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Maintenance of antimicrobial drug resistance in bacteria can be influenced by factors unrelated to direct
selection pressure such as close linkage to other selectively advantageous genes and secondary advantage
conveyed by antimicrobial resistance genes in the absence of drug selection. Our previous trials at a dairy
showed that the maintenance of the antimicrobial resistance genes is not influenced by specific antimicrobial
selection and that the most prevalent antimicrobial resistance phenotype of Escherichia coli is specifically
selected for in young calves. In this paper we examine the role of secondary advantages conveyed by antimi-
crobial resistance genes. We tested antimicrobial-susceptible null mutant strains for their ability to compete
with their progenitor strains in vitro and in vivo. The null mutant strains were generated by selection for
spontaneous loss of resistance genes in broth supplemented with fusaric acid or nickel chloride. On average,
the null mutant strains were as competitive as the progenitor strains in vitro and in newborn calves (in vivo).
Inoculation of newborn calves at the dairy with antimicrobial-susceptible strains of E. coli did not impact the
prevalence of antimicrobial-resistant E. coli. Our results demonstrate that the antimicrobial resistance genes
are not responsible for the greater fitness advantage of antimicrobial-resistant E. coli in calves, but the farm
environment and the diet clearly exert critical selective pressures responsible for the maintenance of antimi-
crobial resistance genes. Our current hypothesis is that the antimicrobial resistance genes are linked to other
genes responsible for differential fitness in dairy calves.

Antimicrobial drug-resistant bacteria present a significant
risk to public health, and consequently there is great interest in
reducing the prevalence of antimicrobial resistance (AR)
genes in both commensal and pathogenic bacteria. One strat-
egy to decrease the prevalence of AR bacteria is to discontinue
using antimicrobial drugs for growth promotion and prophy-
laxis in food animals (4, 11, 22, 43, 44). Unfortunately, this
strategy has produced mixed results that are dependent on the
duration and amount of antimicrobial drug use (10, 16, 24, 25,
37, 38, 41). While pathogenic bacteria are the primary concern,
commensal bacteria are an important reservoir for AR genes.
It is hypothesized that, because AR genes can easily transfer
among diverse bacterial species (6, 29, 32, 35, 39, 45), then they
can also move easily from commensal to pathogenic bacteria.
Consequently abundance and ease of acquisition of the anti-
microbial drug resistance genes ultimately complicate the or-
thodox treatment of diverse bacterial diseases (13, 18).

It is generally accepted that the prevalence of AR bacteria is
directly correlated with antimicrobial drug use (19, 20, 40), but
mechanisms unrelated to specific antimicrobial drug selection
have also been implicated in the wide distribution and main-
tenance of AR genes. Some of these mechanisms include plas-
mid addiction (14, 17) and close linkage to other selectively
advantageous genes (2, 9, 16, 21), and in some instances a
secondary advantage can be conveyed by the AR genes in the
absence of specific antimicrobial drug selection (15, 27, 36).

Previously we have shown that a young cohort of dairy cattle

harbor a higher prevalence of antimicrobial drug-resistant
Escherichia coli than do older cattle at the Washington State
University (WSU) dairy. In that study the predominant AR
phenotype was SSuT (resistant to streptomycin, sulfadiazine,
and tetracycline and susceptible to ampicillin, chlorampheni-
col, and nalidixic acid) with these strains comprising �60% of
all E. coli strains isolated from calves (�3 months old) (23).
We also demonstrated that the absence of antimicrobial drug
selection did not impact the level in antimicrobial drug-resis-
tant E. coli, at least in the short term. Furthermore, compared
to antimicrobial-susceptible strains, the SSuT E. coli strains
had a significant fitness advantage in dairy calves but not in
older cows. Thus, younger calves represented a clear reservoir
for antimicrobial drug resistance genes on the dairy farm, but
the mechanism(s) responsible for maintenance of these strains
was not immediately apparent.

