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MECHANISMS RESPONSIBLE FOR THE MAINTENANCE OF HIGH 
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Chair: Douglas R. Call 

 The prevalence of antimicrobial drug resistant bacteria is typically highest in 

younger animals, and the resistance traits can theoretically be maintained in a population 

through (a) direct antimicrobial selective pressure, (b) secondary advantage conferred by 

the resistance genes in the absence of antimicrobial selective pressure, and (c) linkage to 

other selectively advantageous genes. We assessed the prevalence of antimicrobial 

resistant Escherichia coli at a Holstein dairy farm and confirmed a higher prevalence of 

tetracycline resistance in younger calves. The most common phenotype among calf 

isolates included resistance to streptomycin, sulfa-drugs and tetracycline (SSuT), which 

was most prevalent during the period when calves were on milk diet. We inoculated 

animals with strains of SSuT and susceptible E. coli and found a higher frequency of 

SSuT strains in neonatal calves (P < 0.001), but no difference in older animals (P = 0.5). 

We also fed calves a milk supplement with and without oxytetracycline and found that 

calves receiving the oxytetracycline had slightly lower prevalence of tetracycline resistant 

and SSuT E. coli. These data indicate that direct selection was not critical to maintain 

SSuT strains at the dairy. 
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We then inoculated newborn calves with cured-SSuT (SSuT strains cured from 

antimicrobial resistance genes) and progenitor SSuT strains. On average the cured-SSuT 

strains were as competitive as the progenitor strains indicating that any selective 

advantage was not a secondary by-product of the resistance genes themselves.  

We observed from the above studies that there might be a relationship between the 

presence of SSuT E. coli and a milk supplement. Using a feeding trial we demonstrated 

that milk supplement selected for significantly more SSuT E. coli in calves compared 

with the no-supplement control group (≈ 40% vs. ≈ 20% respectively). The presence of 

oxytetracycline in the milk supplement did not add to this effect. In vitro studies 

demonstrated that the milk supplement supported a significantly higher cell density of 

SSuT strains compared with other strains. From these results we speculate that the SSuT 

resistance genes are genetically linked to gene(s) that confer a selective advantage in the 

presence of milk supplement. 
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CHAPTER 1 

Role of calf-adapted Escherichia coli in maintenance of antimicrobial drug resistance in 

dairy calves 

 

ABSTRACT 

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 E. coli in calves. To explore 

this issue we examined the age-distribution of antimicrobial drug resistant Escherichia 

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 4 µg/ml tetracycline 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 = 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 included resistance to streptomycin 

(>12µg/ml), sulfadiazine (>512µg/ml), and tetracycline (>4 µg/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 susceptible strains in neonatal 
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calves (P < 0.001), whereas there was no difference in older animals (P = 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.  

  

INTRODUCTION 

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 is 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 is associated with 

decreasing prevalence of resistant organisms (27, 28, 46), but in other cases the resistance 

level remains constant or it even increases independent of antimicrobial drugs (8, 17, 45, 

50). Persistence of antimicrobial resistance after removal of the selective agent has been 

correlated with prolonged duration and amount of antimicrobial drugs used (15). 
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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 older animals and thus there may be niche-specific 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. Prevalence of resistant bacteria was significantly greater in 

younger animals compared with older animals. Experimental manipulations demonstrated 

that resistant E. coli have higher fitness in the calf enteric environment independent of 

exposure to antimicrobial drugs. 
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MATERIALS AND METHODS 

Herd survey.  

The study was performed at a Holstein dairy farm (WSU, Pullman, WA). 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, 

included 4.54% TM-50 (final concentration in the milk ≈ 26 µg/ml), 2.65% vitamin A, 

1.72% vitamin D, and 91.1% dried skim milk and was added directly to bulk or waste 

milk at feeding time.  Bulk milk conformed to FDA 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 

Escherichia coli at the dairy. Sixty fecal samples (5 g) were collected weekly from fresh 

fecal pats from pens containing calves < 3 month old (10 samples), heifers 3-6 month old 

(10 samples), heifers 6-14 month old (10 samples), lactating cows (20 samples) and non-

lactating cows (10 samples). Samples were processed as described below. 

 

 Terramycin supplement study.  

To assess the impact of TM-50 supplemented diet on the prevalence of resistant 

bacteria, we performed the following experiment. Newborn calves were consecutively 

assigned to either 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) 
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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 the age of 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 2-3 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-

β-D-glucuronide (VRB-MUG) plates (VRB from Remel, USA; MUG from Biosyth Ag, 

Switzerland) within 4 hr 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 (E. coli) medium (Remel, USA) with MUG 

(EC-MUG) broth (200 µl) in a 96-well plate format, leaving 8-24 non-inoculated, 

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 were tested for antimicrobial drug susceptibility using agar 

dilution at breakpoint concentrations. Antimicrobial drug (Sigma, USA) susceptibilities 

were tested using IsoSensitest agar (IA) medium (Oxoid, USA) supplemented with 

ampicillin (16 µg/ml), tetracycline (4 µg/ml), chloramphenicol (16 µg /ml), streptomycin 

(12 µg/ml), sulfadiazine (512 µg/ml). Replicated test plate series included a final plate of 
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antimicrobial drug free media 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: zero for no growth and one for growth. 

These results were used to calculate the frequencies for different resistance patterns. 

Accuracy of the replicator assay was validated by testing 2-4 samples from each 96 well 

plate by disk diffusion assay conforming to NCCLS guidelines (n = 173) (32). Quality 

control organisms used for the disk diffusion assay included: E. coli ATCC 25922; S. 

aureus ATCC 25923; P. aueroginosa ATCC 27853; and E. coli ATCC 10536. 

 Data was entered into Microsoft Access (Microsoft Corp, Redmond, WA) and 

was analyzed using Microsoft Excel and NCSS 2001 (NCSS Statistical Software, 

Kaysville, UT). An exact binomial test was used to test the distribution of resistance 

phenotypes for calves vs. cows and for treatment vs. control groups. Proportionality was 

adjusted for sample size differences and alpha was adjusted for multiple comparisons 

using a Bonferroni correction. 

