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ABSTRACT 

Enteric bacteria were examined for ability to transfer antibiotic 

resistance in a wastewater treatment plant. Resistant Salmonella entcri- 

tidis Proteus mirabilis, and Escherichia coli were isolated frorn clini- 
-9 

cal specimens and from primary (lo) sewage effluent. Resistance to ampi- 

ci 1 1 in (A~), chloramphenicol (~m) , streptomycin (~m) , sul fadiazene (SU) , 

and tetracycline (TC) was demonstrated by spread plate and tube dilution 

techniques. Plasmid mediation of resistance was shown by acridine orange, 

dodecyl'sodium sulfate, and ethidium bromide curing, and by direct cell 
, d 

11, 

transfer. Each donor- was mated with sensitive E. coli and Shigella - -  
sonnei . Mating pai rs (and recipient conrols) were suspended in unchlor- 
inated, l o  effluent that had been filtered and autoclaved. Suspensions 

were added to membrane diffusion chambers which were then placed in the pri- 
? 

mary (lo) and secondlry (2') settl ing tanks of the wastewater treatment plint. 

Resistant recombinants were detected by replica plating nutrient agar 

master plates onto XLD agar plates that contained either 10pg Ap, 3 0 p g  

Cm, 10,ag Sm, 100,ug Sy or 30pg Tc per ml of medium. Mean transfer f r e -  

quencies for laboratory matings were 2.1 x while in situ matings 

for 1"  and 2' settling were 4.3 and 7.5 x lo-', respectively. These 

values revealed that a significant level of resistance transfer may oc- 

cur in wastewater treatment plants. Epidemiological significance was 

discussed. 



ACKNOWLEDGEMENTS 

Appreciat ion i s  expressed t o  t h e  members o f  my t h e s i s  committee: 

D r .  D.J. Grimes (chairman), D r .  R.M. Burns, D r .  G.D. Gilmore, and 
- 

Dr.  R.G. Rada, f o r  guidance and support du r ing  the p e r i o d  o f  my research. 

Special thanks i s  extended t o  M r .  A.J. Ross f o r  assis tance i n  the  s t a t -  

i s t i c a l  ana lys i s  o f  t he  data co l l ec ted .  

F i n a l l y ,  t o  my dear w i fe ,  Jeanne, w i thout  whose constant  support 

and personal s a c r i f i c e  t h i s  research would n o t  have been poss ib le ,  t h i s  

t h e s i s  i s  dedicated. 

. 



, 4 

TABLE OF CONTENTS 

PAGE - 
LIST OF TABLES ............................................................ V 

LIST OF FIGURES ........................................................... V I  

INTRODUCTION ........................................................... 1 

Introduction ......................................................... 3 
F Factor ............................................................. 3 
Molecular Nature of R Plasrnids ....................................... 6 
Compatibility ........................................................ 9. 
Resistance Mechanisms ............................................... 12 
Epidemiology ......................................................... 17 

MATERIALS AND METHODS ...................................................... 21 
\ 

Site De3cription ... .. .. . . .. ... . . . . . . . . .... . . . . . .. .. .. ... . .. .... . . .. .. 2' 
lsol a d o n  Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1 
Antibiotic Resistance ................................................ 2 2 
Growth Curve and Optical Density Determinations ...................... 23 
Transfer Studies ..................................................... 24 
Transduction and Transformation ...................................... 2 5 
Plasmid Curing ....................................................... 26 

RESULTS . . . . . . . . . . . . . . . . . . . . . . . .?. . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 

Y Antibioilc Resistance ................................................ 2 7 
Transfer Frequency .............................................*..... 29 
Curable Resistance ................................................... 3 1 

! I  

DISCUSSION ................................................................. 38 

CONCLUSION ................................................................. 47 

LITERATURE SITED ........................................................... 49 

APPENDICES ................................................................. 66 



LIST OF TABLES 

TABLE - PAGE 

1. Demonstrable antibiotic resistance .............................. 28 

2. Resistance transfer frequency ................................... 30 

3. ~esistance curing by 25&g/ml acridine orange ................... 32 

4. Resistance curing by 50,,t+g/ml acridine orange ................... 33 

5. Resistance curing by 1% SDS ..................................... 3 4 

6. Resistance curing by 10-5 M ethidium bromide .................... 3 5 

7. Summary of curable resistance ................................... 3 6 

Append i x 

\ 

TABLE 
r> 

B 
1. Monthly average physical-chemical constituent ................... 66 

for the wastewater treatment plant, 1979 

2. Wastewater treatment plant physical-chemical constituents ....... 67 
2-9 October 1979 

3. Standard Biochemical Set qsults for sewage ..................... 68 ' 
and hospital isolates 

Y 



LIST OF FIGURES 

% ' ( ;  
I 

APPEND I X 
F l GllRES PAGE - 

4. Growth of Salmonella enteritidis H in ............................ 69 
Nutrient broth (NB) and sterile sewage (SS) 

5. Growth of Proteus rnirabilis H in Nutrient ........................ 70 
broth (NB) and sterile sewage (SS) 

6. Growth of Proteus mirabi 1 is S in ................................. 71 
Nutrient  broth^^] and steri le sewage (SS) 

- .................................. 72 7. Growth of Escherichia coli H1 in 
Nutrient broth (NB) and sterile sewage (SS) 

8. Growth of Escherichia cot i S2 in ................................. - 7 3 
Nutrient broth (NB) and steri le sewage (SS) 

9. Growth o f  Shigella sonnei S in ................................... 74 
Nutrient broth-] sewage (SS) 
\ 

10. Nutriegt and XLD agar plate colonial morphology .................. 75 
and ABI 2:OE reactions of Salmonella enteritidis H 
following 24h incubation at 35" C 

11. Nutrient and XLD agar plate colonial morphology .................. 7 6 %  
and API 20E reactions of Proteus rnirabilis H 
following 24-h incubations at 35" C 

2 
12. Nutrient and XLD agar plate colonial morphology .................. 77 ' 

and /!PI( OE r.eactions of Escherichia coli H1 R - 
foilowi' g 24-h incubation at 35°C 

13. Nutrient and XLD agar plate colonial morphology .................. 78 
arid API 20E reactions of Shigella sonnei S 
following 24-h incubation at 3S°C 



l NTRODUCT I ON 

The advent o f  a n t i m i c r o b i a l  agents provided an extremely use fu l  t o o l  

f o r  the prevent ion  and treatment o f  i n f e c t i o u s  disease. E r h l i c h ' s  d iscovery 

o f  s e l e c t i v e  dye t o x i c i t y  toward b a c t e r i a l  c e l l s  (19) i n i t i a t e d  t h i s  break- 

through. Then, i n  the  192O1s, Fleming observed the b a c t e r i c i d a l  character-  

i s t i c s  o f  a P e n l c i l l i u m  by-product f o r  gram-posi t ive Sacter ia.  These two 

observat ions t r u l y  revo lu t i on i zed  medical treatment and expedi ted the  d i s -  

covery o f  may a n t i b i o t i c s  i n  t h e  1940's and 1950's. 

I t  was du r ing  t h i s  a n t i b i o t i c  boom t h a t  Lederberg and Tatum i n i t i a l l y  

demonstrated conjugal .  t r a n s f e r  o f  gene t i c  ma te r ia l  between b a c t e r i a  (106). 

Th is  genet ic  ma te r ia l  was shown n o t  t o  be associated w i t h  the  b a c t e r i a l  chrom- 

osomes (78), and Jacob and Wol 1 man (90) designated t h e  e x t  ra-chromosoma 1 

DNA a; "epi some". The observat ion o f  Lederberg and Tatum was 1 ifiked t o  

a n t i b i o t i c  res is tanqe i n  1959, when such res is tance among S h i g e l l a  s t r a i n s  

was shown t o  be t rans fe rab le  du r ing  an epidemic o f  s h i g e l l o s i s  i n  Japan (121). 

The genet ic  element was episome-l ike and c a l l e d  "R-factor" by Mitsuhashi 
"2, 

In theypast 20 years, i n  v i t r o  t r a n s f e r  s tud ies  have repeatedly 

demonstrated i n t r a - s p e c i f i c ,  i n t ra -gener i c  (16,18), and in te r -gener i c  a n t i -  

b i o t i c  res is tance t r a n s f e r  (45,46,84,118). Even s t r a i n s  o f  d i f f e r e n t  fami 1 ies 

have e x h i b i t e d  i n  v i t r o  . - t r a n s f e r  (17,81,102,137). A l l  o f  these i n  v i t ~ o  .. . 

s tud ies  have revealed the  r e l a t i v e  ease w i t h  which b a c t e r i a  confer  t h e i r  

a n t i b i o t i c  res is tance t o  s e n s i t i v e  s t r a i n s .  

Since 1967, t r a n s f e r  s tud ies  conducted i n  l i v i n g  animals (i.e., i n  

v ivo)  and under n a t u r a l $  environmental cond i t ions  (i.e., i n  s i t u )  have 

been done t o  determine the  na tu re  and frequency o f  res i s tance  t r a n s f e r  be- 

tween n a t u r a l  populat ions o f  r e c i p i e n t  and donor bac ter ia .  i n  v i v o  s tud ies  

i n  labora tor j l  -mice (61,82,84,103,153,170,201), sheep (172, 

173), p i g s  (22, 111)  and man (84,201,12). These i n  v i v o s t u d i e s  revealed a 



decreased t r a n s f e r  frequency i n  l i v i n g  systems w i t h  respect t o  those observed 

i n  v i  t r o .  

Publ ished l i t e r a t u r e  contains., a s i n g l e  example of i n  s i t u  R plasmid 

t rans fe r .  Grabow e t  a l .  (68) showed t r a n s f e r  o f  a n t i b i o t i c  res i s tance  among 

r i v e r  f l o r a  contained i n  d i a l y s i s  bags. A l l  o the r  environmental s tud ies  

have s imply demonstrated the  presence of r e s i s t a n t  and res i s tance - t rans fe r r i ng  

bac te r ia  i n  r i v e r s  (69,83,92), sea water  (36,55), sediments (63,99) and 

sewage (36,57,66,67,70,126,179,180), no t  t h e i r  a b i  1 i t y  t o  a c t u a l l y  t rans fer  

such res is tance.  

Since b a c t e r i a  possessing R plasmids r e a d i l y  appear i n  assoc ia t i on  

w i t h  man and o the r  animals, i t  i s  unusual t h a t  l i t t l e  knowledge o f  res is tance 

transfcqr i n  wastewater treatment has accumulated. Consequently, t h i s  study 

was undertaken t o  d iscover t h e  ex ten t  o f  res is tance t r a n s f e r  i n  a waste- 

C-q d- 

water treatment p l a n t .  Accordingly, t he  f o l l o w i n g  ob jec t i ves  were se t :  

1. t o  demonstrate a n t i b i o t i c  res is tance t rans fe r  between hosp i ta l  
and sewage iso3,ates o f  e n t e r i c  b a c t e r i a  contained i n  a wastewater 
treatment plant: 

2. t o  determine the  frequency o f  a n t i b i o t i c  res is tance t r a n s f e r  among 
t h e  i so la tes ,  and 

3. t o  demonstrate plasmid mediat ion f o r  a l l  t r a n s f e r a b l e  res is tance 
observed. 
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LLTERATURE REVIEW < 
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Introduction 

Antibiotics have presented medical practitioners with a highly effec- - 

1 

I tive arsenal for treatment of infectious disease. These compunds have gen- 

e 

t erally had devastating effects on the microbial community to which they were 

I exposed. However, some bacteria have demonstrated abi 1 i ty to "spontaneously" 

develop resistance to these antimicrobial agents; and such spontaneous devei- 

I opment has been attributed to mutation. Other means by which bacteria may 

obtain resistance to antibiotics are by viral transduction, and by trans- 

formation. These genetic alterations may be retained because of ecological 

advantage confered on the host cell, thus allowing it to remain functional 

while other members of the microbial community are extremely restricted or 

simply become extinct. These genetic permutations are extremely random and , 

probabl? contribute 1 i tt le toward the development of a resistant bacterial 

community in the natural environment (47,177). However, in the past 40 years, 

i t  has become evident that bacterial conjugation i s  a non-random mechanism 

which a1 lows preferent ia,$ transmission o f  beneficial characteristics among 

bacterial populations. 

F Factor 

The initial observation of bacterial conjugat ion .by Lederberg and 

Tatum (106) provided microbial geneticists with a useful model for describing 

many observed heritable characteristics. These genetic traits were shown 

to be infective for bacterial populations, given the proper.selective environ- 

ment. Tatum and Lederberg (187) demonstrated the necessity of cel l -to- 

cell contact for conjugal transfer of genetic material between bacteria. 

