e w a ge a n d a g r ic u ltu r a l d is c h a r ge s )

o o c y s ts w e r e fo u n d i n 87% o f w at e r s u p pl ie s (Le Che v a llie r e t a l , 1991). Ex a m in at i o n o f r iv e r

w a te r s in the w e s te r n US s ho w e d o o c y s ts i n e a c h o f e le v e n r iv e r s e x a m i n e d a t a r a n g e o f

c o n c e n t r a t io n s be tw e e n 2 - 112 o o c y s ts /L (On g e r th a n d Stibbs , 1987). A m o r e r e c e n t a n d
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t ho r o u g h s tu d y c o n du c te d by Le Che v a llie r a n d No r to n (19 95) o f 262 s u r fa c e w a te r s , de te c te d

o o c y s ts in 5 1 . 5% o f s a m ple s w it h a ge o m e t r ic m e a n o f 24 0 o o c y s t/ 10 0 L . T he s e f i n d in g a r e in

c o n t r a s t w ith the pr e v io u s s t u d y , a n d m a y s u g ge s t the p o s s ib le c y c lic v a r ia t io n s o f o o c y s t le v e l s i n

t he e n v ir o n m e n t .

O o c y s t c o n c e n t r a t io n s in w a te r s a m p le s a r e de pe n d e nt u po n hyd r o lo gic in f l u e n c e s w h ic h

a f fe c t w a te r q u a lity , w a te r s he d c h a r a c te r is t ic s a n d s e a s o n a l t r e n ds (Le C he v a l lie r e t a l, 19 9 1).

S a m p le s ta ke n f r o m r iv e r s r e c e iv i n g e f fl u e n ts f r o m i n d u s tr y a n d a g r ic u lt u r e a r e r e po r te d to c o nta i n

c o n s ide r a bly h ig he r le v e l s o f o o c y s ts ,
u p to 4 80/L (De pt . En v n .

,
1995) O o c ys t de n s it i e s te n d t o be

h ig he r in a r e a s t ha t a r e im p a c te d b y high s e w a g e in pu t a n d t ho s e t ha t d r a in a gr ic u lt u r a l r e g io n s .

H a n s e n a n d On ge r t h (1991) r e po r te d o o c y s t le v e ls hig he s t do w n s t r e a m o f da ir y fa rm s c o m p a r e d

to u ps t r e a m lo c a t io n s , w it h pe a ks d u r in g pe r io d s o f h ig h r u n o f f . Lo w e r le v e l s o f o o c y s ts w e r e

fo u n d in a r e a s o f w e ll m a n a ge d w a te r s he ds . W a te r s he d c h a r a c te r is t ic s a n d t he de g r e e o f

pr o te c ti o n w e r e fo u n d to be im po r ta n t f a c to r s in f lu e n c in g o o c y s t le v e ls in this a s w e l l a s o the r

s tu d ie s (O n g e t a l, 199 6, C r o c ke tt & Ha a s , 19 95 ).

S e a s o n a l pe a ks in o o c y s t s i n c ide n c e ha v e be e n r e po r te d (C a s e m o r e , 19 9 0, R o s e , 19 88 ).

H i ghe s t o o c y s ts c o n c e n t r a tio n s a r e tho u g ht to c o i n c ide w ith pe a k r a in fa ll a n d o c c u r r e n c e o f

in fe c t io n s in h u m a n a n d a n im a l po pu la t io n s ,
e s p e c ia lly a m o n g c a lv e s a n d la m bs (R o s e ,

1988 ).

T hr e e d if fe r e n t s tu die s (M a do r e e t a l , 19 87 ,
R o s e

,
19 88

, O n g e r th a n d Stib bs ,
1987) fo u n d

t ha t c o n c e n t r a ti o n s o f o o c y s ts w e r e 1 1/2 to 12 t im e s g r e a te r i n s a m p le s ta ke n f r o m s o u r c e s

w he r e a g r ic u ltu r a l p o ll ut i o n w a s a m ajo r c o n ta m in a tio n s o u r c e . It ha s be e n s u g ge s te d tha t

a g r ic u ltu r a l s o u r c e s o f w a te r po l lu t io n m a y be o f a s m u c h o r m o r e c o n c e r n a s h u m a n w a s te

(M a do r e e t a l, 1987 , R o s e ,
19 88) . T his hypo t he s is is s u p po r te d by da ta im pl ic a t in g a n im a ls a s

m ajo r c o n t r i bu to r s b a s e d o n the r a t io o f fe c a l c o nfo rm s to fe c a l s t r e pto c o c c i a n d a bs e n c e o f hu m a n

e n te r ic v ir u s e s (R o s e ,
1988). T he w i de s p r e a d p r a c t ic e o f dis po s a l o f a n im a l a n d h u m a n e x c r e ta to

l a n d m a y c o n t r ib ute in d ir e c tl y to c o nt a m in a t io n o f w a te r c o u r s e s . Oo c y s ts f r o m a g r ic u ltu r a l

s o u r c e s ,
fr o m g r a z in g o r s p r a y in g o f la n d w ith a n im a l w a s te s lu r r y , m a y f i n d the ir w a y in to s u r fa c e

w a te r s a lo n g w it h r u n o f f w a te r s . Oo c ys ts ha v e be e n de te c te d i n r u n o f f f r o m a n im a l fe e din g lo ts i n

c o n c e n t r a t io n s a s hi gh a s 100/m l (Do w d , e t a l, 1997) .

So u r c e s o f o o c y s t c o n ta m in a t io n m a y o r ig in a te f r o m p o in t o r n o n po in t r e s e r v o i r s . Po i nt
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s o u r c e s a r e kn o w n p o i nts o f e nt ry s uc h a s di s c ha r ge s f r o m w a s te w a te r t r e a tm e n t fa c ilit ie s ,

w he r e a s n o n po in t s o u r c e s i n c lu de r u n o ff f r o m a g r ic u lt u r a l a r e a s s u c h a s da ir ie s a n d g r a z i n g la n d .

T he b r o a d ho s t r a n g e a n d h ig h o u tput o f o o c y s ts f r o m in fe c te d ho s ts e n s u r e s a h igh l e v e l o f o o c y s t

c o n ta m in a ti o n in the e n v i r o n m e n t . In fe c te d h u m a n s a n d a n im a ls c o n t r ib u te d to th is c o n ta m i n a ti o n

th r o u g h fe c a l m a te r ia l a n d s e w a ge . T he pa tho ge n h a s n u m e r o u s n o n h u m a n r e s e r v o ir s in the

a n im a l p o p u l a ti o n .
It is f i' e q u e n ti y fo u n d a m o n g fe r a l a n d do m e s ti c a n im a ls . W hile it is c le a r th a t

fe r a l a n im a ls m a y c o nt r ib ute to the o o c y s ts fo u n d in the e n v ir o n m e n t , th e m o s t p r o ba ble a n im a l

s o u r c e fo r o o c y s ts a r e d a ir y c a t t le a n d s he e p (C a s e m o r e , 198 8) . Infe c te d c a t ti e a n d s h e e p c a n

s h e d 10
^°
o o c y s ts /da y fo r u p to fo u rte e n da ys (B le w e tt

,
1989) w he r e in fe c te d h u m a n s s he d 400 -

1 0^ o o c y s t /gr a m o v e r the c o u r s e o f in fe c ti o n (Sm ith & Ro s e ,
19 90 ). T he r e l a ti v e im po r ta n c e o f

o o c y s t s o u r c e s ha s ye t to be de te rm in e d .

Th e i nfo rm a ti o n o n the p r e s e n c e o f o o c y s ts i n gr o u n dw a te r is s p a r s e , ye t o o c y s ts ha v e

be e n f o u n d in s h a llo w w e ll s a n d bo r e ho le s . The o c c u r r e n c e o f o o c y s ts i n g r o u n dw a te r i s

s u s pe c te d to be r a r e , a n d t he ir pr e s e n c e in w e lls ha s b e e n r e l a te d to c o n ta m in a ti o n du e to s u r fa c e

w a te r in fl u e n c e s . Ev e n tho u g h m o s t w a te r bo r n e o u tbr e a k s ha v e be e n a s s o c i a te d w it h

gr o u n d w a te r , a ll o u tbr e a k s a r e a tb
^

i bu te d to dis ti i buti o n de f ic ie n c ie s (D e pt . E n v n . , 1995 ).

D ri n k i n g W a te r

The pr e s e n c e o f o o c y s ts in ti
^

e a te d w a te r i s p r o ba b ly a m o r e a c c u r a te in dic a ti o n o f t he

po te n ti a l he a lt h ri s k to th e p u bli c tha n tho s e fo u n d i n s o u r c e w a te r s . Dri n k in g w a te r ha s be e n

e v a lu a te d fo r Cryp to s p o ri diu m o o c y s ts , a n d r e po r ts c o n f ir m the ir p r e s e n c e , a ltho u gh a t v e r y lo w

le v e ls (0 . 02 - 0 0 09/L). T he s ig n if ic a n c e o f the s e f in din gs is u n k n o w n s in c e in c r e a s e d w a te r bo r n e

i lln e s s h a s n o t b e e n a s s o c i ate d w ith the p r e s e n c e o f lo w le v e l s o f o o c y s ts (Ja bu bo w s k i
,
1996).

Oo c ys ts a r e de te c t e d i n dri n k i n g w a te r f r o m p la n ts e m plo y in g c o n v e n ti o n a l ti ^

e a ti n e n ts o p e r a ti n g

w it hi n r e gu l a to r y s t a n d a r ds w h ic h m e e t the USEPA
'

s Su rf a c e W a te r T r e a ti n e n t R u le fo r tu rb idity

a n d c o l ifo rm s ta n d a rd s . Ev e n t hr o u gh o o c y s ts a r e r e c o v e r e d a t lo w le v e ls f r o m b
^

e a te d d ri n k in g

w a te r , c u r r e nt m e t ho d s do n o t i n di c a te t he v ia bility o r in fe c ti o u s n a tu r e o f t he s e is o la te s . Pr e v io u s

e pi de m ic s h a v e be e n a s s o c i ate d w ith s u bo pti m a l w a te r ti ^

e a tm e n t p r o c e s s e s a s w e ll a s w it h s ta te

o f the a r t w a te r ti
-

e a ti n e n t .
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T a b le 2 . 2 s u m m a r i z e s th e da t a a v a il a ble o n o o c y s ts c o n c e n t r a t io n s in d r in k in g w a te r . It is

e v ide n t f r o m th e s e da ta th a t e v e n f ilt r a t io n do e s n o t p r e s e n t a n e ffe c t iv e ba r r i e r to the pa s s a ge o f

o o c y s ts i nto f i n is he d dr i n k i n g w a te r . T he le v e l o f o o c y s ts fo u n d i n d r i n k in g w a te r m a y be

c o n t r ib ut i n g to a n e n de m ic le v e l o f dis e a s e i n p o p u la t io n s w hic h is n o t e a s ily de te c te d by

e pi de m io lo gic a l s t u d ie s (R o s e , 1995) .

W a s te w a te r

Fe w i n v e s t ig a t io n s ha v e e v a lu a te d the o c c u r r e n c e o f o o c y s ts in e ithe r r a w o r t r e a te d

w a s te w a te r s
,
s l u d ge s a n d s l u r r ie s . T a ble 2 . 3 s u m m a ri z e s the a v a il a b le r e s e a r c h f i n d in gs .

Co n c e n tr a t io n a n d i s o la t io n o f o o c y s ts f r o m the s e s a m p le s is m o r e d if fi c u lt d u e to the pr e s e n c e o f

de b ri s , the r e fo r e the da ta m a y be u n r e lia ble . La r ge n u m be r s o f o o c y s ts c a n be e x c r e te d du ri n g

the c o u r s e o f a n i n fe c t io n a n d m o s t e n te r the s e w a ge s ys te m . Se w a ge s y s te m s m a y a ls o r e c e iv e

s la u ghte rh o u s e e f flu e n ts tha t m a y c o n ta in Cryp to s po ri diu m o o c y s ts . On e s tu dy e v a l u a te d o o c y s t

c o n c e n t r a t io n s in s la u g hte r ho u s e e f flu e n ts a n d fo u n d a s m a n y a s 14 , 000 o o c y s ts / L (M a do r e e t

a l
,
1984 ). In n in e s a m p le s o f a c t iv a te d s l u dge t r e a te d s e w a ge e f fl u e n ts

,
o o c y s ts w e r e fo u n d a t a

r a n ge o f 140 - 3
,
97 0/L (M a do r e e t a l

,
87 ). A n o the r s tu dy r e po r te d 91% o f r aw a n d tr e a te d s e w a ge

w e r e p o s it iv e fo r o o c y s ts , w ith a n a v e r a ge o f 28 . 4 to 17 o o c y s ts /L , r e s pe c t iv e ly (Ro s e , 1988) In

c o n t r a s t w ith the s e f in di n gs ,
Pa rke a n d Sm ith (1993) fo u n d th a t 2 6 s a m ple s o u t o f a to ta l o f 70 fr o m

7 s e w a ge w o rk s w e r e po s it iv e fo r o o c y s ts , w ith a r a n ge o f 0 . 03 - 2 . 4/L . In a r e c e n t s tu dy by W a llis

(1997), o n ly 6 . 1% o f s a m p le s w e r e po s it iv e . The pr e s e n c e o f o o c y s t s i n s e w a ge is in f l u e n c e d by

t he s iz e o f th e c o m m u n ity a n d the r a te o f t he in fe c t io n in the p o pu l a t io n . D u e to t he h ig h le v e ls o f

o o c y s ts fo u n d in s e w a ge w a s te w a te r a n d th e fe c a l o r a l r o u te o f t r a n s m is s io n o f this pa r a s ite ,

t r e a tm e nt p r o c e s s e s a r e c r it i c a l fo r r e du c in g the n u m be r e v e nt u a l ly dis c h a rge d in to t he

e n v ir o n m e n t

NEATPAGEINFO:id=1A198A89-04E2-495D-9B78-27323650C82D



2 7

Ta b le 2 . 1

L e v e ls o f C ry pt o s po ri d i u m Oo c y s t s i n Su r f a c e a n d Gr o u n d w a t e r s 4

% Oo cys t /L

So u r c e Sa m ple s (n ) Po s iti v e R a n ge M e a n R e f .

s tre a m / ri v e r

ri v e r

s tr e a m

s tr e a m / ri v e r
s tr e a m / ri v e r

ri v e r/ la ke

ri v e r/ la k e

ri v e r

ri v e r/ la k e

la ke

la ke / r e s e v o ir

l a k e

la ke

ri v e r , p ri s .

riv e r , p ri s .

la ke
, p ri s .

s ri n g , p ri s

w e ll

6

11

19

58
3 8

85

2 62

22

18

20

32

24

44

3

5 9

34

7

18

10 0

100

7 3 . 7

7 7 , 6

7 3, 7

87 . 1

5 1 . 5

3 1 . 8

N R

70 . 7

75

58 . 3

27 3

NR
3 2 2
52 . 9
28 6

5 6

0 8 - 5 80 0

2 - 1 12

0 - 2 40

0 . 0 4 - 18

< 0 00 1 - 44

0 07 - 4 8 4

0 0 65 - 6 5 1

0 0 1 - 75 7

7 1 - 2 8 5

0 - 2 2

1 1 - 8 9
< 0 00 1 - 3 8

0 . 11 - 2 5 17

NR

NR

NR
< 0 003- 0 13

NR

19 20

25

1 0 9

0 94

0 6 6

2 7

2 4

0 . 5 8

17 8

0 . 58

0 91

1 0 3

4 7 4 ^

0 0 8

0 2 9
'

0 09 3

0 04

0 00 3
'

1

2
3

4

3

5

6
7

3

3

4

3

7

3

3

3

1 im p a c t b y hu m a n a c ti v i t ie s ; 2 a ri t hm e t ic m e a n ; a dj = a dj u s te d f o r r e c o v e ry e f fi c ie n c ie s ; 3 s in g le v a lu e ; 4 a s c it e d b y
Bu t le r, 199 6 ; re f 1 M a d o re e t a l

,
19 87

,
2 O n g e rt h a n d St ib b s ,

1987 , 3 Ro s e e t a l , 19 88 , 4 Ro s e , 1 988 , 5

L e Che v a ilie r e t a l , 19 91, 6 . Le Che v a ll ie r a n d No rt o n
,
19 95

,
7 S te tz e n b a c h e t a l

,
19 88 NR = n o t r e p o rt e d

T a b l e 2 . 2

Le v e l s o f C ry pt o s po ri d i u m O o c y s t s i n D ri n k i n g W a t e r

%

So u r c e T r e atm e n t Sa m ple s Po s it iv e
Oo c ys t /L

R a n ge / iVle a n Re f .

s u rf a c e

s u rf a c e

NR

NR

NR

f ilt ra tio n

fi lt ra ti o n
+ / - f iltr a t io n

f il tr a t io n
+ / - fi l t ra ti o n

2 6 2

83

36

557

1237

13 . 4

2 7

17

7

7 . 1

0 29 - 5 7/ 0 03
*

0 13 - 4 8/ 0 015
*

0 5 - 1 7 /NR

1 - 26 /NR

N R/NR

1

2

3

4

5

•

ge o m e t ri c m e a n ,
r e f 1 . Le Ch e v a l l i e r e t a l

,
19 95 , 2 L e C he v a l li e r e t a l , 19 9 1 ,

3 R o s e e t a l , 19 88 ,
3 De p t En v n ,

19 96 , 5 . R o s e e t a l , 199 6 NR = n o t r e p o rt e d
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T a b l e 2 . 3

O c c u r r e n c e o f C r yp t o s p o ri di u m i n Se w a g e a n d Sl u d g e s

O o c ys ts /L

S ite T ype o f S a m ple (n ) R a n g e M e a n R e f

AZ r a w s e w a ge 4 85 0 - 13,
700 5 180

' 1

AZ r a w s e w a ge 5 NR 5 2 1^ 2

AZ ra w s e w a ge 6 NR 4^ 3
TX a c t iv a te d s l u dg e 9 14 0 - 3

,
960 1297

' 1
e f fl u e n t

AZ a c t iv a te d s l u dge 14 N R 39. 7' 2
e f fl u e n t

CO a c t iv a te d s lu dge 2 NR 4 ' 3
e f fl u e nt

1 A r it fi m e t ic m e a n (M a d o r e e t a l . , 1 988); 2 g e o m e t r ic m e a n (De Le o n e t a l .

,
19 88 ); 3 a d a p te d f r o m

Ro se , 1988 NR = n o t r e po rt e d

R e m o v a l o f Oo c y s ts By T r e a tm e n t Pr o c e s s e s

W hile t fi e e v id e n c e f r o m o u tbr e a k i n v e s ti ga t io n s s u g ge s ts th a t c o n v e n ti o n a l w a te r

t r e a tm e n t m a ybe in a de q u a te du r i n g pe r io ds o f hig h n u m be r s o f Cryp to s p o ri diu m o o c y s ts ,
r e s e a r c h

d a ta in d ic a te th a t t r e a ti n e n t pr o c e s s e s a r e e f fe c ti v e in r e m o v in g o o c y s ts f r o m s o u r c e w a te r .

Pr o c e s s e s a v a il a b le fo r o o c y s t r e m o v a l f r o m w a te r a n d w a s te w a te r a r e c la s s if ie d a s tho s e c a u s in g

phys ic a l s e pa r a ti o n (s e d im e n ta ti o n
,
c o a gu la ti o n , p r e c ipita ti o n , f ilti

-

ati o n a n d a d s o r pti o n ) a n d t ho s e

a f fe c ti n g i n a c ti v a ti o n (dis in fe c ti o n ) .

Dr in k i n g W a te r T r e a ti n e n t

Th e r o le o f e f fe c ti v e w a te r ti -

e a ti n e n t in r e m o v i n g C ryp to sp o r diu m o o c y s t s a n d in

m i n im i z in g t his r is k o f w a te rbo r n e c r ypto s po r idio s is is w e ll r e c o g n i z e d . Ho w e v e r , it is k n o w n th a t

c o m ple te r e m o v a l o r i n a c ti v a ti o n o f o o c y s ts by ti
"

e a tm e n t a n d di s in fe c ti o n pr o c e s s e s is n o t

po s s ib le A s m a l l p r o po rt io n o f o o c y s ts p r e s e n t in s o u r c e w a te r u s e d fo r w a te r s u p ply m a y pa s s

i n to the dis ti
^ i bu ti o n s y s te m . T r e a t n e n ts fo r po ta ble w ate r r a n ge f r o m d is in fe c ti o n o f g r o u n dw a te r

to c o m p r e he n s i v e ti
"

e a tm e n t fo r s u rf a c e w a te r s u n de r the im pa c t o f s e w a g e a n d a gr ic u lt u r a l
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d is c ha rge s . C o n v e n t io n a l w a te r t r e a tm e nt u s u a lly in c lu d e s c o a g u la t io n ,
f lo c c u la t io n ,

r a pi d

g r a n u la r m e dia f ilt r a t io n a n d dis i n fe c t io n .

Pt i y s ic a l Pr o c e s s e s

R e s u lts f r o m la bo r a to r y s tu die s o f p ilo t a n d fu ll s c a le p la nts de m o n s t r a te tha t e f fe c t iv e

r e m o v a ls o f o o c y s t s a r e a c hie v e d b y p r e t r e a tm e n t f o r c o a gu l a ti o n a n d s e d im e n t a t io n o f s o lid s

fo llo w e d by f i lt r a t io n a n d d is in fe c t io n . R e m o v a ls a s hig h a s 9 9 . 5 - 9 9. 9 % (2. 5 - 3 lo g s) o f o o c y s ts

ha v e be e n r e po r te d fo r w e l l o pe r a t i n g c o n v e n t io n a l s y s te m s p r io r to c hlo r i n a t io n (Gr e g o ry ,
199 4) .

H a l l (1994 ) c o n d u c te d pilo t - s c a le r e m o v a l e x pe r im e nt s a t v a r io u s o o c y s t do s e s a n d a c hie v e d

c o n s is te nt l y hig h r e m o v a ls (e . g . 3 lo g) w ith c o a gu la t io n a n d f ilt r a t io n . N ie m i n s k i a n d On ge r th

(1995) r e p o r te d o o c y s t r e m o v a l r a te s a v e r a gin g 2 98 lo gs by pi lo t s c a le c o n v e n t io n a l t r e a tm e n t

a n d 2 . 2 5 lo gs by fu ll - s c a le te s t , w ith r e m o v a ls o f 1 . 9 - 3 lo gs c o m mo n . In p la n ts w ith po s it iv e

f ilte r e d e f fl u e n ts
,
r e du c t io n in o o c y s t le v e ls a v e r a ge 2. 4 lo gs , w ith n e g a t iv e f ilte r e d e f fl u e n ts ,

2 . 2

l o g s .

D e te rm i n i n g r e m o v a l r a te s o f o o c y s ts by in div id u a l p r o c e s s e s i s dif fi c u lt be c a u s e m o s t

r e p o r ts p r e s e n t r e s u lts a s o v e r a ll e f fi c ie n c ie s o f s e q u e n t ia l tr e a tm e n ts . O o c y s t r e m o v a ls o f 0. 6 -

1 . 5 lo g s a r e r e po r te d fo r w e l l o pe r a te d c o a gu la t io n - c l a r if ic a t io n p r o c e d u r e s (P lu m m e r e t a l, 1995 ).

Re m o v a l e f fic ie n c ie s by r a p id a n d s lo w s a n d f ilt r a t io n fo llo w in g c o a g u la t io n r a n ge f r o m 0 . 5 - 4 lo gs ,

w it h hi ghe r r e m o v a ls r e po r te d w ith s lo w s a n d f ilt r a t io n (Ra c hw a l
,
96). Filt r a t io n w itho u t c o a g u l at io n

a c hie v e d r e m o v a ls o f 1 lo g f r o m r iv e r w a te r (R o s e , 19 8 8).

A lte r n a ti v e f ilt r a ti o n m e tho ds s u c h a s u lt r a - fi lt r a t io n a n d m ic r o - f ilt r a tio n h a v e be e n

e v a l u a te d fo r o o c y s t r e m o v a l f r o m n a t u r a l w ate r s R e m o v a l r a te s o f a t le a s t 6 lo g s w e r e r e po r te d

u s in g c le a n w a te r (R a c hw a l, 96 ). U s e o f the s e f ilte r s i n w a te r t r e a tm e n t ha s be e n lim ite d du e to

t he ir e x pe n s e a n d r e s t r ic t io n to r e la t iv e l y c le a n w ate r s .

M a in ta in i n g e f fe c t iv e r e m o v a l o f o o c y s ts is de pe n de n t o n o pt im a l o p e r a t io n o f t r e a tm e n t

pr o c e s s e s a n d m a i n te n a n c e o f lo w w a te r t u rbi dity (N ie m in s k i a n d O n g e r t h, 1995 a n d On ge r th a n d

Pe c o r a r o
,
1995 ). C o a g u l a t io n c o n t r o l a n d f ilte r f lo w r a te s a r e im po r ta n t p a r a m e te r s fo r e f f ic ie n t

r e m o v a l e v e n tho u g h the a c t u a l c ho ic e o f t r e a tm e n t pa r a m e te r s w a s n o t fo u n d to be a s s o c ia te d

w i th pa r a s ite de te c t io n (B u t le r a n d M a yf ie ld ,
1996). Pe r io ds o f f ilte r r ipe n in g a r e c r it ic a l fo r c o n t r o l
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o f o o c y s ts in fi n i s he d w a te r be c a u s e pa rt ic le br e a lcth r o u g h c a n o c c u r d u r in g t his t i m e (R a c hw a l
,

9 6) . Pr e f i lt r a t io n tu r bid ity o f r a w w a te r w a s fo u n d to be t he gr e a te s t e f fe c to r o f p la n t pe r fo rm a n c e .