 

Molecular characterization of SSuT isolates.  

 Fifty SSuT (resistant to streptomycin (>12µg/ml), sulfadiazine (>512µg/ml), and 

tetracycline (>4 µg/ml)) isolates 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), 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 
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electrophoresis (PFGE) was used to examine clonal diversity using the XbaI enzyme 

(12), and band profiles were analyzed using Bionumerics (Applied Maths, Austin, TX). 

 

In vitro and in vivo competition experiments.  

SSuT (resistant to streptomycin, sulfadiazine and tetracycline) E. coli, being the 

dominant resistance pattern isolated from calves, were tested in vitro and in vivo to 

determine their differential fitness compared to susceptible (susceptible to above tested 

antimicrobials) E. coli. For in vivo studies the E. coli strains of interest were selected for 

nalidixic acid resistance (Nalr) (20 µg/ml) following the methods of Marshall et al. (33). 

The design for the in vitro competitions included mixing 105 CFUs (LB media) of five 

SSuT and five susceptible E. coli. All 10 (ten) E.coli were isolated from individual 

calves, on different dates and represented 3 distinct SSuT and 3 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 µl) was transferred into fresh LB broth (3 ml) for eight consecutive days. On days 

zero, four and eight, a competition index was calculated by estimating the colony forming 

units (CFU)/ml for the SSuT and susceptible strains. The number of SSuT colonies was 

counted on fresh MacConkey agar supplemented with sulfadiazine (512 µg/ml), whereas 

the number of susceptible colonies was determined by subtracting the number of SSuT 

colonies from the same dilution grown on MacConkey agar media without antimicrobial 

drugs. Three replicate counts were made at each time point and averaged. The 
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competition index (CI) was calculated as (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 (2-3 days old; n = 7) and heifers 

(12-14 mo; n = 12). For in vivo studies, five distinct SSuT Nalr and five distinct 

susceptible Nalr E. coli were mixed (108 CFUs of each for calves and 1010 CFUs of each 

for heifers) and administered per os (oral administration was used for neonatal calves and 

gastric tube for heifers). Neonatal calves were sampled every other day until shedding of 

inoculum bacteria was not detectable (up to 21 day PI (post inoculation)). Heifers were 

sampled every three days for 27 days PI. In vivo experiments with neonatal calves were 

performed in a vivarium, whereas experiments with the heifers were conducted in the 

farm setting. The ten strains of E. coli were identical for both in vitro and in vivo studies. 

To determine CFU/ml for SSuT and susceptible E. coli in vivo experiments, 1 gram of 

freshly collected fecal samples was serially diluted in PBS (peptone buffered saline) and 

ten fold dilutions were plated on specific selective media. Competition index (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 a 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 dominated in vivo in calves, PFGEs were done on a number of 

random Nalr E. coli (n = 29) isolated from all the calves on the final days of the 
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experiment. All in vivo inoculation studies were approved by the WSU IACUC 

(Institutional Animal Care and Use Committee).  

 

RESULTS 

Herd survey.  

Survey results from a dairy herd at Washington State University 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 

neonatal calves was resistance to streptomycin, sulfadiazine and tetracycline (SSuT; Fig. 

1). In contrast, most E. coli 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 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 
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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 

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 growth on antimicrobial drug plate and no growth on 

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 

µg/ml (data not shown).  

 

In vitro competition results. 

  SSuT E. coli 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 (Nalidixic acid sensitive) strains 

(Student’s t test; P = 0.41). Finally, all Nalr strains had approximately equal MICs for 

nalidixic acid (200 µg/ml). These latter results were consistent with similar mutations 

conferring the Nalr phenotype and with negligible impact on differential fitness due to the 

Nalr phenotype.  
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In vivo competition results. 

 SSuT E. coli 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 did not show any competitive advantage over 

susceptible E. coli (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 (0-3 days). All strains of 

Nalr E. coli present in the SSuT inoculum were also identified in feces as demonstrated 

by pulsed-field gel electrophoresis (PFGE; data not shown).  

 

Molecular characteristics of SSuT isolates. 

From 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 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, 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 transfer 

between bacteria as well as an environment for dissemination to new animals, 

environments, and food products. Therefore, identifying these reservoirs and mechanisms 
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of persistence will be a key to reducing the load of resistant bacteria in commercial 

facilities.  

In this study, pre-weaned calves had the greatest prevalence 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, 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 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 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 had 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 
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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., 47). It is also possible that occult selection 

pressure exists in a direct ecological context (e.g. antibiotic or colicin producing bacteria) 

or via some other effective advantage deriving 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 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) 



 14

responsible for selective advantage in calves. Studies are underway 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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TABLES 

 

Table 1. Percent of antimicrobial drug resistant E. coli from the Washington State 

University dairy distributed by the age of cattle, 2001. 

Age N* Ampa Tet Strep Sulfa Chlor 

Pre-

weaned 
3,221 14.9 79.2 58.0 58.1 9.8 

3-6 mo 

Heifers 
3,224 14.5 35.7 26.4 26.2 1.2 

6+ mo 

Heifers 
3,245 5.9 17 10.9 10.9 0.1 

Lactating 

cows 
6,321 4.6 14.2 6.2 10.7 0.1 

Dry cows 2,877 2.4 13.3 7.3 12.3 0.5 

 

a Amp = ampicillin; Tet = tetracycline; Strep = streptomycin; Sulfa = sulfamethoxazole; 

Chlor = chloramphenicol. 

*number of isolates tested. 
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Figure 1. Frequency of resistance pattern for all fecal E. coli shed from pre-weaned 

calves (open bars; n = 3,221) or cows (closed bars; 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 methods). * = statistically significant binomial test (P< 

0.0006 with Bonferroni correction for 10 tests); ns = non-significant. Only phenotypes 

having >50 isolates were compared. 
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Figure 2. Frequency of resistance patterns for all fecal E. coli shed from calves; 

Experimental group (antibiotic fed; closed bars; n = 2,129) and control group (non 

antibiotic fed; open bars; n = 2,432). See Fig.1 for code legend. * = statistically 

significant binomial test (P < 0.0017 with Bonferroni correction for 6 tests); ns = non 

significant. Only phenotypes having >50 isolates were compared. 
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Figure 3. Resistance pattern of fecal E. coli over weeks of life for all calves (n = 18). See 

Fig. 1 for code legend. 
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Figure 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 – number of SSuT colonies and Y- number of susceptible 

colonies. When CI = 0 there is an equal proportion of SSuT and Nalr susceptible strains 

in the sample. 
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Figure 5. In vivo competition experiments in heifers (n = 12) between Nalr SSuT and Nalr 

susceptible strains. Each circle represents a sample from a single heifer.  