In 1952, Lederberg, et al. (108) described a transferable segment 



I 1 f e r t  i 1 i t y  fac tor "  and o t h e r  extra-chromosoma 1 segments o f  DNA were l a t e r  

designated "pl asmi ds" by Lederberg (107). Cave1 1 i (23) demonstrated the  i nte-  

grated s t a t e  o f  t h e  f e r t  i 1 i t y  (F) f ac to r ,  c a l l  i n g  i t  I H f r "  ( ~ i g h  frequency 
- 

recodinant)  due t o  i t s  increased r a t e  o f  chromosomal t r a n s f e r  (i .e., recom- 

b i n a t i o n )  du r ing  b a c t e r i a l  matings. Hayes (79) showed the  r a t e  o f  recom- 

b i n a t i o n  among H f r  x F' ( r e c i p i e n t  b a c t e r i a  l ack ing  t h e  F f a c t o r )  crosses 

t o  be several thousand t imes t h a t  observed among F' (donor b a c t e r i a  posses- 

s i n g  the  F f a c t o r )  x F' matings. However, t h e  number o f  recombinants be- 

coming donor c e l l s  i n  H f r  x F' crosses was f a r  less  than was seen i n  F+ x F- 

mat ings (24,78,108), The mechanism f o r  t h i s  decreased donor conversion 

among H f r  c e l l s  was made c l e a r  by Wollman and Jacob (203,204) i n  t h e i r  

famous i n t e r r u p t e d  mating experiment. They found t h a t  v i o l e n t  a g g i t a t i o n  

o f  t he  mat ing mix ture  a t  v a r i a b l e  t imes du r ing  the  experiment r e s u l t e d  i n  

t r a n s f e r  o f  d i f f e r e n t  amounts o f  t he  host  chromosome, depending upon the  

t ime int? t h e  experiment. It was noted t h a t  t he  F f a c t o r  was t h e  l a s t  

element t r a n s f e r r e d  between donor and r e c i p i e n t .  Th is  accounted f o r  t he  

' 
decreased r e c i p ~ e n t  conversion r a t e  t o  donor s t r a i n s  when compared t o  F' 

donors. Jacob and Wol lman (90) coined the  term "episome" f o r  these smal l  

-r % 
segments o f  DNA t h a t  demonstrated t h e  a b i l i t y  t o  i n t e g r a t e  i n t o  promote 

t r a n s f e r  o f  t he  b a c t e r i a l  genome. 

General ly,  assoc ia t i on  o f  t he  F fac to r  w i t h  the  host  chromosome i s  a 

s tab le  i n t e g r a t i o n ,  forming H f r  c e l l s .  Exc is ion  o f  t he  episome by hos t -  

s p e c i f i e d  nucleases may occur w i thou t  misreading t h e  host  chromosome, r e s u l t -  

i n g  i n  an excised F fac to r  o r  F' c e l l .  The process, c a l l e d  sexduct ion (80), 

was i n i t i a l l y  described by Adelberg and Burns (5,6). The r e s u l t i n g  e x t r a -  

chromosomal fragment, c a l l e d  F1,  conta ins both plasmid and chromosomal 

DNA fragments. The F'  s t r a i n s  genera l ly  do no t  become donor bac te r ia .  In -  

stead, these s t r a i n s  a re  considered ! ' intermediate donors1' (80). The source of 



the genetic capabilities for this transfer was demonstrated by Adelberg 

and Burns (6). They revealed that the F factor was responsible for 

conjugation by infecting F' cells with the F factor from an Hfr strain. 

This integrated form of F returned conjugal transfer capabilities to 

the F' cell. 

The means used for transfer or genetic elements between bacteria 

during conjugation is called a sex pillus or "fimbrium" (4). The 

genetic material coding for this protein tube i s  associated with the 

F factor. The molecular mechanism of the transfer has yet to be fully 

elucidated, but the lumen of the pilus i s  thought to serve as a passage- 

way for transport of genetic material (i .e., plasmid or chromosome) 

between donor and recipient cells. The extremely fragile nature of the 

pilus is demonstrated by the ease with which shearing occurs during 

vortex or blender agi tat ion (204). 

Thosf initial studies concerning the fertility factor provided 

a firm background from which the study of transferable resistance might 

,- ,LQ 
proceed. Anfibiotlc resistance was demonstrable from the beginning 

of antibiotic use. Maclean et al. ( 1 1 1 )  demonstrated resistance to 
). % 

sul fonami des and Abraham et a1 . (3) showed peni ci 1 1 in resistance among 
bacterial pcpulations in the early 1940's. These observations led 

many people to believe Ehrlich's magic bullets (i,.e. antimicrobial 

agents) were not as bactericidal as once had been proported. In 1956, 

Ki tamoto et al. (98) demonstrated a multiply-resistant strain of 

Shigella flexneri. This bacterium, isolated from a dysentery patient, 

showed resistance to chloramphenicol, streptomycin, sulfonamide, and 

tetracycline. lmplications of these observations were not realized 



u n t i l  1959, when t rans fe rab le  antibiotic resistance t o  t h e  same a n t i -  

b i o t i c s  was observed by Ochiai e t  a l .  (134) and A k i  ba e t  a l .  (7) i n  

Japan, among t h e  same s t r a i n  of bac te r ia .  Shor t l y  t h e r e a f t e r ,  Datta 

(40) demonstrated m u l t i p l e  res is tance t r a n s f e r  among s t r a i n s  o f  Sal- - 
monella typhimuriumin Great B r i t a i n .  The t ransmiss ib le  agent confer-  

r i n g  res i s tance  was l i nked  t o  the  F f a c t o r  due t o  i t s  i n f e c t i v e  t rans-  

f e r  among b a c t e r i a l  populat ions. I n  1960, Mitsuhashi (1  17) used the  

term "R-factor" t o  descr ibe the  genet ic  element t h a t  conferred both  

a n t i b i o t i c  res is tance and the  a b i l i t y  t o  t r a n s f e r  the  res is tance t o  

o t h e r  bac ter ia .  Mitsuhashi e t  a l .  (118) showed the absence o f  R- fac tor  

t r a n s f e r  when c u l t u r e s  were f i l t e r e d  o r  among f i l t e r a b l e  agents ( i -e . ,  

t ransduct  ion  o r  transformat ion) and t o  be dependent on c e l l  -to-cell1 

contact .  Although these c h a r a c t e r i s t i c s  were s i m i l a r  t o  F, a r e l a t i o n  

between t h e  two plasmids was disproven because F- and H f r  s t r a i n s  both 

t ransmi t ted  a n t i b i o t i c  res is tance t o  species o f  Sh ige l l a  i n  mixed 

c u l t u r e  (118). 
\ 

Molecular Nature o f  R Plasmids 

R-factors, y j i $ ~  described by M i  tsuhashi (1 17), a r e  con jugat ive  

plasmids consi;ting o f  two d i s t i n g u i s h a b l e  component: the  res is tance 

t r a n s f e r  f a c t o r  (RTF o r  ??fa, 132) and res is tance (r) determinant. These 

two components a r e  r e a d i l y  d iscernable and may be separated d i f f e r e n -  

t i a l . e e n t r i f u g a t i o n  (10,32). The RTF i s  known t o  d i r e c t  t r a n s f e r  o f  

plasmids t o  which i t  i s  cova len t l y  bonded, o the r  non-related, unattached 

plasmids, as w e l l  as non-conjugative plasmids. The r-determinant possess- 

es the  gene t i c  components f o r  res is tance to  a v a r i e t y  o f  b a c t e r i c i d a l  

fac tors  (e.g., heavy metals, u l t r a - v i o l e t  rad ia t i on ,  a n t i b i o t i c s )  (121) 



bu t  may no t  mediate i t s  own t r a n s f e r  (153,166). The "conjugate" o r  \ 
combined form o f  these components i s  genera l ly  the form observed among 

species o f  Enterobacteraceae (10,32) especia l  l y  among s t  r a i n s  o f  

Escher ichia -- c o l i ,  S e r r a t i a  marcescens, and Salmonella typhimurium (32, 

35). The nontransmissib le o r  r-determinant o f  t h e  R plasmid i s  commonly 

seen among s t r a i n s  o f  Staphylococcus aureus (34) and o ther  b a c t e r i a l  

species showing t rans fe rab le  res is tance due t o  v i r a l  i n t e r a c t i o n  (15,86) 

and t rans format ion  (37,127). Molecular weights o f  t he  two plasmid 

types r e f l e c t  t he  d i f f e r e n c e  between conjugate R plasmids (60x106 o r  

60 Mdal) (10, 32,35,153) and t h e  r-determinant (5-10 Mdal) (34). The 

d i f f e r e n c e  between the  two weights i s  a t t r i b u t a b l e  t o t h e  presence (or 

absence) o f  RTF. 

M u l t i p l e  r-determinants associated w i t h  a s i n g l e  RTF have been 

reported (140,141,153). Th is  " t r a n s i t  ion" (153) f rom one r-determinant:  

one RTF s t a t e  i s  induced by an increase i n  the  s e l e c t i v e  nature  o f  the  

growth medium (e.g., increased a n t i b i o t i c  concent ra t ion) .  The increased 

number o f  r-aeterminants i s  apparent 1 y accompl i shed by autonomous rep1 i -  
/ 

c a t i o n  o f  t h e  r-determinant.  Generation o f  these tandom mu l t imer i c  

r-determbnants i s  i , n i t i a t e d  by cleavage o f  t h e  conjugate R plasmid i n t o  
\' 

i t s  const i tuents .  The separated r-determinant i s  then dupl icated,  resh l -  

t ing  i n  a head-to- ta i  1 (arrangement o f  t he  "pol y r-determinant". The 

m a j o r i t y  o f  these mult imers reassociate w i t h  the  RTF. However, d i s -  

sociated mu l t imer i c  u n i t s  have been demonstrated among s t r a i n s  o f  Proteus 

mi rab i  1 i s  (141). With decreased s e l e c t i v e  value (i .e., a n t i b i o t i c  

concent ra t ion) ,  t h e  mul t  imer ic  r-determinants are sys temat i ca l l y  de le ted 

f rom the conjugate plasmid (152)- The reason f o r  revers ion  from polymer ic  



eric states is thought to be due to homology existing among the 

elements of the polymeric determinant, itself. THis hornslogy 

results in competition for the replicating mechanism at the cytoplasmic - 
membrane (32,153). This competition would result in loss of plasmids 

requiring continuous or stringent replication. However, those piasmids 

exhibiting relaxed replication would not be lost to the bacterial pop- 

ulation (i .e., diluted out). 

The replication of R plasmids is known to occur during the S 

phase of bacterial growth (32,153). THe plasmids are general 1 y 

found in a covalently-closed, circular state (ccc). However, during 

the 'logarithmic phase of the bacterial growth cycle the plasmid 

associates with the cell membrane and particularly loses its super- 

coi led nature with selective regions becoming "open-ci rcul ar" (oc) 

(32,138). The loss of the supercoiled nature is attributed to the 

association of the plasmid with specific proteins, thereby forming a 

"relaxation complex". Clewell and Helinski (29 )  showed that proteins 

of the relaxation complex were responsible for the site-specific 

denaturation which is demonstrated by treatment of purified extracts 
I 

with protein-ases and detergents. THe protein-specific inhibitors 

resulted in loss~(of the oc form and mlinten~nce of ccc. Following 

site-specific denaturation, the plasmid replicated at the attachment 

site on the cell membrane (151). The association of the plasmid with its 
t 

site on the cytoplasmic membrane is called the "unit of segragation" 

(89). At this site, the plasmid replicated in a manner not unlike 

the main genome. 

Generally, the number of individual plasmid copies is constant 

between bacterial species (151). This is usually determined by comparing 

the molecular wkight of the plasmid with t8hat of the host chromosome (30, 



138). Rownd and Womble (151) have demonstrated the  number of s p e c i f i c  

R plasmids per  chromosome t o  be approximately the  same i n  Escher ichia 1 
I 

c o l i  Proteus m i r a b i l i s ,  Salmonella typhimurium and S e r r a t i a  marcenscens. -' -. 

However, d i f ferences i n  the number o f  R plasmids have been shown 

t o  occur by means o f  th ree d i f f e r e n t  mechanisms. The normal r e p l i c a t i o n  

o f  genet ic  ma te r ia l  (chromosome o r  plasmid) occurs d u r i n g  the  expon- 

e n t i a l  phase o f  b a c t e r i a l  growth. Some species o f  b a c t e r i a  have shown 

the a b i l i t y  t o  produce m u l t i p l e  copies o f  t h e i r  plasmids, even dur ing  

s t a t i o n a r y  phase (157,149). This pos t - l og  phase rep1 i c a t  ion  dramatic- 

a l l y  increases the  plasmid t o  chromosome r a t i o .  Another method t o  

increase res i s tance  among b a c t e r i a l  popu la t ions  i s  t o  acce lera te  DNA 

r e p l i c a t i o n  du r ing  normal r e p l i c a t i o n .  Bac te r ia  e x h i b i t i n g  t h i s  charac- 

t e r i s t i c  a r e  known as ROR (round o f  r e p l i c a t i o n )  mutants (151). By 

increas ing d u p l i c a t i o n  rates,  these i n d i v i d u a l s  have shown the a b i l i t y  

t o  produce several  t imes the  normal number o f  plasmids i n  any one c e l  I .  

