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selective agent has been correlated with a prolonged duration
and the amount of antimicrobial drugs used (15). Extended
application of antimicrobial drugs selects for resistant clones,
and after removal of the selective agent(s) these clones may be
sufficiently adapted to the genetic load of resistance genes that
they cannot be easily displaced by susceptible flora (31). We
are unaware of documented cases of complete loss of resistance following withdrawal of antimicrobial drugs.
The prevalence of resistant organisms is not equally distributed across all age groups, with younger animals usually having
higher levels (4, 19–22, 24, 29, 35, 44, 57). We can speculate
that one reason younger animals shed more resistant organisms is that this cohort may be exposed to greater amounts of
antimicrobial drugs for medication or growth promotion. In
addition, the intestinal physiology of younger animals is different from that in older animals and, thus, there may be nichespecific clones that are better suited to the calf intestinal environment. If antimicrobial drug resistance in young animals
results from linkage between resistance genes and genes conferring selective advantage in neonatal intestines, then removal
of antimicrobial drug selection pressure is unlikely to reduce
this potentially important resistance reservoir in the short term.
In this paper we examined the relationship between age and
antimicrobial drug resistance at a research dairy in Washington
state. The prevalence of resistant bacteria was significantly
greater in younger animals than in older animals. Experimental manipulations demonstrated that resistant E. coli had higher fitness in the calf enteric environment independent of exposure to antimicrobial drugs.

The increasing prevalence of antimicrobial drug-resistant
bacteria is a major concern to human and veterinary medicine
(39). Resistant bacteria include both pathogens and commensal organisms, with the latter serving as a potential reservoir for
mobile resistance elements (49). Bacteria become resistant
through mutations of target genes or horizontal transfer of
genes encoding efflux pumps, degradative enzymes, alternative
housekeeping enzymes, or ribosomal protection proteins. Horizontal gene transfer has been shown to occur even among
different species of bacteria and within multiple environments
(9, 38, 40, 42). Maintenance of antimicrobial drug resistance
genes is governed by continued exposure to antimicrobial
drugs (25, 54), plasmid addiction mechanisms (16), or close
genetic linkage to other selectively advantageous genes (26).
In the United States, agriculture could be responsible for as
much as 70% of antimicrobial drug consumption (36) and,
therefore, agricultural animals are considered an important
reservoir and arena for emerging antimicrobial drug resistance
(1–3, 6, 51, 53, 55, 56). Reducing consumption of antimicrobial
drugs in some cases has been associated with a decreasing
prevalence of resistant organisms (27, 28, 46), but in other
cases the resistance level remained constant or it even increased independent of antimicrobial drugs (8, 17, 45, 50).
Persistence of antimicrobial resistance after removal of the
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The prevalence of antimicrobial drug-resistant bacteria is typically highest in younger animals, and prevalence is not necessarily related to recent use of antimicrobial drugs. In dairy cattle, we hypothesize that
antimicrobial drug-resistant, neonate-adapted bacteria are responsible for the observed high frequencies of
resistant Escherichia coli in calves. To explore this issue, we examined the age distribution of antimicrobial
drug-resistant E. coli from Holstein cattle at a local dairy and conducted an experiment to determine if low
doses of oxytetracycline affected the prevalence of antimicrobial drug-resistant E. coli. Isolates resistant to
tetracycline (>4 g/ml) were more prevalent in <3-month-old calves (79%) compared with lactating cows
(14%). In an experimental trial where calves received diets supplemented with or without oxytetracycline, the
prevalence of tetracycline-resistant E. coli was slightly higher for the latter group (P ⴝ 0.039), indicating that
drug use was not required to maintain a high prevalence of resistant E. coli. The most common resistance
pattern among calf E. coli isolates included resistance to streptomycin (>12 g/ml), sulfadiazine (>512
g/ml), and tetracycline (>4 g/ml) (SSuT), and this resistance pattern was most prevalent during the period
when calves were on milk diets. To determine if prevalence was a function of differential fitness, we orally
inoculated animals with nalidixic acid-resistant strains of SSuT E. coli and susceptible E. coli. Shedding of
SSuT E. coli was significantly greater than that of susceptible strains in neonatal calves (P < 0.001), whereas
there was no difference in older animals (P ⴝ 0.5). These data support the hypothesis that active selection for
traits linked to the SSuT phenotype are responsible for maintaining drug-resistant E. coli in this population
of dairy calves.
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TABLE 1. Percentages of antimicrobial drug-resistant E. coli from
the WSU dairy distributed by age of cattle, 2001
Age

