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ABSTRACT 

A major problem t h a t  must be faced i n  assessing t h e  m i c r o b i o l o g i c a l  
q u a l i t y  o f  a  wide v a r i e t y  o f  water sources i s  t he  i d e n t i f i c a t i o n  o f  human 
e n t e r i  c  v i ruses .  Moni t o r i  ng programs based on es t ima t i ng  b a c t e r i  01 og i  c a l  
contaminat ion o f  water are of quest ionable value i n  p r e d i c t i n g  v i r u s  con- 
cen t ra t i ons .  Rout ine mon i to r ing  o f  sur face,  d r i nk ing ,  and r e c r e a t i o n a l  
waters f o r  v i r u s  conten t  i s  severe ly  hampered by the  absence o f  a  r e l i a b l e ,  
s p e c i f i c ,  and s imple procedure f o r  q u a n t i f i c a t i o n  o f  t h e  number o f  v i r u s  
p a r t i  c l  es present.  This  research was d i r e c t e d  toward devel opment o f  a  
methodology use fu l  f o r  assessing en te ro -v i  rus  contaminat ion. The method i s  
based on an immunoenzymatic assay i n  which v i r u s  s p e c i f i c  antibody, t o  which 
i s  bound o the r  a n t i  bodies and enzymes, i s  reac ted  w i t h  t h e  v i rus .  The 
complex can subsequently be v i s u a l i z e d  by a d d i t i o n  o f  enzyme reagents which 
produce a c o l o r  change i n  the  presence o f  v i r u s  p a r t i c l e s .  Two forms of 
t h i s  assay have been developed, one us ing  a microscopic  v i s u a l i z a t i o n  o f  
t h e  co lo red  p a r t i c l e s  and t h e  o t h e r  based on reac t i ons  i n  a t e s t  tube w i t h  

us. Both methods o f f e r  
i n  moderately contaminated 
o f  g rea te r  s e n s i t i v i t y .  

be ing used t o  q u a n t i f y  v i r  
t o  count v i r u s  p a r t i c l e s  

lopment o f f e r s  t h e  promise 

t o t a l  c o l o r  
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1.0 Summary and Concl u s i  ons 

Immunoenzymatic assays have been developed f o r  d e t e c t i n g  v i ruses  us ing  
t e s t  tubes on f i l t e r s .  Both methods have a  t h e o r e t i c a l  de tec t i on  1  i m i t  o f  
about 100 plaque forming u n i t s  (PFU). The t e s t  tube method i s  a  mod i f i ca-  
t i o n  o f  t he  E L I S A  technique i n  which v i r u s  p a r t i c l e s  a re  bound t o  po l y -  
s ty rene w i t h  a n t i v i r a l  a n t i  body, and then assayed by a d d i t i o n  o f  immuno- 
enzymatic reagents t o  t h e  tube. Development o f  a  f i l t e r  assay i nvo l ved  se- 
l e c t i o n  o f  a  method f o r  reducing nonspec i f i c  background s t a i n i n g ,  screening 
o f  f i l t e r s  f o r  v i r u s  r e t e n t i o n  and s u i t a b i l i t y ,  and s e l e c t i o n  o f  opt imal  
concentrat ions o f  immunoenzymatic reagents. For both t h e  f i l t e r  and tube 
assays, po l  i o v i r u s  type  1  was the  model v i r u s  used f o r  development o f  these 
assay systems due t o  i t s  wide occurrence and pers is tence i n  t he  env i  ron- 
ment. 

Although development o f  these methodologies was i n i t i a t e d  by i n t e r e s t  
i n  t he  presence o f  v i r u s  i n  she l l f i sh -g row ing  waters, t h e  techniques may be 
genera l l y  app l i cab le  t o  mon i to r i ng  v i r u s  i n  water and wastewater samples, 
and may even have biomedical  appl i c a t i  ons. 

There are  p o t e n t i a l  problems which w i l l  have t o  be addressed p r i o r  t o  
a p p l i c a t i o n  o f  t h i s  methodology t o  a  r o u t i n e  mon i to r i ng  s i t u a t i o n .  One i n -  
volves m o d i f i c a t i o n  o f  e x i s t i n g  v i r u s  concent ra t ion  techniques f o r  t he  wide- 
l y  vary ing  cond i t i ons  t h a t  may occur i n  environmental samples, especi a1 l y  
w i t h  regard t o  suspended p a r t i c u l a t e  ma t te r  and p a r t i  cu l  ate-bound v i  rus  . 
A second i nvo l ves  development o f  pre-assay techniques t o  render a  concen- 
t r a t e d  v i r u s  sample s u i t a b l e  f o r  assay. This  cou ld  i n v o l v e  removal o f  
p a r t i c u l a t e  mat te r  and o t h e r  undesired ma te r i a l .  A t h i r d  i s  t h e  e l im ina -  
t i o n  o f  i n t e r f e r i n g  ma te r i a l s .  For t he  immunoperoxi dase technique, d isso lved  
o r  suspended i r o n  presents an i n t e r f e r e n c e  problem f o r  immunoenzymatic assays. 
This  i n t e r f e r e n c e  problem may be so l vab le  by i ron-removal methodologies now 
ava i l ab le .  This  i n t e r f e r e n c e  may n o t  e x i s t  f o r  c e r t a i n  enzymelsubstrate 
combinations. 

Cur ren t ly ,  these immunoenzymatic methods a re  l i m i t e d  t o  d e t e c t i n g  
v i r u s  i n  moderately t o  h i g h l y  contaminated waters. A p p l i c a t i o n  t o  t he  low 
end o f  t he  v i r u s  concent ra t ion  range (e l00  PFU/100 ga l l ons )  w i l l  r e q u i r e  
f u r t h e r  improvement i n  t he  s e n s i t i v i t y  o f  t he  methods. The s e n s i t i v i t y  can 
be maximized i n  severa l  ways. Enzymes o f  h ighe r  s p e c i f i c  a c t i v i t y  and 
h i g h e r - t i  t e r  a n t i  bodies improve t h e  s e n s i t i v i t y .  The nonspec i f i c  s t a i n i n g  
problem, which may be one o f  t he  g rea tes t  f a c t o r s  t h a t  l i m i t  s e n s i t i v i t y ,  
can be reduced by us ing  immunoenzymatic reagents o f  very h igh  p u r i t y .  

The u l t i m a t e  appl i c a b i  1  i t y  o f  these techniques t o  r o u t i n e  v i r u s  
measurement and mon i to r i ng  w i  11 depend on t h e i r  re1  i a b i  1  i t y ,  ease o f  per-  
formance, cost ,  s e n s i t i v i t y ,  and a v a i l a b i l i t y  o f  commercial p repara t ions  
o f  app rop r i a te  a n t i  bodies. 



2.0 Recommendati ons 

Two ma jo r  areas w i t h  r ega rd  t o  these q u a n t i t a t i v e  imrnunoenzymatic 
methods r e q u i r e  f u r t h e r  research.  F i r s t ,  a d d i t i o n a l  e f f o r t  shou ld  be p u t  
i n t o  improv ing  t h e  s e n s i t i v i t y ,  and thus t h e  d e t e c t i o n  1 i m i  t, o f  bo th  t h e  
tube and f i l t e r  assays. Th i s  goal  can be p a r t i a l l y  achieved by deve lop ing  
new methods t o  reduce background. Second, f o l l ow -up  research shou ld  be 
i n i t i a t e d  t o  determine what m o d i f i c a t i o n s  i n  these methods a r e  necessary 
t o  make them s u i t a b l e  f o r  assay ing f i e l d  samples. Th is  cou ld  range f rom 
i n v e s t i g a t i n g  what sample p re t rea tment  measures a r e  necessary, t o  making 
improvements i n  procedures and/or t h e  equipment used i n  t h e  assays t o  r e -  
duce t he  t ime  r e q u i r e d  f o r  t he  assay. 

As new membrane f i l t e r s  a r e  developed by manufacturers ,  they  shou ld  be 
t e s t e d  t o  see i f  they  a r e  more s u i t a b l e  f o r  t h e  imrnunoenzymatic f i l t e r  assay 
than  t h e  f i l t e r  t h a t  i s  c u r r e n t l y  proposed. New methods shou ld  be found 
f o r  more e f f i c i e n t l y  immob i l i z i ng  v i r u s  on f i l t e r  su r faces  o r  o t h e r  s o l i d  
mat r i ces ,  and f o r  m in im iz i ng  t h e  amount o f  v i r u s  l o s t  through p re t rea tment .  



3.0 Introduction 

This project was in i t i a t ed  by the Water Resources Research Ins t i tu te  
to identify and develop ways t o  quantify viruses tha t  are not dependent on 
cell  culture techniques. This was deemed important because cell  culture 
assays are expensive, and not a l l  types of viruses can be assayed by exis t -  
ing cell  culture techniques. This prohibits routine use of cell  culture i n  
an extensive vi rus monitoring program. We have developed two immunoenzymati c 
methods for  quantitation of poliovirus. Such methods should give a bet ter  
indication of viral  contamination than indirect  methods 1 i ke the col i form 
monitoring techniques, and can unequivocally demonstrate the presence and 
concentration of human enter ic  virus i n  contaminated water. 

This report i s  organized into seven sections. Section 4.0 presents a 
review of relevant 1 i terature ,  and provides a background on enter ic  viruses, 
why they are of concern, and what methods currently ex i s t  for  detecting 
virus i n  water. Section 5.0 presents the proposed immunoenzymatic pro- 
cedure for  detecting pol iovi rus. Section 6.0 summari zes the experimental 
protocols. Section 7.0 interprets  the experimental resul ts .  



4.0 L i t e r a t u r e  Review 

4.1 I n t r o d u c t i o n :  

One o f  t he  b u i l t - i n  paradoxes o f  modern ex is tence i s  t h a t  t he  per  
cap i ta  demand on our  water resources i s  increasing,  w h i l e  a t  t he  same t ime 
less  and l e s s  o f  t h i s  resource i s  a v a i l a b l e  a t  the  des i red  q u a l i t y .  Pre- 
sen t l y ,  each person i n  the  Un i ted  States uses f rom f i f t y  t o  f ive-hundred 
l i t e r s  o f  water each day, most o f  i t  being re turned t o  the  watershed from 
which i t  was drawn along w i t h  an added bonus - an anthropogenic res idua l  
o f  i no rgan ic  and organic chemical po l  1  u tan ts  , and microorganisms i n c l u d i n g  
human e n t e r i c  v i ruses  (Shuval , 1976). 

The e n t e r i c  v i ruses  which i n f e c t  man a re  o f  i nc reas ing  concern today, 
now t h a t  b a c t e r i a l  diseases have been w e l l  s tud ied  and, f o r  t he  most p a r t ,  
a re  r e a d i l y  c o n t r o l l e d  w i t h  a n t i b i o t i c s .  I n  con t ras t  t o  t he  inc idences o f  
most b a c t e r i a l  diseases which have been d e c l i n i n g  over the  l a s t  few decades, 
the  inc idence of human e n t e r i c  v i r a l  diseases has increased (Committee on 
Envi ronmental Qua1 i t y  & Management, 1970). 

The pathways o f  v i r u s  t o  man a re  i l l u s t r a t e d  i n  F igure 4-1 (Gerba, e t  
a1 . , 1975). The water rou te  i s  being i nc reas ing l y  appreciated as a  s i g n i r  - 
f i c a n t  mechanism through which man i s  i n fec ted  by v i rus .  This  r o u t e  i s  
made poss ib le  f o r  e n t e r i c  v i ruses  by t h e i r  a b i l i t y  t o  su rv i ve  i n  t h e  na tu ra l  
environment, a  p o i n t  which w i l l  be discussed i n  f u r t h e r  d e t a i l ,  and t h e i r  
a b i l i t y  t o  be t ranspor ted  t o  po in t s  f a r  from t h e i r  p o i n t  o f  e n t r y  i n t o  the  
environment (Gr ins te in ,  e t  a1 . , 1970; Lamb and Chin, 1964; Metcal f and S t i l e s ,  
1968; Shuval , e t  a1 . , 1 9 m ) F  

4.2 E n t e r i c  Viruses - Background and Pathology: 

4.21 E n t e r i  c Viruses - General Background. Fenner, e t  a1 . , 1974, 
have def ined e n t e r i c  v i ruses as those which can su rv i ve  t h e a c i d i c  and 
b i  1  i a r y  secre t ions  o f  the  ver tebra te  d i g e s t i v e  t r a c t  and i n i t i a t e  i n f e c t i o n ,  
e i t h e r  symptomatic o r  asymptomatic, i n  gut-associated t i ssue .  These v i ruses  
are  ob l  i gate pa ras i tes  , r e l y i  ng on ve r teb ra te  animal c e l l  s  f o r  rep roduc t i  on 
o f  t h e i r  own k ind.  Berg, -- e t  a l .  (1971), have po in ted  ou t  t h a t  e n t e r i c  
v i ruses  u l t i m a t e l y  f i n d  t h e i r  way i n t o  aquat ic  environments, where they "are 
always present  i n  smal l  numbers t h a t  d im in i sh  w i t h  n a t u r a l  d i e - o f f  and any 
t reatment  t o  which t h e  water i s  subjected." The small r es idua l  o f  v i a b l e  
v i ruses  i s  s t i l l  s i g n i f i c a n t ,  however, s ince  even a  s i n g l e  v i a b l e  v i r u s  
p a r t i c l e  i s  capable o f  i n f e c t i n g  a  suscept ib le  host. 

The nomenclature o f  the  e n t e r i c  v i ruses  by group and subgroup i s  
shown i n  Table 4-1. P o l i o v i r u s  i s  the  most commonly repo r ted  e n t e r i c  
v i r u s  i s o l a t e d  form sewage and sewage-contaminated water. Adenovi ruses are  
recoverable from feca l  samples, bu t  a re  main ly  imp l i ca ted  i n  upper r e s p i r a -  
t o r y  diseases (Sobsey , 1974). Some environmental v i r o l o g i s t s  cons ider  



EXCRETA - MAN AND ANIMALS 
I 

FIGURE 4-1 - Pathways o f  E n t e r i c  Viruses t o  Man 



TABLE 4-1 - Human E n t e r i c  V i r u s  C l a s s i f i c a t i o n  

Group Subgroup Number o f  Types 

En te rov i  ruses 
Pol i o v i  ruses 
Coxsackievi  ruses A 
Coxsackievi  ruses B 
Echovi ruses 
New En te rov i  ruses 

Adenovi ruses 33 

Reovi ruses 3 

Rotav i  ruses (Duovi ruses)  ? 

H e p a t i t i s  A Vi ruses * ? 

Norwal k and Re1 a t e d  Agents* 2 (? )  

* These v i r u s e s  may a l s o  be c l a s s i f i e d  as Parvov i ruses 

(Sobsey , 1977) 



Hepati t is  A, which appears t o  be a parvovirus on the basis of 
physical and chemical evidence (Shuval , 1972), the  only vi rus  f o r  which a 
water route of transmission has been unequivocally demonstrated. 

Nonbacterial ga s t roen t e r i t i s  has t rad i t iona l  ly  been a wastebasket 
category fo r  en t e r i c  diseases where an agent has not been isola ted.  There 
a re  two recently-recognized groups of viruses associated w i t h  outbreaks of 
nonbacterial gas t roen te r i t i s .  These groups a re  the  Norwal k and re1 ated 
agents, and the rotaviruses.  These agents a r e  qu i te  fas t id ious  and cannot 
be is01 ated by ordinary virological  techniques. Furthermore, the quanti t a -  
t i v e  assay methodology i s  not well developed f o r  these agents (Sobsey, 
1974). The Norwal k and re la ted parvovi rus-1 i ke agents cause an acute 
gas t roen te r i t i s  w i t h  diarrhea and vomiting. This agent was responsible fo r  
the common source outbreak of acute infect ious  nonbacterial ga s t roen t e r i t i s  
t ha t  occurred i n  Norwalk, Ohio in 1968. The rotaviruses are  the leading 
cause of winter ga s t roen t e r i t i s  in  infants  where diarrhea and vomiting a re  
symptoms, and a major cause of infant  mortal i ty in  the  Third World (Sobsey, 
1972). Acute infect ious  nonbacteri a1 gas t roen te r i t i s  i s  second only t o  
acute respira tory i l l n e s s  as the  most frequent form s f  i l l n e s s .  This 
disease has a course from twenty-four t o  forty-eight hours w i t h  symptoms 
tha t  can incl ude, besides diarrhea and vomiting, low-grade fever,  abdominal 
pain, headache, and malaise (Dolin, -- e t  a1 . , 1973). 

The Norwalk agent has been isola ted from stool f i l t r a t e s  of infected 
i ndi v i  dual s , and examined serological  l y  and by immune electron microscopy 
[IEM). I t  has been characterized as a 27 nm pa r t i c l e  t ha t  bears resemblance 
t o  a parvovi rus on the  basis  of physical parameters (Kapi kian, 1972). The 
Norwalk agent has been compared t o  two s imilar  viruses - one i so la ted  in 
Honolulu, Hawaii, and one i so la ted  from Montgomery County, Maryland. A1 1 
three agents produce c l i n i c a l l y  s imi la r  i l lnesses .  The Norwalk and 
Montgomery County agents a re  s imi la r  an t igen ica l ly ,  but the  Hawaii agent i s  
d iss imilar  from both of these viruses ant igenical ly  (Wyatt, e t  a1 . , 1974). 

The reovi rus o r  rotavirus  agent i s  involved i n  many cases of i n f a n t i l e  
gas t roen te r i t i s  (Holmes, & a l . ,  1975; Kapikian, e t  a l . ,  1974; Pe t r i c ,  et 
a1 1975), and upon examinaEon by IEM and complement f ixa t ion  (CF) i s  -' 9 

seen t o  be ant igenical ly  re la ted t o  viruses t h a t  cause diarrhea i n  infant  
mice, and t o  Nebraska Calf Diarrhea Virus (NCDV) (Kapi kian, e t  a1 . , 1974). 
Physically i t  i s  a pa r t i c l e  w i t h  a sedimentation coef f ic ien t  of 520-530 S ,  
and a buoyant density i n  cesium chloride of 1.36 g/ml (Pe t r i c ,  e t  a1 . , 1975). 
A breakthrough i n  the  study of t h i s  group of agents was the  accom- 
plishment of successfully growing the  virus in -v i t ro  in  human f e t a l  i n -  
t e s t i  nal organ cul tures  (Wyatt, e t  a1. , 1 9 7 4 r  

4.22 Water Borne Infections - Enteric Viruses. The f ac t  t ha t  water 
i s  able t o  serve a s  a vector of en t e r i c  disease asents  was recoqnized b.y 
John Snow about 1854. This was a long time pr io r - to  the  sciences achieving 
any understanding of the causati  ve pathogenic mi croorgani sms invol ved 
(Shuval , 1976). Enteric viruses a re  thought t o  play a s ign i f ican t  ro le  i n  
waterborne diseases because of t h e i r  res is tance t o  inact ivat ion processes 



and because of t h e i r  common occurrence i n  man's environment. 

A s t a t i s t i c a l  breakdown o f  repor ted  v i r a l  waterborne disease outbreaks 
i n  t h e  Un i ted  States between 1971 and 1975, i n c l u s i v e l y ,  y i e l d s  17,752 cases 
(63 outbreaks) o f  g a s t r o e n t e r i t i s  o f  unknown e t i o l o g y  and 369 cases (14 
outbreaks) o f  H e p a t i t i s  A. Most outbreaks o f  waterborne disease occur i n  
Spr ing  o r  Summer, many i n v o l v i n g  semi-publ i c  water supp l ies ,  such as those 
i n  rec rea t i ona l  areas, where t reatment  i s  l ack ing  o r  unsophist icated.  These 
outbreaks a re  u s u a l l y  associated w i t h  improper c h l o r i n a t i o n  o f  d r i n k i n g  
water (Sobsey, 1977). Clarke and Chang (1959) have reviewed the  water- 
borne epidemics o f  i n f e c t i o u s  h e p a t i t i s  i n  t he  Uni ted Sta tes  and abroad, 
and d iscovered t h a t  t he  great  m a j o r i t y  o f  these outbreaks have r e s u l t e d  from 
sewage-contami nated water suppl i e s  , p r i m a r i l y  those t h a t  a re  p r i v a t e  o r  
semi-publ ic.  The most no to r i ous  i n f e c t i o u s  h e p a t i t i s  outbreak, however, 
occurred from an unan t i c i pa ted  gross sewage contaminat ion o f  a r i v e r  which 
served as t h e  source f o r  a p u b l i c  water supply. This  occurred i n  1955 i n  
New De lh i ,  I nd ia ,  where an est imated 30,000 t o  50,000 persons were a f f e c t e d  
(V i  s i  vanathen and S i  ndhu, 1957). I n f e c t i o u s  hepat i  ti s has a1 so r e s u l t e d  
from consumption o f  s h e l l f i s h  grown i n  sewage-contaminated waters (Bryan, 
1972). Hundreds o f  cases o f  she1 1 f i s h - t r a n s m i t t e d  h e p a t i t i s  have been re-  
po r ted  (Gerba, e t  a l . ,  1975; Mason and McLean, 1962), and e n t e r i c  v i ruses  
have been i s o l a t e d f r o m  oysters taken from both the  East and G u l f  coasts 
of t h e  Un i ted  States (Gerba, e t  a l . ,  1975). Another disease f o r  which a 
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water  rou te  has been imp l i ca ted  b u t  n o t  unequivocal ly  demonstrated i s  p o l i o -  
myel i t i s ,  the  causat ive agent being po l  i o v i  rus. There have been several  
outbreaks t h a t  have been associated w i t h  d r i n k i n g  water (Bancrof t ,  e t  a l . ,  -- 
1957; L i t t l e ,  1964; Mosley, 1967). 

