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ABSTRACT
Enteric bacteria were examined for ability to transfer antibiotic

resistance in a wastewater treatment plant. Resistant Salmonella enteri-

tidis, Proteus mirabilis, and Escherichia coli were isolated from clini-
cal specimens and from primary (1°) sewage effluent. Resistance to ampi-
cillin (Ap), chloramphenicol (Cm), streptomycin (Sm), sulfadiazene (Su),
and tetracycline (Tc) was demonstrated by spread plate and tube dilution
techniqqes.~ Plashid mediation of resistance was shown by acridine orange,
dodecyl\sodfum sulfate, and ethidium bromide curing, and by direct cell

transfer. Each donor was mated with sensitive E. coli and Shigella

sonnei. Mating pairs (and recipient conrols) were suspended in unchlor-
inated, 1°.effluent that had been filtered and autociaved. Suspensions

were added to membrane diffusion chambers which were théﬁ placed in the pri-
mary (1°) and secondary (2°) settling tanks of the wastewater treatment plant.
Reéistant recombinants were detected by replica plating nutrient agar
master plates onto XLD agar plates that contained either 10,9 Ap, 30 ug
Cm, 10 g Sm, 100 g Sy or 30 «g Tc per ml of medium. Mean transfer fre-
quencies for Iaborafory matings were 2.1 x 10_3, while in situ matings
for 1° and 2° settling were 4.3 and 7.5 x 10_5, respectively. These

~ values revealed that a significant level of resistance transfer may oc-
cur in wastewater treatment plants. Epidemiological significance was

discussed.
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INTRODUCTION

The advent of antimicrobial agents provided an extremely useful tool
for the prevention and treatment of infectious disease. Erhlich's discovery
of selective dye toxicity toward bacterial cells (19)‘initiated this break-
through. Then, in the 1920's, Fleming observed the bactericidal character-
istics of a Penicillium by-product for gram-positive bacteria. These two
observations truly revolutionized medical treatment and expedited the dis~
covery of may antibiotics in the 1940's and 1950's.

It was during this antibiotic boom that Lederberg and Tatum initially
demonstrated conjugal.transfer of genetic material between bacteria (106).
This genetic matériél was shown not to be associated with the bacterial chrom-
osomes (78), and Jacob and Wollman (90) designated the extra-chromosqmal
DNA aﬁﬁ”ebisome”. The observation of Lederberg and Tatum was finked to
antibiotic resisffgge in 1959, when such resistance among Shfgel]a strains
was shown to be transferable diuring an epidemic of shigellosis in Japanm (121).
The genetic element was epié?me-]ike and called "R-factor' by Mitsuhashi
(115). |

In theppast 20 years,vinjvitro transfer studies have‘repeated]y_
demonstrated intra-specific, intra-generic (16,18), and inter-geﬁeric anti-
biotic resistance transfer (45,46,84,118). Even strains of different families
~have exhibited in vitro transfer (17,81,102,137). All of these in vitro
stﬁdies have revealed the relative ease with which bacteria confer their
antibiotfc resistance to sensitive strains.

Since 1967, transfer studies conducted in living animals (i.e., in
vivo) and under natural; environmental conditions (i.e., in situ) have
beeq done to determine the nature and frequency of resistance transfer be-
tween natural populations of recipient and donor bacteria. In vivo studies
were conducted in laboratory mice (61,82,84,103,153,170,201), sheep (172,

173), pigs (22, 111) and man (84,201,12). These in yivosthdies revealed a




decreased transfer frequency in living systems with respect to those observed
in vitro.

Published literature contains. a single example of in situ R p]asmid'
transfer. Grabow et a].,(68)‘showed transfer of antibiotic resistance among
river flora contained in dialysis bags. All other environmental studiés
have simply demonstrated the presence of reSistant and resisfance-transferring
bacteria in rivers (69,83,92), sea water (36,55), sediments (63,99)‘and
sewage (36,57,66,67,70,126,179,180), not their ébility to actually transfer
such resistance.

Since bacferia possessing R plasmids readify appeér inbassociation
with man and other animals, it is uﬁusual that little knowledge of resistance
transfer in wastewater treafment has accumu]ated; Conséquently, this study
was undertaken to discover the extent of fesistance transfer in a waste-
water treatmentmaﬁént. Accordingly, the following objective§ wére set:

1. to demonstrate antibiotic resistance transfef between hospital

and sewage iso%gteé of enteric bacteria contained‘in‘a wastewater

treatment plant,

2. to determine the frequency of antibiotic resistance transfer among
the isolates, and ' : '

3. to demonstrate plasmid mediation for all transferable resistance
observed.




'LATERATURE REVIEW

Introduction

Antibiotics have presented medical practitioners with a highly effec-
tive arsenal for treatment of infectious disease. .These compunds have gen~-
erally had devastating effects on the microbia] éommunity to thch they were
exposed. However, some bacteria have demonstrated ability to 'spontaneously'’
develop resistante to these antimicrobial agents; and such spontaneous devel-
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 fﬁnctionél
while other members of the microbial community are extremely restricted or
simply become extinct. These genetic permutations are extremely random and ;
probab]ilcontribute little toward the development of a resistant bacferial
cqmmunity in theﬁﬂftural environment (47,177). However, in the past 40 years,
it has beéome evident that bacterial conjugation is a non-random meghanism

which allows preferentia%ttransmission of beneficial characteristics among

bacterial pgpulations.
F Factor

The initial observation of bacterial conjugation' by lLederberg 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 Léderberg (187) demonstrated the necessity of cell-to~
cell cqntaét for conjugal transfer of genetic material between bacteria.

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

of genetic material that mediated transfer of extra-chromosomal DNA. This




"fertility factor! and other extra-chromosomal segmenfs of DNA were later
deéignated "plasmids' by Lederberg (107). Cavelli (23) demonstrated the inte-
grated state of the fertility (F) factor, calling it 'Hfr" (High frequency

reconinant) due to its increased rate of chromosomal transfer (i.e., recom-

bination) during bacterial matings. Hayes (79) showed the rate of recom-

bination among Hfr x F~ (recipient bacteria lacking the F factor) crosses

to be several thousand times that observed among F* (donor bacteria posses-
sing the F factdr) X F" matings. Howéver, the nuhber of recombinants be-
comfng donor cells in Hfr x F~ cfosses was far less than was seen‘in‘F+ #’F’
matings (24,78,108). The méchanfsm for this decreased donor coﬁversion
among Hfr cells was made clear by Wollman and Jacob (203,20#) in their
famous intérrupted matingiexperiment. They found that violent aggitation

of the mating mixture at variable times during the experiment resulted in
transfer of»different amounts of the host chromosome, depeﬁding upon the
time inqg the experiment. It was noted that the F factor was the last
element transferred between donor and recipient. This accounte&»for.the
decreased recipi%ﬁ% conversion rate to donor strains when compared to‘F+
donors. Jacob and Wollman (90) coined the term ''episome' for these small
segments ofd%NA that de;gnstratéd the ability to integrate into promote
-tkansfer of the bacterial genome.

| Generally, association of the F factor with the host chromosome ié a
stable integration, forming Hfr‘cel1s. Excision of the‘episome by host-~
specified nucleases may occur without misreading the host chromosome, result-
ing in an excised F factor or F¥ cell. The process; called sexduction (80),
was initially described by Adelberg and Burns (5,6). The resu]ting~extra—
chromosomal fragment, called F', contains both plasmid and chromosomal

DNA fragments. ThevF' strains generally do not become donor bacteria. In-

stead, these strains are considered "intermediate donors' (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 pilus or "fimbrium" (). The
genetic material codiﬁg for this protein tube is associated with the
F factor. The holecﬁlar mechanism of thé transfer has yet to be fully
elucidated, but the lumen of the pilus is thought to serve as a paSsage—
way fér tfansporf of genetic material (i.e., plasmid or chromosome)
between donof and recipient cells. The extremely fragile nature of the
pilus Is demonstrated by the ease with which shearing occurs during
vortex or blender agitation (204).

Those initial studies concerning the fertility factor provided
a firm background from which the study of transferable resistance might
proceed. Antibidtic resistance was demonstrable from the beginning
of antibiotigruse. Maclean et al. (!li) demonstrated resistance to
sulfonamidesognd Abrahaéaét al. (3) showed penicillin resistance among
bacterial populations in the early 1940's. These observations }ed
many people to belieye Ehrlich's magic bullets (i.e. antimicrobial
agents) were not as bactericidal as once had been proported. In 1956,
Kitamoto 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. Implications of these observations were not realized
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until 1959, when transferable antibliotic resistance to the same anti-
biotics was observed by Ochiai et al. (134) and Akiba et al. (7) in

Japan, among the same strain of bacteria. Shortly thefeafter, Datta
(40) demonstrated multiple resistance transfer among strains of Sal-

monella typhimuriumin Great Britain. The transmissible agent confer-

ring resistance was.linked to the F factor due to its infective trans-

fer among bacterial populations. In 1960, Mitsuhashi (117) used the

term '"R-factor' to describe the genetic element that conferred both
antibiotic resistance and the ability to transfer the resistance to

other bacteria. Mitsuhashi et al. (118) showed the absence of R-factor

transfer when cultures were filtered or among filterable agents (i.e.,
transduction or transformation) and to be dependent on cell-to-cell !
contact.  Although these characteristics were similar to F, a relation
between the two plasmids was disproven because F and Hfr strains both
transmitted antibiotic resistance to species of Shigella in mixed
culture. (118).
Molecular Nature of R Plasmids
R—factors,o§§adescribed by Mitsuhashi (117), are conjugative

plasmids consﬁiing of two distinguishable component: the resistance

transfer factor (RTF or Tfra, 132) and resistance (r) determinant. These

two components are readily discernable and maybbe separated differen- |
tial.centrifugafion (10,32). The RTF.is known to direct transfer of

plasmids to which it is covalently bonded, other non-related, unattached

plasmids, as well as non-conjugative plasmids. The r-determinant possess-

es the genetic components for resistance to a variety of bactericidal

factors (e.g., heavy metals, ultra-violet radiation, antibiotics) (121)
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but ma)\not mediate its own transfer (153,166). The ‘'conjugate' or
combined form of these components is generally the form observed among

species of Enterobacteraceae (10,32) especially among strains of

Escherichia coli, Serratia marcescens, and Salmonella typhimurium (32,

35). The nontransmissible or r-determinant of the R plasmid is commonly

seen among strains of Staphylococcus aureus (34) and other bacterial

species showing transferable resistance due to viral interaction (15,86)
and transformation (37,127). Molecular weights of theitwo plasmid
types reflect the difference between conjugate R plasmids (60x106'or

60 Mdal) (10, 32,35,153) and the r-determinant (5-10 Mdal) (34). The
difference between the two weights is attributable tothe presence (or
absence) of RTF.

