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Interference with the Mannose Binding and Epithelial
Cell Adherence of Escherichia coli
by Sublethal Concentrations of Streptomycin
BARRYI. EISENSTEIN, ITZHAK OFEK, and EDWINH. BEACHEY,Departments of

Medicine and Microbiology, University of Tennessee and the Veterans
Administration Hospital, Memphis, Tennessee 38163

A B S T RA C T When Escherichia coli was grown in
sublethal concentrations of streptomycin, mannose
binding activity and epithelial cell adherence of the E.
coli cultures at stationary phase were significantly
reduced in the drug-grown organisms. In a strain whose
minimal inhibitory concentrations was 30 gg/ml, the
percentage of reduction in mannose binding activity
was dose related over a range of concentrations be-
tween 0.5 and 10 ,ug/ml streptomycin. Concomitant
with the drug-induced suppression of mannose binding
activity, antigenic and ultrastructural alterations on
the surface of the drug-grown organisms were ob-
served by agglutination tests and electron microscopy,
respectively.

The streptomycin effect was reversible, required ac-
tively growing organisms, and was most apparent in the
early log-phase of growth. High doses of antibiotic
were ineffective when added to cultures which had
acquired mannose binding activity. An isogenic deriva-
tive with high-level resistance to streptomycin was
obtained as a single-step mutation from the test E. coli
strain. Whereas the isogenici mutant possessed man-
nose binding activity and adhering ability similar to the
parent strain, it was resistant to the streptomycin-
induced suppression of the two activities at enormous
concentrations (up to 10,000 ,g/ml) of streptomycin.
Taken together the results suggest that the suppression
of epithelial cell adherence and mannose binding
activity of E. coli grown in sublethal concentrations
of streptomycin is a result of classic mechanisms of
drug action upon the bacterial ribosome. The results
support the possibility that antibiotics inay act through
mechanisms other than inhibition of growth and bac-
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terial killing to eradicate bacteria from mucosal sur-
faces.

INTRODUCTION

The clinically important effect of antibiotics oni bac-
terial isolates classically has been considered to be the
relative ability of the antibiotic to either kill or com-
pletely inhibit the growth of the organism. The meas-
urement of these abilities is referred to as miinimial
bactericidal concentration (MBC)1 or minimal in-
hibitory concentration (MIC), respectively. At cooncen-
trations below the lethal or inhibitory levels, there are
still demonstrable effects, such as decreased rate of
growth or altered morphology. Several investigators
have used the term "mininimal active concentration"
and defined it as the minimal drug concentration
producing either a change in morphology seen by light
or electron microscopy, or growth inhibition of at least
one logarithm compared to control cultures without
drug (1).

Little is knowni about the effect of sublethal conicen-
trations of antibiotics on the expression or production
of specific determinants of pathogenicity, which might
impair the infectivity, rather than the replication, of the
parasite. The infectious process is considered to be a
chain of multiple steps initiated in most cases by bac-
terial colonization of mucosal surfaces (2). This first
step in tissue invasion or damage most likely begins
with the adherence of bacteria to epithelial cells of the
host mucosa (3). We recently reported that penicillin
caused nongrowing (stationary phase) streptococci to

I Abbreviations used in this paper: BHI, brain heart infu-
sion; CFU, colony-forminig units; MNBC, minimiilal bactericidal
concentration; .MIC, minimal inhibitory concentrationi; a-
NIM, methvl a-D-mannopyranoside; mRNA,messenger RNA;
PBS, phosphate-buffered saline; StrR, streptomvcin-resistant;
Strs, streptomycin-sensitive; YAP, yeast agglutinating power.
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lose cell wall lipoteichoic acid, a mediator of adherence
of streptococci to epithelial cells (4); the loss of lipo-
teichoic acid resulted in a loss of adhering ability.

Sugar residues on the surface of the epithelial cells
have been shown to serve as receptors for the binding
of certain bacteria (5). In the case of Escherichia coli,
it has been shown that the organisms contain a lectin-
like substance which binds the bacteria specifically to
mannose residues on epithelial cells (6). Recently we
found that mannose binding activity of intact organisms
could be monitored by aggregometry employing man-
nan-containing yeast cells. The degree of aggregation
was shown to correlate with the ability of the organisms
to adhere to mannose residues on epithelial cells (7).

The purpose of this investigation was to analyze the
sublethal effects of streptomycin on the ability of grow-
ing E. coli to bind mannose residues and adhere to
human epithelial cells. Streptomycin was chosen as a
prototype aminoglycoside antibiotic because its mode
of action on ribosomal translation of messenger RNA
(mRNA) is the best studied of all inhibitors of protein
synthesis in susceptible bacteria (8-10). Wewere able
to quantitate a novel effect of sublethal levels of strepto-
mycin on E. coli as manifested by loss of mannose-
mediated adherence to human epithelial cells, and to
correlate this effect with antigenic and anatomic altera-
tions of the bacterial surface. Furthermore, this effect
was shown to follow the classical mechanism of strepto-
mycin action (8-10) in that antibiotic-sensitive cells
in the stationary phase or mutant resistant cells in all
phases of growth were impervious to the effect.