na

Preweaned
3–6-mo heifers
⬎6-mo heifers
Lactating cows
Dry cows

3,221
3,224
3,245
6,321
2,877

% Resistantb to:
AMP

TET

STR

SUL

CHL

14.9
14.5
5.9
4.6
2.4

79.2
35.7
17
14.2
13.3

58.0
26.4
10.9
6.2
7.3

58.1
26.2
10.9
10.7
12.3

9.8
1.2
0.1
0.1
0.5

a

Number of isolates tested.
AMP ⫽ ampicillin; TET ⫽ tetracycline; STR ⫽ streptomycin; SUL ⫽ sulfamethoxazole; CHL ⫽ chloramphenicol.
b

In vitro and in vivo competition experiments. E. coli isolates with the SSuT
pattern (resistant to streptomycin, sulfadiazine, and tetracycline), the dominant
resistance pattern isolated from calves, were tested in vitro and in vivo to
determine their differential fitness compared to susceptible E. coli (susceptible to
the antimicrobials listed above). For in vivo studies, the E. coli strains of interest
were selected for nalidixic acid resistance (Nalr; 20 g/ml) following the methods
of Marshall et al. (33). The design for the in vitro competitions included mixing
105 CFU (Luria-Bertani medium) of five SSuT and five susceptible E. coli
isolates. All 10 E. coli isolates were from individual calves, on different dates, and
represented three distinct SSuT and three distinct susceptible fingerprints (defined by PFGE). We used mixtures of strains in the event that a particular lineage
might be responsible for the pattern of high SSuT prevalence. Similar in vitro
experiments were accomplished using Nalr strains of SSuT and susceptible E.
coli. The mixtures were incubated overnight at 37.0°C on a shaker (200 rpm).
Overnight culture (10 l) was transferred into fresh Luria-Bertani broth (3 ml)
for eight consecutive days. On days 0, 4, and 8, a competition index (CI) was
calculated by estimating the CFU per milliliter for the SSuT and susceptible
strains. The number of SSuT colonies was counted on fresh MacConkey agar
supplemented with sulfadiazine (512 g/ml), whereas the number of susceptible
colonies was determined by subtracting the number of SSuT colonies from the
same dilution grown on MacConkey agar medium without antimicrobial drugs.
Three replicate counts were made at each time point and averaged. The CI was
calculated as follows: (X ⫺ Y)/(X ⫹ Y), where X was the number of SSuT colonies
and Y was the number of susceptible colonies. CI values near ⫹1 indicated
dominance by SSuT strains, whereas CI values near ⫺1 indicated dominance by
susceptible strains.
In vivo experiments involved neonatal calves (2 to 3 days old; n ⫽ 7) and
heifers (12 to 14 months; n ⫽ 12). For in vivo studies, five SSuT Nalr and five
susceptible Nalr E. coli isolates were mixed (108 CFU of each for calves and 1010
CFU of each for heifers) and administered per os (oral administration was used
for neonatal calves and gastric tubes were used for heifers). Neonatal calves were
sampled every other day until shedding of inoculum bacteria was not detectable
(up to 21 days postinoculation). Heifers were sampled every three days for 27
days postinoculation. In vivo experiments with neonatal calves were performed in
a vivarium, whereas experiments with the heifers were conducted in the farm
setting. The 10 strains of E. coli were identical for both in vitro and in vivo
studies. To determine the CFU per milliliter for SSuT and susceptible E. coli 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 test tube (in vitro) or within animal (in vivo) across time points
and the null hypothesis (CI ⫽ 0) was tested using Student’s t test. This analysis
eliminated pseudoreplication and temporal variance by averaging within animals
across time points. To determine whether any particular SSuT strain completely
dominated in calves, PFGE was used to screen Nalr E. coli isolates (n ⫽ 29) from
all the calves on the final days of the experiment. All in vivo inoculation studies
were approved by the WSU Institutional Animal Care and Use Committee.