Clearly, determining mechanisms responsible for the selec-
tion and maintenance of AR E. coli may allow formulation of
novel strategies to decrease the prevalence of AR bacteria.
Our previous study showed that antimicrobial drug selection
pressure is not needed to maintain AR strains of E. coli. In the
present study we test the hypothesis that the AR genes har-
bored by the SSuT strains convey a secondary fitness advan-
tage(s) that permits maintenance of these strains in the dairy
population. To test this hypothesis, we generated null mutants
and tested their ability to compete with other strains both in
vitro and in vivo.

MATERIALS AND METHODS

Bacterial strains. The strains used for the inoculation experiments were iso-
lated from calves (1 to 45 days old) and cows (�1 year old). The strains repre-
sented two main AR patterns: “susceptible” (susceptible to ampicillin [16 �g/ml],
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chloramphenicol [16 �g/ml], nalidixic acid [18 �g/ml], streptomycin [12 �g/ml],
sulfadiazine [512 �g/ml], and tetracycline [10 �g/ml]) and SSuT (resistant to
streptomycin, sulfadiazine, and tetracycline in the same concentrations). Resis-
tance phenotypes were determined as described below. In some cases strains with
spontaneous mutations for nalidixic acid resistance (18 �g/ml) were used because
the Nalr phenotype is a useful marker for these experiments. Selection of Nalr

strains followed procedures described by Khachatryan et al. (23). Table 1 shows
the distribution of these strains among three different experiments.

Selection for null mutants. Because medium supplemented with fusaric acid
and heat-inactivated chlortetracycline hydrochloride is toxic to E. coli when a
functional tetracycline efflux pump is expressed (5, 28), we used this medium to
select for strains of E. coli that spontaneously lose tetracycline and other anti-
microbial drug resistance genes. Specifically two distinct SSuT Nalr (nalidixic
acid-resistant) E. coli strains were separately incubated in the above-mentioned
broth medium at 37.0°C on a shaker (200 rpm). Overnight culture (100 �l) was
transferred into fresh medium (5 ml) for 14 consecutive days. On days 3, 6, 9, and
14, a dilution of overnight culture from each serial passage experiment was
plated on a nonselective medium and grown overnight. The following day 96
colonies from each passage experiment were picked and tested for antimicrobial
drug susceptibility using agar dilution at breakpoint concentrations (23). Anti-
microbial drug (Sigma) susceptibilities were tested using IsoSensitest agar me-
dium (Oxoid) supplemented with tetracycline (10 �g/ml), streptomycin (12 �g/
ml), and sulfadiazine (512 �g/ml). Replicated test plates included a final plate of
antimicrobial drug-free medium to confirm inoculum delivery. Three isolates
from each SSuT strain that became susceptible to the above-mentioned antimi-
crobial drugs (called “cured SSuTs”) were chosen for further analysis. The
analysis included validation of antimicrobial drug susceptibility by disk diffusion
assay conforming to CLSI (formerly NCCLS) guidelines (26), screening for
absence of AR genes by PCR [tet(B) (8), strA and strB (16), and sul-2 (16)] and
pulsed-field gel electrophoresis (PFGE) using the XbaI enzyme (12) to confirm
similarity to the progenitor resistant strain. Quality control organisms used for
the disk diffusion assay included E. coli ATCC 25922, Staphylococcus aureus
ATCC 25923, Pseudomonas aeruginosa ATCC 27853, and E. coli ATCC 10536.

Medium supplemented with nickel chloride and heat-inactivated chlortetra-
cycline hydrochloride has also been shown to be effective for selecting tetracy-
cline-resistant null mutants (34, 42). Therefore, we also used this medium to
select for susceptible strains of E. coli that had spontaneously lost tetracycline
and other antimicrobial drug resistance genes. Ten distinct SSuT E. coli strains
were separately incubated in LB (Luria-Bertani) broth supplemented with 0.6
mM nickel chloride and 50-�g/ml heat-inactivated (121°C for 20 min) chlortet-
racycline hydrochloride at 37.0°C on a shaker (200 rpm). Overnight culture (100
�l) was transferred into fresh medium (5 ml) for six consecutive days. Three
antimicrobial drug-susceptible isolates (cured SSuTs) generated from each strain
were selected and confirmed as described for the fusaric acid selection method.