T a b le 2 . 4

O o c ys t R e m o v a l R a te s by D r i n k in g Wa t e r T r e a t m e n t P r o c e s s

T re a t m e n t Pr o c e s s

Dis s o lv e d Ai r Flo ta tio n

Slo w s a n d f ilte r

Ra p id s a n d fi l t e r (n o c o a g u la t io n )
Ra p id s a n d f ilt e r (c h e m ic a ls , o z o n e )
S a n d f i l tr a t io n (n o c o a g u la tio n )
Sa n d f ilt r a t io n (c o a g u la tio n )
M ix e d M e d ia f i lt ra ti o n (c o a g u la t i o n )
M e m b ra n e F ilt r a ti o n (0 2 p M)

Sa n Jo s e

V ig n e a u x

Me m b ra n e Filt r a tio n (0 2 ^ iM)
Sa n Jo s e

V ig n e a u x

Me m b ra n e Filt ra tio n , 5 00 kD

Sa n Jo s e

V ig n e a u x

Co n v e n tio n a l T r e a t m e n t

w i th c o a g u la tio n

w i t ho u t c o a g u la tio n

w it h c o a g u la tio n

Co a gu la t io n a n d Fi l t ra tio n

Lo g Rem o v a ls
> 2

2 - 4

0 5 - 1

1- 2

0 45

1 0

2 4 - 2 7

> 6 9
> 6 3

> 6 8
> 6 0

> 6 9
> 6 3

93 3

54 5

1

2 0 - 2 7

2 5

Re f e r e n c e

P lu m m e r , 9 5

Ra c hw a l , 96

Ra c hw a l , 96

Ra c hw a l , 96

G re g o r y , 94

G re go r y, 94

O n g e r th , 9 1

O n g e rt h ,
9 1

Ja c a n g e lo ,
95

Ja c a n g e lo ,
95

Ja c a n g e lo ,
95

Ja c a n g e l o , 95

Ja c a n g e lo , 95

Ja c a n g e lo , 95

Ro s e , 8 8

Ro s e , 8 8

Ro s e , 8 8

G re go ry , 94

On g e r th , 95

In a c t iv a t io n Pr o c e s s e s

D i s in fe c t i o n p r o v ide s a n e f fe c t iv e ba r r ie r in c o n v e n t io n a l w a te r t r e a tm e n t in p r e v e n ti n g

o u tbr e a k s o f dis e a s e f r o m m o s t pa t ho g e n s , b ut s tu d ie s ha v e s ho w n o o c y s ts h a v e u n u s u a l ly hig h

r e s is ta n c e to c o m m o n ly u s e d d is in fe c ta n ts , e s pe c ia lly a t n o r m a l w o rk i n g c o n c e n t r a t io n s . A

n u m be r o f s tu d ie s o n the e f fe c t iv e n e s s o f w a te r dis i nfe c ti o n o n o o c y s ts c a n be fo u n d in the

lite r a tu r e
,
b ut c o m pa r a ti v e e v a lu a ti o n is d if f ic u lt d u e to dif fe r e n t e x pe r i m e nt a l c o n d iti o n s a n d

a s s e s s m e n t m e th o d s u s e d. T o m e a s u r e t he e f fe c ti v e n e s s o f dis i n fe c ti o n o o c y s t v i a bility is

m e a s u r e d . V ia b ilit y m e a s u r e m e n ts a r e ba s e d o n a n im a l in fe c ti v ity ,
in v itr o e x c y s ta ti o n a n d v ita l

dye s a s pr e v io u s ly dis c u s s e d.
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a s s e s s m e n t m e tho ds u s e d. T o m e a s u r e the e f fe c t iv e n e s s o f d is i n fe c t io n o o c y s t v ia bil ity is

m e a s u r e d . V ia bility m e a s u r e m e n ts a r e ba s e d o n a n im a l in fe c t iv ity,
in v it r o e x c y s ta t io n a n d v ita l

dye s a s pr e v io u s ly dis c u s s e d .

D is i n fe c t io n s tu d ie s s ho w c hlo r in e ha s lit t le ,
if a n y , a f fe c t o n the v ia bility o f

C ryp to s po ri d iu m o o c y s ts a t hig h c o n c e n t r at io n s a s w e ll a s a t le v e ls n o r m a l in d r in k in g w a te r

t r e a tm e n t . Pa ye r (19 95) r e p o r ts th a t o o c y s ts t r e a te d w it h 5 . 25% s o d iu m h ypo c h lo r ite (5 0 , 0 00

pp m ) fo r tw o ho u r s r e ta i n the ir i n fe c t i v ity in n e o n a ta l m ic e . Th is r e s u lt is i n c o n t r a s t to r e po r ts by

Ko r ic h (1990 ) th a t c la im c o m ple te e lim i n a t io n o f i n fe c t iv ity a t 80 ppm c hlo r in e a t 2 5' ' C fo r 2 ho u r s ,

w he n te s te d w it h in v itr o e x c ysta t io n . In his s tu di e s Ko r ic h c a lc u l a te d a c hlo r i n e CT v a lu e fo r 99%

kill o f 7 200 m g . m i n /L fo r Cryp to sp o ri d iu m . S im ila r ly high v a l u e s a r e a ls o r e po r te d by Sm ith (1989)

a n d Ste r l in g (1990). M o n o c hlo r a m in e w a s fo u n d to ha v e s im ila r i n a c t iv a t io n a s f r e e c hlo r in e .

Chl o r in e dio x ide w a s fo u n d to m o r e e f fe c t iv e l y i n a c t iv a te o o c y s ts th a n e ithe r c hl o r i n e o r

m o n o c hlo r a m i n e (Ko r ic h e t a l , 1990 ,
Pe e te r s e t a l , 1989 ). CT v a lu e s ba s e d o n th is da ta w e r e 7 8

fo r c hl o r in e dio x ide ,
72 00 fo r c h lo r i n e a n d m o n o c lo r a m in e fo r 9 9% in a c t iv a t io n a t 2 5

°

C i n bu f fe r e d

w a te r (pH 7. 0) (Ko r ic h e t a l, 1990).

Oz o n e ha s a ls o be e n e v a lu a te d fo r its a bil ity to in a c t iv a te o o c y s ts . In th e p r e v io u s ly

m e n t io n e d s t u dy ,
Ko r ic h a p pr o x im a te d t he CT v a lu e fo r o z o n e a s be tw e e n 5 a n d 10 m g . m i n /L .

U s in g m o u s e i n fe c t iv ity a n d e x c y s ta t io n .
Pin c h (1993) de te rm i n e CT v a l u e s o f 3. 5 a n d 7 m g . m in /L

fo r 99% i n a c t iv a t i o n , a t 22
° C a n d 7

'

C. Po r 99 . 9% in a c t iv at io n the s e v a lu e s in c r e a s e d to 5 a n d 10

m g. m in /L . In a n o the r s t u dy , Pe e te r s (1989) w a s a ble to e l im in a te o o c y s t i n fe c t iv ity w ith in s ix

m i n ute s a t 1. 11 ppm o z o n e . T he le v e ls r e qu ir e d to i n a c t iv a te o o c y s ts a r e m u c h hig he r th a n u s e d

i n pr a c t ic e , a n d a r e n o t e c o n o m ic a l ly fe a s ible .

Oo c ys ts s ho w r e la t i v e r e s is ta n c e to UV
,
bu t r e d u c t io n s o f 2- 3 lo gs w e r e o bta i n e d u s i n g a

n o v e l s y s te m w e r e o o c y s ts w e r e e m be d de d in f i be r s pr io r to UV e x po s u r e (Ca m p be ll e t a l , 1995 )
Re s u lts f i

'

o m the s e i n a c t iv a t io n e x pe r i m e n ts s u g ge s t tha t o o c y s ts a r e c a pa ble o f s u r v iv in g

t ypic a l di s in fe c ti o n t r e a tm e n t .
C o n s e q u e n tl y , dis i n fe c t io n a lo n e m a y n o t be s u f f ic ie n t to pr o v id e a n

a d e qu a te le v e l o f p r o te c t io n f r o m Cryp to s p o ri diu m o o c y s ts . A fe w s t u die s in dic a te t ha t o o c y s ts

u n de r s t r e s s m a y be m o r e s e n s iti v e to dis i nfe c t io n . Pa rke r a n d Sm it h (1993) r e p o r te d tha t

a b r a s io n o f o o c y s ts by s a n d i n c r e a s e d t he e f fi c ie n c y o f i n a c t iv a t io n b y c h lo r in e . O the r s tu d ie s
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ha v e in dic a te d th a t e x po s u r e to e le v a te d te m pe r a tu r e s ,
e x t r e m e s o f p H a n d t im e m a y in c r e a s e t h e

e f fe c t o f d is in fe c t a n ts o n o o c y s ts (D e pt . E n v n .

,
1 995 ) .

W a s te w a te r T r e a tm e n t

R e m o v a l o f o o c y s ts by w a s te w a te r t r e a tm e n t t a ke s p la c e d u r in g pr im a ry a n d s e c o n da ry

t r e a tm e n t (a c t i v a te d s l u d ge , t r ic k li n g fi lte r s o r o the r fo r m s o f bio lo gic a l t r e atm e nt ) pr o c e s s e s . On

the b a s is o f la bo r a to r y s im u la t io n s , pr im a ry s e d im e n ta t io n , s e c o n da ry t r e a t m e n t a n d

s e d im e n ta t io n r e s u lte d in o v e r a ll o o c y s t r e d uc t io n s o f 98 . 6% (Sta d e r m a n e t a l , 1995 ) a n d 98 . 8 7%

(Ma y e r a n d Pa lm e r , 199 6). Stu die s ha v e s ho w n th a t du r in g pr im a ry s e dim e n t a t io n 80 - 90% o f

o o c y s ts a r e r e m o v e d f r o m w a s te w a te r (M a ye r a n d Pa lm e r
,
199 6

,
Sta d e r m a n e t a l

,
19 95

,
V ill a c o rt a

e t a l, 1992). Po o r r e m o v a l s du r in g p r im a ry s e d im e n ta t io n o c c u r be c a u s e th e s e dim e n ta t io n

v e lo c it y o f o o c y s ts f a lls be lo w the fr e e f a ll de s ig n c r ite r i a o f the ta n k s (Whitm o r e a n d Ro be r ts o n ,

1995). A lth o u g h t he a c t iv a te d- s lu dge p r o c e s s w a s n o t c o n s ide r e d e f f ic ie n t fo r c y s ts r e m o v a ls

(Bit to n , 1980),
r e d u c t io n s o f 7 9- 84% h a v e b e e n r e p o r te d (M a do r e e t a l

,
1 98 7 a n d V illa c o r ta e t a l ,

199 2). In a s tu d y to c o m pa r e s e v e r a l s e c o n d a ry tr e a tm e n ts Sta d e r m a n (1 995) r e po r te d r e m o v a ls

o f 92% ,
50% a n d 4 2% by a c t i v a te d s l u dge ,

t r ic k l in g f ilte r ,
a n d bio d is c f ilt r a t io n ,

a f te r s e c o n d a ry

s e dim e n ta ti o n .
The a b ility o f t r e a tm e n t pr o c e s s e s to r e m o v e o o c y s ts f r o m s e w a ge is

a dv a n ta ge o u s , bu t i n c r e a s e s the ha z a r d in the by- pr o du c t o f the s e pr o c e s s e s , t he s l u dge (Sl a de

a n d Fo r d,
1983).

W hile r e m o v a l r a te s i n t r e a tm e n t p r o c e s s e s a r e m o s t o f te n r e po r te d.
It is w h a t r e m a in s in

t he w a te r th a t is i m po r ta nt , n o t w h a t is he ld b a c k (D e pt . En v n .

,
1995). B a s e d o n r e po r te d

la bo r a to r y r e s u lts a p pr o x im a te l y 2 lo gs o f o o c y s t r e m o v a l c a n be e x pe c te d i n w a s te w a te r

t r e a tm e n t , b u t r e m o v a l s at this le v e l w o u ld n o t s a t is fy the SW DR w hic h c a lls fo r 99 . 9% re m o v a l o f

Gi a rd ia c ys ts (Le Che v a l lie r ,
1991). N o r w o u ld t his l e v e l o f r e m o v a l be s u f fi c ie n t i n w a s te w a te r

s t r e a m s w h ic h c o n ta i n high c o n c e nt r a t io n s o f o o c ys ts . W hile t r e a tm e n t pr o c e s s e s a r e e f fe c t iv e a t

r e d u c in g th e n u m be r o f o o c ys ts ,
the y do n o t c o m ple te l y e lim in a te the m ,

a n d t ho s e o o c y s ts fo u n d

r e m a i n i n g in s e w a ge e f fl u e nt h a v e be e n s ho w n to be in fe c t io u s by a n im a l a s s a y (V illa c o rt a e t a l ,

19 92 ). S in c e o o c y s ts a r e c a pa ble o f lo n g te r m s u r v iv a l i n th e e n v ir o n m e n t , a d dit io n a l t r e a tm e n t

m a y be n e c e s s a r y to e lim in a te a n d r e du c e t he pu blic he a lth r is k po s e d b y th is o r ga n is m (M a y e r
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Ta b l e 2 . 6

Oo c y s t R e d u c t i o n s by W a s t e w at e r T r e a tm e n t

Tr e a t m e n t

Pr im a ry T re a tm e n t

Se d im e n t a t io n

Se c o n d a r y T re a t m e n t

Ac ti v a te d Slu d ge

Tri c klin g Filte r

B io d isc Filte r

Ov e r a l Re m o v a ls

Rem o v a l

90%

83 4%

82 - 9 8%

92 %

99%

50

42

98 8 7%

96 8 %

98 6%

Re f

Ma ye r , 9 6

S ta d e n n a n , 9 5

V i l la c o rt a , 92

S ta d e mn a n
,
9 5

Ma ye r ,
9 6

Sta d e m i a n
,
9 5

St a d e m i a n , 9 5

Ma ye r , 9 6

Cha u r e t
,
95

Sta d e m n a n
,
96

S lu dg e T r e a tm e n t

Se w a g e S lu dg e

Ea c h ye a r i n the Un ite d Sta te s s o me 13
,
000 POTW

'

s ge n e r a te
- 5 . 4 m e t r ic to n s o f s e w a ge

s l u d ge s , o r 47 lbs /pe r s o n (EPA FRD 94 ). The co s t o f m a n a g in g t he s e s lu d ge s r e pr e s e n t a bo u t

5 0% o f the o pe r a t io n c o s t o f w a s te w a te r t r e a tm e n t . W hi le s lu dge pr o du c t io n is e x pe c te d to do u ble

by t he ye a r 2000 (r e la t iv e t o 1994 ), o pt io n s a v a il a b le fo r t he ir dis po s a l a r e de c r e a s i n g . A n o pt io n

a v a ila ble fo r m a n a gi n g s e w a ge s lu dge s , a n d o n e e n c o u r a ge d by EPA in the Fe de r a l W a te r Co nt r o l

A c t a n d t he Cle a n W a te r A c t , is dir e c t a pp lic a t io n to a g r ic u ltu r a l l a n ds . T he r e u s e o r r e ut i lit z a t io n o f

the p r o d u c ts o f s lu dg e t r e a tm e n t , o r bio s o li ds , p r e s e n ts a n a t t r a c t iv e a n d e c o n o m ic a l o pt io n .

M u n ic ipa l b io s o lid s a r e r o u ti n e ly u ti liz e d in a g r ic u lt u r e thr o u gh o u t the w o r ld . In the US a s m u c h a s

3 3% o f the bio s o l ids pr o d u c e d is a pp lie d to a gr ic u ltu r a l la n d s (Pil la i e t a l , 1996) .

Th e u s e o f m u n ic ipa l b io s o lids a s fe r t iliz e r s ,
s o il c o n dit io n e r s a n d ho r t ic u ltu r a l p r o du c ts a r e

o f v a lu e in a w o r l d o f l im ite d r e s o u r c e s , bu t s u c h u s e m a y p r e s e n t the ha z a r d o f i n t r o du c i n g

p a tho ge n s a n d c he m ic a l c o n ta m in a n ts i n to th e fo o d c ha i n a n d w a te r s u p ply . W h ile po s s i ble r o u te s

o f tr a n s m is s io n f r o m la n d a pp lie d bio s o lid s e x is t
,
t he r e h a v e be e n n o s tu d ie s lin k in g th e p r a c t ic e to
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r e po r te d a n o u tbr e a k i n 1988 o f he pa t it is A v ir u s (HA V ) by tti o s e e a t in g s he llf is ii c o n ta m in a te d by

n ig hts o i l in Ch in a .

W h ile o o c y s ts s u r v iv a l de pe n ds o n a n u m be r o f e n v ir o n m e n ta l c o n dit io n s { i . e . p r e d a t io n

s u n ligh t , te m pe r a tu r e , h u m id ity), t he s o il- s lu d g e m a t r ix is c a pa b le o f s u ppo r t i n g the s u rv iv a l o f

p a th o g e n s fo r p ro lo n g e d pe r io ds o f t im e In fa c t o o c y s ts c a n pe r s is t in s lu d g e t r e a te d s o ils fo r u p to

4 4 d a ys w ith o n ly a d e c r e a s e o f 20 - 4 0% in v ia bil ity (W hitm o r e a n d R o be r ts o n
,
199 5) In fo rm a t io n

o n fa c to r s w hic h a f fe c t the ir m o v e m e n t a n d t r a n s po r t in s o il a r e s c a r c e ,
bu t w o u ld he lp in the

u n de r s ta n di n g o f th e h a z a rd the pr e s e n c e o f the s e p a tho ge n p r e s e n ts . D o w d (199 7) re po r te d tha t

o o c y s ts w e r e a ble to m ig r a te th r o u g h 10 c m o f s o il u n de r s im u la te d r a in f a ll c o n d it io n s C le a r ly ,

t hr o u g h t r e a tm e n t o f s e w a ge s lu d ge s a t th e t r e a tm e n t fa c ility the po te n t ia l h u m a n he a lth r is k po s e d

by o o c y s ts i n s lu d ge d e s t in e d fo r r e u t i liz a t io n be e li m in a te d .

D u r in g pr im a ry a n d se c o n da ry w a s te w a te r t r e a t m e n t o o c y s ts a lo n g w ith o th e r s e w a g e

s o lid s a re s e t t le d o u t a n d be c o m e c o n c e n tr a te d in the s lu d ge . A ltho u g h m e tho ds u s e d to t r e a t

s lu d ge w e re o r ig in a lly di r e c te d to w a rd s lu d ge s ta b iliz a t io n
,
it is s e r e n d ip ito u s t ha t p a tho ge n

in a c t iv a t io n s a r e a ls o r e a liz e d by th e s e t r e a tm e n t p r o c e s s e s T r e a tm e n t o pt io n s fo r s lu d ge

s ta b iliz a t io n i n c lu d e a n a e r o b ic a n d a e r o bic d ig e s t io n (m e s o ph ilic a n d the r m o p h ilic ), lim e

s ta bi liz a t io n a n d c o m po s t in g . T he m o s t c o m m o n m e tho d o f s l u dg e s ta b iliz a t io n i n the US is

a n a e r o bic d ig e s t io n .

Tw o s tu d ie s i n v e s t ig a t in g the e f fe c ts o f d ige s t io n o f s lu d g e o n o o c y s ts s u r v iv a l u n d e r

m e s o ph ilic , the rm o ph ilic ,
a e r o b ic a n d a n a e r o bic c o n d it io n s i n la bo r a to r y s t im u la t io n s w e r e fo u n d in

th e lite r a tu r e Wh itm o r e a n d Ro be r ts o n (1995 ) fo u n d o o c y s ts r e c o v e r e d f r o m a e r o b ic t he rm o p hi lic

d ige s t in g s lu d ge (5 5
°

) a n d p a s te u r iz e d s lu d g e (5 5
° C ) w e r e c o m p le te ly i n a c t iv a te d a t 24 a n d tw o

ho u r s r e s p e c t iv e ly .
T he y r e po r te d th a t w h ile m e s o p hil ic (35

°

C ) a n a e r o bic d ige s t io n r e d u c e d o v e r a ll

v ia bi lity, 10% o f o o c ys ts r e m a in e d v ia ble e v e n a f te r 18 da ys a s de te rm in e d b y v ita l d ye s ta in in g

U s i n g m e s o ph ilic (37
°

C) a n a e r o bic d ige s t io n ,
S ta te rm a n (19 95 ) e v a lu a te d o o c y s ts r e m o v a l a n d

i n a c t iv a t io n u s in g in v i tr o e x c y s ta t io n . She r e po r te d 9 0% in a c t iv a t io n a f te r fo u r ho u r s
,
a n d

c o m ple te in a c t iv a t io n a f te r 24 ho u rs . S he c o n t r ib u te d the l a c k o f c o n c o rd a n c e w it h Wh itm o r e a n d

R o be r ts o n
'

s d a t a to d if fe r e n c e s in o o c y s t pr e p a r a t io n s ,
b u t d if fe r e n c e s c o u ld a ls o be d u e to

a s s e s s m e n t m e tho d s .
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Ro be r ts o n
'

s d a ta to d if fe r e n c e s i n o o c y s t p r e pa r a t io n s , bu t d iffe r e n c e s c o u ld a ls o be du e to

a s s e s s m e n t m e tho ds .

T he a c t u a l e f fe c t o f te m pe r a tu r e i n o o c y s ts i n a c t iv a t io n h a s n o t b e e n p r o pe r ly e v a l u a te d .

W hile te m p e r a tu r e is u n do u bt a bl y the m o s t im po r ta n t pa r a m e te r in o o c y s ts in a c ti v a t io n d u r in g th e s e

p r o c e s s e s ,
o the r p hys ic a l a n d c he m ic a l f a c to r s m a y c o n ti

- ib ute to r e d u c ti o n o f m ic r o be s . It is

po s s ible th a t p H m a y a ffe c t i n a c ti v a ti o n r a te s , a lt ho u g h t his is u n lik e ly s i n c e p H is ge n e r a lly

m a in t a i n e d du r in g bo th m e s o p hilic a n d t he r m o p hilic p r o c e s s e s . Ro be r ts o n (199 2) r e p o r te d th a t

o o c y s ts a r e s ta b le i n pH ra n g e s be tw e e n 4 a n d 10 . Ot he r b io lo g ic a l fa c to r s w hi c h m a y c o n t r ibu te to

in a c ti v a ti o n a n d de g r a d a ti o n o f o o c y s ts i n c l u de e n z ym a ti c a n d b a c te r i a l d e c o m p o s iti o n (G a v a gh a m ,

1993).

La bo r a to r y s im u la ti o n s o f d ige s ti o n ti
'

e a ti n e n t pr o c e s s e s a r e he lpf u l in p r e dic ti n g the fa te o f

o o c y s ts d u r i n g e x pe r i m e n ta l ti '

e a ti n e n ts
,
b ut tt i e s e r e s u lts m a y n o t be c o n s is te n t w ith a c tu a l s lu d ge

ti '

e a ti n e n t p r o c e s s e s . Po s s i ble dif fe r e n c e s in m ix in g dyn a m ic s a n d r e te n ti o n p e r io ds o f f u ll s c a le

di ge s te r s m a y le a d to dif fe r e n t r e s u lts .

A n im a l W a s te

A n im a ls a r e im po r ta n t r e s e r v o ir s fo r Cryp to sp o r idiu m o o c y s ts i n t he e n v i r o n m e n t
,
th e r e fo r e

m a n a ge m e n t o f li v e s to c k w a s te is a n im po rt a n t pu blic he a lt h i s s u e . T he r e is i n c r e a s i n g

c ir c u m s ta n ti a l e v id e n c e t ha t a n im a l w a s te m a y be c o nti ' ib uti n g to g r o u n d a n d s u r fa c e w a te r

po ll uti o n , b u t e s ti m a te s o f the s e c o n ti i b uti o n s ha v e n o t be do n e . Lit ti e is k n o w n a bo u t the fa te o f

o o c y s ts in la n d a pp lie d w a s te . While a n im a l w a s te w a s im plic a te d i n th e M ilw a u ke e a n d C a r r o llto n

o u tb r e a k s the r e w a s no dir e c t e v ide n c e (M a c Ke n z ie e t a l
,
1995).

Ma n a ge m e n t o f liv e s to c k w a s te do e s n o t c o me u n de r the s a m e le v e l o f fe de r a l r e g u la to r y

c o n ti
"

o l a s m u n ic ipa l w a s te ,
b u t its po te n ti a l a s a s o u r c e o f o o c y s ts , c a pa ble o f c o nta m i n a ti n g the

e n v ir o n m e n t s ho u ld n o t be u n de r e s ti m a te d . The pr e v a le n c e r a te s i n da ir y c a t ti e a r e r e po rt e d ly a s

h ig h a s 80% (Sc o tt e t a l, 1995). Infe c te d liv e s to c k c a n e x c r e te la rge n u m be r s o f o o c y s ts in the ir

fe c e s
,
a n d be c a u s e mo s t a n im a l w a s te s do n o t r e c e iv e ti '

e a ti n e n t o f a n y k in d,
th e ir d is p o s a l a n d

r e u s e m a y po s e a n e v e n gr e a te r ha z a rd th a n h u m a n w a s te . L a n d a ppli c a ti o n o f a n im a l w a s te is

w i de ly pr a c ti c e d a n d is a n im po rt a nt w a s te m a n a ge m e n t m e tho d . A pp lic a ti o n r a te s o f the s e
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m a n u r e s a r e n o t go v e r n e d b y p a tho ge n c o nte n t
,
b ut b y n it r o g e n l o a din g r a te s ,

in c r e a s i n g m e d ia

c o v e r a ge a n d g r e a te r p u b lic a t te n t io n o n P ie fs te r ia ha v e re c e n t ly fo c u s e d a tte n t io n o n a n im a l w a s te

m a n a ge m e n t in N o r th Ca r o li n a ,
e s pe c ia lly pig ge ry w a s te . As the r o le o f a n im a l s i n c o n t r i bu t i n g t o

m ic r o bia l c o n ta m i n a t io n o f th e e n v ir o n m e n t is e l u c id a te d it is po s s i ble th a t c ha n ge s i n a n im a l w a s te

m a n a ge m e n t a n d r u n o f f c o n t r o l
,
a n d w a te r s he d m a n a ge m e nt p r a c t ic e s w ill be r e a li z e d .

The r e is in c r e a s in g In te r e s t a m o n g liv e s to c k p r o du c e r s in th e u s e o f a n a e r o bic t he rm o p h ilic

d ige s ti o n a s a w a y to m a n a ge a n im a l w a s te . T his in te r e s t is e s pe c ia lly n o t ic e d i n l a r ge s y s te m s

w h e r e h u ge a m o u n ts o f w a s te a r e ge n e r a te d . Su c c e s s f u l fu ll- s c a le t r e a tm e n t o f a n im a l w a s te by

t his m e t ho d ha s be e n d e m o n s t r ate d (M o n te ith a n d S ha n n o n , 1986). Alth o u g h u p- f r o n t e x p e n s e s fo r

this type o f o pe r a t io n a r e s i gn ifi c a n t r e c o v e r y o f e x p e n s e m a y be r e a liz e d by s u c c e s s f u l r e u s e o f

p r o d u c ts o f di ge s t io n . Pr o du c ts o f a n a e r o bic the rm o p hilic dig e s t io n in c lu de m e tha n e a n d s in gle c e ll

p r o te in s . Th e m e t ha n e c a n be u s e d to m a in ta i n te m pe r a tu r e s r e q u ir e d f o r th e r m o p hil ic di ge s t io n ,

de fe r ri n g s o m e o f t he o pe r a t io n a l c o s t a n d the p r o te in s c a n b e u s e d a s r a ti o n s fo r liv e s to c k . A s w ith

m u n ic i pa l bio s o l ids , a n im a l bio s o lids c a n ha v e u s e a s a gri c u ltu r a l p r o d u c ts .

Oo c ys t Su r v iv a l in the En v i r o n m e n t

M o s t o o c y s t s u r v iv a l in v e s ti ga ti o n s ha v e fo c u s e d o n o o c ys t r e s is ta n c e to d is in fe c ta n ts ,

w h ile the e f fe c ts o f e n v i r o n m e n ta l pr e s s u r e s o n o o c y s t s u r v iv a l ha v e r e c e iv e d lit tle a t te n ti o n .