Multiple r-determinants associated with a single RTF have been
reported (140,141,153). This “transition® (153)‘from one r-determinant:
one RTF state is induced by an increase in the selective nature bf the
growth medium (e.g., increased antibiotic concentration). The increased
number of r-determinants ‘is apparently accomplished by autonomous repli-
cation of tée r-determinant; Generatién of these. tandom multimeric
r-determinants ifiinitiated by cieavage of the conjugate R plasmid into
its conStituengi. The separated r-determinant is then duplicated, resul-
ting in a head—to-tailwarrangement of the ''poly r-determinant'. The
majority of thesé multimers reassociate with the RTF. However, dis-~

sociated multimeric units have been demonstrated among strains of Proteus

mirabilis (141). With decreased selective value (i.e., antibiotic

concentration), the multimeric r-determinants are systematically deleted

from the‘conjugate plasmid (152). The reason for reversion from polymeric




to monomeric states is thought to bé due to homology existing among the
geneti:§elements of the polymeric determinant, itself. THis homology
results . in competition for the replicating mechanism at the’cthplasmic ;
membrane (32,153). This competition would result in iéss of plasmids *
requiring continuous or stringent replication. However, those plasmids
exhibiting relaxed replication would not be lost to the bacterial pop-
ulation (i.e., diluted out).
The replication of R p]asmids is known to occur dﬁring the §
phase of bacterial growth (32,153). THe plasmids are generally
found in»a covalently-closed, circular state (ccc). However, during
the i logarithmic phase of the bacterial growth cycle the plasmid
associates with the cell membrane and particularly loses its super-
coiled nature with selective regions becoming “open-circular' (oc)
(32,138). The loss of the supercoiled nature is attributed to the
association of the plasmid with specific protéins, thereby forming a
"'relaxation complex'. Clewell and Helinski (29) showed that proteinsv
of the relaxation complex were responsible for the site-specific
denaturation which is demonstrated by treatment of purified extracts
with proteig*ases and detergents. THe protein-specific inhibitoré
resulted in IOSsggf the oc form and maintenance of ccc. Following
site~-specific denaturation, the plasmid replicates at the attachment
site on the cell membrane (151). The association of the plasmid with fts
site on the cytoplasmic mémbrane'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 weight of the plasmid with that of the host chromosome (30,

SR
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138). Rownd and Womble (151) have demonstrated the number of specific

R plasmids \per chromosome to be approximately the same in Escherichia

coli, Proteus”mirabijis, Sélmonel]a typhimurium and Serratia_marcenscens.

However, differences in the nuﬁber of R plasmids have been shown
to occur by means of three different mechénisms. The normal replication
of genetic material (chromosome or plasmid) occurs during the expon-
ential phase of bacterial growth. Some species of bacteria have shown
the ability to produce multiple copies of their plasmids, even during
stationary pHase (157;]49). This post-log phase replication dramatic-
ally increases the plasmid to chromosome ratio. Another method to
increase resistance among-bacterial populations is to accelerate DNA
replication duriﬁg ﬁormal replication. Bacteriafexhibfting this charac~
teristic are known as ROR (round of replication) mutants (151). By
increasing duplication rates, these individuals have shown the ability
to produce several times the normal number of plasmids in any one cell.
The other mechanism is'by specialized replication of the r-determinant
portion of the conjugate plasmid, as described above. THese three
mechanisms giYe rise to increased resistance in the host bacterium due
to the gene-dosage response (i.e., 1 gene: 1 protein)-

Compatibility

EA 2

The presénééﬁof multiple copies of the same or similar plasmids
are seen only in mutant cells ér "wild-type' cells in highly selective
environments. Without the presence of high antibiotic concentrations,
the characteristics seen among bacteria with multiple plasmid copies
are lost (112). The persistence of multiple R plasmids of the same type

require a high level of plasmid replication.
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This energy-requiring process would not be selected for in cells
possessing fixed numbers of replication sites and materials (151,74).
Infrequent/ replication results in the eventual dilution of multiple copy
conjugates, Teading 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'theAvaactor following conjugation were considéred
£ |

The inhibition of fertility has»been demohstréted among Hfr and
Ft strains possessfng specific R plasmids (7&,125,192).' In these studies,
donor and recipignt recombination Qas repressed by'asrmuch as loﬁs.times
the frequency seen among donor cells not harboring the R plasmid. .Also,

R plasmids showing similar molecular structure Havé resulted in the
competitive exclusion of one or both plasmids when superinfecting a
host.

Two theories have arisen regarding the inability of bacteria with
specific R plasmids. to accept and maintain infecting R plasmids. The first
one regards'fhﬁaexé1usion of the infecting plasmid and/or resident plasmid
due to the molecular similarity of the two. Echols (49) first showed
this imcompatibi%ity among the R plasmids of enteric bacteria. In his
paper, Echols postulated the presence of specific replication mechanisms
in limiting numbers. When the baderium was “super}nfected” (74) with a

similar plasmid, competition for the replicating mechanism resulted in loss

of one or both R plasmids.
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The other theory involves specificity of the pilus for sites on
receptor cells (24,72). Tﬁe pilus, a tran;latidn product of the resident
p]$Smid, s?%ws a high degree of specificity for recipient cells. This has
been demonstrated by the specificity of filamentous bacteriophage For;;he
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 se]ecti&e 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 suggésted as a tool for
epidemiological study of R plasmids in natural’ environmeﬁts to selectively
identify resistance pétterns during epidemics of related and nonrelated
species (40). The use of this scheme for plasmid identificétion is limited
by the hypermutable nature of plasmids. The presence of multiple determin-
ants in a Sinéle conjﬁgate plasmid, inéertions, crossovers, .transposons, and
a variety of mutations, present a multitude of changes that may affect the
molecular make up of plasmids. These quantitative énd qualitative alter-
ations may or may not result in loss of the infecting R plasmid or 'dis-
lodgement' (31) of the resident piaémid. Because plasmid elimination is
not strictly théﬁent to elimination by residents of the recfpient bac~-
terium, a definitive result is not always obtained by Qsing compatibility
studies. K

Several quantitative techniques have been introduced td show the

molecular relatedness among R plasmids that confer similar patterns of

resistance. Among these are buoyant density centrifugation (142,165)
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and sucrose gradiént velocity centrffugation (165). These methodsiare
premised upon the differences in molecular weight and in surface area
exhibfted by plasmid species (199). Studies utilizing these techniqdes
assume thaﬂ/p]asmids with similar sjze are similar or related. Other ~
techniques include vertical and horizontal agérose gel eleﬁtrophoreéis
(1,113). TheSe techniques demonstrate the difference in migration dis-
tances, in a highly;purified gel, according to ioﬁic state and molecular
weight. These techniques have been combined with nucléase digestion
(153,199). Together, these techniques provide a highly specific separ-
ation of sfmi]ar plasmid segments; One of the most gensitive techniques.
for relatedhess studies is heteroduplex ana]ysfs (91). This method util-
izes DNA segments of known composifion to measure the degree of ‘association
between plasmids. Segment association is dependent on basé pafr?homo-
logy between strands. The degree of annealing between strandsbis cqmmonly
visualized by using an electron microscope but absorbance at 260 nmris also
used. Together, these‘techniques ha?e provided spécific -characteriza-
tionof the molecular nature and relatedness of R p]ésmids‘ %
| Resistance Mechanisms

The nature ofbthe inhibitory effect of an antibiotic is specific
to that antibiotié.' The therapeutic value of each individual agent is
dependent upon the narrow spectrum of aﬁtivity shown by that antibiotic
and upon the extent ofﬂthe inhibitory effect demonstrated on the infectious
organisms being treagéd.

The classificatiop of these compounds has presented pfob]ems for
many years. Proposals have been submitted for classification on the basis

of cﬁemical structure (162,203), origin (133) and mode of action (60).
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Among the clinically useful antibiotics that are specific for bac-
teria, thg spectrum of activities are divided between those inhibiting
cell wall synii%sis (e.g., penicillin, cycloserine, bacitracin) and those
inhibiting protein synthesis. This latter group is divided among agents
inhibiting bacerial transcription (e.g., rifampin), or translation (e.g.,
tetracycline, aminoglycosides) or peptide release from the ribisome
(e.g., chloramphenicol, macrolide antibiotics).

These compounds for a time provided a useful means for the control .
and treatment-of'ihféctious disease. However, indiscriminant use of these.
compounds, such as for prophylaxis and for growth promotion in énimalA
husbahdry (12,92) have probably provided a selective environment for the
occurrence and~prolfferation of antibiotic resistance.

. The origin of plasmids bearing resistance conferring genes in ass-
ociation with the ability for self-transmission have been the subject of
much conjecture since Akiba and Ochiai first demonstrated transferable
resistance. Generally, the ultimate source of antibidic resistance is
considered to be organisms from animals.and/or humans (118). However,
resistance transmissi?n was initially demonstrated in Japan, but 6ther
resistance-transferring bacteria were found in Taiwan and lsrael during
the same year. These obggrvations led Mitsuhashi (122) to believe that the
resistance plasmids hadﬂagt been transported by world travellers, but
had arisen separately, igédifferent parts of the world.