In vitro competition experiments. Each cured-SSuT isolate that was generated
from SSuT strains was subjected to in vitro competition (23) (i) with a mixture of
five wild-type susceptible E. coli strains isolated from calves, (ii) with its progen-
itor resistant SSuT strain, and (c) with a progenitor resistant SSuT strain that was
acquired from the final passage in corresponding selective medium (“medium-
adapted progenitor”). After overnight incubation at 37.0°C on a shaker (200
rpm), equal mixtures of cured-SSuT and competitor strains were combined and
serially passaged (10 �l) into fresh LB broth (3 ml) for eight consecutive days. On
day 8, a competition index (CI) was calculated by estimating the CFU/ml for the
resistant and susceptible strains. The number of resistant colonies was counted
on fresh LB agar supplemented with streptomycin (12 �g/ml), whereas the
number of susceptible colonies was determined by subtracting the number of
resistant colonies from the same dilution grown on Luria-Bertani agar medium
without antimicrobial drugs. Three replicate counts were made and averaged.
The CI was calculated as (X � Y)/(X � Y), where X was the number of resistant
colonies and Y was the number of susceptible colonies. CI values approaching �1
indicated dominance by resistant strains, whereas CI values approaching �1
indicated dominance by susceptible strains.

In vivo competition experiments between SSuT and cured-SSuT strains. In
vivo competition experiments were conducted in biosafety level 2 isolation rooms
and included six neonatal calves in the experimental group (24 to 48 h old) and
three neonatal calves in the control group (24 to 48 h old). Neonatal calves in the
experimental group were inoculated per os with two strains of cured-SSuT
(antimicrobial drug-susceptible null mutant) Nalr E. coli and their progenitor
SSuT Nalr E. coli strains (109 CFU of each). Neonatal calves in the control group
were inoculated per os with two wild-type antimicrobial drug-susceptible (Nalr)
strains and two SSuT (Nalr) E. coli strains (109 CFU of each). Neonatal calves
were sampled every other day until shedding of inoculum bacteria was not
detectable (up to 21 days postinoculation). To determine CFU/ml for SSuT and
susceptible E. coli in in vivo experiments, 1 g of freshly collected fecal samples
was serially diluted in peptone-buffered saline and 10-fold dilutions were plated
on specific selective medium. CI values were calculated as described above where
colony counts were averaged within animal (in vivo) across time points, and the
null hypothesis (CI � 0) was tested using Student’s t test. All in vivo inoculation
studies were approved by the WSU Institutional Animal Care and Use Commit-
tee.

In vivo inoculation of antimicrobial drug-susceptible strains at a dairy farm.
In vivo inoculation experiments were carried out at the Holstein dairy farm
(WSU, Pullman, Wash.). The farm is a closed dairy herd (n � 167), where all the
replacement heifers are raised on-site. Calves are separated from their mothers
24 to 48 h after birth and moved to a separate building, where they are housed
in individual pens. Calves are weaned at 4 to 6 weeks of age but stay in the calf
pens for 90 days, after which they are moved to a separate heifer barn. The dairy
follows accepted biosecurity standards in order to prevent introduction of patho-
gens from outside. All the food is raised off-site and purchased commercially. No
antimicrobial drugs were used for chemotherapeutics throughout the duration of
the experiment in calves.