Co n c lu s io n s f r o m the fe w s tu die s th a t a r e a v a i la b le , in d ic a te tha t o o c y s ts a r e r e s is t a n t to typic a l

e n v ir o n m e n t a l pr e s s u r e s a n d a r e a ble to s u r v iv e fo r lo n g pe ri o ds i n c o o l m o is t c o n d iti o n s
,
b u t a r e

v u l n e r a ble to te m pe r a tu r e e x b
-

e m e s a n d de s s ic a ti o n . T a ble 2 . 6 s u m m a ri z e s r e s u lts f r o m th e s e

s tu die s .

Ea ri y s tu d ie s (She rw o o d , e t a l, 1982) r e po rt e d the lo s s o f o o c ys t i n fe c ti v ity a ft e r 14 da ys in

bu f fe r e d s a li n e a t 2 0
''

C, a n d to ta l de s ti
-

u c ti o n by f r e e z in g te m pe r a t u r e s (T z ipo ri ,
1983). In a m o r e

r e c e n t s tu d y , R o be r ts o n (1992) r e po r te d tha t o o c y s ts f r o m a v a ri e ty o f s o u r c e s a r e pe r s is te n t fo r

lo n g p e r io ds u n d e r a v a ri e ty o f e n v ir o n m e n ta l c o n diti o n s
, e v e n fi

^

e e z in g . Su r v iv in g o o c y s ts a r e

de te c te d in s a m p le s s u bje c te d to typ ic a l e n v ir o n m e n ta l c o n diti o n s a ft e r s ix m o n t hs
, y e t a

s ig n if ic a n ti y hi g he r p r o po rti o n o f o o c y s ts a r e k ille d d u ri n g w a r m e r w e a t he r th a n du ri n g c o o le r ti m e s .

W hi le o o c y s ts r e m a i n v ia ble fo r e x te n de d pe ri o d s i n fe c e s a n d s e a w a te r
, the y a r e c o m pl e te l y k i lle d
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a ft e r br ie f d e s s ic a t io n . The r e s u lts f r o m th is e x te n s iv e s tu dy s u g ge s t the im po r ta n c e o f m o is tu r e

a n d te m pe r a tu r e i n o o c y s ts s u r v iv a l .

T o be t te r d e f in e t he lim its o f s u r v iv a l a t lo w te m pe r a tu r e s ,
Pa ye r a n d Ne r a d (19 9 6)

s u bje c te d o o c y s ts to te m pe r a t u r e s r a n gi n g f ro m 5 ° to - TO' C . H e fo u n d th a t o o c y s ts a r e u n a bl e to

s u r v iv e e x po s u r e to - 7 0X
,
but a r e a b le to r e ta i n in fe c t iv ity a f te r f r e e z in g be tw e e n - 10 to - 20

*

C fo r

u p to 24 ho u r s .

The e ff e c ts o f e le v a te d te m p e r a tu r e o n o o c y s t v i a bi lit y h a s be e n i n v e s ti ga te d by s e v e r a l

la bo r a t o r ie s . Pa ye r (19 94 ) fo u n d t ha t o o c y s t in fe c ti v ity is de s ti
-

o y e d a ft e r e x p o s u r e to > / 64 . 2
'

C fo r

tw o m i n u te s in w a te r
,
bu t n o t a ft e r fi v e m in u te s a t sg . Z

'

C. B le w e t t (1995) fo u n d a 9 2% de c r e a s e i n

v ia b il ity aft e r ti
^

e a ti n e nt a t 55
° C fo r f iv e m i n u te s

,
a s de te rm in e d by e x c y s ta ti o n . T a ble 2 . 7

s u m m a r iz e s t he r e s u lts fi
^

o m the s e s t u die s . As w ith o the r s t u die s ,
i n te r pr e t a ti o n o f th e s e da ta is

h a m p e r e d by the d iff e r e n c e s i n m e tho do lo gi e s u s e d to r e c o v e r y a n d s c o r e o o c y s t v i a b ility be tw e e n

s tu d ie s .

In a s tu dy by Pa rke r a n d Sm ith (1993) s h a k in g o o c y s ts w ith s a n d fo r s ho rt pe r io ds o f ti m e

w a s fo u n d to le a v e the o o c y s ts m o r e s u s c e pti ble to d is in fe c ti o n w ith c h lo r in e . The im p lic a ti o n o f thi s

a n d o th e r s tu die s is th a t e n v i r o n m e nt a lly e x po s e d o o c y s ts a r e m o r e r e a d ily i n a c ti v a te d th a n is o la te s

f r o m l abo r a to ry c o n ti
"

o l!e d c o n diti o n s . This hy po the s is is s u ppo rt e d by a n e a r lie r s tu dy by

Le Ch e v a llie r (1991) th a t i n d ic a te d o o c y s ts e x po s e d to the e n v ir o n m e nt a r e m o r e s u s c e pti ble to

i n a c ti v a ti o n by d is in fe c t a n ts . W o rk by Ha l l (1994) a n d C a r r i n gto n a n d R a n s o m e (1 994 ) ha v e a ls o

de m o n s t
r

a te d the in c r e a s e d s e n s iti v ity o f e x po s e d o o c y s ts to in a c ti v a ti o n by d is i nfe c ta n t s . Cle a r ly

m o r e r e s e a r c h in t his a r e a w o u l d le a d to a be tt e r u n de r s ta n di n g in the r o le o f e n v ir o n m e n ta l

e x po s u r e o n o o c y s ts v ia bility .

#
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Ta b l e 2 . 6

Eff e c t o f En v i r o n m e n t a l Ex p o s u r e o n Cr y p to s p o ri d iu m Oo c y s t V Ja b i lit y

Ex p o s u r e Co n d it io n
De s s ic a t io n

4 h r r o o m te m p e r a t u re

Fr e e z in g
- 2 2

°

C , 2 1 h r
- 22 ° C , 152 hr
- 20 °

C
,
2 4 hr

- 10X ,
168 h r

- 15
°

C
,
16 8 h r

- TC C , 1 h r

Liq u id N it r o ge n
Riv e r W a te r

1 76 d a y s ,
a m b ie n t !

T a p W a t e r

176 da ys ,
a m b ie n t !

Se a W a te r

3 5 d a ys , 4
°

C

Fe c e s

Hu m a n
,
17 8 d a ys ,

4 ' C

Bo v in e , 176 d ay s , a m bie n t !

% De a d o r In f e c t e d/ Un i n f e c t e d

> 99

67
>90

0 / 17
*

12/ 1 2 *

0 / 12
*

0/ 5 *

> 99

94

96

38

78

66

A da p te d f r o m Bu tle r a n d IWa yfie ld ,
19 96 w h ic h s u m m a riz e s Ro b e rt s o n da t a a n d

*

Fa y e r, 96 d a ta ; v ia b ilit y
d e t e r m in e d by v ita l d ye s ta in in g o r a n im a l in fe c tiv ity

T a b l e 2. 7

Th e rm a l In a c t i v a t i o n o f Cr yp to s po ri d i u m Oo c y s ts

T e m p e r a t u r e .

' * C Ex p o s u r e t i m e , m i n s . R e s u l t

92%
'

R e f .

#

54 . 4 1
5 9. 9 1
5 9. 7 5

64 . 2 2
67. 5 1
7 2. 4 1
7 1. 4 0. 05
50 NA
5 5 NA
4 5 10 - 2 0

55 5 .

1 o o c y s ts s u s p e n d e d i n g u t ho m o g e n a te , 2 e x c y s ta t io n , a ll o th e r s a s s a y e d by a n im a l in f e c tiv ity , (+ ) in f e c tio u s , {-

n o n in f e c tio u s

Pa ye r , 94
Fa ye r ,

94
Pa ye r ,

94

Pa ye r , 94

Pa ye r , 94

Pa ye r , 94
Ha rp , 96
A n de r s o n ,

81
A n de r s o n ,

8 1

A n de r s o n
,
8 1

Ble w e tt , 89
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Sta n d a n d Re g u la to r y C o n t r o l o f Oo c y s ts in the E n v ir o n m e n t

W a te r - R a w a n d Fi n is he d

At p r e s e nt n o s t a n da rds e x is t fo r t he p r e s e n c e o f Cryp to s p o r idi u m i n r a w o r f in i s he d w a te r .

The r e h a s be e n u p he a v a l in the r e g u la to r y e n v i r o n m e n t d u e to the c o n c e r n s o f m ic r o bia l

c o n ta m in a n ts a n d c he m ic a l c o n ta m i n a n t w h ic h ha s r e c e n t ly be e n a d dr e s s e d by the En ha n c e d

S u r fa c e W a te r T r e a tm e n t R u le (ESWT R) a n d th e D is in fe c t io n & D is i n fe c t io n b y Pr o d u c t (D /D BP)

r u le . T he USEPA s u b m it te d a p la n to c o lle c t da ta r e g a rd in g m ic r o bia l a n d c h e m i c a l c o n ta m in a nts i n

w a te r a n d th e a bil ity o f w a te r t r e a tm e n t p r o c e s s e s to r e m o v e th e s e s u bs ta n c e s . Th e In fo rm a t io n

C o lle c ti o n R u le (ICR), a n a d m in is t r a t iv e o r de r , r e s u lte d f r o m r e gu la to r y n e go ti a t io n s o f t hi s p r o po s a l

a n d r e qu ir e s u ti lit ie s u s in g s u r fa c e w a te r s e r v ic i n g > 10 0
,
000 c o s tu m e r s o r t ho s e u s in g gr o u n d w a te r

s e r v ic i n g > 5 0, 000 to o c o lle c t da ta r e ga rd in g the o c c u r r e n c e o f t his pa r a s it e in s o u r c e w a te r s u s e d

a s po ta ble w a te r s a n d in f in i s he d dr i n k i n g w a te r T his in fo rm a t io n w i ll be p r o v ide d to the E PA to

a s s is t i n e s ta blis hin g n e w r e gu la ti o n s a n d s ta n d a rd s fo r thi s p a r a s ite . T he r u le is s u p p o s e d to he lp

pr o v i de i n fo r m a t io n o n ho w t he o o c y s ts a r e e nte r i n g the s y s te m a n d id e n t ify p o te n t ia l s o u r c e o f

o o c y s ts . It w ill a ls o p r o v ide in fo r m a t io n o n the e f f ic ie n c y o f w a te r t r e a tm e n t pr o c e s s e s a s w e l l a s

he lp e s t im a te the c o s t im p a c t fo r r e g u la to r y s c e n a r io s .

Cu r r e n t ly the ESWT R re qu ir e s r e m o v a ls o r in a c t iv a t io n s o f Gia rd ia a n d e n te r ic v i r u s e s o f

99 . 9 a n d 99. 99% re s pe c t iv e ly . Re m o v a ls a n d i n a c t iv a t io n c r e d its a r e g iv e n fo r s p e c if ic t r e a tm e n t

p r o c e s s e s be c a u s e it is n o t fe a s ib le to m e a s u r e the s e c o nt a m i n a nts in dr i n k i n g w a te r . It is

e x pe c te d t ha t t he n e w r e g u la t io n s w o u ld r e q u ir e r e m o v a ls o f o o c y s ts a s w e ll be c a u s e o f the

i n a c c u r a te a n d v a r ia b le m e t ho d s fo r o o c y s ts de te c ti o n . A n o th e r p o s s i bility is the e s ta blis hm e n t o f a

m ax im u m c o n ta m in a n t le v e l, w hic h w o u ld be s e t a t z e r o (Plu m m e r e t a l, 19 95 ) . It is e x pe c te d th a t

the s e n e w s ta n d a r ds w il l e s t a b lis h r e m o v a ls a n d i n a c t iv a t io n s b a s e d o n t he c o n c e n t r a t io n s be lie v e d

to be pr e s e n t in the s o u r c e w a te r

Ba s e d o n c u r r e n t in fo rm a t io n r e g a rdi n g the o c c u r r e n c e o f t he s e o o c y s ts in w a te r c o u r s e s a

m i n im u m o f 3- 6 lo gs o f in a c t iv a t io n w o u ld be n e e de d to a t ta in the a c c e p ta b le r is k r a n g e c u r r e n t ly

a do pte d fo r m ic r o bia l r is k in d r in ki n g w a te r In a r e po r t b y R o s e a n d H a a s (1 994 ), t he a do pti o n o f

a n a c ti o n le v e l fo r C ryp to sp o ri diu m in s o u r c e w a te r s w a s pr e s e n te d . T he a u th o r s s u g ge s t th a t 30
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o o c y s ts / L r e pr e s e n ts a le v e l a t w hic h the p r o ba b ility o f w a te rbo r n e o u tbr e a k s w o u ld de m a n d a c t io n

o n p a r t o f the w a te r u ti lit ie s . Im ple m e n ta t io n o f a m u lt i ple b a r r ie r a p pr o a c h w h ic h i n c lu de s

w a te r s h e d m a n a g e m e n t r e pr e s e nts the be s t c o n t r o l o pt io n

W a s te w a te r

Ev e n tho u g h s e w a g e t r e a tm e n t is e f fe c t iv e i n r e du c i n g the n u m be r o f o o c y s t s in

w a s te w a te r
,
the y a r e n o t c o m ple te ly e li m in a te d a f te r s e c o n d a ry t r e a tm e n t . Oo c ys ts a r e kn o w n to

s u r v iv e fo r lo n g pe r i o ds i n the e nv ir o n m e n t , t he r e fo r e it is im po r ta n t tha t t r e a tm e n t e s ta bli s he s a

c e r ta in le v e l o f r e du c t io n o f th e s e p a tho ge n s th r o u g h the t r e a tm e n t pr o c e s s . R e u s e o f w a s te w a te r

fo r p u rp o s e s o f a qu ife r r e c ha rgi n g a n d ir r ig at io n n e c e s s ita te s r e g u l a to r y c o n t r o l . C u r r e n t ly n o s u c h

s t a n da rd s a r e in p la c e fo r C ryp to s p o r idiu m o o c ys ts . M o r e in fo rm a t io n is n e e de d o n the l e v e ls o f

o o c y s ts in r a w a n d tr e a te d s e w a g e to a s s is t i n de te rm i n in g the be s t a p pr o a c h .

Sl u d ge

Sl u d ge s ge n e r a te d f r o m w a s te w a te r t r e a tm e n t m a y c o n ta i n la r ge n u m be r s o f pa tho ge n s ,

t he r e fo r e the s a fe d is po s a l o f t he s e bio s o lids is o f m ajo r im po r ta n c e to r e g u la to r s i n th e US . In 1993

US EPA pu bli s he d the
"

50 3 Sta n da rds fo r the U s e a n d Dis po s a l o f Se w a g e S lu dge
"

(US EPA , 1992) .

T he s e r e g u la t i o n s e s ta bl is h s ta n d a rds fo r the be n e f ic ia l la n d a pp lic a t io n o f s e w a ge s l u d ge .

Pr o v is io n o f the s e r e g u la t io n s w hic h pla y a r o le i n de te rm in in g the e n v ir o n m e n t a l f a te a n d he a lth

im pa c ts o f l a n d a p pli e d s e w a ge s lu dg e a r e the s pe c if ic a ti o n s fo r p a tho ge n s i n s lu dg e . Pe r fo rm a n c e

ba s e d s ta n d a r ds r a the r th a n t r e a tm e n t p r o c e s s e s ha v e be e n a da pte d fo r pa tho ge n s i n s lu dge

A n im a l W a s te

In a 19 94 s u r v e y b y EPA o f s ta te w a te r q u a lity , fa rm r u n o f f w a s i de n t if ie d a s the bigge s t

pr o ble m in 6 0% o f r iv e r s a n d s t r e a m s in c l u de d o n the im pa ir e d lis t . N o n - p o in t po llu t io n f r o m fa rm s

is pr o ba bly t he m o s t w ide s pr e a d s o u r c e o f w a te r c o n ta m i n a t io n in the US (A n d e r s o n ,
1995) . Ye t

o n ly t he l a rg e s t o p e r a t io n s w ith > 1, 000
'

s o f a n im a ls r e ta i n e d i n pe n s r e qu ir e pe rm its fo r the s to r a ge

o f m a n u r e . C u r r e nt l y o n ly s ix te e n s t a te s ha v e r e q u i r e m e n ts fo r s m a l le r fa r m s w h ic h r e qu ir e fa rm s

to a d he r e to p la n s o n ho w to m a n a ge m a n u r e s a n d fe rt i liz e r s , m o s t s ta te s h a v e pu r e ly v o l u n ta r y
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p r o gr a m s . T he g o v e r n m e n ts r e s po n s e to no n - po in t po llu t io n ha s b e e n to r e c o m m e n d t ha t fa rm e r s

a da pt pr o g r a m s o f w a s te a n d n u t r ie n t m a n a ge m e n t . The U . S . D e pa r tm e n t o f A g r ic u ltu r e pr o v i de s

a s s is ta n c e , b u t n e it he r the y n o r the EPA ha v e a u tho r ity to d o a n yt hi n g m o r e . En v ir o n m e n ta lis t h a v e

be e n c a lli n g fo r the C le a n W a te r Ac t (CWA ) to m a ke n u tr ie n t a n d w a s te p r o gr a m s m a n d a to r y fo r a ll

fa r m e r s . D a ta in dic a te tha t be t te r a n im a l w a s te ha n dl in g p r a c t ic e s ,
s u c h a s c o m p o s t in g,

a n a e r o bic

d ige s t io n ,
a n d w e t la n d r e m e di a t io n c a n r e du c e the pr o t o z o a n lo a din g in to the w a te r s h e d.

•
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CHA PTE R TH REE

R ESEARC H O BJ ECTIV ES

1 . Ev a l u a te the a p plic a t io n o f a n in v it r o c e l l c u lt u r e i n fe c ti v ity a s s a y to de te rm in e the

r e d u c t io n in i n fe c ti v ity o f Cryp to sp o ri diu m p a n / u m o o c y s ts fo llo w in g t r e a tm e n t p r o c e s s e s .

2 . Qu a n t ify Cryp to sp o ri d iu m p a n / u m o o c ys t in a c ti v a t io n b y the rm a l t r e a tm e n t i n p ho s p ha te

bu ffe r e d s a li ne w ithi n te m pe r a tu r e r a n ge s typ ic a l o f m e s o philic (35 - 4 9
°

C) a n d

the rm o philic (47 - 55
'

C) dige s te r s .

3 . Qu a n t ify Cryp to sp o ri diu m p a r v u m o o c y s t in a c t iv a ti o n i n c o w m a n u r e a t 2 3
''

C a n d a fte r

the rm o p hi lic a n a e r o bic di ge s t io n o f c o w m a n u r e a t SS^ C
,
a n d c o m p a r e to o o c y s t

i n a c t iv a ti o n i n pho s p ha te bu f fe r e d s a li n e .
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CHA PT ER FOUR

IN IT IA L RES EA RCH O N A CE L L C ULT URE INFE CT IVITY A SSA Y MET HO D

INTR O DUCTION

In th is c ha pte r , the a pp lic a bility o f a n i n v itr o c e l l c u ltu r e in fe c t iv ity a s s a y fo r de te rm i n in g

Cry p to sp o ri diu m oo c ys t i nfe c ti v ity is e v a lu ate d. Th r e e ba s ic m e c ha n is m s ha v e be e n w ide ly u s e d

to a s s e s s the e f fe c t iv e n e s s o f c he m ic a l a n d phys ic a l t r e a tm e nt s : 1. ) in v i v o a n im a l m o de ls
,
2. ) in

v it r o e x c y s ta t io n o f o o c y s ts , a n d 3 . ) v ita l d ye s ta in i n g o f o o c y s ts (DA P I/P I). C u r r e nt ly ,
the "

g o ld

s ta n d a r d
"

fo r d e te rm in in g o o c y s t in fe c ti v ity is the n e o n a t a l m o u s e m o de l . A lth o u gh th is a s s a y

p r o v ide s in fo rm a ti o n o n in fe c ti v it y o f the o o c ys ts ,
it is lim ite d by b e i n g b o th la bo r i nte n s iv e a n d

e x pe n s iv e . Ex c y s ta ti o n ,
w hile e a s y to pe r fo rm ,

is b a s e d u po n the a s s u m pti o n t ha t o o c ys ts w h ic h

a r e c a pa b le o f e x c y s ti n g a r e v ia ble . Th is a s s u m pti o n m a y a c t u a lly be e r r o n e o u s a n d le a d to

u n de r e s ti m a ti n g o o c y s ts v ia bility , a n d o v e r e s ti m a ti n g the e f fic a c y o f ti
"

e a ti n e n t p r o c e s s e s . Al s o ,

r e s e a r c h ha s s ho w n tha t a n im a l i n fe c ti v ity a n d e x c y s ta ti o n r e s u lts a r e n o t c o r r e l a te d (F in c h e t a l
,

1993) . V ita l d ye s ta i n in g pr e d ic ts o o c y s t v ia bility ba s e d o n c e ll u la r m e m br a n e po te n ti a l, bu t this

m a y n o t a c c u r a te ly p r e d ic t the in fe c ti v ity o f the o o c y s t . In this c h a pte r ,
d a ta a r e p r e s e n te d t ha t

e v a lu a te the MDCK c e ll c u ltu r e in fe c ti v ity a s s a y fo r d e te rm in i n g the i n fe c ti v ity o f o o c y s ts .

MA T ER IA L A ND MET HODS

So u r c e a n d p r o du c ti o n o f Cr y p to s p o ri d iu m pa r v u m o o c y s ts

T he Cryp to sp o ri d iu m p a r v u m is o l a te u s e d fo r t his s tu dy w a s the IOWA bo v in e s tr a i n .

Oo c ys ts ge n e r a te d in n e w bo r n Ho ls te in bu ll c a lv e s w e r e o bta i n e d fr o m the l a bo r a to r y o f M ike

A r r o w o o d (D i v is io n o f Pa r a s iti c D is e a s e s , Ce nte r fo r In fe c ti o u s Di s e a s e s , Ce n te r s fo r D is e a s e

Co n ti
^

o l , A ti a n ta , GA . ). T he o r ig in a l i s o la te w a s o bta in e d f r o m Ha r le y M o o n (USDA ,
A m e s

,
Io w a ).

NEATPAGEINFO:id=3C7CD221-070B-4A2D-879F-81FEABA21995



4 4

T he p r o c e d u r e u s e d to p r o pa ga te this is o la te w a s p r e v io u s ly de s c r i be d (A r r o w o o d a n d Ste r l in g ,

19 87 ). B r ie f l y , thr e e da y o ld H o ls te i n c a lv e s w e r e o r a lly in o c u l ate d w ith 10^ c le a n e d o o c y s ts . U po n

th e o n s e t o f o o c y s t s he d di n g ,
o o cy s ts w e r e c o lle c te d d a ily t he n p u r if ie d f r o m c a lf fe c e s thr o u g h

d is c o n t in u o u s s u c r o s e gr a d ie n ts (A r r o w o o d a n d Ste r lin g, 1987). A d dit io n a l p u r if ic a t io n w a s

a c h ie v e d by in c l u d in g a c e s iu m c hlo r ide g r a die n t (1 . 15 g/m l, 1 . 15 s pe c ifi c gr a v ity ) fo l lo w in g t he

d if fe r e n t i a l s u c r o s e gr a die n ts . Pe lle ts f r o m the s e c o n da ry s u c r o s e g r a d ie n t w e r e r e s u s pe n d e d in a

s a li n e bu ffe r (0. 85% Na CI) a n d o v e r la id o n to the c e s iu m c hlo r ide s o l u t io n . The t u be s w e r e

c e n t r ifu ge d a t 16
,
000 x g fo r thr e e m i n u te s .

The to p 1 m l o f the s a m p le c o n ta in i n g the o o c y s t -

e n r ic h e d f r a c ti o n w a s r e m o v e d , w a s he d i n pho s p ha te b u f fe r e d s a li n e (PB S, p H 7 . 2 ), the n

r e s u s p e n de d in 2. 5% a qu e o u s po ta s s iu m dic hr o m a te . Oo c ys ts w e r e s to r e d a t 4
°

C a n d u s e d fo r

i n v itr o e x p e r im e n ta t io n w ithi n thr e e to fo u r m o n ths o f is o l a ti o n .

H o s t c e l ls - M DC K Ce ll Cu lt u r e s

M a di n - Da r by c a n in e kidn e y (MDCK) c e ll c u ltu r e s (Am e r ic a n Type C u ltu r e Co lle c t io n CCL

34) w e r e o bta i n e d f r o m the la bo r a to r y o f M ike A r r o w o o d (DVC ,
CID

,
CDC). MDCK c e lls w e r e

m a in ta in e d i n D u lbe lc o
'

s M o dif ie d Ea gle
'

s M in im u m Me d iu m /H a m
'

s F12 m e di u m s u pp le m e n te d

w it h 10% fe t a l bo v i n e s e r u m
,
2 m M L- g lu ta m in e a n d 15 m M HEP ES b u ffe r . Ce lls w e r e p a s s a ge d

o n c e a w e e k a n d s e e de d i n c e ll c h a m be r s a t 7 . 5 x 10
' ' / 1 . 5 m l . A s s a y c e ll c u ltu r e s w e r e

pr o pa ga te d i n d o u ble - c ha m be r e d La b Te c h Ch a m be r S lide s (N u n c ) u s in g s e r u m fr e e

U lt r a c u lt u r e ™ m e d iu m (B ioWhit ta ke r ,
In c .

, W a l ke r s v ille , MD), s u pp le m e nte d w it h 25 0 p g

ka n a m yc in , 5 0 p g ge n ta m yc in , 150 p g m yc o s ta t in a n d 2 m M L- gl u ta m i n e . Cu lt u r e s w e r e

in c u ba te d a t 37 ° C in a 5% C Oj e n v ir o n m e n t

M o n o c lo n a l A n t ibo d y Pr e p a r a ti o n

OW50 (Ar r o w o o d , 1988), a m o n o c lo n a l a nti bo dy s pe c if ic fo r a C. p a r v u m o o c y s t c e ll w a ll

d e te rm in a n t w a s p r o v i de d by M ike A r r o w o o d . OW 5 0 w a s la be le d w ith f lu o r e s c e in is o thio c ya n a t e

(F ITC ) (Ar r o w o o d e t a l
,
1995) fo r u s e in im m u n o f lu o r e s c e n t a s s a y s . W he n u s e d i n t he

Cryp to s p o ri d iu m c e ll c u ltu r e i nfe c ti v ity a s s a y , this m o n o c lo n a l a n ti bo dy la be le d o n ly o o c y s t w a lls .

La be le d o o c y s ts fl u o r e s c e d a pp le gr e e n u n de r e pif lu o r e s c e n c e o pti c s w ith bl u e e x c ita ti o n UV
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i llu m in a t io n
,
u s i n g a n 13 f ilte r blo c k {4 50 - 490 n m ) .

C3- C3 (A r r o w o o d, 1988), a m o n o c lo na l IgG a n t ibo dy di r e c te d to w a rd o o c y s ts a n d

s p o r o z o lte s o f C. p a r v u m w a s ge n e r o u s ly p r o v ide d by M ike A r r o w o o d . T his m o n o c lo n a l a n ti bo dy

r e a c ts w ith c yt o p la s m ic a n t ige n s o f s po r o z o lte s , a s w e ll a s m e r o n t a n d ga m o n t life c y c le s ta ge s .