The ex ten t  t o  which waterborne v i ruses  th rea ten p u b l i c  h e a l t h  i s  con- 
t r o v e r s i a l .  Some persons propose t h a t  s ince  one i n f e c t i o u s  u n i t  i s  
t h e o r e t i c a l l y  capable o f  producing i n f e c t i o n  i n  man, then t h e  presence o f  
one v i  rus u n i t  i n  a water supply poses a p o t e n t i  a1 hazard (Gerba, e t  a1 . , -- 
1975). There a re  several arguments counter  t o  t h i s  view. F i r s t  o f  a l l ,  
severa l  o r  many v i r u s  p a r t i c l e s  a re  requ i red  t o  c o n s t i t u t e  a s i n g l e  i n -  
fec t ious  u n i t .  This  i s  i l l u s t r a t e d  i n  Table 4-2. For p o l i o v i r u s  t h i s  t rans -  
l a t e s  t o  up t o  200 o r  300 v i r u s  p a r t i c l e s  per  i n f e c t i o u s  u n i t  (Sharp, 1963). 
Secondly, i n g e s t i o n  o f  an i n f e c t i o n  w i t h  smal l  amounts o f  v i r u s  does n o t  
necessa r i l y  1 ead t o  expression as disease. T h i r d l y ,  t he  r i s k s  represented 
by v i ruses  i n  d r i n k i n g  water  must be evaluated r e l a t i v e  t o  o t h e r  r i s k s  t o  
man's h e a l t h  t h a t  a re  present  i n  water, such as the  myr iad o f  carcinogens/ 
mutagens present  i n  c h l o r i n a t e d  d r i n k i n g  water. 

Most l i k e l y  a person i nges t i ng  one o r  a few v i r i o n s  w i l l  be asympto- 
matic.  These asymptomatic cases are  unrecognized cases o f  i n f e c t i o n  and 
are  thought  t o  represent  99% o r  more o f  those i n fec ted .  That means t h a t  
o n l y  one pe r  cent  o r  l e s s  o f  those persons i n f e c t e d  w i l l  show c l i n i c a l  
symptoms (Jawetz, e t  a1 . , 1974; Nenenson, 1970; Shuval , 1976; Sobsey, 1974). 
These asymptomatic cases are q u i t e  s i g n i f i c a n t  from a pub1 i c  h e a l t h  p o i n t  
o f  view, as these persons w i l l  excre te  l a r g e  q u a n t i t i e s  o f  v i r u s  i n  t h e i r  



TABLE 4-2 - Relat ionship Between the  Number o f  Vi rus P a r t i c l e s  and the  Number o f  I n f e c t i o u s  Un i ts  fo r  
Several D i f f e r e n t  Viruses. 

End Po in t  Number o f  Number o f  V i  rus Par t i -  
V i rus Assay System U n i t  I n f e c t i  v i  t y  Uni t s  c l  es pe r  In fec t i ous  U n i t  

Adenovirus 5 

Cowpox v i r u s  

Fel i ne pneumoni ti s v i r u s  

Pol i o v i  rus  (Mahoney) 

Pol i o v i  rus  (Mahoney) 

HeLa c e l l s  TCI DSO 10-1 03" 

Rabbit s k i n  I D 5 ~  4-40 

Egg I D50 20 

Human amnion c e l l s  P FU 22-56 

Monkey kidney c e l l  s PFU 35-253 

Pol i o v i  rus  (MEF-1) Human amnion c e l l s  P FU 

Polyama v i  rus  Mouse embryo c e l l  s PFU 

Vaccinia v i  rus  L c e l l s  PFU 4 4 

(Sharp, 1963) 



feces, which then ultimately find the i r  way into the aquatic environment. 
These persons are also of tremendous importance epidemiologically as they 
can act  as foci of infection. Thus from the few infected asymptomatic 
persons who obtained viruses from the water route, the viruses spread into 
the community by the fecal -oral route and by di rect-contact transmission. 
Infection and the resulting disease following th i s  pathway would appear to  
the epidemiologist as a classical picture of di rect-contact transmission 
only, and not as the common-source transmission t h a t  i t  actually i s  (Berg, 
e t  a1 . , 1971 ; Lenette, 1977). -- 

Of course, there are many types of enter ic  viruses. Reinfections with 
the same type of virus are rare ,  and hence epidemic "peaks" of c l inical  
and subclinical infections might be expected to  occur when a suf f ic ien t  
number of suscepti bles, usually children, i s  attained within the population. 

4.23 Pol iomyeli t i s .  Poliomyelitis i s  an acute viral i l lness  manifest- 
ed by a wide variety of severi t ies  from asymptomatic infections to  the 
paralytic disease (Nenenson, 1970). The disease i s  caused by a small 
enteri  c vi rus , pol i ovi rus , of the enterovi rus group. Pol i ovi rus parti  cl es 
are 28 nm in s ize and relat ively heat s tab le ,  especially in the presence of 
divalent cations 1 ike magnesium. The virus i s  inactivated by UV 1 igh t ,  dry- 
ing, and low residuals (0.1 ppm) of chlorine (Jawetz, -- e t  a l . ,  1974). 

There are  3 antigenic types, designated 1 ,  2 ,  and 3 (Jawetz, e t  a l .  , 
1974). Additional l y ,  there are genetic markers which distinguish t h e w i l d  
type virulent s t ra ins  from the avirulent s t ra ins .  For example, polio- 
virus type-1 s t r a in  Mahoney, a virulent s t r a i n ,  has the markers d+T+ and 
poliovirus type-1 s t ra in  Lsc, which i s  avirulent,  has the markers d-T-. 
The marker d+ designates the abi 1 i t y  of viral  plaques t o  form in ce l l  mono- 
layers in the presence of 0.07% sodium bicarbonate whereas d- designates 
the inabi l i ty  of viral  plaques t o  form in the presence of 0.40% sodium bi- 
carbonate. Tt indicates plaque-formation capabi 1 i t y  a t  40°C and T- indi - 
cates tha t  plaques will n o t  form a t  temperatures greater than 37OC (Melnick 
and Melnick, 1959). Furthermore, heated pol iovi rus shows di f ferent  surface 
antigens compared to  native virus. Native virus has two major surface an t i -  
gens, N and D ,  whereas heated virus has the antigens H and C. This pre- 
sumably i s  due t o  denaturation of the virus coat proteins which expose new 
segments of the polypeptide chains (Beala and Mason, 1968). 

Poliovirus invades the alimentary t r a c t ,  causing a viremia i n  some 
cases, followed by invasion of the central nervous system (CNS) and selec- 
t ive  involvement of motor ce l l s  leading to ,  in the extreme case, paralysis 
(Nenenson , 1970). The incubation period for  the disease i s  seven to  four- 
teen days on the average, with a range of three t o  thir ty-f ive days 
(Jawetz, -- e t  a1 . , 1974). Paralysis i s  implicated in only about three to  
four percent of the c l in ica l ly  recognizable cases of poliomyelitis. The 
remainder involves a milder i l lness  such as aseptic meningitis (Jawetz, 
e t  a l . ,  1974; Paul, 1971). Transmission i s  thought t o  be primarily through -- 
direct  contact with infected individuals. 



The age distribution of the disease has been well studied. I n  isolated 
unvaccinated areas, polio attacks a l l  age groups equally. In crowded primi- 
t ive  societ ies ,  where poor sanitation favors wide dissemination of the 
virus, polio continues to  be a disease of infancy, w i t h  a l l  children over 
four years of age possessing anti  bodies to  the virus (Jawetz, e t  a1 . , 1974). 
Unexplained, however, i s  the recent s h i f t  in the age incidence of polio- 
myelitis tha t  s tar ted a few decades ago in western society. Poliomyelitis 
i s  now occurring more frequently in increasingly older age groups than i t  
had in the past in the United States ,  England, Denmark, Sweden, and 
Australia (Keswick and Gerba, 1980). Currently there i s  concern tha t  a 
fa l se  sense of security resulting from the sharp decline in poliomyelitis 
incidence in recent years i s  leading to  a lapse in vaccination programs. 
This may be producing large numbers of susceptible youngsters tha t  may 
eventually resul t  in an epidemic. Figure 4-2 shows the seasonal pattern 
tha t  the disease follows, with ~ e a k s  in l a t e  Summer and early Fall. 

As mentioned before the existence of a water route for  poliomyelitis 
i s  supported by evidence. Pol iovi rus i s  present in sewage-contaminated 
water, and undoubtedly many persons ingest small quantit ies of virus daily. 
Interestingly,  13 of the 19 isolates  of polioviruses t h a t  Wallis and Melnick 
(1967) found in municipal sewage had d+ markers, which indicated that  
e i the r  the vaccine s t ra ins  had par t ia l ly  reverted, or  tha t  wi ld-type s t ra ins  
were circulating in the population in the absence of c l inical  disease. To 
date e fght  reported polio outbreaks have occurred in which drinking water 
was thought to  be the cause as summarized in Table 2-3. Six of the out- 
breaks occurred in Sweden during the 1930's and  1940's. In the U.S., the 
one confirmed water-borne outbreak occurred in 1952 in Huskervill e ,  
Nebraska in a c lus te r  of row houses with a common contaminated water supply 
(Bancroft, e t  a1 . , 1957). The Edmonton, A1 berta outbreak of 1953 occurred 
in l a t e   alla and accompanied the ma1 functioning of the chlorination process 
for  sewage eff luent  in a town twenty miles upstream from where Edmonton 
drew i t s  water supply ( L i t t l e ,  1954). 

4.3 Enteric Vi ruses - Removal /Survi val in Treatment Processes: 

4.31 Removal/Survival in Wastewater Treatment Processes. Wastewater 
treatment processes, besides reducing the bi 01 ogi cal oxygen demand (BOD) of 
the wastewater, a1 so s ignif icant ly reduces the number of infectious virus 
par t ic les  present in the wastewater. Concern about enter ic  viruses would 
end a t  the treatment plant i f  conventional sewage treatment yielded 100% 
inactivation of these viruses. However, t h i s  i s  not the case (Berg, 1973; 
Ma1 ina, 1976; Schwartzbrod, eJ a l . ,  1973; Sproul , 1974). The effluent of a 
typical properly-operated and mxntained treatment plant contains about 
f i f t y  plaque forming units (PFU) of enter ic  viruses per l i t e r  (Berg, 1971), 
although t h i s  varies. The proportion of virus removed in a treatment plant 
depends on the virus,  the types of processes used, and the eff ic iencies  a t  
which they are operated. With primary treatment, which i s  essent ial ly  jus t  
a se t t l i ng  process, virus removal varies between 0 and 30% with 3 hours of 
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FIGURE 4-2 - Seasonal Occurrence of Pol iomyel i t i  s 

Source: Morbidity and Mortal i t y  (1 971 ) 



TABLE 4-3 - Pub1 i shed Reports of Pol iomyel i t i  s Attributed to  Contaminated D r i n k i n g  Water 

Place ,r No. cases Attack Dtrrnt~on of 
Yrar of type ..f attributed nrs per C h ~ r a c t e r  wntcr-borne Type d rupply 

No. occurrrnce Refrreneer Conniry population to supply 100. of rpinode phnaa hrlcl rcymnatble 

1 1813(?)-39 Spsak. 1941 B a d a n  Rural die .net 10b - Slmradic c a d s  Yrnm Prrvnte arll. pond 

2 1944 Klins. 1847 Sweden Town 63 0.5 I.:p~drmrc S Muntba Xlurt<c~pnl aynlcm 
Filteredyirfnce water 

Swmlen T o r n  53 0 2 Eptdrmrc 3 months M u n ~ c ~ p n l  -y-tem 
Untreatrd tlrrp well v a a r  

4 1048 Fauhmcus d ol.. 19.50 Sweden Stnckholn~ 8 - Sporadic 3 hlcrnths JZunicirml ))*tern 

suburb cl~9es ProximnLP cunt~mrnatton 

5 1048 Fnahraeua LI ol., 1950 Sweden Town 83 0.2 Ep~demie 7 Months hl~rn~cipal  nyltrm 
Untreated deep well water 

6 1940 IIusa el al., 18.52 Sweden Malmm 138 0.1 Epidemic 8 Morrtba . \ l~~nir ipal  Pyqtcm 
FtlIrrml errrl xcn water 

7 1052 Ra~~cro l t  rt 01.. 1057 U.S.A. " liuskrrvi la" 45 8.7  Epidem~c j Weeks >11111rc1pnl n y s t ~ m  
Pmxirnnte contaminatron 

8 1053 Little. I054 Canads Edmonton 75b < 0.1 b Epidemic 2 Weeka Municlpnl syatern 
Cblorinded surfaes water 

* Unndiustrrl rate among perwns p r e s u ~ b i y  consuming contaminated   up ply. 
b Eatimat~d from author's dub. 

Includes canes attributed fo other modes of tranambion. 

Source: Berg, 1967 



s e t t l i n g  t ime.  I n  secondary, o r  b i o l o g i c a l  t reatment,  v i r u s  removal can be 
as h i g h  as 97% (Safferman and Mor r is ,  1976). Th is  i s  fo l lowed by a  d i s i n -  
f e c t i  on process, usual l y  c h l o r i n a t i o n ,  which reduces t h e  l e v e l s  o f  v i r u s  
even f u r t h e r .  The concent ra t ions  o f  bacter iophage and human v i ruses  have 
occas iona l l y  been used as an i n d i c a t i o n  o f  t he  e f f ec t i veness  o f  water  and 
wastewater t reatment  processes (Clarke,  e t  a l . ,  1961 ; Malina, e t  a l . ,  1975; -- 
Safferman and Morr is,  1976; Shel ton and E e Z y ,  1973). 

V i rus  removal has been w e l l  s tud ied  f o r  secondary and t e r t i a r y  sewage 
t reatment .  I n  l a b o r a t o r y  s tud ies ,  t r i c k l i n g  f i l t e r s  have reduced v i r u s  
1  eve1 s  by up t o  2 "1 ogs" , o r  99% (Shuval , 1970), and a c t i v a t e d  sludge r e -  
duced v i r u s  l e v e l s  w i t h  a  w i d e l y  va ry ing  e f f i c i e n c y .  For a c t i v a t e d  sludge 
Coxsackievi  r us  type  A9 was reduced 96 t o  99%, b u t  po l  i o v i r u s  t ype  1  was r e -  
duced as l i t t l e  as 38% a f t e r  s i x  t o  e i g h t  hours o f  exposure t o  t h e  process 
(Clarke, -- e t  a1 . , 1961 ) . T e r t i a r y  treatment,  o r  advanced chemical t reatment  
o f  wastewater leads t o  g rea te r  reduc t ions  i n  v i r u s  concent ra t ions  than 
pr imary o r  secondard t reatment .  Chemical coagul a t i o n - f l  occul  a t i o n  can be 
p a r t i c u l a r l y  e f f e c t i v e  i n  removing v i r u s ,  a1 though again t h e  v a r i a b i l  i t y  
i n  removal e f f i c i e n c i e s  i s  g rea t .  I n  l a b o r a t o r y  s tud ies ,  a1 uminum su l  f a t e  
(alum) coagu la t ion  has y i e l d e d  v i r u s  reduc t ions  as h igh  as 99.8 t o  99.9% 
(Wolf ,  -- e t  a1 . , 1974). Lime treatment,  besides removing v i r u s  by adsorp t ion  
t o  o r  entrapment i n  t h e  f l o c ,  has t h e  added advantage o f  i n a c t i v a t i n g  t h e  
v i r u s  by the  h i g h  pH a t t a i n e d  i n  t h i s  process, sometimes up t o  4  " l o g "  o r  
99.99% removal (Berg, -- e t  a1 . , 1968; Sa t ta r ,  e t  a1 . , 1976). -- 

Fur the r  reduc t i on  i n  v i a b l e  v i r u s  can be achieved by d i s i n f e c t i o n .  
Ch lo r i ne  i s  now the  most w ide l y  used d i s i n f e c t a n t  f o r  t h i s  purpose, a l -  
though ozone, i od ine ,  and bromine are  r e c e i v i n g  ser ious  cons ide ra t i on  as 
a l t e r n a t i v e  d i s i n f e c t a n t s .  D i s i n f e c t i o n  e f f i c i e n c y  depends on a  number o f  
va r i ab les ,  i n c l u d i n g  t h e  type  o f  v i r u s  present,  i t s  phys i ca l  s t a t e ,  t h e  
type  o f  d i s i n f e c t a n t  used, t h e  q u a l i t y  and na ture  o f  t h e  waste, pH, tempera- 
t u r e ,  and 1  ength o f  t rea tment  (Gerba, -- e t  a1 . , 1975; Sharp, e t  a1 . , 1976). 
If halogens a re  used i t  i s  necessary t o  add amounts beyond thedemand o f  
the  endogenous organic  and i no rgan i c  ma te r i a l  present  be fore  any s i g n i f i c a n t  
reduc t i on  i n  v i r u s  occurs (Freund, 1976). For secondary e f f l u e n t ,  one must 
r a i s e  t h e  dose t o  as h i g h  as 40 mg/l f o r  t e n  minutes t o  o b t a i n  a  3 - log  
removal. However, t h i s  h i g h  a  dose o f  c h l o r i n e  does n o t  come w i t h o u t  i t s  
own problems. The c h l o r i n a t e d  organ ic  compounds formed show t o x i c i t y  t o -  
ward var ious  forms o f  aqua t i c  1 i  f e  as wel 1  as p r o v i d i n g  a  source o f  con- 
tamina t ion  o f  t he  environment w i t h  p o t e n t i a l l y  carc inogenic  compounds 
(Gerba, e t  a1 . , 1975). 

The average e n t e r i c  v i r u s  dens i t y  i n  domestic raw sewage i s  es t imated  
a t  7000 i n f e c t i o u s  u n i t s  pe r  l i t e r ,  w i t h  a  h igh  range l i m i t  o f  463,500 i n -  
f e c t i o u s  p a r t i c l e s  pe r  l i t e r  (Gerba, -- e t  a l . ,  1975). The amount p resent  
v a r i e s  w i d e l y  as a  f u n c t i o n  o f  hygiene i n  t h e  community, t h e  socioeconomic 
l e v e l ,  and t h e  t ime o f  year .  A seasonal peak f o r  v i r u s  e x c r e t i o n  i n  t h e  
Un i ted  Sta tes  occurs i n  1  a t e  Summer and e a r l y  Fa1 1  (Gerba, -- e t  a1 . , 1975; 
Clarke and Kobler ,  1964). The l e v e l s  o f  v i r u s  i n  raw sewage undoubtedly re -  
f l e c t  t h e  endemic/epidemic s ta tus  o f  e n t e r i c  v i r a l  diseases i n  t h e  community, 



f l u c t u a t i n g  from week t o  week and season t o  season (England, 1972). Even 
apparent ly  heal t h y  i n d i v i d u a l s  excre te  e n t e r i  c  v i ruses,  especi a1 l y  c h i  1 dren 
under t h e  age o f  15 (Ramao-Alvarez and Sabin, 1956). On t h e  average about 
10% o f  the c h i l d r e n  i n  t h i s  age group are  shedding v i ruses  a t  any g iven 
t ime (Gelfand, -- e t  a l . ,  1957; Honig, e t  a l . ,  1956; Sabin, 1955). I n  i n f e c t -  
ed i nd i  v i  duais,  e n t e r i c  v i  ruses a re  exc re ted  i n  concent ra t ions  as h igh  as 
100,000 TCID50 per  gram o f  feces, bu t  t he  average concent ra t ion  i s  a  
magnitude lower,  o r  about 10,000 TCID50 per  gram. Sabin (1955), (assuming 
t h a t  10% of  t h e  popu la t i on  under age 15 are asymptomatic excre te rs ,  and 
t h a t  t he  symptomatic i n d i v i d u a l s  w i l l  be few) c a l c u l a t e d  an average value 
o f  311 TCID50 pe r  gram feces f o r  t he  t o t a l  populat ion.  Between 16% and 100% 
of t h i s  v i r u s  i s  associated w i t h  suspended s o l i d s  i n  t h e  i n p u t  stream and 
throughout t he  t reatment  process (We1 1  ings,  e t  a1 . , 1976). The types o f  
v i r u s  t h a t  have been i s o l a t e d  from sewage a r c n o t e d  i n  Table 4-4. 

4.32 Removal /Surv i  va1 Dur ing Water Treatment Processes. Water t r e a t -  
ment processes were o r i g i n a l l y  designed t o  reduce t u r b i d i t y  and improve the  
bacterial og i  c a l  qual i t y - o f  water. conven ien t ly  i t  a l so  removes e n t e r i c  
v i ruses  from the  water  q u i t e  e f f e c t i v e l y  (Guy, e t  a l . ,  1977). Th i s  removal, 
however, i s  n o t  complete (GUY, e t  a1 . , 1977 ; ~ a e r z i  t e ,  -- e t  a1 . , 1975 ; York 
and Drewry, 1974). From t h i s  a s s =  the  pub1 i c  h e a l t h  concern about v i ruses  
i n  d r i n k i n g  water.  