The in vivo inoculation experiment at the farm involved 30 neonatal calves
randomly assigned to one of three groups. Group 1 received six cured-SSuT
strains per os (2 � 109 CFU of each) once within the first 2 days of life (24 to
36 h) and the second time 7 days later. Group 2 received six antimicrobial
drug-susceptible wild-type strains in a way similar to group 1. Group 3 received
a volumetric equivalent of sterile medium similar to the other two groups. Each
calf was sampled every 5 days for 3 months. Fecal samples were collected with
sterile tongue depressors and placed into sterile bags. Collected samples were
streaked for isolation on three separate plates of violet red bile agar (Remel,
Kansas) with 4-methylumbelliferyl-	-D-glucuronide (MUG; Biosynth Ag, Swit-
zerland) within 4 h after collection and were incubated overnight at 37°C. Twen-
ty-one presumptive E. coli colonies (pink coloration and fluorescence under UV
light) per animal, seven per sample plate, were used to inoculate E. coli medium
(Remel) with MUG broth (200 �l) in a 96-well plate format, leaving 8 to 24
noninoculated, negative-control wells. Each 96-well plate also included two pos-
itive-control isolates, Q-89 and Q-90, resistant and susceptible to all tested
antimicrobial drugs, respectively. The 96-well plates were then incubated at
44.5°C overnight, and the MUG reaction was confirmed under UV light.

Presumptive E. coli strains were tested for antimicrobial drug susceptibility
using agar dilution at breakpoint concentrations (23). Antimicrobial drug
(Sigma) susceptibilities were tested using Mueller-Hinton agar medium (Hardy
Diagnostics) supplemented with ampicillin (16 �g/ml), tetracycline (10 �g/ml),
chloramphenicol (16 �g/ml), streptomycin (12 �g/ml), sulfadiazine (512 �g/ml),
and nalidixic acid (18 �g/ml). Replicated test plate series included a final plate
of antimicrobial drug-free medium to confirm inoculum delivery. The results of
replicator assays were recorded after overnight incubation at 37°C. Results for

TABLE 1. Strains used in vitro and in vivo

Strain In vitro
competition

Calf expt in
isolation Farm expt Source

SSuT 22 X, Xc Xb,c Xc Xa Calf
SSuT 25 X, Xc X,b,c Xc Calf
SSuT 32 X Calf
SSuT 35 X Xa Calf
SSuT 45 X Xa Calf
SSuT 79 X Xa Calf
SSuT 84 X Xa Calf
SSuT 98 X Xa Calf
Susceptible 66 X, Xc Xc Calf
Susceptible 68 X, Xc Xc Calf
Susceptible 69 X, Xc Xc Calf
Susceptible 71 X, Xc Xc Calf
Susceptible 562 X X Calf
Susceptible 559 X X Calf
Susceptible 561 X X Calf
Susceptible 572 X X Cow
Susceptible 579 X X Cow
Susceptible 580 X X Cow

a Spontaneous susceptible null mutants of SSuT strains (cured SSuT) selected
in medium supplemented with nickel chloride.

b Cured-SSuT strains selected in medium supplemented with fusaric acid.
c Nalidixic acid-resistant spontaneous mutant.
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antimicrobial drug plates were coded as a dichotomous variable, 0 for no growth
and 1 for growth. These results were used to calculate the frequencies for
different resistance patterns.

Data were entered and analyzed with Microsoft Excel and NCSS 2001 (NCSS
Statistical Software, Kaysville, UT). The Student-Newman-Keuls multiple com-
parison test was used to test for statistical differences in the prevalence of
resistant bacteria between groups.

RESULTS

Spontaneous loss of antimicrobial drug resistance genes in
strains of E. coli. Medium supplemented with either fusaric
acid or nickel chloride allowed selection for loss of tetracycline
and associated streptomycin and sulfadiazine resistance genes.
Ten SSuT strains were passaged, and on days 6, 10, and 14, 96
isolates from each tube were assessed for antimicrobial resis-
tance. Medium supplemented with 0.6 mM nickel chloride was
more efficient (90%; 6 days) in selecting detectable levels of
antimicrobial drug-susceptible strains (cured SSuTs) than me-
dium supplemented with fusaric acid (21%; 14 days). These
results were confirmed by PCR for tet(B), sul-2, strA, and strB
resistance genes. Medium supplemented with fusaric acid also
selected for isolates missing only the tetracycline resistance
gene (72%; 14 days), isolates missing tetracycline and strepto-
mycin resistance genes (2%; 14 days), and isolates missing
tetracycline and sulfadiazine resistance genes only (1%: 14
days). These results were confirmed using a disk diffusion as-
say. The close correspondence between loss of tetracycline
resistance genes and the loss of other AR genes suggests close
physical linkage between these genes on a genetic unit (plas-
mid, transposon, or phage).