C3- C3 a n t ib o dy w a s la be le d (Y o u e t a l
,
1996) w ith a r ho d a m i n e r e a c t iv e dye , F l u o r o i in k Cy 3

™

(Re s e a r c h Or ga n ic s In c . , C le v e l a n d, OH). U n de r e pif lo u r e s c e n t m ic r o s c o p y w ith a N2 . 1 (5 15 - 56 0

n m ) fi lte r blo c k , l a be le d pr o te i n s fl u o r e s c e d br i ght r e d .

Oo c ys t Pr e p a r a t io n a n d En u m e r a t io n F o r Ex pe r im e n ts

C. p a r v u m o o c y s ts s to r e d in po ta s s iu m dic hr o m a te w e r e p r e pa r e d a n d e n u m e r a te d fo r

e a c h e x pe r im e n t . Oo c y s ts w e r e w a s he d fr e e o f po ta s s iu m dic hr o m a te by t hr e e s e qu e n t ia l w a s he s

in p ho s p ha te bu ffe r e d s a lin e (P BS, p H 7 . 2), t he n w ith PBS c o n ta i n i n g 0 . 1% BSA . W a s he d o o c y s ts

w e r e c e n t r ifu ge d a t 16 , 000 x g fo r thr e e m i n u te s . Th e s u pe r n a ta n t w a s a s p ir a te d a n d the o o c y s t

pe lle t w a s r e s u s pe n de d in 1 m l P BS . Oo c ys ts w e r e e n u m e r a te d u s i n g a d u a l c ha m be r

he m o c yto m e te r a n d b r ig ht fi e ld m ic r o s c o p y . D u pl ic a te 10 p i v o lu m e s o f a di lu te d o o c y s t

s u s pe n s io n w e r e p ipe t te d in to the c o u n ti n g c ha m be r a n d o o c y s ts w e r e a llo w e d to s e t t le fo r o n e to

tw o m in u te s . Oo c ys t s w ith in t he fo u r la rg e ,
c o r n e r s qu a r e s , e a c h c o nt a in in g 16 sm a l le r s qu a r e s ,

w e r e c o u n te d u n de r a 25X o bje c t iv e . Th is p r o c e du r e w a s r e pe a te d fo r the o the r c h a m be r o n the

he m o c y to m e te r . C o u n ts fo r the to ta l o f e i ght s qu a r e s w e r e a v e r a g e d . T o c a lc u la te the n u m be r o f

c e lls pe r m l the fo llo w in g fo rm u la w a s u s e d :

# o f c e lls /m l = m e a n o f 8 s q u a r e s
* 10

"* * dil ut io n fa c to r

Oo c ys ts w e r e dil u te d s e r ia lly 10 fo ld f r o m a n in it i a l c o n c e n t r a t io n o f 10
'
'

o o c y s ts pe r m l w ith

s u bs e q u e n t te n fo ld s e r i a l dil u t io n s do w n to 10 o o c y s ts pe r m l.

MDCK In fe c t iv itv A s s a y o f Cr vp to s Do n diu m Oo c y s t

F o u r - da y
- o ld M DCK c e l l m o n o la ye r s w e r e in o c u la te d w ith 100 |j l v o lu m e s o f s e r ia lly

di lu te d o o c y s ts w it h a n e s t i m a te d o o c y s t c o n c e n t r a t io n r a n g in g f r o m 10^ to 10
^
pe r m l .

D u p lic a te

w e lls w e r e i n o c u la te d fo r e a c h d ilu t io n in c l u di n g a n e ga ti v e c o n t r o l . In o c u la te d m o n o la y e r s w e r e

i n c u ba te d fo r th r e e ho u r s a t 37 ° C to p r o m o te e x c y s ta ti o n a n d e n ha n c e c e ll i n fe c t iv ity . Af te r th is
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in c u ba t io n , t he c e il m o n o i a ye r w a s w a s he d w ith PBS , f r e s h U it r a c u it u r e m e d iu m w a s a dd e d to the

c h a m be r s a n d the c e lls in c u ba te d fo r p e r io d s o f 18 , 2 4 o r 4 8 ho u r s Fo r in c u ba t io n s o f 4 8 ho u r s
,

the c h a m be r m e d iu m w a s r e p la c e d a f te r 24 ho u r s .

Fo llo w in g in c u b a t io n , m o n o la ye r s w e r e w a s h e d w ith P BS the n fi x e d in B o u in
'

s s o lu t io n

(Sig m a
, St . Lo u is

,
MO . ). F ix e d c e ll s w e r e de c o lo r iz e d i n s u c c e s s iv e w a s he s w ith 70% e t ha n o l,

fo llo w e d by th r e e P BS w a s he s . De c o lo r iz e d c e lls w e r e blo c ke d w it h 1% BSA- P BS fo r 30 m in u te s

a t r o o m te m pe r a tu r e w it h s ha k in g to m i n im iz e n o n s pe c if ic a nt ibo dy bi n d in g . O n e hu n d r e d |j I o f

d ilu te d (1: 50 0) m o n o c lo n a l a n t i bo d y C3 - C3Cy3 a n d m o n o c lo n a l a n ti bo dy OW5 0- F ITC (1 :2 00 )

w e r e a d de d d ir e c t l y to c e ll c u ltu r e s a n d in c u ba te d fo r 90 m i n u te s i n t he da rk a t r o o m te m pe r a tu r e .

F o llo w i n g in c u ba t io n s ,
the c e ll c u ltu r e s w e r e w a s he d tho r o u gh ly w ith PB S a n d m o u n te d u n de r

c o v e r s lips w it h po ly v in y l a lc o ho l- ba s e d m o u nt i n g m e dia (DA BCO- PVA ). Slid e s w e r e s to r e d a t

4
' '

C a n d m ic r o s c o p ic o bs e r v a t io n s w e r e m a de w ithi n o n e w e e k f r o m s ta in in g .

D a t a A n a ly s is

M ic r o s c o p e e x a m i n a t io n o f C. pa r v u m i nfe c te d c e l ls w a s c o n du c te d to d e te rm i n e the

e x te n t o f in fe c t i v ity b a s e d o n the pr e s e n c e o r n u m be r o f liv in g s t a ge s o f p a r a s ite s in m ic r o s c o p ic

f ie ld s . L a be le d life s ta ge s w e r e o bs e r v e d by UV illu m in a te d e p ifl o u r e s c e n t m ic r o s c o p y u s i n g e it he r

a 2 5X o r 4 0X o bje c t iv e . Bo th n u m e r ic a n d qu a n ta l a pp r o a c he s w e r e a s s e s s e d fo r q u a n t ify in g

pa r a s it ic in fe c ti v ity. Oo c y s ts w e r e di s ti n gu is he d f r o m pa r a s ite s de v e lo pm e n ta l s t a ge s ba s e d o n

f l u o r e s c e i n la be li n g Oo c ys ts f l u o r e s c e d a pp le - gr e e n {F ITC- OW 50) a n d liv in g s t a ge s f l u o r e s c e d

r e d (CY 3 - C 3C3 ) (F ig u r e 4. 1
,
4 . 2).

F o r qu a n t a l a s s a y s , s e x u a l (ga mo n ts ) a n d a s e x u a l (m e r o n ts ) de v e lo p m e n ta l s ta g e s o f C.

p a iv u m w e r e s c o r e d in 100 r a n do m l y s e le c te d fi e lds . N o a t te m pt w a s m a de to d is ti n gu is h

be tw e e n a s e x u a l a n d s e x u a l s ta ge s . A n y fi e ld (a te s t u n it) c o n ta in i n g a r ho d a m i n e l a be le d

fl u o r e s c e n t de v e lo pm e n ta l s ta ge o f Cr ypto s po r i diu m , a r e s u lt o f in fe c ti o n o f a n MDCK c e l l by a n

i n fe c ti o u s o o c ys t , r e c e iv e d a po s iti v e s c o r e . A n e ga ti v e s c o r e w a s a s s ign e d to tho s e fi e lds w hic h

c o n ta in e d n o r e d fl o u r e s c e n t life s ta ge s T he p r o p o r ti o n o f in fe c te d to n o n - in fe c te d te s t u n its w a s

s c o r e d a n d r e c o rd e d . Oo c ys t ti te r w a s c a lc u la te d u s i n g the d ilu ti o n s w h e r e o n ly s o m e o f the 10 0

fi e lds w e r e i n fe c te d, g iv i n g s pe c ifi c p e r c e n ta ge s . The pe r c e n t p o s iti v ity w a s c o n v e r te d to a p r o bit
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v a l u e
, p lo t te d a ga i n s t the 10 9 , 0 c o n c e n t r a ti o n o f o o c y s t s a n d the n a be s t f it lin e a r r e gr e s s io n w a s

c a l c u l a te d a s a d o s e r e s po n s e .

F o r n u m e r ic a s s a y ,
2 0 m ic r o s c o p ic f ie l ds w e r e r a n do m ly s e le c te d fo r o bs e r v a t i o n . In e a c h

r a n do m fie ld the to t a l n u m be r o f i n di v id u a l a s e x u a l a n d se x u a l s ta ge s i n the e n t ir e a r e a w a s

r e c o r de d pe r f ie ld . Up to 100 de ve lo p m e n ta l s ta ge s p e r f ie l d w e r e c o u n te d .

Sta t is t i c a l a n a ly s is w a s pe rf o rm e d w ith INSTAT G ra ph Pa d So ft w a r e (S a n D ie go , CA) .

N o n p a r a m e t r ic te s ts w e r e u s e d (Kr u s k a l- W a llis a n a ly s is o f v a r ia n c e a n d r a n k a n d s u m te s ts ) to

a s s e s s t he s ign if ic a n c e o f dif fe r e n c e s be tw e e n v a r ia ble s .

R ES ULT S

Effe c t o f Le n g t h o f In c u ba t io n o n D e v e lo p m e n t

Pr e lim i n a r y s t u die s to d e te r m in e the o pt im a l p e r i o d fo r o o c y s t in c u ba t io n w ith c e ll c u lt u r e s

in dic a te d th a t the 4 8 ho u r i n c u ba t io n s y ie ld e d a pp r e c i a bly m o r e liv in g s ta ge s t ha n w e r e o bs e r v e d

fo r the 18 a n d 24 ho u r pe r io ds (f ig u r e 4 . 3 & ta ble 4 . 1). The i n c r e a s e d i n c u ba t io n p e r io d a l lo w e d fo r

m o r e p r o l ife r a t io n thu s in c r e a s in g th e a bs o l u te n u m be r o f in fe c tio u s s ta ge s d e te c te d . T he i n c r e a s e

in li v in g s t a ge s is du e to t he r e c yc l in g o f type I m e r o n ts . In it i a lly ,
m e r o n ts fo r m a t io n s is e v id e n t

a ft e r 2 4 ho u r s . K r u s ka l- W a l lis n o n pa r a me t r ic A NOV A o f te s t r e s u lt s c o m p a r in g the n u m be r o f

liv in g s ta g e s e n u m e r a te d in the 18
,
24 a n d 48 h o u r in c u ba t io n s i n dic a te d th a t the r e w e r e

s ta ti s t ic a ll y s i gn if ic a n t di f fe r e n c e s a m o n g c o lu m n m e d ia n s (ta ble 4 . 2). A D u n n
'

s M u lt ip le

Co m pa r is o n s T e s t w a s pe rfo rm e d a n d the r e s u lts in d ic a te tha t the d if fe r e n c e i n n u m b e r o f l iv in g

s ta ge s be tw e e n the 18 a n d 24 ho u r in c u b a t io n s w a s n o t qu ite s i gn if ic a n t (p > 0 . 05) w h ile th e

d iff e r e n c e be tw e e n 24 a n d 48 ho u r r e s u lts w e r e s ig n if ic a n tl y diff e r e n t (p< 0 . 001) (ta ble 4 . 3).

In c r e a s in g the i n c u ba t i o n p e r io d a n d a llo w in g m o r e t im e fo r i n fe c t io n to o c c u r im p r o v e d the

s e n s it iv ity ,
o r th e lim it o f de te c t io n , o f the a s s a y a n d in c r e a s e d d e te c t io n o f liv i n g s ta ge s o f

C ryp to s p o r id iu m .
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I n Vi t r o C u l t u r e o f C p a r v u m i n M D C K C e l l C u l t u r e

N u m b e r o f D e v e l o p m e n t a l St a g e s C o u n t e d / M i c r o s c o p i c F i e l d

H o u r s a f t e r i n c u b a t i o n

1 8 2 4 4 8

m e a n

n

s d

m e d i a n

l o w e r 9 5 % C I

u p p e r 9 5 % C I

57 2 5

2 0

13 3 9 6

57

50 9 80

6 3 52

4 4 4

2 0

12
.
6 5 9

4 4 5

3 8 4 7 5

50 3 2 5

10 0

2 0

N A

1 0 0

10 0

10 0

p v a l u e < 0 . 0 0 0 1 , c a l c u l a t e d b y c h i sq u a r e a p p r o x i m a t i o n , n
= l

,
10

'
o o c y s t s / w e l l

,
N A = n o t a p p l i c a b l e ,

a

m a x i m i n o f 10 0 l i v i n g s t a g e s w e r e e n u m e r a te d

T a b l e 4 .
2

G r o u p

K r u s k a l - W a l l i s N o n p a r a m e t r i c A N O V A T e s t

N u m b e r o f P o i n t s Su m o f R a n k s R a n k o f Su m s

18

2 4

4 8

2 0

2 0

2 0

5 2 8

2 9 2

10 10

2 6 4

14 6

50 5 0
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T a b l e 4 . 3

D u n n
'
s M u l t i p l e C o m p a r i s o n s T e s t s o n t h e M e a n D i f f e r e n c e s i n L i v i n g St a g e s

B e t w e e n D i f f e r e n t I n c u b a t i o n s P e r i o d s

C o m p a r i s o n M e a n D i fTe r e n c e p v a l u e s i g n i fi g a n c e

1 8 v s 2 4 TTi p > 0 . 0 5 iio

1 8 v s 4 8 - 2 4 1 p < 0 .
0 0 1 y e s

2 4 v s 4 8 - 3 5 9 p < 0 0 0 1 y e s

D o s e R e s po n s e Re l a t io n s h ip o f Qu a n ta l In Vit r o In fe c t iv ity A s s a y

To d e te rm i n e the qu a n t itat iv e c ha r a c te r is tic s o f the in v i tr o a s s a y a n d e s ta bl is h its lim it o f

de te c t io n , te n fo l d s e r i a l d ilu t io n s o f o o c y s t s u s pe n s io n s w e r e p r e pa r e d , i n o c u la te d o n to c e ll

m o n o la ye r s , a n d the c e ll c u ltu r e s w e r e in c u b a te d a s d e s c r i be d pr e v io u s ly . T he l iv in g pa r a s it ic

s t a ge s a t e a c h d ilu t io n w e r e q u a n t ifi e d by bo th q u a n t a l a n d e n u m e r a t iv e m e tho ds a n d t he

s e n s iti v it ie s w e r e c o m p a r e d be tw e e n 24 a n d 4 8 ho u r i n c u b a t io n s . The r e s u lts f r o m the s e

e x p e r im e n ts a r e s ho w n i n f ig u r e s 4 . 4 & 4 . 5 .

T he da ta in d ic a te a d ir e c t r e la ti o n s h ip be tw e e n the n u m be r o f o o c y s ts i n o c u la te d i n to c e l l

c u ltu r e a n d th e n u m be r o f liv i n g s t a ge s p r e s e n t , bo th i n a bs o lu te n u m be r a n d pe r c e n ta ge o f

p o s iti v e fi e ld s . The e f fe c t o f o o c y s t c o n c e n tr a ti o n o n p r o du c ti o n o f liv in g s ta g e s w a s e v id e n t fo r

bo th the 24 a n d 4 8 ho u r d a ta r e ga r dle s s o f the q u a n ti fi c a ti o n m e tho d a ppl ie d . The q u a n ta l

e n u m e r a ti v e a s s a y s ho w e d gr e a te r s e n s iti v ity a n d a mo r e pr o n o u n c e d d if fe r e n c e be tw e e n

c o n c e n ti
^

a ti o n s t ha n t he e n u me r ati v e a s s a y fo r bo th in c u ba ti o n ti m e s i n v e s ti ga te d .

Re g r e s s io n a n a ly s is o f o o c y s t c o n c e n ti
-

a ti o n s v s . pe r c e n t po s iti v ity o f 100 fi e lds w a s

pe r fo rm e d fo r the qu a n ta l da ta o f s e v e r a l b^ ia ls . The r e s u lts in dic a te d a s t r o n g r e la ti o n s hi p

be tw e e n the n u m be r o f o o c y s ts (d ilu ti o n ) a n d pe r c e n ta ge o f po s iti v e fi e l ds . W hile t he d o s e -

r e s po n s e p at te r n r e m a in e d c o n s is te nt ,
the s e n s iti v ity o f the a s s a y v a r ie d a m o n g fr i a ls . T he

v a ri a bility in the s e n s iti v ity a m o n g t r ia l s r e s u lte d f r o m the pr o g r e s s iv e lo s s o f o o c y s t i n fe c ti v ity o v e r

ti m e
,
a s w e ll a s d if fe r e n c e s i n i n fe c ti v ity be tw e e n in d iv id u a l o o c y s ts pr e pa r a ti o n s . By e x p r e s s in g
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i n fe c ti v ity o f o o c y s ts a s the a m o u nt r e q u ir e d to pr o d u c e a 50% po s it iv e r e s po n s e i n th e q u a n ta l

a s s a y (5 0% tis s u e c u ltu r e in fe c t io u s do s e o r TC ID go ,,
c o mp a r is o n s o f r e l a t iv e o r s p e c if ic i n fe c t iv ity

o f o o c y s ts be tw e e n e x pe r i m e n ts c a n be m a d e . C o m pa r is o n s be tw e e n TC ID 50 t ite r s o f o o c y s ts o f

v a r io u s a ge s a n d o f dif fe r e nt p r e p a r a t io n s i n dic a te dif fe r e n c e s i n in fe c t iv ity o f t he s a m e n u m be r

(do s e ) o f o o c y s ts (ta ble 4 . 4) .

T a b l e 4 . 4

I n f e c t i v it y o f Cry p to s p o ri d i u m Oo c y s ts

o f D i ff e r e n t A ge a n d Lo t N u m be r

O o c y s t s

Lo t A g e . D a y s TC ID s o

I 4 34

19 101
41 1, 5 90

II 34 5
.
300

46 7
, 5 90

57 7 , 950
III 15 0 5 3, 000
IV 19 8

D ISCUSSION

In o rde r to ap ply a n in v it r o c e ll c u ltu r e a s s a y te c hn iq u e fo r C . p a r v u m o o c y s ts to t he s tu d y

o f dis i n fe c t io n a n d o the r t r e a tm e n t p r o c e s s e s the qu a n t ita ti v e n a tu r e a n d t he r e p r o du c ib ility o f th e

a s s a y m u s t be c h a r a c te r i z e d . In it ia l e x pe ri m e n ts w e r e dir e c te d to w a r d c ha r a c te ri z a t io n o f the

a s s a y a n d o pt im i z a t io n o f a s s a y c o n dit io n s a n d pa r a m e te r s .

Pr e v io u s a p plic at io n s o f t his c e ll c u lt u r e i nfe c ti v ity a s s a y fo r C. p a r v u m o o c y s ts c o n c e r n e d

t he e v a lu a ti o n o f the i n hibiti o n o f din iti
-

o a n ii n e (A r r o w o o d
, 95) a n d m u du r a m ic in a c ti v ity (Ar r o w o o d

94) o n t he de v e lo pm e n t o f li v in g s ta ge s . In t he s e e x pe ri m e n ts in h ibiti o n o f i nfe c ti v ity w a s

qu a n ti
'

fi e d ba s e d o n n u m be r o f liv i n g s ta ge s pe r m m l By c o m p a ri n g the n u m be r o f liv in g

s t a ge s /m m fo r ti
"

e a te d s am ple s a n d c o n ti
^o ls it w a s po s s ible to e s ti m a te the pe r c e n ta ge re du c ti o n

o r i n h ibiti o n o f p a r a s ite in fe c ti v ity . The s e d a ta w e r e s u g ge s ti v e o f i n hi biti o n o f in fe c ti v it y o f C.
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p a r v u m by c he m ic a ls
,
bu t the y w e r e n o t a de qu a te ly q u a n tita t iv e fo r d is in fe c t io n t r e a tm e n t s tu die s .

T o q u a lita t iv e ly m e a s u r e C. p a r v u m o o c y s t in fe c t iv ity ,
it is n e c e s s a ry to o b ta in a n e s t im a te

o f the c o n c e n t r a t io n o r n u m be r fo r g iv e n n u m be r o fo o c y s ts . Of the m e th o d s e v a lu a te d i n this

s tu d y ,
th e q u a n ta l m e tho d p r o v e d to b e the m o s t r e lia b le fo r e x p r e s s i n g the i n fe c t iv ity t ite r o f

o o c y s ts . A lth o u g h q u a n ta l a s s a y s do n o t c o u n t the n u m be r o f a c tu a l i n fe c t io u s u n its p r e s e n t in the

in o c u lu m
,
t he y pr o v id e a n in fe c t iv ity v a lu e pe r u n it n u m b e r o f o o c y s t s b a s e d u po n a n a l l o r n o t hin g

in fe c t iv ity r e s po n s e pe r m ic r o s c o pic f ie ld . E n u m e r a t iv e a s s a y s tha t r e ly o n c o u n t i n g in d iv id u a l

in fe c t iv e s ta g e s w ith in a m ic r o s c o pic f ie ld a re te d io u s
,
d e m a n d in g a n d s u bje c t iv e . B e c a u s e a n y

o n e c e ll c a n be in fe c te d b y m o r e t ha n o n e pa r a s ite (R o s a le s ,
199 3 a n d Y a n g , 19 96) a n d the

in d iv id u a l in fe c t iv e s ta g e s m a y n o t be r a n do m l y d is t r ib u te d o n a c e ll m o n o la ye r , i t is dif f ic u lt to

a c c u r a te ly c o u n t the n u m be r T his d if f ic u lt ly is fu rth e r c o m po u n d e d w ith in c r e a s i n g o o c y s t

in o c u lu m p e r w e ll . W ith q u a n ta l a s s a y s , q u a n t ify in g o o c y s t c o n c e n t r a t io n s o v e r s e v e r a l o rde r s o f

m a gn itu d e is po s s ib le . T his r a n g e o f de te c t io n a llo w s fo r s e v e r a l o rde r s o f m a gn it u d e o f s e n s it iv ity

w he n u s e d to a s s e s s o o c y s t in a c t iv a t io n by c he m ic a l, phys ic a l o r bio lo g ic a l pr o c e s s e s H o w e v e r ,

t he s e n s it iv ity o f th is a s s a y v a r ie s o v e r t im e a n d a m o n g pr e pa r a t io n s . Th is i n fe c t iv ity t ite r

c o m p a r is o n o f t r e a te d s a m p le s a n d c o n t r o ls m a ke s it po s s ib le to c o m pu te lo s s o f in fe c t iv ity .

The u s e o f c e ll c u ltu r e in fe c t iv ity fo r de te c t io n o f C ryp to s p o r i diu m o o c y s ts f r o m

e n v ir o n m e n ta l s a m p le s w il l d e pe n d o n th e a b ility to a c h ie v e r e l ia b le d e te c t io n o f lo w

c o n c e n t r a t io n s . F u r the r im p r o v e m e n ts in the s e n s it iv ity o f t h is a s s a y m a y be po s s ible w ith the

a p plic a t io n o f a lte r n a t iv e l a be l in g o r d e te c t io n m e tho ds
,
s u c h a s c he m il u m i n e s c e n c e o r PCR w h ic h

h a v e t he c a pa c ity fo r g re a te r s ig n a l a m p lif ic a t io n . T his w o u ld a llo w fo r the de te c t io n o f lo w

n u m be r s o f o o c y s ts , s u c h is fo u n d in e n v ir o n m e n ta l s a m ple s .
A lte r a t io n s in pr o to c o l fo rm a t c o u ld

a ls o i m pr o v e d e te c t io n s e n s it iv ity ,
s u c h a s th e u s e o f s m a lle r in o c u la te d c e ll m o n o la ye r a r e a s ,

i n c r e a s e s in the n u m be r o f f ie ld s c o u n te d a n d lo n g e r in c u ba t io n pe r io d s . Th e a bil ity to d e te c t lo w

c o n c e n t r a t io n s o f in fe c tio u s o o c y s ts is n e e de d s o th a t a de te c t io n li m it o f c o m p le te in a c t iv a t io n in a

s a m p le c a n be r e a liz e d . N o a s s a y c u r r e n t ly in u s e a llo w s fo r this le v e l o f d e te c t io n s e n s it iv ity .

A n o th e r fa c to r to c o n s ide r in th e a pp lic a b ility o f th is m e th o d to e n v ir o n m e n ta l s a m ple s is

t he a bi lity to d is t in g u is h be tw e e n s pe c ie s o f Cryp to s p o r idi u m . Be c a u s e s e v e r a l s pe c ie s o f

C ryp to s po r id iu m m a y be pr e s e n t in e n v ir o n m e n ta l s a m p le s ,
it is im po r ta n t to di s t in g u is h th o s e
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w h ic h a r e r e le v a n t to p u b lic he a lth r is ks f r o m th o s e th a t a re n o t . Th e s u s c e p t ibil ity o f th is c e ll

c u ltu re s y s te m to o the r s pe c ie s o f C ryp to s po r id iu m h a s n o t be e n e x p lo re d .

In th is s tu dy , c e ll c u ltu r e in fe c t iv ity a s s a y w a s n o t e v a lu a te d in s id e b y s ide e x pe r i m e n ts

w ith a n im a l in fe c t iv ity In it ia l r e s u lts f r o m e x p e r im e n ts p e rfo rm e d i n the l a b o r a to r y o f M ic ha e l

A r ro w o o d s u gg e s t th a t c e ll c u ltu r e in fe c t iv ity is hig hly c o r r e la te d w ith n e o n a ta l m o u s e in fe c t iv ity

(pe r s o n a l c o m m u n ic a t io n ) In f a c t , c e ll c u lt u r e m a y a c tu a lly ha v e a n a d v a n ta g e n o t a f fo rde d by

a n im a l a s s a y s Be c a u s e the r e is n o s ign if ic a n t r e c y c li n g o f life c yc le s ta g e s in v itr o
,
the n u m be r s

o f d e v e lo pin g s ta g e s i n c e l l c u ltu re c o r r e l a te w e ll w ith the o r ig in a l in o c u lu m (o o c y s t n u m be r ) In

th is c e ll c u lt u r e s y s te m t he c o m p le te d e v e lo pm e n t th r o u gh the lif e c y c le h a s n o t be e n r e po r te d ,

the r e fo r e the r e is n o p r o d u c t io n o f c e l l c u ltu r e ge n e r a te d o o c y s ts to in it ia te th e in fe c t io u s c y c le .