METHODS

Microorganisms. A streptomycin-sensitive (StrS) strain of
E. coli, M-Strs, was obtained from a clinical specimen and
purified by serial clonal selection (MIC of 30 ,ug/ml). A
streptomycin-resistant (StrR) mutant of the clinical strain was
selected by spreading 108 colony-forming units (CFU) of M-
StrS on each of several agar plates containing 20 ml Mueller-
Hinton agar (Difco Laboratories, Detroit, Mich.) with 200
,Lg/ml streptomycin (Sigma Chemical Co., St. Louis, Mo.).
After 72 h incubation at 37°C, several single colonies ap-
peared, one of which was purified and ascertained to be a high-
level StrR mutant by standard methods. This derivative, M-
StrR, and the parent, M-StrR, were stored on deep agar slants
and in refrigerated nutrient broth at 4°C (brain heart infu-
sion [BHI], Difco Laboratories). They were periodically
checked for purity and identity by standard methods.

Candida albicans organisms were maintained on slants of
Sabouraud's dextrose agar (Difco Laboratories) and periodi-
cally subcultured. A standard suspension was obtained by sub-
culturing the organisms in nutrient broth for 24 h at 37°C with
constant shaking.

Cultural conditions and growth studies. E. coli strains
were subcultured 1:100 from stationary phase broth cultures
to 100 ml of fresh nutrient broth and incubated at 37°C to early
visible growth, typically 2 h, or for shorter periods of time.
Aliquots of 0.05 ml were then further subcultured in a total
of 5 ml broth with increasing concentrations of streptomycin,
or without drug as a control. Experiments were typically run

in duplicate or triplicate and included samples with sufficient
antibiotic levels to determine the MIC. In several experi-
ments, minimal media Davis (Difco Laboratories) replaced
the nutrient broth.

Cultures were incubated in a water bath at 37°C for 48 h.
Growth was monitored every 15 min to 1 h for the 1st 5 h and
then at 24 and 48 h either by absorbance on a junior Coleman
spectrophotometer (Coleman Systems, Irvine, Calif.) at 550
nm or by optical density on a Klett-Summerson colorimeter
(Klett Manufacturing Co., New York) with No. 540 filter. In
some experiments organisms were harvested by centrifuga-
tion, washed three times in 0.02 Mphosphate-0.15 NaCl, pH
7.2 phosphate-buffered saline (PBS), and resuspended in the
same buffer. The concentration of bacteria in the suspensions
were determined by direct counts in a Petroff-Hausser cham-
ber (C. A. Hausser and Son, Philadelphia, Pa.), by optical
density measurements, or by viable counts by standard dilu-
tion plating technique. For the E. coli used in these experi-
ments, 109 CFUwere equivalent to a Klett of 100 or an OD
of 0.3 at 550 nm.

Determination of protein and DNAsynthesis. E. coli M-
Strs was subcultured as above in 125 ml nutrient broth, grown
for 90 min at 37°C, and then supplemented with 0.1 mCi of
[3H]thymidine (New England Nuclear, Boston, Mass.; sp act
28.5 Ci/mmol) and 0.01 mCi of [14C]leucine (New England
Nuclear; sp act 54.4 mCi/mmol). After 20 min further growth
at 37°C, 15-ml aliquots in replicate were distributed to screw-
topped test tubes to reach a total volume per tube of 20 ml at
streptomycin concentrations of: 0, 0.5, 2, and 10 ,uglml.

Yeast cell aggregation tests. Candida yeast cells harvested
from 2 liters of broth were washed twice with PBS and resus-
pended in 100 ml PBS containing 0.1% gluteraldehyde. The
mixture was stirred for 1 h at room temperature, sedimented,
and washed again with PBS, resuspended in 100 ml PBScon-
taining 0.1 Mglycine, and stirred for 30 min at 23°C. The cells
were then harvested, washed twice; and resuspended in PBS
to a concentration of 2 x 107 yeast cells/ml, using a hemocytom-
eter for counting. After adding sodium azide (0.02%) as pre-
servative, the yeast cell suspension was stored at 4°C for up to
2 mo before use.