The molecular nature of the original RvaQSmid is thought to have
been the result of a recombinant event. The presence of chromosomally-

- mediated resiStance is widely documented in the literature (163). Bacter?a,

possessing the resistance genes, retain their susceptibility to bacter-

iophage infection. The phage genome may integrate into the bacterial
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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 a portion of the phage genome. Furthermore, this exchange

may have resulted 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) (118). These genetic inter-
actions, along with the use of sulfonamides, streptomycin tetracycline,
and chloraﬁphenicol from 1945 to 1950, probably accounted for thevappearance
and establishment of‘the first transferable antibiotic resistance {i.e:, -
R plasmid)‘(IZZ); |

‘The mechanism of resistance to the more commonly used antibiotics
is highly variable. However, the R plasmid mediated. mechanisms are usually
one of two general types (163):

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

or

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

R plésmid-medf@ted resistance to the penicillins is widely documented
(110,121,163,179). The major activity of these resistance plasmfds is
the production of aiﬁfﬁactamase, which hydrolyzes the amide bond of the
.Q-lactam ring, commoé to pencillin and penicillin~like molecules. This
hydrolysis prevehts tge penicillin from functioning as a substrate for
the enzyme responsible for severing the terminal alanine of the penta-
peptide in peptidoglycan synthesis. Curtis et al. (36) have reported
an R blasmid—mediated resistance to penicillin not due tog ~lactamase
actiQity; Unfortunately, the mechanism has not yet been determined.

Resistance to aminoglycosides ha$ been shown to be primarily en~
zymatic in nature. Three classes of enzymes have been implicated as‘

reasons for aminoglycoside inactivation: acetyl-transferases, adenyl-
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transferéﬁes and phosphotransferases. The heterocyclic ahinoglycosides pre-
sent multiple sites for addition of various deactivating groups by the
aforementioned enzymes (121,140). Resistance demonstrated among amino-
glycosides is usually cross-reactive between several members of this
group (18,47,}Lh,140). Cross-reactivity is attributable to the molecular
structure exhibited by aminoglycosides and to the relatively broad speci-
ficity exhibited by the individual transferases. |
'Chlorémbhenicbl resistance haé been associated with both enzymatic
" deactivation and decreased drug permeabitity. " The primary mechanism of'-_-
enzymatic degradation is through the activity of‘acetyl—trans?erases;
Two major sites of activity have been shown susceptiblé,tq enéymatic.
attack in the aliphatic portion of the chloramphenicol motecule. The
enzyme, ch-loramphenicol’ acetyl-transferase (CATase), has been demonstrated
to médiaté the formation of both 3~0-acetyl chloramphenicol and 1,3-0-

diacetyl chléramphenicol (56,163{. Permeability alterations have been shown

to reduce the susceptibility of strains of Escherichia coli to ch!éram~
phenicol (125). The barrier is thought to be either .in the cytoplasmic
membrane or cell wall. The altered pentration has been attributed to a
specific R plasmid,\designaﬁed Rys7o- Mitsuhashi et al. (121) have also

revealed decreased chloramphenicol assimilation in Pseudomonas. aeruginosa

due to R plasmid, Q%RIOZ-

Resistance to tetracyclines apﬁears to be due to decreased chemical
transpért into the cell. !lzaki et al. (86,87) demonstrated tetracycline’
accumulation in the external eﬁvironment of cells possessing resistance to
the agent. They also showed the system to require an energy source and

magneéium ions, and they demonstrated soduim azide sensitivity (inhibitor
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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 thefpefiplasmic space, The»pro-
ducfion of inhibitor was shown to be susceptible to chloramphenicol
treatment (163), thereby indicating its proteinaceous nature. This inhibitor
was called “Téy)protein” by Levy and McMurray (107) and they demonstrated
its presence in association with tetracycline resistance plasmid, Rpoj.

Sulfonamide resistance has been shown to be due to synthesis of
an enzyme,not‘susceptable\tonsu]fonamide inhibition and to lowered sul-
fonamide pérmeability (121), In cells sqsceptiﬁle_to sqlfa;drugg, di-
hydropterate synthetase is inhibitéd by'the presehce of the drug. This
enzyme mediates the conversion of pfaminobenzogiutarate, aih;dropte}idine
and p—aminobenzoate to dihydrofolate, a précursor of tetrahydrofolate
_ (folic acid). WIée and AbOUfDoQia (198) have isolated an R plasmid
coding for-dihydropterate synthetase showing no §usceptibility to sul-
fonamides. Akiba and Yokata'(8,9) héve shown decreased uptake of sul-
fqnamide by bacteria possessing specific R plasmid while having a-totally
sensitive dihydropterate synthetaée. The mode of resistance seems to
depend on which R blasmid is present.

These mechanisms reveal the variety of antibiotic resistance mecha-
nisms available tb bactgria] popu!atfons.' Although many of the mechah-
isms are similar.(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 i4 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
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permeability or the mode may be quite similar from ore antibiotic to the
next. Together, these resistance mechanisms héve provided an efficient
means for bacteria to survive in environments altered to remove the non-
resistant strains.
Epidemiology
The incidence and transmission of R plasmids among bacterial com-

munities has created a major concern among public health offitia]s for
the control of infectious disease. Although R plasmids are commonly
_associated with yiruTentvbacteria; resistqnt'sfrains have been sﬁowh:£o>
be ubiquitous among the normal flora of healthy individuals (199).

Datta (42,43) and Sogaard (175) demonstrated simi}ér resistance pattérns
among the flora of HQ;pitaliiednpatiehté'b¢F§fe‘tBeir édﬁission,A TﬁeyAéléo
demonstrated similar resistance patterns among «noﬁhospitalized and hos-
‘bitélfzed batients.  Because.R plasmids areApreva]ent ambng admftfed |
patients, an increase in antibiotic resistance among_nosqéomia! isolates .
has been documented in the last 15 years (21,64). Turck (193)

revealed this high level of resistance to be partially accountable for

the increased incidence of infectious disease due to gram-negative bac-
teria. Isenberg an% Berkman (87), Kawakami et al (96), Salzman et al.
(159), Thoburn et al. (187), and Aandahl (2) dehonstratéd the incidence of
transferable_resistanéééa@ong strains causing nosocomial disease. These
bacterial isolatés generg%]yfshbwed higher minimum inhibitory concentra-
tions (MIC) than infectious bacteria recently associated with haman
disease in a nonhospital egxirqnmeht. Mouton et al. (125) and Valtonen
, et»al.,v(]92) showed similar results among patients receiving prophykctic
doses of‘tetracycline? kangmyéin, and ampicillin. These studies aiso noted

rapid conversion of the resident flora to a resistant state corresponding
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'

to the administered tetracycline, kanamycin. and ampicillin antibiotics.
Lacey (103) implied that resistance transfer was infrequent or rare in vivo.

However, Egawa et al. (53), Gardner and Smith (61), Laufs and Kleiman (104),

Zidmundova et al, (207), Witchitz and Chabbert (201}, Jobanputra and

Datta (93), Schroter and Humpfner (163), Traub et al. (190), and Curie

et al. (37) presented surveys among hospitalized patients. Their studies
showed identical resistance patterns and similar plasmids among strains of

Escherichia coli, Proteus species, Serratia marcescens, Enterobacter

species, Klebsiella species:, and Pseqdombnas aeruginosa} All of these
infectious were of-nosocomfal'origin.

Demonstration of in vaovacquisition oF antibiotic resistance within

~a human being was shown by Kayser et al. (97) in a kidney a]?ograft
recipient. Becéqse of massive doses of immuno-suppressive therapy used
to retard graft rejection, the indiyidﬁal was left with only parentally-
administered antibiotics to combat a nosocomially acquired Salmonel\a
dub]invinfectionf With lowered host defenses, the individual also ac-
quired a Klebsiella infection. The Klebsiella transferred its aminogly-
coside ahdj?-]actamasa activity to the Salmonella. -This was~reve$led wﬁenrf
both organisms showed identical resistance patterns upon isolation.

"The incidenceLOF R plasmids among common sources of urinary tract
infection (50,72;]2;;}38,]#9,207); diarrheagenic disease (2,11,139,179)
and respiratory infeétions (37,61) have led some health officials to
believe in the existance of a reservoir of R plasmid-carrying bacteria
among the animal commditity, leading to transfer of resistance among
bacteria in the human population. Hartley et af. (77) and Smith (168)
demonstrated the occurrence of similar resistance patterﬁs among animal

and human isolates of the same serotype. Therefore, it was not unusual
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that trénéferaﬁle fesistance has been dehoﬁstratediin 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 scratchgd the surface of R plasmid transfer.
Nakaya et al. |(127) and Akiba et al. (7) demonstrated resistance transfer

"among enterié bacteria other than the E. coli-Shige]la flexneri system

they initially used to demonstrate;multiple,resiétance. _Datta~(40);in-
]962'demdnsfrated”transferable resistance among strains' of Salmonella -

typhimurium in a hospital epidemic in England;"Sinée that time, transferable

resistance has been shown among Sa]moneila andehigeIJa in Korea (28,29),"
‘Nepal (186), India (95), Romaﬁia (15L4), Czechoslovakia (162), Italy

(157), the Netherlands (195), Algeria (145),. South Africa (199), Mexico
(136,45), the United States (128), and Japan (181,182,183,184). The wide- .
épread nature of resistance has led to the uti]iZationAof=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 aEiotic‘environmentsr(148); In

the biotic communi@y, trénsmission is generally attributed to the consump-
tion of infeéted_fdodf {193) or other materials coritaminated with fecal.
matter. The abioticptfansmission of resistance, however, is commonly
associated with septic tanks (146) or sewage treatment (148). The inci-
dence of transferablerresistance among the flora in wastewater has been
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

_are readily demonstrable at the sewage treatment plant outfall (67,69).
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The higH incidence of these resistant forms‘among the flora of hospital
effluents (57,110) has presented public health officials with a major

task for control of resistance dissemination both in and beyond the treat-
ment plant.