Re s u lts o f th is s tu dy in dic a te the p o te n t ia l o f in v it r o c e ll c u lt u r e te c h n iq u e s fo r u s e in

d is in fe c t io n a n d in a c t iv a t io n s tu d ie s . D is in fe c t io n e f fi c ie n c y a n d in a c t iv a t io n r e s u lts c a n b e

m e a s u r e d in te rm s o f the d e g r e e o f lo s t i n fe c t iv ity r a the r tha n lo s s o f v ia b il ity . Othe r m e tho d s

b e in g u s e d to a s s e s s the e f fe c t iv e n e s s o f t r e a tm e n t pr o c e s s e s pr o v ide in fo rm a t io n o n v ia bility

w h ic h is ba s e d u po n the a b ility o f o o c y s ts to in c lu de o r e x c lu d e dye o r to e x c y s t . W hi le p r o v id in g

v a lu a ble in fo rm a t io n , the s e m e tho ds a re n o t a lw a ys c o r r e la te d to the a b ility o f the s po r o z o ite s to

in it ia te in fe c t io n (F in c h ) A n im a l s t u d ie s do pr o v ide this ty pe o f in fo rm a t io n , b u t the s e a s s a y s a r e

im p r e c is e ,
te d io u s

,
t im e c o n s u m in g a n d e x pe n s iv e . Th e in v i t r o m e t ho d p r o v id e s a u s e f u l

,
e f f ic ie n t

a n d r e p r o du c ible m e tho d fo r de te rm i n in g the in fe c t iv ity o f o o c y s ts a n d t he ir s po r o z o ite s . The

a bil ity o f Cryp to s p o r idi u m o o c y s ts to in it ia te i n fe c t io n in c e ll c u lt u r e pr o v ide s v a lu a ble in fo rm a t io n

o n t he p o te n t ia l to c a u s e in v iv o in fe c t io n . By a pp ly in g t his a s s a y to th e s tu die s o n

C ryp to s p o r id iu m in t r e a tm e n t pr o c e s s e s a n d d is in fe c t io n
,
the r is ks o f i n fe c t io n c a n be r e a lis t ic a lly

a s s e s s e d .
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F i g u r e 4 . 1 O W - 5 0 - F I T C l a b e l e d C . p a r v u m o o c y s t s , 4 0 X m a g n i fi c a t i o n
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F i g u r e 4 . 2 C Y 3 - C 3 C 3 l a b e l e d l i v i n g s t a g e s o f C . p a r v u m i n M D C K c e l l c u l t u r e s ,

4 0X m a g n i fi c a t i o n
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F i g u r e 4 . 3

E ff e c t o f In c u b a t i o n o n P a r a s i t e D e v e l o p e m e n t

18
,
24 , a n d 4 8 H o u r In c u b a t io n s

12 0

1 10 0
0 )

Ll
o

o
o
(/ )

2
o

U i
0 )
O )
m

CO
o

■

- ^■
(/ J
(0
l _
(0
Q -

n
E

z

8 0 -

6 0

4 0 -

2 0 -

1 8 24

T im e
,
h o u r s

4 8

b a r s r e pr e s e n t m e a n c o u n t o f 2 0 m ic r o s c o p ic f ie ld s ,

*

a l l f ie ld s p o s it iv e ( 10 0 % ), n = 1
,
e r r o r b a r s r e p r e s e n t s t a n d , d e v .
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F ig u r e 4 . 4

0 ) 1 4 0
2
0 )

o
Q .

O
O
t o

2
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CO
0 )

( O

c
■

>

E

1 2 0

1 0 0

E f f e c t o f I n c r e a s i n g O o c y s t In o c u l u m a n d In c u b a t i o n T im e

o n D e v e l o p m e n t o f L i v i n g S t a g e s o f C . p a r v u m i n

M D C K C e l l C u lt u r e s ; E n u m e r a t i v e A s s a y

2 4 H r s

4 8 H r s

10 10 0 1 0 00 1 0 0 0 0
N u m b e r o f O o c y s t s / C h a m b e r

B a r s r e p r e s e n t m e a n c o u n t s in tw e n ty f ie ld s ,
e r r o r b a r s = s d

F ig u r e 4 . 5

10 0

( O

§>
8 0

i 5
CO
o

^ 6 0 -

( 0

2
( 0
Q.

£ 4 0
i
( 0

:
5? 2 0

E f fe c t o f In c u b a t io n T im e o n O o c ys t In fe c t iv it y
o f C . p a r v u m in M D C K C e l l C u lt u r e s

Q u a n t a ! A s s a y

24 H r s

4 8 H r

10 10 0 10 0 0 10 0 0 0
B a r s r e p r e s e n t m e a n o f n = 2
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F ig u r e 4 . 6

L i n e a r R e g r e s s i o n A n a ly s i s o f D o s e - R e s p o n s e D a t a

f o r C e l l C u lt u r e I n f e c t iv it y o f U n t r e a t e d

C o n t r o l C r y p t o s p o r i d i u m O o c y s t s

X 3
P

CO

0 )

0 )
>

( 0
o

r = 0 . 9 9

1 e + 1 1e + 2 1e + 3 1 e + 4 1e + 5

O o c y s t s /m l
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CHA PTER FIV E

K IN ET ICS O F T HER MA L INACTIV A T ION OF C. PA R VUM OOCYSTS IN B U FFER ED WA T ER

INTROD UCTION

Th is c ha pte r fo c u s e s o n the in a c ti v a t io n o f C. p a r v u m o o c y s t by t he r m a l t r e a tm e n ts

T he s e s tu die s w e r e c o n du c te d to te s t the e f fe c ts o f e le v a te d te m p e r a tu r e s o n o o c y s t

v ia bil ity / i nfe c t iv ity a s de te rm i n e d by MDCK c e l l c u lt u r e in fe c t iv ity a s s a y . Pr e v io u s s tu d ie s ha v e

r e po r te d o n th e in a c t iv a t io n o f C. p a r v u m o o c y s ts by t he rm a l pr o c e s s e s , bu t this is the f i r s t s tu d y to

a pp ly a s u r r o ga te m e a s u r e fo r t he de te c t io n o f o o c y s t i nfe c t iv ity to t he de te r m in a t io n o f o o c y s t

in a c t iv a ti o n by he a t ti
'

e a tm e n t .

H igh te m pe r a tu r e the rm a l t r e a tm e nt is c o m m o n ly u s e d in i n d u s t r y a s a m e a n s to e lim in a te

t he po te n t ia l r is k o f i n fe c t io u s dis e a s e t r a n s m it te d by be v e r a ge s . In a dd it io n
, pu blic he a lt h o f fic ia ls

o f te n r e c o m m e n d t ha t w a te r be bo ile d du r in g pe r io d s o f po te n t i a l w a te rbo r n e o u tbr e a k e pis o de s .

W hi le s o m e w ha t c o n f lic t in g, p r e v io u s r e s e a r c h h a s illu s t r a te d the he a t s e n s it i v ity o f o o c y s ts a t bo t h

hig h te m p e r a tu r e a n d s ho rt e x po s u r e t im e s (71
*

0 fo r 5 - 15 s e c o n d s ) (H a rp e t a l, 1996 ), a s w e ll a s

a t lo w e r te m p e r a tu r e s fo r lo n ge r e x po s u r e t im e s (45
° fo r 5 - 20 m in s . ) (A n d e r s o n , 198 5) a s

d e te r m i n e d by a n im a l in fe c ti v ity a s s a y . Ho w e v e r , the r e is s ti ll a n e e d to p r o v id e m o r e d e ta ile d

in fo rm a ti o n o n t he ti m e - te m p e r a t u r e r e la ti o n s hip o f C. p a r v u m o o c y s t in a c ti v a ti o n by t he rm a l

p r o c e s s e s . Spe c ifi c a lly ,
in fo rm a ti o n o n the po te n ti a l i n a c ti v a ti o n o f o o c y s ts a t ti

"

e a ti Ti e n t

te m pe r a t u r e s typ ic a l o f m e s o phil ic a n d the rm o phi lic pr o c e s s e s i s n e e de d . T his s tu d y w a s

u n de r ta ke n to a d dr e s s the s e qu e s ti o n s T r e a ti n e n t te m pe r a tu r e s w e r e s e le c te d to r e p r e s e n t the

typic a l ti
'

e a ti n e n t te m pe r a t u r e s i n the rm o p hilic a n d m e s o p hilic s lu dge dige s te r s a n d to a pp r o x im a te

the lo w e r te m pe r a t u r e lim it fo r p a s te u r iz a ti o n o f a q u e o u s fl u id s a n d be v e r a g e s .
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MA T E R IA L S A ND MET HO DS

So u r c e . P r e pa r a t io n ,
E n u m e r a t i o n a n d In fe c t iv itv A s s a y o f C r y p to s p o r id iu m o o c y s ts

C . pa r v u m o o c y s ts fo r th e s e e x pe ri m e nts w e r e o bta i n e d f r o m M . A r r o w o o d {D PC, CID ,

C DC
,
A t la n t a

,
GA . ). T he s t r a in o f C. p a r v u m , o o c y s t pu ri f ic a t io n m e t ho d s , o o c y s t e n u m e r a t io n a n d

r e l a te d m e tho ds a r e i de nt i c a l to t ho s e p r e v io u s ly de s c ri be d u n de r Ma te ri a ls a n d M e t ho ds fo r a c e ll

c u ltu r e i nfe c ti v ity a s s a y . Ch a pte r 4 .

Th e r m a l T r e a tm e nts

Ex po s u r e s o f C ryp to s p o r i diu m o o c y s t s u s pe n s io n to he a t w e r e do n e a s ba tc h

e x pe ri m e nts . Fo r e a c h e x pe ri m e n t , 0 . 9 m l a liqu o ts o f P BS w e r e d is tr ib u te d i n to s te ri le , s il ic o n iz e d

1. 5 m l po lyp r o py le n e m ic r o fu ge tu be s . D u plic a te s a m p le s w e r e pr ep a r e d fo r e a c h t im e a n d

te m pe r a t u r e c o n dit io n te s te d . Sa m p le tu be s w e r e in c u ba te d in a the rm o s ta t ic a lly c o n tr o lle d w a te r

b a th p r e s e t a t a ta rg e t te m pe r a t u r e fo r d if fe r e n t pe ri o ds o f t im e . T he te m p e r a tu r e o f the s a m ple

b u f fe r w a s m o n ito r e d u s in g a s t a n da r d t he rm o m e te r . U po n r e a c hin g ta rg e t te m pe r a tu r e , a 100 p i

v o lu m e c o n ta i n in g 1 x 10^ w a s he d o o c y s ts w a s a dde d to e a c h s a m p le t u be . T he s a m ple w a s

In c u ba te d a t t he ta r ge t te m pe r a tu r e fo r a s p e c if ic t i m e in te r v a l , a ft e r w h ic h the s a m p le tu be w a s

t r a n s fe r r e d to a w e t ic e b a th a n d he ld u n t il c o m p le t io n o f the e x pe ri m e n t . At c o m ple t io n o f a fi n a l

t i m e i nte r v a l, th e s a m ple tu be s w e r e c e n t r ifu g e d a t 16 , 00 0 x g , t he s u pe r n a ta nt s w e r e a s pir a te d

a n d the o o c y s t pe lle ts w e r e r e s u s pe n d e d i n 0. 1 m l PBS . In e a c h the r m a l in a c t iv a t io n e x pe ri m e n t

a n u n t r e a te d c o n t r o l c o n s is ti n g o f te n fo l d s e ri a l dil u t io n s o f Cryp to s p o ri diu m o o c y s ts in P BS a t

c o n c e n t r a t io n s o f 10
' '

p e r m l to 10 ' pe r m l w a s p r e pa r e d f r o m t he s a m e o o c y s t s u s p e n s io n u s e d fo r

t r e a te d s a m p le s (F ig u r e 5 . 1).

M DCK In fe c t iv it y A s s a y

T he rm a lly t r e ate d a n d c o n t r o l o o c y s ts w e r e a s s a ye d fo r i nfe c ti v ity i n MDCK c e l l c u ltu r e s

im m e dia te ly fo llo w i n g tr e a tm e n t Sa m p le v o l u m e s o f 100 p i o f a t r e a te d s a m p le w e r e in o c u la te d
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o n to fo u r da y c e ll m o n o la ye r s a n d pr o c e s s e d a c c o rd in g to p r o to c o l de s c r i be d in the M a te r i a ls a n d

M e th o d s s e c t io n o f Cha pte r 4 . Ce ll m o n o la ye r s w e r e in c u ba te d fo r 4 8 ho u r s
,
f ix e d a n d s ta in e d

a c c o rd in g to th e p r e v io u s ly d e s c r ibe d pr o to c o l . F u lly pr o c e s s e d s li de s w e r e s to r e d a t fo u r ' C a n d

o b s e r v e d m ic r o s c o pic a lly w ithi n o n e w e e k o f s ta in i n g .

A s s e s s m e n t o f T r e a te d O o c y s ts

M ic r o s c o p ic e x a m i n a t io n s o f i n o c u la te d c e ll m o n o l a ye r s w e r e c o n d u c te d to e v a lu a te the

e x te nt o f i nfe c t iv ity ba s e d o n t he f r e qu e n c y o f v i e w e d fie ld s c o n ta i n i n g liv e pa r a s ite s t a ge s a s

p r e v io u s ly o u t li n e d in s e c ti o n C ha pte r 4. A be s t fit li n e a r r e gr e s s io n w a s c a lc u la te d a s a d o s e

r e s p o n s e r e l a t io n s h ip fo r the u n t r e a te d o o c y s t c o n t r o ls . T he in fe c ti v ity o f th e the rm a lly t r e a te d

s a m pl e s a s p e r c e n ta ge o f p o s iti v e m ic r o s c o pe f ie lds o ut o f 100 w a s m a tc he d to t he p e r c e n ta ge

p o s iti v ity o f t he u n ti
^

e a te d c o n ti ^

o ls . T he dif fe r e n c e i n o o c y s t c o n c e n t r a ti o n s be tw e e n u n t r e a te d a n d

t r e a te d o o c y s ts g iv in g the s a me pe r c e n ta ge o f c e ll c u ltu r e in fe c ti v ity w a s c o n s i de r e d the

c o n c e n t r a ti o n o f o o c ys ts in a c ti v a te d by the ti
^

e a ti n e n t . T ha t is , the lo s s o f in fe c ti v ity , o r th e lo g i o

r e d u c ti o n In i nfe c ti v ity , b a s e d o n the e q u iv a le n c e o f i nfe c ti v ity o bs e r v e d in ti ^

e a te d a n d u n t r e a te d

c o n ti '

o l s a m ple s ha v in g d if fe r e n t o o c y s ts c o n c e n ti a ti o n s . If the r e w a s n o i n a c ti v a ti o n o f ti
'

e a te d

o o c y s ts t he u n ti
^

e a te d o o c y s ts w o u ld be th e s a m e fo r s u s pe n s io n s h a v i n g the s a m e o o c y s t

c o n c e n ti
"

a ti o n .

RESUL TS

T he rm a l In a c ti v a ti o n o f Cr v p to s p o ri diu m o a i v u m

In a c ti v a ti o n k in e ti c s o f C ryp to sp o i i d iu m o o c y s ts in P BS e x po s e d to te m pe r a tu r e s o f 23 , 3 5,

4 5
, 55 a n d 60

° C a r e s u m m a r iz e d in ta b le 5 . 1 a n d f i g u r e s 5 . 2 - 5 5 , r e s pe c ti v e ly . M ic r o s c o p ic

e x a m in a ti o n o f c e ll m o n o l a ye r s in fe c te d w ith u n ti '

e a te d C. pa r v u m o o c y s ts s ho w e d liv in g s ta ge s a t

c o n c e n t r ati o n s a s lo w a s 10 - 1, 000 o o c y s ts /w e ll. T he a bs e n c e o r a lo w e r c o n c e nti
-

a ti o n o f liv i n g

s ta g e s o f Cryp to s p o r idi u m in s a m ple s ti
'

e a te d a t h ighe r te m pe r a tu r e s , i n d ic a te d lo s s o f o o c y s t

in fe c ti v ity . Co m pa r is o n s o f in fe c ti o u s o o c y s t c o n c e nti
-

a ti o n s ba s e d o n pe r c e n t po s iti v e m ic r o s c o p ic

f ie lds pe r in o c u la te d ce ll c u lt u r e w e ll be tw e e n u n ti
'

e a te d c o n ti
'

o ls a n d t he r m a lly ti e a te d s a m p le s
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in d ic a t e d a ppr e c ia ble lo s s o f o o c ys t in fe c t iv ity a ft e r o n l y s ho r t in c u b a t io n pe r io ds f r o m e x p o s u r e a t

hi ghe r te m pe r a t u r e . D u e to the de te c t io n lim its o f this a s s a y a s pe r fo rm e d in the s e e x pe r i m e nt , it is

n o t po s s i ble to d is c e r n s m a ll lo s s e s o f o o c y s ts in fe c t iv it y a t lo w e r te m pe r a tu r e s . Fo r the lo w e s t

e x p o s u r e te m p e r a tu r e o f 23 ° C , a ll m ic r o s c o pe fi e ld s (10 0% ) w e r e p o s it i v e fo r liv in g s ta ge s o f

C ryp to s p o ri di u m a t o o c y s ts c o n c e n t r a t io n s o f 10
^
o r 10

®

pe r c u ltu r e w e l l. Be c a u s e o f the la c k o f

n e g a t iv e fi e l ds , a n i n fe c t iv ity t ite r c a n n o t be r e lia bly e s t im ate d . U n t r e a te d c o n t r o l s g a v e 100%

po s it iv ity fo r liv i n g s ta ge s in m ic r o s c o pic f ie ld s a t a n o o c ys t c o n c e nt r a t io n o f 10
^
pe r c u ltu r e w e ll

a n d < 100% po s it iv ity o o c ys ts c o nc e n t r a t io n o f 10
"
o r le s s pe r c u ltu r e w e l l. Ba s e d o n the s e da ta it

is e s t im a te d th a t t he t ite r r e du c t io n o f o o c y s ts t r e a te d a t 23 ' C fo r u p to 24 h o u r s w a s < 1 lo g i c - At a

te m p e r a tu r e o f 35
° C

,
the r e w a s lit tle o r n o r e d u c t io n i n Cryp to sp r o id iu m o o c y s t i nfe c ti v ity a ft e r 1

ho u r
,
bu t m e a s u r a ble r e d u c t io n s o f a bo u t 0 . 6 a n d 1. 4 lo g i c a ft e r 2 ho u r s a n d 2 4 h o u r s r e s pe c t iv e ly

T h is l o s s o f o o c y s ts in fe c t iv ity a t the m o de s t te m pe r a t u r e a ppr o x im a t in g bo dy te m p e r a t u r e s u g ge s t

th a t o o c y s ts m a y h a v e e x c y s te d d u r i n g e x p o s u r e in PBS .

T e m pe r a t u r e s o f 5 5
"

a n d 49
°

C w e r e v e r y e f fe c t iv e a t r e du c in g o o c ys t in fe c t iv ity , e v e n

a ft e r b r ie f i n c u ba ti o n s . A 30 m i n u te in c u ba ti o n a t 49
°

C r e s u lte d in r e du c ti o n s in o o c y s t in fe c ti v ity o f

> 2 lo g i o ,
a n d a r e du c ti o n o f > 3 lo g , o (99. 9% ) aft e r o n e ho u r . Lo n ge r in c u ba ti o n s o f 2 a n d 2 4 ho u r s

a t 49
'

C b o th r e s u lte d i n > 4 lo g, o r e d u c ti o n s (the m a x im u m de te c ti o n lim it o f a s s a y), a n d p o s s ibly

c o m p le te o v e r a ll in a c ti v a ti o n o f o o c y s ts . A t 5 5" C
,
o o c y s t in fe c ti v ity w a s r a p id ly r e du c e d . Aft e r f iv e

a n d 15 m in u te in c u ba ti o n s a t SS' C
,
o o c y s ts i n fe c ti v ity w a s r e d u c e d b y 2 . 7 5 lo g i c a n d 3 l o g i c

r e s pe c ti v e ly . In c u ba ti o n s a t 5 5
°

C fo r m o r e t ha n 1 ho u r r e s u lte d i n > 4 lo g i c r e du c ti o n s i n in fe c ti v ity

(de te c ti o n m a x im u m ). At GO
'

C ,
in fe c ti v ity o f o o c y s ts w a s r e d u c e d b y

- 99 . 99% (4 lo g i c ) w ithi n fi v e

m i n u te s , bu t n o t a ll o f the m w e r e r e n de r e d n o n in fe c ti o u s . Ho w e v e r a ft e r 15 m in u te s a t 60° C

in a c ti v a ti o n s o f > 5 l o g i c (> 99. 99%) in o o c y s ts in fe c ti v ity w a s o bs e r v e d. D u e to lim ita ti o n s o f th is

a s s a y a s pe r fo rm e d
,
it is n o t po s s i ble to c la i m tha t c o m ple te i n a c ti v a ti o n o f o o c ys t in fe c ti v ity ha s

o c c u r r e d. W hile it is pr o ba ble tha t te m pe r a t u r e s a bo v e 49
°

C , a t in c u ba ti o n s gr e a te r t ha n 1 ho u r

r e s u lt i n c o m p le te d e s ti
^

u c ti o n o f o o c y s t in fe c ti v ity w e a r e u n a ble to e s ta blis h t his i n th is a s s a y

s y s te m .
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D ISCUSSION

De te rm i n in g the in a c t iv a t io n o f C. pa r v u m o o c ys ts by the r m a l t r e a tm e n t is im po r ta n t

be c a u s e t his pr o c e s s is u s e d fo r e m e rge n c y tr e a tm e n t o f w a te r
, pa s te u r iz a t io n o f m il k a n d o the r

fo o d s
,
a n d t r e a tm e n t o f bio s o lid s T he r e fo r e ,

the i n a c t iv at io n o f o o c y s ts by t he r m a l p r o c e s s e s w a s

s tu die d i n iti a l ly i n bu f fe r e d w a te r u s in g a qu a n ta l c e l l c u ltu r e a s s a y to a s s e s s t he i nfe c ti v ity o f

t r e a te d o o c y s ts .
The c o n dit io n s w e r e s e le c te d to m o de l th e te m pe r a tu r e s typ ic a l o f m e s o phil ic a n d

th e rm o p h ilic di ge s te r s a n d w e r e c o n du c te d to pr o v ide ba s e lin e da ta fo r f u r t he r th e rm a l i n a c t iv a ti o n

e x pe r im e n ts in m a n u r e .

R e s u lts o f t his s tu dy in dic a te tha t m o d e s t th e rm a l t r e a tm e n ts pr o du c e in a c t i v a ti o n o f C.

pa r v u m o o c y s ts . A s e x pe c te d , in a c ti v a ti o n is m o r e r a pi d a n d e x te n s iv e a t h ighe r te m p e r a tu r e s .

Cry p to sp o r i diu m o o c y s ts a pp e a r to be he a t l a bi le , a s a te m pe r a t u r e a s lo w a s 4 9
°

C is q u ite le tha l

(> /99 . 9% in a c ti v a ti o n by 1 ho u r ).

T he r e s u lts o f this s tu d y a r e c o n s is te n t w ith t ho s e o f p r e v io u s s tu die s . Pa ye r (94 ) e x po s e d

o o c y s ts to te m p e r a tu r e s be tw e e n 54 . 4 to 7 1 . 4"

C fo r s ho r t in c u b a ti o n pe r io ds a n d u s e d m ic e fo r

i n fe c ti v ity a s s a y . Oo c ys t in fe c ti v ity w a s c o m p le te ly de s ti
'

o y e d by s h o r t in c u ba ti o n s (< 2 m in u te s ) a t

te m pe r a t u r e s > 60
° C

,
but n o t e lim in a te d at te m pe r a t u r e s be lo w 59 . 7

* C. Oth e r i n v e s ti ga to r s ha v e

r e po r te d s im ilia r r e s u lts (A n de r s o n ,
1985 & Ha rp e t a l

,
1990). Co m pa r is o n o f r e s u lts a m o n g s tu d ie s

is h a m p e r e d by dif fe r e n c e s in the m e t ho d u s e d to a s s e s s in fe c ti v ity /v i a bility a n d i n t he p r e pa r a ti o n

o f o o c y s ts . D e s pite the s e e x pe r im e n ta l dif fe r e n c e s it is e v id e n t tha t Cryp to s p o r idi u m o o c y s ts a r e

s u s c e pti ble to the r m a l in a c ti v a ti o n by te m pe r a tu r e s a s lo w a s 49 ° C a n d typ ic a l o f p a s te u r iz a ti o n

te m p e r a tu r e s a r e le tha l w it hin m i n u te s .

T he d e te c ti o n lim it o f the in fe c ti v ity a s s a y dic ta te the m a x im u m in fe c ti v ity r e du c ti o n s th a t

c a n be o bs e r v ed . A t a te m pe r a t u r e o f 60
'

C o o c ys ts a r e in a c ti v a te d to a de te c ti o n lim it o f 5 lo g i o

a f te r 15 m i n u te s . A lim ita ti o n o f t he c e ll c u lt u r e i n fe c ti v ity a s s a y a s a ppl ie d in t his s tu dy is t ha t

s m a l l c ha n ge s i n i n fe c ti v ity (< 1 lo g ) a r e dif fic u lt to m e a s u r e . Th is i s b e c a u s e o n ly o n e o r tw o

r e l a ti v e ly high c o n c e n fr a ti o n s o f tr e a te d o o yc sts w e r e a s s aye d fo r in fe c ti v ity . At the o the r e x fr e m e

o f c o m p le te lo s s o f in fe c ti v ity , i n a c ti v a ti o n is r e po r te d a s be in g gr e a te r t ha n a pa rti c u la r v a l u e (i. e .

> 4 lo g). A n im a l in fe c ti v ity ,
v ita l dye s ta i n in g a n d e x c y s ta ti o n a s s a y s a l s o s u f fe r f r o m t he s a m e
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q u a n t ita t iv e l im ita t io n s . In a n im a l s tu die s
, ge n e r a ll y o n ly s m a l l n u m be r s o f a n im a ls a r e u s e d a t

e a c h te m pe r a tu r e a n d tim e po in t . T he r e fo r e s e n s it iv ity is d ic ta te d b y the o o c y s t d o s e s pe r a n im a l

a n d th e n u m b e r o f a n im a ls pe r do s e . F o r e x c ys ta t io n a n d v ita l d ye s ta i n in g c o u n t i n g is u s u a lly

li m ite d to 100 o o c ys ts , t he r e fo r e 2 lo gs o f r e d u c t io n c a n be fo l lo w e d u n le s s t he o o c y s ts a r e fu r t he r

c o n c e n t r a te d be fo e m ic r o s c o pic c o u n t in g .