RESULTS
Herd survey. Survey results from a dairy herd at WSU reflected a pattern of high prevalence of antimicrobial drug resistance in younger animals for E. coli, which in most instances
decreased with age (Table 1). The predominant pattern for
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Herd survey. The study was performed at a Holstein dairy farm (Washington
State University [WSU], Pullman, Wash.). This operation has been using an
oxytetracycline (Terramycin; TM-50)-containing milk supplement for at least 10
years. The supplement, for calves less than 6 weeks old, includes 4.54% TM-50
(final concentration in the milk, ⬇26 g/ml), 2.65% vitamin A, 1.72% vitamin D,
and 91.1% dried skim milk and is added directly to bulk or waste milk at feeding
time. Bulk milk conformed to Food and Drug Administration standards for
residual antimicrobials for human consumption. Calves were fed milk twice a
day, but supplement was added only once (daily). We initially examined the
prevalence of antimicrobial drug-resistant E. coli at the dairy. Sixty fecal samples
(5 g) were collected weekly from fresh fecal pats from pens containing calves ⬍3
months old (10 samples), heifers 3 to 6 months old (10 samples), heifers 6 to 14
months old (10 samples), lactating cows (20 samples), and nonlactating cows (10
samples). Samples were processed as described below.
TM-50 supplement study. To assess the impact of the TM-50-supplemented
diet on the prevalence of resistant bacteria, we performed the following experiment. Newborn calves were consecutively assigned to either the control or
experimental group. Calves were physically separated from each other in individual pens, and control and treatment group calves were held in different
locations within the calf facility to avoid any chance of physical contact. Calves in
the control group (n ⫽ 9) were fed bulk milk twice daily, which was supplemented once daily but contained no TM-50 (⫺TM-50). The diet of the experimental group (n ⫽ 9) was identical except it included TM-50 in the milk supplement (⫹TM-50). The calves left the experiment at 12 weeks of age. The calf
diet included, in addition to the milk, a grain concentrate free of antimicrobials.
Calves were weaned at 4 to 6 weeks of age. There were no documented instances
of use of other antimicrobial drugs (therapeutic) during this study.
Sampling, bacterial isolation, and characterization for herd survey and supplement studies. Fresh fecal samples (20 g) were taken two to three times per
week from each calf. Feces were collected with sterile tongue depressors and
placed into sterile bags. The collected samples were streaked for isolation on
violet red bile agar with 4-methylumbelliferyl-␤-D-glucuronide (VRB-MUG;
VRB from Remel and MUG from Biosyth Ag Switzerland) plates within 4 h
after collection and were incubated overnight at 37°C. Eight presumptive E. coli
colonies (pink coloration and luminescence under UV light) per animal per
sample were used to inoculate EC medium (Remel) with MUG (EC-MUG)
broth (200 l) in a 96-well plate format, leaving 8 to 24 noninoculated, negative
control wells. The 96-well plates were then incubated at 44.5°C overnight, and
the MUG reaction was reconfirmed under UV light.
Presumptive E. coli isolates were tested for antimicrobial drug susceptibility
using agar dilution at breakpoint concentrations. Antimicrobial drug (Sigma)
susceptibilities were tested using IsoSensitest agar medium (Oxoid) supplemented with ampicillin (16 g/ml), tetracycline (4 g/ml), chloramphenicol (16
g/ml), streptomycin (12 g/ml), or sulfadiazine (512 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 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. The accuracy of the
replicator assay was validated by testing two to four samples from each 96-well
plate by a disk diffusion assay conforming to NCCLS guidelines (n ⫽ 173) (32).
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.
Data were entered into Microsoft Access (Microsoft Corp., Redmond, Wash.)
and were analyzed using Microsoft Excel and NCSS 2001 (NCSS Statistical
Software, Kaysville, Utah). An exact binomial test was used to test the distribution of resistance phenotypes for calves versus cows and for treatment versus
control groups. Proportionality was adjusted for sample size differences, and ␣
was adjusted for multiple comparisons using a Bonferroni correction.
Molecular characterization of SSuT isolates. Fifty SSuT isolates (resistant to
streptomycin [⬎12 g/ml], sulfadiazine [⬎512 g/ml], and tetracycline [⬎4 g/
ml]) from calves were examined for the prevalence of specific resistance genes,
shared plasmids, and clonal diversity. Antimicrobial drug resistance genes were
screened using PCR (tetA and tetB [5], strA and strB [17], and sul2 and sul2 [17]).
Plasmids were isolated by alkaline lysis method (43), and the profiles were
visualized on 1% agarose gels stained with ethidium bromide. Pulsed-field gel
electrophoresis (PFGE) was used to examine clonal diversity using the XbaI
enzyme (12), and band profiles were analyzed using Bionumerics (Applied
Maths, Austin, Tex.).
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neonatal calves was resistance to streptomycin, sulfadiazine,
and tetracycline (SSuT) (Fig. 1). In contrast, most E. coli isolates from cows were susceptible to all tested antimicrobial
drugs.
Experimental results. The addition of oxytetracycline was
associated with a higher prevalence of several antimicrobial
resistance phenotypes relative to E. coli isolated from calves
that received no antimicrobial supplement (Fig. 2). Nevertheless, E. coli samples collected from calves receiving oxytetracycline had a statistically larger proportion of susceptible E.
coli and significantly smaller proportion of E. coli having an
SSuT phenotype (Fig. 2). In addition, when data from all
tetracycline-resistant phenotypes was pooled (3,750 isolates),
removing oxytetracycline from the diet was associated with a
slightly higher-than-expected proportion of tetracycline-resistant E. coli (observed ⫽ 0.55, expected ⫽ 0.533; P ⫽ 0.039).
We interpreted this result as indicating that removing oxytetracycline did not result in a reduction in the proportion of
tetracycline-resistant E. coli. The prevalence of the SSuT resistance pattern peaked during the period when calves were
fed milk, after which the prevalence began to decline (Fig. 3).
The agar dilution antimicrobial drug susceptibility results
were validated with the disk diffusion method (97.1% congruence; n ⫽ 173). Based on bacterial growth in negative control
wells, we estimated that the contamination rate associated with
the agar dilution assay was 4%. The approximate rate of failure
to inoculate the plates with replicator was measured as the
growth on the antimicrobial drug plate and no growth on the
carbohydrate plate for the same isolate and was equal to