In vitro competition experiments with cured-SSuT strains.
In vitro competition experiments tested the cured-SSuT strains
that were selected in two different selective media. From each
SSuT strain three susceptible isolates were tested to control for
spontaneous changes unique to individual bacteria. The three
cured-SSuT isolates were tested in competition experiments
individually and as a mixture.

Cured-SSuT isolates (n � 2) selected in medium supple-
mented with fusaric acid [cured-SSuT (Fus)] consistently out-
competed progenitor SSuT strains, progenitor SSuT strains
that retained their AR genes after a 14-day passage in broth
culture with fusaric acid (“medium-adapted progenitors”), and
wild-type susceptible strains (Student’s one-sample t test; P �
0.001) (Fig. 1). The cured-SSuT isolates (n � 8) selected in
medium supplemented with nickel chloride [cured-SSuT
(NiCl)] outcompeted wild-type susceptible strains (Student’s
one-sample t test; P � 0.001) but were equal in competitive
ability with progenitor AR SSuT strains (Student’s one-sample
t test; P � 0.413) and with medium-adapted progenitors (6-day
passage in broth with nickel chloride) (Student’s one-sample t
test; P � 0.021) (Fig. 1). At the individual strain level, compe-
tition results were variable (Table 2). This variation is consis-
tent with a diverse background of E. coli strains harboring the
SSuT genes.

In vivo competition between cured-SSuT and SSuT strains
in isolation. We used a calf challenge model to determine if
cured-SSuT strains maintained their competitive advantage in
vivo. Newborn calves (24 to 48 h) were inoculated with Nalr

strains of cured-SSuT E. coli and Nalr strains of SSuT E. coli
(109 CFU of each) (Table 1). Consistent with previously pub-

lished findings (23), SSuT Nalr E. coli in the control group
outcompeted wild-type susceptible Nalr strains in neonatal
calves (Student’s t test; P � 0.001) (Fig. 2). Cured-SSuT Nalr E.
coli strains were generally more competitive than parent SSuT
strains in the neonatal intestinal environment (Student’s t test;
P � 0.002) (Fig. 2). A direct comparison of cured-SSuT and
susceptible strains would be possible only if we introduced an
additional antimicrobial selection marker. Nevertheless, be-
cause cured-SSuT strains were at least as competitive as pro-
genitor strains, we inferred that the cured-SSuT strains would
also outcompete susceptible strains in this calf model. Shed-
ding of Nalr E. coli from the experimental animals was not
detectable 21 days after inoculation. None of the animals in the
in vivo studies shed detectable fecal Nalr E. coli prior to inoc-
ulation (0 to 3 days).

Inoculation of antimicrobial drug-susceptible strains at a
dairy farm. Because the select cured-SSuT strains from the
isolation experiment maintained competitive fitness in vivo, we
tested the hypothesis that the cured-SSuT strains (selected in
broth supplemented with nickel chloride) could displace nat-
urally occurring SSuT strains in a farm environment. New
cured-SSuT strains were used because (i) nalidixic acid-suscep-
tible strains were to be used in the field environment and (ii)
since nickel chloride-supplemented medium selects for cured-
SSuT strains more efficiently, there is less time for adaptation
of the strains to the in vitro medium environment. Cured-SSuT
strains that were generally more competitive than their pro-
genitor strains in vitro were used in vivo.