Aggregation of yeast cells was monitored in a Payton Ag-
gregometer model 300A (Payton Associates, Buffalo, N.Y.) ac-
cording to a turbidometric method (11). Aliquots (0.5 ml) of
the standard yeast cell suspension were pipetted into 8 x 45-
mmglass cuvettes and stirred at a constant speed of 800 rpm
at room temperature. The aggregometer was adjusted to read
30% transmission for the yeast cells suspension and 90% for
PBS. After establishing a stable base line, test organisms,
15 x 107 bacteria in 10-,ul vol, were added. As aggregation
proceeded, the change in percentage of transmission was
continuously recorded as a function of time using a Goertz
(Gelman Instruments Co., Ann Arbor, Mich.) recorder. Re-
cently we have shown that the velocity of aggregation is
proportional to the number of bacteria added and to the ability
of these organisms to adhere to epithelial cells (7).

Slide agglutination tests. Glass slide agglutination was
performed by mixing equal volumes (10 ,u) of standard yeast
cell suspension and dilutions of bacterial suspensions on a
glass slide and manually rotating the slide gently. A positive
reaction would give course clumping, visible to the naked
eye, within 60 s. Dilutions of bacterial suspensions were pre-
pared by pipetting 20 ,ul of each test suspension, with known
bacterial counts, to the first row of wells in U-bottom clear
microtiter trays (Cooke Laboratory Products, Alexandria,
Va.), adding 20 pul PBS in wells in each row, and serially (1:2)
diluting and mixing bacterial suspensions. The yeast ag-
glutinating power (YAP) of a test suspension was calculated
according to a modification of the method of Duguid and
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Gillies (12) as 1011 divided by the minimal concentrationi of
bacteria producing yeast cell agglutination. Minimal conicenl-
trations of bacteria were computed by dividing the bacterial
concentration of the original suspension by the higher dilu-
tion (titer) capable of giving positive yeast cell agglutinationi.
No difference in YAP was noted when dilutions were made
directly from cultures or from prewashed bacteria.

Tests of reversibility of mannose binding activity. Or-
ganisms were grown in 5 ml BHI in routine fashioni with the
following streptomycin concentrations: 0, 2, 5, and 10 ,ug/ml.
The YAP of each culture was determined after 48 h. The
samples were then washed thrice in PBS, resuspended in 5 ml
BHI to _107 CFU/ml, and incubated for an additional 48-h
growth (first subculture). Each of these subcultures was
tested for YAP, subcultured 1:100 to fresh BHI (second sub-
culture), and grown 48 h. The YAPs of the second subculture
were then determined. Relative YAP was defined as: (YAP of
48-h antibiotic-grown organisms/YAP of 48-h organisms growni
without antibiotic) x 100. After each of the two serial subcul-
tures to drug-free broth, the above numerator was chaniged to:
YAP of 48-h subcultured organisms derived from the initial
antibiotic-containing culture.

Adherence tests. The experiments were performed by
methods described previously (13). Briefly, 0.5 ml of a sus-
pension of epithelial cells (2 x 105 cells/ml in PBS) from the
buccal mucosa of one of us (Dr. Ofek) was mixed with 0.5 ml of
washed E. coli adjusted to 1-2 x 108 bacteria/ml. The mixture
was rotated end-over-end for 30 min at room temperature.
The epithelial cells were separated from nonadherent bacteria
by repeated differential centrifugation, resuspended in 0.05
ml PBS, and smeared on a glass microscope slidle. After dlrying,
the preparation was stained with gentian violet and examined
with a bright field microscope. Slides containing more than
four nonadherent bacteria per oil immersion field were
omitted from analysis. Adherence was recorded as the average
number of bacteria (+SE) per epithelial cell of 20 counted
cells. A control sample of epithelial cells without added
bacteria was always counted concurrently. Results of ad-
herence tests were omitted when the background counts ex-
ceeded five bacteria/epithelial cell.

Preparation of rabbit antisera. E. coli M-Strs was har-
vested from a 48-h culture in nutrient broth without added
antibiotic, washed thrice, and resuspended in PBS. One rab-
bit was injected intravenously with 0.5 ml of the E. coli suspen-
sion (2 x 109 bacteria/ml) thrice weekly for 2 consecutive wk.
Immune serum was collected at 4 wk and diluted 1:20 in PBS.
An aliquot of immune serum was serially absorbed with
washed E. coli M-Strs grown in the presence of 10 ,tg/ml
streptomycin until it no longer agglutinated drug-treated
bacteria. The preimmune, unabsorbed, and absorbed antisera
were treated with papain by the method of Porter (14) ex-
cept that no attempt was made to separate the Fab from Fc
fragments.