The o t h e r  mechanism i s  by spec ia l i zed r e p l i c a t i o n  o f  t h e  r -determinant  

p o r t i o n  o f  t h e  conjugate plasmid, as descr ibed above. ,THese t h r e e  

mechanisms g i ve  r i s e  t o  increased res is tance i n  the  host  bacter ium due 
i 

t o  the  gene-dosage response (i .e., 1 gene: 1 pro te in ) ;  

Compat ib i l i t y  
, 

The presence o f  m u l t i p l e  copies o f  t he  same o r  s i m i l a r  plasmids 

are  seen o n l y  i n  mutant c e l l s  o r  "wi ld-type" c e l l s  i n  h i g h l y  s e l e c t i v e  

environments. w l t h c h t  the presence o f  h i g h  a n t i b i o t i c  concentrat ions,  

t he  c h a r a c t e r i s t i c s  seen among bac te r ia  w i t h  m u l t i p l e  plasmid copies 

are l o s t  (112). The pers is tence o f  m u l t i p l e  R plasmids o f  t he  same type 

requ i re  a h i g h  l e v e l  o f  plasmid r e p l i c a t i o n .  



This energy-requiring process would not be selected for in cells 

possessing fixed numbers of rep1 icat ion sites and materials (151,74). 

Infrequent replication results in the eventual dilution of multiple copy 1 
conjugates, leading to maintenance of only one or a few copies per cell. 

The concept of immunity with respect to elimination of similar 

plasmids (i-e., molecular nature) was introduced by Watanabe et al. (193). 

Bacteria possessing specific R plasmids which inhibit F factor acceptance 

from F donor strains were designated - fif (fertility inhibition). Those 

R plasmids not losing the F factor following conjugation were considered 

The inhibition of fertility has been demonstrated among Hfr and 

F' strains possessing specific R plasmids (74,125,192). In these studies, 

donor and recipient recombination was repressed by as much as loT5 times 

the frequency seen among donor cells not harboring the R plasmid. .Also, 

R plasmids showing similar molecular structure have resulted in the 

competitive exclusion of one or both plasmids when superinfecting a 

host . . . 

Two th~ories have arisen regarding the inability of bacteria with 

specific R plasmids, to accept and maintain infecting R plasmids, The first 

one regards the exclusion of the infecting plasmid and/or resident ptasmid 

due to the molecular similarity of the two. Echols (49) first showed 

this imcompatibi ity among the R plasmids of enteric bacteria. In his E 
paper, Echols postulated the presence of specific replication mechanisms 

in 1 imi t ing numbers. When the bachrium ,was "superinfected" (74) with a 

similar plasmid, competition for the replicating mechanism resulted in loss 

of one or both R plasmids. 



The other theory involves specificity of the pilus for sites on 

receptor cells (24,72). The pilus, a translation product of the resident: 

plasmid, sh ws a high degree of specificity for recipient cells. This has .' 
been demonstrated by the specificity of filamentous bacteriophage for the 

attachment sites on the pilus. However, presence of specific plasmids in 

the recipient cells results in resident-specified alterations of these 

receptor sites, making the recipient unavailable for conjugation and 

therefore, R plasmid transfer (103). The selective acceptance of con- 

jugative plasmids by bacteria possessing similar resident plasmids is 

most likely a combination of the two mechanisms. 

The use of plasmid compatibility has been suggested as a tool for 

epidemiological study of R plasmids in natural environments to selectively 

identify resistance patterns during epidemics of related and nonrelated 

species (40). The use of this scheme for plasmid identification is limited 

by the hypermutable nature of plasmids. The presence of multiple determin- 

ants in a single conjugate plasmid, insertions, crossovers, transposons, and 

a variety of mutations, present a multitude of changes that may affect the 

molecular make up of plasmids. These quantitative and qualitative alter- 

ations may or may,not result in loss of the infecting R plasmid or "dis- 

lodgement" (31) of the resident plasmid. Because plasmid elimination i s  

not strictly adhekent to elimination by residents of the recipient bac- 

terium, a definitive result is not always obtained by using compatibility 

studies. 
$5) 

Several quantitative techniques have been introduced to show the 

molecular relatedness among R plasmids that confer similar patterns of 

resistance. Among these are buoyant density centrifugation (142,165) 



and sucrose gradient velocity centrifugation (165). These methods are 

premlsed upon the differences in molecular weight and in surface area 

exhi bi red by plasmid species (199). Studies uti 1 izing these techniques 

plasmids with similar size are similar or related. Other - 

techniques include vertical and horizontal agarose gel electrophoresis 

1 1 1 3  These techniques demonstrate the difference in migration dis- 

tances, in a htghly purified gel, according to ionic state and molecular 

weight. These techniques have been combined with nuclease digestion 

(153,199). Together, these techniques provide a highly specific separ- 

ation of similar plasmid segments. One of the most sensitive techniques 

for relatedness studies is heteroduplex analysis (91). This method util- 

izes DNA segments of known composition to measure the degree of association 

between plasmids. Segment association is dependent on base pair'homo- 

iogy between strands. The degree of annealing between strands is commonly 

visualized by using an electron microscope but absorbance at 260 nm is also 

used. Together, these techniques have provided specific -characteriza- 

tionof the molecular nature and relatedness of R plasmids. 

Resistance Mechanisms 

The nature of the inhibitory effect of an antibiotic is specific 

\ 
to that antibiotic. The therapeutic value of each individual agent is 

dependent upon the narrow spectrum of activity shown by that antibiotic 

and upon the extent of the inhibitory effect demonstrated on the infectious 

organisms being treated. 

The classificatipp of these compounds has presented problems for 

many years. Proposals have been submitted for classification on the basis 

of chemical structure (162,203), origin (133) and mode of action (60). 



Among the  c l i n i c a l l y  use fu l  a n t i b i o t i c s  t h a t  are s p e c i f i c  f o r  bac- 

t e r i a ,  t he  spectrum o f  a c t i v i t i e s  are  d i v ided  between those i n h i b i t i n g  

c e l l  w a l l  synth s i s  (e.g., p e n i c i l l i n ,  cyc loser ine ,  b a c i t r a c i n )  and those 1 i n h i b i t i n g  p r o t e i n  synthesis. This l a t t e r  group i s  d i v i d e d  among agents 

i n h i b i t i n g  bacer ia l  t r a n s c r i p t i o n  (e.g., r i fampin) ,  o r  t r a n s l a t i o n  (e.g., 

t e t r a c y c l  ine, aminoglycos ides) o r  pept ide  re lease f rom the  r i  bisome 

(e.g., chloramphenicol, macrol ide a n t i b i o t i c s ) .  

These compounds f o r  a t ime provided a use fu l  means f o r  t h e  c o n t r o l  

and treatment o f  i n f e c t i o u s  disease. However, i nd i sc r im inan t  use o f  these 

compounds, such as f o r  prophylax is  and f o r  growth promotion i n  animal 

husbandry ( 1  2,92) have probably provided a se lec t  i ve env i  ronment f o r  the 

occurrence and p r o l i f e r a t i o n  o f  a n t i b i o t i c  res is tance.  

The o r i g i n  o f  plasmids bear ing res is tance c o n f e r r i n g  genes i n  ass- 

o c i a t i o n  w i t h  the  a b i l i t y  f o r  se l f - t ransmiss ion  have been the  sub jec t  o f  

much con jec ture  s ince Akiba and Ochiai f i r s t  demonstrated t r a n s f e r a b l e  

res is tance.  General ly,  the  u l t i m a t e  source o f  a n t i b i c t i c  res is tance i s  

considered t o  be organisms f rom an imal s. and/or humans (1 18). However, 

res is tance t ransmission was i n i t i a l l y  demonstrated i n  Japan, b u t  o ther  

res i s tance - t rans fe r r i ng  bac te r ia  were found i n  Taiwan and I s r a e l  du r ing  

t h e  same year. These obsprvat ions l e d  M i  tsuhashi (522) t o  be1 ieve t h a t  t he  
d I \  

res is tance plasmids had not  been t ranspor ted by wor ld  t r a v e l l e r s ,  bu t  

had a r i sen  separate ly ,  i n  d i f f e r e n t  p a r t s  o f  the  wor ld.  
{\+ 

The molecular na ture  o f  t he  o r i g i n a l  R p lasmid i s  thought t o  have 

been the  r e s u l t  o f  a recombinant event. The presence of chromosomally- 

mediated res is tance i s  w ide ly  documented i n  the  l i t e r a t u r e  (163). Bacter ia ,  

possessing t h e  res is tance genes, r e t a i n  t h e i r  s u s c e p t i b i l i t y  t o  bac ter -  

iophage i n f e c t i o n .  The phage genome may i n t e g r a t e  i n t o  the  b a c t e r i a l  



chromosome. The result of misreading of the genetic markers for excision 

of the phage genome may have resulted in exchange of a segment of bacterial 

chromosome for portion of the phage genome. Furthermore, this exchange /" 
may have resul'ted in removal of bacterial resistance genes (195). Mis- 

reading during excision is not uncommon among bateriophage systems or in 

relation to the F factor (i .e., sexduction) (1 18). These genetic inter- 

actions, along with the use of sulfonamides, streptomycin tetracycline, 

and chloramphen icol from 1945 to 1950, probably accounted for the appearance 

and establ ishment of the first transferable antibiotic resistance fi.e., 

R plasmid) (122). 

The mechanism of resistance to the more commonly used antibiotics 

is highly variable. However, the R plasmid mediated mechanisms are usually 

one of two genera 1 types (163) : 

1. enzymatic alteration of the antibiotic, resulting in compounds 
with decreased bactericidal activity, ' 

2. physical alteration of the bacterial components, leaving the 
bacterium less susceptible to the effects of the antibiotic: 

R plasmid-mediated resistance to the penicillins is widely documented 
\ 

(110,121,163,179). The major activity of these resistance plasmids is 

the production of a$ -;lactamase, which hydrolyzes the amide bond of the 
/ 

.@-lactarn ring, common to pencil1 i n  and penicill in-1 ike molecules. This 

hydrolysis prevents t e penicillin from functioning as a substrate for I 
the enzyme responsible for severing the terminal alanine of the penta- 

peptide in peptidoglycan synthesis. Curtis et al. (36) have reported 

an R plasmi d-med iated resistance to pen ic i 1 1 in - not due to@ - 1 actamase 

activity. Unfortunately, the mechanism has not yet been determined. 

Resistance to aminoglycosides has been shown to be primarily en- 

zymatic in nature. Three classes of enzymes have been implicated as 

reasons for aminoglycoside inactivation: acetyl-transferases, adenyJ- 



transferases and phosphotransferases. The heterocyclic aminogIycosides pre- 

sent multiple sites for addition of various deactivating groups by the 

aforementioned enzymes (1 21 ,140). Resi stance demonstrated among amino- 

glycosides is usually cross-reactive between several members of this I 
groub (18,47,,,/24,140). Cross-reactivi ty is attributable to the molecular 

structure exhibited by aminoglycosides and to the relatively broad speci- 

ficity exhibited by the individual transferases. 

Chloramphenicol resistance has been associated with both enzymatic 

deactivation and decreased drug permeability. The primary mechanism of 

enzymatic degradation is through the activity of acetyl-transferases. 

Two major sites of activity have been shown susceptible to enzymatic 

attack i n  the aliphatic portion of the chloramphenicol molecule. The 

enzyme, ch loramph-en i cal acetyl -transiferase (C~fase) , has been demonstrated 

to mediate the formation of both 3-O-acetyl chloramphenicol and 1,3-0- 

diacetyl chlaramphenicol (56,163). Permeability alterations have been shown 

to reduce the susceptibility of strains of Escherichia coli - to chloram- 
phenicol (125). The barrier is thought to be either i n  the cytoplasmic 

membrane or cell wall. The altered pentration has been attributed to a 

specific R plasmid,ldesignated RHS70. Mitsuhashi et a). (121) have also 

revealed decreased ~hloramphenicol assimilation in Pseudomonas aeruginosa 
, 

due to R plasmid, kKRIo2. 
Resistance to tetracyclines appears to be due to decreased chemical 

? 
transport into the cell. i lzaki et a1 . (86,87) demonstrated tetracycl ine 
accumuIation in the external environment of cells possessing resistance to 

the agent. They also showed the system to require an energy source and 

magnesium ions, and they demonstrated soduim azide sensitivity (inhibitor 



, 

of oxidative phosphorylation). These factors led them to postulate the 

presence of an inducible enzyme system responsible for the production of 

a tetracycline transport inhibitor in the periplasmic space. The pro- 

duction of inhibitor was shown to be susceptible to chloramphenicol 

treatment (163) thereby indicating its protei naceous nature. This inhibitor 

was cal led "TE i protein" by Levy and McMurray (107) and they demonstrated 
its presence in association with tetracycline resistance plasmid, RZz2. 