Rivers which rece ive  raw o r  t r e a t e d  sewage may con ta in  one t o  t e n  PFU 
per  100 m i l  1  i 1 i t e r s  o r  h igher ,  depending on f l o w  cond i t i ons  (Shuval , 1976). 
Physica l  -chemical t reatment ,  as f o r  wastewater, i s  by f a r  t h e  most e f f e c t i v e  
t reatment  process f o r  removing v i ruses  from water.  Wi th t h i s  process alone 
a  removal o f  3  o r  4 l ogs  (99.9% - 99.99%) i s  poss ib le  (Gerba, e t  a1 . , 1975; 
Farrah, e t  a1 . , 1978). For water t h i s  i nvo l ves  a1 urn (a1 uminum s u l  f a t e )  
addi t i o n T o n o w e d  by 1  ime (ca lc ium hydrox ide) .  I t  i s  important  t o  note t h a t  
a l l  v i ruses  a r e  n o t  e q u a l l y  removed by the  r e s u l t i n g  f l o c  (Farrah, e t  a l . ,  
1978). D i s i n f e c t i o n  i s  t h e  f i n a l  b a r r i e r  between the  v i ruses  p r e s e x  l'n 
t h e  raw water and t h e  g lass o f  water  consumed by man. For c h l o r i n e  a  5 mg/l 
f r e e  c h l o r i n e  res idua l  over  a  30 minute exposure p e r i o d  leads t o  about a  4 
l o g  reduc t i on  i n  ti t r e y  a1 though t h i s  va r i es  from v i r u s  t o  v i r u s ,  and a1 so 
as a  f u n c t i o n  o f  environmental  cond i t i ons  such as organic  content ,  pH, and 
temperature. Another d i s i n f e c t a n t ,  used l e s s  f requen t l y ,  i s  ozone. It, un- 
l i k e  t he  halogens, has a  t h resho ld  e f f e c t .  There i s  l i t t l e  i n a c t i v a t i o n  
u n t i l  one has about 0.2-1 m i l l i g r a m  o f  ozone pe r  l i t e r .  A  problem w i t h  
t h i s  d i s i n f e c t a n t  i s  t h a t  i t  lacks  a  res idua l  (Sobsey, 1974). Bromine i s  
r e c e i v i n g  i nc reas ing  a t t e n t i o n  as a  d i s i n f e c t a n t  and shows promis ing d i s i n -  
f e c t i o n  qua1 i t i e s  toward v i ruses  (Sharp, -- e t  a1 . , 1975). 

There i s  l i t t l e  i n fo rma t i on  a v a i l a b l e  on t h e  occurrence o f  v i ruses  i n  
d r i n k i n g  water. Two French s tud ies  i n  Pa r i s  i n  t h e  1960's showed e n t e r i c  
v i ruses  i n  18% and 8%, respec t i ve l y ,  o f  t he  f i n i s h e d  water samples examined. 

*TCID50 i s  the  dose o f  v i r u s  t h a t  w i l l  l e a d  t o  i n f e c t i o n  o f  50% o f  rep1 i c a t e  
c e l l  cu l t u res .  



TABLE 4-4 - Types o f  V i ruses Is01  a t e d  From Sewage 

Year Loca t i on  Types I s o l a t e d  Comments 

1964 Chicago, 111. 

Southern 
Cal i f o r n i a  

Houston, 
Texas 

Pol i o v i  ruses 1,2,3 Same types i s o l a t e d  
Coxsack iev i ruses A  & B  f rom upper I 1  1  i n o i s  R. 
Echovi r us  7 below sewage o u t f a l l .  
Reovirus 1  Corresponded w i t h  

p o l i o m y e l i t i s  ou t -  
break - 44 cases 

Adenovi ruses/Echo- 
v i  ruses/Reovi ruses/ 
Pol i o v i  ruses/Coxsac k i e -  
v i r uses  B  

P o l i o v i r u s e s  2,3/Echo- 13 o f  19 p o l i o v i r u s  
v i  ruses(9) /Coxsack ie  i s o l a t e s  had d+ markers 
v i r u s e s  ( 2 )  

Pol i o v i  ruses 1,3/Echo- Wide range o f  v i  r u l  ence. 
v i  ruses 3,6,7/Coxsackie- M a j o r i t y  o f  i s 0 1  a tes  
v i r u s e s  B3, B5 w i t h  i n t e r m e d i a t e  

v i r u l e n c e  cha rac te r -  
i s t i c s .  

Source: England, e t  a l . ,  1967; Lamb, -- e t  a l . ,  1964; W a l l i s  
and ~ e l  n i c k , 1 9 6 7 .  



The average v i r u s  concen t ra t i on  i n  t h e  f i r s t  o f  t h e  two s t u d i e s  was de te r -  
mined t o  be 1 i n f e c t i o u s  u n i t  p e r  300 l i t e r s .  More r e c e n t l y ,  e n t e r i c  
v i r u s e s  have been i s o l a t e d  from d r i n k i n g  wate r  o f  communit ies i n  South 
A f r i c a  and New England (Gerba, e t  a1 . , 1975). Adm i t t ed l y  , e n t e r i c  v i r uses  
have been de tec ted  o n l y  r a r e l y  in d r i n k i n g  wate r  t h a t  has been p r o p e r l y  
t r e a t e d  (Shuval , 1976), b u t  i t  i s  n o t  c e r t a i n  whether t h i s  i s  due t o  t h e i r  
absence o r  t o  t h e  l a c k  o f  s u f f i c i e n t  e f f o r t  i n  m o n i t o r i n g  d r i n k i n g  water  
f o r  t h e  presence o f  v i r u s .  To date,  t h e r e  i s  no r o u t i n e  program f o r  v i r u s  
m o n i t o r i n g  i n  d r i n k i n g  wate r  except  i n  Pa r i s ,  where t h e  gauze pad method, 
one of r e l a t i v e l y  low e f f i c i e n c y ,  i s  employed (Shuval , 1976). 

4.33 Occurrence and S u r v i v a l  i n  Wastewater Treatment Sludge. Sludge 
a r i s e s  from wastewater t rea tment  s e t t l i n g  processes such as p r ima ry  t r e a t -  
ment, and f rom b i o l o g i c a l  t rea tment  processes 1 i ke a c t i v a t e d  s l  udge. The 
s ludge generated i n  t h i s  process i s  sometimes concent ra ted  by such processes 
as anaerobic  s ludge d i g e s t i o n ,  which i n v o l v e s  e l eva ted  temperatures, c e n t r i -  
f uga t i on ,  and evaporat ion.  V i ruses a re  assoc ia ted  w i t h  s ludge by adsorp- 
t i o n  and entrapment. The f a t e  o f  t h i s  s l  udge-associated v i r u s  needs t o  
be known s i nce  sludge, whether viewed as a waste p roduc t  t o  be d isposed o f ,  
o r  as a resource t o  be u t i l i z e d ,  w i l l  end up i n  t h e  environment. 

Raw s ludge s o l  i d s  a r e  q u i t e  p r o t e c t i v e  o f  v i r u s e s  (Ward, e t  a1 . , 1976).  
It has been demonstrated t h a t  v i r u s  removed by adso rp t i on  t o  o r e n t r a p m e n t  
w i t h i n  alum and 1 ime f l o c s  d u r i n g  wate r  t rea tment  i s  n o t  i n a c t i v a t e d  (Wolf ,  
e t  a1 . , 1974). The same i s  t r u e  f o r  s ludges ob ta ined  i n  mun ic ipa l  waste- -- 
water  t rea tment  processes (Gi  1 creas and Kel ly ,  1955; Stevenson, e t  a1 . , 
1956; Ward, 1977). V i  r us  has been demonstrated i n  f u l  l y - d i  g e s t e d s i i d g e  
(60 days o l d ,  34OC) and d r i e d  sludge. The types o f  v i r uses  t h a t  have 
been i s o l a t e d  f rom t r e a t e d  s ludge i n c l u d e d  p o l i o v i r u s e s ,  reov i ruses ,  and 
echovi  ruses (We1 1 i ngs , -- e t  a1 . , 1976). 

Raw sludge i s  q u i t e  p r o t e c t i v e  f o r  p o l  i o v i r u s  i n  p a r t i c u l a r  (Ward, 
1977). Even w i t h o u t  a p p l i e d  heat,  po l  i o v i r u s  i s  more r a p i d l y  i n a c t i v a t e d  
i n  anaerob ica l  l y  d iges ted  s l  udge than  i n  raw s l  udge (Ward, e t  a1 . , 1976 ; 
Ward, 1978). I n  t h i s  case ammonia formed i n  t h e  d i g e s t i o n  process i n  t h e  
v i r u c i d a l  agent, t h e  presence o f  which i s  r e f l e c t e d  by t h e  2 o rde rs -o f -  
magnitude h i g h e r  pH i n  d i ges ted  s ludge compared t o  raw s ludge (Ward, e t  a1 . , 
1976; Ward and Ashley, 1977; Ward, 1978). I t  i s  impo r tan t  t o  make t h e  - 
q u a l i f i c a t i o n  t h a t  ammonia i s  n o t  a general  v i r u c i d a l  agent. Reovirus i s  
i n d i  f f e r e n t  t o  t h e  presence o f  ammonia i n  t h e  concen t ra t i ons  exper ienced 
i n  d i ges ted  s ludge (Ward, 1978). When s ludge i s  reduced i n  volume by de- 
wa te r i ng  through evaporat ion,  some v i r u s  i n a c t i v a t i o n  occurs,  a l though i t  
i s  n o t  complete. Pol i o v i r u s ,  coxsack iev i r us  and r e o v i r u s  a r e  known t o  be 
p a r t i a l l y  i n a c t i v a t e d  by t h e  dewater ing process (Ward and Ashley, 1977). 

4.4 The Occurrence and S u r v i v a l  o f  E n t e r i c  V i ruses i n  t h e  Environment 

4.41 Occurrence and S u r v i v a l  i n  t h e  Aquat i c  Environment 



i n  a v 
proven 
condi t 
months 

(K l  i ng 

4.411 Occurrence and Su rv i va l  i n  Water. It has been general 
p r a c t i c e  t o  discharge sewage, t r e a t e d  o r  un t rea ted  i n t o  t he  neares t  a v a i l -  
ab le  body o f  water,  Often, due t o  i n s u f f i c i e n t  concent ra t ion  o f  con tac t  
t ime w i t h  d i s i n f e c t a n t ,  much of t he  v i r u s  present  i n  sewage i s  d ischarged 

i a b l e  s t a t e  (Lenet te,  1977). Laboratory and f i e 1  d s tud ies  have 
t h a t  e n t e r i  c v i ruses,  dependins on v i  G s  t v ~ e  and env i  ronmental 
ons, can su rv i ve  i n  t he  environment f o r  t imes rang ing  f rom days t o  
(Akin,  -- e t  a l . ,  1971; Shuval, 1976). 

P o l i o v i r u s  has been i s o l a t e d  from contaminated w e l l  water  
, 1940) and contaminated sur face water (Paul and Fiask, 1941 ) .  

Herrmann, e t  a l . ,  (1974) have demonstrated t h a t  i n  l a k e  water  ( i n - s i t u ) ,  
10% of  t h e o r i g i n a l  v i r u s  in t roduced i n t o  t he  water were s t i l l  i n f e c t i o u s  
a f t e r  8 days. Coxsackie A9 and p o l i o v i r u s  type 1 were i n a c t i v a t e d  more 
r a p i d l y  i n  un t rea ted  l a k e  water than i n  s t e r i l e  l a k e  water i n d i c a t i n g  a 
b i o l o g i c a l  f a c t o r  might  be i nvo l ved  i n  t he  i n a c t i v a t i o n .  I n  an -- i n - s i t u  
s tudy which u t i l i z e d  v i r u s  t h a t  was l a b e l l e d  v i a  ~ 1 4  - leuc ine ,  Herrmann 
and coworkers (1974) showed t h a t  t he  v i r u s  coat  p r o t e i n s  were degraded, 
presumably by the  microorganisms indigenous t o  t h e  l a k e  water.  

I n  contaminated reaches o f  t h e  I l l i n o i s  R i ve r  Lamb and 
Chin (1 964) i s o l a t e d  v i ruses  i n c l u d i n g  p o l  i o v i  ruses 1 , 2, and 3, cox- 
sack iev i  ruses A and B, echovi rus  type 7, and reov i  rus  type  1. The presence 
o f  these v i ruses  i n  t h i s  s tudy corresponded w i t h  a p o l i o m y e l i t i s  outbreak 
i n  t he  Chicago me t ropo l i t an  area i n v o l v i n g  the  type  1 and t ype  3 v i r u s .  

Human pathogenic v i ruses  may a l s o  f i n d  t h e i r  way i n t o  
coas ta l  waters v i  s d i r e c t  discharge o f  wastes, o r  f rom sewage contaminated 
r i v e r s  t h a t  f l o w  through coas ta l  es tuar ies .  The s u r v i v a l  t imes f o r  v i ruses  
i n  seawater vary. DeFlora, e t  a1 . , (1975) s tud ied  water,  sand, and sed i -  
ments i n  coas ta l  water near a sewage o u t f a l l .  Many o f  t h e  v i ruses  i s o l a t e d  
were vaccine s t r a i n s  o f  p o l i o v i r u s .  I n  -- i n - s i t u  s tud ies  they  noted a 10% 
s u r v i v a l  o f  p o l  i o v i r u s  a f t e r  6 days i n  t h e  seawater phase. Th i s  compares 
t o  a 10% s u r v i v a l  o f  po l  i o v i r u s  a f t e r  1 t o  2 days found by Shuval (1976) 
f o r  Mediterranean seawater. Th is  t h r e e - f o l d  d i f f e r e n c e  i n  apparent sur -  
v i v a l  may r e f l e c t  d i f f e rences  i n  seawater temperature. 

V i rus  i n a c t i v a t i o n  r a t e s  have been seen t o  be dependent on 
many f a c t o r s ,  b u t  e s p e c i a l l y  on temperature. OtBr ien  and Newman (1  977) 
looked a t  t he  i n a c t i v a t i o n  o f  p o l i o v i r u s  types 1 and 3, and coxsackiev i ruses 
A-13 and B-1 i n - s i t u  i n  t h e  R io  Grande R ive r  us ing  membrane d i a l y s i s  cham- 
bers. I n a c t i v a t i o n  r a t e s  were exponent ia l  , being p r i m a r i l y  a f u n c t i o n  o f  
temperature. O f  t h e  v i  ruses tested,  po l  i o v i  r us  type  1 and coxsack iev i  r u s  
type B-1 were t h e  most s tab le .  P o l i o v i r u s  1 was reduced one l o g  (90%) i n  
25 hours a t  23-27OC, b u t  a t  4-8OC i t  requ i red  46 hours, almost t w i c e  as 
long, t o  achieve the  same reduc t ion .  V i rus  i n a c t i v a t i o n  was cons iderab ly  
lower i n  autoc laved r i v e r  water, i n d i c a t i n g  a h e a t - l a b i l e ,  p o s s i b l y  micro-  
b i a l ,  i n a c t i v a t i o n  f a c t o r .  



4.412 Occurrence and Survival in Sediments. In aquatic 
environments, the majority of the virus present i s  bound to  particulate 
matter. When these particulates s e t t l e  out of the water phase, they become 
part  of the sediments, an association tha t  i s  a reversible one. Turbulence 
can cause resuspension of these particulates.  This, along with certain 
changes in the physical/chemical environment, can cause elution of virus 
par t ic les  from the particulates.  

In the in-vitro studies by DeFlora and co-workers (l975),  
10% of the original poliovirus in the sediments was s t i l l  viable a f t e r  30 
days. Viruses were transferred from the sediments to  the water phase by 
"simulated wave action" (simp1 e mechanical shaking). Gerba and co-workers 
(1977) found that  poliovirus adsorbs readily to  natural marine sediments, 
to the extent that  they observed a 10 to  100-fold concentration of viruses 
i n  the sediments re1 a t i  ve to  the overlying water. Metcal f ,  -- e t  a1 . (1 974), 
were able to  i so la te  enteroviruses from bottom mud samples of the Houston 
Ship Canal. Mud samples taken from some oyster-growing beds have proved 
posi t i  ve for  col i phages and human enteri c vi ruses (Vaugh and Metcal f , 1975). 
In-vitro studies show tha t  viruses are provided enhanced survival in sal ine -- 
water when adsorbed to  clay part ic les  (Bi tton and Mi tchel 1 , 1974; Gerba and 
Schaiberger, 1975). This has imp1 ications both from public health and 
environmental sampling viewpoints. 

I t  i s  l ikely tha t  sediments could ac t  as a reservoir for  
viruses (DeFl ora,  -- e t  a1 . , 1975; Gerba and Schai berger, 1975), being re- 
leased into the water phase when conditions favoring desorption exis t .  
Viruses can be released by any one of a number of processes, both natural 
and man-made, including wave-acti on ,  dredging, and increases in the organic 
content of the overlying water (Gerba and Schai berger, 1975). Indeed, 
th i s  virus "time-bomb" in the sediments may endanger recreational and shel 1 - 
fishing uses of the water long a f t e r  contamination has occurred. A similar 
type of phenomena may occur in freshwater sediments. 

4.41 3 Occurrence and Survival in She1 1 f ish.  Laboratory 
studies indicate that  oysters,  clams, and mussels can concentrate enter ic  
viruses t o  levels 10 t o  60 times higher than the i r  surrounding water 
(Crovari, 1958; Hedstrom and Lycke, 1964; Mitchell, e t  a l . ,  1966). The 
survival of enteroviruses that  are taken in by shel l f ish i s  s ignif icant ly 
prolonged. Coxsackievirus B-3 and echovirus 6 pers i s t  a t  detectable levels 
for up to  four months i n  the eastern oyster Crossostrea virginica (Metcalf 
and S t i l e s ,  1967; Metcalf and S t i l e s ,  1968). The high incidence of shel l -  
fish-induced hepat i t is  epidemics may be the resul t  of the virus surviving fo r  
longer periods in shel l f ish than they would in water. The fac t  that  most 
shel l f ish are f i l t e r  feeders accentuates the problem, for  they f i l t e r  the 
virus particles out of the water into the protected shel l f ish.  These 
viruses do not grow within the shel 1 f ish ce l l s ,  they merely survive for  
long periods. 

Significantly,  human enter ic  viruses have been isolated 
from oysters harvested from seawater which was within the 70 coliform 
bacteria per 100 mi l l i l  i t e r  standard approved fo r  and considered "safe" for  
shell f ish growing waters (Gerba, e t  a l . ,  1975; Metcal f and S t i l e s ,  1968). 



Fugate, -- e t  a1 . , (1975) add i t i ona l  l y  have is01 ated echovi rus type 4 and 
p o l i o v i r u s e s  types 1 and 3 from oyster-growing waters t h a t  met the  b a c t e r i a l  
standard. The types of en terov i ruses  t h a t  have been i s o l a t e d  f rom s h e l l -  
f i s h  exposed t o  sewage-contaminated water inc ludes  echoviruses 5, 6, 8, and 
12; p o l i o v i r u s e s  1 and 3; and coxsackiev i rus A-18 (Bendenell i and Rucchi , 
1969). A d d i t i o n a l l y ,  A u s t r a l i a  ant igen,  which i s  t he  a n t i g e n i c  marker f o r  
H e p a t i t i s  type B v i r u s ,  was found i n  clams contaminated by drainage of un- 
t r e a t e d  h o s p i t a l  sewage (Mahoney, e t  a l . ,  1974). I n  t h i s  s tudy v i r u s  was 
found t o  pass from i n f e c t e d  clams p r e v i o u s l y  un in fec ted  clams. 

4.42 Occurrence and Surv i  va l  i n the  T e r r e s t r i  a1 Envi ronment. V i  ruses 
contaminate the  t e r r e s t r i a l  environment p r i m a r i l y  through l a n d  d isposal  o f  
domestic wastewater e f f l u e n t s  o r  sludges', and thkough l a n d f i l l  d isposal  o f  
s o l i d  wastes con ta in ing  v i ruses.  The v i r u s  hazards o f  d isposal  o f  sewage- 
r e l a t e d  m a t e r i a l s  on l a n d  should be apparent. That o f  munic ipal  s o l i d  
waste d isposal  may be l e s s  obvious. The ma te r ia l s  comprising s o l i d  waste 
are  q u i t e  heterogeneous, and one would expect v i r a l  pathogens t o  be pre-  
sent  i n  such i tems as disposable diapers and p e t  excreta (Peterson, 1971). 
A p o t e n t i a l  problem may be the  p o s s i b i l i t y  t h a t  v i ruses  are  leach ing  from 
l a n d f i l l  areas and en te r i ng  groundwater. The a b i l i t y  o f  v i r u s  p a r t i c l e s  t o  
do t h i s  depends on i n t e r a c t i o n  o f  the  v i r u s  w i t h  o the r  components i n  theb 
waste, w i t h  i t s  phys ica l  /chemical environment , and w i t h  o t h e r  s o i  1 f a c t o r s  
which a f f e c t  i t s  a b i l i t y  t o  migra te  through the  s o i l  (Lenette, 1977). The 
average dens i t y  o f  v i ruses  i n  munic ipal  s o l i d  waste i s  est imated a t  32 
v i r u s  i n f e c t i o u s  u n i t s  per  100 grams. Viruses may su rv i ve  and appear i n  
l a n d f i l l  leachate f o r  up t o  90-140 days (Gerba, -- e t  a l . ,  1975; Lenet te,  
1977). V i rus  "leakage" from the  l a n d f i l l  area i s  e s p e c i a l l y  l i k e l y  i f  the  
under ly ing  s o i l  does n o t  have a h igh  c l a y  content  (Gerba, -- e t  a1 . , 1975). 