Inhibition of epithelial cell adherence by papain-treated
sera. 0.05-ml aliquots of papain-cleaved sera were added at
the desired dilution to 0.025 ml of drug-free-grown bacteria
(2 x 108 bacteria/ml in PBS). After 10 min incubation at 22°C,
0.025 ml of a suspension of epithelial cells (106 cells/ml in
PBS) was added. The remainder of the procedure to evaluate
adherence was as described above except that only one differ-
ential centrifugation was performed. As controls, methyl a-
D-mannopyranoside (a-MM) at a final concentration of 2.5% or
PBS alone were used instead of sera.

Ultrastructural studies of bacterial cell walls and piliation
by electron microscopy. Thin-section studies of the vari-
ously treated E. coli were prepared and examined according
to previously described methods (15). Briefly, cells were fixed
for 4 h in ice-cold 2.5% gluteraldehyde in 0.1 Msodium caco-

dylate buffer at pH 7.4, washed twice in the samile buffer with-
out gluteraldehyde, post-fixed for 1 h in 1% osmiumiiii tetroxi(le,
and dehydrated in stepwise inereasinig coneenitrationis of
ethanol. They were then suspended in Spurr low-viscosity
embedding media (PolyScieniee Ine., Warrinigtoni, Pa.) and(
finally embedded in Spurr in Beemii capsules. Ultrathlin. sec-
tions (Ultramiiierotomiie; DLuPonit Inistrumilenits-Sorval 1, Du Ponit
Co., Newtown, Conn.) were placed Onnoakedl copper griuls,
stained for 20 mIi with 4% uranyl acetate in water and for 5
min in 0.3% lead citrate in 0.1 N NaOH, and( examiiine(I with
an AEI, EM6Belectron mieroscope (AEI Scientific Apparatis,
Inc., Elmsford, N. Y.). In additioni bacterial suspenisionis wvere
negatively stained wvith phosphotungstic acidl ancd examiinled
by electron microseopy by methods previously descril)ed (16).
Pili were enumilerate(d the methodl of Novotnv et al. (17) andl as
previously described in detail (7). To correlate dlegree of pilia-
tion with mannilose bindling activity, pili were eniumilerate(d in
aliquots of the eulture samples used in the miaininlose lbinding
assays.

Preparation of pili. A partially purifie(d preparatioin of pili
from E. coli in drug-free broth was prepared as previously (le-
scribed (18). Briefly washed l)acteria from a 15-liter broth
culture were blended for 2 min, the (lepiliate(l bacteria vere
centrifuged out, and the stuperniate was subjected to serial
cycles of 10% ammlloniumn sulfate precipitationi. The finial pili
precipitate was dlissolvedI in PBS, dialyzed against dlistille(d
water, and lyophilized.

Hemagglutination. Hemlagglutination of guinlea pig
erythrocytes by E. coli pili was performed by the methodl
of Salit and Gotschlich (18). Inhibition of hemalggluitniiationi
was done as follows: 15 ,ul of 1 mg/mill of pili was Imlixed with 15
Al of either PBS, 2.5% mannose solution, or serial dilution.s of
pre- or postimmune sera and incubated for 30 mIn at 22°C in
microtiter wells. 10 Al of washed guinea pig erythrocvtes was
added to all wells aind the mixtures were gently agitated and
incubated for an additional 2-3 h at which time hemagglutina-
tion was recorded. All solutioniis and dilutions were prepared
in PBS.

RESULTS

Growth effects induced by sublethal concenttratiotns
of streptomycin. During the logarithmiiic phase of
growth, bacterial protein synthesis (['4C]leucine in-
corporation) closely paralleled total bacterial mass
(turbidity), and was preceded by DNAsynthesis ([3H]-
thymidine incorporation) for both drug-free and 2 ,ug/
ml streptomycin-grown bacteria (Fig. 1). Viable counts,
at 24 and 48 h, were proportional to total bacterial
mass for the cultures grown without drug or with 2 ,ug/
ml of streptomycin, but only 25-50% of that predicted
by turbidity for the cultures grown with 10 ,ug/ml of the
drug. Total suppression of bacterial growth occurred
at 30 ,tg/ml streptomycin (MIC). Weemploy the term
sublethal concentration to denote any dose of strepto-
mycin below the MBCor MIC (30 ,ug/ml), though death
of a significant proportion of the cell population still
occurred at 10 ,tg/ml. Slight growth suppression with-
out bacterial killing occurred at 2 pug/ml antibiotic.
MICs remained stable throughout these studies.