R plasmid transfer has been shown in situ in a river‘be]ow a sew-
age treatment plant by Grabow, et al.’(69); This observation is esbec-
fally signifficant because enteric pafhbgens with high levels of resistance,
have been known to céuse outbreaks of dysentery Se]ow sewage outfalls
(25,150). |

Transfefable fesistance, however, has yet to be demonstrated in
situ among the norhal flora within,fhe wastewater treatment plant. In
regard to the high-level of resistance associated with some of the»enteric
pathogens found in the treatment plant, resistance transfer could occur
if the ethonment proved hospitable to the cell-to-contact required for
transfer. . However, the aquatic environment within the treatment plant is_
purposefu]lyrmade as inhospitable as possible to facilitate removal of
the pathogenic bacteria present in the primary effluent. Therefore, to -
help resolve this paradox, an in situ study was conducted to demonstrate
transferable aQtibiotic resistance among the natural flora of the waste-

water treatment plant.

S

M
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MATERIALS AND METHODS
Site Description

In situ resistance transfer studies were conducted in the primary
and secondary water clarifiers of the La Crosse Wastewater Treatment Plant,
La Crosse, Wisconsin. The activated sludge method for treatment of
approximatel;)l.7 million ga]&ons per day is utilized at the treatment

plant. MontKly averages for pH, suspended solids (S.S.) removal, per cent

“biochemical oxygen ‘demand (B.0.D.) rémdvai; &isédlﬁédvoxygen (D.0.) con-"

centration, Sl&dge‘VOlﬁme index (S.V.1.) for the treatment plant in 1979
are:1?§ted'fh"Appéhdix‘If
féofatfén:TeCHniques -
~ Bacteria were isolated from sewage effluent by using standard en-
richment culture techniques (175). GN and Tetrathionate broths (Difco
Laboratories, Detroit, Michigan) served as selective enrfchment media for

isolation of_Shige]]a and Salmonella specigs. VApproximately 0.5 L of

the primary effluent was .filtered through a type HC filter (HCWG-047-00,

Millipore Corporation; Bedford, Massachusettes). The filter was then

placed in,]O,mllgN or Tetrathionate broth. The Tetrathionate tubes were

‘incubated at_35° ¢ for 24 h, while GN tubeé were incubated at 41.5° C.

for 18 to 24 h. Broths showing noticeable thbid}ty.were streaked onto
XLD agar (Difco)gplates for isolation and preliminary identification.
Isolated colonies demonstrating colonial characteristics typical of either
genus were identified as outlined by Edwards and wang (52).

s .
Proteus species and Escherichia coli isolations were facilitated

by serial 1:10 dilution of wastewater samples in 0‘85% (w/y)NaCl. - Count-

able plafes (30-300 colonies) were obtained by spread plating O.I-ml
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aliquots onto XLD plates. Typical colonies were se]ected and identified

by methodology previously cited (52). These methods provided isolations

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.

Clinical isolates of Salmonella enteritidis (one strain), Proteus

mirabilis (one‘zfrain) and Escherichia coli (three strains) were acquired

- .. from the baderi6logy 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 gastroenferitis.j Preliminary identification was conducted

by hospital personnel using the APl 20E system (Analytab Products, Plain-

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

previously cited (52). Stock culturas of hospital and sewage isolates

" - were maintained at room temperature {(20°C) in Motility Test medium (85)

and in a frozen state (-70°C) in Brain Heart Infusion broth (Difco).

-

Antibiotic Resistance

All bacterial isolates were assayed for resistance to five anti-
' ~
microbial agents amplcnllln trlhydrate (Ap), chloramphenlcol (Cm)

streptomycnn sulfate (Sm), 2- sulfanllamldopyr;mldlne and .tetr

racycline hydrochlorlde (Tc). Sources of the chemicals were as follows
Ap and Su (Unite%@States Bio;hemical Corporation, Cleveland, Ohio) and
Cm, Sm and Tc (Ce}biochem-Behring Corporation, La Jol]a, California).
Stock 125-ml quantities of each compound (1-4 mg/mi) were filter-
sterilized'and’ﬁe?rigerated (b°C). ~Appropriate quantities of Cm, Sm

and Tc were suspended in distilled water. However, it was necessary
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to dissolve Ap in 10% (v/v) methanol, and Su was dissolved fn 0.1 N NaOH.

Antibiotic resistance was demonstrated by ueing‘tube dilutions
in Nutrient broth (NB) (Difco). Bacteria were grown in 10 ml NB foh
approximately 6 h. One ml of each culture (200-500 celis/ml) was
transferred to 9-ml NB blanks. The broth tubes contained antibiotics
in concentrations of 10.4g/ml, 30 zg/ml, 50/M9/m', 100 44g/m1, 500 y(4g/mi,
fOOQ/ug/ml,‘iSOO-_g/wl, and ZOGLMg/mI.- Tubes were then incubated at
"35°C for 18 h.  @rowth was détermined by speétroéﬁofometrid”ebsbrbence -
,at 620 nm‘(Spectronic 20, Bausehis>Lowb; R0chesfer;yNew\York).

Growth Curve and‘opticel’ﬁehsify Detefmihatfons

Growth curves were determlnedrfor each bacterlal SpeCIeS grow;ng
in NB or sewage effluent (Appendlces 4,5,6,7,8, and 9) The sewage
effluent was preflltered with type AP pref!lters (AP25- 047 -00, Mx}]zpore),
thlS fultrate was then passed through type HC fllters to produce a
secondary flltrate. The secondary flltrate was autoc!ayed and des;g-
neted>“Steri]e Sewage” (ss). Thie medium (55) was o% sufficient trans-
parency to be used for Spectrophotometrlc determlnattons For bacternal
enumeration. Absorbate at 620 nm was determlned for each SS cu]ture
(Spectronic 20 Bausch & Lomb)

To initiate the growth curve expernments, Zh"h NB “seeds“ were
added to the growth curve media (elther NB or SS). NB seed cultures
were visually standardlzed agalnst a McFarland Standard No. 5 (1. 5x109
bacteria/ml) (leco) with 0.85% (w/v) NaCl as the dl]uent. Cultures
were then inoculated into 100 ml of medium (NB or $S) and incubated
at 209Cffor”%he duhafion'of the>determihatjon. VBacferiel cultures
were theh endmeheted 5£ 0.§'h intervels by'absorbehce at 620 nm:and

by spread plating 0.1 ml of appropriate dilutions (10-3,l0-h,10-5)
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onto Nutrient agar (Difco) plates. Cell counts were plotted as a func- .
tion of absorbance to obtain a standard curve. These’curves‘were used to

‘dtermine inoculum densities for resistance transfer studies.
Transfer Studies

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

laboratofy;Ain”sftu studies were conducted with only SS at the treatment

blanf.

>ln vitrg’transfek frequencies were.detérmihed by using 20 ml of
med ium af 20°cC. Appfoximate]9 2;9x10§ résistaht’(ddnor) and sensitive
(recibient) late ibg phase bacteria of different spécies were fnocu? o
lafed into tﬁe growth medium (NB or SS).’ fransferrstUdies Were\cbﬁduc-
ted fdr 3-h. At 1 h intervals 0.1-ml samples were removed and diluted
in 0.85% (w.v) NaCl. Abpfbpriate'saﬁples were then spféadrblated onto
.Nutrieﬁt agar platé;.‘ Coﬁntéb]e pfates (30—300 tofoniés) seryed‘as
the standard inoculum for-répfica platfng'onto‘XLDAégar.plates conta%ning
antjbiotics. Antibiotic concentrations used Wére; Ap, lQ/{Q/m];b
Cm, 39L49/m1;1$ﬁ, 10 ug/ml; Su, loqﬁ4g}ﬁl; or Tc; 30 p4g/ml (57). Donor
'and reciéien; ;él]s"were diffgrentiéted on>the basis of coloniél‘
morphology, fermentation and hyd}ogen‘sulfi&e productién on XLD. Coﬁf
firmafion of colonies iden?ified fﬁ this manne}bwas accomplféhed thh
APl 20E test’strips'(Appendiées 10-14).

In situ tra?sfer étudies were completed in both primary and secondary
clarifiers during&the week of 2-9 October 1979. (Treatment plant
parameters for this peribd.are listed in Appendi x 2).:VModiFied;Stuarf-
MCFefers ﬁembraﬁggfilfe; diffusf&n chambérs‘(Séj-were cdnstrdéted énd
used as the transfér vessel for in situ studies. Modifications involved

increasing the central spacer to allow increased volume within the
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chambér (from 20 to 30 ml), and the addition of plastic ﬁesh'over the
surface of the membranes. Each chamber was fitted with a 0. by
polyéargonate'membfane (No. 111507, 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
suSpension of 2.9x106 donor and 2;9x10§‘recipient bacteria each suspendedul
in SS. In Situ.studies were conducfedffor_3“h, VAt 1 h intervals, 0.1- |
ml samples we e_rémoved and diluted in 0.85 (w/v) NaCl. Resisténcg
and bacteriah}identification of each recipient was demonstrated as
described for the in QitrovstUdies,

Transfer frequencies (TF) for the individual aptibioticé in

each mating were determined by the following formula:

TF= ~(ranbar o7 donararut) taf TE T e Rt dtar y (w1 a7 ~TrocaTan)
Mean TF and differences between TF were statistically evaluated

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

[}

Transduction and Transformation

The possiblity of trarsformation and/or viral transduction med-

et T y - .
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

]2 bacteria;

_clarifying tanks. Chambers were inoculated with kx10
this large inocu]gm permitted detection of recombinant rates with a

~minimum frequencykgf 10-11 per.reéipiént. No steps were'taken to dis- ‘
tinguish between the two recombinant mechanisms, e?fhef transformation

or transduction®"
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Plasmid Curing

Re;jstahce curing experiments were complet on late Togarithmic
phase aohor.and’récombinant bacterial pdpulétithQ Tﬁe curfng agents
were: 25 aﬁd 50-mg/ml aéridine orange (no. 46005, Easfman Kbdak
Company, Rochester, New York) (76), 1% dodecyl‘sodiﬁm sulfate (no.