Sulfonamide resistance has been shown to be due to synthesis of 

an enzyme not susceptable to sulfonamide inhibition and to lowered sul- 

fonamide permeability (121): In cells susceptible to sulfa drugs, di- 

hydropterate synthetase is inhibited by the presence of the drug. This 
. . 

enzyme mediates the conversion of p-arninobenzoglutarate, dihydropteridine 

and p-aminobenzoate to dihydrofolate, a precursor of tetrahydrofolate 

(fol ic acid). Wise and Abou-Donia (198) have isolated an R plasmid 

coding for dihydropterate synthetase showing no susceptibility to sul- 

fonamides. Aki ba and Yokata (8,9) have shown decreased uptake of sul- 

fonamide by bacteria possessing specific R plasmid while having a totally 

sensitive dihydropterate synthetase. The mode of resistance seems to 

depend on which R plasqid is present. 

These mechanisms reveal the variety of antibiotic resistance mecha- 

nisms available to bacterial populations. Although many of the mechan- 
I 

isms are s imi lar (e.g., transfer of acetyl , adenyl or phosphate groups), 

the enzymes mediating these reactions are very specific as to the groups 

or type of compound which !$will chemically alter to a non-inhibitory 

form. Similarly, cell permeability to these inhibitory agents is extremely 

specific for the various cellular systems. However, the site of altered 



permeability or the mode may be quite similar from oneantibiotic to the 

next. Together, these resistance mechanisms have provided an efficient 

means for bacteria to survive in environments altered to remove the non- 

resistant strains. 

Epidemiology 

The inci ence and transmission of R plasmids among bacterial com- 

/ munities has created a major concern among public health officials for 

the control of infectious disease. Although R plasmids are commonly 

associated with virulent bacteria, resistqnt strains have .been shown to 

be ubiquitous among the normal flora of healthy individuals (199). 

Datta (42,43) and Sogaard (175) demonstrated s imi lar resistance patterns 

among the flora of hospital ized patients before their adniission. They also 

demonstrated similar resistance patterns among 'nonhospitalized and has- 

pitalized patients. Because R plasmids are prevalent among admitted 

patients, an increase in antibiotic resistance among nosocomial isolates 

has been documented in the last 15 years (21,64). Turck (193) - 

revealed th-is high level of resistance to be partially accountable for 

the increased incidence of infectious disease due to gram-negative bac- 

teria. lsenberg and Berkman (87), Kawakami et a1 (961, Salzrnan et al. 
i 

(159), Thoburn et a1 . ( I  87) , and Aandahl (2) demonstrated the incidence of 

transferable resistance among strains causing nosocomial disease. These 

bacterial isolates genedl i y  showed higher minimum inhibitory concentra- 

t ions (MIC) than infectious bacteria recently associated with human 

disease in a nonhospi tal environment. Mouton et a1 . (125) and Val tonen 
9A 

et a1 . , (192) showed simi lar results among patients receiving prophyktic 
doses of tetracycline, kanamycin, and ampicillin. These studies also noted 

rapid conversion of the resident flora to a resistant state corresponding 



t o  t h e  administered t e t r a c y c l i n e ,  kanamycin and a m p i c i l l i n  a n t i b i o t i c s .  

Lacey (103) imp l ied  t h a t  res is tance t r a n s f e r  was in f requent  o r  r a r e  i n  v ivo .  

However, Egawa e t  a l .  (531, Gardner and Smith (61), Laufs and Kleiman (104), 

Z i  dmundova e t  a1 , (207) , W i  t c h i  t z  and Chabbert (201) , Jobanputra and 

Dat ta (93), Schroter and Humpfner (163), Traub e t  a l .  (190), and c u r i e  

e t  a l .  ( 3 1 )  g e s e n t e d  surveys among h o s p i t a l i z e d  pa t ien ts .  The i r  s tud ies  

showed i d e n t i c a l  res is tance pat te rns  and s i m i l a r  plasmids among s t r a i n s  o f  

Escher ichia c o l i ,  - Proteus species, S e r r a t i a  marcescens, Enterobacter 

species, K l e b s i e l l a  species, and Pseudomonas aeruginosa. A l l  o f  these 

i n f e c t i o u s  were o f  nosocomial o r i g i n .  

Demonstration of i n  v i v o  a c q u i s i t i o n  of a n t i b i o t i c  res is tance w i t h i n  

a  human being was shown by Kayser e t  a l .  (97) i n  a k idney a1 l o g r a f t  . 

r e c i p i e n t .  Because o f  massive doses of immuno-suppressive therapy used 

t o  r e t a r d  g r a f t  r e j e c t i o n ,  the  i n d i v i d u a l  was l e f t  w i t h  on ly  p a r e n t a l l y -  

administered a n t i b i o t i c s  t o  combat a  nosocomial ly acquired ~a lmone l ' l a  

d u b l i n  i n f e c t i o n .  With lowered host  defenses, the  i n d i v i d u a l  a l s o  ac- 

q u i r e d  a K l e b s i e l l a  i n fec t i on .  The K l e b s i e l l a  t rans fe r red  i t s  aminogly- 

coside and$-lactamase a c t i v i t y  t o  t h e  Salmonella. Th is  was revealed when 

both  organisms shqwed i d e n t i c a l  res is tance pa t te rns  upon i s o l a t i o n .  

The incidence o f  R plasmids among common sources o f  u r i n a r y  t r a c t  

i n f e c t i o n  (50,72,127,J38,149,207), diarrheagenic disease (2,11.,139,179) 

and r e s p i r a t o r y  i n f e c t i o n s  (37,61) have l e d  some h e a l t h  o f f i c i a l s  t o  

b e l i e v e  i n  the  exis tance o f  a  r e s e r v o i r  of R p lasmid-carry ing b a c t e r i a  

among the  animal commdMty, leading t o  t rans fe r  of res is tance among 

b a c t e r i a  i n  t h e  human populat ion.  H a r t l e y  e t  a l .  (77) and Smith (168) 

demonstrated the  occurrence o f  s i m i l a r  res is tance pat te rns  among animal 

and human i s o l a t e s  of t he  same serotype. Therefore, i t  was n o t  unusual 



that transferable resistance has been demonstrated in the flora of domestic 

dogs (60), pigs (22,111,180), cattle (77,143,160), wild birds (27,161)~ 

toads and lizards (101). 

From a global standpoint, demonstration of transferable resistance 

by Akiba and Ochiai barely scratched the surface of R plasmid transfer. / Ill 
Nakaya et a1./(127) and Akiba et al. (7) demonstrated resistance transfer I 

/ among enteric bacteria other than the E. coli-Shigella flexneri system - l~ - 
I 

they ii-ritially.used to demonstrate multiple resistance. Datta (40) in , I 

'I 

1962 demonstrated transferable resistance among strains'of Salmonella 

typhimurium in a hospital epidemic in England. Since that time, transferable 

resistance has been shown among Salmonella and Shigella in Korea (?8,29), - 
Nepal (186), India (95), Romania (154)~ Czechoslovakia (162)~ Italy 

(1571, the Netherlands (195), Algeria (145), South Africa (199), Mexico 

(136,45), the United States (128)~ and Japan (181,182,183,184). The wide- 

spread nature of resistance has led to the utilization of computer analysis 

to allow better understanding of resistance patterns on a broad scale 

(73,100). 

It has been proven that there are several modes of transmission for 

resistance among bacteria in biotic and abiotic environments- (148). In 

the biotic community, transmission is generally attributed to the consump- 

tion of infected foods '(193) or other materials contaminated with fecal i Ill1 
I 

matter. The abiotic transmission of resistance, however, is commonly 

associated with septic tanks (146) or sewage treatment (148). The inci- 

dence of transferablei.?oesistance among the flora in wastewater has been 11 Ill 
demonstrated by Sturtevant,et.al. (178,179), Fontaine and Hoadley (57) 

and Grabow et al. (64,65,70). Although the total number of bacteria 

is significantly decreased by wastewater treatment, resistant bacteria 1 ill11 
are readily demonstrable at the sewage treatment plant outfall (67,69). "- :I ' 

I 



The h igh  incidence o f  these r e s i s t a n t  forms among the  f l o r a  o f  h o s p i t a l  

e f f l u e n t s  (57,110) has presented p u b l i c  h e a l t h  o f f i c i a l s  w i t h  a  major 

task  f o r  c o n t r o l  o f  res is tance d isseminat ion both i n  and beyond the t r e a t -  - 
ment p l a n t .  

R plasmid t r a n s f e r  has been shown i n  s i t u  i n  a  r i v e r  below a  sew- 

age treatmenF p l a n t  by Grabow, e t  a ? .  (69). This observat ion  i s  espec- 

i a l l y  s i g n i f i c a n t  because e n t e r i c  pathogens w i t h  h igh  l e v e l s  o f  res is tance,  i 
have been known t o  cause outbreaks of dysentery below sewage o u t f a l l s  

(25,150). 

Transferable res is tance,  however, has y e t  t o  be demonstrated i n  

s i t u  among t h e  normal f l o r a  w i t h i n  the  wastewater t reatment  p lan t .  I n  

regard t o  the  h igh - leve l  o f  res is tance associated w i t h  some o f  the  e n t e r i c  

pathogens found i n  the  treatment p l a n t ,  res is tance t r a n s f e r  cou ld  occur 

i f  the  environment proved hosp i tab le  t o  the  c e l l - t o - c o n t a c t  requ i red  f o r  

t rans fe r .  However, the aquat ic  environment w i t h i n  the  t reatment  p l a n t  i s  

purposefu l ly  made as inhosp i tab le  as poss ib le  t o  f a c i l i t a t e  removal o f  

t h e  pathogenic b a c t e r i a  present i n  the  pr imary e f f l u e n t .  Therefore, to  

he lp  reso lve  t h i s  paradox, an i n  s i t u  study was conducted t o  demonstrate 

t r a n s f e r a b l e  a n t i b i o t i c  res is tance among t h e  n a t u r a l  f l o r a  o f  the waste- 
\ 

water treatment p lan t .  



MATERIALS AND METHODS 

S i t e  Desc r ip t i on  

I n  s i t u  res is tance t r a n s f e r  s tud ies  were conducted i n  t h e  pr imary 

and secondary water c l a r i f i e r s  o f  t he  La Crosse Wastewater Treatment P lant ,  

La Crosse, Wisconsin. The a c t i v a t e d  sludge method f o r  treatment o f  

approximately 1.7 m i l l i o n  ga l lons  per  day i s  u t i l i z e d  a t  the  treatment i p lan t .  Mont l y  averages f o r  pH, suspended so l  i d s  (s.s.) removal, per  cent  

b i  ochemi ca 1 oxygen demand (B. 0. D. ) removal , d i ssolved oxygen (D .o. ) con- 

cen t ra t i on ,  sludge volume index (s.v.I.) f o r  t he  t reatment  p l a n t  i n  1979 

a r e  1 i s t e d  . i n  Appendix 1. 

I s o l a t i o n  Techniques 

Bac te r ia  were i s o l a t e d  f rom sewage e f f l u e n t  by us ing  standard en- 

richment c u l t u r e  techniques (175). GN and Te t ra th iona te  bro ths  ( ~ i f c o  

Laborator ies,  D e t r o i t ,  ~ i c h i ~ a n )  served as s e l e c t i v e  enrichment media f o r  

i s o l a t i o n  of Sh ige l l a  and Salmonella species. Approximately 0.5 L o f  

t h e  pr imary e f f l u e n t  was . f i l t e r e d  through a type HC f i l t e r  (HCWG-047-00, 

M i l l i p o r e  Corporat ion, Bedford, ~assachuse t tes ) .  The f i l t e r  was then 

placed i n  10 m l  GN o r  Tet ra th ionate  broth.  The Te t ra th iona te  tubes were 

incubated a t  35O C f o r  24 h, w h i l e  GN tubes were incubated a t  41.S0 C 

f o r  18 t o  24 h. Broths showing not iceab le  t u r b i d i t y  were st reaked on to  

XLD agar ( D i f c o ) ~ p l a t e s  f o r  i s o l a t i o n  and p r e l i m i n a r y  i d e n t i f i c a t i o n .  

