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We examined how a dietary supplement affects the prevalence of antibiotic-resistant Escherichia coli on a
dairy farm in Washington State. Between 2001 and 2004 the prevalence of fecal E. coli strains resistant to
streptomycin, sulfadiazine, and tetracycline (SSuT strains) declined from 59.2% to 26.1% in the calf popula-
tion. In 2003 the dairy discontinued use of a dietary supplement, and we hypothesized that the decline in
prevalence of SSuT strains was related to this change in management. To test this we established three
treatments in which calves received no supplement, the dietary supplement with oxytetracycline, or the dietary
supplement without oxytetracycline. Calves receiving either dietary supplement had a significantly higher
prevalence of SSuT E. coli than the no-supplement control group (�37% versus 20%, respectively; P � 0.03).
Importantly, there was no evidence that oxytetracycline contributed to an increased prevalence of fecal SSuT
E. coli. We compared the growth characteristics of SSuT and non-SSuT E. coli in LB broth enriched with either
the complete dietary supplement or its individual constituents. Both the complete dietary supplement and its
vitamin D component supported a significantly higher cell density of SSuT strains (P � 0.003 and P � 0.001,
respectively). The dry milk and vitamin A components of the dietary supplement did not support different cell
densities. These results were consistent with selection and maintenance of SSuT E. coli due to environmental
components independent of antibiotic selection.

Food animal producers rely on management methods to
prevent disease outbreaks and increase production. Manage-
ment can include controlling the environment (temperature,
humidity, etc.), providing clean living space, providing good
nutrition, using passive transfer if appropriate, and implement-
ing biosecurity measures to block transmission of infectious
diseases. Producers also use antimicrobial drugs for prophy-
lactic treatment. Besides potential benefits for preventing dis-
ease, antimicrobial drugs have also been shown to increase
average daily gains and feed conversion in some food animals
(4, 8, 9, 13). Consequently, the potential disease and produc-
tion benefits have led to widespread use of antimicrobial drugs
in food animal production.

Unfortunately, the practice of using antimicrobial drugs for
growth promotion and prophylaxis has probably contributed to
an increase in the prevalence of antimicrobial-resistant bacte-
ria in food animals, and it may contribute to increased preva-
lence of resistant bacteria in humans (2, 6, 26, 37). A worst-
case scenario would occur if antimicrobial drug resistance
genes could be maintained in the commensal flora from ani-
mals and these genes could be transferred to bacteria that are
pathogenic to both animals and humans (14, 18, 27, 28, 30, 31,
35, 38, 39). This concern has prompted the European Union to
ban the use of several antimicrobial drugs and the World
Health Organization to suggest cessation of the use of all
antimicrobial drugs for growth promotion (3, 17). In theory,

the cessation of nontherapeutic drug use will result in lower
selection pressure for emergence and maintenance of antimi-
crobial-resistant bacteria.

While prudent use of antimicrobial drugs has proven to be
an effective way to curb rising levels of antimicrobial drug
resistance (23, 24, 33), there are many recorded instances
where withdrawal of antimicrobial drugs has not affected the
prevalence of antimicrobial drug resistance in the population
under study (11, 15, 22, 32, 36). One possible explanation for
the maintenance of antimicrobial drug resistance in the ab-
sence of antimicrobial drug selection is close genetic linkage
between resistance genes and other genes that provide signif-
icant adaptive advantages for specific niches. It is also possible
that resistance genes may convey otherwise unrecognized ben-
efits in a complex environment. Finally, if the resistance genes
themselves convey little fitness cost, then only sporadic selec-
tion events would be needed to maintain the presence of these
genes within a population, and we could expect a long half-life
as resistance genes are lost by genetic drift (5).

Our research has focused on understanding the mechanisms
that are responsible for maintaining antimicrobial resistance in
commensal Escherichia coli at the Washington State University
(WSU) dairy. In an earlier study we showed that a dietary
supplement containing oxytetracycline was not necessary to
maintain the most prevalent antimicrobial resistance pheno-
type (resistant to streptomycin, sulfadiazine, and tetracycline
and susceptible to ampicillin, chloramphenicol, and nalidixic
acid [SSuT]) in a dairy herd (22). We then generated null
mutants for the antibiotic resistance genes, and using both in
vitro and in vivo competition models we found that there was
no apparent secondary fitness advantage attributable to the
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resistance genes themselves (21). Another explanation for
maintenance of SSuT strains in the absence of antibiotic se-
lection pressure would be that other closely associated genes
convey a selective advantage in dairy calves. Selection in favor
of these linked traits may be all that is necessary to maintain
the SSuT strains in the population. The question then is,
“What traits are likely to play this role?”