Streptomycin suppression of acquisition of mantnose
binding activity by growing bacteria. Aliquots of
bacteria obtained at 6, 24, and 48 h from the cultures
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FIGURE 1 Turbidity, [3H]thymidine uptake and ['4C]leucine
uptake during the growth of E. coli in nutrient broth contain-
ing no drug (0), 2 ,ug/ml (0), and 10 ,ug/ml. (x) of streptomycin.
1-ml ali(uots were removed from the growing cultures at times
indicated for measuremnent of turbidity and for counting in a
liquid scintillation counter (Nuclear-Chicago, Des Plaines,
Ill.) of raldiolabel associated with bacteria after washing on a
nitrocelluilose filter (Millipore Corp., Bedford, Mass., pore
size 0.45 .tml).

grown with and without streptomycin were assayed for
inannose binding activity. Compared to the control or-
ganismiis, E. coli grown in sublethal amounts of strepto-
mycin lost their miannose binding activity, as indicated
by both rate (Fig. 2) and miagnitude (Table I) of aggre-
gation of mannan-containing yeast cells. When these
experiments were repeated multiple times, we found a
marked dose-dependent loss of mannose binding
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FIGURE 2 Aggregationi of mannan-containinig yeast cells by
E. coli grown in conicentrations of streptomiiycin: 0, 2, an(1 10
,g/ml. A base line of percentage of transmittance of a yeast
cell suspension (30) was established as described in Methods.
15 x 107 bacteria in 10-Al vol were added at 0 time as inidicatedl
by an abrupt simiall dlecrease in transmnittancee. The bottom
curve (none) shows aggregation by E. coli grown without anti-
biotic as demiionistratedi by an increase in transmittance to
50%. The curves oni the top demonistrate the diminished ability
of antibiotic-growvn b)acteria to cause aggregation.

aIbility in the antil)iotic-grown E. coli (Fig. 3). The low-
est concentrationi att which a reproducible effect was
n1oted was 0.5 /.tg/mil streptoImvyciin, ain amiiounit that
produced no dletectal)le suppression of viability, bac-
teriall imlass, or protein or 1)NA synthesis (data niot
shown). At any giveIn close there wats anl iniereatse in
mnnaioiose binding atetivity over timie: 48 h > 24 h
>>>6 h (Table I). Oniee acquired, mannose binding
ability was i unmllo(lifie(d by subse(quenit exposure of the
orgainismii to lethatl levels of streptomyciivi (10,000
,g/mnl) or to sodiumil atzide. Culture filtrates fromii stat-
tionary phtse organisms growni in the absence or- in the
preseniee of the variiotis (1rug coIneneltratioins were (IC-
void of any detectable mianinose binding activity or
ability to inhibit yeast cell atggregationi ini(lulce(l bv
E. coli. These res;ults inidlicate thatt the dlevelopment of
mannose b)in(ling activity is niot due to the direct aetion
of antibiotics on formed ligand(I but rather oni ligian
svn-thesis.

Relatiotnshil) bet vee)l piliatiotn an(d manniriose bind-
itng activity. Becatuse other investigators have showni
thait binding of type 1 pili to eukaryotic cells is maininiose
senisitive (18), we examinied E. coli M-Strs for the relat-
tionship l)etween (legree of piliattion ancI imiainose
binding activity und(ler various cultural cond(litions. In
the first set of' experimiients, we analyzed piliation of
l)acteria grown without antil)iotic ait vatrious timiles of
growth. There wats a timiie-dependlenit inierease in tlle
proportioni of' piliatedl organismns: at 6 h growth the
m11ean11 pIercentage was 58; at 24 h, 91; atndl( at 48 hl, 97%.
The ce(quisitioni of pili paralleledl the time-dependent
inierease of' imantnilose binding activity (Table I). WVhei
these studlies were repeatedl multiple times, there was a
strong positive correlation between (legree of piliationi
andi(I miianniose b)indling activity (r = 0.75, n = 17, P
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TABLE I
Loss of Yeast Cell Agglutinating Activity by E. coli (M-StrV) Grown in Subinhibitory

Concentrations of Streptomycin

YAP* (tSE) of E. coli grown with streptomvcin

Hours of growth None 2 p.g/ml 10 gg/rnll 30 Ag/mI

h

6 <100 <100 No growth No growth
24 6,050+30 150±2 <100 No growth
48 9,700+830 510±+140 <100 No growth

* See Methods for derivation.

< 0.001). Of note was an apparent threshold require-
ment of 50-60% piliation before the development of
measurable mannose binding activity.

Cultures grown in the presence of streptomycin for
48 h had a reduction in piliation that was positively
correlated with reduced mannose binding activity
(r = 0.35, n = 52, P < 0.05).

Reduced ability of streptomycin-grown E. coli to ad-
here to human epithelial cells. Adherence to epithe-
lial cells of E. coli M-Strs was found to be mannose-
sensitive: 51+7, 7+4, and 56+8 bacteria/epithelial
cell in the presence of PBS, 2.5% a-MM, and 2.5%
methyl a-D-glucopyranoside, respectively, indicating
that epithelial cell adherence of this strain is mediated
by mannose residues on epithelial cells (6). Wefound
that the reduced ability of bacteria grown in sublethal
concentrations of streptomycin to adhere to human

cr 10,000-
wcLL
0~
0 7,500z

z
-

3) 5,000-

cn 2,500-
LL

* 48 HOURS
o 24 HOURS

epithelial cells paralleled the antibiotic-induced re-
duction of mannose binding activity (Fig. 4).