0-2674, Eastman Kodak Company) (4,154), and 107 M ethidium bromide

(No; 331565, Calbiochem-Behring Corporatfdn) (189,h8);; These com-
“pouhds Were;added'séparately'to Nufrieht‘égér'pTafes. ’Chrfﬁg was ac-
complished by spread plating 0.1 ml of a 6-h NB-culture (200-500 cel}s/m})

~onto the plate. Cultures were then replica plated onto unaltered

(no agent present) Nutrient agar plates, which served as the template
for replica plating onto XLD. - Antibiotics, to3which,the organisms
had previously shown resistance, were incorporated in the XLD to.

determine the curing efficiency of each agent.
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RESULTS
Antibiotic Resistance

Resistance of Salmonella enteritidis (H), Proteus mirabilis

H, Proteus mirabilis S, Escherichia coli H1, Escherichia coli “H2,

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 sonnéius wefe used as recipients for transférable resistance
from thé>abov féﬁiétént stfafné forAaII tfansfér'éfudiés Eondﬁciedv
both in vitro ahd‘in situ; |

'Among‘orgaﬁjsms demonstratiné resisfance to the éntibiotics;

maximum resistance was seen toward Su (X = 2000,e4g/m1), followed by

Te (% = 1500 g/ml), Cm (x = ISOQ/ug/ml), Sm (X = 566¢g/ml), and

Ap-(i 100 tg/ml). Furfhermoré; only mu]t?pfe drug fesistancé was
ob;efved for the resistan;‘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-comﬁéring~h65pital and. sewage isolates of the same species
(e;g., E.coli Hl and H2 with S1 and $2; E}-mirabilibis H with S),
high-level chlorémphenicol resistance was demonstrable‘only for sewage
isolates; streptomycin resistance was mére prevalent among hospital
isolates. Gengrally, however, aﬁtibiotic resistance to the chemical

b . .
agents was evenly distributed among strains from both environments.
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Table 1. Demonstrable antibiotic resistance

Antibiotic concentration (ug/ml)

Organism : ‘ 1 »

: A?H. Cm_ .~ Sm - Su Te
Salmonella enteritidis HE o 0 | 100 2000 0
Proteus m;rabilis o o o 100 2000 1500
Proteus mirabilis S 5 1500 100 2000 1500
Escherichiabgoli A1 100 0 1500 2000 0
Escherichia coli'ﬂz 100 0 15b0 2000 0
Escherichia coli H3 0 0 0 ) 0
Escherichia coli Si 100 . d 1060 - 2000 0
Escherichiatgoli S2 100 1500 0 | 2000 0
Shigella so;;ei S S o 0 0 0

Ap = ampicillin trihydrate, Cm = chlorampheﬁicol, Sm =

streptomycin sulfate, Su = 2-sulfanilamidopyrimidine,
Tc = tetracvcline hydrochloride

Q

;27 N
Strain abbreﬁdations: H = hospital isolate, S = sewage
treatment plant isolate

Ms
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fransfer.Frequencies

Résistance transfer Qas detected as pfevidus]y described for
in vitro and in situ studies. NB or SS served as the growfh médium
forilaboratory‘studies, while only SS was used in Wastewatér'tréétment
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 thé‘in vitro and. in situ transfer studies are»]istéd‘in-Tabﬁe
2. s. sonnei S was mated with the seven resistant isolatesvto»détéQtA"'
transfer oF,resiétahce. HoWevef; to féc@litaté identificétions of donor
and fecipient-Sfrains,»the,recipignt (E:>5911_H3) was»not crossed with
resistant E. coli isolates (H1, H2, s1, s2). . ‘  ‘

In vitro transfer'OCQUred:more often (% = 2.1*10’3/an6f) thap'in situ
transfers of antibiptfc resistance (X = 5.9x1079/donor). Mean in vitro |
transfer frequencies from NB experiments (x = 2.1x10f3)Aand SS:(§'=2.2x]O’3)”
were approximatély equal. Howeyer, closer examination reveq]ed that
transfer of resistance didrnot occur in sgme SSmixturés.‘ Statistical
‘ahalysisﬁéfest,]7h) confirmed this oﬁservationvﬂ’(l03).}"

In ord%g to eliminate’other‘factors, in Sitﬁ‘matingS"Were'cbnducted
“only in the SS medium.” After'femoVing'this factor, transfer frequencies
detected in the primary clarifier (X = 4.3x107%) were significantly

(P .1) less than those detected in the secondary clarifier (§7=7.5x1075).

The transfer studies also revealed a difference in the transfer

frequency séfﬁ for the two recipients. 'In vitro and in situ frequencies
S

revealed E. coli H3 recombinant rates (X =2.7x1073) to be higher than.

those seeh'for S.-sonnei S (X = 1.5x1073), when P, -mirabilis H, P.

. S :
mirabilis S and Salmonella 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.
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Table 2. Resistance transfer frequency

TrénSfer frequency

2

. : NB SS 1° 2°
‘Organisms _4_131 (1073 (1073 0™ (10"[*)
S.enterftidis H x E.coli H3 ' :
‘ sm3 5.2 2.9 8.0 2.7
_ 4 Su 3.8 3.5 8.0 2.0
S.enteritidis H x S.sonnei S
, Sm 2.2 2.3 1.7 0.3
_ Su 2.7 1.5 1.7 1.0
P.mirabilis H x E.coli H3 _
Sm 2.3 2.7 3.5 0.4
Su 2.7 2.1 3.5 1.0
o Tc 1.3 0.0 0.0 0.3
P.mirahilis H x S.sonnei S : '
v Sm 1.0 0.0 0.0 0.9
: Su 1.0 0.0 649 1.2
: ’ Tc 0.7 0.0 0.0 0.0
P.mirahi 'S X E.coli H3
5 Cm 0.5 0.0 0.0 0.0
, Sm 3.8 1.4 3.5 1.2
: Su 2.7 0.9 3.5 1.2
’ Te 2.0 - 0.0 3.5 0.0
P.mirabilis S x S.sonnei S A
Cm 0.0 0.0 0.0 0.0
Sm 0.3 0.0 0.0 - 1.0
Su 0.5 0.0 3.5 1.7
Te 0.5 2.4 3.5 1.3
E.coli H1l x S.sonnei S
Ap. 1.0 1.9 5.0 0.2
Sm 2.0 1.4 2.5 0.2
Su 2.7 1.0 3.8 0.2
E.coli H2 x S.sonnei S
Ap 1.8 1.0 5.4 0.1
Sm 2.8 1.4 4.4 0.1
! Su 0.7 0.7 5.0 0.1
E.coli Sl x S.sonnei S
' Ap 6.0 4.5 6.7 0.5
Sm 2.2 1.9 3.7 0.4
§, Su 3.0 2.3 5.4 0.3
E.coli S2 x S.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 . 4 .
Ab = antibiotic; 'S = sewage isolate, H = hospital isolate

2 &
NB = Nutrfént broth, SS = sterile sewage, 1° = primary clarifier, 2° =
secondary clarifier '

38m = stfeptomycin'sulfate, Su = 2—sulfanilamidopyrimidine, Ap =
ampicillin trihydrate, Cm = chloramphenicol, Tec = tetracycline
hydrochloride :
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coli donors mated with the sensitive S. sonnei recipient. _Trénsfer
frequencies in primary (% = 4.4x107?) and secondary (x = 2.8x1072)
clarifiers révealed little statistical difference (P>.25). ’Thege
values emphasize the abi]iﬁy of E. coli to serve as a stable donor and
vdependable_recipiént of antibiotic resistance for interspecific‘mafings

in vitro and in situ.
Curable Resistance

Resiétance elfmination,,usiné acridine orange;»dodecy],sodiuﬁ

.su]fate‘and'etﬁidium bromide, was conducted on resistant donor and
resitant recqmbinant>organj5ms_in thé‘manner_prqviously,described.'

- Resistance curing was_accqmpliéhed_using 25/4g/m1 (Tablé 3) and SOJﬁg/ml
(Table 4 acrfdine ofange. Generally, the curing effect bf the two
concentrations was of equal effect. _Howevef, only SQ;ug/ml acridine
orange was able to eliminate Sm and Tc'resistanég from the recombinant
S._sonnei S that had been mated with E..coli Hl and P. mirabilis H,
respectively. Resistance elimination by 1% (w/v).dodecy]rsédium sul-
fate (SDS) is represented fn Table 5. With the exception of donor
E} mirabilis strains, which failed to grow on SDS-Nutrient agar ﬁlétes,
resistancetémong donor organisms was cured (eliminaféd) in 57% of the
cultures. A similar elimination rate (50%) was observed among the
‘recombinant orgahfsms. Resistance curing by 1027 M ethidium bromide
was a]sgyconducted (Table 6). Using this technique, much of the resis-
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.