CI =(X-Y)/(X+Y) where X – number of SSuT colonies and Y- number of susceptible 

colonies. When CI = 0 there is an equal proportion of SSuT and Nalr susceptible strains 

in the sample. 
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CHAPTER 2 

Antimicrobial Drug Resistance Genes do not Convey Secondary Fitness Advantage to 

Calf-Adapted Escherichia coli 

 

ABSTRACT 

Maintenance of the 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 

E. coli is specifically selected for in young calves.  In this paper we examine the role of 

secondary advantages conveyed by antimicrobial 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 the 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 antimicrobial resistance genes. Our current 
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hypothesis is that the antimicrobial resistance genes are linked to other genes responsible 

for differential fitness in dairy calves. 

 

INTRODUCTION 

 Antimicrobial drug resistant bacteria present a significant risk to public health, 

and consequently there is great interest in reducing the prevalence of antimicrobial drug 

resistance (AR) genes in both commensal and pathogenic bacteria. One strategy to 

decrease the prevalence of AR bacteria is to discontinue using antimicrobial drugs for 

growth promotion and prophylaxis 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 antimicrobial drug 

resistance genes ultimately complicates the orthodox 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 wide distribution and 

maintenance of AR genes.  Some of these mechanisms include plasmid addiction (14, 

17), close linkage to other selectively advantageous genes (2, 9, 16, 21), and in some 
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instances 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 E. coli than older cattle at the Washington State 

University (WSU) dairy. In that study the predominant AR phenotype was SSuT 

(resistant to streptomycin, sulfadiazine, tetracycline and susceptible to ampicillin, 

chloramphenicol, and nalidixic acid) with these strains comprising ~60% of all E. coli 

isolated from calves (< 3 mo old) (23). We also demonstrated that the absence of the 

antimicrobial drug selection did not impact the level in antimicrobial drug resistant E. 

coli, at least short-term. Furthermore, when compared to antimicrobial susceptible strains, 

the SSuT E. coli 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 selection 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 resistant strains of E. coli. In the present study we test the 

hypothesis that the AR genes harbored by the SSuT strains convey secondary fitness 

advantage(s) that permit 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.  
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MATERIALS AND METHODS 

Bacterial strains. 

The strains used for the inoculation experiments were isolated from calves (1-45 

days old) and cows (>1 year).  The strains represented two main AR patterns: 

“susceptible” (susceptible to ampicillin 16 µg/ml, chloramphenicol 16 µg/ml, nalidixic 

acid 18 µg/ml, streptomycin 12 µg/ml, sulfadiazine 512 µg/ml and  tetracycline 10 µg/ml) 

and SSuT (resistant to streptomycin, sulfadiazine and tetracycline in the same 

concentrations). Resistance phenotypes were determined as described below. In some 

cases strains with spontaneous mutations for nalidixic acid resistance (18 ug/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 media 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 media to select for strains of E. coli that  

spontaneously lose tetracycline and other antimicrobial drug resistance genes.  

Specifically two distinct SSuT Nalr (nalidixic acid resistant) E. coli strains were 

separately incubated in the above mentioned broth media at 37.0ºC on a shaker (200 

rpm). Overnight culture (100 ul) was transferred into fresh media (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 non-selective media and grown overnight. The 
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following day 96 colonies from each passage experiment were picked and tested for 

antimicrobial drug susceptibility using agar dilution at breakpoint concentrations (23). 

Antimicrobial drug (Sigma, USA) susceptibilities were tested using IsoSensitest agar 

(IA) medium (Oxoid, USA) supplemented with tetracycline (10 µg/ml), streptomycin (12 

µg/ml), sulfadiazine (512 µg/ml). Replicated test plates included a final plate of 

antimicrobial drug free medium to confirm inoculum delivery.  Three isolates from each 

SSuT that became susceptible to the above mentioned antimicrobial drugs (called “cured-

SSuTs”), were chosen for further analysis. The analysis included validation of 

antimicrobial drug susceptibility by disk diffusion assay conforming to NCCLS 

guidelines (26), screening for absence of AR genes by PCR ( tetB (8), strA and strB (16), 

and sul2 (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; S. aureus ATCC 25923; P. 

aeruginosa ATCC 27853; and E. coli ATCC 10536. 

Media supplemented with nickel chloride and heat inactivated chlortetracycline 

hydrochloride has also been shown to be effective for selecting tetracycline resistant null 

mutants (34, 42). Therefore, we also used this media 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 ug/ml heat inactivated (121º C 

for 20 min) chlortetracycline hydrochloride at 37.0ºC on a shaker (200 rpm). Overnight 

culture (100 ul) was transferred into fresh media (5 ml) for 6 consecutive days.  Three 
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antimicrobial drug susceptible isolates (cured-SSuTs) from each strain were selected and 

confirmed as described in 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) (a) with a  mixture of 5 wild-type susceptible E. coli isolated from 

calves; (b) with its progenitor resistant SSuT strain; and (c) with progenitor resistant 

SSuT strain that was acquired from the final passage in corresponding selective media 

(“media adapted progenitor”).  After overnight incubation at 37.0ºC on a shaker (200 

rpm), equal mixtures of cured-SSuT and competitor strains were combined and serially 

passaged (10 ul) into fresh LB broth (3 ml) for 8 consecutive days.  On day eight, a 

competition index was calculated by estimating the colony forming units (CFU)/ml for 

the resistant and susceptible strains. The number of resistant colonies was counted on 

fresh LB agar supplemented with streptomycin (12 µg/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 media without antimicrobial drugs. Three 

replicate counts were made and averaged. The competition index (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.  
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In vivo competition experiments between SSuT and cured-SSuT strains. 