3.15%; these samples were excluded from the analysis. Finally,
our assay showed a 100% correspondence between resistance
for tetracycline and oxytetracycline, at different MICs starting
from 4 to 40 g/ml (data not shown).
In vitro competition results. SSuT E. coli isolates consistently out-competed susceptible strains in vitro in the absence
of antibacterial selective pressure (Student’s t test; P ⬍ 0.001).
There was no significant difference between competition results for Nalr and Nals strains (Student’s t test; P ⫽ 0.41).
Finally, all Nalr strains had approximately equal MICs for
nalidixic acid (200 g/ml). These latter results were consistent
with similar mutations conferring the Nalr phenotype and with
a negligible impact on differential fitness due to the Nalr phenotype.
In vivo competition results. SSuT E. coli isolates consistently
out-competed susceptible strains in neonatal calves in the absence of antibacterial selective pressure (Student’s t test; P ⬍
0.001) (Fig. 4). In older cows (heifers), SSuT E. coli isolates did
not show any competitive advantage over susceptible E. coli
isolates (Student’s t test; P ⫽ 0.54) (Fig. 5). Throughout the
experiment, all heifers presented both positive and negative CI
values. None of the animals in the in vivo studies shed detectable fecal Nalr E. coli prior to inoculation (0 to 3 days). All
strains of Nalr E. coli present in the SSuT inoculum were also
identified in feces, as demonstrated by PFGE (data not shown).
Molecular characteristics of SSuT isolates. Of 50 SSuT isolates obtained from calves, 49 harbored a large plasmid (⬃140
kb). All the SSuT isolates encoded strA, sul2, and tetB antimicrobial resistance genes. PFGE profiles revealed a very diverse
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FIG. 1. Frequency of resistance patterns for all fecal E. coli shed from preweaned calves (n ⫽ 3,221) or lactating cows (n ⫽ 6,321). Resistance
patterns are denoted by letters, where A ⫽ ampicillin, Ch ⫽ chloramphenicol, S ⫽ streptomycin, Su ⫽ sulfamethoxazole, and T ⫽ tetracycline.
Susceptible isolates were susceptible to all antimicrobial drugs tested (see Materials and Methods). ⴱ, statistically significant binomial test (P ⬍
0.0006 with Bonferroni correction for 10 tests); ns, nonsignificant. Only phenotypes having ⬎50 isolates were compared.
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population of SSuT E. coli in calves. Given a similarity coefficient of 90% (Dice index), there were 18 distinct band patterns
for these 50 isolates (data not shown).
DISCUSSION
We studied antimicrobial drug resistance in commensal
E. coli isolates, which are considered a potential reservoir for
resistance genes in farm animals (41). On-farm reservoirs of
resistant bacteria provide a potential source for resistance gene

FIG. 3. Resistance pattern of fecal E. coli over weeks of life for all
calves (n ⫽ 18). See Fig. 1 legend for an explanation of the codes used.