T he p r e c is e m e c ha n is m s o f t he r m a l in a c ti v a t io n o f C. p a rw m o o c y s t in fe c ti v ity w e r e n o t

a dd r e s s e d in the s e e x pe r im e n ts .
It i s li ke ly t ha t te m pe r a tu r e e f fe c ts o n the o o c y s t i nt e g r ity w e r e

the do m i n a n t pa r a m e te r . At te m p e r a tu r e s i n the 50 - 60
°

C r a n ge , p r o te in de n a t u r a t io n o c c u r s

r a p id ly ,
a s d o e s m e m br a n e dis i n te gr a t io n a n d lo s s o f c e llu l a r in te gr it y . T e m pe r a tu r e s o f 3 7

*

C a r e

kn o w n to pr o m o te o o c y s t e x c ys t at io n (Pa ye r & U n ga r , 1995) w hic h m a y e x p la in t he o bs e r v e d

r e d u c t io n i n o o c y s ts in fe c ti v ity a t 35 ' C. T he r e le a s e d s p o r o z o ite s a r e p r o b a b ly mo r e s u s c e p ti ble

to d e s t r u c t io n by h e a t t ha n t he h a rdy o o c y s ts o r the y m a y be lo s t du r in g s a m ple pr o c e s s in g . On c e

f r e e , t he n a ke d s po r o z o ite s m a y n o t be a ble to s u r v iv e e n v ir o n m e nta l c o n dit io n s o r in it i a te i nfe c t io n

i n ho s ts . T he r e fo r e e v e n me s o phil ic he a t tr e atm e n t m a y be c a pa b le o f r e du c in g in fe c t i o u s o o c y s ts

if e x c y s ta t io n c a n be in du c e d . Ho w e v e r
,
te m pe r a tu r e s in the the rm o p hilic r a n ge o f 49 - eC C a r e

c le a r ly c a p a ble o f a c hie v i n g e x te n s iv e i n a c t iv a t io n o f C. p a r v u m o o c y s ts .

In o rde r to fo llo w t he in a c t iv a t io n o f C. p a r v u m o o c y s ts o v e r s e v e r a l o rd e r s o f m a g n itu de

s a m ple s w e r e s e e de d a t c o n c e n t r a t io n s fa r e x c e e d in g tho s e fo u n d n a tu r a lly in the a q u a t ic

e n v ir o n m e n t . In a c t iv at io n o f C. p a r v u m in e n v ir o n m e n ta l w a te r s m a y be dif fe r e n t d u e to t he

pr e s e n c e o f o the r c o n s t itu e n ts . T he e f fe c ts o f in o rg a n ic s o lu te s w e r e n o t s pe c if ic a lly s tu d ie d,

a ltho u gh the te s t w a te r w a s bu f fe r e d s a lin e . T he fi n d in gs o f this s tu dy m a y n o t be a pp lic a b le to

o the r w a te r s c o n ta i n i n g t u r bid ity , o rga n ic s o lu te s a n d lo w s o diu m c hlo r ide c o n c e n t r a t io n s

U s e o f p u r if i e d C. p a r v u m o o c y s ts a ls o dif fe r s f r o m w ha t is fo u n d in n a tu r e , i n

e n v ir o n m e n ta l s a m p le s o o c y s t po pu l a ti o n s a r e lik e ly to be m o r e he te r o ge n e o u s . I t i s po s s ib le t ha t

the r e s po n s e o f o o c y s ts to in a c ti v at io n by c he m ic a l o r phys ic a l t r e a tm e n t w o u ld a ls o d if fe r d u e to

he te r o ge n ic ity o f o o c y s t s ti
^

a in s a n d ph ys ic a l s ta te s in the s a m ple . Oo c ys ts e x p o s e d to

e n v ir o n m e n ta l ly s t r e s s (ie . a ge , te m pe r a t u r e c o n diti o n , dis in fe c ti o n ti
^

e a ti n e n t , e tc . ) p r io r to

tr e a tm e n t m igh t be m o r e s u s c e pti b le to t he r m a l in a c ti v a ti o n th a n c a r e fu lly m a in ta in e d la bo r a to r y

pr e p a r a ti o n s . The ge n e r a liz a ti o n o f t he r e s u lts to d if fe r e nt C pa r v u m o o c y s t s t r a i n s a n d the ir

NEATPAGEINFO:id=4BB3FCCF-115A-4A89-BF53-5A894DEB7246



6 - t

d if fe r e n t c he m ic a l a n d p hys ic a l c o n d it i o n s m us t be m a de w it h c a ut io n .
T he n u m e r o u s fa c to r s tha t

m a y a f fe c t t he the rm a l r e s is ta n c e o r s u s c e pt ibility o f o o c ys ts n e e d s fu rt he r s t u d y .

F i gu r e 5 . 1

Ex p o s u r e a n d R e c o v e ry o f Cr yp to s p o ri d i u m p a r v u m

Oo c y s t s i n PB S

Pr e he a t 0. 9 m l PB S to

23
*

, 3 5
°

, 4 9
'

, 5 5
'

a n d 60
'

C

i

Se e d w ith 10® C . p a r v u m o o c y s ts

i

In c u ba te a t ta r ge t te m p e r a t u r e s fo r s pe c if ic t im e in te r v a l

I

T r a n s fe r s a m ple s to w e t - ic e {4
"

C )

I

Ce n t r if u ge a t 16000x g , 3 m in u te s

I

R e s u s pe n d o o c y s ts pe l le t in 0. 1 m l P BS

I

In o c u la te 4 da y o l d MDCK c e l l c u ltu r e s
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n = 3

2 4 h r s .
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F ig u r e 5 . 3

•^ 5

The r m a l In a c t iv a t io n o f C . pa r v u m
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Fig u r e 5 . 4
T h e r m a l In a c t iv a t i o n o f C . p a r v u m

in PBS a t 55 ° C
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Fig u r e 5 . 5
T h e r m a l In a c t iv a t io n o f C. pa r v u m

in PBS a t 60° C
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CHA PT ER SIX

RECOVERY OF C.
P>»/?V(yM OOCYSTS FROM FECA L WA ST E SA MP LES A ND

INA CTIVATION B Y THERMOPHIL ICA L LY D IGEST ED SLUD GE

INT RO DUCTIO N

Crypto s po ri di u m o o c y s ts h a v e be e n de te c te d in hi gh n u m be r s i n r a w s e w a g e , t r e a te d

e f fl u e n t , a n d a n inna i w a s te s (M a do r e e t a l , 1987 , On ge r th & Sti bbs , 1987 a n d Sc o t t e t a l , 1995). In

fa c t a s m u c h a s 91% o f r a w a n d t r e a te d s e w a ge s a m p le s (R o s e , 1988) a n d 62.
4% o f c a t tle fe c a l

s a m ple s (Sc o t t e t a l, 1995) a r e po s it iv e fo r Cryp to sp o ri di u m o o c y s ts . Be c a u s e the s e p r o to z o a n

pa r a s ite s a r e p r e s e n t in w a s te w a te r s t r e a m s a n d a n im a l w a s te , t r e a tm e n t pr o c e s s e s a r e c r it ic a l fo r

r e du c in g the n u m be r o r in a c t iv a t in g th e o o c y s ts w h ic h a r e e v e n tu a lly dis c ha rge d i n to the

e n v ir o n m e nt .

La bo r a to r y s tu d ie s h a v e de m o n s t r a te d th a t o o c ys t r e m o v a ls o f - 98% o c c u r du r i n g

w a s te w a te r t r e a tm e n t p r o c e s s e s , a n d t ha t the o o c ys ts a r e c o n c e n t r a te d i n t he s e w a ge s lu dge s

{St a de rm a n e t a l, 1995,
M a ye r & Pa lm e r ,

1996 a n d Vi lla c o r ta e t a l , 1992). Th e r e fo r e p r o c e s s e s

w hic h t r e a t s l u d ge a n d a n im a l w a s te a r e im p o r ta n t fo r i n a c t iv a t i n g Cryp to s po ri d iu m o o c y s ts s i n c e

th e u lt i m a te fa te o f d ige s te d s lu dge a n d a n im a l w a s te m a y po s e a p u blic h e a lth r is k . V e ry fe w

s tu die s h a v e e v a l u a te d the e f fe c t o f s e w a g e s lu d ge d ige s t i o n p r o c e s s e s o n th e v ia bilit y/ i nf e c t iv ity

o f C. pa r v u m o o c y s ts a n d n o s tu d ie s ha v e e v a l u a te d t his pr o c e s s u s in g a n im a l w a s te .
R e s u lts

f r o m o n e s tu dy in d ic a te th at e x po s u r e to a e r o bic , t he r m o p hilic d ige s te d s l u d ge a t 55 ° fo r tw o ho u r s

c o m p le te l y i n a c t iv a te s o o c y s ts , but t ha t v ia ble o o c y s t s r e m a i n a fte r a n a e r o b ic t r e a tm e n t a t ZS
'

C

a ft e r 18 d a ys a s de te rm i n e d by v ita l dye s ta i n in g (Whitm o r e & Ro be r ts o n , 1995 ). The s e r e s u lts
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w e r e c ha l le n ge d w he n Sta d e rm a n (1995) r e po r te d th a t o o c y s ts t r e a te d a t ST ' C fo r 24 ho u r s w e r e

c o m ple te ly r e du c e d o r In a c t iv a te d
,
a s de te rm in e d by e x c y s ta t io n .

In this c h a p te r t he r e du c t io n i n in fe c t iv ity o f C. pa rw m o o c ys ts by th e r m o ph ilic a n a e r o bi c

di ge s t io n u s i n g the MDCK c e ll c u ltu r e i n fe c t iv ity a s s a y w a s de t e rm in e d . W e s pe c if ic a lly e v a l u a te d

the lo s s o f o o c y s ts i n fe c t iv ity du e to e x po s u r e to a n a e r o bic ,
th e r m o p hili c a l ly dig e s te d c o w m a n u r e .

F o r t he s e e x p e r im e n ts w e o p e r a te d a m o de l dige s te r u s in g c o w m a n u r e a s fe e d. T he e f fl u e n t f r o m

t his d ige s te r w a s u s e d fo r b a tc h- e x po s u r e e x p e r i m e n ts w ith s e e de d o o c ys ts .

MA T ER IA LS A ND MET HO DS

So u r c e , St r a i n . P r e p a r a t io n a n d En u m e r a t io n o f Cr v o to s D o ri diu m

C. p a r v u m o o c y s ts fo r the s e e x p e r i m e n ts w e r e o bta in e d f r o m M . J . A r r o w o o d (D PD ,

D ID
,
CDC

,
A t la n ta

,
Ga . ). C . p a r v u m pu r if ic a ti o n a n d p r e pa r a t io n m e tho d s a n d e n u m e r a t io n s a n d

di lu t io n s a r e ide n ti c a l to t ho s e pr e v io u s ly de s c r ibe d u n de r M a te r ia ls a n d Me tho d s fo r Ce l l Infe c t iv ity

A s s a y in C ha p te r 4 .

W a s te Sa m p le Co lle c t io n a n d P r o c e s s in g

Bo v in e fe c a l s a m p le s w e r e c o lle c te d f r o m the No r th Ca r o lin a Sta te Un iv e r s ity R e s e a r c h

Fa r m (R a l e i gh ,
N . C . ) F e c e s w e r e c o lle c te d o f f a c o n c r e te f lo o r i n a f r e e s ta ll ba r n w hic h ho u s e s

b o th Ho ls te in a n d Je r s e y da ir y c o w s r a n gi n g in a ge f r o m tw o to te n ye a r s . Be c a u s e a n im a ls a r e

ho u s e d to ge the r , c o lle c te d fe c a l sp e c im e n s c o n ta in e d s to o ls r e p r e s e n t at iv e o f a l l a n im a ls in the

gr o u p . The s a m ple s w e r e pla c e d i n 1 L s te r ile p la s t ic bo t tle s o r 5 L c o n ta i n e r s a n d im me d ia te ly

pl a c e d o n ic e fo r t r a n s po rt to the la bo r a to r y,
w he r e th e y w e r e s to r e d a t 4^ .

Co lle c te d fe c a l s a m p le s w e re te s ted i n t r iplic a te to de te r m in e the pe r c e n t to ta l s o lid s by the

m e t ho d s de s c r i be d in Sta n d a rd Me tho ds 209A (A n o n .

,
1995). The fe c a l s a m p le s w e r e di lu te d to

12% - 1 5% to ta l s o li ds w it h de c hlo r in a te d ta p w a te r the n r e te s te d to v e r ify tha t the s o li ds

p e r c e n ta g e fe ll w it hin de s ir e d r a n ge . T he s e s a m p le s w e r e ho m o ge n iz e d in a W a r in g Ble n de r ,

s to r e d a t 4
"

C a n d u s e d a s s e e d fo r a la b o r a to r y a n a e r o bic dig e s te r w ithi n 2- 3 m o n ths .

A r e p r e s e n ta t iv e s a m ple o f fe c e s w a s a n a ly z e d in t r iplic a te to de te c t i n d ige n o u s
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Cr yp to sp o ri diu m o o c y s ts by a s l ide a s s a y u s in g a n i n d ir e c t m o n o c lo n a l fl u o r e s c e n t- a n t ibo dy k it

s p e c if ic fo r Cryp to sp o ri d iu m s pp . a n d Gia ri d ia sp p . [Hydr o fl u o r Co m bo Kit E n S ys En v ir o n m e n ta l

Pr o du c ts ,
In c .

,
Re s e a r c h T r ia n g le Pa rk , N . C. ]. Sa mp le s (1g) w e r e r e s u s pe n de d i n 1 m l o f P BS, a n d

100 |j l o f s u s p e n s io n w a s s m e a r e d o nto a gla s s m ic r o s c o pe s l ide . Sli de s w e r e a ir d r ie d a t r o o m

te m pe r a t u r e th e n he a t f ix e d by p a s s in g th r o u g h a fl a m e . Sli de s w e r e s e q u e n ti a lly w a s he d In PB S
,

fi x e d fo r te n m in u te s in m e t ha n o l the n w a s he d i n PB S/ BSA . Sa m ple s w e r e s ta i n e d a c c o r din g to k it

p r o c e du r e s . Slide s w e r e o bs e r v e d fo r t he pr e s e n c e o f F ITC- la be le d Cryp to s p o ri d iu m o o c y s ts w ith

e p ifl u o r e s c e n c e o pti c s a n d bl u e e x c ita ti o n (4 50 - 490 n m ), u s in g a n 13 fi lte r blo c k u n de r 4 0X

m a g n ifi c a ti o n . O n ly s a m ple s n e ga ti v e fo r Cryp to sp o ri diu m o o c y s ts w e r e u s e d fo r s e e de d s tu die s

o n r e c o v e r y a n d ti e a tm e n t .

S e e di n g Stu d ie s o n C r yp to s p o ri diu m Oo c ys t Re c o v e r y f r o m W a s te s

T e n m l a liq u o t s o f c o w fe c e s o r PB S {p H 7 . 5 ) c o n ti '

o ls w e r e pl a c e d in to 50 m l s ilic o n i z e d

d is po s a b le c o n ic a l t u be s . T he n ,
20 m l o f e lu ti n g s o l uti o n (P BS c o n ta in i n g 0 . 1% Tw e e n 80 , 0 . 1%

s o d iu m d o d e c y l s u lfa te [PTS]) w a s a dde d to e a c h s a m p le . Sa m p le s w e r e s e e de d w ith 100 p i

s u s p e n s io n s c o n ta i n in g e ithe r 1x 10 ^ 2x 10
®
o r 5x 10® C . p a r v u m o o c y s ts a n d v ig o r o u s ly m ix e d b y

h a n d . Sa m ple s w e r e t r

a n s fe r r e d to s ta i n le s s s te e l c o n ta i ne r s a n d ble n de d fo r tw o m in u te s i n a n

O m n i- ble n d e r a t s e t ti n g # 2 w h ile be in g he ld o n ic e . F o llo w in g ho m o g e n iz a ti o n th e s a m ple s w e r e

s ie v e d t hr o u gh Pa r a - Pa k M a c r o - Co n s to o l c o n c e n ti -

a ti o n fi lti ^

a ti o n u n its (M e r id ia n
,
Cin c in n a ti

,
O H) .

T he fi lti
^

a te w a s c o lle c te d a n d w a s he d thr e e ti m e s i n e qu a l v o l u m e s o f PTS a n d c e n t r if u ge d a t 1500

x g a n d 4
' '

C fo r tw e n ty m in u te s . Pe lle ts w e r e w a s he d th r e e ti m e s in 0 . 85% s a lin e c o n ta in i n g 0 1%

Tw e e n 80 (ST), c e n t r ifu ge d a s a bo v e a n d r e s u s p e n de d to a fi n a l v o lu m e o f 5 m is in ST .

A m o d ifi e d dis c o n ti n u o u s s u c r o s e gr a die n t pr o c e du r e (A r r o w o o d & Ste r ilin g , 1987,

A r r o w o o d & Do n a l ds o n ,
1996) w a s u s e d to is o la te o o c y s ts f r o m c o w fe c e s . Fo r this p r o c e du r e

g r a d ie n ts w e r e pr e p a r e d i n s te r ile , 50 m l d is po s a b le s ilic o n iz e d tu b e s by o v e r la y i n g te n m l o f a 1:4

d il uti o n o f She a th e r
'

s So lu ti o n o v e r te n m l o f a 1:2 d ilu ti o n o f She a the r
'

s S o l u ti o n (s pe c ifi c g r a v ity
1. 064 a n d 1. 103 g/L r e s pe c ti v e ly) (A r r o w o o d & Ste r ili n g , 1987 ). T he n

,
5 m l o f w a s h e d fe c a l

s a m p le s o r P BS c o n t r o ls w e r e l a ye r e d o ve r the 1:4 s o lu ti o n a n d the tu be s w e r e c e nti
-

ifu g e d a t

1 000 x g a n d 4
'

C fo r 25 m i n u te s . Th e u p pe r te n m l w a s a s p ir a te d a n d d is c a rd e d . T he m id dle te n
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m l c o n ta in i n g the o o c y s ts w a s c o lle c te d a n d w a s he d tw ic e in 25 m l o f ST . F o llo w in g c e n t r ifu g a t io n

a t 1 50 0 X g a n d 4
°

C fo r te n m in u te s ,
the o o c y s t pe lle t w a s r e s u s pe n de d in f iv e m l ST , s u bj e c te d to

a n o t he r dis c o n t i n u o u s s u c r o s e gr a die n t , w a s he d a n d r e s u s pe n de d in 5 00 p i s a li n e . Sa m ple s

w e r e la ye r e d o v e r o n e m l o f c e s iu m c h lo r i de (1. 15 g/L s p e c if ic gr a v ity), c e nt r ifu ge d a t 16 , 000 x g

fo r th r e e m i n u te s a t r o o m te m pe r a tu r e . T he u pp e r 5 00 |j l o f th e gr a d ie nt w a s c o lle c te d, dil u te d w ith

o n e m l o f s a li n e , the n c e n t r if u ge d a s a bo v e . T he r e c o v e r e d o o c y s t s w e r e r e s u s pe n de d i n 10 0 (j I

P BS .

T o e s t im a te r e c o v e r y e f fic i e n c y o f t his i s o l at io n p r o to c o l, the r e c o v e r e d o o c y s ts w e r e

s ta in e d by im m u n o f l u o r e s c e n c e w it h the Hydr o F lu o r Co m bo K it . A mo dif ie d p r o c e du r e w a s u s e d

to s ta i n o o c y s ts in a n a qu e o u s s o lu t io n r a the r th a n o n a s o l id p ha s e . Br ie f ly ,
100 |j l o f g r a d ie n t

p u r ifi e d s a m p le s w e r e c e n t r if u ge d a t 16 , 000 x g fo r t hr e e m in ute s , r e s u s pe n d e d in 100 p i PB S

c o n ta in i n g p r im a ry a n t ibo dy (1: 10) a n d go at a nt i s e r a (1: 10) t he n in c u ba te d fo r 30 m in u te s a t r o o m

te m pe r a t u r e . Pr im a ry a n t i bo d y la be le d o o c y s ts w e r e w a s he d th r e e t im e s in P BS , r e s u s pe n de d in

100 |j l o f PB S c o n ta in in g la be li n g r e a ge n t (1: 10 F ITC- a n t lm o u s e a n t i bo d y) a n d in c u ba te d fo r 30

m i n ute s a t r o o m te m p e r a tu r e in the d a rk .
F ITC la be le d o o c y s t s w e r e w a s h e d s e qu e n t ia lly i n PBS ,

c e n t r if u ge d a s a bo v e a n d r e s u s pe n de d in PBS . Sa m p le s w e r e o bs e r v e d a n d e n u m e r a te d fo r the

pr e s e n c e o f F IT C la be le d o o c y s ts i n a he m o c y to m e te r by e p if l u o r e s c e n t o p ti c s w it h a 2 5X

o bje c t iv e le n s . Oo c ys ts w e r e i de nt if ie d ba s e d o n s iz e (5 - 7 p m ), a p p le gr e e n fl u o r e s c e n c e ,

s p he r ic a l s ha p e a n d di s t i n c t ly s ta i n e d w a lls . T o de te r m in e o o c y s t c o n c e nt r a t io n s , d u p lic a te 10 p i

v o lu m e s o f e a c h s a m ple w e r e c o u n te d a s d e s c r i be d in Cha pte r 4 . R e c o v e r y e s t i m a te s w e r e

ba s e d o n th e pr o p o r tio n o f la be le d o o c y s ts is o la te d f r o m co w fe c e s r e l a ti v e to the n u m be r s e e de d

in to s a m p le s a n d e x p r e s s e d a s a p e r c e n ta ge o f t he in it ia l n u m be r .

Ope r a ti o n o f a Be n c h- Sc a le . M o de l T he rm o p hilic A n a e r o bic D ig e s te r

T he rm o p hilic d ige s te d s l u dge w a s o bta in e d f r o m the So ut h D u r ha m (N . C ) W a te r

R e c la m a t io n Pla n t T he s l u dg e w a s c o lle c te d i n a 1L s te r ile , po lypr o py le n e bo t t le a n d t r a n s po r te d

to the la bo r a to r y in a n in s u la te d c o n ta in e r . The to ta l s o lids c o n c e n t r a ti o n o f c o lle c te d s l u d ge w a s

m e a s u r e d in du plic a te a n d r a n ge d f r o m 2 . 5 - 3. 5% . On t he da y o f c o lle c ti o n a 3 : 1 v o lu m e r a ti o o f

s lu dg e a n d c o w fe c e s w a s c o m bin e d,
m a n u a lly m ix e d a n d pl a c e d in to a o n e lite r w a te r - j a c ke te d
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gl a s s r e a c to r . A c i r c u la t i n g w a te r ba th s e t a t SZ
'

C w a s u s e d to m a i n ta i n a c o n s ta n t s l u d ge

te m p e r a tu r e o f 55
° C w it hin the r e a c to r .

The r e a c to r he a d c o n ta i n e d th r e e o u t le ts : o n e w a s

c a p pe d w ith a r u bbe r s to p pe r w hic h c o u l d be r e m o v e d fo r fe e din gs ,
o n e c o n ta i n e d a r u b be r

s to pp e r w ith a g la s s tu be to a llo w fo r ga s c o lle c t io n a n d o n e he ld a n a d a pt e r fo r a n e le c t r ic m ix e r .

Ga s pr o d u c e d fr o m the di ge s te r w a s t r a ppe d i n a 12 L gla s s c a rbo y a n d the v o l u m e w a s m e a s u r e d

by di s pl a c e m e n t o f a n a c i dif ie d, s a tu r a te d so di u m c hlo r ide s o l u ti o n (pH 4 . 3 ). Th e h ydr a u lic

r e s ide n c e t i m e (H RT ) o f th e dig e s te r w a s te n da y s a t the be gi n n in g o f the r u n
,
bu t w a s la te r

in c r e a s e d to tw e lv e da y s i n o rd e r to a c hie v e s ta ble r e a c to r c o n dit io n s . The hy dr a u l ic r e s ide n c e

t i m e is the a v e r a ge t im e th a t the e n t ir e c o n te nts o f the di ge s te r a r e tu r n e d o v e r .

Ev e r y o the r da y ,
a t a p pr o x im a te l y the s a m e t im e , the fo llo w in g pr o c e d u r e s w e r e

pe r fo r m e d . Th e di ge s te r m ix e r w a s tu r n e d o n fo r te n m in ut e s a n d the te m pe r a t u r e s o f th e

w a te rb a th a n d d ig e s te r s l u dge w e r e r e c o r de d. Ga s p r o du c t io n w a s m e a s u r e d by f i r s t e q u i libr a t in g

p r e s s u r e w it hin the r e a c to r s y s te m the n r e c o rdi n g the v o lu m e o f liq u id d is pl a c e d in th e g a s

c o ll e c t io n s y s te m . On e h u n d r e d a n d s ix ty s ix m l o f d ige s te d s lu dge (1/6t h o f th e to ta l s l u d ge

v o l u m e ) w a s r e m o v e d f i^o m t he r e a c to r a n d r e pl a c e d w it h a n e qu a l v o l u m e o f pr e w a rm e d (55 ° C)
dil u te d c o w fe c e s . T he r e a c to r w a s p u r ge d w ith n itr o ge n ga s to di s pla c e a n y a ir th a t m ig ht ha v e

e n te r e d d u r in g t his dr a w - f ill p r o c e d u r e ,
the g a s c o lle c t io n s y s te m w a s r e s e t ,

a n d the n the o u tl e t

r e c a p pe d. D u p lic a te f iv e m l a liq uo ts o f the t r e a te d m a n u r e w e r e a n a ly z e d fo r to ta l s o li ds (TS),

f ix e d s o lid s (FS), a n d v o la t ile s o lids (V S). Me a s u r e m e nts o f pH ,
T S

,
FS a n d V S fo llo w e d the

p r o c e d u r e s i n Sta n da rd M e t ho ds (A n o n . , 199 5) . T he r e m a i n in g m a n u r e w ith dr a w n f r o m the

r e a c to r w a s Im m e di ate ly u s e d in b a tc h r e a c tio n e x pe r im e n ts o n Cryp to s p o ri d iu m s u r v iv a l o r

di s c a r de d .

Ef fe c ts o f T he rm o p hilic Ex po s u r e s o n S u r v iv a l o f Cr v p to s D o ri diu m Oo c ys ts

Cryp to s p o ri d iu m o o c y s ts w e r e e x po s e d u n de r ba tc h c o n dit io n s to a n a e r o bi c the r m o p h ilic

d ig e s te d s lu dge in o rd e r to s im u la te s e m i- c o nt i n u o u s e x po s u r e s . F o r the s e e x po s u r e s ,
10 m l

v o l u m e s o f the dige s te d m a n u r e fl
-

o m s em i- da ily dr a w s w e r e dis pe n s e d in to a ir t ight 12 m l a m be r

s e r u m bo tt le s a n d c a ppe d Equ a l v o l u m e s o f PB S w e r e pr e pa r e d a s c o n t r o ls . Bo ttl e s w e r e pla c e d

i n a t he rm o ph ilic a lly c o n tr o l le d w a te r ba th pr e - e qu ili br a te d to 25
"

C a n d 5 7
°

C . T he te m pe r a tu r e o f
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t he m a n u r e a n d P BS w ith in the bo t tle s w a s mo n ito r e d w ith a t he rm o m e te r to v e r ify t ha t the y

r e a c he d t a r ge t te m pe r a tu r e s o f 23
'

a n d 55
'

C .