Epithelial adherence, mannose binding activity, and
piliation in a streptomycin-resistant derivative. All
previously known consequences of streptomycin ac-
tion require streptomycin receptors on bacterial
ribosomes and single-step, highly resistant mutants
are believed to lack these receptors (19). To determine
whether the sublethal antibiotic effect required the
classic streptomycin target site, we employed an StrR
isogenic mutant of E. coli M-Str5. This highly resistant
derivate was readily selected from a large population of
the cloned, sensitive M-Str5 by growing the parent
population on agar plates containing a concentration of
streptomycin greatly in excess of the MIIC. The puri-
fied, cloned derivative, M-StrR, possessed a similar
degree of piliation, yeast cell agglutinating (mannose
binding), and epithelial cell adhering ability as the parent
strain, M-Str5. Wefound that enormous concentrations
of streptomycin (up to 10,000 ,ug/ml) caused minimal
loss of epithelial cell adherence and mannose binding

-j
-J
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FIGURE 3 Agglutinating activity of E. coli grown in increas-
ing concentrations of streptomycin. Aliquots of E. coli
M-Strs were harvested after a 24- and 48-h growth period and
their YAP(± SE) were determined and expressed as described
in Methods.

FIGURE 4 Adherence to human epithelial cells by E. coli
grown in increasing concentrations of streptomycin. Aliquots
of E. coli M-Strs were harvested after 48 h growth, washed,
adjusted to contain 1 x 108 bacteria/0.5 ml, and mixed with 0.5
ml of epithelial cells. After 30 min incubation at room tempera-
ture, the mean number of bacteria adherent per epithelial
cell (+SE) was calculated and plotted against the concentra-
tion of streptomycin in the growth medium.
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TABLE II
Effects of Streptomycin on Adherence and Yeast

Agglutination of a Streptomycin-Resistant
Strain of E. coli (M-StrR) Grown for

48 h with or tvithout
Antibiotic

StreptotnyCviil Adhereniee (tSE)
concentrationi bacteria/epithelial cell YAP

,Uglrll I

106± 13 7,000
5,000 113±7 8,200

10,000 35±5 4,900
20,000 No growth No growth

activity of the resistant strain (M-StrR) (Table II). Al-
though pili were present it was difficult to quantitate
accurately the degree of piliation when bacteria were
grown in high drug concentrations (.5 ug/ml) due to
large electron dense deposits on bacterial surfaces.

Effects of altered growth conditions on strepto-
mycin action. The timing of the addition of strepto-
mycin in a growing culture determined the magnitude
of its effect; the earlier the addition, the greater the ef-
fect. As much as 10 ,ug/ml antibiotic, when added to
growing bacteria after the culture had passed midlog
phase (about 5 x 108 CFU/ml), did not prevent the
subsequent acquisition of mannose binding activity.
The sublethal effects of streptomycin also were ob-
served when E. coli were grown in minimal medium
iinstead of BHI.

Reversal of sublethal effects upon subculture to
antibiotic-free broth. To determine the reversibility
of the streptomycin-induced suppression of mannose
binding activity, we subcultured serially the antibiotic-
treated samples into drug-free media. All cultures re-
covered full activity; the rapidity of the recovery
process was inversely proportional to the concentra-
tion of drug used initially (Table III). Piliation returned
to -90% in all drug-treated cultures after their first 48-h
subculture to drug-free medium.

Antigenic alterations induced by sublethal strepto-
mycin. Rabbit antiserum, raised by immunization
with E. coli M-Strs grown without antibiotic, was
serially absorbed with washed E. coli M-Strs grown in
the presence of 10 ,ug/ml streptomycin. The drug-
grown bacteria used for absorption were only 11%
piliated. The absorbed serum lost all agglutinating ac-
tivity against the absorbing phenotype (antibiotic-
grown M-Strs), but maintained a high titer of activity
against the immunizing phenotype (drug-free-grown
M-Strs) (Fig. 5). Apparently, growth under antibiotic
pressure caused M-Strs to lose a reactive antigen(s) con-
comnitant with the organism's loss of mannose binding
activity.

TABLE III
Reversibility of Streptomycin-Induced Suppression of

Mannose Binding Activity: Relative YAP* of E. coli
(M-StrS) Grown in Streptomycin and Serially

Subcultured to Fresh Broth without Drug

Drug conceentration of iniitial growth

Serial culture Nonie 2 ug/ml 5 ,ug/ml 1t) gg/Ill

Initial drug culture 100 5-10 5-10 <1
First drug-free

subculture 100 100 30 15
Second drug-free

subculture 1(0 100 100 1(0

* See Methods for derivation.