In vivo competition experiments were conducted in BL-2 isolation rooms and 

included six neonatal calves in the experimental group (24-48 hours old) and three 

neonatal calves in the control group (24-48 hours old). Neonatal calves in the 

experimental group were inoculated per os with two strains of cured-SSuT (antimicrobial 

drug susceptible null mutant) Nalr 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 day post inoculation). To determine CFU/ml for 

SSuT and susceptible E. coli in vivo experiments, 1 gram of freshly collected fecal 

samples was serially diluted in PBS (peptone buffered saline) and ten fold dilutions were 

plated on specific selective media. Competition index (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 a Student’s t test. All in vivo 

inoculation studies were approved by the WSU Institutional Animal Care and Use 

Committee.  

    

In vivo inoculation of antimicrobial drug susceptible strains at a dairy farm. 

In vivo inoculation experiments were carried out at the Holstein dairy farm 

(Washington State University [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 24-48 hours after birth and moved to a separate building where they are 
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housed in individual pens. Calves are weaned at 4-6 weeks of age, but stay in the calf 

pens for 90 day, after which they are moved to a separate heifer barn. The dairy follows 

accepted bio-security standards in order to prevent introduction of pathogens 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 the three groups.  Group one received six cured-SSuT strains 

per os (2 x 109 CFU of each) once within first two days of life (24-36 hours) and second 

time seven days later.  Group two received six antimicrobial drug susceptible wild-type 

strains in a similar way to group one.  Group three received volumetric equivalent of 

sterile media similar to the other two groups.  Each calf was sampled every five days for 

3 months.  Fecal samples were collected with sterile tongue depressors, and placed into 

sterile bags. Collected samples were streaked for isolation on 3 separate Violet Red Bile 

Agar with 4-Methylumbelliferyl-β-D-glucuronide (VRB-MUG) plates (VRB from 

Remel, USA; MUG from Biosyth Ag, Switzerland) within 4 hr after collection and were 

incubated overnight at 37°C. Twenty one (21) presumptive E. coli colonies (pink 

coloration and fluorescence under UV light) per animal, 7 per sample plate were used to 

inoculate EC (E. coli) medium (Remel, USA) with MUG (EC-MUG) broth (200 µl) in a 

96-well plate format, leaving 8-24 non-inoculated, negative control wells. Each 96-well 

plate also included two positive 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.  
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Presumptive E. coli were tested for antimicrobial drug susceptibility using agar 

dilution at breakpoint concentrations (23). Antimicrobial drug (Sigma, USA) 

susceptibilities were tested using Mueller Hinton agar (MH) medium (Hardy Diagnostics, 

USA) supplemented with ampicillin (16 µg/ml), tetracycline (10 µg/ml), chloramphenicol 

(16 µg /ml), streptomycin (12 µg/ml), sulfadiazine (512 µg/ml), and nalidixic acid (18 

ug/ml). Replicated test plate series included a final plate of antimicrobial drug free media 

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: zero for no growth and one for growth. These results were used to 

calculate the frequencies for different resistance patterns.  

 Data was entered and analyzed with Microsoft Excel and NCSS 2001 (NCSS 

Statistical Software, Kaysville, UT). Student-Newman Keuls multiple comparison test 

was used to tests for statistical differences in the prevalence of resistant bacteria between 

groups. 

   

RESULTS 

Spontaneous loss of antimicrobial drug resistance genes in strains of E. coli.  

Media 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 resistance. Media supplemented with 0.6 mM nickel 

chloride was more efficient (90%; 6 days) in selecting detectable levels of antimicrobial 

drug susceptible strains (cured-SSuTs), compared to media supplemented with fusaric 
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acid (21%; 14 days). These results were confirmed by PCR for tet(B), sul2, strA and strB 

resistance genes. Media supplemented with fusaric acid also selected for isolates missing 

only the tetracycline resistance gene (72%; 14 days), isolates missing tetracycline and 

streptomycin 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 assay. The close correspondence between loss of tetracycline and other AR 

genes suggests close physical linkage between these genes on a genetic unit (plasmid, 

transposon, 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 mediums. 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 media supplemented with fusaric acid 

(cured-SSuT (Fus)) consistently outcompeted progenitor SSuT strains, progenitor SSuT 

strains that retained their AR genes after 14 day passage in broth culture with fusaric acid 

(“media 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 media 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 media 

adapted progenitors (6 day passage in broth with nickel chloride) (Student’s one sample t 
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test; P = 0.021) (Fig 1). At the individual strain level, competition results were variable 

(Table 2). This variation is consistent with a diverse background of E. coli 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 (24-48 hours) were inoculated with 

Nalr strains of cured-SSuT and Nalr strains of SSuT (with 109 CFU of each) (Table 1). 

Consistent with previously published findings (23), SSuT Nalr E. coli in the control group 

out-competed wild type susceptible Nalr strains in neonatal calves (Student’s t test; P < 

0.001) (Fig.2).  Cured-SSuT Nalr E. coli 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 only be possible if we 

introduced an additional antimicrobial selection marker. Nevertheless, because cured-

SSuT strains were at least as competitive as progenitor strains, we inferred that the cured-

SSuT strains would also out-compete susceptible strains in this calf model. Shedding 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 

inoculation (0-3 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 
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in broth supplemented with nickel chloride) could displace naturally occurring SSuT 

strains in a farm environment. New cured-SSuT strains were used because (a) nalidixic 

acid susceptible strains were to be used in the field environment and (b) since nickel 

chloride supplemented media selects for cured-SSuT strains more efficiently, there is less 

time for adaptation of the strains to the in vitro media environment. Cured-SSuT strains 

that were generally more competitive than their progenitor strains in vitro were used in 

vivo. 