Wi th i nc reas ing  s t a t e  and federa l  r e s t r i c t i o n s  and requirements on t h e  
discharge o f  sewage i n t o  bodies o f  water, more and more m u n i c i p a l i t i e s  are  
g i v i n g  ser ious  cons idera t ion  t o  d isposal  o f  domestic sewage on land. A re -  
cent EPA r e p o r t  i n d i c a t e s  t h a t  more than 1000 communities i n  t h e  U.S. a r e  
c u r r e n t l y  u t i l i z i n g  l and  s i t e s  f o r  d isposal  o f  sewage sludge and e f f l u e n t s  
(Lenette, 1977). Deep-well i n j e c t i o n  i s  a l so  being considered as a method 
f o r  d ispos ing  o f  sewage sludges, i n  p a r t i c u l a r .  This  may pose a t h r e a t  t o  
groundwater q a u l i t y .  Some comfor t  i s  der ived from the  f a c t  t h a t  many s o i l s  
adsorb v i ruses  s t rong ly ,  b u t  t h i s  i s  o f f s e t  by the  r e l a t i v e l y  slow i n a c t i v a -  
t i o n  r a t e  of s o i l - b o i n d  v i ruses,  and o f  t he  factors which favo r  v i r u s  de- 
s o r p t i o n  from s o i l  p a r t i c l e s ,  such as s o i l  soaking by heavy ra ins ,  (Gerba, 
e t  a1 1975). - ' 3 

Laboratory s tud ies  us ing s o i l  columns i n d i c a t e  t h a t  v i r u s  may move 
considerable d is tances through s o i l ,  p a r t i c u l a r l y  wet o r  soggy sandy s o i l .  
I n  general t h e  residence t imes f o r  a c t i v e  v i r u s  i n  t h e  s o i l  a re  long,  vary- 
i n g  as a f u n c t i o n  o f  several  f ac to rs ,  e s p e c i a l l y  temperature (Lenet te,  1977; 
DuBoi se, -- e t  a1 . , 1976). A t  4"C, 10% o r  more o f  t he  i n f e c t i o u s  v i r u s  cou ld  
be recovered a f t e r  84 days. A t  20°C, o n l y  0.001% o f  t he  i n f e c t i o u s  v i r u s  
i n p u t  was recoverable a f t e r  the  same l e n g t h  o f  time. Due t o  t h e  amphoteric 
na ture  o f  t h e  v i r a l  caps id  p ro te ins ,  adsorpt ion t o  and re lease f rom s o i l  



pa r t i c l e s  occurs with f luctuat ions  in the ionic  s t rength  and pH (DuBoise, 
e t  a l . ,  1976). -- 

4.43 Factors Affecting Virus Survival in the Environment. There a r e  
two competing and opposing processes i n  the  environment which a r e  of concern 
t o  virus survival . One s e t  of processes a re  those which favor survival of 
the infect ious  un i t ,  this includes fac to rs  such as  aggregation, and auto- 
chthonous and allochthonous organic matter (Berger, -- e t  a l .  , 1970; Clarke, 
e t  a1 . , 1956; Joyce and Weiser, 1967). The second s e t  of processes a re  -- 
those which tend t o  favor inact ivat ion of the  infect ious  virus p a r t i c l e s ,  
and includes fac to rs  such as microbial enzymes, heavy metals, e t c .  (Lycke, 
e t  a1 . , 1965; Mi tchel 1 , 1971 ; Mi tche l l  and Jannasch, 1969). -- 

Viruses can be transported great  distances in natural waters (Grinstein, 
e t  a l . ,  1970; Lamb and Chin, 1964; Metcalf and S t i l e s ,  1968; Shuval , e t  a l . ,  -- 
1971 ; Theios, e t  a1 . , 1967). This may be mainly a function of the  minimum 
water velocity threshold t h a t  prevents virus-laden pa r t i c l e s  from s e t t l i n g  
by gravity o r  t o  coagulate and s e t t l e ,  t h i s  threshold depending mainly on 
p a r t i c l e  s i z e  (Schaub and Sagi k ,  1975). The par t i cu la te  matter t o  which 
the  majority of virus i n  nature a re  attached consis ts  of inorganic material 
( c lays ,  s i l t s )  and organic matter ( l iv ing  and dead microbial c e l l s ,  c e l l  
debr i s ,  d e t r i t u s ) .  I t  has been well demonstrated t h a t  en t e r i c  viruses ad- 
sorb strongly t o  this par t i cu la te  matter under a wide range of temperature, 
pH, and metal ion concentrations in both f resh  water and marine aquatic 
environments (Carlson, e t  a1 . , 1968; DeFlora, e t  a1 . , 1975; Gerba, e t  a1 . , 
1975; Hamblet, 1969; ~ c h a u b a n d  Sagik, 1975; ~ 8 - l % g s ,  -- e t  a l . ,  1976K S u c h  
sol ids-associated virus i s  s t i l l  infect ious  in  t i s sue  cu l tu re  and whole 
animals (Gerba, e t  a l . ,  1975; Schaub and Sagik, 1975) and plays an i m -  
portant  ro le  in aiding survival of viruses in the  environment (DeFlora, et 
a l . ,  1975; Wellings, e t  a l . ,  1976). - -- 

Another fac to r  which enhances virus survival in the environment i s  
v i rus  p a r t i c l e  aggregation. Pol iovi rus i s  released from infected c e l l s  in 
a highly-aggregated s t a t e  which maintains i t s e l f  i n  water of low ionic  
s t rength .  Young and Sharp (1977) noted t h a t  such aggregates a r e  s t ab l e  even 
a f t e r  a one-step 7000-fold d i lu t ion  i n to  d i s t i l  led water. Aggregated polio- 
virus a l so  i s  not dispersed by a one-step d i lu t ion  i n to  lake water o r  t ap  
water, b u t  i s  dispersed i f  the  di luent  i s  c l a r i f i e d  secondary sewage 
e f f luen t  (Young and Sharp, 1977). Gerba and Schaiberger (1975) found t h a t  
extensive aggregation of previously monodi spersed vi rus occurs when i t  i s  
added t o  a r t i f i c i a l  seawater, and, t o  a l e s s e r  ex ten t ,  when i t  i s  added t o  
natural seawater. The virus aggregates formed become as large  as  groups of 
4 and adsorb t o  pa r t i cu la te  matter as small a s  0.1 pm i n  s i ze .  The presence 
of sol  uble organic matter dispersed these virus aggregates. However, s ince  
t h i s  study was done using a bacteriophage (T-2) i t  i s  uncertain what this 
means f o r  human en t e r i c  viruses.  

In the real world some of the aggregates of v i rus  may ac tua l ly  be com- 
i plexes of aggregated vi rus  w i t h  suspended par t i cu la te  matter (Young and 

Sharp, 1977). Fluctuations in pHy s a l i n i t y ,  metal ion concentrat ions,  and 



d i s s o l v e d  o rgan i c  m a t t e r  (DOM), such as commonly occurs i n  e s t u a r i e s ,  cou ld  
l e a d  t o  changes i n  t h e  aggregat fon s t a t e  o f  t he  v i r u s  and, thus,  changes 
i n  t h e  number o f  i n f e c t i o u s  f o c i ,  s i n c e  one v i r a l  aggregate i s  known t o  
produce a  s i n g l e  p laque upon assay ing (Galasso and Sharp, 1962; Gerba and 
Schai berger  , 1975). 

Under l a b o r a t o r y  c o n d i t i o n s  p o l i o v i r u s  and r e o v i r u s  aggregate t o  clumps 
o f  up t o  100 o r  more v i r i o n s  upon 1 0 - f o l d  d i l u t i o n  i n t o  d i s t i l l e d  water .  
I n t e r e s t i n g l y ,  t h i s  aggrega t ion  d i d  n o t  occur  f o r  e i t h e r  v i r u s  when t h e  
d i l u t i o n  was 1 0 0 - f o l d  o r  g rea te r .  Presumably t h i s  i s  due t o  t h e  k i n e t i c  
l i m i t a t i o n s  o f  one p a r t i c l e  f i n d i n g  another ,  s i nce  t h i s  i s  a  d i f f u s i o n -  
l i m i t e d  process ( t h e  c o l l i s i o n  f requency i s  a  f u n c t i o n  o f  t h e  square o f  t h e  
p a r t i c l e  concen t ra t i on ,  so a  1 0 - f o l d  d i l u t i o n  o f  t h e  p a r t i c l e s  l eads  t o  a  
1 0 0 - f o l d  drop i n  t h e  c o l l i s i o n  frequency).  P o l i o v i r u s  aggregates t h a t  
formed i n  d i s t i l l e d  wate r  were r e v e r s i b l e  by d i l u t i o n  i n t o  phosphate-buf fer -  
ed s a l i n e  (PBS) o r  0.14 M sodi  um c h l o r i d e ,  b u t  r e o v i r u s  aggregates d i d  n o t  
d i spe rse  under s i m i l a r  cond i t i ons .  Pol i o v i  r us  aggregates t o  some e x t e n t  
a t  pH 3,5, and 6, b u t  t h i s  aggrega t ion  was r e v e r s i b l e  by a d j u s t i n g  t he  pH 
t o  7. P o l i o v i r u s  aggrega t ion  a t  l ess - t han -neu t ra l  pH va lues c o u l d  be p re -  
vented by a d d i t i o n  o f  s a l t  (0.1 M a t  pH 6  and 2.5 M a t  pH 3)  o r  d i v a l e n t  
magnesium c a t i o n  (0.25 M a t  pH 3) .  Aggregat ion does n o t  occur  a t  a1 k a l i n e  
pH va lues e q u i v a l e n t  t o  t h a t  exper ienced by wate r  undergoing alum and l i m e  
t rea tment  ( F l o y d  and Sharp, 1977). 

V i  r us  i n a c t i  v a t i o n  i n  t h e  env i  ronment i s  a  rate-dependent process, be- 
i n g  dependent on temperature,  t h e  presence o f  o rgan i c  ma t te r ,  s a l i n i t y ,  
a g i t a t i o n ,  and m i c r o b i a l  a c t i v i t y  (Ak ins,  - e t  - a1 9 1971 ; DiGirolamo, -- e t  a l . ,  
1977; Gerba and Schaiberger,  1975; Hamblet, 1969; Matossian and Gababedian, 
1967).  Temperature p l ays  a  very  impo r tan t  p a r t  i n  v i r u s  i n a c t i v a t i o n .  For  
p o l  i o v i r u s  t ype  1  , echov i rus  t ype  6, and coxsack iev i r us  t ype  8-5 1  i t t l e  
i n a c t i v a t i o n  occur red  i n  e s t u a r i n e  wate r  a t  15OC over  a  9  t o  10 week per iod .  
A t  25OC, however, a  4 - l og  l o s s  o f  i n f e c t i v i t y  was seen i n  t h e  same p e r i o d  
o f  t ime  (Lo, -- e t  a1 . , 1976). High temperatures a t t a c k  b o t h  t h e  p r o t e i n  c o a t  
and t h e  n u c l e i ~  a c i d  core  o f  t h e  v i r u s ,  l e a d i n g  t o  dena tu ra t i on  and l o s s  o f  
caps id  p r o t e i n  f o l l o w e d  by l i b e r a t i o n  o f  n u c l e i c  ac ids ,  r e s u l t i n g  i n  empty 
caps ids.  The l o s s  o f  b i o l o g i c a l  a c t i v i t y  i n  heated v i r u s  i s  thought  t o  be 
p r i m a r i l y  a  f u n c t i o n  o f  t h e  l o s s  o f  n a t i v e  conformat ion o f  t h e  caps ide 
p r o t e i  n  ( B r e i  n d i  , 1971 ). 

Another  s i g n i f i c a n t  f o r c e  f a v o r i n g  v i r u s  i n a c t i v a t i o n  i s  s e c r e t i o n  o f  
p r o t e o l y t i c  enzymes i n t o  t h e  environment by m i c r o b i a l ,  p r i m a r i l y  b a c t e r i a l ,  
c e l l s .  P o l i o v i r u s  t ype  1 was r e l a t i v e l y  una f f ec ted  by a  wide v a r i e t y  o f  
p r o t e o l y t i c  enzymes, whereas csxsack iev i r us  A-9 was q u i t e  s e n s i t i v e  (Cl  i v e r  
and Herrmann, 1972). Other  f a c t o r s  i n t e r a c t  w i t h  t h e  m i c r o b i a l  one. For  
example, p o l  i o v i  r u s  was s e n s i t i v e  t o  i n a c t i v a t i o n  by b a c t e r i a l  growth, b u t  
t h e  r a t e  was pH-dependent. S tud ies  u t i l i z i n g  coxsack iev i r us  A-9 doubly  
l a b e l l e d  w i t h  ~ 1 4  -1eucine and ~ 3 2  i n d i c a t e  t h a t  t h e  main e f f e c t  o f  bac- 
t e r i a l  a c t i o n  i s  on t h e  p r o t e i n  c o a t  o f  t h e  v i r u s  (Cl i v e r  and Herrmann, 
1972).  



4 . 5  The Need f o r  V i rus  Standards f o r  Water 

There has been some cont roversy  over  what c o n s t i t u t e s  a  sa fe  l e v e l  o f  
v i r u s  i n  d r i n k i n g  water.  One cou ld  propose a  "no- threshold"  p o s i t i o n  and 
demand t h e i r  complete removal from d r i n k i n g  water. Th is ,  however, i s  pro-  
bably  an unreasonable, uneconomic, and una t ta inab le  goal .  This  i s  p a r t i c u -  
l a r l y  t r u e  when viewed r e l a t i v e  t o  o t h e r  r i s k s  i n  soc ie t y .  Viruses c o n s t i -  
t u t e  a  r i s k  o f  l i m i t e d  and f a m i l i a r  dimensions r e l a t i v e  t o  such th ings  as 
the  myr iad o f  anthropogenic carcinogens i n  man's environment, f o r  example. 

To date t h e  c o l i f o r m  b a c t e r i a l  standard based on the  MPN method has 
been t h e  pr imary standard f o r  de termina t ion  o f  t he  m ic rob io l  og i ca l  s a f e t y  
o f  d r i n k i n g  water, r e c r e a t i o n a l  water,  shel 1 f i s h - r a i s i n g  areas, and shel 1  - 
f i s h  (APHA, 1976; F ins te in ,  1972; Nenehson, 1970; W i l t ,  1975). The wisdom 
o f  checking the  b a c t e r i a l  con ten t  o f  d r i n k i n g  water f i r s t  became apparent 
around 1900 when i t  was r e a l i z e d  t h a t  t he re  was some connect ion between re -  
moval o f  b a c t e r i a  f rom water  and reduc t ions  i n  b a c t e r i a l  disease m o r t a l i t y  
ra tes .  The e v o l u t i o n  o f  t he  standard s ince  t h a t  t ime has p a r a l l e l e d  t h e  
improvements i n  eng ineer ing  technology 's  a b i l  i t y  t o  remove b a c t e r i a  from 
water.  I n  t h e  e a r l y  1900's engineer ing experience w i t h  slow-sand f i l t r a t i o n  
o f  d r i n k i n g  water, a long w i t h  some epidemiologica l  i n p u t ,  l e d  t o  adopt ion o f  
a  d r i n k i n g  water standard o f  69 co l i f o rms  pe r  100 m i l l i l i t e r s .  The develop- 
ment o f  d i s i n f e c t i o n  technology a l lowed the  USPHS t o  fo rmula te  a  more s t r i n -  
gent standard o f  2  c o l i f o r m s  per  100 m i l l i l i t e r s  i n  1910. Research s ince  
t h a t  t ime i n t o  areas such as minimal i n f e c t i o u s  dose and the  r a t i o  o f  patho- 
gens t o  co l i f o rms  has r e s u l t e d  i n  f u r t h e r  adjustment o f  t h e  s tandard 
(Shuval , 1976). 

The c o l i f o r m  standard c u r r e n t l y  i n  use has severa l  drawbacks. I t  i s  
unable t o  d i f f e r e n t i a t e  between b a c t e r i a  o f  f e c a l  o r i g i n  and those a r i s i n g  
from n a t u r a l  sources such as vegeta t ion  and so i  1  ( W i l t ,  1974). Some o f  
the  c o l i f o r m  b a c t e r i a  as i s o l a t e d  from t h e  water a re  " i n j u r e d "  and may n o t  
grow, depending on t h e  method used, l ead ing  t o  undercount ing t h e  co l i f o rms .  
Membrane f i l t e r  methods, espec ia l l y ,  add a d d i t i o n a l  s t r e s s  t o  these a l ready  
s t ressed organisms. A1 so, c o l  i form t e s t s  a re  sub jec t  t o  i n te r fe rences  by 
l a r g e  popu la t ions  o f  non-co l i fo rm bac te r i a ,  o r  when t u r b i d i t y  i s  consider-  
ab le  (Sobsey , 1977). 

To circumvent some o f  t h e  problems o f  t h e  present  standard ( t o t a l  
c o l  i forms), some have suggested basing a  s tandard on t h e  more s p e c i f i c  f e c a l  
c o l i f o r m  and E. c o l i  organisms ( W i l t ,  1974). A l t e r n a t i v e l y ,  t he  r a t i o  o f  
f eca l  c o l  i f o rms  t o  f eca l  s t rep tococc i  has been proposed as a  poss ib le  
standard f o r  f eca l  contaminat ion (Geldre ich,  1962; McFeters, -- e t  a l . ,  1974). 
Co l i fo rms o f  human o r i g i n  a re  i n a c t i v a t e d  more r a p i d l y  i n  w e l l  water than 
human enterococci  . The reverse  p a t t e r n  i s  seen f o r  f eca l  organisms from 
w i  l d l  i fe .  S i m i l a r  r e s u l t s  have been ob ta ined i n  an ice-covered A1 askan 
r i  ver  (Gordon, l 972 ) ,  wastewaker t reatment  1  agoons (K l  ock, 1971 ) , and i n  
o t h e r  n a t u r a l  waters (Geldre ich,  e t  a1 . , 1968; Gyl lenberg, -- e t  a1 . , 1960). 



The usefu lness o f  b a c t e r i a l  standards, however, f o r  de termin ing  the  
v i r a l  qual i t y  o f  water i s  1 i m i  ted. It i s  gene ra l l y  agreed t h a t  t h e  absence 
o f  c o l i f o r m s  i n  water  does n o t  guarantee i t s  s a f e t y  from a v i r o l o g i c a l  
s tandpo in t .  A1 though v i ruses  are  present  i n  sewage i n  cons iderab ly  sma l l e r  
numbers t h a t  c o l i f o r m s  (1000 PFU pe r  100 m i l l i l i t e r s  compared t o  107 t o  108 
per  100 m i l l i l i t e r s  f o r  b a c t e r i a )  t h e  b a c t e r i a  d i e - o f f  much f a s t e r  than  t h e  
e n t e r i c  v i ruses  (Sobsey, 1974). This  leads t o  a s i t u a t i o n ,  which has been 
repo r ted  severa l  t imes, o f  be ing ab le  t o  i s o l a t e  v i a b l e  v i r u s  f rom d r i n k -  
i n g  water,  s h e l l f i s h - r a i s i n g  water, and s h e l l f i s h  t h a t  met t h e i r  r espec t i ve  
b a c t e r i a l  s tandard (Bendenel 1 i and Rucchi , 1969; Fugate, -- e t  a1 . , 1975; 
Metcal f and S t i l e s ,  1968). 

The l e v e l s  o f  bacteriophages and p o l i o v i r u s e s  have been used t o  de ter -  
mine t h e  e f f ec t i veness  o f  d i f f e r e n t  water  and wastewater t rea tment  processes 
and cou ld  be used as a measure o f  the  v i r a l  qual i t y  o f  water (Clarke,  e t  a1 ., 
1961 ; Ma1 i nay e t  a1 . , 1975 ; Safferman and Mor r i s  , 1976; She1 t o n  and Drewry , 
1973). The c u r r e n t  t r e n d  i n  water  qual i ty  i n d i c a t e s  t h a t  munic ipa l  i t i e s  
w i l l  e v e n t u a l l y  be requ i red  t o  mon i to r  v i ruses  i n  t h e i r  d r i n k i n g  water  and 
wastewater e f f l u e n t s  on a r o u t i n e  basis .  V i rus  standards o f  1  PFU pe r  100 
ga l l ons  f o r  d r i n k i n g  water  and 1 PFU pe r  10 ga l l ons  f o r  r e c r e a t i o n a l  water  
have been proposed (Hi  11 , -- e t  a1 . , 1976; Lenet te,  1977; Shuval , 1976). 