Further experiments were conducted to shed light oi
the nature of the antigeni(s) which was lost or not ex-
pressed in drug-grown organisms. Antiserum absorbed
with drug-grown organisms retained antipilus anti-
bodies as demonstrated by the ability of the serum to
inhibit a well known biological activity of pili, namely
the mediation of mannose-sensitive hemagglutination
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UNABSORBED 2 3

NO. OF ABSORPTIONS
OF ANTISERUM

FIGURE 5 Antigenic alteration induced by bacterial growth
in sublethal concentration of streptomycin. E. coli M-Strs
grown in 10 ,g/ml streptomycin or in drug-free media was
harvested after 48 h growth, washed, and resuspended in PBS.
1 ml of rabbit antiserum raised against whole cells of M-
Strs grown in drug-free media (immunizing phenotype) was
absorbed with 1010 whole cells of M-Strs grown in 10 ,ug/ml
streptomycin (absorbing phenotype). Agglutination of bacteria
was performed by mixing on a glass slide equal volumes (10
,utl) of serially diluted antiserum and either immunizing
phenotype (-) or absorbing phenotype (x) each at 2 x 109
CFU/ml PBS. The reciprocal of the highest dilution (titer) of
antiserum giving visible agglutination was plotted against
the number ofabsorptions of antiserum with the streptomycin-
grown phenotype.
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FIGURE 6 Pilus preparation. Negatively stained with phosphotungstic acid. x60,00O.

(12, 18). The pili preparation (shown in Fig. 6) caused
hemagglutination which was inhibited by mannose.
The absorbed but not the preimmune serum, when
preincubated with the pilus preparation, inhibited the
pilus-mediated hemagglutination up to a dilution of
1:100. The papain-cleaved antisera (absorbed and un-
absorbed) lost their ability to agglutinate drug-free-
grown bacteria but were able, at a dilution of 1:10, to
inhibit agglutination of these bacteria by the non-
papain-cleaved antisera indicating that there were
Fab anti-E. coli fragments in the enzyme-treated sera.
Significant inhibition of E. coli adherence, comparable
to that obtained by a- MM,was obtained in the presence
of papain-cleaved absorbed and unabsorbed, but not
preimmune, antisera (Table IV). Taken together the
results indicate that epithelial adherence was lost in the
drug-grown organisms concomitant with loss of pilus
antigen and mannose binding activity.

Cell wall alterations induced by growth in strepto-
mycin. Ultrastructural studies of thin sections of E.
coli revealed two apparent alterations in the drug-
grown organisms: (a) the cell cytoplasm was somewhat

retracted from the overlying membrane, and (b) the
outline of the inner membrane was less distinct than
that of the drug-free-grown strain (Fig. 7). Whether or
not these changes might reflect changes in the bacterial
location responsible for synthesis of ligand (e.g., pili),
requires further investigation. In some samples (not
shown), blebs were seen on the cell surface, similar
to previous observations by Iida and Koike (20).

DISCUSSION

In this study we have demonstrated that streptomycin
can alter E. coli adhering ability at drug concentra-
tions significantly below the MIC. We previously
showed that adherence of several laboratory strains (6)
and most clinical isolates (7) of E. coli to human epithe-
lial cells is mannose sensitive and mediated by the
interaction of mannose-bearing receptors on epithelial
cells with a lectin-like protein, specific for mannose,
on the bacterial surface. In this investigation we
demonstrated that the epithelial cell adherence of the
strain employed also was mannose sensitive and that
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TABLE IV
Inhibition of Epithelial Cell Adherence by Mannose

and Papain-Treated Antisera

Final Percentage of
Inhibitor dilution inhibition* P vatluet

a-MM 2.5 74 <0.001

Cleaved preimmune serum 1:2 18 -

Cleaved unabsorbed
antiserum 1:2 78

1:10 78 <0.001
1:20 77

Cleaved absorbed
antiserum 1:2 71 <0.001

1:10 59 <0.01
1:20 58 <0.02

* Calculated as compared to PBS control. For the purpose
of this evaluation, a background of four bacteria per epithelial
cell was subtracted from all adherence values.
I Derived from two-tailed Student's t test comparing ad-
herence of bacteria in test inhibitor to adherence of bacteria
in cleaved preimmune serum. There was no significant
difference between adherence in cleaved preimmune serum
and adherence in PBS.

sublethal levels of antibiotic suppressed the strain's
ability to bind both to human epithelial cells and to
mannose residues on yeast cells. We conclude that
the suppression of adherence to human epithelial cells
was due to the inability of antibiotic-grown organisms
to express their mannose-specific ligand. The effect
was seen at streptomycin concentrations 50-fold less
than the MIC, at which alterations in bacterial growth,
as measured by viability, protein and DNAsynthesis,
and net bacterial mass, were undetectable.