In 2003 the WSU dairy discontinued its use of a medicated
dietary supplement, and we observed a low prevalence of SSuT
strains in 2004 (21). This decline was contrary to our earlier
predictions that oxytetracycline is not needed to maintain these
strains at the dairy (22). If our earlier predictions were correct,
then it is possible that the dietary supplement itself was pro-
viding a selective pressure to maintain SSuT strains in this
population. The focus of the present study was to formally test
this observation, with the implication that success of SSuT
strains is most likely due to phenotypic traits that take direct or
indirect advantage of the presence of the dietary supplement.

MATERIALS AND METHODS

Comparison of prevalences of antimicrobial drug resistance and patterns in
2001 and 2004. The WSU dairy (Pullman, Wash.) maintains a closed dairy with
all the replacement heifers raised on site. Holstein calves are housed in individ-
ual pens in a separate building at 24 to 48 h after birth. A calf ration includes milk
(first 4 to 6 weeks of life) and grain supplement. A dietary supplement containing
oxytetracycline (5.5 g/kg) was used until winter of 2003. The dietary supplement
was composed of spray process grade A nonfat dry milk and vitamins (see
below), and 15 to 20 g of dietary supplement was added directly to milk that was
fed to the calves. The medicated dietary supplement was used for at least 12
years prior to its cessation in 2003. In two previous studies we examined the
prevalences of the antimicrobial drug-resistant E. coli isolated from calves in
2001 and 2004 (21, 22). To examine changes following the withdrawal of the
medicated dietary supplement, we used a Student t test to compare the preva-
lences of antibiotic-resistant E. coli in 2001 (22) and 2004 (21) (NCSS Statistical
Software, Kaysville, UT).

Reintroduction of dietary supplement with and without oxytetracycline. Sup-
plement reintroduction experiments involved 27 neonatal calves that were se-
quentially assigned to one of the three groups. All calves originated from the
WSU dairy. One group received the complete dietary supplement without oxytet-
racycline (Pennox-50), while a second group received the same dietary supple-
ment with Pennox-50. A third group did not receive any supplement. Calves were
housed in individual pens, but nose-to-nose contact with adjacent calves was
possible. Treatment calves were intermixed so that there was no systematic
interaction between treatments.

The dietary supplement was prepared by mixing 8.3 kg of dry skim milk, 156 g
of vitamin D premix, and 241 g of vitamin A-30 premix (all from Thomas
Products Inc., Hubbard, OR). The supplement with Pennox-50 also contained
412 g of Pennox-50 (oxytetracycline hydrochloride, equivalent to 110 g/kg; Penn-
field Animal Health, Omaha, NE). Calves received 1 tablespoon (15 to 20 g) of
dietary supplement per day, which was added directly to the milk at the morning
feeding. The supplement was not stirred in the milk. Calves received 2.3 kg of
milk at each feeding (twice daily). The final concentration of the oxytetracycline
hydrochloride in the milk would be �35.6 mg/liter if it was fully dissolved.

Fecal sampling and antimicrobial drug resistance testing. Each calf was sam-
pled once a week for 3 months. Fecal samples (1 g) were collected with sterile
tongue depressors from the floor or rectum and placed in sterile bags. Samples
were returned to the laboratory, where they were streaked for isolation on three
separate violet red bile agar (Remel Inc., Lenexa, KS)–4-methylumbelliferyl-�-
D-glucuronide (MUG) (Biosyth Ag, Switzerland) plates within 4 h of collection
and incubated overnight at 37°C. Twenty-one presumptive E. coli colonies (with
pink coloration and fluorescence under UV light) per animal (seven per agar
plate) were used to inoculate E. coli medium (Remel Inc.) with MUG (Biosyth
Ag) broth (200 �l) in a 96-well plate format, leaving 8 to 24 noninoculated
negative control wells. Each 96-well plate also included two positive control
isolates, Q-89 and Q-90, which were resistant and susceptible to all tested anti-
microbial drugs, respectively. The 96-well plates were then incubated (44.5°C,
overnight), and the MUG reaction was confirmed under UV light.