Neonatal calves were inoculated with either 6 cured-SSuT strains (Nals) (Table 1), 

or 6 wild-type susceptible strains (Nals) (Table 1), or “media only” within 24-36 hours of 

birth and 7 days later. We assessed percentage of resistant bacteria 2 times weekly for 3 

months under the hypothesis that competition exclusion would lead to a significant 

decrease in SSuT and strains within the cured-SSuT treatment group. Among the three 

inoculation groups, however, there was no statistically significant difference in the level 

of antimicrobial drug resistance to ampicillin, chloramphenicol, streptomycin, 

sulfadiazine and tetracycline (Fig. 3). There was no statistically significant difference 

among the three inoculation groups for main resistance patterns (< 2%), except for the 

group inoculated with cured-SSuTs had significantly more AST (resistant to ampicillin, 

streptomycin and tetracycline) resistant E. coli (Fig. 4). Thus it appears that the cured-

SSuT strains were not effective in displacing native SSuT strains at the dairy. One 

possible explanation for no 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 2-4 weeks post inoculation 

from the three groups (3 animals per group) to the inoculum ex-SSuT isolates by PFGE. 
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All “susceptible” 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” isolates 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 “media 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 resistance. 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 non-therapeutic antimicrobial use in 

animal production will result in significant reduction in 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 animal stress (30, 31), close 

linkage to other selectively advantageous 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 compared to older cattle, making them a clear reservoir of AR genes 

on a farm. In that study E. coli with the SSuT resistance pattern were shed at much higher 

level compared to older cattle (~60% vs. ~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 
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the dairy. That is, it is possible that the AR genes were being selected in the presence of 

naturally occurring antimicrobial analogs or that these genes conferred a secondary, but 

unrecognized 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 sul2 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 Dr. 

Lenski’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 is very little data in the 

literature that specifically examines the effect of sul2 (15) and strA/strB resistance genes 

on fitness of bacteria.    

To test the hypothesis that resistance genes convey secondary 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. This data suggested that there are no significant secondary 

advantages attributable to the SSuT genes in calves. The study only tested the interaction 

between the calf and the E. coli in isolation, and did not account for possible 
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environmental selective pressures that are probably present in a farm environment. It is 

also worth noting that the innoculum strains were only observed for 21 days post 

inoculation.  

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

in vitro and in vivo, we tested the hypothesis 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, when compared to prevalence of 

AR E. coli in year 2001(23), there was nearly 50% decrease in number of SSuT E. coli in 

all inoculation groups for the present study and this may have significantly reduced the 

statistical power of our experiment. PFGE fingerprinting of susceptible 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 hypotheses for the 

maintenance of SSuT strains at the WSU dairy. Neither direct selection from 

antimicrobial drugs or secondary benefits from the AR genes are responsible for 

maintenance of SSuT strains at our study facility. The remaining hypothesis is that the 

gene(s) conferring selective advantage to SSuT strains in dairy calves is located 

proximally to the resistance genes, probably associated with a horizontally transmissible 

element.  
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TABLES 

 

TABLE 1. Strains used in vitro and in vivo.  

Strains 

In vitro 

competition 

Calf experiment 

in isolation 

Farm 

experiment Source Resistance pattern 

SSuT 22 X, X* X*, b, X* X a Calf SSuT 

SSuT 25 X, X* X*, b, X* - Calf SSuT 

SSuT 32 X - - Calf SSuT 

SSuT 35 X - X a Calf SSuT 

SSuT 45 X - X a Calf SSuT 

SSuT 79 X - X a Calf SSuT 

SSuT 84 X - X a Calf SSuT 

SSuT 98 X - X a Calf SSuT 

Pans 66 X, X* X* - Calf Susceptible wild-type 

Pans 68 X, X* X* - Calf Susceptible wild-type 

Pans 69 X, X* X* - Calf Susceptible wild-type 

Pans 71 X, X* X* - Calf Susceptible wild-type 

U3562  X - X Calf Susceptible wild-type 

U3559 X - X Calf Susceptible wild-type 

U3561 X - X Calf Susceptible wild-type 

U3572 X - X Cow Susceptible wild-type 

U3579 X - X Cow Susceptible wild-type 

U3580 X - X Cow Susceptible wild-type 

* Nalidixic acid resistant spontaneous mutants.     
a Spontaneous susceptible null mutants of SSuT strains (cured-SSuT) selected in media 

supplemented with nickel chloride.   
b cured-SSuT strains selected in media supplemented with fusaric acid. 
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TABLE 2. Results of the in vitro competition experiments between cured-SSuT and 

wild-type susceptible, or progenitor SSuT strains, or “media adapted progenitor” SSuT 

strains (passaged in NiCl2). +, cured-SSuT strains are more competitive (competition index < 

0.5); -, cured-SSuT strains are less competitive (competition index > -0.5); +/-, cured-SSuT 

strains are equally competitive (competition index between 0.5 and -0.5). 

 

cured-SSuT isolates 

derived from 

(3 from each strain) 

Competitiveness vs. 

wild-type susceptible 

strains 

Competitiveness vs. 

progenitor SSuT 

strains 

Competitiveness vs. 

“media adapted 

progenitor” SSuT 

strains (NiCl2) 

SSuT 22 (1, 2, 3) + + + - +/- + + - +  

SSuT 25 (1, 2, 3) - - - - - - - - + 

SSuT 32 (1, 2, 3) + + + - - - - - + 

SSuT 35 (1, 2, 3) + + + + + + - + - 

SSuT 45 (1, 2, 3) + - + - - - - - - 

SSuT 79 (1, 2, 3) +/- + + + + + + - - 

SSuT 84 (1, 2, 3) - - - + + + - - - 

SSuT 98 (1, 2, 3) + + + - - - - - - 
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FIGURES 
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FIG. 1  In vitro competition experiments of SSuT and cured-SSuT strains with mixture of 

susceptible (black bars), progenitor SSuT (white bars) and passaged parent SSuT (grey 

bars) strains. Competition Index (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 = 0, there is an equal proportion of the competing resistance patterns.  
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FIG. 2  Competition experiments in neonatal calves; control group (n = 3) between SSuT 

Nalr and wild-type susceptible Nalr strains (open circles), and the experimental group (n = 

6) between SSuT Nalr and cured-SSuT (susceptible) Nalr strains (closed circles). Each 

circle represents the mean with the 95% confidence interval bars for time point shown on 