Streptomycin, the prototype of aminoglycoside anti-
biotics, inhibits or distorts protein synthesis by binding
to the S12 protein of sensitive ribosomes (19), thereby
interfering with normal translation of mRNA(10). The
suppression of mannose-binding activity by strepto-
mycin was probably mediated by this classical mech-
anism because the effect was: (a) reversible and there-
fore probably not dependent on selection of a mutant,
(b) seen only in growing organisms, and (c) not seen
with the antibiotic-resistant mutant. Although the sup-
pression of ligand was deteced at doses of antibiotic
below that which caused noticeable effect on growth,
the degree of ligand suppression was greater as the
streptomycin dose increased to affect the growth rate.
Moreover, there was no direct effect on ligand by anti-
biotic: even high doses of streptomycin were ineffec-
tive once mannose-binding activity was present and no
liberation of ligand could be detected in the media of

drug-treated cultures. Taken together the results in-
dicate that suppression of mannose binding activity
was due to either inhibition or distortion of mRNA
translation, but do not distinguish clearly between the
two streptomycin actions on bacterial ribosomes. Never-
theless, we infer that distortion rather than inhibition
of protein synthesis was responsible for the strepto-
mycin effect on mannose binding activity. This notion
is supported by previous studies (21-23) of the effects
of streptomycin on protein synthesis, both with intact
E. coli and in a cell-free system of protein synthesis.
Gorini and Kataja (21) showed that a mutant strain of
E. coli grown with antibiotic under conditions where
no killing occurred demonstrated a dose-dependent
formation of abnormal proteins in the cell with limita-
tion of further growth. Bissell (22) showed that wild-
type E. coli B, when grown in streptomycin at low
concentration (2 ,ug/ml), synthesized aberrent en-
zymes. Davies et al. (23) reported that when anti-
biotic was added to synthetic messenger in a cell-free
system of protein synthesis, the drug caused extensive
misreading, i.e., incorporation of incorrect amino acids.
These effects have been interpreted to be the conse-
quence of streptomycin-induced distortion of the
fiedlity of the translation of mRNA. Like the antibiotic
effect observed in this study, the misreading effect
was obtained at sublethal concentrations of antibiotic
and was reversible, and total protein synthesis was
unaffected.

Definitive proof that sublethal amounts of strepto-
mycin caused misreading of mRNAresponsible for
ligand synthesis would require isolation and com-
parison of the lectin-like substance from drug-free
bacteria with its anatomic counterpart on the drug-
treated phenotype which is deficient in ligand activity.
Recent evidence suggests that in E. coli the mannose-
sensitive ligand is a protein and resides on the type 1
pilus (18). Our ultrastructural studies of pili on bacteria
grown in streptomycin demonstrated moderate, but
incomplete loss of pili without evidence of struc-
tural alteration. The suppression of pilus formation was
proportional to drug concentration and may have ac-
counted for loss of ligand. Nevertheless results were
not conclusive enough to exclude an additional factor(s)
such as altered (nonfunctional) pili or suppressed
ligand not present on the pilus per se as the method
of Novotny et al. of counting pili (17) may be insuf-
ficiently quantitative. Concomitant with functional
ligand suppression, alterations in surface membrane
ultrastructure and antigenic determinants followed
growth in sublethal levels of drug. Thus the drug-
grown E. coli were unable to express fully pilus and
ligand antigen(s) because immune serum absorbed
with drug-grown E. coli still possessed antipilus ac-
tivity, as detected by inhibition of pilus-induced
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FIGURE 7 Thin-section ultrastructure of E. coli M-Strs grown in drug-free me(dia (A) anid in 10
,ug/ml streptomycin (B). x 10,000. Note plasmolysis (B) and loss of lefinition of iinner membrane

(inset, B) of drug-grown organisms. x 150,000. Appearaniee of innler membraie of'E. coli growln in
drug-free media, is indicated by arrows (inset, A). x 150,000.

hemagglutination, and antiligand activity, as measured
by an adherence inhibition assay.

Two aspects of this investigation deserve mention.
First, sublethal concentrations of streptomycin and
related antibiotics may reach mucosal surfaces inter-
mittently during a typical course of therapy and thereby
interfere with the ability of E. coli to colonize these
surfaces. Second, the use of inhibitors of the mannose-

specific ligand, and possibly of other bacterial sub-
stances important for adherence, may provide a tool for
the elucidation of the genetic and biochemical bases
of bacterial factors responsible for mucosal coloniza-
tion.
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