I so la ted  co lon ies  demonstrating c o l o n i a l  c h a r a c t e r i s t i c s  t y p i c a l  o f  e i t h e r  

genus were i d e n t i f i e d  as o u t l i n e d  by Edwards and Ewing (52). 
Mi 

Proteus species and Escher ichia c o l i  i s o l a t i o n s  were f a c i l i t a t e d  - 
by s e r i a l  1:10 d i l u t i o n  o f  wastewater samples i n  0.85% ( w / v ) ~ a ~ l .  Count- 

ab le  p l a t e s  (30-300 co lon ies)  were obta ined by spread p l a t i n g  0.1-ml 



aliquots onto XLD plates. Typical colonies were selected and identified 
I 

by methodology previously ci ted (52). These methods provided i sol at ions 

of Escherichia coli - (two strains), Proteus mirabilis (one strain) and .,. 

Shigella sonnei (one strain) from primary effluent. Standard biochemical 

set reactions for the organisms are listed in Appendix 3. 

Cl inical isolates of Salmonel la enterit idis (one strain), Proteus 

mi rabi 1 is (one s rain) and Escherichia coli (three strains) were acquired 1 - 
from the badEri logy laboratory of. La Crosse Lutheran Hospital, La Crosse, 

Wisconsin. With the exception of - S. enteritidis, these isolates were of 

nosocomial urinary tract origin. - S, enteritidis was obtained from a 
patient with gastroenteritis. Preliminary identification was conducted 

by hospital personnel using the API 20E system (~nalytab Products, Plain- 

view, New ~ork). Their identification was confirmed by using techniques 

previous 1 y ci ted (52). Stock cu1 tures of hospi tal and sewage isolates 

were maintained at room temperature (20'~) in Motility Test rnedibm (85) 

and in a frozen state (-70"~) in Brain Heart Infusion broth (~ifco). 

Antibiotic Resistance 

All bacterial isolates were assayed for resistance to five anti- 
\ 

microbial agents: ampici 1 1  in trihydrate (~p), chloramphenicol (Cm) , 

streptomycin sulfate (~m), 2-sulfanilamidopyr~midine and ,.tet- . .  - 
I 1 

racycline hydrochloride (TC). Sources of'the chemicals were as follows: 

Ap and Su ( ~ n i  ted( States Biochemical Corporation, Cleveland, 0hio) and 
f? 

Cm, Sm and Tc (~al biochem-~ehrin~ Corporation, La Jol la, Cal i fornia) . 
Stock 125-1111 quantities of each compound (1-4' mg/ml) were f i l ter- 

Id 
steri 1 ized and refrigerated (4"~). -Appropriate quantities of Cm, Sm 

and Tc were suspended in distilled water. However, it was necessary 



to dissolve Ap in 10% (v/v) methanol, and Su was dissolved in 0.1 N NaOH. 

Antibiotic resistance was demonstrated by using tube dilutions 

in Nutrient broth (NB) (~ifco). Bacteria were grown in 10 ml NB for 

approximately 6 h. One ml of each culture (200-500 cel ls/ml) was 

transferred to 9-ml NB blanks. The broth tubes contained antibiotics 

in concent rat ions of I OAg/ml , 30pcg/ml , 5OP,,g/m1 , ?0O4g/ml , 500~g/ml , I 

I0OO,~g/ml , 1500 g/ml , end 200~g/ml. ~ubes were then incubated at Y 
35OC for 18 h. jrowth was determined by spectrophotornetri~' ibsbrbhnce . 

at 620 nm (~~ectronic 20, Bausch & Lomb, Rochester, New ~ork). 

Growth Curve and Optical Density Determinations 

Growth curves were determined for each bacterial species growing 

in NB or sewage effluent  pe pen dices 4,5,6,7,8, and 9). The sewage 

effluent was pref i 1 tered with type AP pref i l ters (~~25-047-00, M i  1 1  ipore) ; 

this filtrate was then passed through type HC filters to produce a 

secondary filtrate. The secondary filtrate was autoclaved and desig- 

nated "Steritle Sewage" (ss). This medium (SS) was of sufficient trans- 

parency to be used for spectrophotometric determinations for bacterial 

enumeration. Absorbaxe at 620 nm was determined for each SS culture 
.. 

(Spectron i c 20, Bausch E ~omb) . . . 

To initiate the growth curve experiments, 24-h NB "seeds" were 

added to the growth curve media (either NB or SS). NB seed cultures 

were visual ly {standardized against a McFarland Standard No. 5 (1.5~10~ 
$ 

bacteria/ml) t~ifco) with 0.85% (w/v) NaCl as the di luent. Cultures 

were then irloculated into 100 ml of medium (NB or SS) and incubated 

at 20°C for ?he duration of the determination. Bacterial cultures 

were then enumerated at 0.5-h intervals by absorbance at 620 nm and 

by spread plating 0.1 ml of appropriate dilutions (10-~,10-~,10-~) 



onto Nutrient agar (~ifco) plates. Cell counts were plotted as a func- 

tion of absorbance to obtain a standard curve. These curves were used to 

&ermine inoculum densities for resistance transfer studies. 

Transfer Studies 

Resistance transfer studies were conducted both in vi tro and 

in situ. In vitro studies were completed in both NB and SS; in the 

laboratory; i n  situ studies were conducted with only SS at the treatment 
, . 

plant. 

transfer frequencies were determined by using 20 ml of 

medium at 20°C. Approximately 2.9x106 resistant (donor) and sensitive -.. 

(recipient) late log phase bacteria of different species were inocu- 

lated into the growth medium (NB or SS)  . ' Transfer studies rqere conduc- 
ted for 3 h. At 1 h intervals 0.1-ml samples were removed and diluted 

in 0.85% (w.v) NaCl. Appropriate samples were then spread-plated onto 

Nutrient agar plates. Countable plates (30-300 colonies) served as 

the standard inoculum for replica plating onto 'XLD agar plates containing 

antibiotics. Antibiotic concentrations used were: Ap, 10pg/ml; 

Cm, 30~g/ml; Sm, lO,ug/ml; Su, 100Ag/ml ; or Tc, 30fig/ml (57). Donor 
-.. 

and recipient cells were differentiated on the basis of colonial 

morphology, fermentation and hydrogen sulfide production on XLD. Con- 

firmation of colonies identified in this manner was accomplished with 

AP I 20E test st ri ps  end end ices 10-1 4). 
In situ tradsfer studies were completed in both primary and secondary 

(( 

clarifiers during the week of 2-9 October 1979. (Treatment plant 

parameters for this period are 1 isted in Appendix 2). Modified Stuart- 

r"i? ' .  
McFeters membrane-filter diffusion chambers (56) were constructed and 

used as the transfer vessel for in situ studies. Modifications involved 

increasing the central spacer to allow increased volume within the 



chamber (from 20 to 30 ml), and the addition of plastic mesh over the 

surface of the membranes. Each chamber was fitted with a 0.4;aa.;n 

pol ycarbonate membrane (NO. 1 1  1507, Nucleopore Corporation, Pleasanton, 

California) and then was ethylene oxide sterilized. Chambers were 

allowed to equilibrate with the aquatic environment of the treatment 

plant for approximately 0.5 h followed by inoculation with a 20-ml 

6 suspension of 2.9~10 donor and 2.9~106 recipient bacteria each suspended 

in SS. In situ studies were conducted for 3 h. At 1 h intervals, 0-1- 

ml samples we e removed and di lut.ed in 0.85 (w/v) NaCl . Resistance 7 
and bacterial/ ident i f icat ion of each recipient was demonstrated as 

described for the in vitro studies. 

Transfer frequencies (TF) for the individual antibiotics in 

each mating were determined by the following formula: 

-,, ---, -numb r h i o  nts,,, 
TF= -1numSer of-aonors$m~~fdff5?~on ? r a c t o r ] 1 f i ~ - ~ ~ - i ~ ~ i ~ i ; i ) .  

Mean TF and differences between TF were statistically evaluated 

using a special modification of the student's T-test (174). 
, * 

Transduction and Transformation 

The p~~sitility of trarsformation and/or viral transduction med- 

/- 
iating antibiotic resistance transfer -in the wastewater treatment 

plant was determined by placing control membrane-diffusion chambers 

inoculated on with antibiotic-sensitive (recipient) bacteria into the 

clarifying tanks. Chambers were inoculated with 4x10'~ bacteria; 

this large inoculym permitted detection'of recombinant rates with a 

f 
minimum frequency of 10-I per recipient. No steps were taken to dis- 

tinguish between the two recombinant mechanisms, either transformation 

or transduct ion'? 



Plasmid Curing 

Resistance curing experiments were complelh on late logarithmic 

phase donor and recombinant bacterial populations. The curing agents 

were: 25 and 50-m/ml acridine orange (no. 46005, Eastman Kodak 

Company, Rochester, New ~ork) (76), 1% dodecyl sodium sulfate (no. 

0-2674, Eastman Kodak company) (4,154), and 10'5 M ethidium bromide 

(NO. 331565, Cal biochem-Behring corporation) (189,48). These com- 

pounds were added separately to Nutrient agar plates. Curing was ac- 

compl ished by, spread plating 0.1 ml of a b h  NB culture (200-500 cel lslml) 

onto the plat . Cultures were then replica plated onto unaltered J 
- (no agent present) Nutrient agar plates, which served as the template 

for replica plating onto XLD.  Antibiotics, to which the organisms 

had previously shown resistance, were incorporated in the X L D  to 

determine the curing efficiency of each agent. 



RESULTS 

Antibiotic Resistance 

~esistance of Salmonel la enteritidis (H), Proteus mirabil is 

H, Proteus mirabilis S, Escherichia coli - HI, Escherichia - coli HZ, 

Escherichia coli H3, Escherichia coli S1, Escherichia coli - S2, and 
Shigella sonnei S to Ap, Cm, Sm, Su, and Tc is listed in Table 1, 

Two of the nine strains tested showed no resistance to the five anti- 

biotics. The totally sensitive strains, Escherichia coli - H3 and 
Shigella sonnei S were used as recipients for transferable resistance 

7- from the abov resistant strains for all transfer studies conducted 

both in vitro and in situ. 

Among organisms demonstrating resistance to the antibiotics, 

maximum resistance was seen toward Su (x = 2000~g/m1), fol lowed by 

Tc (2  = 1500pg/ml) , Cm (x = 1 500ALg/m1 ) , Sm (2  = 566,ag/ml ) , and 

Ap (2  = 100~,~/ml). Furthermore, only mu1 tiple drug resistance was 

observed for the resistant organisms. Of the isolates used in the 

transfer experiments, those showing resistance to three of the five 

antibiotics were the most common (71.4%); resistance to two or to 

four antibiotics were not as prevalent (14.3%). 

When -comparing hospital and sewage isolates of the same species 

(e.g., -- E.co-li HI and H2with S1 and S2; - P. mirabilibis Hw.ith s), . 

high-level chloramphenicol resistance was demonstrable only for sewage 

isolates; streptomycin resistance was more prevalent among hospital 

isolates. Genprally, however, antibiotic resistance to the chemical 
k 

agents was evenly distributed among strains from both environments. 



Table 1. Demonstrable antibiotic resistance 

Antibiotic concentration (ug/ml) 
Organism 1 

kp Cm Sm Su Tc --.-L- 

Salmonella enteritidis H 2 0 

Proteus mirabilis H 

I 

Proteus mirabilis S 9 1500 100 2099 1500 

Escherichia 'oli H1 @-- 100 0 1500 2000 0 

Kscherichia coli H2 190 0 1590 2000 C) 

Escherichia coli H3 

Escherichia coli S1 100 0 100 20Q0 0 

Escherichia ... coli S2 

Shigella sonnei S 9 0 0 9 0 

1 
AD = ampicillin trihydrate, Cm = chloramphenicol, Sm = 
streptomycin sulfate, Su = 2-sulfanilamido~yrimidine, 
Tc = tetracvcline hydrochloride 

2 
0 
2- 

Strain abbredbations: H = hospital isolate, S = sewage 
treatment ~lant isolate 



Transfer Frequencies 

Resistance transfer was detected as previously described for 

in vitro and in situ studies. NB or SS served as the growth medium 

for laboratory studies, while only SS was used in wastewater treatment 

studies. By nature of their sensitivity (uniform lack of resistance) 

to the antibiotics which were tested, E. coli H3 and S. sonnei S were - -  - 
used as recipients for detection of transferable resistance. Frequen- 

cies for the in vitro and in situ transfer studies are listed in Table . 