X-axis. Competition Index (CI) = (X – Y)/(X +Y) where X is number of resistant 

colonies and Y is number of susceptible colonies. When CI = 0, there is an equal 

proportion of the competing resistance patterns.  
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FIG. 3  Frequency of antimicrobial drug resistance for all E. coli shed from calves; cured-

SSuT group (n = 3,415), “susceptible” wild-type group (n = 3,430) and “media only” 

group (n = 3,448). *, statistically significant (P < 0.05 with Student-Newman Keuls 

multiple comparison test for five tests); ns = non-significant.  
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FIG. 4  Frequency of antimicrobial drug resistance patterns for all E. coli shed from 

calves; cured-SSuT group (n = 3,415), “susceptible” wild-type group (n = 3,430) and 

“media only” group (n = 3,448). * = statistically significant (P < 0.05 with Student-

Newman Keuls multiple comparison test for seven tests); Resistance patterns are denoted 

by letters, where A = ampicillin, Ch = chloramphenicol, S = streptomycin, Su = 

Sulfadiazine, and T = tetracycline. Susceptible isolates were susceptible to all above 

mentioned antimicrobial drugs tested. 
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CHAPTER 3 

 

Unmedicated Milk Supplement Provides Selection Pressure that Maintains Streptomycin-

Sulfa-Tetracycline Resistant Escherichia coli on a Dairy  

Farm 

 
ABSTRACT 

Antimicrobial resistance genes can be maintained in a population (a) by direct selective 

pressure, (b) by secondary advantages conveyed by the resistance genes, or (c) by linkage 

to other selectively advantageous genes. Our previous experiments at a dairy 

demonstrated that (a) E. coli simultaneously resistant to streptomycin, sulfa and 

tetracycline (SSuT) are specifically selected for in neonatal calves, (b) specific 

antimicrobial selection does not influence the prevalence of antimicrobial resistant E. coli 

in calves, and (c) the antimicrobial resistance genes do not convey secondary advantages 

to SSuT E. coli. In this paper we examined how a milk supplement impacts the 

prevalence of SSuT E. coli by feeding oxytetracycline medicated and un-medicated milk 

supplement to neonatal calves. Calves receiving milk supplement had significantly higher 

prevalence of SSuT E. coli compared with the no-supplement control group (≈ 40% vs. ≈ 

20% respectively). Addition of oxytetracycline to the supplement did not add any 

selective advantage over what was observed from the supplement alone. We compared 

the growth characteristics of SSuT and non-SSuT E. coli in LB broth enriched with milk 

supplement and found that the milk supplement supported a significantly higher cell 

density of SSuT strains. This result was consistent with SSuT E. coli having significant 

advantage in vitro, and thus the possibility that the milk supplement provides a direct 
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selective advantage to these strains in vivo. Our current hypothesis is that the SSuT 

resistance genes are linked to gene(s) conferring selective advantage in the presence of 

milk supplement. 

 

INTRODUCTION 

Food animal producers rely on management methods to prevent disease outbreaks 

and increase production. Management can include controlling the environment 

(temperature, humidity, etc.), providing clean living space, providing good nutrition, 

using passive transfer if appropriate, and implementing biosecurity measures to block 

transmission of infectious diseases. Producers also use antimicrobial drugs for 

prophylactic treatment. Besides potential benefits for preventing disease, antimicrobial 

drugs have also been shown to increase average daily gains and feed conversion in some 

food animals (6, 9, 10, 14). Consequently, the potential disease and production 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 bacteria in food animals and it may contribute to increased prevalence of 

resistant bacteria in humans (1, 3, 4, 12, 38, 39). A worst case scenario would occur if 

antimicrobial drug resistance genes can be maintained in the commensal flora from 

animals and that these genes may be transferred to bacteria that are pathogenic to both 

animals and humans (15, 18, 26, 27, 29, 30, 34, 36, 37). This concern has prompted the 

European Union to ban the use of several antimicrobial drugs and the World Health 

Organization has suggested cessation of all antimicrobial drugs for growth promotion (5, 
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9, 17). In theory, the cessation of non-therapeutic drug use will result in lower selection 

pressure for emergence and maintenance of antimicrobial resistant bacteria. 

While prudent use of antimicrobial drugs has proven to be an effective way to 

curb rising level of antimicrobial drug resistance (23, 24, 32), there are many recorded 

instances where withdrawal of antimicrobial drugs has not impacted the prevalence of 

antimicrobial drug resistance in the population under study (13, 16, 22, 31, 35). One 

possible explanation for the maintenance of antimicrobial drug resistance in an apparent 

drug free environment is close genetic linkage between resistance genes and other genes 

that provide significant adaptive advantages to specific niches. It is also possible that 

resistance genes may convey otherwise unrecognized benefits in a complex environment. 

Finally, the frustrating persistence of resistance genes may be related to insignificant 

fitness costs. That is, if carriage of resistance genes confers little fitness cost to the host 

bacterium, then only sporadic selection events would be needed to maintain presence of 

resistance genes within a population and with no selection pressure we can expect a long 

half-life as resistance genes are slowly purged from the population (7). 

Our research has focused on understanding the mechanisms that are responsible 

for maintaining antimicrobial resistance in a production dairy environment. In an earlier 

study we tested the hypothesis that a medicated milk supplement was necessary to 

maintain the most prevalent antimicrobial resistance phenotype (resistant to streptomycin, 

sulfadiazine, and tetracycline and susceptible to ampicillin, chloramphenicol, and 

nalidixic acid) in a dairy herd. We found that the oxytetracycline used in this study was 

not necessary to maintain a high prevalence of these strains, heretofore referred to as 

“SSuT strains” (22). We also demonstrated that these strains have a selective advantage 
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when growing in gastrointestinal tract of younger dairy calves (<3 mo) when compared 

with older heifers (13 mo).  

If direct selection pressure is not needed to maintain resistance genes, then we 

hypothesized that the SSuT strains were maintained because the resistance genes 

themselves conveyed some unidentified but significant selective advantage for surviving 

in dairy calves. To test this hypothesis we developed null mutant strains and tested them 

using both in vitro and in vivo competition models and found that there was no apparent 

secondary fitness advantage attributable to the resistance genes themselves (21). 