4.6 Current  Methods f o r  Concentrat ion and Detec t ion  o f  E n t e r i c  Vi ruses 
From Envi ronmental Samples 

Current  methods f o r  de tec t i on  o f  v i ruses  i n  water i n v o l v e  a concentra- 
t i o n  s tep  fo l l owed  by q u a n t i t a t i o n ,  u s u a l l y  by the  p laque- format ion techn i -  
que, a1 though o t h e r  methods such as immunofl uorescence and complement f i x a -  
t i o n  can be u t i l i z e d .  

The concen t ra t i on  method o f  choice i s  q u i t e  o f t e n  membrane f i l t r a t i o n .  
Viruses adsorb t o  such f i  1 t e r s  r e v e r s i b l y ,  adsorp t ion  be ing  p r i m a r i l y  due 
t o  e l e c t r o s t a t i c  a t t r a c t i o n  o f  t he  f i l t e r  f o r  t he  v i rus .  C l i v e r  (1968) 
surveyed 28 membrane fi 1 t e r s  w i t h  four d i f f e r e n t  en te rov i  ruses (po l  i o v i  r u s  
type 1 - s t r a i n  CHAT, coxsack iev i rus  A-9, coxsack iev i rus  B-2, echovi rus 6 )  
and one r e o v i r u s  ( t ype  1 ) and noted t h a t  adsorp t ion  o f  v i r u s  t o  membrane 
f i l t e r s  i s  governed by th ree  f a c t o r s  - t h e  chemical composit ion o f  t h e  
f i l t e r  i t s e l f ,  t h e  r a t i o  o f  p a r t i c l e  diameter t o  pore s ize ,  and t h e  pre-  
sence o f  substances, such as proteinaceous ma te r i a l s ,  which i n t e r f e r e  w i t h  
v i r u s  adsorp t ion .  Added t o  t h i s  l i s t  should a l s o  be substances which en- 
hance v i r u s  adsorpt ion,  e.g. d i v a l e n t  magnesium ca t ion .  Ce l l u l ose  ace ta te  
f i l t e r s  adsorb v i r t u a l l y  no v i r u s  when the  pore s i z e  exceeds the  v i r u s  
p a r t i c l e  d iameter  by a f a c t o r  o f  3  o r  more. Ce l l u l ose  n i t r a t e  f i l t e r s ,  on 
the  o t h e r  hand, i n  the  absence o f  i n t e r f e r i n g  substances, adsorb entero-  
v i r uses  s i g n i f i c a n t l y  a t  a  pore s i z e  as much as 285 t imes t h e  v i r u s  p a r t -  
i c l e  d iameter  (Cl  i v e r y  1968). Other f i  1 t e r s  such as epoxy- f i  berg lass depth- 
c a r t r i d g e  u n i t s  have been a p p l i e d  success fu l l y  t o  v i r u s  concent ra t ion .  
Adsorpt ion of  v i r u s  occurs a t  low pHy and e l u t i o n  o f  v i r u s  once concentra- 
t i o n  i s  complete i s  t y p i c a l l y  achieved us ing  p r o t e i n  s o l u t i o n s  o r  h i g h  pH 
b u f f e r s .  



Several groups o f  researchers have addressed the  problem o f  v i r u s  con- 
c e n t r a t i o n  from sewage, one o f  t he  most no tab le  groups be ing  W a l l i s  and 
Meln ick and t h e i r  coworkers a t  Bay lo r  Un i ve rs i t y .  One o f  t h e i r  e a r l y  
methods ( W a l l i s  and Melnick, 1967) was adsorp t ion  o f  v i r u s  on c e l l u l o s e  
e s t e r  f i l t e r s  a f t e r  p r e f i l t r a t i o n ,  t reatment  w i t h  an ion i c  exchange res ins  t o  
remove organic  compounds t h a t  i n t e r f e r e  w i t h  v i r u s  adsorpt ion,  and a d d i t i o n  
o f  magnesium c h l o r i d e  t o  enhance adsorpt ion.  E l u t i o n  was achieved by hand- 
homogenization o f  t h e  f i l t e r s  i n  serum. L a t e r  they mod i f i ed  the  technique, 
employing f i  berg l  ass and epoxy- f i  be rg l  ass f i  1  t e r s ,  f o l  1  owed by a c t i v a t e d  
carbon and an ion i c  exchange r e s i n  t reatment  t o  remove i n t e r f e r i n g  organics,  
and then reconcent ra t ion  on a  47 mm 0.25 t o  3.0 u pore s i z e  f i l t e r  (Farrah, 
e t  a l . ,  1976). A s i m i l a r  procedure, us ing  a c i d  adsorp t ion  and e l u t i o n  a t  -- 
h i g h  pH, was capable o f  d e t e c t i n g  even so l ids -assoc ia ted  v i ruses  i n  sewage 
e f f l u e n t  (Gerba, e t  a1 . , 1978). 

Bea t r i ce  England has used protamine s u l f a t e  t reatment  t o  o b t a i n  a  50 
t o  400- fo l  d  concent ra t ion  o f  v i r u s  from sewage (England, 1972; England, 9 991 ). 
Th i s  method was somewhat s e l e c t i v e  f o r  r e o v i r u s  and adenovirus over  entero-  
v i ruses .  Other workers have used a  combinat ion o f  protamine s u l f a t e ,  'a1 urn, 
r e s i n ,  and f i  1  t e r  techniques (Moore, -- e t  a1 . , 1970). Methods have a1 so been 
d e v e l o ~ e d  f o r  de tec t i on  o f  v i ruses  i n  sludqes from anaerobic d iges to rs  
( ~ i  senhardt , e t  a1 . , 1977; Glass, -- e t  a1 . , 7978; Lund, 1970; ~ u n d  and Ronne, 
1973; Moore, 1 9 7 g .  

Farrah and coworkers (1977), have developed a  technique f o r  concen- 
t r a t i n g  v i ruses  from es tua r i ne  water  us ing  p lea ted  c a r t r i d g e  f i  1  t e r s .  
Methods f o r  e l  u t i n g  v i ruses  from marine sediments us ing  proteinaceous , 
a1 ka l  ine ,  o r  c h e l a t i n g  s o l u t i o n s  have been successful  (Gerba, e t  a1 . , 1977). 
V i rus  de tec t i on  methods f o r  co l iphages and human e n t e r i c  v i ruses  i n  sed i -  
ments and water  from she1 1 f i s h - r a i s i n g  areas are  a v a i l a b l e  (Vaughn and 
Metcal f, 1975). I n  add i t i on ,  v i r u s  de tec t i on  methods f o r  s h e l l  f i s h  t i s s u e  
a re  we1 1  developed (Bendenel 1  i and Rucchi , 1969 ; C a r r i c k  and Sobsey , 1977 ; 
DiGirolamo, e t  a l . ,  1970; Fugate, e t  a l . ,  1975; Hamblet, 1969; Konowalchuk 
and Spei rs ,  1973; Kostenbader and C l  i v e r ,  1972; M i  t c h e l l  , -- e t  a1 . , 1966; 
Sobsey , e t  a1 . , 1975). 

Wa l l i s ,  Meln ick and Me tca l f  have a l s o  developed a  method f o r  i s o l a t i n g  
en terov i ruses  from contaminated sur face  water t h a t  i s  s i m i l a r  t o  t h e i r  
technique f o r  d r i n k i n g  water  w i t h  t he  a d d i t i o n  o f  t h r e e  c l a r i f y i n g  f i l t e r s  
(Metcal f, e t  a1 . , 1974). Several o t h e r  groups o f  workers have approached 
t h i s  methodology problem f o r  bo th  human and nonhuman e n t e r i c  v i r uses  (Rao 
and Labzoffsky, 1969; Tschider,  e t  a1 . , 1975). 

There has been considerable a c t i v i t y  i n  t he  area o f  developing a  s tan-  
dard method f o r  d e t e c t i o n  of  v i ruses  i n  d r i n k i n g  water.  A l l  t he  methods t o  
date u t i l i z e  a  microporous adsorbing f i l t e r  which adsorbs v i ruses  a t  low pH 
and desorbs them w i t h  e i t h e r   rotei in e l  uants o r  g l y c i n e  b u f f e r  pH 9  o r  11.5 
(Akubowski, e t  fi., 1975; Farrah, e t  a l . ,  1976; H i l l ,  e t  a l . ,  1976; Sobsey, 
e t  a1 . , 1 9 7 3 r  Systems t h a t  have b e e n t e s t e d  i n c l  ude  the-^ n i  t r o c e l  1  u l  ose -- 
membrane f i  1  t e r s  , AA Cox M-780 epoxy- f i  be rg l  ass, t he  K-27 yarn-wound f i b e r -  



glass c a r t r i d g e  f i l t e r  p l u s  t he  AA Cox M-780, and the  Ba ls ton  epoxy f iber -  
g lass tube- type f i l t e r .  Acceptable v i r u s  recovery i s  poss ib le  w i t h  t he  
Ba ls ton  and MF 293 mm n i t r o c e l l u l o s e  f i l t e r s  down t o  12 PFU p o l i o v i r u s  
type 1 (Lsc)  i n p u t  l e v e l  s  (Akubowski , -- e t  a1 . , 1975). Flows o f  10 ga l  l ons  
pe r  minute o r  h ighe r  a re  a t t a i n a b l e  w i t h  these f i l t e r s ,  w i t h  recovery 
e f f i c i e n c i e s  averaging about SO%, and represent ing  up t o  a 100,000-fol d  
concen t ra t i on  o f  v i r u s  i n  a mat te r  o f  hours (Farrah, e t  a1 . , 1976). With 
a l l  o f  t h e  above f i l t e r  methods, t h e  presence o f  p a r t z u l a t e s ,  o rgan ic  
mat te r ,  and s a l t s  a f f e c t  v i r u s  recovery e f f i c i e n c i e s  (Hi1 1 , -- e t  a1 . , 1971 ) .  

The new t e n t a t i v e  standard method f o r  de tec t i ng  v i ruses  i n  d r i n k i n g  
water (APHA, 1976) i s  a l ready  being p u t  i n t o  use by t h e  U.S. Environmental 
P r o t e c t i o n  Agency (EPA) and the  Center f o r  Disease Contro l  (CDC) t o  survey 
water supp l ies  and t o  i n v e s t i g a t e  outbreaks o f  p o t e n t i a l  waterborne disease 
(Sobsey , 1977). 

Only two methods are c u r r e n t l y  being u t i l i z e d  w ide l y  f o r  q u a n t i t a t i n g  
v i ruses  i n  c l i n i c a l  samples and environmental  concentrate. They are  de ter -  
m ina t ion  o f  t i s s u e  c u l t u r e  i n f e c t i v e  dose (TCID) and plaque fo rmat ion  i n  
mammalian c e l l  c u l t u r e s  o v e r l a i d  w i t h  semi -so l id  agar. The TCID method i s  
based on fo rmat ion  o f  cy topa tho log i ca l  e f f e c t s  (CPE) and has a reproduc i -  
b i l i t y  o f  0.3 l og .  The plaque-count ing method, w h i l e  going more r e l i a b l e  
counts, i s  n o t  u n i v e r s a l l y  app l i cab le  s ince  no t  a l l  v i ruses  form plaques, 
and plaque assays have n o t  been we1 1 -developed f o r  some v i ruses  t h a t  cou ld  
p o t e n t i a l l y  form plaques. Probably most s i g n i f i c a n t  i n  terms o f  p r e c l  udfng 
appl i c a t i o n  t o  w i  despread r o u t i n e  env i  ronmental mon i to r i ng  o f  v i  ruses i s  
t h e  need f o r  t i s s u e  c u l t u r e  f a c i l i t i e s  w i t h  both techniques. 

4.7 Immunoenzymatic Methods f o r  Detec t ion  o f  V i r a l  and Nonv i ra l  Ant igens 

4.71 Qua1 i t a t i  ve Methods. Several methods c u r r e n t l y  e x i s t  f o r  i d e n t i f y -  
i n g  bo th  v i r a l  and n o n v i r a l  ant igens w i t h  t he  use o f  s p e c i f i c  an t ibody  t h a t  
i s - c o u p l e d  t o  enzymes o r  o t h e r  use fu l  markers. I n  the. case o f  v i ruses,  a 
s i n g l e  v i r i o n  i s  capable o f  b ind ing  many molecules o f  ant ibody.  S t e r i c  
hindrance by coup l ing  o f  t h a t  ant ibody t o  a marker as l a r g e  as an enzyme may 
r e s u l t  i n  some decrease i n  t h e  maximun b ind ing  poss ib le .  I n t e r e s t i n g l y  
one o r  o n l y  a small number o f  molecules o f  ant ibody are  s u f f i c i e n t  t o  
n e u t r a l i z e  v i r a l  i n f e c t i v i t y  (Mandel , 1971 ). 

Coupl ing o f  t h e  enzyme t o  t he  an t ibody  o f  i n t e r e s t  can be achieved i n  
severa l  ways, b u t  c u r r e n t l y  t he  most popu la r  method i s  t h e  use o f  g l u t a r a l d e -  
hyde t o  form a permanent cova len t  l i n k  between t h e  two molecules. Th i s  
technique has seen a p p l i c a t i o n  t o  o t h e r  areas, such as forming c r o s s - l i n k e d  
i n s o l u b l e  p repara t ions  o f  an t igen  o r  a n t i  body which can then be used as 
speci f i c  immunoadsorbents f o r  concent ra t ing  o r  p u r i f y i n g  a g iven  an t i gen  o r  
a n t i  body (Avrameas and Ternynck, l 9 6 l a ) .  For t h e  p repa ra t i on  o f  enzymes 
c o v a l e n t l y  1 i nked  t o  p ro te ins ,  g l  u t a r a l  dehyde was the  most e f f e c t i v e  o f  
severa l  a1 t e r n a t i  ve coup1 i n g  agents (Aurameas and Ternyck, l969b) .  For 
coup l i ng  enzymes t o  an t ibod ies ,  g lu tara ldehyde was f a r  more e f f e c t i v e  than 
o t h e r  coup l i ng  reagents f o r  producing conjugates which r e t a i n e d  bo th  s i g n i -  



f i c a n t  enzymatic and immunological a c t i v i t i e s  (Avrameas, 1970). 

Several d i f f e r e n t  enzymes have been i d e n t i f i e d  as being use fu l  f o r  
immunoenzymati c techniques t h a t  employ enzyme coupl ed t o  a n t i  body. These 
enzymes i nc lude  horseradish peroxidose, a c i d  phosphatase, a l k a l i n e  
phosphatose, glucose oxidose, tyros inase,  and l a c t i c  dehydrogenase 
(Avrameas, 1970; Nakane and Pierce,  1967). The conjugates a re  bo th  
enzymatical  l y  and immunological l y  a c t i v e  a f t e r  coupl i ng w i t h  b i f u n c t i o n a l  
reagents. Since any one molecule o f  enzyme can r e a c t  w i t h  many molecules 
o f  subs t ra te ,  t h e  use o f  a subs t ra te  t h a t  produces a h i g h l y  co lo red  and i n -  
so lub le  product  adds considerable "amp1 i f i c a t i o n "  t o  t h e  d e t e c t i o n  sensi t i v i -  
ty t h a t  would be a v a i l a b l e  by an t ibody  a lone (Nakane and Pierce,  1967). 
Exceedingly smal l  amounts o f  an t i gen  can be detected by enzyme-antibody con- 
juga tes  when i ncuba t i on  w i t h  subs t ra te  i s  prolonged u n t i l  a s i g n i f i c a n t  
q u a n t i t y  s f  enzyme r e a c t i o n  product  has accumulated. 

The most s a t i s f a c t o r y  and rep roduc ib le  resu l  t s  a re  ob ta ined w i t h  
enzymes of h igh  s p e c i f i c  a c t i v i t y  (Avrameas, 1970). Use o f  h i g h l y  p u r i f i e d  
a n t i  bodies i s  a1 so necessary t o  reduce nonspec i f i c  background s t a i n i n g ,  a 
problem which w i l l  be addressed l a t e r  i n  f u r t h e r  d e t a i l .  I n  genera l ,  the  
more impure the  enzyme p repa ra t i on  used and the  h ighe r  t h e  conten t  o f  non- 
s p e c i f i c  p r d t e i n s  i n  t he  ant ibody prepara t ion ,  t h e  more s i g n i f i c a n t  i s  t he  non- 
s p e c i f i c  s t a i n i n g .  By comparison, peroxidase i s  a b e t t e r  marker enzyme than 
a1 ka l  i ne o r  a c i d  phosphatase because i t produces c l  eaner congugate prepara- 
ti ons t h a t  y i e l d  lower nonspec i f i c  background s t a i n i n g .  

Immunoenzymatic methods have been used i n  severa l  s tud ies  o f  t he  
e f f e c t s  o f  v i r u s  on the  hos t  c e l l .  I n  p a r t i c u l a r ,  t he  s t r u c t u r a l  ant igens 
o f  s imian v i r u s  40 (SV40), adenovirus 12, and r a t  K v i r u s ,  as we1 1 as the  
nuc lear  a n t i  gens induced by these v i  ruses, have been de tec ted  by a n t i  body 
1 inked t o  horse-radish perox i  dase, a1 k a l  i ne phosphatase, and glucose o x i -  
dase (Avrameas , 1970; M i  1 l e r ,  e-t a1 . , 1974). Several o f  these a n t i  gens have 
been detected i n  t i s s u e  simul t%iezsly by coupl i n g  each s p e c i f i c  a n t i  body 
used t o  a d i f f e r e n t  enzyme and by us ing  subs t ra tes  t h a t  produced d i f f e r e n t l y  
co lo red  r e a c t i o n  products.  Immunoperoxidase techniques ( t h e  use o f  s p e c i f i c  
a n t i  body coupl ed t o  perox i  dase) has been used f o r  i d e n t i  f y i  ng myxovi ruses, 
paramyxovi ruses, po l  i o v i  r us  , herpes simpl ex and SV40 i n  c u l t u r a l  c e l l  s 
(Benjamin, 1974; Benjamin and Ray, 1974; Herrman and Morse, 1973; M i l l e r ,  
e t  a1 . , 1974). I n  t he  cases o f  herpes simpl ex, myxovi ruses and paramyxo- -- 
viruses  t h i s  technique was used f o r  t y p i n g  (Benjamin, 1974; Benjamin and Ray, 
1974). 

Perox i  dose-ant i  body conjugates have a1 so been used f o r  i d e n t i f i c a t i o n  
and study of nonvi r a l  a n t i  gens. These i n c l  ude s p i  rochetes , Staphylococcal 
e n t e r o t o x i n  A, and alpha - a n t i t r y p s i n  (Palmer, e t  a l . ,  1974; Saunders and 
B a r t l e t t ,  1977; Ste inberger ,  et fi., 1970). 

4.72 Q u a n t i t a t i v e  Methods. Only one q u a n t i t a t i v e  immunoenzymatic 
technique has reached t h e  stage o f  development i n  which i t  i s  use fu l  as a 



research  t o o l .  Th i s  i s  t h e  enzyme-l inked immunoadsorbent assay, o r  "ELISA" 
( ~ n ~ v a l l  and Perlmann, 1972). T h i s  i s  a  s e n s i t i v e  and s imp le  method f o r  
measurement o f  e i t h e r  an t igens  o r  an t i bod ies .  When t h e  t e s t  i s  s e t  up f o r  
d e t e c t i n g  a n t i  bodies,  po l ys t y rene  tubes o r  m i c rop la tes  a re  coated w i t h  
an t i gen  and then  incuba ted  w i t h  ant iserum. Th i s  i s  then  f o l l o w e d  by t r e a t -  
ment w i t h  an enzyme-labeled p r e p a r a t i o n  o f  anti- immunogl ob l  i n .  The 
enyzme remain ing  i n  t h e  tubes a f t e r  washing i s  then reac ted  w i t h  a  c o l o r i -  
m e t r i c  reagent .  The o p t i c a l  d e n s i t y  o r  absorbance of  t h e  r e a c t i o n  products ,  
measured spec t ropho tome t r i ca l l y ,  i s  a  measure o f  t h e  amount o f  a n t i g e n  
o r i g i n a l l y  adsorbed t o  t h e  tubes. Th i s  method i s  analogous t o  t h e  i n -  
d i r e c t  doub le - layer  qua1 i t a t i v e  methods descr ibed  above except  t h a t  t h e  
a n t i g e n  be ing  de tec ted  i s  adsorbed t o  po l ys t y rene  i n s t e a d  o f  bound t o  
t i s s u e .  Th i s  method has been u t i l i z e d  f o r  q u a n t i t a t i n g  substances as d i -  
verse as a f l  a t o x i n  B (Lawel 1  i n ,  e t  a l .  , 1977) and p l a n t  v i r u s e s  (Cl  a r k  and 
Adams, 1977; V o l l e r ,  -- e t  a l . ,  197q . -  

The s e n s i t i v i t y  o f  t h i s  technique i s  1  i m i  ted,  however, e s p e c i a l l y  f o r  
v i r u s  q u a n t i t a t i o n ,  f o r  severa l  reasons. F i r s t ,  o n l y  a  l i m i t e d  amount o f  
t he  a n t i g e n  o r  an t i body  w i l l  b i n d  t o  t h e  po l ys t y rene .  I n  a d d i t i o n ,  some o f  
t h e  adsorbed an t i gen  o r  an t i body  i s  re leased  f rom t h e  tubes dur i r ,g  t h e  
i ncuba t i ons  and l o s t  d u r i n g  t h e  subsequent washings. A lso  t h e  s e n s i t i v i t y  
o f  t h i s  techn ique  i s  l i m i t e d  by t he  d e t e c t i o n  l i m i t s  o f  t h e  spect rophoto-  
m e t r i c  o r  c o l o r i m e t r i c  assay. 