T e m pe r a t u r e e q u il ibr a te d s a m ple s w e r e s e e de d w ith 100 \i \ o f s u s pe n s io n c o n ta in in g 2 x

10 ® o o c y s ts . N e g a t iv e c o n t r o ls c o n s is te d o f u n in o c u la te d s l u d ge a n d PBS c o n t a in in g n o a d de d

o o c y s ts . T he bo tt le s w e r e pu rge d w ith n it r o ge n ,
r e c a pp e d a n d he l d a t th e s pe c if ic t a r ge t

t e m p e r a tu r e fo r t im e d in c u ba t io n i n te r v a ls o f u p to th r e e ho u r s . D u p lic a te s a m p le s w e r e r e m o v e d

f r o m th e w a te rb a th a t s e t in te r v a ls a n d s to r e d o n w e t ic e . Sa m ple s c o o le d do w n to be lo w SS' C

w ith in t hr e e m in u te s o n w e t ic e . A t c o m ple t io n o f t he ti m e c o u r s e o f e x po s u r e ,
t r e a te d o o c y s ts

w e r e r e c o v e r e d a n d pu r if ie d by di s c o n t in u o u s s u c r o s e a n d c e s i u m c h lo r ide gr a d ie n ts . T he o o c y s t

s a m pl e s w e r e a s s a ye d fo r i nfe c ti v ity by i n o c u l a t io n o f c e ll c u ltu r e s o n the d a y o f is o l a t io n .

M DCK Ce ll Cu ltu r e In fe c t iv itv A s s a y o f Cr v p to s DO hd iu m Oo c y s ts

T he r m a lly t r e a te d, gr a die n t pu r ifi e d o o c y s ts w e r e s a n it iz e d fo r thr e e ho u r s a t 37
° C in 10 0

|j | o f a n a n t i bio t ic m ix tu r e c o n ta i n in g 50 p g Ge n ta m yc in , 250 p g Ka n a m yc in a n d 15 0 p g Ny s t at i n

pr io r to a s s a y . D e c o n ta m in a te d
,
t r e a te d o o c ys ts a lo n g w ith ti te r c o n t r o ls c o n s is ti n g o f te n - fo ld

di lu ti o n s o f o o c y s ts s u s pe n s i o n s u s e d to s e e d ti "

e a ti n e n t s a m p le s w e r e im m e d ia te ly in o c u la te d

o n to fo u r da y - o ld M DCK c e l l m o n o la ye r s a n d pr o c e s s e d a s de s c r i be d in C ha pte r 4 .

T o m o n ito r fo r c yto to x ic ity o r b a c te r i a l c o n ta m in a ti o n o f in o c u la te d c e l l c u ltu r e s
,
o o c y s ts

i s o l a te d f r o m c o w fe c e s a n d n e ga ti v e c o n ti ^

o ls w e r e te ste d in the M DCK in fe c ti v ity a s s a y pr io r to

e x pe r im e n ts u s i n g ti
-

e a te d o o c y s t s a m p le s . 10 0 p i o f g r a die n t pu r if ie d s a m p le s w e r e in o c u la te d in

d u p lic a te o n to MDC K c e lls c u lt u r e s a n d o bs e r v e d o v e r th re e d a ys fo r e v ide n c e o f c yt o to x i c a ffe c t s

o r c o n ta m in a ti o n a s e v ide n c e d by c e ll de a th,
l a c k o f c e ll div i s io n a n d p r e s e n c e o f ba c te r i a l o r

fu n g a l gr o w t h.

C r y pto s p o ri d iu m Oo c ys t In fe c ti v ity D e te n n i n a ti o n

Mic r o s c o p ic e x a m in a ti o n o f in o c u l a te d c e l l m o n o la ye r s w a s c o n du c te d to e v a l u a te t he

e x te n t o f i n fe c ti v ity o f ti
"

e a te d a n d c o nti o l o o c y s ts . C. p a r v u m o o c y s t i n fe c ti v ity w a s ba s e d o n the

f r e q u e n c y o f the pr e s e n c e o f liv e s ta ge s o f th e pa r a s ite s i n m i c r o s c o pe fi e lds a s pr e v io u s ly

o u ti i n e d i n C ha pte r 4 u n de r M a te r i a ls a n d M e tho ds . T o a c c o u n t fo r o o c y s t lo s s e s du r in g r e c o v e r y
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f r o m t r e ate d s a m p le s , t he in it ia l o o c y s t c o n c e n t r a t io n s (2x 10
®

) w e r e a dju s te d fo r o v e r a l l r e c o v e r y

e f fic i e n c ie s . T he i n it ia l c o n c e n t r at io n o f 2x 10^ o o c y s ts w a s m u lt ip lie d by 0. 2 89 fo r PB S a n d 0 . 0 39

fo r s lu d g e s a m ple s ,
r e s u lt i n g i n s ta r t i n g c o n c e nt r a t io n s o f 5 . 9 x 10 ^ fo r P BS a n d 7. 8x 10

' '
fo r m a n u r e .

RESUL TS

In it i a l Ch a r a c te r iz a t io n o f C o w Fe ce s

T he to t a l s o l ids c o n c e n t r a ti o n o f the c o lle c te d c o w m a n u r e s a m ple s r a n g e d f r o m 12 . 8 -

18 . 9% . Sa m p le s w e r e a dju s te d w he n n e c e s s a ry to g iv e to t a l s o li ds c o n c e n t r a t io n s be tw e e n 12

a n d 15% . A n a ly s is o f fe c a l s a m ple s fo r the p r e s e n c e o f i n di ge n o u s o o c y s t s y ie l de d n e g a t iv e

r e s u lts . Al l s a m p le s w e r e f r e e o f i n d ige n o u s C. pa r v u m o o c y s ts a t the de te c t io n lim it o f t he

a n a ly s i s {< 100/g).

Op e r a t io n Ch a r a c te r is t ic s o f a Se m i- Co n t i n u o u s . M o de l A n a e r o bic . The r m o p h ilic D ig e s te r

T he r e s u lts fo r th e o pe r at io n a l c ha r a c te r is ti c s o f the b e n c h- s c a le di ge s te r in te r m s o f

c o n v e n t io n a l p a r a m e te r s a r e s u m m a r iz e d in ta ble 6 . 1 . The r e l a t iv e l y lo w c o e f fic ie nts o f v a r i a ti o n

fo r the s e m a n u r e p a r a m e te r s in d ic a te s t a bl e r e a c to r pe r fo r m a n c e fo r the du r a t io n o f e x pe r im e n ta l

p e r io d . Ga s p r o du c t io n v o lu m e w a s m o n ito r e d du r in g s ta r tu p o f th e di ge s te r , b u t w a s

d is c o n t in u e d a fte r 49 da ys du e to the de v e lo pm e n t o f a le a k in the r e a c to r ga s ke t . Pe r fo rm a n c e o f

t he r e a cto r (V S de s tr u c t io n ) a n d pH r e m a in e d s t able a ft e r th is le a k o c c u r r e d .

T a b le 6 . 1

Op e r a t io n a l Co n d i t i o n s o f B e n c h - Sc a le D i g e s t e r

P a r a m e te r M e a s u r e d M e a n Co e ff . V a r .

pH 7. 36% + /- 0 . 14%
V o la t ile So l ids

Inf l u e n t 11. 1% + / - 0. 57%
Eff l u e nt 7. 69% + / - 1. 9%

Vo la t ile So l ids R e du c ti o n s 59% + /- 11. 9%
To ta l So lid s

I n fl u e n t 12. 7% + / - 0 . 6 7%
Eff lu e n t 9 . 2 4% + / - 0 . 2 4%

To ta l So l ids R e du c ti o n s 7 2. 8% + / - 4 . 8%
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R e c o v e r y o f Oo c y s ts F r o m W a s te a n d Co n t r o l Sa m p le s

The r e c o v e r y e f fi c ie n c ie s o f the gr a d ie n t p r o c e d u r e de te r m in e d fo r f iv e t r ia ls w it h s e e de d

PB S a n d m a n u r e a r e s u m m a r iz e d in ta b le 6. 2 . F o r s a m p le s s e e de d w ith 1x 10^ o o c y s ts , th e

a v e r a ge pe r c e n t r e c o v e r ie s a n d the ir s t a n d a rd de v i a t io n w e r e 33% (+ / - 23% ) fo r PB S a n d 3 . 9%

{+ / - 2 . 2% ) fo r fe c e s . M a n n W hitn e y u n p a ir e d,
n o n pa r a m e t r ic s ta t is t ic a l a n a ly s is o f o o c y s t

r e c o v e r ie s f r o m fe c e s a n d PB S i n dic a te a m a r gi n a lly s ig n if ic a n t d if fe r e n c e be tw e e n t he tw o me d ia

{p= 0 . 0 7 59),
if t he c r ite r io n fo r s ig n if ic a n c e Is s e t a t p < 0 . 1 . T he s ta n da rd d e v i a t ti o n in o o c y s ts

r e c o v e r y w e r e h ig h in bo th PBS (23%) a n d fe c e s (2. 2% ). The v e r y hig h CV In PB S c o u ld be the

r e s u lt o f e v a l u a t io n o f o n ly f iv e r e p lic a te s . T he r e w a s o v e r la p In the r e c o v e r ie s in bo th m e di a a n d

the 95% c o n f ide n c e in te r v a l s o f the s l u dge r e c o v e r ie s w e r e w ithi n t ho s e o f PB S re c o v e r ie s .

St a ti s t ic a l a n a ly s is o f t he d a ta fo r o o cy s t r e c o v e r ie s f r o m fe c e s a t tw o d iffe r e n t in iti a l o o c y s t

c o n c e n t r a ti o n s (1x 1C a n d 2x 10
^
) a v e r a g e d 7 . 6 a n d 3. 9% re s pe c ti v e ly , a n d s h o w e d n o s ig n if ic a n t

d if fe r e n c e s (p = 0 . 31). Be c a u s e c o n s ide r a ble lo s s e s o f o o c ys te r e s u lte d fr o m pu r if i c a ti o n a n d

is o la ti o n p r o c e du r e s , e x pe r i m e nts a im e d a t de te rm i n in g lo s s o f o o c y s t in fe c ti v ity d u e to th e rm a l

p r o c e s s e s a n d o t he r ti
"

e a ti n e nt s w o u ld r e q u ir e s e e din g a t h ig h le v e ls in o rde r to fo llo w the

in a c ti v a ti o n k in e ti c s o v e r s e v e r a l o r de r s o f m a gn itu de .

R e s u lts fr o m the c yto to x ic ity a n d ba c te r ia l c o n ta m i n a ti o n s t u dy fo r s a m p le s o f p r o c e s s e d

o o c y s ts a s s a ye d in c e l l c u ltu r e s r e v e a le d tha t n e it he r o f the s e c o n c e r n s w a s a p r o ble m . A n ti bio ti c

fr e a ti n e n t s u pp r e s s e d ba c te r ia l c o n ta m in a ti o n o f c e ll m o n o l a ye r s fo r th e 48 ho u r in c u ba ti o n s u s e d

i n the a s s a y . Ba c kg r o u n d f lu o r e s c e n c e w a s e x t r e m e l y h igh i n c e ll c u lt u r e a s s a y s ,
bu t in fe c ti v e

s ta ge s c o u ld be di s ti n g u is h e d a bo v e t his ba c kg r o u n d. Ov e r a ll, the is o l a ti o n pr o c e d u r e y ie l de d

o o c y s t p r e p a r a ti o n s tha t w e r e s u it a ble fo r in fe c ti v ity a s s a y s .

As s e s s m e n t o f T r e a te d Oo c y s ts

D a t a s u m m a r iz in g the r e du c ti o n in in fe c ti v ity o f the o o c y s t s e e de d i nto s lu dge a n d PBS

e x p o s e d to te m pe r a tu r e s o f 23 a n d 55
°

C a r e lis te d i n T a ble 6. 3 a n d F igu r e s 6. 1 & 6 . 2

r e s p e c ti v e ly . Th e d a ta r e pr e s e n te d in this ta bl e a r e th e r e s u lt o f tw o c o n s e c uti v e e x p e r im e n ta l

ti - ia ls c o n d u c te d d u r i n g A u g u s t a n d Se pte m be r , 1997.
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T h e d a ta in dic a te th a t o o c y s t in fe c t iv ity is s ig n if ic a n t ly r e d u c e d in bo th the P BS a n d

di ge s te d m a n u r e a t 55
° C a fte r o n l y s h o r t i n c u ba t io n s . At SS' C , o o c y s t s i n fe c t iv ity w a s r e d u c e d 3. 1

(0 . 4 9 ) lo g i o i n P BS a n d 2 . 3 (1 . 8) lo g i o
in s lu dge af te r a 15 m i n u te e x po s u r e . A s ix ty m i n u te

in c u ba t io n a t 5 5
°

C in P BS a n d s lu dge r e s u lte d i n r e du c t io n s i n o o c y s t s i nf e c t iv ity o f 3 . 7 (0 . 7 1) a n d

> / 3. 3 lo g i o (t he m a x im u m de te c tio n lim it o f the a s s a y), r e s pe c t iv e ly . M ic r o s c o p ic e x a m i n a t io n o f

c e ll m o n o l a ye r s in fe c te d w ith o o c y s ts t r e a te d a t SS
'

C i n PB S s ho w e d o n e liv i n g s ta ge o u t o f 10 0

o bs e r v e d,
in bo th e x pe r im e n ta l t r ia ls . T his r e s u lt s u gge s ts th at w hile m o s t o o y c s ts a r e e f fe c t iv e l y

i n a c t iv a te d a t th is te m pe r a t u r e ,
a t le a s t o n e o o c y s t w a s a ble to m a in ta i n its i n fe c t iv ity a t t his ti m e -

te m pe r a t u r e . In t he p r e v io u s c h a pte r , w e r e po r te d th a t o o c y s ts e x p o s e d fo r 6 0 m i n u te s a t 55
° C i n

P BS did n o t r e ta in the ir i nfe c ti v ity (> 4 lo g l O). Th is t im e - te m pe r a tu r e c o m bin a t io n is pr o ba bly c lo s e

to the c r it ic a l po in t o f c o m p le te o o c ys ts in a c t iv a t io n , a n d the d iffe r e n c e w e s e e i n the s e n s it iv iti e s o f

a s s a y s is p r o ba bly d u e to v a r ia t io n in o o c y s t in fe c t iv ity be tw e e n o o c ys t p r e p a r a t io n s . In c u ba t io n s

lo n ge r t ha n 60 m in ute s r e s u lte d in > /3 . 99 lo g i o r e du c t io n s in P BS
,
th e de te c t io n lim it o f the a s s a y .

The in fe c t iv ity o f the t r e a te d o o c y s ts in bo th t he P BS a n d m a n u r e de c lin e d o v e r ti m e to be lo w t he

de te c t io n lim it o f the a s s a y (10 o o c y s ts ). T he r a te o f lo s s o f in fe c t iv ity o f the c o n t r o l o o c y s ts in PBS

w a s s im il a r to t he r a te s e e n fo r o o c y s ts i n c u b a te d i n t r e a te d m a n u r e . The o v e r a ll t r e n d s i n

in a c t iv a t io n a p pe a r to be s im ila r a n d the r e a pp e a r s to be n o s ig n if i c a nt dif fe r e n c e be tw e e n

in a c t iv a t io n k i n e ti c s o f the tw o s u s pe n di n g m e dia . T hu s it a pp e a r s tha t te m pe r a tu r e a lo n e is the

m a in f a c to r in f lu e n c in g o o c y s t in a c ti v a t io n .

At 23
' '

C n o s i gn if ic a n t c ha n g e s in o o c ys t in fe c ti v ity w e r e o bs e r v e d o v e r t he ti m e c o u r s e

s t u di e d . Oo c ys t in fe c ti v ity r e m a i n e d c o n s is te nt o v e r t he ti m e c o u r s e ; the i n fe c ti v ity o f o o c y s ts a t

th e z e r o ti m e p o in t w e r e s im ila r to o o c y s t in fe c ti v iti e s a t f if te e n m in u te s
,
o n e a n d thr e e ho u r s .

Ba s e d o n the s e r e s u lts it is e s ti m a te d tha t the r e d u c ti o n in o o c y s ts in fe c ti v ity in PB S o r s lu d ge a t

23
' '

C o v e r th r e e ho u r s w a s le s s tha n 1 lo g i o

D IS CUSSION

Be c a u s e o f the a c c u m u l a ti o n o f C. pa r v u m o o c y s ts in s e w a ge a n d a n im a l s l u d ge s the

e f fi c a c y o f ti
-

e a ti n e n t p r o c e d u r e s fo r t he s e w a s te is im po r ta n t to p u blic he a lt h. The rm o p hi lic

a n a e r o bic d ige s ti o n , a m e tho d s o m e ti m e s u s e d fo r ti
^

e a tm e n t o f m u n ic ipa l s lu dge a n d fo r l a r ge
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d a ir y fa c ilit ie s ,
w a s in v e s t iga te d to de te rm in e its e f fi c a c y o f o o c y s t in a c t iv a t io n d u r in g e x p o s u r e s

r a n gi n g f r o m 1 5 m in u te s to 3 ho u r s .

R e c o v e r y o f C . p a r v u m o o c y s ts f r o m e n v ir o n m e n ta l s a m ple s i s g e n e r a l ly lo w a n d hi gh ly

v a r i a b le , a n d s e w a g e a n d fe c a l m a te r ia ls pr e s e n t a n e v e n gr e a te r c ha lle n g e tha n a qu e o u s

s a m p le s b e c a u s e t he o o c y s ts a r e a s s o c ia te d w ith t he o r ga n ic s o l ids m a te r i a l . H igh le v e ls o f s o l ids

a n d c o n t a m i n a t i n g m ic r o o rg a n is m s i n te r fe r e w ith r e c o v e r y a n d r e s u lt i n po o r r e c o v e r y e f fi c ie n c y

Se v e r a l m e t ho ds a r e a v a i la bl e fo r is o l a t io n o f o o c y s ts f r o m fe c a l m a te r i a l . M o s t

p r o c e d u r e s f ir s t e m plo y dif fe r e n t ia l s u c r o s e gr a die n t is o la t io n w ith a dd it io n a l pu r ific a t io n s te p s .

Pr o d u c t io n o f a r e la t iv e ly f r e e s a m ple ,
c le a n o f c o n ta m in a tio n

,
is a c hie v e d a t the e x p e n s iv e o f p o o r

q u a n t ita t i v e r e c o v e r ie s . F o r th is s tu d y ,
d if fe r e n t ia l s u c r o s e gr a d ie nt s w e r e fo llo w e d by c e s iu m

c hlo r ide gr a d ie n ts is o la t io n be c a u s e t he y a r e r e la t iv e l y e a s y to u s e
,
in e x pe n s iv e a n d do n o t

ge n e r a te c he m ic a l ha z a r do u s w a s te s . P r e v io u s u s e o f this m e th o d in o the r la bo r a to r ie s

d e m o n s t r a te d c o m p a ti bility o f t he r e c o v e r e d o o c y s ts w it h the c e ll c u ltu r e in fe c t iv ity a s s a y (Y o u ,
e t

a l
,
1996).

W h e n hig h n u m be r s o f o o c y s ts w e r e s e e de d in to bo v in e fe c e s a n d PB S a n d r e c o v e r e d by

d if fe r e n ti a l s u c r o s e a n d c e s i u m c hlo r ide gr a die n ts fo r fu r the r a n a ly s is b y c e ll c u ltu r e in fe c ti v ity

a s s a y , po o r a n d hig hly v a r ia ble re c o v e r y r a te s w e r e o bta i n e d . H o w e v e r , th e a pp lic a ti o n o f this

r e c o v e r y m e tho d w a s u s e f u l in the s e s e e d e d s a m ple s tu die s o n the rm a l t r

e a tm e n ts . Fo r

e n v ir o n m e n ta l s a m p le s this r e c o v e r y m e tho d w o u ld be u n d e s ir a ble d u e to its lo w r e c o v e r y

e f fi c ie n c y . C. pa r v u m c o n c e n t r

a t io n s in m o s t e n v ir o n m e n ta l s a m ple s a r e r a r e ly a s hi gh a s t he

le v e l s u s e d in this s tu dy . An im po rt a n t a dv a n ta ge o f t he r e c o v e r y m e tho d is its a p p lic a bil ity to

la rg e s a m ple v o l u m e s . By u s i n g this m e tho d in c o nju n c ti o n w ith a de te c ti o n m e tho d th a t i s hig hly

s e n s iti v e a n d s pe c ifi c (i. e . M a g n e ti c c a pt u r e a n d P CR), d e te c ti o n o f o o c y s ts f r o m fe c a l w a s te

s a m p le s is p o s s ible .

T he s e le c ti v e r e c o v e r y o f v i a b le o o c ys ts w a s n o t a dd r e s s e d by th is s t u dy . It is p o s s ible

th a t r e c o v e r y o f o o c y s ts fr o m e n v ir o n m e n ta l s a m ple s c o u ld v a r y f r o m o u r r e s u lts . Ou r r e c o v e r y

r a te s w e r e s i g n ifi c a n tl y lo w e r th a n tho s e r e po rte d pr e v io u s l y u s in g t his m e tho d (Ar r o w w o o d &

Do n a lds o n , 1996). D if fe r e n c e s i n r e c o v e r i e s m a y be du e to the c o n c e n fr a ti o n o f o o c y s ts in s e e de d

s a m ple s v s th o s e fo u n d in fe c e s o f i n fe c te d a n im a ls . A n o the r p o s s ibil ity is tha t i n o u r pr o c e d u r e
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pr o c e d u r e w e did n o t u s e po ta s s i u m dic hr o m a te to s u s pe n d t li e o o c y s ts P o s s ible d if fe r e n c e s in

s u s pe n d in g m e d ia c o u ld le a d to v a r ia ble r e c o v e r y r a te s . Th e e f fe c t o f p H o n the s u r fa c e c ha rg e o f

o o c y s ts ha s n o t be e n f u lly e v a lu a te d (A n q u is h ,
199 7),

s o it is po s s ib le th a t w ith in c r e a s e d

u n de r s ta n d in g o f t his ph e n o m e n o n w e c a n c a n a c hie v e be t te r r e c o v e r ie s .

T o in v e s t ig a te t he r e d u c t io n o f o o cy s t in fe c t iv ity d u r in g th e rm o p h ilic a n a e r o bic d ige s t io n

w e e m p lo ye d a ba tc h m o d e o f o pe r a t io n . R e d u c t io n s o f C p a r v u m o o c y s ts du r in g s e w a g e s lu d ge

d ig e s t io n h a v e be e n in v e s t ig a te d in r e c e n t ye a r s (Wh itm o r e & Ro be ts o n ,
199 5

,
a n d Sta d e rm a n e t

a l
,
19 95). P r e v io u s s tu die s u s e d s e m i- c o n t in u o u s s y s te m s fo r t he ir a n a ly s is a n d fo c u s e d o n

m u n ic ipa l s lu d ge s . De te r m in a t io n o f o o c y s ts v ia bility a f te r d ige s t io n w a s m e a s u r e d u s in g in v it r o

e x c ys ta t io n (Sta d e rm a n e t a l, 199 5) a n d v ita l dye s (Wh itm o r e & Ro be r ts o n ,
1995 ). Th e b a tc h

m e tho d w a s c ho s e n fo r th is s tu dy d u e to pr e v io u s r e s u lts w h ic h i n d ic a te d tha t the rm a l in a c t iv a t io n

o c c u r r e d r a pid ly in the t he rm o ph ilic r a n ge By u s in g a ba tc h s ys te m ,
m o r e th a n o n e te m pe r a tu r e

c o u ld be i n v e s tig a te d a t a ti m e
,
a n d r e pl ic a te s a m ple s c o u ld be in c lu de d . A n o the r a d v a n ta ge w a s

th a t th e n u m be r o f o o c ys ts n e e d e d to c o n du c t the s tu dy w a s s ig n if ic a n t ly le s s tha n w o u ld ha v e

be e n r e q u ir e d i n a s e m i- c o n t in u o u s e x pe r im e n t . T he d o m in a n t , a c t iv e pa r a m e te r c o n t r ib u t in g to

o o c y s ts i n a c t iv a t io n in o u r s tu dy a p pe a re d to be te m pe r a tu r e . Th is r e s u lt is in a g r e e m e n t w ith the

kn o w n th e r m o to le r a n c e o f this o rg a n is m (Ble w e t t
,
198 9 , Pa ye r ,

19 95 , a n d A n de r s o n , 19 8 1). O n ly

a l im ite d n u m be r o f p a r a m e te r s w e re e v a lu a te d in this s tu dy , b u t o th e r fa c to r s m a y c o n t r ibu te to

in a c t iv a t io n o v e r t i m e by s lu dg e d ig e s t io n , e s p e c ia lly in the m e s o p hi lic r a n ge . O the r fa c to rs th a t

m a y c o n t r i bu te to the d e c re a s e in n u m be r o f o o c y s ts o v e r t i m e in d ige s te r s in c l u de e n z ym a t ic a n d

ba c te r ia l de c o m po s it io n . Th e s e e f fe c ts m a y be a s s o c i a te d w it h the te m pe r a tu r e e f fe c ts o f the

s lu d ge .

In t his s tu d y w e did n o t a dd r e s s the r e d u c t io n in n u m be r s o f o o c y s ts , o n ly the in a c t iv a t io n

o f in fe c t iv ity o f tho s e o o c y s ts w hic h w e r e is o la te d r e la t iv e to a c o n t r o l. Ev e n tho u g h o o c y s ts w e r e

in a c t iv a te d be lo w th e le v e ls o f de te c t io n o f o u r a s s a y , the y m a y n o t be c o m p le te ly k ille d o r

e lim i n a te d b y d ig e s t io n . W ith the m e tho d w e u s e d to s c o r e in fe c t iv ity ,
w e a r e u n a b le to a c hie v e the

s e n s it iv ity w h ic h a llo w s fo r th is le v e l o f d e te c t io n . O n e w o u ld e x pe c t th a t in typ ic a l d ige s te r s , th e

i n a c t iv a t io n s w o u ld p r o ba bly be a t le a s t a s g r e a t o r g r e a te r th a n t ho s e r e a liz e d in this s tu d y.