2. S. sonnei S was mated with the seven resistant isolates to detect 
--r 

transfer of resistance. However, to facilitate identifications of donor i 
and recipient strains, the recipient (E. coli ~ 3 )  was not crossed with - -  
resistant E. coli isolates (HI, H2, S1, ~2). - -  

In vi tro transfer occured more often (2 = 2.lxlO-3/donor) than in situ 

transfers of antibiotic resistance (2 = 5.9xl0'~/donor). Mean in vitro 

transfer frequencies from NB experiments (2  = 2.1~10-3) and SS (2  -2.2~10-3) 

were approximately equal. However, closer examination revealed that 

transfer of resistance did not occur in some SSmixtures. Statistical 

analysis@~test,174) confirmed this observation (PC .03). 
\ 

In order to eliminate other factors, in situ matings were conducted 

only' in the SS medium. After removing this factor, tran~fer'fie~uencies 

detected in the primary clarifier (2 = 4.3~10'~) were significantly 

(~<.1) less than those detected in the secondary clarifier (; =7.5x10'!). 

The transfer studies also revealed a difference i n  the transfer 

frequency s&?n for the two recipients. In vitro and in si tu frequencies 

revealed - -  E. col i H3 recombinant rates (2  -2.7~10'3) to be higher than 

those seen for - S. sonnei S (X = 1.5x10-3~, when - P. mlrabilis H, I P. 
8 4  

mirabilis S and Salmonell'a enteritidis H were used as donors. 

The mating stability of - -  E. coli systems was further emphasized 

by the relatively small difference observed for the four resistant - E. 



Table 2. Resistance transfer frequency 

Organisms 

Transfer frequency 
N B ~  s s 1 2O 

~ b l  (10-5 - 

- 

S.- a * .  H x 2.W H3 
sm3 5.2 2.9 8.0 2.7 

4 Su 3.8 3.5 8.0 2.0 
S. ~ n t e t - 1  FULLS 

. . .  H x S.sonnei S 
Sm 2.2 2.3 1.7 0.3 
S u 2.7 1.5 1.7 1.0 

E.- . . H x 2. coli H3 
Sm 2.3 2.7 3.5 0.4 
S u 2.7 2.1 3.5 1.0 
Tc 1.3 0.0 0.0 0.3 

2.- . . H x S.sonnei S 
Sm 1.0 0.0 0.0 0.9 
S u 1.0 0.0 6,9 1.2 
T c 0.7 0.0 0.0 0.0 

S X J2.xa.l.i £13 
Cm 0.5 0.0 0.0 0.0 
Sm 3.8 1.4 3.5 1.2 
S u 2.7 0.9 3.5 1.2 
Tc 2.0 0.0 3.5 0.0 

2.- . . S x S.sonn& S 
Cm 0.0 0.0 0.0 0.0 
Sm 0.3 0.0 0.0 1.0 
S u 0.5 0.0 3.5 1.7 
T c 0.5 2.4 3.5 1.3 

3. coli H1 x 3. sonnei S 
Ap. 1.0 1.9 5.0 0.2 
Sm 2.0 1.4 2.5 0.2 
S u 2.7 1.0 3.8 0.2 

3. coli H2 x 2. sonnei, S 
AF 1.8 1.0 5.4 0.1 
Sm 2.8 1.4 4.4 0.1 
S u 0.7 0.7 5.0 0.1 

E.coli S1 x 2.sonnei S - 
Atr. 6.0 4.5 6.7 0.5 
Sm 2.2 1.9 3.7 0.4 

kc S u 3.0 2.3 5.4 0.3 
E. coli S2 x 2. sonnei S 

Ap: 2.3 4.3 3.3 0.5 
Cm 1.5 1.7 3.8 0.2 
Su 0.5 3.6 3.2 0.5 

1 
Ab = antibiotic; 4~ = sewage isolate, H = hospital isolate 

2 t, 
NB = ~utr$ent broth, SS = sterile sewage, lo = primary clarifier, 2O = 
secondary clarifier 

3 Sm = streptomycin sulfate, Su = 2-sulfanilamidopyrimidine, Ap = 
ampicillid trihydrate, Cm = chloram~henicol, Tc = tetracycline 
hydrochloride 



coli donors mated with the sensitive S. sonnei recipient. - - Transfer 

frequer~cies in primary (2 = 4. 4xl0-~) and secondary (E = z.~xIQ-~) - 

clarifiers revealed little statistical difference (~2.25). These 

values emphasize the ability of E. coli to serve as a stable donor and - -  
dependable recipient of antibiotic resistance for interspecific mating~ 

in vitro and in situ. 

Curable Resistance 

Resistance elimination, using acridine orange,-dodecyl sodium 

sulfate and ethidium bromide, was conducted on resistant donor and 

resisant recombinant organisms in the manner previously described. 

Res i stance curing was accomp 1 i shed us i ng 25/.-tg/mi (~ab 1 e 3) and 50,qg/rnl - 

i  a able 4 acridine orange. Generally, the curing effect of the two 

concentrations was of equal effect. However, only 50~g/ml acridine 

oranga was able to eliminate Sm and Tc resistance from the recombinant 

S. sonnei S that had been mated with E. coli HI and P. mirabilis H, - - -  - 
respectively. Resistance elimination by 1% (w/v) dodecyl sodium sul- 

-fate (SDS) is represented in Table 5. With the exception of donor 
I 

P. mirabilis strains, which failed to grow on SDS-Nutrient agar plates, - 
\ 

resistance among donor organisms was cured (el iminated) in 57% of the 

cultures. A similar elimination rate (50%) was observed among the 

recombinant organisms. Resistance curing by 10 r.? M ethidium bromide .e. 

was alsqyconducted (Table 6). Using this technique, much of the resi s- 

tance exhibited by the recombinants (71.4%) was eliminated, while a 

smaller percentage (28.6%) of the resistance seen among donor organ- 

isms was eliminated by ethidium bromide exposure. 

1 <Table 7 summarizes the total resistance curing by all four treat- 
\< 

ments (i.e., 3 agents). Among the donor organisms, 47.6% of the demon- 

strable resistance was eliminated by exposure to the curing agents. Z 



Table 3. Resistance curing by 2 5  ug/ml acridine orange 

Resistance 
'Organism 

A P ~  
- 

Cm Sm Su Tc 

2 S. enteritidis H - 03 0 +/+4 +/+ 0 

P. mirabilis H - 0 0 +I- +/+ +/+ 

P. mirabilis S - 

E. coli H1 - -  

E. coli H2 - -  

E. coli S 1  - -  

E. coli S 2  

- 2. coli H1 5 

S. sonnei S - g. coli H2 - 

S. sonnei S - E. coli S 1  - - -  

S. sonnei S - E. coli S2 - 

S. sonnei S - 2. mirabilis R - 

S. sonnei S - g. mirabilis S - 0 +I- +/- +/+ +/- 

E. colt H3 - 5. enteritidis H - - 0 0 +I- +/- 0 

E. coli H3 - x. mirabilis H - -  0 0 +I- +/+ +I+ 

E. coli H3 - 2. mirabilis S - -  0 +I- +I+ +I+ +I+ 

1 
AP = ampicillin trihydrate, Cm = chloramphenicol, Sm = stre~tomycin 
sulfate, au = 2-sulfanilamido~yrimidine, Tc = tetracycline 
hydrochloride 

'strain designation:S = sewage isolate, H = hospital isol&t.e 

30 = no initial resistance, + = resistance, - = no resistance 

  re-curing resistance listed in numerator, post-curing in 
denomina or tis 
'~ecombinant is listed first, donor from which the recombinant 
received resistance is listed second. 



Table 4. Resistance curing by 50 ug/ml acridine orange 

Resistance 
Organism 

A? 
1' Cm Sm S u Tc 

S. enteritidis H~ - 03 '3 +/+4 +/+ 0 

P. mirabilis H  - 0 0 +I- +/+ +/+ 

P. mirabilis S - 0 +/- +/+ +/+ +/+ 

E. coli H 1  - -  

E. coli H2 - -  

E, coli S1 - -  +/+ 0 +I- +/- 0 

E. coli S 2  - -  +/+ +I- 0 +/- 0 

S. sonnei S - E. coli 31 5 - - -  

S. sonnei S - s. coli S1 - +/- 0 +I- +/- 0 

S. sonnei S - F,, coli S2 - +/+ +/+ 0 +/+ 0 

S. sonnei S - P. mirabilis H - - 0 0 +I- +/+ +/- 

S. sonnei S - P. mirabilis S - - 0 +I- +/- +/+ +/- 

E. coli H3 - 5. enteritidis I'i - -  0 0 +I- +/- 0 

E. coli H3 - P. mirabilis H - -  0 0 +/- +/- +I+ 
\ 

E. coli H3 - P. mirabilis S - -  -. 0 +/- +/- +/+ +/+ 

l ~ p  = ampicillin trihydrate, Cm = chloram~henicol, Sm = streptomycin 
sulfate, Su = 2-sulfanilamidopyrimidine, Tc = tetracycline 
hydrochloride 

G l  

I 2~train designation: S = sewage isolate, H = hospital isolate 

30 = no initial resistance, + = resistance, - = no resistance 

4~re-curing resistance listed in numerator, post-curing in 
denominator 

5~ecombinar$ is listed first, donor from which the recombinant 
received resistance is listed second 



Table 5. Resistance curing by 1% SDS 

Resistance 
Organism 

A?' cm sm su TC 

P. mirabilis H - 

P. mirabilis S - 

03 0 +/+4 +/+ 0 

no growth 

no growth 

E. coli H 1  - -  +/- 0 +/- +I- 0 

E. coli H2 - -  

E. coli S1  - -  +/+ 0 +I- -I./+ 0 

+/+ +/- 0 +/+ 0 

S - E. coli H1 5 +/+ 0 +/+ +/- 0 

S. sonnei S - E. coli H 2  - +I- 0 +I- +I- 0 

S. sonnei S - 2. coli S1 - +/- 0 +/+ +/- 0 

S. sonnei S - E. coli S2 - +/- +/+ 0 +/- 0 

S. sonnei S - P. mirabilis H - 0 0 +/+ +/+ +/+ 

S . sonnei S - 2. mirabilis S 
& 

0 +/- +/+ +/+ +/+ 

E. coli H3 - 2. enteritidis H - -  0 0 +/+ +/+ 0 
\ 

E. coli H3 - 2. mirabilis H 0 0 +/- +/+ +/+ 

E. coli H 3  - P. mirabilis S - -  0 +I- +I- +I- +/+ 

1 
Ap = ampicillin trihydrate, Cm = chloramphenicol, Sm = streptomycin 
sulfaf6, Su = 2-sulfanimidopyrimidine, Tc = tetracycline 
hydrochloride 

2 
Strain designations: S = sewage isolate, H = hospital isolate 

3 
0 = no initial resistance, + = resistance, - = no resistance 

4 
Pre-cyring resistance listed in numerator, post-curing in 
denominqtor 

5 
Recombinant is listed first, donor from which the recombinant 
received resistance is listed second 

2 



Table 6. Resistance curing by M ethidium bromide 

Resistance 
Organism 

~p' ~ r n  Sm S u T c 

S. enteritidis H 
2 - 03 0 + 1 4  +/+ 0 

P. mirabilis H - 

P. mirabilis S - 

E. coli HI - -  

E. coli H2 - -  +I- 0 +/+ +I- 0 

E. coli S1 - -  +/+ 0 +I- +/+ 0 

,,) :. coli, S2 +/+ +/- 0 +/+ 0 

S. sonnei S - E, coli H I  5 +/- 0 +/+ +I- 0 

S. sonnei S - E. coli H2 - +/- 0 +/- +/- 0 

S. sonnei S - E .  coli Sl - +I- 0 +/+ +/- 0 

S. sonnei S - g. coli S2 - +/- +/- 0 +/- 0 

S. sonnei S - P. mirabilis H - 0 0 +/- +/+ +/- 

S. sonnei S - 2. mirabilis S - 0 +/- +I- +I+ +/- 

E. coli H3 - 2. enteritidis H - -  0 0 +/- +I- 0 

\ 
E. coli H3 - P .  mirabilis H - -  0 0 +/- +I- +/+ 

E. coli H3 - 2. mirabilis S - -  0 +/- +/+ +/+ +/+ 

1 
Ap = ampicillin trihydrate, Cm = chloramphenicol, Sm = streptomycin 

CSulfate, Su = 2-sulfanilamidopyrimidine, Tc = tetracycline 
hydrochloride 

2~train designations: S = sewage isolate, H = hospital isolate 

3 - no resistance 0 = no initial resistance, + = resistance, - - 

4 ; Pre-curing resistance listed in numerator, post-curing in 
<<,denominator 

5~ecombinant is listed first, donor from which the recombinant 
received resistance is listed second 