Neonatal calves were inoculated with either six cured-SSuT
strains (Nals) (Table 1) or six wild-type susceptible strains
(Nals) (Table 1) or “medium only” within 24 to 36 h of birth
and 7 days later. We assessed percentages of resistant bacteria
two times weekly for 3 months under the hypothesis that com-
petition exclusion would lead to a significant decrease in SSuT
strains within the cured-SSuT treatment group. Among the

FIG. 1. In vitro competition experiments with SSuT and cured
SSuT strains with mixtures of susceptible (black bars), progenitor
SSuT (white bars), and passaged parent SSuT (gray bars) strains. CI �
(X � Y)/(X � Y); when values approach �1, strains listed on the x axis
dominate (�, dominant strains significantly �0; one-sample t test, P �
0.05). When CI is 0, there is an equal proportion of the competing
resistance patterns.
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three inoculation groups, however, there was no statistically
significant difference in the level of antimicrobial drug resis-
tance to ampicillin, chloramphenicol, streptomycin, sulfadia-
zine, and tetracycline (Fig. 3). There was no statistically signif-
icant difference among the three inoculation groups for main
resistance patterns (�2%), except that the group inoculated
with cured SSuTs had significantly more E. coli strains resistant
to ampicillin, streptomycin, and tetracycline (Fig. 4). Thus, it
appears that the cured-SSuT strains were not effective in dis-
placing native SSuT strains at the dairy. One possible expla-
nation for the absence of treatment effect was a selective sweep
where our cured-SSuT strains could have contaminated and
dominated all treatment groups. To test this hypothesis, we
compared 30 susceptible isolates (acquired at 2 to 4 weeks

postinoculation from the three groups [three animals per
group]) to the inoculum ex-SSuT isolates by PFGE. All “sus-
ceptible” isolates (n � 10) from the group inoculated with
cured-SSuT E. coli were indistinguishable from the cured-
SSuT inoculum strain SSuT-98. None of the “susceptible” iso-
lates from the other two groups shared a distinct fingerprint
with any of the cured-SSuT inoculum strains. Also there were
no identical fingerprints between the groups receiving wild-
type susceptible E. coli and “medium only” (data not shown).

DISCUSSION

Antimicrobial drug resistance is a significant public health
concern that calls for reducing the factors that contribute to
the emergence and maintenance of antimicrobial drug resis-
tance. Food animal production consumes large amounts of
antimicrobial drugs and thus can serve as an important arena
for emergence and maintenance of AR (1, 3, 46). Nevertheless,
it is not clear that eliminating all nontherapeutic antimicrobial
use in animal production will result in a significant reduction in
the prevalence of AR bacteria (7, 10, 24, 25, 37, 41). This is
because many factors unrelated to antimicrobial use are also
implicated in the increase in prevalence of AR, including an-
imal stress (30, 31), close linkage to other selectively advanta-
geous genes (2, 9, 16, 21), plasmid addiction (14, 17), and
secondary advantage conveyed by the AR genes (15, 27, 36).

Our previous work at the WSU dairy showed that calves
shed more antimicrobial drug-resistant E. coli isolates than did
older cattle, making them a clear reservoir of AR genes on a
farm. In that study E. coli strains with the SSuT resistance
pattern were shed at a much higher level from calves than from
older cattle (�60% versus �5%). A short-term removal of
oxytetracycline from a dietary supplement did not affect the
high prevalence of AR E. coli in calves, suggesting that other
mechanisms were responsible for maintaining the SSuT strains
at the dairy. That is, it is possible that the AR genes were being
selected in the presence of naturally occurring antimicrobial

FIG. 2. Competition experiments in neonatal calves: for the control
group (n � 3), competition between SSuT Nalr and wild-type suscep-
tible Nalr strains (open circles), and for the experimental group (n �
6), competition between SSuT Nalr and cured-SSuT (susceptible) Nalr

strains (closed circles). Each circle represents the mean with the 95%
confidence interval bars for the time point shown on the x axis. CI �
(X � Y)/(X � Y), where X is the number of resistant colonies and Y is
the number of susceptible colonies. When CI is 0, there is an equal
proportion of the competing resistance patterns.

FIG. 3. Frequency of antimicrobial drug resistance for all E. coli
strains shed from calves for the cured-SSuT group (n � 3,415), “sus-
ceptible” wild-type group (n � 3,430), and “medium-only” group (n �
3,448).