Presumptive E. coli colonies were tested for antibiotic drug susceptibility by

agar dilution at breakpoint concentrations. These methods have been described
in detail and validated in previous work (21, 22). Antimicrobial drug (Sigma)
susceptibilities were tested using Mueller-Hinton agar (Hardy Diagnostics) sup-
plemented with ampicillin (16 �g/ml), tetracycline (10 �g/ml), chloramphenicol
(16 �g/ml), streptomycin (12 �g/ml), sulfadiazine (512 �g/ml), or nalidixic acid
(18 �g/ml). E. coli was inoculated on the antibiotic-supplemented Mueller-
Hinton agar plates by using a 96-pin replicator. The replicator was flame steril-
ized, dipped into the culture plate one time, and then sequentially touched onto
each antibiotic agar plate. A final antibiotic-free agar plate was used to confirm
uniform inoculum delivery across all plates. The results of replicator assays were
recorded after overnight incubation at 37°C. Results for antibiotic drug plates
were coded with a dichotomous variable: zero for no growth and one for growth.
These results were used to calculate the frequencies for different resistance
patterns for each sample. Repeated-measures analysis of variance (ANOVA)
was used to examine the prevalence of resistant bacteria among the three treat-
ment groups. Individual calves represented the subject variable, with the sam-
pling result of each week being the repeated measure nested within each calf.
Planned comparisons were used to assess the significance of differences among
the three treatment groups, where a P value of �0.05 was considered statistically
significant (NCSS Statistical Software).

Growth curve analysis of SSuT and susceptible strains in vitro. Growth curves
were generated for SSuT and antimicrobial drug-susceptible E. coli in Luria-
Bertani (LB) broth that included the dietary supplement or its components other
than oxytetracycline. These included complete dietary supplement (10 g/liter),
milk powder (10 g/liter), vitamin A (1 g/liter), or vitamin D (1 g/liter). The
complete supplement and separate components were dissolved at 55°C in a water
bath and filter sterilized (0.22 �m).

Each well of a 96-well microtiter plate contained 185 �l of appropriate me-
dium and was inoculated with 1.2 �l of culture (prepared in LB at 37°C for 24 h).
Each culture was inoculated into 6 or 12 replicate wells to calculate an average
value for each time point. Each growth curve was independently replicated three
times. The overnight cultures were comprised of a mixture of six different SSuT
E. coli strains or a mixture of six different susceptible E. coli strains. The exper-
iments were also repeated using individual SSuT and susceptible E. coli strains
(no difference was noted between individual and mixed cultures). For these
experiments the different strains were defined by unique macrorestriction pat-
terns from pulsed-field gel electrophoresis, following the methods of Davis et al.
(12). Some wells (between 16 and 24) were left uninoculated to control for
contamination during the experiments (no contamination was observed). The
plate was incubated (37°C) as a stationary culture in a SPECTRAmax 384 PLUS
(Molecular Devices) plate reader. The culture was agitated before collection of
absorbance (A600) values every 30 min. Absorbance results were plotted to
observe growth differences, and a Student t test was used to compare end point
absorbance (A600) values at 24 h for the SSuT and susceptible E. coli.

To confirm that absorbance was providing information about the density of
viable bacteria, we calculated CFU for the SSuT and susceptible E. coli after 24 h
of growth in LB and in LB enriched with dietary supplement. Samples from the
cultures grown in the SPECTRAmax were diluted 10�6 and plated onto three
replicate LB agar plates. Plates were incubated overnight at 37°C and CFU
enumerated. A two-sample Student t test was used to compare the colony counts
for SSuT and susceptible strains.