ELISA i s  more s e n s i t i v e  than  use o f  immunodi f fus ion o r  immunological  
p r e c i p i t a t i o n  techniques ( C l a r k  and Adams, 1977), and about e q u i v a l e n t  i n  
s e n s i t i v i t y  t o  f l  uorescent  o r  radioimmuroassay techniques ( B u r g e t t  , -- e t  a1 . , 
1977; Green, -- e t  a l . ,  1974; Katzuelson, 1976).  For  v i r uses ,  ELISA s e n s i t i v i -  
t y  i s  a t  t h e  nanogram l e v e l ,  w i t h  10-100 ng/ml p l a n t  v i r uses  b e i n g  de- 
t e c t a b l e .  The use fu lness  o f  t h i s  technique f o r  d e t e c t i o n  o f  e n t e r i c  v i r u s  
i n  wate r  and wastewater i s  u n c e r t a i n  as we a r e  work ing a t  v i r u s  concentra-  
t i o n s  o rde rs  o f  magnitude lower .  



5.0 A Proposed Irnmunoenzymatic Method f o r  t h e  
Detec t ion  o f  P o l i o v i r u s  i n  Water 

The o b j e c t i v e  o f  t h i s  p r o j e c t  was the  development o f  an immuno- 
enzymatic technique t h a t  would a l l o w  r o u t i n e  and r a p i d  q u a n t i t a t i o n  o f  the  
v i  r a l  contaminants o f  water. Add i t i ona l  ly ,  these immunoenzymatic methods 
would circumvent t he  need f o r  mammalian c e l l  c u l t u r e  f a c i l i t i e s  t h a t  i n -  
crease the  c o s t  and complex i ty  o f  v i r u s  enumeration. 

The immunoenzymatic technique t h a t  w i l l  be i n v e s t i g a t e d  depends on the  
i s o l a t i o n  o f  p o l i b v i r u s  on membrane f i l t e r s  f o l l owed  by t h e  b i n d i n g  o f  
enzyme t o  t he  v i r u s  p a r t i c l e s  through the  mediat ion o f  s p e c i f i c  an t ibod ies .  
When a dye i s  added t h a t  can p a r t i c i p a t e  i n  t he  enzymatic react ion,.  a h igh-  
l y - c o l  ored i nsol  ub le  product  i s formed which p r e c i p i t a t e s  around the  v i r u s  
p a r t i c l e .  I f  the  r e a c t i o n  i s  a l lowed t o  proceed f o r  a s u f f i c i e n t  amount o f  
t ime, t he  reacted dye p a r t i c l e s  produced are v i s i b l e  under a convent ional  
l i g h t  microscope and pe rm i t  v i s u a l i z a t i o n  and enumeration o f  t he  v i r u s  
p a r t i c l e s .  

The development o f  a  simple, s e n s i t i v e  and s p e c i f i c  technique f o r  
enumerating en terov i ruses  i n  n a t u r a l  waters i s  now p o s s i b l e  because the  
recent ly-developed f i  1 t r a t i o n  techniques mentioned i n  Sec t ion  4.6 pe rm i t  t h e  
concent ra t ion  o f  en te rov i  ruses from l a r g e  q u a n t i t i e s  o f  water.  Also, 
immunoenzymatic methods have been developed t o  t he  p o i n t  where they  are  
s u f f i c i e n t l y  s e n s i t i v e  and s p e c i f i c  t h a t  they  cou ld  be app l i ed  t o  such a 
determinat ion.  As ev iden t  f rom Sect ion  4.7, immunoenzymatic methods have 
been u t i l i z e d  p r i m a r i l y  f o r  v i s u a l i z a t i o n  o f  var ious ant igens,  i n c l u d i n g  
v i ruses ,  i n  t i s s u e  c u l t u r e ,  bu t  t h e  methods l end  themselves t o  o t h e r  uses. 

I n  development o f  t h i s  methodology f o r  d e t e c t i o n  o f  human entero-  
v i ruses,  i t  was decided t o  i d e n t i f y  an i n d i c a t o r  v i r u s  toward which t h e  
emphasis o f  t h e  p r o j e c t  cou ld  be d i rec ted .  I n  t h i s  case t h e  most t r u e l y  
rep resen ta t i ve  v i  r u s  i s  p o l  i o v i  rus. Pol i o v i  rus  has many c h a r a c t e r i s t i c s  
i n  common w i t h  o t h e r  human en terov i ruses  i n  terms o f  s u r v i v a l  i n  sewage 
t reatment  processes, res i s tance  t o  d i s i n f e c t i o n  and v i a b i l i t y  i n  n a t u r a l  
waters (Metca l f ,  1971 ; Wilner,  1965). The o t h e r  f a c t o r  which makes 
p o l i o v i r u s e s  an e x c e l l e n t  choice as an i n d i c a t o r  v i r u s  i s  t h a t  i t  i s  being 
excreted by a s i g n i f i c a n t  p o r t i o n  o f  t h e  U.S. popu la t i on  as a r e s u l t  o f  
a d m i n i s t r a t i o n  of  l i v e  a t tenuated  p o l i o v i r u s  i n  t he  form o f  t he  Sabin p o l i o  
vaccine. It should, there fo re ,  occur i n  water  i n  l a r g e  numbers r e l a t i v e  t o  
o t h e r  en terov i ruses  and prov ide  a convenient marker f o r  t h e i r  presence i n  water. 

Immunoenzymatic methods developed f o r  p o l i o v i r u s  a re  q u i t e  s p e c i f i c  by 
na ture  of t h e  s p e c i f i c i t y  i nhe ren t  i n  t h e  an t i bod ies  used i n  t h e  procedure. 
This  s p e c i f i c i t y  a r i s e s  from the  three-dimensional s t r u c t u r e  o f  t h e  p a r t i -  
c u l a r  a n t i  body molecule. The re1 evant a n t i  bodies a re  of t he  immunoglobul i n  
G o r  IgG type; which have molecular  weights o f  about 150,000 Daltons. IgG 
molecules c o n s i s t  o f  t h r e e  d i s t i n c t  p a r t s  - a l a r g e  reg ion  which has 



essent ial ly  constant amino acid composition for  a l l  types of IgG antibodies 
synthesized in t h a t  animal, and 2 smaller lobes which each contain a 
sequence of amino acids which varies depending on the antigen tha t  triggered 
synthesis of the antibody in the animal. I t  i s  in these two variable 
regions of the molecule tha t  binding with specif ic  antigen takes place. 
Thus, anti -pol iovi rus anti body wi 11 react only with pol iovi rus , and thi s re- 
duces the likelihood of obtaining counts that  are too low or too high. This 
i s  in contrast t o  coliform detection methods where counts vary according to  
the v iabi l i ty  s ta tus  of the bacteria sampled or plated (Ray and Speck, 
1973). Also, some col i form detection methods themselves, especially f i l t e r  
assays, apply s t r e s s  to the organisms in the form of drying and hydrostatic 
pressure which may resu l t  in cell  death or injury and yield low counts. 
Measurement of viruses via immunoenzymati c means possesses epotential ly 
greater sens i t iv i ty  and accuracy than e i the r  the pl aqueing technique used 
for vi ruses (Berg, e t  a1 . , 1963) or  the MPN counts of col iforms (Finstein,  
1972). The immunoenzymati c methods can detect human pathogens without 
being subject t o  interferences from the presence of viruses of non-human 
origin.  This i s  in contrast to  coliform assays which are  only indirect  
indicators of pathogens and are subject to  fa l se  positives from bacteria of 
non-fecal origin.  

The immunoenzymatic procedure can be used with a test-tube assay o r  
f i l t e r  assay. The f l ex ib i l i t y  of th i s  technique should also be noted. I f ,  
a t  some l a t e r  time, assay for another virus i s  desirable ( l i k e  coxsackie- 
virus,  or  even hepat i t is  virus,  when techniques for  the cultivation are 
developed) a different  specific antibody could be used t o  prepare the 
enzyme-antibody conjugate and i t  could then be used with the same procedure. 
Essentially, the enzyme-antibody conjugate i s  used l ike a reagent and to  
look for  different  viruses i t  would only require changing reagents. 

A1 1 immunoenzymati c techniques employ e i ther  specif ic  anti body co- 
valently linked to  an enzyme, or  a ser ies  of antibodies and enzyme. A 
colorless compound which can serve as substrate for  the enzyme i s  added and 
converted by the enzyme to a highly colored reduced form. Thus, spectro- 
photometric detection of sol u b i  1 ized reduced product or microscopic detec- 
tion of clumps of insoluble reduced product i s  possible. 

Figure 5-1 diagramatically presents the 3 basic types of immuno- 
enzymatic techniques for  detecting viruses. These are referred t o  as the 
di rect  , indirect  , and mixed enzyme-anti body methods. The di rect  method 
employs a conjugate of ant iviral  - antibody and enzyme t h a t  i s  produced by 
reaction with a coup1 ing agent such as glutaraldehyde. The indirect  method 
f i r s t  allows binding of ant iviral  antibody t o  the virus,  followed by a 
conjugate of enzyme and an antibody t o  the antivirus antibody. The mixed 
enzyme-anti body method does n o t  uti 1 ize a covalently-coupled conjugate, 
b u t  r e l i e s  on adsorption t o  the virus par t ic le  of a ser ies  of antibodies 
followed by adsorption of enzyme. The emphasis in th i s  project i s  on the 
mi xed enzyme-anti body approach since i t  provi des more "amp1 i f i  ca t i  on" 
than the other two methods as a resul t  of ultimately binding a greater num- 
ber of enzyme molecules per virion. Thus, t h i s  technique wi 11 1 i kely have 
the greatest  sens i t iv i ty  of the three methods. 
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6.0 M a t e r i a l s  and Methods 

6.1 C e l l  C u l t u r e  

Vero o r  Green Monkey Kidney (BGMK) c e l l s  were propagated by  t r y p s i n i z a -  
t i o n  o f  e x i s t i n g  c e l l  c u l t u r e s ,  d i l u t i o n  i n t o  f r e s h  growth media and d i s -  
t r i b u t i o n  t o  c e l l  c u l t u r e  b o t t l e s .  Small volumes (5-20 m l )  o f  1 X t r y p s i n  
o r  phosphate-buffered s a l i n e  (PBS) were used as a r i n s e  p r i o r  t o  t r y p s i n i z a -  
t i o n  t o  remove i n t e r f e r r i n g  ma te r i a l s .  Twenty m l  1 X t r y p s i n  was used f o r  
t r y p s i n z i n g  l a r g e  g lass  r o l l e r  b o t t l e s  a t  37OC f o r  20 minutes. The detached 
c e l l s  were then  p e l l e t e d  by low speed c e n t r i f u g a t i o n  i n  50 ml c e n t r i f u g e  
tubes c o n t a i n i n g  1-2 ml f e t a l  c a l f  serum (FCS) and resuspended i n  growth 
media. The usual passage r a t i o s  were 1:3 o r  1:4 f o r  p roduc ing  r o l l e r  
b o t t l e s  and 1 : 100 f o r  produc ing 1 oz. b o t t l e s ,  f o r  plaque assay, f r om r o l l e r  
b o t t l e s .  These c e l l  c u l t u r e s  were grown t o  c o n f l u e n t  monolayers , whereupon 
they  were u t i l i z e d  f o r  passaging o r  v i r u s  p roduc t i on  i n  t h e  case o f  r o l l e r  
b o t t l e s ,  o r  f o r  v i r u s  assays i n  t h e  case o f  1 oz. b o t t l e s .  The growth 
media c o n s i s t e d  o f  100 ml o f  au toc lavab le  Minimal Essen t i a l  Media (MEM, 
Grand I s l a n d  B i o l o g i c a l  Co. ) supplemented w i t h  1.5 ml 7.5% sodium b i -  
carbonate, 10 ml FCS, g l  utamine, and a n t i b i o t i c s .  

6.2 P o l i o v i r u s  Produc t ion  

R o l l e r  b o t t l e s  c o n t a i n i n g  c o n f l u e n t  monolayers o f  BGMK o r  Vero c e l l s  
were i n f e c t e d  i n  h i g h  mu1 t i p 1  i c i  ty w i t h  1-2 ml o f  s tock  p o l  i o v i r u s  1 -Lsc 
( v i r u s  ti t r e  = 107 - 108 p laque- forming u n i t s l m l )  a f t e r  r i n s i n g  t h e  mono- 
l a y e r s  w i t h  PBS o r  t r i s - b u f f e r e d  s a l i n e  (TBS). A f t e r  a few minutes o f  
i n c u b a t i o n  t o  a1 low v i r u s  at tachment,  80 ml o f  maintenance media w i t h  o r  
w i t h o u t  serum, was added t o  t h e  b o t t l e .  Maintenance media was t h e  same 
as growth media excep t  t h a t  i t  con ta ined  t w i c e  as much b icarbonate  and 
e i t h e r  no serum o r  o n l y  2% serum (2  m11100 m l  MEM). The i n f e c t e d  b o t t l e s  
were incuba ted  a t  37OC and harves ted  a f t e r  16-24 hours by f r e e z i n g  and 
thawing 3 t imes .  A crude v i r u s  s tock  was ob ta ined  by p e l l e t i n g  (2000 rpm X 
20 min. , S o r v a l l  RC2-B) c e l l  deb r i s  f rom the  v i r u s - c o n t a i n i n g  supernatant  
produced by t he  3 freeze-thaw cyc les.  

6.3 P u r i f i c a t i o n  o f  Ant ibody by Immunoadsorption 

Immunoadsorption was examined as a p o s s i b l e  method f o r  p r o v i d i n g  
h i g h l y  p u r i f i e d  a n t i  body, f r e e  o f  n o n s p e c i f i c  a n t i  bodies and unwanted serum 
p r o t e i n s ,  f o r  use i n  development o f  t he  immunoenzymatic assay. The method 
used was s i m i l a r  t o  t h e  batch-wise procedure o f  Avrameas and Ternyck 
(1969; 1971 ) .  To 10 ml o f  f reeze-thaw l y s a t e  f rom i n f e c t e d  r o l l e r  b o t t l e s  
o f  Vero c e l l s  was added 300 mg lysozyme and 400 mg bov ine serum albumin 
(Calbiochem) a long  w i t h  2 ml o f  1 M phosphate b u f f e r ,  pH 7. To t h i s  m i x t u r e  
2 ml of 2-5% g lu ta ra ldehyde (App l i ed  Sciences) i n  PBS was added dropwise 
t o  t h e  s t i r r e d  s o l u t i o n .  



After incubation a t  room temperature for  f i f teen minutes, a gel formed. 
This gel was suspended in cold PBS and homogenized, in portions, in a hand 
homogenizer. The suspension was vortexed and centrifuged fo r  f ive minutes 
a t  1000 rpm a t  room temperature in a c l inical  centrifuge to  remove unreacted 
virus and protein. This was repeated two or three times. The gel par t ic les  
were suspended and resuspended several times in 0.1 M glycine buffer, pH 1.4. 
This mixture was then suspended and resuspended into 0.1 M phosphate buffer, 
pH 7.0. Five mi 11 i 1 i t e r s  of whole anti pol iovi rus anti serum was incubated 
with the rinsed immunoadsorbent gel particles a t  4OC fo r  24 hours, or  a t  
25°C for  th i r ty  minutes. This material was then washed free of unbound anti-  
body with 0.1 M phosphate beffer, pH 7.0. Bound antibody was eluted with 
0.1 M glycine buffer pH 1.4 for  f i f teen minutes a t  4OC. The eluate was 
collected by low-speed centrifugation, neutralized, and an a1 iquot was taken 
from VNT determination by the procedure in Section 6.8. 

6 .4  Preparation of Monodisperse Virus 

Monodi 
Sharp e t  a l .  
infected z1 

sperse poliovirus type 1 - Lsc was prepared by the method of 
(1976; 1977). This procedure consisted of Freon extraction of 

1 lysate,  followed by centrifugation in sucrose gradients ( in  
 hate, pH 7.2) a t  25,000 rpm in a Beckman SW27 rotor (4"C, 2% 

hours) . '   he virus was collected from the top of the centrifuge tubes, 
fractionated, and assayed for  virus by part ic le  counts and infect ivi ty  
(plaque assay). 

6.5 Virus Plaque Assay 

Virus samples are se r i a l ly  diluted i n  PBS with serum or TBS with 
serum (2%).  Aliquots of 0.1 ml volume are applied to  the monolayer side of 
1-ounce bottles of Vero or  BGMK ce l l s .  The bottles are t i l t e d  to  evenly 
spread the virus suspensions, and then incubated a t  37OC fo r  one hour, t i 1  t- 
i n g  again every 15 minutes to  assure even distribution of the virus. The 
overlay media for  th i s  assay i s  prepared as follows: 100 m l  of 2.8% agar 
(Difco), previously autoclaved, i s  heated in a s t e r i l  bot t le  until melting 
occurs. The me1 ted agar i s  combined with various nutri t ional and preserva- 
t ive  components which have been prewarmed to  45OC. These include 100 ml 
2X Minimal Essential Medium ( M E M )  , 10.5 ml 2.8% sodium bicarbonate, 1.25 ml 
4 M MgC12, 1 ml 200X ant ibiot ics ,  and 1X neutral red. This mixture i s  
maintained in a 45OC water bath while dispensing 5 ml quantit ies w i t h  a 
Hamil ton Syringe t o  the 1-ounce bottles of Vero or BGMK ce l l s  t h a t  have re- 
ceived virus aliquots. The overlay media i s  applied to  the inside face of 
the bottles that  does not have the cell  monolayer attached. The bot t les  
are turned and the overlay i s  allowed to harden on top of the monolayers 
for  20 minutes a t  25OC. The bottles are then inverted and incubated a t  
37OC. After 3 days an i n i t i a l  plaque count i s  done, and t h i s  i s  verified 
by final plaque counts a t  days 4 and 5. An average value is  taken for  each 
s e t  of t r ip l i ca t e  bottles.  



6.6 Physical Assay of Purified Virus 

The number of virus par t ic les  in a virus preparation were quantitated 
by the use of the kinetic attachment method of sharp (1974). Virus par t i -  
cles were al lowed to  attach to  a collodion grid a t  room temperature, a f t e r  
which the  grids were shadowed and counted under the electron microscope. 

6.7 Production of H i  gh-Ti t r e  Anti serum t o  Pol i ovi rus 

6.71 Production and Purification of Poliovi rus Antigen. Twenty 
ro l le r  bottles of Vero ce l l s  were infected with poliovi rus a t  high mu1 t i  - 
pl i c i  ty as in section 6.2 to  produce a large volume of crude virus stock. 
This virus stock was then purified by a ser ies  of f i l t r a t i o n s  and t rea t -  
ments. I t  was f i r s t  passed through a 0.45 ~m Cox f i l t e r  pretreated with 
100 ml s t e r i l e  1 %  Tween-80. I t  was then passed through a s t e r i l e  PM-30 
Amicon membrane f i l t e r  a t  40 psi until a volume of 20 ml remained. The 
retentate and PBS washings of the Amicon f i l t e r  were then Freon-extracted 
with an equal vol lame of cold Freon 113 and blended in a small pre-cooled 
Waring blendor for  one minute according to  the method of Sharp and Floyd 
(1975; 1976). The phases were separated by low speed contrifugation 
(500 rpm X 10 min. ) in a Sorvall GLC-1  centrifuge. The aqueous phase was 
combined with the aqueous phase from a similar re-extraction of the Freon 
phase and passed through a s t e r i l e  0.45 pm Cox f i l t e r  (with a 1.9 pm AP-200 
p r e f i l t e r )  a t  pH 3.5 in the presence of 0.0005M aluminum chloride. The 
adsorbed, concentrated virus was then eluted twice with 7 ml of pH 11.5 
0.05M Glycine-NaOH and neutralized to  pH 7-8. 

These eluates were then combined for  inactivation of the virus,  which 
was accomplished by the method of Salk (1955). Virus was inactivated by 
incubation with 0.05% formaldehyde in distilled/deionized water a t  37OC 
for 24 hours in the presence of 2 X ant ibiot ics .  Unlike the Salk method, 
no sodi um b i su l f i t e  was used to  neutralize excess formaldehyde. The pH of 
the inactivated virus preparation was 7.6. Plaque assays revealed no re- 
maining infec t iv i ty  in th i s  preparation. 

6.72 Anti body Production. The formal dehyde-inactivated virus produced 
according to  Section 6.71 was mixed a t  a r a t io  of 1:1 w i t h  complete 
Freunds adjuvant (Cappel Laboratories), emu1 s i f i ed ,  and injected into a 
young, female sheep a t  days 0,  2 1 ,  28, and 35. A t  each injection time, in- 
jections were made a t  5 s i t e s ,  2 ml per s i t e .  The s i t e s  used included 3 
locations on the neck and one on each flank. 