A third hypothesis is that traits closely associated (i.e., genetically linked) with 

the antimicrobial resistance genes confer a selective advantage in dairy calves. Results 

from our previous studies suggested a possibility that a milk supplement itself may 

trigger a selective advantage in this niche with or without the addition of oxytetracycline. 

The focus of the present study is to formally test this observation with the clear 

implication that success of SSuT strains is most likely due to phenotypic traits conferred 

by closely linked genes that take direct or indirect advantage of the presence of the milk 

supplement. 

 

MATERIALS AND METHODS 

Comparison of prevalence of antimicrobial drug resistance and patterns between years 

2001 and 2004. 

The Washington State University (WSU) dairy farm (Pullman, Wash.) maintains 

a closed dairy with all the replacement heifers raised on site. Holstein calves are housed 

in individual pens in a separate building 24-48 hours after birth. Calf ration includes milk 
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(weaned at 4-6 weeks of age) and grain supplement. A milk supplement was used until 

winter of 2003, and also contained oxytetracycline (5.5 g/kg). The milk supplement is 

composed of spray process grade A non-fat dry milk and vitamins (see below) and it is 

administered by adding 15-20 g directly to milk that is being fed to the calves. The 

practice of adding the milk supplement was used for at least 12 years prior to its 

cessation.  

As a part of two previous studies we examined the prevalence of the antimicrobial 

drug resistant E. coli isolated from calves in years 2001 and 2004 (21, 22). To determine 

the effect the withdrawal of the milk supplement (containing oxytetracycline) on the 

prevalence of antimicrobial resistant E. coli, we compared the data from year 2001 (22) 

and data from the control group of year 2004 (21). Data was entered and analyzed with 

Microsoft Excel and NCSS 2001 (NCSS Statistical Software, Kaysville, UT). Fisher’s 

LSD multiple comparison test was used to test for statistical differences in the prevalence 

of resistant bacteria year 2001 and 2004.  

  

Reintroduction of milk supplement with and without oxytetracycline. 

Milk supplement reintroduction experiments at the WSU dairy involved 27 

neonatal calves that were consecutively assigned to one of the three groups. Group one 

received milk supplement without oxytetracycline (-Pennox-50); group two received milk 

supplement with oxytetracycline (+Pennox-50); group three did not receive any 

supplement. Calves were housed in individual pens, but had nose to nose contact among 

treatment groups. The milk supplement was prepared at the Department of Animal 

Sciences at WSU and contains 8.3 kg of dried skim milk (Dist. by TPI (Thomas Products 



 62

Inc.)), 156 g of vitamin D premix (Mfg. and dist. by TPI), and 241 g of vitamin A-30 

premix (Mfg. and dist. by TPI). Supplement of group two (+Pennox-50) also contained 

412 g of Pennox-50 (oxytetracycline hydrochloride; equivalent to 110 g/kg; Mfg. by 

Pennfield Animal Health, dist. by TPI). Calves received one tablespoon (15-20 g) of milk 

supplement per day that 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). Final concentration of the oxytetracyline hydrochloride in the milk, if 

properly dissolved, was 35.6 mg/L. 

 

Fecal sampling and antimicrobial drug resistance testing  

Each calf was sampled once a week for 3 months. Fecal samples were collected 

with sterile tongue depressors, and placed into sterile bags. Samples were returned to the 

lab where they were streaked for isolation on 3 separate Violet Red Bile Agar with 4-

Methylumbelliferyl-β-D-glucuronide (VRB-MUG) plates (VRB from Remel, USA; 

MUG from Biosyth Ag, Switzerland) within 4 hr of collection and were incubated 

overnight at 37°C. Twenty one (21) presumptive E. coli colonies (pink coloration and 

fluorescence under UV light) per animal, 7 per sample plate were used to inoculate EC 

(E. coli) medium (Remel, USA) with MUG (EC-MUG) broth (200 µl) in a 96-well plate 

format, leaving 8-24 non-inoculated, negative control wells. Each 96-well plate also 

included two positive 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.  
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Presumptive E. coli were tested for antimicrobial drug susceptibility using agar 

dilution at breakpoint concentrations, as previously described (21, 22). Antimicrobial 

drug (Sigma, USA) susceptibilities were tested using Mueller Hinton agar (MH) medium 

(Hardy Diagnostics, USA) supplemented with ampicillin (16 µg/ml), tetracycline (10 

µg/ml), chloramphenicol (16 µg/ml), streptomycin (12 µg/ml), sulfadiazine (512 µg/ml), 

and nalidixic acid (18 µg/ml). Replicated test plate series included a final plate of 

antimicrobial drug free media 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: zero for no growth and one for growth. 

These results were used to calculate the frequencies for different resistance patterns. Data 

was entered and analyzed with Microsoft Excel and NCSS 2001 (NCSS Statistical 

Software, Kaysville, UT). Fisher’s LSD multiple comparison test was used to tests for 

statistical differences in the prevalence of resistant bacteria between groups.  

 

Growth curve analysis of SSuT and susceptible strains in vitro. 

Growth curves were generated for SSuT and antimicrobial drug susceptible E. 

coli in LB broth and LB broth enriched with milk supplement containing no antimicrobial 

drugs. Milk supplement (8.7 g of milk supplement per liter of LB) was dissolved at 55º C 

in a water-bath and filter sterilized (0.22 µm). A 96-well microtiter plate with appropriate 

medium (185 µl per well) was inoculated with 1.2 µl of LB overnight culture at 37º C for 

24 h (replicated 6-12 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. 

Different strains were defined by unique macro-restriction patterns from PFGE (data not 
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shown). Some wells (16-24) were left un-inoculated to test for possible bacterial 

contaminants in the media. The plate was agitated before collecting absorbance values 

(A600) every 30 min using a SPECTRAmax 384 PLUS (Molecular Devices) plate reader. 

Absorbance results were entered and analyzed with Sigma Plot software (SPSS Inc., 

Chicago, IL) and NCSS 2001 (NCSS Statistical Software, Kaysville, UT). The Mann-

Whitney rank-sum test was used to test for statistical differences between growth curves.  