RESULTS

Comparison between 2001 and 2004. Between year 2001
(22) and year 2004 (21) study control groups there were sta-
tistically significant decreases in the prevalences of streptomy-
cin (P � 0.001)-, sulfadiazine (P � 0.001)-, and tetracycline (P
� 0.019)-resistant E. coli, but there was no significant change
in the prevalence of chloramphenicol-resistant isolates (P �
0.84) and a significant increase in the prevalence of ampicillin-
resistant isolates (P � 0.001) (Fig. 1). For this same period the
prevalences of E. coli strains resistant to ampicillin, streptomy-
cin, sulfadiazine, and tetracycline (ASSuT strains) (P � 0.001);
to ampicillin, streptomycin, sulfadiazine, tetracycline, and
chloramphenicol (ASSuTCh strains) (P � 0.002); and to tet-
racycline only (P � 0.001) and of susceptible strains (P �
0.014) increased significantly, and the prevalences of AST (P �
0.21) and SSuTCh (P � 0.075) E. coli strains did not change
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significantly, but there was a very significant decrease in the
prevalence of SSuT (P � 0.001) E. coli strains (Fig. 2). The
decrease in prevalence of SSuT E. coli for 2004 was most
marked in the first 40 days of life, a period in 2001 that had
the highest number of SSuT E. coli isolates (Fig. 3). The last
observation is consistent with the close association of the

SSuT E. coli with the presence (2001) or absence (2004) of
the dietary supplement.

Results for reintroduction of dietary supplement at the
dairy. Calves were sequentially assigned to three groups that
received either dietary supplement without oxytetracycline, di-
etary supplement with oxytetracycline, or no supplement.
Among the three groups, there was no statistically significant
difference in the levels of antimicrobial drug resistance to
ampicillin, streptomycin, sulfadiazine, and tetracycline, except
that the no-supplement group had a significantly higher level
of chloramphenicol-resistant E. coli (P � 0.03) (Fig. 1). Com-
parison of the resistance patterns revealed significantly higher
numbers of SSuT E. coli isolates in the two groups that re-
ceived dietary supplement regardless of presence of oxytetra-
cycline (Fig. 2). There was no statistically significant difference
among the three groups for AST, SSuTCh, T-only, and sus-
ceptible E. coli, although the no-supplement group had signif-
icantly more ASSuTCh and fewer ASSuT E. coli isolates than
the two calf groups receiving the dietary supplement.

Growth in LB enriched with dietary supplement. SSuT and
susceptible E. coli strains had similar absorbance values at 24 h
in LB broth (Student’s t test, P � 0.44) (Fig. 4). In all cases the
shapes of the growth curves for SSuT and susceptible E. coli
were overlapping except in the stationary phase when LB was
supplemented with either complete dietary supplement or vi-
tamin D alone. In these cases, SSuT E. coli had a significantly
higher absorbance value at 24 than to susceptible E. coli (Stu-
dent’s t test, P � 0.002 and P � 0.001, respectively) (Fig. 4). In
all cases where LB included the complete dietary supplement
or a supplement component, the absorbance values for both
SSuT and susceptible E. coli increased over what was recorded
for LB alone (Fig. 4). Thus, these compounds were not inhib-
itory, but rather the SSuT strains were able to attain a higher
cell density than the susceptible strains when grown in LB with
the complete dietary supplement or with the vitamin D com-
ponent.

We compared the CFU at 24 h and verified that the average
CFU for SSuT and susceptible E. coli did not differ signifi-
cantly when the strains were grown in LB alone (1.3 � 109 and

FIG. 1. Frequency of antimicrobial drug resistance for all E. coli
isolates shed from calves: year 2001 (n � 18 calves), year 2004 (n �
30), group receiving supplement without Pennox-50 (n � 9), group
receiving supplement with Pennox-50 (n � 9), and group not receiving
supplement or Pennox-50 (n � 9). � and �, statistically significant (P �
0.05 by Student’s t test between years and repeated-measures ANOVA
test for 2004 experiment, respectively); error bars indicate standard
errors.

FIG. 2. Frequency of antimicrobial drug resistance patterns for all
E. coli isolates shed from calves: year 2001 (n � 18), year 2004 (n �
30), group receiving supplement without Pennox-50 (n � 9), group
receiving supplement with Pennox-50 (n � 9), and group not receiving
supplement or Pennox-50 (n � 9). � and �, statistically significant (P �
0.05 by Student’s t test between years and repeated-measures ANOVA
test for 2004 experiment, respectively). Resistance patterns are de-
noted by letters, where A is ampicillin, Ch is chloramphenicol, S is
streptomycin, Su is sulfadiazine, and T is tetracycline. Susceptible
isolates were susceptible to all above-mentioned antimicrobial drugs
tested; error bars indicate standard errors.