2<‘il’able=: 7 summarizes the total resistance curing by all four treat-
ments (i.e., 3 agents).’ Among'tﬁe donor organisms, 47.6% of the demon-

str§Ple resistance was eliminated by exposure to the curing agents.
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Table 3. Resistance curing by 25 ug/ml‘acridine orange

. Resisténce
‘Organism i' B .
‘Apl Cn  Sm Su Te ™
S. kent;er:i‘t,:‘id_i“s il 0% o amh a0
P. mirabilis H - 0 0 +/~ +H+ H/+
P. mirabilis S | 0 e+
E. coli H1 +/+ 0 . +/= +/~ 0
E. coli H’2 , +/+ 0 +/= +/- -0
E. coli S1 IRty 2% 0 +/‘— +/+ 0
E. coli S2. +/+ +/=- 0 +/+ 0
S. somnei —_g.'gg;i_Hls +/- 0 +/+ . +/~ 0
S. sonpei S - E. coli HZ +/+ 0 +/- +/+ 0
5. sonnei S - E. coli S1 +/ - 0 +/+ +/+ 0
S. sonnei S - E. coli S2 L+ +/# 0 +/+ 0
S. sonnei S - P. mirabilis H 0 6 +/- +/+ +/+
S. sonnei S ~ P. mirabilis S 0 +/- +/- %/+ +/~
E. coli H3 - S. enteritidis H 0 0 - /- 0
E. coli H3 - P. mirabilis H 0 0 - ¥ »+‘/+
E. coli H3 - P. mirabilis S 0 H/- H/+ o H/E +/+

1 ' A
Ap = ampicillin trihydrate, Cm = chloramphenicol, Sm = streptomycin
sulfate, ég = 2-sulfanilamidopyrimidine, Tc = tetracycline
hydrochloride ' ’

2Stra:‘m designation:S = sewage isolate, H = hospital igolare
3O = no initial resistance, + = resistance, — = no resistance

Pre-curing resistance listed in numerator, post—curing in
denominaﬁfr
. S

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

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

Resistance

Organism I

» Ap Cm  Sm ‘Su Te
S. enteritidis Hé 03 o - +/+4 | +/+ 0
P. mirabilis H o o He [+ )+
P. mirabilis S _ 0 +/- +/+ +/+ +/+
E. coli HI +/+ 0 +/- +/- 0
-E. coli H2 : A | 0 +/= +/- -0
E. coli S1 +/+ 0 +/-  +/- 0
E. coli S2 , | - 0 /- 0
S. sonnei S - E. coli H15’ +/ - 0 +/- +/- 0
S. sohn;i S - E. coli H2 ++ 0 4/~ +/+ 0
S. sonnei S ~ E. coli S1 : +/~ 0. '+/— +- 0
S. sonnei S - E. coli S2 +/+ +/+ 0 +/+ 0
S. sonnei S - P. mirabilis H 0 0 +/- +/+ +/~
S. sonnei S -~ P. mirabilis § 0 +/~ {/— +/+ +/;
_E.?ggli H3 - S. enteritidis H _d 0 +/- +/= 0
E. coli ﬁB ~ P. mirabilis H 0 0 H/- +/,—’  +/+
E. coli H3 - P. mirabilis S 0 /- +/~- +/+ ,» +/+

1Ap = gmpicillin trihydrate, Cm = chloramphenicol, Sm = streptomycin
sulfate, Su = 2~sulfanilamidopyrimidine, Tc = tetracycline
hydrochloride

- e

2 . . . . . .
Strain designation: S = sewage isolate, H = hospital isolate
30 = no initial resistance, + = resistance, — = no resistance

4Pre-—curing resistance listed in numerator, post-curing in
denominator

é?
5Recombinad§ is listed first, donor from which the recombinant
received resistance is listed second
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Table 5. Resistance curing by 1% SDS

. __Resistance
Organism
N 'Apl Cn Sm - Su Te

S. enreritw‘disngz | 03 0 /b 0
P. mirabilis H no growtﬁ |
P. mirabilis § B - no growth

/ E. coli HI +/- 0 +/- +- 0
E. coli H2 , +/- 0 +/- +/- 0
E. coli S1 | +/+ . 0 B A +/+ 0
E. coli S2 O R R Y 0
S. sénnei S - E. cold H1?  +/+ 0 +H+ /- 0
S. somnnei S - E. coli H2 +/- 0 +/- +/~ 0
S. sonnei S -~ E. coli S1 +/- 0 +/+ +/- 0
S. sonpnei S — E. coli S2 +/- +/+ 0 +/ - 0
S. sonnei S ~ P. mirabilis H 0 0 +/+ | +/+ e
S. sonnei S - P. mirabilis S 0 +/~ +/+ +/+ +/+
E. coli H3 ~ S. enteritidis H 0 0 +/+ +H+ 0
E. coli H3 - P. mirabilis H o o A P
E. coli H3 - P. mirabilis S 0 +/-  +/- +/~ +/+

1

Ap = ampicillin trihydrate, Cm = chloramphenicol, Sm = streptomycin
sulfafe, Su = 2-sulfanimidopyrimidine, Tc¢c = tetracycline '
hydrochloride

9 .
Strain designations: S = sewage isolate, H = hospital isolate

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

Pre~cgring resistance listed in numerator, post-curing in
denomin%tor

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

<
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Table 6. Resistance curing by 1072 M ethidium bromide

: | -Resistance 
Organism v ’
.A’p1 ‘Cm Sm Su Te .
S. enteritidis H2 03 0 +/+4 o[+ 0
P. mirabilis H | 0o 0 4+ H/+ A
P. mirabilis S | , 0 4+ 4/t +/+ +/+
E. coli HI +/+ 0 +/- +/~ 0
E. coli H2 +/- 0 | +/+ +/~ 0
E. coli Sl | +/+ 0 +/-. - +/+ 0
ZE-.QQil S92 ' o+ #/- o 0 +/+ 0
)_s_.' somei § - E. coli H1° +/- 0 A+ - 0
S. sommei S - E. coli H2 +H- 0 +- +/~ 0
S. sonnei S - E. coli Sl +/- 0 -+ +/- 0
S. sonnei S - E. coli S2 +/- +/- 0 +/- 0
's. sonnei S - P. mirabilis H 0 0 +/- +/+ +/-
S. sonnei S - P. mirabilis S 0 4l- 4~ A+ -
E. coli H3 - S. enteritidis H 0 0 +/- ,+/‘- : 0
E. \_c_o_Z_L_l_ H3 - P. mirabilis H 0 0 | 4—/— +/- +/+
E. coli H3 - g.i mirabilis S 0 +/- +/+ + o+

1

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

Strain designations: S = sewage isolate, H = hospital isolate
0 = no initial resistance, + = resistance, — = no resistance

4 .
? Pre-curing resistance listed in numerator ost—~curing in
e - > p ”

( denominator

5Recombinant is listed first, donorvfrom which the recombinant

received resistance is listed second

<.




N
e

36

Table 7. Summary of curable resistance

Resisfance
Organism '
‘ Ap1 Cm Sm Su Te
S. enteritidis H2 : 03  ' d +/+4 +H+ .0
P. mirabilis H ‘ 0 | 0 +/~ +/+ +/+
 P. mirabilis S ‘ 0 +/- +/+ +/+ +/+
E. coli HI +/= 0 +/+ +/+ 0
E. coli H2 +/- 0 +/+ +/+ 0
E. coli S1 ' | +/+ 0 +/- +/+ 0
)7 E. coli S2 | 4+ +- 0 +/+ 0
S. sonnei S - E. coli H1° +/- 0 +/- +/- 0
S. sonnei S - E. coli H2 +/- 0 +/- +/- 0
S. sonnei S - E. coli S1 /- 0 +/- +/- 0
S. somnei S - E. coli §2 )= 4= 0 +/- 0
S. sonnei S - P. mirabilis H ' Q 0 +/- +/+ +/-
S. sonnei S - P. miraﬁilis S 0 +/- +/- - [+ +/+
_E.iggli H3 - S. enteritidis H 0 -0 +/= +/~ 0
E. coli H3 - P. mirabilis H 0 0 +/~ /-
E. coli H3 - _I_’_.' mirabilis S 0 +/- +/- +/- +/+

¢

& Ap = ampicillin trihydrate, Cm = chloramphenicoi, Sm =
streptomycin sulfate, Su = 2-sulfanilamidopyrimidine, Tc =
tetracycline hydrochloride

2 ] " . R ' . R
Strain designations: S = sewage isolate, H = hospital isolate

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

4 . . . . . .
Ll Pre-curing resistance listed in numerator, post-curing in
" denominator

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

S
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However, 85.7% of the resistance received from tHe donor species was
eliminated from the recipient organisms by CUriﬁg.

Trahs&ﬁction and tfansformation studies were conducted as ﬁrevidus]y‘
described. Howéver, no recombinants were demonstrated among the reci-

pient cells placed in the clarifiers as controls.

s
Il
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Dfscuséion
Transféréb]e antibiotic resistance has been dmonstrated in bac-

terial éommunities from a Variety of environments. This ubiquitous
nature of R plasmid containing bacteria, especially those from humans
and domestic animal sources (71), has helped public health officials
become aware of the hazards of indkcriminant use of antibiotics‘for
nonmédical - purposes.

The purpose of this study was to demonstrate antibiotic resis-

tance transfer in a wastewater treatment plant,-VSpeéifically, the

obﬁectives were to:‘

.

i. demonstrate;resistance,traqsfer as it occurred between
treatment plant and hospital isolates in the wastewater
treatment plant, .

ii. determine the frequency of resistance transfeg and

iii. demonstrate the plasmid (Rplasmid) nature of all transferable
resistance observed.