TABLE 2. Results of the in vitro competition experiments between
cured-SSuT and wild-type susceptible, progenitor SSuT, or

“medium-adapted progenitor” SSuT strains (passaged in NiCl2)a

Strain from which
cured-SSuT

isolate derived

Competitiveness vs:

Wild-type
susceptible

strains

Progenitor
SSuT strains

“Medium-adapted
progenitor” SSuT

strains (NiCl2)

SSuT 22 �,�,� �,�/�,� �,�,�
SSuT 25 �,�,� �,�,� �,�,�
SSuT 32 �,�,� �,�,� �,�,�
SSuT 35 �,�,� �,�,� �,�,�
SSuT 45 �,�,� �,�,� �,�,�
SSuT 79 �/�,�,� �,�,� �,�,�
SSuT 84 �,�,� �,�,� �,�,�
SSuT 98 �,�,� �,�,� �,�,�

a Results are shown for the three cured SSuT isolates derived from each strain.
�, cured-SSuT strains were more competitive (competition index � 0.5); �,
cured-SSuT strains were less competitive (competition index � �0.5); �/�,
cured-SSuT strains were equally competitive (competition index between 0.5 and
�0.5).
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analogs or that these genes conferred a secondary, but unrec-
ognized, selective advantage in this environment.

Secondary advantages might include cases where the tet(B)
proton pump interacts with substrates other than tetracycline
and its analogs, or there might be a need for increased folate
synthesis conveyed by the sul-2 gene. There might also be
nonspecific but important phosphotransferase activity of the
strA/strB genes. These potential benefits must be balanced with
potential costs. For example, pioneering experiments by Len-
ski’s group showed a fitness reduction for E. coli when the
tet(B) gene is expressed and very little cost associated with the
gene when it is not expressed (33). We determined that the
SSuT strains from our study do not express the tet(B) gene in
vitro except in the presence of a tetracycline analog (data not
shown). This does not exclude the possibility that the gene will
be expressed in the farm environment. There are very few data
in the literature that specifically examine the effect of sul-2 (15)
and strA/strB resistance genes on the fitness of bacteria.

To test the hypothesis that resistance genes convey second-
ary fitness advantages, we developed null mutant strains of
SSuT E. coli (cured SSuT) and tested these in competition
experiments (in vitro) and in isolation (in vivo). There was
variation in the competition outcome for individual strains
(Table 2), but on average the cured SSuT strains were at least
as competitive as parental SSuT strains for in vitro and in vivo
competition experiments. These data suggested that there are
no significant secondary advantages attributable to the SSuT
genes in calves. The study tested only the interaction between
the calf and E. coli in isolation and did not account for possible
environmental selective pressures that are probably present in
a farm environment. It is also worth noting that the inoculum
strains were observed for only 21 days postinoculation.

Based on the finding that the AR genes do not influence the

competitive outcome in vitro and in vivo, we tested the hypoth-
esis that inoculation of ex-SSuT and other susceptible strains
would decrease the level (via competition exclusion) of AR E.
coli shed from calves in the farm environment. Contrary to our
prediction, the results of the study did not show any treatment
effect. Interestingly, compared to the prevalence of AR E. coli
in the year 2001 (23), there was a nearly 50% decrease in the
number of SSuT E. coli strains in all inoculation groups for the
present study and this may have significantly reduced the sta-
tistical power of our experiment. PFGE fingerprinting of sus-
ceptible isolates from all three groups (n � 30) showed that the
reduced level of SSuT E. coli was not due to a selective sweep
by any of the cured-SSuT or “susceptible” strains.

In conclusion, we have now dismissed two of the three hy-
potheses for the maintenance of SSuT strains at the WSU
dairy. Neither direct selection from antimicrobial drugs nor
secondary benefits from the AR genes are responsible for
maintenance of SSuT strains at our study facility. The remain-
ing hypothesis is that the gene(s) conferring a selective advan-
tage to SSuT strains in dairy calves is located proximally to the
resistance genes, probably associated with a horizontally trans-
missible element.
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