Table 7. Summary of curable resistance 

Resistance 
Organism 

~ r n  Sin Su Tc 
- 

S. enteritidis H~ - 03 o +1+4 +I+ o 

P. mirabilis H - 0 0 +I- +/+ +/+ 

P. mirabilis S - 0 +/- +/+ +/+ +/+ 

E. coli H1 - -  +/- 0 +/+ +/+ 0 

E. coli H2 - -  +I- 0 +/+ +/+ 0 

E. coli S1 - -  +/+ 0 +I- +/+ 0 

i a s2 +/+ +/- 0 +/+ 0 

S. sonnei S - E. coli H1 - 5 +I- 0 +I- +I- 0 

S. sonnei S - E. coli H2 - +I- 0 +I- +I- 0 

S. sonnei S - E. coli S1 - +I- 0 +I- +I- 0 

S. sonnei S - E. coli S2 - +/- +/- 0 +/- 0 

S. sonnei S - P. mirabilis H - 0 0 +/- +/+ +/: 

S. sonnei S - P. mirabilis S - 0 +I- +/- +/+ +/+ 
," 

E. coli H3 - 2. enteritidis H - -  0 0 +I- +I- 0 

E. coli H3 - Ifi. mirabilis H - -  0 0 +I- +I- +/+ 

E. coli H3 - 2. mirabilis S - -  0 +I- +/- +/- +/+ 

1 a Ap = ampicillin trihydrate, Cm = chloramphenicol, Sm = 
streptomycin sulfate, Su = 2-sulfanilamidopyrimidine, Tc = 
tetracycline hydrochloride 

2~train designations: S = sewage isolate, H = hospital isolate 

3~ = no initial resistance, + = resistance, - = no resistance 

'. 'pre-curing resistance listed in numerator, post-curing in 
'' denominator 
'~ecombinant is listed first , donor from which the recombinant 
received resistance is listed second 



However, 85.7% of the resistance received from the donor species was 

eliminated from the recipient organisms by curing. 

Transduction and transformation studies were conducted as previausly 

described. However, no recombinants were demonstrated among the reci- 

pient cells placed in the clarifiers as controls. 



Discussion 

Transferable a n t i b i o t i c  res is tance hhs been b o n s t r a t e d  i n  bac- 

t e r i a l  communities from a v a r i e t y  o f  environments. Th is  ub iqu i tous  

nature  of R plasmid conta in ing  bac te r ia ,  e s p e c i a l l y  those from humans 

and domestic animal sources (71), has helped p u b l i c  h e a l t h  o f f i c i a l s  

become aware o f  t he  hazards o f  ind'kcriminant use o f  a n t i b i o t i c s  f o r  

nonmedical purposes. 

/ 

The purpose o f  t h i s  study was t o  demonstrate a n t i b i o t i c  r e s i s -  

tance t r a n s f e r  i n  a  wastewater treatment p lan t .  Spec i f i ca l l y ,  the  

o b j  c t i v e s  were t o :  i. 
1 i . demonstrate res is tance t rans fe r  as i t  occurred between 

treatment p l a n t  and h o s p i t a l  i s o l a t e s  i n  t h e  wastewater 
t reatment  p lan t ,  

. . 
I .  determine the  frequency o f  res is tance t rans ferpand 

i i i. demonstrate the  plasmid (~p las rn id )  na ture  of a1 1  t rans fe rab le  
res is tance observed. 

High l e v e l s  o f  R p lasmid-conta in ing bac te r ia  have been i d e n t i f i e d  

i n  norha1 sewage e f f l u e n t  by Stur tevant  and Feary (177) and by 

Stur tevant  e t  a l .  (178). These bac te r ia  comprised 0.5-1 .O% o f  the  

t o t a l  co l i fo r rn  popu la t ion  observed a t  t h e  sewage o u t f a l l .  Hosp i ta l  

e f f l u e n t  has been shown t o  conta in  even h igher  numbers o f  R plasrnid- 

con&?i n ing  bac te r ia .  Grabow and Prozesky (66) and Fonta ine  and Hoadley 

(57) demonstrated t h a t  26% and 56%, respect ive ly ,  o f  t he  c o l  i f o r m  

bac te r ia  i n  h o s p i t a l  e f f l u e n t  possessed t rans fe rab le  res is tance.  The 

r e l a t i v e l y  h i g h  percentages o f  bac te r ia  w i t h  t rans fe rab le  res is tance 

f,ound before  and a f t e r  treatment eluded the  h igh  l e v e l s  o f  r e s i s t a n t  
1 

La> 

b a c t e r i a  in the  wastewater treatment p l a n t  (67,70,110). Thus, because 



r e s i s t a n t  organsims have been i d e n t i f i e d  i n  both h o s p i t a l  and normal 

sewage e f f l uen t ,  b a c t e r i a l  s t r a i n s  used f o r  the t rans fe r  s tud ies  were 

i s o l a t e d  from primary e f f l u e n t  (s)  and from p a t i e n t s  du r ing  d iagnos t i c  

ana lys is  a t  a  ne&y h o s p i t a l .  

High l e v e l  a n t i b i o t i c  res is tance was demonstrated among i s o l a t e s  

f rom both sewage e f  f 1 uent and f rom the  hospi t a l  env i  ronment  a able 1  ) . 
Fontaine and Hoadley (57) and L in ton  e t  a l .  (ill) a l s o  showed s i m i l a r  

res is tance l e v e l s  among i s o l a t e s  from h o s p i t a l  and sewage e f f l u e n t .  

General ly,  res is tance t o  a n t i m i c r o b i a l  agents was seen t o  reach i t s  

)highest l e v e l s  i n  t h e  presence o f  t he  a n t i b i o t i c s  (153). However, 
/ x 

because l i t t l e  d i f f e r e n c e  was ev ident  when comparing i n h i b i t o r y  

concentrat  ions among i s o l a t e s  f rom the  two envi  ronment's , t h e  res is tance 

c h a r a c t e r i s t i c s  may have provided an eco log ica l  advantage i n  both  

h o s p i t a l  and sewage environments because o f  the  v a r i e t y  o f  res is tance 

f a c t o r s  seen among most R plasmids. 

M u l t i p l e  drug res is tance,  as seen among sewage and h o s p i t a l  

i so la tes ,  was t y p i c a l  of -organisms found i n  an environment possessing 

more than one type o f  a n t i b i o t i c  (153). The prevalence o f  m u l t i p l e  

res is tance among sewage i s o l a t e s   a able 1) agreed w i t h  t h e  f i n d i n g s  o f  

Cooke (36), who showed a  h i g h  incidence o f  m u l t i p l y - r e s i s t a n t  c o l i -  

2orms i n  sewage and i n  sea water con ta in ing  the  sewage e f f l u e n t .  

Grabow e t  a1 . (67) and Grabow and Prozesky (66) have shown progres- - 

s i v e l y  h igher  l eve ls  o f  m u l t i p l e  res is tance as wastewater t reatment  

proceeds toward the  p l a n t  o u t f a l l  and a l s o  i n  the  water  beyond the  

% o u t f a l l .  The bas is  o f  t h i s  observat ion has ye t  t o  be f u l l y  demonstrated 

bu t  R plasmid p roper t i es  (e.g, heavy metal res is tance) ,  n o t  e c b l o g i c a l l y  



r e l a t e d  t o  (but covalen't ly banded w i t h )  an i i \ b io t i , c  :esi,sta,nce ,may prov ide the  

select. ive pressure necessary f o r  p roauct ion  and maintenance of t he  m u l t i p l e  yet 
I I 

s is tance (71). 
'i ? 

The product ion and maintenance o f  the  m u l t i p l e  res is tance has a l s o  

been shown among the f . lora o f  persons having no known exposure t o  a n t i -  

b i o t i c s .  Dat ta (42) and Widh and Skold (198) demonstrated s i m i l a r  

res is tance pat te rns  ( i .e. ,  a n t i b i o t i c  types and res is tance concentrat ions)  

among the  f l o r a  o f  h o s p i t a l i z e d  and non-hospi ta l ized ind i v idua ls .  Th is  

ub iqu i tous  demonstration o f  res is tance,  even among b a c t e r i a l  popu la t ions  

dot  exposed t o  a n t i b i o t i c s ,  leads one t o  be l i eve  t h a t  a r e s e r v o i r  
/ 
e x i s t s  f o r  res is tance.  

Transfer  k i n e t i c s  have thus f a r  been studied o n l y  i n  def ined,  

i n  v i  t r o  systems. Harada and Mitsuhashi (76) has s tud ied  the t r a n s f e r  

k i n e t i c s  f o r  - -  E. c o l i - S h i g e l l a  systems. They revealed temperature and 

pH t o  be t h e  pr imary a b i o t i c  f a c t o r s  c o n t r o l l i n g  i n  s v i t r o  t r a n s f e r .  

Fori these parameters, they found temperature ranges o f  25 t o  40°C 

and pH ranges o f  5 fd  t o  9.0 t o  support R plasmid t r a n s f e r .  Harada and 

Mitsuhashi f u r t h e r  demonstrated 3 7 O C  and pH 7.5 t o  be optimum f o r  

res i stance t rans fe r .  Transfer  frequencies reported by Harada and 

M i  tsuhashi (76) and ranged from low2  t o  1 0 ~ 4 .  Thosevalues a re  i n  - ..- 
c 

g&eral agreement. w i t h  the  values obta ined i n  t h i s  s tudy . f o r  i n  v i t r o  

t r a n s f e r  frequencies observed i n  NB and SS  a able 2).  Both media 

(NB and SS) were complex and undefined. Therefore, an unbiased com- 

par ison o f  the  two was possble o n l y  i f  the  apsumption was made t h a t  

n e i t h e r  possessed cons t i t uen ts  t h a t  s i g n i f i c a n t l y  i n h i b i t e d  c e l l  growth 
p- 

and reproduct ion. The d i f f e r e n c e  between NB and SS, w i t h  respect t o  

growth p o t e n t i a l  was i l l u s t r a t e d  i n  the  growth curve determinat ions 



 end end ices 4-9), The curves for SS approximate log death. The fact 

that the transfer rate in NB was significantly greater (P< . 0 3 )  than 

in SS reflects this obvious chemical difference in media type. 

Resistance transfer frequencies for in sity primary and secondary 

clarifiers are listed in Table 2. Transfer frequencies.for the 

primary c-arif icy (2  = 4 . 3 ~  10-5) were significantly less ( ~ 4 . 1 )  than 

the rate of resistance transfer observed in secondary clarification 

.5 x 10-5). From studies conducted with thei r membrane-f i 1 ter 

r s ,  McFeters and Stuart (1 14) revealed almost free, large mole- 
/ 

cular weight (approximately 5x105) chemical exchange from outside to 

inside. This demonstration, together with the wide acceptance for use 

of the chamber for in situ studies in aquatic envionments led to the 

use of this diffusion chamber for the wastewater treatment plant in 

situ studies. Ttierefore, the chemical differences demonstrated in the 

clarigiers directly affected the bacterial interactions within the 

membrane-diffusion chamber. Turbulence would not have a direct effect 

on. the internal environment of the chamber, .but physical water move- 

ments outside the chamber may have resulted in chamber displacement 

in the water column, which would simulate the external turbulence. 

Y ' Physical-chemical differences for the two clarifying tank environ- 

ments are 1 isted in Appendix 2. Beyond obvious pH differences (primary 

- * 
clarifier, x p ~  = 8.4; secondary clarifier, x p ~  = 7.5) differences in sus- 

pended solids (s.s.) and biochemical oxygen demand (B.o.D.) revealed sig- 

nificant differences in the chemical constituents of the two clarifiers. 

These chemical differences may explain the variation in transfer fre- 

quency observed between the matings in the two clarification tanks. Pri- 

mary clarification turbulance was visibly greater than that seen in the 



secondary clarifier. Thus, physical movement of the transfer chambers 

in primary clarification may have reuslted in breakage of the fragile 

conjugal pili (66,67). 

When comparing individual organisms for the intergeneric matings, 

in situ, the stability of - -  E. coli H3 showed higher transfer frequencies 

in both primary and secondary clarification (primary, 2 = 3.7 x lom5; 

secondary; Z =12.6 x 10-5), .than did Shigella sonnei S (primary, E = 

3.6 ,r~-5; secondary, P = 10.6 x 10-5). These observations revealed E. 
- 

- 
coli as a relatively stable interspecific donor and recipient of antibio- - 
tice resistance in situ. For this reasan, E. coli may function as a - -  
relatively nonvirulent pathogenic mediator or antibiotic resistance 

transfer among strains with greater virulence (e.g., Salmonella enterit- 

i d i s ) .  In vivo studies have repeatedly shown resistance transfer to 

occdr between - -  E. coli and - S. enteritidis ser. Typhimurium (170,171). 
However, the present study was the first to describe simulated in situ 

transfer with potentially pathogenic organisms. 