The sheep was bled on each day of immunization jus t  pr ior  t o  immuniza- 
t i  on, blood being taken using a 17 guage needle donor k i t  (Cutter Labs, Inc. ) 
and a 500 ml Travenol s t e r i l e  vacuum bot t le  (Travenol Laboratories). The 
whole blood was transferred immediately to  plast ic  centrifuge bottles and 
allowed t o  c lo t  a t  room temperature for  1-2 hours. The c lo t  was then ringed 
with a spatula and the bottles were refrigerated for  4 hours, These bottles 
were spun for  20 min. in a refrigerated Sorvall RC2-B a t  6000-8000 rpm 
(GSA rotor ,  20 min. ) .  The serum was removed from the bot t les  by careful 



p i p e t t i n g  and s t o r e d  a t  -20°C. 

V i rus  N e u t r a l i z a t i o n  T i  t r e ' s  
samples accord ing  t o  t he  procedure 
t e s t e d  f o r  a n t i  -Vero c e l l  a c t i v i t y  
Hep-2 c e l l s .  Hep-2 c e l l s  used f o r  

(VNT's) were performed on a l l  serum 
i n  s e c t i o n  6.8. Day 41 ant iserum was 
by per fo rming  VNT's i n  bo th  Vero and 
t he  VNT were grown on medium 199 w i t h  

g l  utami ne, a n t i b i o t i c s  and f e t a l  c a l  f serum (5%)-added. The over1 ay f o r  
t h e  Hep-2 VNT cons i s ted  o f  15 ml 10X medium 199, a n t i b i o t i c s ,  7.5 m l  heat -  
i n a c t i v a t e d  f e t a l  c a l f  serum, 4.9 m l  , 7.5% sodium b icarbonate,  0.24 m l  4M 
magnesium c h l o r i d e ,  1.0 ml 0.3% n e u t r a l  red,  and 120 m l  1  .25% agar. 

6.8 V i rus  N e u t r a l i z a t i o n  T i t e r  Determinat ions.  V i rus  n e u t r a l  i z a t i o n  
t i t e r  ( V N T ~  i s  d e f i n e d  here  as t h e  d i l u t i o n  o f  ant iserum, which when mixed 
1  :1 w i t h  a ' l i v e  p o l i o v i r u s  suspension i n  TBSS (TBS) c o n t a i n i n g  2  ml A FCS* 
p e r  100 m l )  y i e l d s  on 80% r e d u c t i o n  i n  t he  plaque count.  0.4-0.5 ml of 
two v i  r us  d i  1 u t i  ons (3-4 X 103 PFV/ml , 3-4 X 102 PFV/ml ) were each mi xed 
w i t h  an equal volume o f  s e r i a l  d i l u t i o n s  o f  an t i se rum i n  PBS. A n t i b i o t i c s  
were added and t h e  m ix tu res  were incuba ted  f o r  1+ hours i n  a  37°C wate r  
bath.  Both p o s i t i v e  ( v i r u s  o n l y )  and nega t i ve  c o n t r o l s  (no v i  pus) a r e  i n -  
cl uded. The incuba ted  v i  r u s - a n t i  body m ix tu res  were then p l  aqued d i r e c t l y  
i n  1 oz. b o t t l e s  accord ing  t o  t h e  plaque assay procedure. 

6.9 Gel D i f f u s i o n .  Gel d i f f u s i o n  was c a r r i e d  o u t  w i t h  a l l  an t ibody  
p repara t ions  by t h e  method o f  Ouchter lony (1962) t o  determine t h e  p u r i t y  
and s p e c i f i c i t y  o f  t h e  p repara t ions .  D i f f u s i o n  p l a t e s  used were 7 -we l l  
IDF- I1  c e l l  s  (Cord i  s  Labo ra to r i es )  possessing a  5  mm maximum d i f f u s i o n  
d i s tance  ( L o t  #7 l395) .  They c o n s i s t  o f  1  % agarose i n  s a l  ine-phosphate 
b u f f e r ,  pH 7.2, c o n t a i n i n g  0.1% sodium az ide  as a  p r e s e r v a t i v e .  The 50 p l  
w e l l s  were loaded w i t h  40 p1 o f  PBS, an t igen ,  o r  an t ibody  u s i n g  a  Hami 1  t o n  
sy r inge .  The s y r i n g e  was r i n s e d  w i t h  PBS severa l  t imes between load ings .  
A f t e r  i n c u b a t i o n  f o r  3  days t h e  templates were removed and t h e  ge ls  were 
r i n s e d  i n  PBS f o r  15 hours, w i t h  a  charge o f  PBS a f t e r  t h e  f i r s t  40 minutes. 
The ge ls  were s t a i n e d  w i t h  n i g r o s i n  f o r  3  hours, f o l l o w e d  by d e s t a i n i n g  w i t h  
severa l  charges o f  2% a c e t i c  ac i d .  

6.10 Reduct ion o f  Nonspec i f i c  Background S ta in i ng .  Var ious p r e t r e a t -  
ments were a m 1  i e d  t o  severa l  d i f f e r e n t  f i l t e r  t v ~ e s  t o  determine t h e i r  
re1  a t i v e  e f f e c t i v e n e s s  i n  reduc ing  n o n s p e c i f i c  b%kground s t a i n i n g .  F i  1  t e r s  
i n c l u d i n g  0.01 pm Sa r to r i ous  , 0.025 pm M i l  1  i p o r e ,  and 0.05 pm Sa r to r i ous  
f i l t e r s  were p r e t r e a t e d  by i n c u b a t i o n  a t  room temperature,  o r  f i l t r a t i o n  
w i t h ,  0.01% S i l i c l a d ,  1% Tween-80, 10% Tween-80, 0.7% albumin, o r  a  combina- 
t i o n  o f  10% Tween-80 and 0.7% albumin. The p r e t r e a t e d  f i l t e r s  were then ex- 
posed t o  t he  e n t i  r e  immunoenzymatic f i  1  t e r  assay procedure descr ibed  i n  
Sec t i on  6.14, b u t  w i t h o u t  t h e  a d d i t i o n  o f  v i r u s .  The f i l t e r s  were then 
incuba ted  w i t h  d iaminobenzid ine reagent,  a l s o  descr ibed  i n  Sec t ion  6.14, 

* AFCS = hea t  i n a c t i v a t e d  f e t a l  cal f -serum. 



f o r  severa l  hours. S t a i n i n g  on the  upper and lower s ides o f  t he  f i  1  t e r  were 
est imated on a  sca le  o f  0  (no s t a i n i n g )  t o  (maximum s t a i n i n g )  by v i s u a l  
comparison. 

6.11 Vi rus Reten t ion  on F i l t e r s .  A v a r i e t y  o f  f i l t e r s  were screened 
f o r  t h e i r  a b i l i t y  t o  r e t a i n  P o l i o v i r u s  Lsc-1. V i rus  s tock was d i l u t e d  t o  a  
t i t e r  o f  approx imate ly  1  X 104 PFU/ml i n  TBSS. One-half t o  f i v e  m l  q u a n t i t i e s  
o f  t h i s  d i l u t i o n  were f i l t e r e d  through t h e  t e s t  f i l t e r s  a t  low pressures 
(< 40 p s i  N2). Both f i l t r a t e s  and o r i g i n a l  d i l u t i o n s  o f  v i r u s  were t i t e r e d  
by the  plaque assay i n  t r i p l i c a t e .  F i l t e r s  t e s t e d  inc luded 0.01 pm c e l l u l o s e  
n i t r a t e  ( S a r t o r i u s ) ,  0.03 pm polycarbonate (Nucleopore), XM 100 A and XM 300 
(Amicon), 0.01 -0.02 ~m c e l l  u lose ace ta te  ( S a r t o r i u s ) ,  0.025 vm MVS (Mi 11 i p o r e )  , 
0.05 uVM (Mi 11 i pore)  , 0.05 vm ( S a r t o r i u s ) ,  0. O8vm ( S a r t o r i u s )  and 0.9 vm 
epoxy f i  berg lass (Versapor).  The more promis ing f i  1  t e r s  were a1 so t e s t e d  f o r  
v i r u s  r e t e n t i o n  under cond i t i ons  where the  f i  1  t e r s  were p r e t r e a t e d  w i t h  
Tween-80 and serum albumin. As mentioned i n  sec t i on  6.10 t h i s  t rea tment  was 
necessary i n  t he  immunoenzymati c  assay t o  reduce nonspec i f i c  background 
s t a i n i n g .  

6.12 Determinat ion o f  Proper t ies  o f  A1 g ina te  F i  1  t e r s .  To determine the  
compat ib i l  i t v  o f  a l q i n a t e  f i  1  t e r s  w i t h  reaqents i n  t he  immunoenzymatic p ro-  
cedures, 13 mm a l g i n a t e  f i l t e r s  (0.05 vm, Sa r to r i ous )  were sub jec ted  t o '  
phosphate b u f f e r e d  s a l i n e  concentrat ions o f  0.007 t o  0.14 M y  and t o  p o l i o -  
v i r u s  ant iserum concent ra t ions  rang ing  from 0.1 t o  5  percent.  s o l u t i o n s  
were p laced on t h e  f i l t e r  i n  a  13 mm u l  t r a f i l  t r a t i o n  c e l l  and drawn through 
t h e  f i l t e r  under low pressure. The f i l t r a t e s  were c o l l e c t e d  i n  p r e r i n s e d  
13 X 100 mm capped g lass tubes t o  be t e s t e d  f o r  t u r b i d i t y  and e l u t e d  carbo- 
hydrate. Turb i  d i  t y  was determined us ing  a  Hach 21 00 A Turb i  dimeter,  standard- 
i z e d  t o  0.61 NTU w i t h  a  chlorobenzene standard and t o  10 NTU w i t h  a  Hach 
standard. E lu ted  a l g i n a t e  i n  t h e  form o f  suspended carbohydrate was de te r -  
mined us ing t h e  o r c i n o l  -su l  f u r i c  a c i d  method (Bruckner, 1953). Reacted 
samples were read a t  520 mm on a  G i l f o r d  300-N spectrophotometer equipped 
w i t h  an automat ic  sampler. Negat ive c o n t r o l s  f o r  both t u r b i d i t y  and carbo- 
hydrate determinat ions were u n f i l t e r e d  d i l u t i o n s  o f  phosphate b u f f e r e d  s a l i n e  
o r  serum. 

6.13 Immunoenzymatic Tube Assay. An immunoenzymatic assay system based 
on the  p r i n c i p l e s  o f  t he  ELISA technique (C la rk  and Adams, 1977; Engval l  and 
~ e r l m a n n ,  1972; Lawe l l i n ,  -- e t  a l . ,  1977; V o l l e r ,  -- e t  a l . ,  1976) was tes ted .  
The procedure i s  o u t l i n e d  i n  F igure  6-1. Polystyrene tubes f o r  t he  assay 
were coated w i  t h  a  d i  1  u t i o n  o f  immunosorption p u r i  f i e d  horse a n t i  p o l  i o v i  r us  
ant ibody.  A l l  an t ibod ies  used i n  t he  assay were obta ined i n  l y o p h i l i z e d  
form f rom Cappel Labora tor ies .  Sheep a n t i p o l i o v i r u s  ant iserum was from 
day 41 ant iserum. The negat ive  v i r u s  c o n t r o l  used PBS con ta in ing  1-10% 
Tween-80. P o s i t i v e  v i r u s  samples u t i l i z e d  monodisperse v i r u s  prepared accord- 
i n g  t o  t h e  technique i n  sec t i on  6.4. V i a b i l i t y  o f  v i r u s  du r i ng  t h e  adsorp- 
t i o n  i ncuba t i on  from 14 hours a t  4OC was v e r i f i e d  us ing  the  plaque assay 
as descr ibed i n  sec t i on  6.5. A l l  ant ibody,  enzyme, and PBS s o l u t i o n s  were 
p r e f i l t e r e d  through 0.45 p f i l t e r s  o r  c e n t r i f u g e d  be fore  use t o  remove 



Figure  6-1 - Immunoenzymatic Tube Assay 

t e r i  l e  po l y -  Add 1 m l  o f  0.02 mg/ml Remove. Add 0.9% NaCl 
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extraneous p a r t i c u l a t e  ma t te r .  The enzyme use was horserad ish  p e r o x i  dase 
(Wor th ing ton) .  The dye reagent  used cons i s ted  o f  0.01 12 g o - d i a n i s i d i n e  
hyd roch lo r i de  d i s s o l v e d  i n  1  m l  o f  methanol, 10 m l  1/60 d i l u t i o n  o f  T r i t o n  
X-100, 1  ml o f  111 27 d i l u t i o n  o f  30% hydrogen perox ide,  38 ml o f  de ion ized-  
d i s t i l l e d  wa te r  and 50 m l  0.1 M phosphate b u f f e r ,  pH 6.0. To t h e  r i n s e d  
tubes, 0.9 m l  o f  t h i s  reagent  i s  added. The change i n  o p t i c a l  d e n s i t y  a t  
460 nm was recorded. 

6.14 Immunoenzymatic F i l t e r  Assay. The procedure f o r  t h e  immuno- 
enzymatic techn ique  i s  shown i n  F igure  6-2. The f i l t e r s  used were 
S a r t o r i u s  0.01 pm c e l l  u lose  n i t r a t e  f i  1 t e r s .  A1 1 s o l u t i o n s  were p r e f i  1  t e r e d  
through 0.025 pm c e l l  u lose  n i t r a t e  f i  1 t e r s  be fo re  use t o  e l i m i n a t e  extraneous 
p a r t i c u l a t e  m a t t e r  and thus avo id  f i  1 t e r  c l ogg ing  and h i g h  n o n s p e c i f i c  back- 
ground s t a i n i n g  problems. F i l t e r s  used i n  t he  assay were p r e t r e a t e d  w i t h  
10% Tween-80 f o l l o w e d  by 0.7% bov ine serum albumin (A Grade, Cal biochem). 
A l l  a n t i b o d i e s  used i n  t h e  procedure, w i t h  t he  excep t ion  o f  sheep a n t i p o l i o -  
v i r u s  an t i se rum were ob ta i ned  i n  l y o p h i  1  i z e d  form f rom Cappel Labo ra to r i es .  
Horseradish perox idase was ob ta ined  f rom Worthington. The p o l i o v i r u s  used 
was monodisperse and was prepared by t he  technique i n  s e c t i o n  6.4. F i l t e r s  
t h a t  r ece i ved  v i  r us  and immunoenzymati c  reagents were s ta i ned ,  a f t e r  r i n s i n g  
i n  PBS, w i t h  d iaminobenzid ine reagent.  F i l t e r s  were a i r  d r i e d  a t  37OC and 
counted f o r  r eac ted  dye p a r t i c l e s  under t h e  o i l  immersion l e n s  o f  a  Zeiss 
microscope. The dye reagent  used f o r  t he  immunoperoxidase assay was a 
m o d i f i c a t i o n  o f  t h a t  o f  Kaplow (1965) and Avrameas (1971). Unless no ted  
o therw ise  t h e  s t a i n  cons i s ted  o f  20 m l  0.1 M T r i s  b u f f e r ,  pH 7.5, 10 mg 
d i  ami nobenzi d i  ne hyd roch lo r i de  and 1.0 m l  3.0% hydrogen pe rox i  de (H202). 
D i s t i  1  l ed -de ion i zed  wate r  was used f o r  making t h e  dye reagent  t o  a v o i d  i o n  
con tamina t ion  whi ch i n t e r f e r e s  w i t h  t h e  assay. Th i s  dye reagent  was incuba ted  
w i t h  t h e  t r e a t e d  f i l t e r s  f o r  up t o  24 hours and removed by r i n s i n g  w i t h  
d i s t i l l e d  de ion i zed  water.  

6.15 Photomicroscopy. F i  1  t e r s  f rom t h e  immunoenzymati c  assay were 
photographed t o  v e r i f y  r eac ted  dye p a r t i c l e  counts. A Zeiss microscope 
was used under t h e  o i l  immersion lens ,  w i t h  an EFM adapto r  a l l o w i n g  a t t ach -  
ment o f  a  N i  kon M-35s camera. The f i l m  used was I 1  f o r d  ASA 50 b l a c k  and 
w h i t e  (Pan F 135-20). To ta l  m a g n i f i c a t i o n  power o f  t h e  system was 750 X. 
B lue  o r  green f i l t e r s  were used t o  maximize t h e  c o n t r a s t  between t h e  reac ted  
dye p a r t i c l e s  and t h e  background. The f i l m  was developed u s i n g  Kodak 
Mic rodo l  X (13 min, 21 + 2OC). The s top  ba th  was 1% reagent  grade a c e t i c  
a c i d  (30 seconds), and t h e  f i x e r  was Kodak f i x e r  (10 minu tes ) .  Contact  
sheets were made w i t h  t h e  a i d  o f  an en la rge r ,  and developed i n  t h e  f o l l o w i n g  
sequence: 1 : 2 Dekto l  f o r  1% minutes ; 1 % a c e t i c  a c i d  f o r  5  seconds, and 
Kodak f i x e r  f o r  2  minutes. 



F i  gure 6-2 - Immunoenzymati c  F i  1  t e r  Assay (V i  rus  Visual  i z a t i  on Procedure) 
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Figure 7-1. Recovery o f  Pol i o v i  rus I n f e c t i v i t y  During Antigen Preparat ion 
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7.3 Reduction o f  Nonspeci f ic  Background S t a i n i n g  

Development o f  methods t o  reduce nonspec i f i c  background s t a i n i n g  f o r  
eventual i n c l u s i o n  as p a r t  o f  t h e  f i l t e r  assay o f  Sect ion 7.7 rece ived a  
l a r g e  amount o f  a t t e n t i o n .  It i s  necessary t o  t r e a t  t h e  f i l t e r  w i t h  some 
s o r t  o f  coa t i ng  agent t o  minimize the  b ind ing  o f  excess ant ibody and enzyme 
t o  the  f i l t e r .  Otherwise, background reac t ions  i n  t he  f i l t e r  assay would 
obscure the  presence o f  virus-antibody-enzyme complexes and reduce the  sensi -  
ti v i  t y  o f  t he  technique. 

A condensed vers ion  o f  the  r e s u l t s  from these experiments i s  shown i n  
Table 7-1. Experiments w i t h  var ious types o f  f i l t e r s  and d i f f e r e n t  types 
o f  pret reatment  i n d i c a t e d  t h a t  pret reatment  w i t h  0.01% S i l i c l a d  o r  smal l  
(0.5 m l )  q u a n t i t i e s  o f  1% Tween-80 d i d  n o t  s i g n i f i c a n t l y  reduce nonspec i f i c  
background s t a i n i n g  compared t o  un t rea ted  f i  1  t e r s .  Treatment w i t h  1 a rger  
( 4  m l )  q u a n t i t i e s  o f  1% Tween-80, o r  soaking the  f i l t e r s  i n  10% Tween-80 o r  
0.7% albumin reduced background s t a i n i n g  t o  more acceptable l e v e l s .  The 
g rea tes t  reduct ions i n  background s t a i n i n g  were ob ta ined by soaking the  
f i 1 t e r s  w i  t h  10% Tween-80, and then t r e a t i n g  them w i t h  0.7% a1 bumi n. The 
f i l t e r  s t a i n i n g  ob ta ined i n  these pret reatment  s tud ies  d i d  n o t  appear t o  
be very s e n s i t i v e  t o  t h e  l eng th  o r  temperature o f  i ncuba t i on  o f  immuno- 
enzymatic reagents w i t h  t he  f i  1  t e r s .  

The Tween-80/al bumin combinat ion was s u f f i c i e n t l y  successfu1 t h a t  i t  
was u t i l  i z e d  i n  subsequent immunoenzymatic f i l t e r  assays. Co inc iden ta l l y ,  
many o f  t he  experiments i n  t h i s  s e t  o f  s tud ies  i n v o l v e d  the  S a r t o r i u s  0.01 
~m c e l l u l o s e  n i t r a t e  f i l t e r s ,  which were l a t e r  se lec ted  as the  s tandard 
f i l t e r  f o r  t h e  immunoenzymatic f i l t e r  assays. Thus, t he  r e s u l t s  o f  t h i s  
sec t i on  are d i r e c t l y  app l i cab le  t o  Sect ion 7.7. 