High levels of R plasmid-containiﬁg bacterfa have been fdentiffed
in norfmal sewage effluent by Sturtevant and Feary (177) and by
Sturtevant et al. (178). These bacteria comprised 0.5-1.0% of the
total coliform population observed at the sewage outfall. HosPita]
effluent-has.beén.shown.to contain even higher”ﬁumbers of R plasmid-
éonggfning béctefia.‘ Granw éndiéroiesky‘(66) énd Fonfafne and.Hoadley -
(57) demonstfatéd_ that 26% and 56%, respectively, of the coliform |
bactéria in hospital effluent possessed transferable re#istance. Thé
relatively high percentages of bacteria -with transferable resistance
found before and after treatment eluded the high levels of resistant
BN

)

bacteria in the wastewater treatment plant (67,70,110). Thus, because
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‘ fesistant orgahsims havevbeen identified in both hospital and normal
sewage effluent, bacterial strains used for the_tfansfer,studies were
isolated from primary effluent (S) and from patients during diagnostic
analysis at a nedby hospital. |
High level antibiotic resistance was demonstrated among isolates

from both sewage effliuent and from the hospital environment (Table 1).
“Fontaine and Hoadley (57) and Linton et a]. (II]) also showed similar
resistance Ievels among isolates from hospltal and sewage effluent
Generally, re5|stance to antlmzcrobxal agents was seen to reach its
hlghest levels>ln theApresence of the antlblot;cs (153). However,
oecause lTittle differehoé'was ev}dent'when'oomparing.inﬁibitoryr A
contentrations aﬁOng isolétésrffom the two eﬁvironmenfs; the resistance
characteristics may have provided an ecologicélAadvéntage in both N
hospitél and sewage envhonmento becouse of the Qariety of'resistaoce‘
factors seen among most R plasmlds. B

/ Multlple drug resnstance as seen-among sewage-andkhospital.
isolates, was- typical of~organj5ms‘found in an environment possessing
more than one. type of antibiotic (153).  The prevalence of multiple
resistance among sewége»isolatesA(Table.l)~agreed,with tﬁe findings of
- Cooke (36) who - showed a high |nC|dence of multlply-reSIStant coli--
z?orms in sewage and in sea water contatnxng the sewage efFluent.
Grabow et al. (67) and Grabow and Prozesky (66) have shown progres--
sively higher Ievels of multiple resistance as wastewater treatment
proceeds -toward. the plant outfall and also in the water beyond the
,..outfall. The basis of this observation has yet to be fully demonstrated

but R plasmid properties (e.g. heavy metal resistance), not ecblogically
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relatedltO"(but-cova}entlyebended”withl antibiotie;resistgnCeﬂﬁavarov{de the
selectjvevpressufehheeessary for production and maintenance .of the‘multhJe res
sistenee (71).
| -The production and majntenance of the multiple resistance has also
been shown among the flora of persons having no known exposure to anti-
biotics. Datta (42) and Widh_and‘Skold (198) demonstrated similar
resistance patterns (i.e., antibiotic types and resistance concentrations)
among the flora of'hospitalized'aed non—ﬁospitalizedvindividuals. This
ubiquifous demonstrafion ofvresistance,.e;en among bacterial pepulations
)ot e*posed to antibidtfcs, ]eées,one fo‘belfeve thet>e reservoir =
egists for resistence,
.Transfer kiheties_ﬁave;thﬁs far been studied en?y in defined,

~in vitro systems. Harada and Mitsuhashi (76) has studied the transfer

kinefics for E,‘colieshigelia sysfems. They‘feVealed temperefdfe and
pH to be the erfmary abiotie factors confrolliné ie*vitro transfer.
Fonfthese parameters, they found temperature ranges of 25 to 405C

“ and~pH ranges. of SQb to 9.0 to support R plasmid transfer. .Harada énd
Mitsuhashi further demonstrated 37°C and pH.7.5 to be optimum for~.
resistantentransfer. Transfer frequencies reported by Harada and
Mitsuhashi (76) and: ranged from 107 2 to 10<h, ~ Thosevalues are in ‘v, : -
gé%eral agreement with the values obtatned in this. study for in vstro,wA
transfer frequencnes observed ln NB and 'SS (Table 2). Both medla
(NB and SS) were complex and undefined. Therefore, an unbiased com-
parison of the two was possble only if the assuﬁption was made that

mpeither possessed constitqents that significantly inhibited cell grqwth
and»reprodUCtion.b The difference between NB and SS, with respect to

growth potential was illustrated in the growth curve determinations'

<
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(Apcendices,4~9); The curves for SS approximate iogvdeath. THe tact

that the transfer rate in NB was signiffcantly greatec (P<€.03) 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]arifiaf’(i = 4,3x 1075) were significantly,less (PL.1) than

the rate ‘of resistance transfer oBserved‘in'secondary clarification

(% = 7.5 x 10’5). From studies conducted with_theit membrane-filter

chambers, McFeters and Stuart (T14) revealed almost free, large mole~

cular Welght (approx;mately 5x105) chemlcal exchange from outside to
;ns:de.v This demonstration, together with the wide acceptance for use
of the‘chamber for in sity'stUdiesvin»aquatic erivionments led to. the
- use of this diffusion chamber for the wastewater treatment plant in
s}tq stueiee, THerefore, the chemicaT‘differehces:demonetrated in the
clarifiers directly affected the bacterial interactions within the
membrane-dfffusionuchamber;‘ Turbulence ‘would not have a dlrect effect
on the internal envuronment of the chamber, but physical water move-
ments outs&de the chamber may have resulted in chamber dlsplacement
in the water column,.whxch would simulate. the external turbulence.

5?' .LlPhysica]fchemical differences for .the two clarifying tank environ-
ments are listed in Abpendix 2. Beyond»obViouerpH‘differenCes (primary
clarifier, ipH =vs.h; secondary c]arifier,’ pH = = 7, 5) differences in sus-
pended solids (S.S.) and biochemical oxygen demand (B.0.D.) revealed sig-
nificant differences in the chemical constituents of the two clarifiers.:
PN ’
5;These,Chemical,differences,may explain the variation in transfer fre-

quenc* observed between the matings in'the_two ciarificatiqn tanks. Pri-.

mary clarification turbulance was visibly greater than that seen in the

¢
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secondary elerifiek. Thus, physical moveﬁent of'the frensferbehembefs
in prsmary clar:f;catlon may have reus]ted in breakage of the fragxle
conjugal p;li (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, X = 3.7 x 10-5§

secondary, % =12.6 x 10 5) “than did Shigella sonnei S (primary, X =

3.6 x/10 5; secondary, X = 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 reason, E. coli may function as a

relatlvely nonvxrulent pathogenic mediator or antibiotic. resistance

transfer among strains wnth greater virulence (e g Sa]mone!la enterxt~

idis). In vivo studies have repeated]y shown -resistance .transfer to

occur between E.,coll and S enterstldls ser. Typhtmurlum (170 171).

. However; the present study was the first to describe simulated in situ

transfer with potentially pathogenic organfsms, |
The simulation of in situ transfer revealed a deerease in transfer
frequeney'aefaléd'deseribed by Lecey:(163) when comparing artificial
3; to natural conditions. THerefore, he .insisted in vivo transfer could -

not be inferred from in vitro tests. ' This observation also fed him'to
believe transfer amond enteric pathogens did not occur to any“signifi—v

- cane in vivo. However, Shith (171), Anderson (12) and Kayser et .al. (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
tranéfer frequencies were especially significant when the transfer took
place in the proper, selective environment (i.e., high antibiotic concen~

¢ tration).
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Lowered\transfer frequencies have also been demonstrated for in
situ simulation studies comparing transfer rates in a river water med-
fum with retes seen in a nutrient broth. Grabow et al. (69) showed a_
dec]inerof.lof§»from riveh water freqoehcies‘to those calculated for o -
an undefined nutrient bhoth. A}thoqgh no explanation has offered for_
this drastic declihe in transfer rate,'Ge]drioh (63) has postulated

_thehpresehce of oomplex bacter?cidallectivity associated‘with river
watef. Other factors which may have led to the"dec]ihe iniresistahce
transfer ere; pilush(ecepfof site infefference,ipiTus injury, as well
es hacferial predation and bahasﬁism. These fnterections may also
be present in wasteWater;' Consequent]y, bacterta exposed to this varnety
of factors would be klfled or lose transfer capabllltles resuittng
in decreased transferable resistance associated with the bacterial
comwunity. This dec1ihe in érensferable resistance wou]djultimately
result in a decreased transfer frequency in the wastewater treatment
piant. . |
- "fo estabfish the p!asmio nature_ofAhesistahoe end.hhensferahle
resistaneelin both donor ano hecomb§hant streins,>ettempts were made

g7to eliminate the extrechromosomal_geheeje e}ements fhoh el] strains
thet demonstrated resjstahce tovthe five antibiotics. vpue_to their
extrechromosomel neﬁqhe.(32), pfasmids are elimfneted from ihe host
bacterium followrng exposure of that bacterium to sub-lethal concen-
trations of lntercalcatsng dyes (e g., acridine orange ethldlum
bromlde) (153,152,151,190). Also, because genetic material associated
with pilus synthesis is found on the R plasmid, detergents (e.qg.,
dodecy] sodlum sulfate) that eltmlnate bacterlal cel!s possess:ng these

>spec1al pili also eliminate the R plasmlds (156)

2 Using these chemical treatments, resistance was eliminated from

69.4% of all strains (Table 7). The removal of resistance by exposure
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_to curing agents was especially effective for recombinant strains. The

85.7% curing rate seen among recombinant strains corresponds well with

‘the 80~90% cﬁting rates -observed for E. coli and Shigella species by

Mitsuhashi et al. (118) and by Salisbury et al. (156).. There-".

fore, the high-Tevel of resistance shown, (Table 1), high resistance curing .

rates observed among donor and recombinant orgaisms (Tabie 7) and the trans-

missthle.nature of the resistance (Table 2) suggested that the resistance

observed in this study was, lnfact R plasmsd-medtated (71). - |
Thxs study revea]ed the in situ transfer of antlblotlc res:stance

among isolated bacteria’from the wastewater treatment plant and from a

nearby h05p1tal THe tn situ transfer frequenctes, although Tower than

those typically observed in vitro, demonstrated a high incidence of R

p]asm;d transfer among hacteria within the wastewater treatment plant.