FIG. 3. Distribution of SSuT E. coli isolates over weeks of life for
all the calves for year 2001 (n � 18) and year 2004 (n � 30); error bars
indicate standard errors.

VOL. 72, 2006 UNMEDICATED DIETARY SUPPLEMENT 4585



1.3 � 109, respectively; Student’s t test, P � 1.0). When grown
in LB with complete dietary supplement, the average CFU for
SSuT strains (9.7 � 108; 95% confidence interval, 9.0 � 108 to
1.0 � 109) was 19.8% higher than the CFU for susceptible E.
coli (8.1 � 108; 95% confidence interval, 7.7 � 108 to 8.5 �
108) (Student’s t test, P � 0.001).

DISCUSSION

We examined the effect of a dietary supplement on a pop-
ulation of antimicrobial-resistant, commensal E. coli strains in
neonatal calves. The WSU dairy had used a dietary supplement
containing oxytetracycline for at least 12 years prior to the
winter of 2003, after which management chose to discontinue
this practice. A comparison of prevalence data from 2001 (22)
and 2004 (21) indicated a significant decline in SSuT strains
between the two time points. A logical conclusion would be
that removal of the oxytetracycline itself was most likely re-
sponsible for the decline in prevalence. This speculation, how-
ever, conflicts with an earlier conclusion that oxytetracycline is
not necessary to maintain SSuT strains in this population (22).
It is possible that the earlier conclusion was valid over the short
time frame of that study but that over longer periods there is
a selective effect from oxytetracycline. If, however, our earlier
conclusion is correct and oxytetracycline was not having a
significant impact, then the next obvious source of selection
would be the dietary supplement itself. Consequently, the
current study was designed to distinguish between effects
from oxytetracycline-medicated and unmedicated dietary
supplements.

In the current study we found a nearly twofold increase in
the prevalence of SSuT strains in the two groups receiving the

dietary supplement compared to the group that did not receive
any supplement. Importantly, the addition of oxytetracycline
had no apparent additive effect on the prevalence of SSuT
strains relative to the group receiving the unmedicated supple-
ment, which strengthens the earlier conclusion that oxytetra-
cycline is not necessary to maintain a high prevalence of SSuT
strains (22). The calves in each treatment group were housed
in separate pens, but nose-to-nose contact was possible. Calves
in all three treatment groups were housed within interspersed
pens, so it is unlikely that the distribution of SSuT strains
between the treatment groups could be explained by direct
transmission between calves; otherwise, we would expect no
difference between groups. In addition, our previous work at
the dairy has shown, via pulsed-field gel electrophoresis, that
calves in these interspersed pens can maintain distinct E. coli
populations (21).

In vitro experiments suggest that the supplement provides a
selective advantage to SSuT strains. The shapes of the growth
curves (based on optical density values [data not shown])
showed that there was no obvious difference in the rate of
growth, but differences arose as the cultures entered stationary
phase. SSuT strains attained a 19.8% higher density of cells at
stationary phase than non-SSuT strains. Non-SSuT strains
were not inhibited by the presence of the dietary supplement (the
optical density did not decline compared with that of the LB
control), but they gained no significant advantage in the ability to
sustain a higher density of cells. Presumably, the dietary supple-
ment provided SSuT strains with the means to partially overcome
an otherwise limiting factor in total population size, and the vi-
tamin D component appears to be responsible for this effect.
Interestingly, an inhibitory effect of vitamin D on E. coli and other
bacteria in vitro has been documented, although the mechanism
by which this occurred was not described (16). It is also possible
that this beneficial effect observed in our study was due to
unspecified components of the vitamin D additive. While our
in vitro experiment demonstrated that SSuT strains can main-
tain a higher cell density, it is important to note that the in vivo
effect may have no relation to this but instead may be associ-
ated with other physiological or community ecology changes
associated with the dietary supplement.