7.4 Vi rus Reten t ion  on F i l t e r s  

Q u a n t i t a t i n g  v i  rus  us ing  immunoenzymati c  procedures invo lves  f i  r s  t i m -  
m o b i l i z i n g  t h e  v i r u s  on some s o r t  o f  sur face.  One o f  t h e  most f e a s i b l e  
means f o r  accompl ishing t h i s  i s  by f i l t r a t i o n .  Experiments were c a r r i e d  
o u t  t o  determine what types o f  f i l t e r s ,  i n  terms o f  composit ion and pore 
s i ze ,  a re  more e f f i c i e n t  i n  r e t a i n i n g  v i rus .  V i rus r e t e n t i o n  experiments 
were c a r r i e d  o u t  under severa l  d i  f f e r e n t  cond i t i ons  t o  d i  f f e r e n t i a t e  t he  
ex ten t  t o  which v i r u s  r e t e n t i o n  i s  a  f u n c t i o n  of f i l t e r  pore s i ze ,  and the  
e x t e n t  t o  which i t  i s  a  f u n c t i o n  o f  e l e c t r o s t a t i c  a t t r a c t i o n  between the  
f i l t e r  and t h e  v i r u s .  F i l t r a t i o n  o f  v i r u s  i n  0.01 M T r i s  b u f f e r ,  pH 8.0 
measures p r i m a r i l y  t he  e f f e c t  o f  pore s i z e  on v i r u s  r e t e n t i o n .  F i l t r a t i o n  
o f  v i r u s  i n  0.05 M g l y c i n e  b u f f e r ,  pH 3.5 ( con ta in ing  5x10-4 A1C13) measures 
the  e f f e c t s  o f  bo th  pore s i z e  and e l e c t r o s t a t i c  a t t r a c t i o n .  

Table 7-2 summarizes t h e  r e s u l t s  fsom t he  v i r u s  r e t e n t i o n  experiments 
t e s t i n g  a  v a r i e t y  o f  f i l t e r s .  Without except ion, where i d e n t i c a l  f i l t e r s  
have been t e s t e d  w i t h  both 0.01 M T r i s  b u f f e r ,  pH 8.0 and 0.05 M g l y c i n e  
b u f f e r ,  pH 3.5, t he  l a t t e r  leads t o  g rea te r  v i r u s  r e t e n t i o n .  However, 
s ince  t h e  cond i t i ons  of t h e  immunoenzymatic f i l t e r  assay w i l l  take p lace  a t  



Table 7-1. Test ing o f  Various Methods f o r  Reducing Nonspecific Background s t a i n i n g  

Enz/Ab C Background- 

b F i  1 t e r  Type- Pretreatment Dye Used 
Incubation s ta in ing  Bottom o f  

Time(min)Temp. ('C) T o p o f  F i l t e r  F i l t e r  

Sar to r i  us 0.01 II 
ce l  lu lose  n i t r a t e  0.5ml 1 % Tween 80 D i  ami nobenzi d i  ne 30 3 7 ++ +++ 

Sartor ius 0.0111 
c e l l  ulose n i t r a t e  0.01% S i l i c l a d  Diaminobenzi dine 20 3 7 - + +++ 

M i  11 i pore 0 .025~ 0.01% S i l i c l a d  D i  aminobenzidine 20 3 7 - + +++ 

Sar to r i  us 0.0511 0.01% S i l i c l a d  Diaminobenzidi ne 20 3 7 - + +++ 

Sartor ius 0.0111 
ce l lu lose  n i t r a t e  4ml 1% Tween 80 D i  aminobenzi dine 20 3 7 + - + 

P 
P Sartor ius 0.0111 

c e l l  ulose n i t r a t e  10% Tween 80 soak D i  aminobenzi d i  ne 10 2 5 + + 
f o r  1 hr., - 3 
drops a1 bumin 
f i  1 tered 

Sartor ius 0.01 II 
c e l l  ulose n i t r a t e  0.7% A1 bumin soak Diaminobenzidine 

( l h r )  + 10 drops 
a1 bumi n f i 1 tered 

Sartor ius 0 . 0 1 ~  10% Tween 80 soak Diaminobenzidine 10 2 5 
c e l l  ulose n i t r a t e  (1 h r )  + 5 drops 10% 

Tween 80 f i  1 tered + 
1.0 m l  o f  0.7% 
a1 bumin f i  1 tered 

a. F i  1 te rs  undergo e n t i  r e  immunoenzymatic procedure, minus v i rus .  - 

b. I n  add i t ion  t o  the f i  1 te rs  shown, 16 other f i l  te r l t rea tment  combinations were tested and found unacceptable. - 

c. Results recorded as r e l a t i v e  i n tens i t y  o f  co lo r  on a scale o f  0 -+ +++. - 



Table 7-2. Retention o f  Pol iov i rus on Membrane F i l t e r s  

F i l t e r  Type 

Nucl eopore 

M i l  1 ipore  VM 

Nucleopore 

Pore Size Pretreatment 

0.08 pm None 

0.05 pm None 

0.03 vm None 

M i l  l i p o r e  VS 0.025 urn None 

Sartor ius c e l l  ulose n i t r a t e  0.05 pm None 

None 

Sartor ius c e l l  u l  ose acetate 0.01-0.02 pm None 

None 

P 
UI Sartor ius c e l l  ulose n i t r a t e  0.01 pm None 

None 

10% Tween-80 (45 mi n . ) 
and 0.7% albumin 

10% Tween-80(30 min. ) 
and 0.7% albumin 

10% Tween-80(15 min.) 
and 0.7% albumin 

10% Tween-80(5 min. ) 
and 0.7% a1 bumin 

~ u f f e *  

0.01 M Tr is ,  pH 8.0 

0.01 M T r i s ,  pH 8.0 

0.05 M Glycine, pH 3.5 

0.01 M T r i s ,  pH 8.0 

0.01 M Tr is ,  pH 8.0 

0.05 M Glycine, pH 3.5 

0.01 M T r i s ,  pH 8.0 

0.05 M Glycine, pH 3.5 

0.01 M Tr is ,  pH 8.0 

0.05 M Glycine, pH 3.5 

0.01 M Tr is ,  pH 8.0 

0.01 M Tr is ,  pH 8.0 

0.01 M Tr is ,  pH 8.0 

0.01 M Tr is ,  pH 8.0 

b % Virus Retention- 

3 

7 3 

37 

90 

54 

100 

100 

100 

.92  

100 

70 

6 5 

55 

4 5 

a. 0.01 M T r i s  buf fer ,  pH 8.0 (containing 1% heat- inact ivated FCS) permits re ten t ion  by physical s i ze  only. - 
0.05 M Glycine buffer,  pH 3.5 (containing 5 X 1 0 - 4 ~  AlCl3) allows add i t iona l  re ten t ion  by e l e c t r o s t a t i c  a t t rac-  

t i on .  

4 
b. Based on f i l t e r i n g  a 2.0 C 10 PFU/ml v i rus  suspension. - 



a  pH between 7.0 and 8.0, we must i n i t i a l l y  judge the f i l t e r s  accord ing t o  
t h e i r  p o t e n t i a l  f o r  r e t a i n i n g  v i r u s  w i t h  the  T r i s  b u f f e r .  Under these condi- 
t i o n s  the  f i l t e r s  t h a t  show n i n e t y  percent  o r  g rea ter  v i r u s  r e t e n t i o n  are 
the  0.025 pm M i l l i p o r e ,  the Sar to r i us  0.01-0.02 ~ m  c e l l u l o s e  aceta te  and 
the  Sar to r i us  0.01 pm c e l l  u lose n i t r a t e .  The c e l l  u lose acetate fi 1  t e r s  , 
a1 though having 100% v i r u s  r e t e n t i o n  c a p a b i l i t y ,  had slow f l o w  ra tes  which 
l i m i t  t h e  usefulness o f  these f i l t e r s .  O f  these th ree  f i l t e r s  the  
Sar to r i us  0.01 pm c e l l u l o s e  n i t r a t e  e x h i b i t s  the  bes t  combination o f  v i r u s  
r e t e n t i o n  and desi reable f l ow  c h a r a c t e r i s t i c s .  The e f f e c t  o f  Tween-80 and 
a1 bumin pret reatment  o f  the 0.01 pm c e l l u l o s e  n i t r a t e  f i l t e r  on v i r u s  re -  
t e n t i o n  was examined s ince t h i s  was the  method o f  choice f o r  reducing non- 
s p e c i f i c  s ta in ing .  Numbers from dup l i ca te  runs i n d i c a t e  t h a t  pret reatment  
does reduce v i r u s  re ten t i on ,  b u t  t h a t  l ong  (30-60 min. ) soaking times i n  
Tween-80 l e a d  t o  some recovery o f  v i r u s  re ten t i on .  The reduct ion  i n  v i r u s  
r e t e n t i o n  t h a t  i s  observed w i t h  pret reatment  o f  0.01 pm c e l l u l o s e  n i t r a t e  
f i l t e r s  may be a  r e s u l t  o f  an increase i n  diameter o f  f i l t e r  pores due t o  
conformational changes i n  t he  c e l l u l o s e  n i t r a t e .  It may a l s o  be a  r e s u l t  
o f  a  decrease i n  e l e c t r o s t a t i c  a t t r a c t i o n  o f  t he  t rea ted  f i l t e r  f o r  the 
v i r u s ,  o r  a  combination o f  t h i s  w i t h  changes i n  pore s ize .  

Both a l g i n a t e  and 0.01 um c e l l u l o s e  n i t r a t e  f i l t e r s  demonstrate 100% 
re ten  ti on o f  po l  i o v i  rus -an t i  po l  i o v i  rus a n t i  body complexes (data n o t  shown). 
A lg ina te  f i l t e r s  were deemed t o  possess g rea t  p o t e n t i a l  f o r  r e t e n t i o n  o f  
v i r u s  due t o  t h e i r  g e l - l i k e  sur face when wet, and were deemed s u i t a b l e  f o r  
f u r t h e r  i n v e s t i g a t i o n  w i t h  regard t o  t h e i r  use i n  immunoenzymatic v i r u s  
assays. 

The r e s u l t s  i n d i c a t e d  t h a t  the  Sar to r i us  0.01 um c e l l u l o s e  n i t r a t e  
f i l t e r  should be the  f i l t e r  used fo r  the immunoenzymatic f i l t e r  assay due 
t o  i t s  acceptable v i r u s  r e t e n t i o n  c a p a b i l i t y  and i t s  good f l o w  character-  
i s t i c s .  Combined w i t h  i t s  p rev ious l y  i nves t i ga ted  (Sect ion 7.3) p o s i t i v e  
fea tu re  o f  low background s t a i n i n g  w i t h  Tween-80lal bumin treatment,  i t  i s  a  
c l e a r  f i r s t  choice f o r  the  f i l t e r  assay. The a l g i n a t e  f i l t e r  a l s o  rece ived 
f u r t h e r  a t t e n t i o n  due t o  i t s  v i r u s  r e t e n t i o n  p o t e n t i  a1 . 
7.5 P rope r t i es  o f  A1 g ina te  F i l t e r s  

Because a l g i n a t e  f i l t e r s  r e t a i n e d  v i ruses  w e l l  and, there fore ,  seemed 
promis ing f o r  a p p l i c a t i o n  t o  immunoenzymatic assay o f  v i ruses,  t h e i r  proper-  
t i e s  were f u r t h e r  inves t iga ted .  During v i r u s  r e t e n t i o n  experiments i n  
Sect ion 7.4, i t  was no t i ced  t h a t  f i l t r a t e s  from PBS washings o f  a l g i n a t e  
fi 1  t e r s  conta ined v i s i b l e  t u r b i d i t y .  I n  o rder  t o  determine whether d i sso lu -  
t i o n  o f  the a l g i n a t e  gel  l a y e r  would be s u f f i c i e n t l y  severe t o  p r o h i b i t  t he  
use o f  t h i s  f i  1  t e r  i n  immunoenzymatic assays, a  se r ies  o f  a1 g ina te  f i l t e r s  
were exposed t o  a  range o f  s a l t  and serum concentrat ions ( a t  constant  pH) 
t h a t  were expected t o  occur dur ing  the  immunoenzymatic f i l t e r  assay. These 
experiments were designed t o  determine whether acceptable working concentra- 
t i o n s  o f  s a l t  and p r o t e i n  cou ld  be found f o r  these f i l t e r s  t h a t  would fa1 1  
w i t h i n  t h e  c o n s t r a i n t s  o f  t he  immunoenzymati c  assay. 



The experiments w i t h  a l g i n a t e  f i l t e r s  i n d i c a t e  t h a t  l oss  o f  a l g i n a t e  
from the f i l t e r  occurs w i t h  i nc reas ing  s a l t  o r  serum concentrat ions.  These 
experimental resu l  t s  a re  summarized i n  F igure 7.3. Increas ing  the  s a l t  
concent ra t ion  from 0.01 t o  0.1 M l e d  t o  a  t r i p 1  i n g  o f  t he  t u r b i d i t y  o f  the 
f i l t r a t e  t o  15 times t h a t  o f  the c o n t r o l .  The lowest  s a l t  concentrat ion 
tes ted  (0.007 M) l e d  t o  t u r b i d i t y  readings 3% times t h a t  o f  the  u n f i  1  t e red  
c o n t r o l .  A s i m i l a r  t r e n d  was observed f o r  t h e  e f f e c t  o f  serum concentra- 
t i o n ,  as measured by both t u r b i d i t y  and carbohydrate determinat ions. A 
concent ra t ion  o f  0.1% serum l e d  t o  a  t u r b i d i t y  5  t imes t h a t  o f  the  un- 
fi 1 te red  con t ro l .  Increas ing  the serum concentrat ion from 0.1 t o  1.0 percent 
l ead  t o  a  28 - fo ld  increase i n  o r c i n o l - r e a c t i v e  ma te r ia l  i n  the f i l t r a t e ,  
and a  7 - f o l d  increase i n  t u r b i d i t y .  A  one- twent ieth d i l u t i o n  o f  PBS (0.007 
M s a l t )  was chosen as the  d i l u e n t  f o r  serum i n  these experiments s ince i t  
con t r i bu ted  o n l y  a  smal l  amount o f  s a l  t - induced t u r b i d i t y  (see i n s e t ,  
F igure 7-3). 

Condit ions dur ing  the  immunoenzymati c procedure i nvo l ved  0.14 M s a l t  
and 0.5% serum. As seen i n  F igure 7-3, t h i s  corresponds t o  measureable 
t u r b i d i t y  (12 NTU) i n  the  f i l t r a t e  being con t r i bu ted  by p r o t e i n  t h a t  was 
present i n  ant iserum and ant ibody reagents i n  the  assay. The s a l t  con- 
c e n t r a t i o n  i n  the  PBS washings which were used t o  remove excess p r o t e i n  
dur ing  the f i l t e r  assay con t r i bu ted  h igh  l e v e l s  o f  t u r b i d i t y  (>30 NTU). 
This i n d i c a t e d  t h a t  s i g n i f i c a n t  degradat ion o f  t he  a1 g ina te  f i  1 t e r s  would 
occur i f  they were used i n  the  immunoenzymatic procedure. Therefore, the  
p rope r t i es  o f  a l g i n a t e  f i l t e r s  were deemed t o  be n o t  compatible w i t h  the  
cond i t ions  o f  t he  assay, and they were n o t  considered f u r t h e r  f o r  use i n  t he  
assay. 

7.6 Immunoenzymati c  Tube Assay 

Binding v i r u s  t o  t h e  i n s i d e  o f  a  t e s t  tube according t o  the  method o f  
Sect ion 6.13 p o t e n t i a l l y  a l lows q u a n t i t a t i o n  o f  v i r u s  w i t h  somewhat g rea te r  
r a p i d i t y  than the  f i l t e r  method o f  Sect ion 6.14. With the  tube assay pro-  
cedure, t he  i n t e n s i t y  o f  c o l o r  developed i n  the  tubes w i t h  the  appropr ia te  
immunoenzymatic reagents and dye reagent i s  r e l a t e d  t o  v i r u s  concentrat ion.  

F igure 7-4 presents r e s u l t s  from d u p l i c a t e  runs o f  immunoenzymati c  
tube assays, us ing  immunoadsorbed a n t i  body (VNT = 1  :66,000) prepared accord- 
i n g  t o  the  method o f  Sect ion 6.3. Immunoadsorbed ant ibody was used because 
i t  was o f  re1 a t i v e l y  h igh  p u r i t y  compared t o  u n p u r i f i e d  a n t i  po l  i o v i  rus a n t i -  
serum, and was expected t o  l ead  t o  lower o p t i c a l  dens i t y  c o n t r i b u t i o n s  
from background reac t ions .  The re1 a t i o n s h i  p  between the  r a t e  o f  increase 
i n  o p t i c a l  dens i t y  and v i r u s  concent ra t ion  was n o t  l i n e a r .  The change i n  
o p t i c a l  dens i ty  pe r  hour was p ropo r t i ona l  t o  t h e  l oga r i t hm o f  the v i r u s  

I concentrat ion.  This  may be due t o  k i n e t i c s  being a  l i m i t i n g  f a c t o r  i n  ad- 
so rp t i on  o f  the  v i r u s  t o  the  tube. I n  o t h e r  words, s ince  adsorp t ion  o f  
v i r u s  f i r s t  depends on contact ,  t he  lower the  v i r u s  concent ra t ion  o f  the 
sample p u t  i n t o  the  tube, the  lower i s  the p r o b a b i l i t y  o f  a  successful  
c o l l i s i o n  o f  a  v i r u s  p a r t i c l e  w i t h  the  tube w a l l  t h a t  r e s u l t s  i n  v i r u s  
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adsorp t ion .  The s lope  o f  t he  assay curve  was approx imate ly  0.1 o p t i c a l  
d e n s i t y  u n i t s  p e r  hour p e r  o r d e r  o f  magnitude o f  v i r u s .  I f  0.2 u n i t s  p e r  
hour i s  taken as t h e  p r a c t i c a l  s e n s i t i v i t y  l i m i t  o f  t he  technique,  due t o  
background r e a c t i o n s  and v a r i a b i l i t y  of  t h e  method, then t h e  l i m i t  o f  de- 
t e c t i o n  o f  t h i s  method i s  about 100 PFU/ml o f  p o l i o v i r u s .  

The immunoenzymatic tube method shows good p o t e n t i a l  f o r  use i n  de- 
t e c t i n g  v i r u s  a t  low l e v e l s  and above. The s e n s i t i v i t y  o f  t h e  method w i l l  
have t o  be improved i f  i t  i s  t o  d e t e c t  ve ry  low l e v e l s  o f  v i r u s  (Severa l  
PFU) . 
7.7 Immunoenzymati c F i  1 t e r  Assay 

Trapp ing  v i r u s  on a smal l -pore membrane f i l t e r  and assay ing accord ing  
t o  t h e  procedure o f  Sec t ion  6.14 a1 lows v i s u a l i z a t i o n  o f  v i r u s  p a r t i c l e s  as 
dark -co lo red  c l  umps of p r e c i p i t a t e d  reac ted  dye. Each reac ted  dye clump 
represen ts  a s i n g l e  v i r u s  p a r t i c l e  o r  v i r u s  aggregate. 

F i gu re  7-5 presents  r e s u l t s  f rom d u p l i c a t e  runs o f  immunoenzymatic 
f i l t e r  assays. The f i l t e r s  used were 0.01pm c e l l u l o s e  n i t r a t e  f i  l t e r s .  
Immunoadsorbed an t ibody  was found t o  g i v e  r e s u l t s  s i m i l a r  t o  those ob ta ined  
w i t h  unpur i  f i e d  day-41 sheep a n t i  p o l i o v i r u s  a n t i  serum. The re1  a t i o n s h i p  
between reac ted  dye p a r t i c l e  counts and i n p u t  v i  rus  i s  a r i  thmet i  c a l  l y  
l i n e a r ,  y i e l d i n g  a n o n l i n e a r  curve  when p l o t t e d  on sem i l oga r i t hm ic  graph 
paper. I n  comparing t h i s  w i t h  t he  r e s u l t s  o f  Sec t ion  7.6, t h i s  i s  t o  be 
expected, as t h e r e  should be no l o s s  o f  v i r u s  o c c u r r i n g  f o r  k i n e t i c  reasons 
i n  t h e  f i l t e r  assay. 

Under o i l  immersion, t h e r e  a re  t h e o r e t i c a l l y  4875 o p t i c a l  f i e l d s  i n  
t h e  v iew ing  area (about 10 mm diameter)  o f  a 13 mm f i l t e r .  Wi th  a 
s t a t i s t i c a l  l i m i t  o f  coun t i ng  10 p a r t i c l e s  p e r  10 f i e l d s ,  t h e  l i m i t  o f  de- 
t e c t i o n  f o r  t h i s  method i s  2.7 X 104 p a r t i c l e s .  Th is  means t h a t  t h e  f i l t e r  
assay cannot d e t e c t  fewer than 130 PFU w i t h  a 13 mm f i l t e r .  I n t e r e s t i n g l y ,  
t h e  s m a l l e r  t h e  f i l t e r  d iameter  used, t h e  lower  should be t h e  d e t e c t i o n  
l i m i t ,  s i nce  t h e  v i r u s  i s  be ing  concent ra ted  over  a sma l l e r  area. Working 
w i t h  ve ry  smal l  d iameter  f i l t e r s ,  an area t h a t  has n o t  been exp lo red ,  c o u l d  
be an e f f e c t i v e  s t r a t e g y  f o r  ve ry  d i r e c t l y  improv ing  t h e  s e n s i t i v i t y  o f  
t h i s  method. 

The immunoenzymatic method has good p o t e n t i a l  f o r  d e t e c t i n g  v i r u s  a t  
l e v e l s  g r e a t e r  than 100-200 PFU, accord ing  t o  t h e  system t h a t  we have de- 
v ised .  Fu r the r  improvements i n  s e n s i t i v i t y  may prove wor thwh i le .  



I n p u t  V i r us  (PFV) 
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