"Due to the diversity of the microbial COhmunity entering the wastewater

treatment b]ant, R blasmids origihating>from‘non;pathogenicVbacteria-’

A-may be conjugally-transferted 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~

p]y res:stant, pathogenic bacterial populatlon into the aquatic envir-
onment. Presence of these re5|stant pathogens would severely limit the
use- of such water for recreational or commehcial purposes. THe incie
dence of a watereberne, Shigella-outbreak was tecently reported im-
medTgtely below a Qastewater treatment plaht (25,150). Such occurrences
of water-borne disease by multiply-resistant bacteria should>lead to
‘evaluation of not only the effuctency of the treatment plant and the use

of water below the outfall of a wastewater treatment. plant but aTso an

¢
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evaluation of the use of aﬁtlblotics for non- medlcal purposes. 0b-
vcously, the antlblotlé concentratsons w:thln the treatment plant Qas
not the selective factor fapi!itating the mafntenahcefand transfér of'
antibiotic résistance.  However, the selective environment wHiCh al-

‘lowed the evolution and maintenafce of a transferable plasmid with

‘multiple antimicrobial resistance (e.g., heavy ‘metals, ultra-violet

radiation, antibiotics) must be regu]ated to minimize such genetic

recombnnat:ons.
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- CONCLUSIONS

o o ‘ ™~ S -
In this study, antibiotic resistance transfer has- been demonstrated

‘infvitro,iaﬁd’in situ. The significance of differehceé 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 fova variety of agents (e.g., antibiotics, heavy metals, ultra-
violet radiation), the selective nature of a specific»envifonment‘_isA
not heceSsakily high antibioti; con;entration. However; acknowledging
the widespread use of antibiotics'for‘commgrciai and medfcal‘purpbses,
an extrémely efffcientfseleﬁtfve'ethbhment is maintained for the
evolution and maintenane‘of‘multfply—resfgtant baCteria‘%h animal hus=
béx"ndries, in commercial fisheries and in hospitals. With the. large
antibiotic dosages required for treatment éf large animals or large
- numbers of animals, fishery ponds and human beingsi éhtibibtic‘overf!éw
may 6ccur, resulting in selective pressureifor other environments to
maintain a resistant flora. Other such enviroﬁments include waste-~
water<treatment plants. For this reason, a need has arisen for careful
régulation and control of the use of antibiotics fpr‘non—medical, non-
infectious pdrposes. |

;FFOm"this'simulation study,'several-conclusions can be drawn with
regard to tréﬁéfgk’of antibiotic resistance in wastewater treatment
plants: - |

w
. High levels of antibiotic resistance occur among the flora

of both hospitalized patients and wastewater treatment plants.

Antibiotic resistance transfer does occur in situ in the
primary and secondary clarifiers of a wastewater treatment
plant.
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A significant difference in transfer'f;éguency exists

between primary to Secondary clarificatipn environments,

The difference appears to be due to the variation in phys:cal~
chemlcal factors for the two clarifiers.

Transfer frequencies vary among the,donor—recipient pairings

" that occur. : However, E. coli was shown to be a relatively'

stable interspecific donor an and recipient of antibiotic resis-
tance. ’ '

Transformation and bactériophage transduction did not sig-
nificantly add to the amount of antibiotic resistance trans-
ferred with the wastewater treatment plant.

The environment present in the wastewater treatment plant was
adequately represented by the environment within the modified
Stuart-McFeters chamber. Although bacterial contaminants
and other larger species were kept fromenterxng the diffusion

. chamber, phySIca] -chemical alterations in the treatment. plant

dlrectly or indirectiy affected the matnng medlum w:thin the
diffusion chamber. e . ‘

Antibiotic resistance present among bacteria isolated from
wastewatey -treatment.and hospitalized indiyiduals was -
transferred to sensitive strains from the same environments:
at rates that may be sxgnlfxcant in recelvvng water beyond
the sewage outfaii
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Appendix 1. Monthly average physical—chemicél
constituent for the wastewater treatment plant, 1979

Physical—chemical measurement

R
A

Homeh i s.s.l Boo?2  po® | sawrt
San T B.6/7.4 - 95/16 438716 5.4 122
Feb  8.5/7.4  89/11 ) 481715 "': 45 125
Mar 8.4/7.3 102/11 429/22 4.5 .
Apr B 8;6/7.4, 92/9 447/15 4,3’f 169
May 8;2/7.4. 83/8 363/10 4.5 163
Jun 8.5/7.4  89/22 '400/24 e 179
Jul 8.4/7.4  T4/17 359/16 4.1 143
Aug 8.6/7.4.  80/5 384/9 3.8 297
'sép | 8.3/7.4 80/6 374/15 3.8 319
Oct 8.5/7.5: 81/15 453/25" 3.3 302 
Nov 8.3/7.4  89/15 ‘404/18 - 4§1 1355
Dec 8.4/7.4 : 303/11‘ ’423/22 4.6A 143
i |

$.5. = total suspended solids (mg/L)

28.0.D. = biochemical oxygen demand (5 day, 20°C) E » ’ . .

3D.O. = dissolved oxygen (mg/L) for final effluent

_ 4S.‘V.I.T= sludge volume index (ml/L) for final effluent

SFdr all fractions listed, numerator indicates value for
primary clarifier, denominator indicates value for secondary
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Appendix 2. Wastewater treatment plant physical-chemical
constituents, 2-9 October 1979
Physicél—chemical measurements
Date : ” y | ‘
' Tl pH 5.8 B.0.D.> p.0.* $.V.1.°

M 433 g.6/7.4 69/7° 420/18 3.9 346
3¥d  13.3  7.9/7.4 67/7  400/11 3.8 305
4th 7.8 8.9/7.5 67/6 413/13 3.8 313
sth 12,2 9.1/7.5 63/6 366/16 3.5 303
6t 9.4 7.9/7.5 66/7 42779 3.6 291
7th 8.9 7.8/7.4 82/6 400/8 3.6 277
8th  10.6  8.0/7.5 77/5 387/17 3.6 283
ot 8.9 9.0/7.4 82/5 420/37 3.5 306

lp = yater tempétature in ©°C as measured for the primary effluent

2S.S. = total suspended solids (mg/L)"

3B.O.D. = biochemical oxygen demand (5 day, 20°C)

4p.0. = dissolved oxygen (mg/L) for final effluent

5S.V.I’. = sludge volume index (ml/L) for final effluent

6For all.fractions listed, numerator indicates value for
primary clarifier, denominator indicates value for secondary
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Appendix 3. Standard Biochemical Setl results
‘ for sewage and hospital isolates

3‘,

‘ Test? ] w -
' T &3] 1]
. il ot wil . - ) L .
1 S ~ — — N ™ e :
o - o i s v o -
: Y Q ee) ’ ; a9l
) o« o 4t o o - o o
cedd ] C R ) r— . S ]
fort i ' C o] e O e o]
< a & & u! 3} o u’ )
wl oAl om ®m o o®m M | E
HyS + o+ + - - - - - -
Urease R - - - -
Indole - - - + T+ o+ + + =
) MR + o+ +. + + + + + +
o - .
P - - - - - - - - -
,Citrate. + - - - - - - - -
KCN - + + - - - - - -
Motility + + o+ + + o+ + + -
LD L+ - - + + O+ + o+ -
AD . + = - === = -
0D ' + o+ + + - + o+ - +
D = 4+ F - - - - - -

lEdqwards and Ewing, 1973 (52)

Tests are designated: - MR =bmethyl red, VP = Voges-Proskauer
LD = lysine decarboxylase, AD = arginine dihydrolase, OD =
ornithine decarboxylase, PD = phenylalanine decarboxylase

3_Strain designation: H = hospital isolate, S = sewage isolate
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Appendix 4. Growth of Salmonella enteritidis H -
" in Nutrient broth (NB) and sterile sewage (SS).

Multiple correlation coefficients for the 9

plotted lines are listed for each medium (R B

. and ’sts) .
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Appendix 5. Growth of Proteus mirabilis H in
Nutrient broth (NB) and sterile sewage (SS).
Multiple correlation coefficients for the

plotted lines are listed for each medium (R

NB

rand R SS)’
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Appendix 6. Growth of Proteus mirabilis S in -
Nutrient broth (NB) and sterile sewage (SS).
Multiple correlation coefficients for the -
plotted lines are 1:Lsted for each medium (RZ NB
and RZSS)




e
«(’/))

108

o
foery
=,

Bacteria mi’:

[y
]
<

1

B !

72

Time (h)

Appendix 7. Growth of Escherichia coli Hl in
Nutrient broth (NB) and sterile sewage (SS).
Multiple correlation coefficients for the
plotted lines are listed for each medium (R
and R SS)' o
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Appendix 8. Growth of Escherichia coli S2 in
*lutrient broth (NB) and sterile sewage (SS).
. : Multiple correlation coefficients for the
> - o ,plottsd lines are listed for each medium (RZNB
. . . and R SS)-" _ E :
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- Appendix 9. Growth of Shigella somnei S in
Nutrient broth (NB) and sterile sewage (SS).
Multiple correlation coefficients for plotted

plotted lines are listed for each medium (Ryy
and R%g).
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-Appendix 10, Nutrient and XLD agar plate colonial
morphology and API 20E reactions of Salmonélla

3 . k3 P . - . '} » - ‘U
enteritidis H following 24-h incubation at 35°C.
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Appendix 11. Nutrient and XLD agar plate colonial
morphology and API 20E reactions of Proteus ‘
‘mirabilis H following 24~h incubation at 35 C.




Appendix 12. Nutrient and XLD agar plate colonial
morphology and API 20E reactions of Escherichia
coli H1 following 24-h incubation at 35°C.
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Appendix 13. Nutrient and XLD agar plate colonial
morphology and API 20E reactions of Shigella
sonnei S following 24-h incubation at 35°C.