The relationship between the prevalence of SSuT strains and
the dietary supplement may be related to genetic linkage of
the SSuT determinants to other genes that confer a selective
advantage in the presence of the dietary supplement. Others
investigators have reported examples of genetic linkage/asso-
ciation to antimicrobial drug resistance genes. For example,
Calomiris et al. (10) found a close association between multi-
ple antibiotic resistance traits and metal tolerance in bacteria
isolated from drinking water. Kehrenberg and Schwarz (20)
confirmed the physical linkage of three antimicrobial drug
resistance genes, explaining the simultaneous occurrence of
these resistances in Pasteurella and Manheimia isolates without
direct selective pressure. Aarestrup (1) accounted for the per-
sistence of glycopeptide resistance in enterococci from broilers
and pigs by genetic linkage between ermB and vanA antibiotic
resistance genes, resulting in coselection as a consequence of
the continued use of macrolides.

While we found a close association between SSuT strains
and withdrawal and introduction of the dietary supplement,
this may be a unique case. Some resistance patterns increased

FIG. 4. Absorbance values at 24 h of growth for SSuT and suscep-
tible E. coli. LB, LB broth (six replicates for each resistotype); M/S, LB
broth supplemented with dietary supplement (not containing oxytet-
racycline; three replicates for each resistotype); M/P, LB broth sup-
plemented with milk powder (three replicates for each resistotype); Vit
A, LB broth supplemented with vitamin A (three replicates for each
resistotype); Vit D, LB broth supplemented with vitamin D (three
replicates for each resistotype). Error bars indicate standard errors; �,
statistically significant difference between SSuT and susceptible E. coli
(P � 0.05 by Student’s t test).
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between 2001 and 2004 (e.g., ASSuT and T only), although the
overall prevalence of tetracycline resistance in fecal E. coli
decreased about 10% between 2001 and 2004 (Fig. 1). This
slow decay of other tetracycline resistance patterns compared
to SSuT suggests either that there are other selective events
maintaining antibiotic-resistant E. coli in the absence of oxytet-
racycline selection pressure or that we are observing a slow
“decay” attributable to minimal fitness cost of the antimicro-
bial resistance genes. Several authors have reported very low
“decay rates” after removal of antimicrobial drug pressure (19,
25, 34), and this makes intuitive sense for tetracycline resis-
tance efflux genes because these genes are usually associated
with a repressor gene that prevents expression in the absence
of a tetracycline analog (7, 40). Thus, the biological cost of
harboring tetracycline resistance genes may be small.

While we expect oxytetracycline to negatively affect the prev-
alence susceptible E. coli, it was interesting that the addition of
oxytetracycline to the supplement had no measurable effect
above what was observed with the supplement alone. Under
idealized conditions, the final concentration of oxytetracycline
in the milk should be 35.6 �g/ml, which is much higher than the
threshold concentration for susceptible E. coli (�4 �g/ml). We
have demonstrated in vitro that the growth of antimicrobial
drug-susceptible E. coli is suppressed in LB broth to which a
similar ratio of dietary supplement (containing oxytetracycline)
is added, but the growth of SSuT E. coli is uninhibited (data
not shown), and given these results we would predict an addi-
tional selective advantage for the SSuT strains in the presence
of oxytetracycline. In vivo, however, it is possible that the
effectiveness of the tetracycline is much lower due to dilution
in the intestinal content and chelation of the tetracycline by
Ca2� and Mg2� cations present in the milk (29). More work is
needed to address this issue, because we would expect a similar
inactivation of oxytetracycline in vitro given that the supple-
ment is largely dry milk.

In conclusion we have demonstrated that the dietary sup-
plement, and specifically the vitamin D additive, is probably
selecting for strains with a specific resistance pattern (SSuT) in
the calves at a dairy. Even though the prevalence of SSuT E.
coli was influenced significantly by the use of the dietary sup-
plement, the overall prevalence of streptomycin, sulfadiazine,
and tetracycline resistances remained relatively high, indicat-
ing that the mechanism that maintains the SSuT strains is not
universal for other resistance phenotypes at the dairy. Previous
experiments have also demonstrated that SSuT E. coli strains
are more competitive in the calf intestinal environment than
susceptible ones. This supports the hypothesis of a multifactor
selective system that maintains a relatively constant level of
antimicrobial-resistant bacteria. In the case of the SSuT strains,
the primary mechanism for long-term maintenance is most
likely related to the presence of a gene(s) that confers a direct
and/or indirect selective advantage in the presence of a dietary
supplement, and we speculate that this gene is closely linked to
the antimicrobial resistance genes.
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