F u r the rm o r e , the t im e s c a le o v e r w h ic h in a c t iv a t io n w a s o bs e r v e d w a s tw o o rde r s o f m a g n itu d e
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lo w e r th a n the r e a c to r HRT . A ltho u g h in the o ry o n e w o u ld e x pe c t c o m ple te in a c t iv a t lo n , It is

po s s i ble tha t s ho rt
- c ir c u it in g a n d m ix in g p r o ble m s w it hin a fu ll s c a le di ge s te r c o u l d le a d to s o m e

o o c y s ts s u r v iv in g. Po s t t r e a tm e nt o f dig e s te d s l u d ge s o f te n i n c lu de s a dry in g o r de w a te r in g ph a s e

Ev i de n c e f r o m o th e r s tu d ie s s u gge s t th a t o o c y s ts a r e s e n s iti v e to w a te r a v a ila bi lit y , a n d th a t

de s ic c a t io n , e v e n fo r a s lit tl e a s 4 ho u r s
,
c a n be le th a l (R o be rt s o n e t a l

,
199 2 a n d B a r be e e t a l. ,

u n pu b lis he d ) .

A n a e r o b ic dig e s t io n u n de r the rm o p hilic c o n dit io n s w a s a n e f fe c ti v e m e t ho d fo r i n a c t iv a ti n g

o o c y s t in fe c t iv ity in bo th m il ie u te s te d . T he o bs e r v a ti o n o f i n a c ti v a ti o n o r lo s s o f i n fe c ti v ity fo llo w i n g

s lu dge d ige s ti o n i s i n a g r e e m e n t w ith p r e v io u s s tu d ie s (W him o r e & Ro be r ts o n , 1995 , a n d

Sta de rm a n e t a l, 1995 ). W hiti n o re a n d Ro be r ts o n (1995) r e po r te d th a t o o c y s ts w e r e c o m p le te ly

in a c ti v a te d b y the r m o p hil ic a e r o bi c d ige s ti o n a t 55
'

C a f te r tw o h o u r s , bu t 10% re m a in e d i n fe c ti v e

a ft e r m e s o p hilic {37
°

C), a n a e r o bic d ige s ti o n . Sta de r m a n (1995 ) r e po rt e d 99 . 98% i n a c ti v a ti o n a ft e r

24 ho u r s b y a n a e r o bic m e s o p hilic di ge s ti o n .
W hile the s e s t u die s pr o v id e v a lu a b le in fo rm a ti o n , the y

fa il to p r o v ide i n fo r m a ti o n o n the in fe c ti v ity o f ti
^

e a te d o o c y s ts s in c e the y u s e m e tho ds w hic h s c o r e

fo r v ia bi lity a lo n e . Ou r da ta i n d ic a te th a t C. p a rw m o o c ys ts i n fe c ti v ity is r e du c e d by a t le a s t 3 lo g ^ o

in bo th P BS a n d s lu d ge a ft e r o n e ho u r .

USEPA s ta n da r ds fo r t r e a te d s l u dg e s in te n de d fo r la n d a ppl ic a ti o n w e r e de v e l o p e d ba s e d

o n ta rge t r e d u c ti o n s i n p a tho ge n s . A lt ho u gh n o t do c u m e nte d , t r a n s m is s io n v ia la n d a pp lie d s lu dg e

(a n im a l o r hu m a n ) c o u ld o c c u r by d ir e c t o r in dir e c t r o u te s . Un fo r tu n a te ly o n ly lim ite d d a ta a r e

a v a i la ble r e ga r di n g the c o n ti ^ ibu ti o n f r o m v a r io u s s o u r c e s a n d the r e la ti v e s u r v iv a l i n t he

e n v ir o n m e n t . S in c e i n a c ti v a ti o n a t 55
' '

C w a s r a p id, ti
^

e a tm e n t o f s l u dg e o r c o w m a n u r e a t o r a bo v e

thi s te m pe r a tu r e s ho u l d be c o n s i de r e d a s a fe p r o c e du r e . Sa fe u ti liz a ti o n o f ti
^

e a te d s lu d ge w o u ld

the r e fo r e be e x pe c te d . T he r e g u la ti o n s c o n ta in n o s pe c ifi c in fo rm a ti o n o r g u id e l in e s fo r the

de s t r u c ti o n o f C . p a r v u m o o c y s ts .
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6 0

18 0

"

SO "

8 0 5

75

76 . 5

T T
1 . 0 6

1 . 1 6

1 . 1 3

P B S 55

0

15

6 0
18 0

7 6 . 5

1 1 . 5

0 5

0

1 . 6

2 8

3 . 2
> 3 . 5

S L U D G E 2 3

0

15

60

18 0

73

7 7

72

7 1

0 9

0 . 7 8
0

.
8 9

0 . 8 5

S L U D G E 55

0

15

6 0

180

8 1

6 . 5

0

0

0 . 8 6

1
> 3 6

> 3 6

T#P t î ,

1 5

6 0

180

23
'

C

T 5 5
"

1 . 5 7

1 5 9

1 6

0 . 7 8/ 0
. 25

0 . 8 4 / 0 . 0 8

0 7 25 / 0 2 3

0 . 6 9 / 0 . 2 3

5 5
°

C

0

15

60

180

1 8 / 0 35

3 . 1/ 0 . 4 9

3 . 7 / 0 7 1

3 . 9 9 / 0 . 7
*

0 9 8 / 0 . 1 7

2 . 3 / 1 . 8
> 3 . 3 *

> 3 . 3 *

* b o t h d a t a p o in t s i n c l u d e d c e n s o r e d d a t a
n = 2 e x c e p t f o r P B S a t 2 3 ° C
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CHA PTER SEV EN

CONCLUS IO NS

1 . Th e r e s u lts o f t his s tu dy i n d ic a te t he po te n t ia l o f in v it r o c e ll c u ltu r e i nfe c ti v ity a s s a y te c h n iq u e s fo r

u s e in dis in fe c ti o n a a n d i n a c t iv a tio n s tu di e s . This m e th o d p r o v ide s a u s e f u l, e f fic ie n t a n d

r e pr o du c a b le to o l fo r de te rm i n in g t he in fe c t iv ity o f Cypto sp o ri d iu m p a r v u m o o c y s t a n d the ir

s po ro z o ite s .

2 . T he r e s u lts o f th e s e s t u die s s u g ge s t th a t hig h te m pe r a tu r e (> 49 " C ) the rm a l t r e a tm e n t r a p idly

r e du c e s the in fe c t iv ity o f Cryp to sp o r idi u m p a r v u m o o c y s ts a s de te rm i n e d by a n in v it r o c e l l c u ltu r e

in fe c t i v it y .

3 . A n a e r o bic d ige s t io n o f c o w m a n u r e u n d e r the rm o ph ilic c o n d iti o n s is a n e f fe c ti v e m e th o d fo r

i n a cti v a ti n g Crypto s p o r idiu m pa r v u m o o c ys ts in fe cti v ity .
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0 / 2 0

0

0

0

0

2 0

A p p e n d ix A
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9
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70

6 4

5 5

54

3 8

38
53

53

45

5 1

74

6 5

5 8

4 5

2 4

5 5

4 5

3 2

2 8

42

4 1

39

86

4 1

4 7
4 9

5 1

4 8

50

3 9

4 7

3 1

25

4 8
> 1 00
> 1 0 0
> 1 0 0
> 100
> 100
> 1 00
> 10 0
> 100
> 1 0 0
> 1 0 0
> 1 0 0

> 10 0
> 1 0 0
> 100
> 1 00
> 100

> 100
> 1 00

1 e 5 o o c y s t / w e l l
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19

2 0

4 1

62

4 4

4 8

> 100
> 1 00

+ / - f i e ld s

% p o s it iv e

m e a n

s d

r a n g e

n

1 8 h r

2 0 / 0

100

57 . 1

1 3 4
- 5 7

2 0

1 e 5 o o c y s t /w e l l

2 4 h r 4 8 h r

2 0 / 0

10 0

4 4 . 4

1 2 . 6
- 6 1

2 0

2 0 / 0

1 0 0

> 1 00

2 0

E x p e r im e n t

S B V I I I

S e r ia l D i lu t io n s / 2 4 h o u r

1 E + 0 5 1E + 04 1 E + 0 3 1 E + 0 2

+ / - fi e ld s 1 5 / 2 0

% p o s it iv e 1 0 0

m e a n 5 2 . 8 6

s d 3 4 . 8 3

r a n g e 1 0 - 1 3 8

n 2 0

19 / 1

95

25 . 5

2 0 36

2 - 7 0

20

1 / 19

5

0 44 72

0 . 1

0 - 2

2 0

1 / 1 9

5

0 . 4 4 72

0 . 1

0 - 2

2 0

Q u a n t a l C o u n t s

P o s / N e g (1 0 0 F ie l d s )

#
% po s it i v e

F i e l d

1

2

3

4

5

6

7

8

9

10

11

12

1 3

1 4

1 5

16

17

18

19

2 0

10 0 / 0

1 0 0

3 3 / 6 7

3 3

14 / 8 6

1 4

1E + 0 5

7 1

8 2

3 9

34

1 0

32

52

70

6 7

4 8

4 0

14 8

11

> 1 0 0

> 1 0 0

> 1 00

> 1 00

> 100

> 1 0 0

> 1 0 0

N u m b e r F o c i/ F ie ld

o o c y s t /w e l l

1E + 0 4 1 E + 0 3

18

19

0

57

2 8

2

14

8

2

17

35

3 8

4 5

4 1

7 0

52

4

3 3

3

28

0

0

0

0

0

0

0

0

2

0

0

0

0

0

0

0

0

0

0

0

1 / 9 9

1

1 E + 0 2

0

0

2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

#
S e r ia l D ilu t io n s / 2 4 h o u r

E x p e r i m e n t

S B IX + / - f i e ld s

% p o s it i v e

m e a n

1E + 04 1 E + 0 3 1 E + 0 2 1E + 0 1

1 8 / 5

7 8

13 3

4 / 1 6

2 0

1 2

2 / 1 8

1 0

0 2

0 / 2 0

0

0
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s d

r a n g e

1 8 . 1

0 - 7 7

2 0

3 . 5

0 - 1 5

2 0

0 6

0 - 2

2 0

0

0

2 0

( 1 0 0 F ie l d s ) 2 1 / 7 9

% p o s i t i v e 2 1

2 / 9 8 0 / 10 0

0

0 / 1 0 0

0

#

F i e l d

1

2

3

4

5

6

7

8

9

1 0

11

12

1 3

14

15

16

17

18

1 9

2 0

N u m b e r F o c i/ F i e ld

o o c y s t /w e l l

1E + 04 I 1 E + 0 3 I 1E + 02

0

7

17

1 0

2

18

3 0

12

0

2

7 7

0

0

15

2

1 9

0

4

3 2

4 0

0

0

0

0

2

0

0

15

0

0

2

0

0

5

0

0

0

0

0

0

0

0

0

0

2

0

0

0

2

0

0

0

0

0

0

0

2

0

0

0

1E + 01

0

0

2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

S BX I S e r ia l D il u t io n s / 4 8 h o u r

1E + 04 1 E + 0 3 1 E + 0 2

+ / - f ie ld s

% p o s it iv e

m e a n

s d

r a n g e

n

2 0 / 2 0

10 0

74 . 5 7

5 1 . 1 1

3 - 16 6

2 0

5 / 2 0

2 5

3 . 9 5

8 9

0 - 3 5

2 0

1 / 2 0

5

0 09 52

0 . 4 3 6 4

0 - 2

2 0

Q u a n t a l P o s /N e g 93 / 1 00 2 3 / 10 0 5 / 1 00

C o u n t s % p o s i t i v e 9 3 2 3 5

9

F i e l d

1

2

3

4

5

6

7

8

9

N u m b e r F o c i/ F i e ld

o o c y s t /w e l l

1 E + 0 4 I 1 E + 03 I 1E + 02

12 5

166

1 2 9

7 1

7

4 1

43

1 1

4 0

0

0

0

0

6

0

0

2 1

0

0

0

0

0

0

0

0

0

0
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•

9

10
1 1
1 2

13

14

15

16
1 7

18

1 9

20

2 1

147
9 1
1 3 0

1 3 0

20

9 8

67
1 2 0

3

1 8

56

53

14
2
0

0

5

3 5

0
0

0

7

0
0

0

0

0

2

0

0
0

0

0

0

0
0
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I 1 1m i ll—I I i i i i i i l—I I i i i i i il— I I i i i i i i l— I I i i i i i i

- 7

I 5

tn 4
o

t 3

I I I l l l l lj 1 I I l l l ll j 1 I I l l l l l | 1 I I l l l l l | 1 I I I I I M
'

r 2 = 0 . 9 7

I I I I I I I lT I I l l l l l ll I I I l l l l ll I I I I i i i iT ]

1 e + 1 1 e + 2 1 e + 3 1 e + 4 1 e + 5 1e + 6 1 e + 1 1e + 2 1 e + 3 1 e + 4 1 e + 5 1e + 6

O o c y s t s / m l o o c y s t s /m l

#
S B X X I I

6 -
r

I 5 4
Q .

g[ 4 - t
'

( / ) ' 5

O '^

Q .

^ 2

1 1 l l l l l l l
—

1 1 l l l l l l l
—

1 1 l l l l l l l
—

1 1 l l l l l l l
—

1 1 l l l l l l lTny
-

r 2 = 0 . 9 9

I I l l l l l l l I I l l l l l l l I 1 1 1 I I l l l l l ll I I m i n i

S B X X II I

f 5
Q .

o )
'

4

O
'^

CL

5? 2

I I l l l ll ll
—

I I l l l l ll l
—

I I l l l l l l l
—

I I l l l l l ll
—

I 1 1 l l l l l j
—

I I l l l l l l l

P= 0 . 9 8

I I I I I I I I I i i i i ii ii 1 1 l l l l ll l 1 1 l l l l l ll I I I

1e + 1 1 e + 2 1 e + 3 1 e + 4 1 e + 5 1 e + 6

o o c y s t s / m l

1 e + 11 e + 2 1 e + 3 1 e + 4 1e + 51 e + 6 1e + 7

o o c y s t /m l

i
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A p p e n d i x E

R a w D a t a T h e r m o p h i l i c A n a e r o b i c D i g e s t i o n i n S l u d g e a n d P B S
T r ia l # 1

% P o s it i v e F ie l d s f o r 1 0
^
t r e a t e d M e a n

T e m p e r a t u r e I n c u b a t i o n o o c y s t s p e r c u l t u r e w e l l P r o b i t
"

C t i m e (m i n s . ) # 1 # 2 M e a n V a l u e
~
55
~

P B S

23

S L U D G E

5 5

S L U D G E

I T
15

6 0

18 0

0

15

6 0

1 8 0

0

15

60

18 0

"

7 ^
1 2

0

0

95

80

9 0

9 3

9 0

2

0

0

7 0
"

12

1

0

92

9 0

9 0

8 2

7 6

2

0

0

I T
12

0 5

0

93 . 5

8 5

9 0

8 7 5

83

2

0

0

5 6 1

3 8 2

3 36
< / 2 6 7

6 52

6 . 0 4

6 2 8

6 1 5

5 9 5

2 . 9 5
< / 2 6 7

< / 2 . 6 7

C o n t r o l

D i l u t i o n

S e r ie s

# o o c y s t /w e i l

1E + 0 6

1E + 0 5

1E + 04

1E + 03

1 E + 02

1E + 0 1

"

S T

% p o s it iv e f ie l d s
- w

100

100

8 7

62

6

0

A v e r a g e

1 0 0

100

7 5

6 0

9

0

10 0

10 0

8 1*

6 1 . 2 5
*

7 . 5
*

0

M e a n

P r o b i t

> / 8 0 9

> / 8 0 9

5 88

5 29

3 5 5

< / 2 6 7

#
* u s e d f o r l in e a r r e g r e s s i o n a n a ly s is

T r ia l # 2

Vo P o s it iv e F ie l d s f o r 2 x 1 0 ^ t r e a t e d

T e m p e r a t u r e I n c u b a t i o n o o c y s t s p e r c u lt u r e w e l l
° C t i m e (m i n s . ) # 1 # 2 M e a n

M e a n

P r o b i t

V a l u e~
23
~

P B S

23

S L U D G E

5 5

PB S

5 5

S L U D G E

T
15

6 0

1 8 0

0

1 5

6 0

180

0

15

6 0

180

0

15

6 0

1 8 0

8 1

72

8 2

76

7 8

73

70

72

15

3

0

80

8

0

0

8 0

7 8

7 1

70

7 6

70

72

8 1

8

0

0

82

5

0

0

"

53 3
"

8 0 . 5

7 5

7 6 5

7 3

7 7

72

7 1

76 . 5

1 1 5

0 . 5

0

8 1

6 . 5

0

0

5 86

5 6 7

5 6 9

5 6 1

5 7 4

5 . 5 8

5 . 5 5

5 6 9

3 79

3 . 3 6

< / 2 . 6 7

5 . 8 8

5 3 9

< / 2 6 7

< / 2 . 6 7

i

C o n t r o l

D i l u t io n

S e r ie s

# o o c y s t / w e l l

1E + 0 6

1E + 05

1E + 04

1E + 03

1E + 0 2

1E + Q1

~W
% p o s i t i v e f ie l d s

1 0 0

9 8

82

5

1

0

# 2 A v e r a g e

1 0 0

100

7 5

7

0

0

10 0

99 *

7 8 . 5 *

6 *

0 5 *

0

M e a n

P r o b it

> / 8 0 9

8 . 0 9

5 79

3 4 5

< / 2 6 7

< / 2 . 6 7

NEATPAGEINFO:id=52EF76D2-4F50-4F7C-8DBB-E14CA902DDA5



*
u s e d f o r li n e a r r e g r e s s io n a n a ly s i s
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A p p e n d ix f

9

9

L i n e a r R e g r e s s i o n A n a ly s i s / D o s e - R e s p o n s e C u r v e s

T h e r m o p h il i c A n a e r o b ic D ig e s t io n

r = o . 9 6

T r ia l # 1

1 e + 2 1e + 3 1 e + 4 1e + 5 1 e + 6

o o c y s t s / m l

r = 0 . 9 8

I— I M M i l I— I I I I I I I I I I I 1 1 I I I r r I I I I I

1 e + 1 1 e + 2 1e + 3 1e + 4 1e + 5 1e + 6

o o c y s t s /m l

T r i a l # 2
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R a w D a t a - D i g e s t e r P a r a m e t e r s M e a s u r e d A p p e n d i x G

#

t

T RA Y
, G

0 . 9 8 3

0 . 9 8 5

0 . 9 8 5

0 . 9 8

1
1 . 0 0 3

1 . 0 0 2

0 . 9 9 9

1 . 0 0 1

1 002

1 . 0 0 3

1
0 . 9 9 3

1 . 0 0 6

1 0 03

0 9 9 5

1 .
0 1 1

1 . 0 0 2

0 . 9 9 8

0 9 99

1 0 22

1 . 0 0 4

1 . 0 0 4

1 0 04

0 . 9 9 2

1 . 0 0 8

1 0 02

1 . 0 0 3

1 .
0 0 8

1 . 0 0 7

1 . 0 0 3

1
. 0 0 6

1 . 0 0 3

1 00 3

1 . 0 0 1

1 . 0 0 6

1 . 0 0 3

1 0 0 3

0 9 9 7
1

. 0 0 8
1

. 0 0 4

1 0 0 1

1 . 0 1 5

1 1 0 5
0

. 9 9 9

1 00 2

1 . 0 0 2 1

W/ S A M P L E

4 . 2 58
6 6 9 2

5 . 5 5 6

6 . 7 1

7 . 3

7 .
5 4

6 ^
7 . 4 6
6 . 5 8

6 . 1 8

5 . 0 7

5 . 8 5 3

5 . 3 2 3

5 6 9 5

5 . 4 7

1 1 58

4 . 2 2 7

4 . 9 2 3

4 . 0 3 8

3 5 54

4 . 3 2 9
5 6 1 6

4 . 5 2 5

4 . 0 2

7 . 9 6 6

6 . 8 4 6

3 . 3 8 1

3 . 5 6 5

4 . 4 4

4 . 1 6

3 9 98

3 . 2 5 7

4 . 0 0 4

6 . 5 3 4

4 46 8

4 . 9 8 5

5 . 0 9 1

4 . 6 5 3
4 . 5 7 6

3 90 9

4 8 83

5 . 8 4 2

5 9 2 1

6 5 12

3 . 9 3 2

5 . 8 9 4

6 . 0 4 7

6 4 6 9

6

4 . 7 8 8

4 . 0 2 2
6 . 4 8 5

1 0 5 C

1 . 1 1

1 . 4 6

1 . 3 8

1 . 4 4

1 . 5 2
1^

1 3 3

1 . 2 9
1 2 6

1 . 5 3

1 4 5

1 . 5 1 1

1 . 4 6 2

1 5 3 4

1 . 4 9 2

2 46 3

1 . 3 6 2

1 4 4 6

1 35 7

1 29 9
1 . 3 7 8

1 . 5 3 4

1 3 9 2

1 35 1

1 . 5 6 3

1 4 8

1 . 1 9 9

1 23 5

1 . 3 2

1 302

1 2 68

1 . 1 9 5

1 2 5 8

1 . 4 8

1 . 3 4

1 . 3 8

1 . 3 7 7

1 . 3 4 6

1 . 3 0 8

1 . 2 5 1

1 . 3 1
1 3 8 6

1 . 3 1 7

1 4 2 9

1 42 4

1 . 2 2

1 4 11

1 . 4 3 2

1 4 0 1
1 . 3 9 2
1 . 2 6 5

1 3 05
1 3 89

5 0 0 C % T S % F S % V O C V O S R E D

1 . 0 2 1

1 . 0 9

1 0 6 6

1 .
0 8

1 . 1 0 9

1 . 0 9 4

1 0 75

1 . 1 1 5

1 . 0 8

1 . 1 1

1 . 0 7

1 . 1 0 7

1 . 0 4 5

^ ^
_

1J _

1 . 2 4 7

1 0 76

1 0 87

1 . 0 7 2
1 . 0 5 6
1 09

1 1 1

1 0 8 2

1 . 0 6 9

1 . 12 3

1 0 93
1 0 3 2

1 0 52

1 . 0 7 8

1 . 0 6 5

1 . 0 4 7

1 . 0 4 5

1 0 4 8

1 . 1 1 4

1 09 2

1 09 8

1 0 7 4

1 . 0 7 1

1 . 0 7 3

1 . 0 7 7

1 . 0 9 4
1 . 0 7 3

1 . 0 8 3
1 0 5 1

1 0 4 5

1 0 62

1 . 0 8 1

1 0 89

1 . 1 0 5
'

1 . 0 8 8

1 05 5

1 . 0 7 4
"

3 . 8 8

8 . 3 2

8 .
6 4

8
.
0 3

8 2 5

6 1 2

6 11

4
.
4 9

4 . 6 6

1 0 . 2 3

11 0 6

10 . 4 7

10 6 5

11 3 9

1 0 9 9

13 . 8 1

1 1 . 1 4

1 1 . 3 7

1 1 . 9 5

11 5 0

11 2 7

1 1 . 6 6

10 8 4

11 5 6

8 . 1 1

8 . 2 3

7 . 5 0

9 . 0 2

9 2 0

9 . 4 4

9 1 8

8 3 1

8 . 5 3

8 62

9 . 6 0

9 38

9 15

9 . 3 2

8 . 5 4

8 . 5 3

7 . 9 6

7 8 6

7 . 8 6

8 . 6 6

7 . 7 4

7 2 5

8 32

8 54

7 . 0 2

10 . 0 3

7 . 0 6

1 . 1 6

1 8 4

1 7 7

1 . 7 5

1 . 7 3

1 4 4

1 3 9

1 . 7 8

1 . 4 3

2 . 1 2
1 . 7 2

2 . 1 4

1 . 0 0

2 . 1 5

2 . 2 2

2 3 2

2 2 6

2 . 2 2

2 . 5 9

1 . 9 6
2 . 6 2

2 4 9

2 0 2

2 22

1 . 7 9

1 . 6 1

0 . 4 2

1 . 8 7

2 . 1 5

1 . 9 3

1 8 3

1 65

1 . 5 3

2 0 1

2 43

2 . 2 9

1 74

1 78
1 . 9 6

2 . 5 5

2 4 0

1 . 3 9

2 . 0 0

0 . 9 8

0 . 8 7

1 8 5

1 . 5 7

1 74

0 . 0 0

2 . 3 5

1 . 7 5
"

1 3 1
"

2 . 7 2
6 4 8

6 . 8 7

6 . 2 8

6 . 5 2

4 6 8

4 7 2

2 . 7 1
3 2 3

8 . 1 1

9 . 3 4

8 . 3 3

9 .
6 5

9 . 2 4

8 . 7 7

1 1 . 5 0

8 8 7

9 15
9

. 3 6
9 5 4

8 6 6

9 1 8

8 8 2

9 . 3 4

6 3 1

6 . 6 2

7 . 0 8

7 15

7 . 0 4

7 . 5 1

7 3 5

6 6 7

7 . 0 0

6 6 2

7 . 1 7

7 . 0 9

7 4 1

7 . 5 4
6

. 5 8

5 . 9 9

5 56

6 4 7

5 85

7 . 6 9

6 87

5 4 0

6 7 5

6 8 0

5 8 6
4 6 7

8 . 2 8

5 . 7 5

2 2 . 0 0

5 2 5 0

5 5 6 2

5 0 . 8 7

5 2 8 2

3 7 . 8 9

3 8 2 4

2 1 . 9 4

2 6 1 2

6 5 6 5

7 5 6 0

6 7 45

7 8 . 1 4

74 83

7 1 . 0 2

7 1 8 3

74 10
7 5 7 9

77 2 2

70 . 1 1

74 . 3 0

7 1 43

75 66

5 1 13

53 59

5 7 32

57 . 8 6

57 . 0 3

60 8 1

59 53

54 0 1
5 6

.
6 4

5 3 5 8

58 0 4

57 . 4 0

6 0 0 2

6 1 0 6

53 2 6

4 8 4 8

4 5 . 0 5

52 . 4 1

4 7 4 0

62 2 4
5 5 6 5

4 3 7 5

5 4 6 4

55 04

4 7 4 7

37 83

6 7 0 3

46 52
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1 . 0 0 2

0 . 9 9 7

1 . 0 0 4

1 . 0 0 8

1 . 0 0 3
1 . 0 0 9

1 . 0 0 4

1 . 0 0 8

1 . 0 0 8

1 . 0 1 2

1 . 0 0 9

1 . 0 0 3
1 . 0 0 7

1 0 0 6

1 . 0 0 4

1 0 0 9

1 0 05

1 . 0 0 1

1 . 0 0 1

0 . 9 9 3

0 . 9 9 8

1 0 0 1

1 0 04

0 9 97

1 0 0 5

1 . 0 0 3

1 . 0 0 1

0 9 9 8

1

1 . 0 0 4

0 . 9 9 7

1

1 . 0 0 1

1 . 0 1 3

1 . 0 1 1

0 99 5

1 . 0 0 3
1 0 13

1 . 0 0 5

1 . 0 0 3

1 . 0 1 3

0 . 9 9 6

1
.
0 0 1

1 . 0 0 2

1 . 0 0 6

1 0 0 1

1 . 0 0 2

0 99 6

0 . 9 9 8

1

5 . 8 6 1

4 . 1 6

6 . 0 8

6 4 12

6 . 6 7 2

3 3 19

4 . 6 8 3

6 . 7 9 5

6 . 5 5 3
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