The sir&lation of in situ transfer'revea,led a detrease in transfer 

frequency as also described by Lacey .(l03) when comparing artificial 

$' to natural conditions. Tflerefore, he insisted in vivo transfer could 

not be 'inTerred from i-n vitro tests. This observation also led h i m  to 

believe transFer amond enteric pathogens did not occur to any -signifi- 

cane in vivo. However, Smith '(1 7-1) , Anderson (12) and Kayser et -a1 . (97) 
have shown the significance of in vivo resistance transfer among hospital- 

, ;' 
ized patients. Their studies revealed that although the rate of transfer 

is significantly decreased by natural environmental conditions, lowered 

transfer frequencies were especially significant when the transfer took 

place in the proper, selective environment (i.e., high antibiotic concen- a 

Z tration). 



Lowered transfer frequencies have also been demonstrated for in 

situ simulation studies comparing transfer rates in a river water med- 

ium with raees seen in a nutrient broth. Grabow et al. (69) showed a 

decl ine of 10-* from river water frequencies to those calculated for 

an undefined nutrient broth. Although no explanation was offered for 

this drastic decline in transfer rate, Geldrich (63) has postulated 

the presence of complex bactericidal activity associated with river 

J 

. Other factors which may have led to the decline in resistance 

transfer are: pilus'receptor site interference, pilus injury, as well 

as bacterial predation and parasitism. These interactions may also 

be present in wastewater. Consequent 1 y, bacteria exposed to th i s variety 

of factors would be killed, or lose transfer capabilities.resu1ting 

in decreased transferable resistance associated with the bacterial 

com~unity. This decline in transferable resistance would ultimately 

result in a decreased transfer frequency in the wast,  water treatment 

plant. 

To establish the plasmid nature of resistance and transferable 

resistance in both donor and recombinant strains, attempts were made 

Y to eliminate the extrachromosomal genetic elements from all strains 

that demonstrated resistance to the five antibiotics. Due to their 

extrachromosomal nature (32), plasmids are el iminated from the host 

bacterium following exposure of that bacterium to sub-lethal concen- 

trations of intercalcating dyes (e.g., acridine orange, ethidium 

-? 
T'' bromide) (153,152,151,190). A1 so, because genetic material associated 

with pilus synthesis is found on the R plasmid, detergents (e.g., 

dodecyl sodium sulfate) that el iminate bacterial cells possessing these 

special pi1 i also eliminate the R plasmids (156). 

Using these chemical treatments, resistance was eliminated from 

69.4% of a1 1 strains (Table 7), The removal of resistance by exposure 



to curing agents was especially effective for recombinant strains. The 

85.7% curing rate seen among recombinant strains corresponds we1 1 with 

the 80-90% curing rates observed for E. col i and Shigel la species by - -  
Mitsuhashi et al. (118) and by Salisbury et al, (156). There-. 

fore, the high-level of resistance shown,  a able I ) ,  high resistance curing 

rates observed among donor and recombinant organisms  a able 7) and the trans- 

missi ble nature of the resistance  a able 2) suggested that the resistance I 
observed in this study was, infact, R plasmid-mediated (71). 

This study revealed the in situ transfer of antibiotic resistance 

among isolated bacteria from the wastewater treatment plant and from a 

nearby hospital. THe in situ transfer frequencies, although lower than 

those typically observed in vitro, demonstrated a high incidence of R 

plasmjd transfer among bacteria within the wastewater treatment plant. 

Due to the diversity of the microbial community entering the wastewater . 

treatment plant, R plasmids originating from non-pathogenic bacteria 

may be conjugally-transferred to pathogens. The selective pressure 

for the incidence of multiple-resistance as the wastewater treat- 

ment process proceeds (68,71), may result in the release of a multi- 
r .  

I 

ply-resistant, pathogenic bacterial population into the aquatic envir- 

onment. Presence of these resistant pathogens would severely limit the 

use of such water for recreational or commercial purposes. THe inci- . . 

dence of a water-borne, Shigella-outbreak was recently reported im- 

med-rLtely below a wastewater treatment plant (25,150). Such occurrences 

of water-borne disease by multiply-resistant bac.feria should lead to 

evaluation of not only the efficiency of the treatment plant and the use 

of water below the outfall of a wastewater treatment plant, but also an 

2 





CONCLUSIONS -. 
\ 

In this study, antibiotic resistance transfer has been demonstrated 

in vitro, and in situ. The significance of differences in transfer 
/ 

frequencies commonly seen for these environments is dependent on the sel- 

ective nature of the environment. Because R plasmids code for resis- 

tance to a variety of agents (e.g., antibiotics, heavy metals, ultra- . 

violet radiation), the selective nature of a specific environment is- 

) not necessarily high antibiotic concentration.   ow ever,' acknowledging 

the widespread use of antibiotics for commercial and medical purposes, 

an extremely efficient selective environment is maintained for the 

evolution and maintenxe of multiply-resistant bacteria in animal hus- 

bandries, in commercial fisheries and in hospitals. With the large 

antibiotic dosages required for treatment of large animals or large 

numbers of animals, fishery ponds and human beings, antibiotic overflow 

may occur, resulting in selective pressure for other environments to 

maintain a resistant flora. Other such environments include waste- 

water"/treatment plants. For this reason, a need has arisen for careful 

regulation and control of the use of antibiotics for non-medical, non- 

infectious purposes. 

From this simulation study, several conclusions can be drawn with 

regard to transfer of antibiotic resistance in wastewater treatment 

plants: . . 

9 I .  High levels of antibiotic resistance occur among the flora 
of both hospitalized patients and wastewater treatment plants. 

. . 
1 1 .  Antibiotic resistance transfer does occur in situ in the 

primary and secondary clarifiers of a wastewater treatment 
plant. 

2 
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1 
B 
B 
! 

I The d i f f e rence  appears t o  be due t o  the  v a r i a t i o n  i n  phys ica l -  

I chemical fac tors  f o r  the  two c l a r i f i e r s .  

i 
1 i v .  Transfer  frequencies vary among the  donor - rec ip ien t  p a i r i n g s  

i t h a t  occur. However, E. c o l i  was shown t o  be a r e l a t i v e l y  - 
s t a b l e  i n t e r s p e c i f i c  donor and r e c i p i e n t  o f  a n t i b i o t i c  r e s i s -  I t tance. ' 

I 
i 

i v. Transformation and bacter iophage t ransduct ion  d i d  no t  s ig -  
i n i f i c a n t l y  add t o  the  amount o f  a n t i b i o t i c  res is tance t rans -  
i f e r r e d  w i t h  the  wastewater treatment p lan t .  1 
1 I v i .  The environment present i n  t h e  wastewater treatment p l a n t  was 

adequately represented by the  environment w i t h i n  the modi f ied  
Stuart-McFeters chamber. Although b a c t e r i a l  contaminants 

I and o the r  l a r g e r  species were k e p  f romenter ing the  d i f f u s i o n  

1 chamber, physical-chemical a l t e r a t i o n s  i n  t h e  treatment p l a n t  
f d i r e c t l y  o r  i n d i r e c t l y  a f f e c t e d  the  mating medium w i t h i n  t h e  
I d i f f u s i o n  chamber. 
I 
1 v i i .  A n t i b i o t i c  res is tance present among bac te r ia  i s o l a t e d  from 
I ~ a ~ t e w a t e y  t ~ e a t m e n t  and h<osp.i,tal (zed !n>d i,yi,dual s v,aq - 
1 t r a n s f e r r e d  t o  s e n s i t i v e  s t r a i n s  from  he same envi?onments 
I a t  ra tes  t h a t  may be s i g n i f i c a n t  i n  r e c e i v i ~ g  water beyond 
i 
1 t he  sewage o u t f a l l .  
I 
! 

1 
i 

L 1 ' 

9 
, i 

? 
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Appendix 1. Monthly average physical-chemical 
constituent for the wastewater treatment plant, 1979 

, 

Physical-chemical measurement 
Month 1 B.O.D. 2 D.O. 

3 
S.S. S . V . I .  4 

pH 

Jan 8.617.4 95/16 4381 16 5.4 122 

T 

Feb 

- A 7  
-3 

Mar 8.4/7.3 102111 429122 4.5 141 

8.517.4 89/22 400124 4.2 179 Jun 
$i 

i 
Jul 8.417.4 74/17 3591 16 4.1 143 

S ~ P  8.317.4 8016 3741 15 3.8 319 

Oct 8.517.5 81/15 453125 3.3 302 

Nov 8.317.4 89/15 4041 18 4.1 355 

Dec 8.417.4 3031'11 423122 4.6 143 

's.s. = total suspended solids (mg/L) 

2 ~ . ~ . ~ .  = biochemical oxygen demand (5  day, 20'~) 

3 ~ . 0 .  = dissolved oxygen (mgfL) for final effluent 

4 ~ . ~ .  I. = sludge volume index ( m l / ~ )  for final effluent 

S 
5 ~ o r  all fractions listed, numerator indicates value for 
primary clarifier, denominator indicates value for secondary 



Appendix 2. Wastewater treatment plant physical-chemical 
constituents, 2-9 October 1979 

- Physical-chemical measurements 

Date 2 
S. S. B.O.D. D.O. 4 

T I  pH S . V . I .  
5 

IT = water temperature in OC as measured for the primary effluent 

2 ~ .  S. = total suspended solids (mg/~) 

3 ~ . ~ . ~ .  = biochemical oxygen demand ( 5  day, 20°c) 

4~ -0.  = dissolved oxygen (mg/L) for final effluent 

5 
S.V.I. = sludge volume index (ml/L) for final effluent 

6~or all fractions listed, numerator indicates value for 
primary clarifier, denominator indicates value for secondary 



1 Appendix 3. Standard Biochemical Set results 
for sewage and hospital isolates 

Test 2 

Urease 

, Gitrate 

KCN 

Motility -I- + + + + -I- + + - 

I'D - + + - - - - - - 

l~dwards and Ewing, 1973 (52) 

2 
Tests are designated: MR = methyl red, VP = Voges-Proskauer 

LD = lysine decarboxylase, AD = arginine dihydrolase, On = 
ornithine decarboxylase, PD = phenylalanine decarboxylase 





Appendix 5. Growth of Pro teus  m i r a b i l i s  H i n  
Nu t r i en t  b ro th  (NB) and s t e r i l e  sewage (SS). 
Mul t ip l e  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  
p l o t t e d  l i n e s  a r e  l i s t e d  f o r  each medium ( R ~ ~ ~  

2 and R S) . 



Appendix 6. Growth of Proteus mirabilis S in 
Nutrient broth (NB) and sterile sewage (SS). 
Multiple correlation caefficients for the 
plotted lines are listed for each medium ( R ~ ~ ~  
and R ~ ~ ~ )  



Time (h ) 

Appendix 7. Growth of Escherichia c o l i  HI i n  
Nutrient  broth (NB) and s t e r i l e  sewage (SS). 
Mult iple c o r r e l a t i o n  c o e f f i c i e n t s  f o r  the 
p lo t t ed  l i n e s  a r e  l i s t e d  f o r  each medium (R 2 

% and R 2 SS). NB 



1 2 3 4 5 6 

Time ( h )  

Appendix 8. Growth of Escherichia c o l i  S2 i n  
"Tutrient broth  (NB) and sterile sewage (SS). 
~ i u l t f p l e  cor re la t ion  c o e f f i c i e n t s  for t h e  

2 
2 p l o t t  d l i n e s  a r e  l i s t e d  f o r  each medium (R NE 

and R SS) 



1 2 3 4 5 6 

Time (h) 1 
Appendix 9. Growth of S h i g e l l a  sonnei  S  i n  
Nu t r i en t  b ro th  (NB) and s t e r i l e  sewage (SS). 
Mul t ip l e  c o r r e l a t i o n  c o e f f i c i e n t s  for p l o t t  d 5 p l o t t e d  l i n e s  a r e  l i s t e d  f o r  each medium (R NB 
and R ~ ~ ~ ) .  



Appendix 10. Nutrient and ;iLD agar plate colonial 
morphology and API 20E reactions of Salmonella 
enteritidis H following 24-h incubation at 35%. 



Appendix 11. Nutrient and XLD agar plate colonial 
morphology and API 20E reactions of Proteus 
mirabilis H following 24-h incubation at 35'~. 



Appendix 12. Nutrient and XLD agar plate colonial 
morphology and API 20E reactions of Escherichia 
coli H1 following 24-h incubation at 35O~. 



Appendix 13. Nutrient and XLD agar plate colonial 
morphology and API 20E reactions of Shi ella -+ sonnei S following 24-h incubation at 35 C. 