transfer between bacteria as well as an environment for dissemination to new animals, environments, and food products.
Therefore, identifying these reservoirs and mechanisms of persistence will be a key to reducing the load of resistant bacteria
in commercial facilities.
In this study, preweaned calves had the greatest prevalence

FIG. 4. In vivo competition experiments in neonatal calves (n ⫽ 6)
between Nalr SSuT and Nalr susceptible strains. Each circle represents
a sample from a single calf. CI ⫽ (X ⫺ Y)/(X ⫹ Y) where X is the
number of SSuT colonies and Y is the number of susceptible colonies.
When CI ⫽ 0, there is an equal proportion of Nalr SSuT and Nalr
susceptible strains in the sample.
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FIG. 2. Frequency of resistance patterns for all fecal E. coli shed from calves; experimental group (antibiotic fed; n ⫽ 2,129) and control group
(non-antibiotic fed; n ⫽ 2,432). See Fig. 1 legend for an explanation of the codes used. ⴱ, statistically significant binomial test (P ⬍ 0.0017 with
Bonferroni correction for six tests); ns ⫽ nonsignificant. Only phenotypes having ⬎50 isolates were compared.
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of resistant E. coli, and we found an inverse relationship between prevalence of resistant E. coli and animal age. We also
demonstrated experimentally that this high degree of resistance could be maintained in the absence of antimicrobial drug
selection. In the absence of antimicrobial drugs, a high prevalence of antimicrobial drug-resistant E. coli could occur if the
resistant strains had a fitness advantage in calves, but this could
also occur if the animals received high doses of these strains
from the environment. To test the former hypothesis, we compared the fitness of SSuT strains with susceptible strains in
vivo. It was clear from these experiments that the SSuT strains
had a fitness advantage in calves (Fig. 4), but not in older
animals (Fig. 5). In the latter case the data were consistent with
random colonization by either SSuT or susceptible strains.
Given these results, environmental sources probably play a
role in initial inoculation, but active competition in the calf gut
leads to expansion of SSuT populations in calves. Finally, we
found a very interesting correlation between the highest prevalence of the SSuT resistance pattern and the period when
calves received milk, suggesting that the selective advantage in
calves might be related to diet. In vitro experiments showed
that SSuT E. coli strains had a higher fitness than susceptible
strains under no specific selective pressure. We have no a
priori reason to expect that similar mechanisms were responsible for in vitro and in vivo results, but they may be related.
The prevalence of resistant bacteria is usually correlated
with previous use of antimicrobial drugs, but withdrawal of
antimicrobial drugs does not always result in an immediate
decrease in the prevalence of resistant bacteria (8, 17, 45, 50).
Our experimental results support the observation that antimicrobial drug selection is not required for short-term maintenance of resistant organisms. In the absence of antimicrobial
pressure, resistance genes probably represent a metabolic burden. Nevertheless, it is possible that this burden is so low that
the half-life for persistence can be measured in years or decades (e.g., reference 47). It is also possible that occult selection pressure exists in a direct ecological context (e.g., antibi-

otic- or colicin-producing bacteria) or via some other effective
advantage derived from resistance genes other than antimicrobial drug resistance. Finally, it is plausible that resistance genes
could persist if they were closely linked to other selectively
advantageous genes. For example, resistance genes might be
linked to adhesin or siderophore genes. Others have shown
that some adhesin genes have higher prevalence in the E. coli
flora of younger calves (10, 23, 34), and adhesin genes have
also been found on plasmids that also encode antimicrobial
drug resistance genes (14, 30, 47, 48). Lactoferrin is an abundant iron chelator in milk, and iron is required for bacterial
growth (37, 52). Iron acquisition genes (aerobactin and enterobactin) have been associated with plasmids that also encode
antimicrobial drug resistance genes (7, 11, 13, 18).
In our system, the correspondence between milk diet and
the highest prevalence of SSuT E. coli in the feces suggests
either a direct benefit of the resistance genes themselves or
linkage to other genes that are adaptive in this environment. A
subset of SSuT isolates were characterized, and we found a
diverse group of clones (based on PFGE) that harbored a
common set of resistance genes (tetB, sul2, and strA) and a
common plasmid (⬃140 kb). It is possible that this plasmid
harbors the gene(s) responsible for selective advantage in
calves. Studies are under way to identify the mechanisms responsible for the increased fitness of SSuT E. coli in calves, and
with this information we expect to devise measures to promote
displacement of antimicrobial drug-resistant bacteria in this
age group.
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