 The colony forming units (CFU) were calculated for the SSuT and susceptible E. 

coli after 24 h growth in LB and LB enriched with milk supplement. The initial culture 

was diluted  (3 x 100-fold) in peptone buffered saline (PBS) in triplicate, and 100 ul was 

plated in triplicates on LB agar plates. Plates were incubated overnight at 37ºC and 

colony counts were determined. The counts were entered and analyzed with NCSS 2001 

(NCSS Statistical Software, Kaysville, UT). The two-sample Student’s t-test was used to 

tests for statistical differences between the SSuT and susceptible CFUs. 

 

RESULTS 

Comparison between years 2001 and 2004. 

 We compared the prevalence of antimicrobial drug resistant E. coli and their 

specific resistance patterns between years 2001 and 2004. The main objective was to 

assess the potential impact of removal of milk supplement containing oxytetracycline (in 

2003) on the E. coli population in calves (< 3 mo).  

The comparison of prevalence of antimicrobial drug resistant E. coli for the year 

2001 (22) and year 2004 control group (21) revealed a statistically significant decrease in 

prevalence of streptomycin and sulfadiazine resistant isolates, no significant change in 
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the prevalence of tetracycline and chloramphenicol resistant isolates, and a significant 

increase in the prevalence of ampicillin resistant isolates (Fig. 1). Between years 2001 

and 2004, the prevalence of the resistance patterns ASSuT, ASSuTCh, and T increased 

significantly, the prevalence of AST, SSuTCh and susceptible E. coli did not change 

significantly, but there was a very significant decrease in prevalence of SSuT E. coli (Fig. 

2). The decrease in prevalence of SSuT E. coli for year 2004 was most marked in the first 

40 days of life, a period which in year 2001 had the highest number of SSuT E. coli (Fig. 

3). The latter observation is consistent with the close association of the SSuT E. coli with 

the presence of the dietary supplement. The difference in prevalence of ampicillin 

resistance between the years is difficult to account for because no ampicillin analogs are 

used for therapeutics at the dairy. 

 

Results for the reintroduction of milk supplement at the dairy 

Because there was a significant change in prevalence of antimicrobial drug 

resistant E. coli in calves between years 2001 and 2004, we wanted to determine whether 

the observed effect was due to the removal of milk supplement and whether 

oxytetracycline played a selective role. Consequently, we tested the impact of the 

supplement with and without oxytetracycline on E. coli population in calves. Calves were 

consecutively assigned to three groups and received either milk supplement without 

oxytetracycline, milk supplement with oxytetracycline, or no supplement at all.  

Among the three groups, there was no statistically significant difference in the 

level of antimicrobial drug resistance to ampicillin, streptomycin, sulfadiazine and 

tetracycline, except that group three (no supplement) had significantly higher level of 
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chloramphenicol resistant E. coli (Fig. 1). Comparison of the resistance patterns revealed 

significantly higher numbers of SSuT E. coli in the two groups that received milk 

supplement regardless of presence of oxytetracycline (Fig. 2). There was no statistically 

significant difference among the three inoculation groups for susceptible E. coli although 

group three had significantly fewer ASSuT and significantly more ASSuTCh compared 

with the two calf groups receiving the dietary supplement. This experiment confirms that 

there is a close association between the prevalence of SSuT E. coli and the use of a 

dietary supplement with or without the presence of oxytetracycline.  

  

Growth curves in LB enriched with milk supplement 

To test the hypothesis that the milk supplement provides a direct selective growth 

advantage to SSuT strains, we examined the growth characteristics of SSuT and 

susceptible E. coli in LB broth that was enriched with the milk supplement used at the 

dairy (containing no oxytetracycline). SSuT and susceptible E. coli have similar growth 

curves in LB broth (Mann-Whitney rank-sum test; P = 0.1; Fig. 4a), but the SSuT E. coli 

have significantly higher optical density (OD) at stationary phase compared to 

susceptible E. coli when milk supplement is added (Mann-Whitney rank-sum test; P = 

0.001; Fig. 4b). Similar results were found in triplicate experiments. 

To verify that the OD results at 24 hr correlate with colony forming units (CFU) 

of SSuT and susceptible bacteria, we determined the CFUs in LB broth and LB broth 

enriched with milk supplement. The average CFU for SSuT and susceptible E. coli did 

not differ significantly when grown in LB broth (1.3 x 109 and 1.3 x 109, respectively; 

Student’s t-test; P = 1.0). The average CFU for SSuT and susceptible E. coli when grown 
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in milk supplement enriched LB broth as predicted differed significantly, with susceptible 

E. coli having lower counts (9.7 x 108 and 8.1 x 108, respectively; Student’s t-test; P = 

0.0003). 

 

DISCUSSION 

We examined the effect of milk supplement on a population of antimicrobial 

resistant, commensal E. coli in neonatal calves. Our study site, the WSU dairy, has used a 

milk supplement containing oxytetracyline at least 12 years prior to the winter of 2003 

after which they discontinued 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. In the current study we reintroduced the dietary supplement and found a clear 

increase in the prevalence of SSuT strains in the treatment groups, but not in the 

prevalence of SSuT strains for the no-supplement control group. The calves in each 

treatment group were housed in separate pens, but nose-to-nose contact was possible. 

Nevertheless, calves in all three treatment groups were housed in interspersed pens so 

differences in prevalence of SSuT strains were not due to spread from a single treatment 

group. Our previous work at the dairy also showed, via pulsed-field gel electrophoresis, 

that calves in interspersed pens maintained largely separate E. coli flora (21). 

These data indicate that the supplement selected for SSuT strains either directly or 

through an indirect mechanism. We used an in vitro growth curve analysis to determine if 

there was a direct effect. Growing SSuT and non-SSuT strains in the presence of the milk 

supplement  in LB broth conferred statistically significant advantage to the SSuT strains. 

Although rates of growth did not differ, SSuT strains maintained a 16.5 % higher density 
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of cells at stationary phase compared with non-SSuT strains. These latter strains were not 

inhibited by the presence of the milk supplement, but they gained no advantage in the 

ability to sustain a higher density of cells. We determined that the pH of the LB did not 

change after the addition of the milk supplement, so the effect that we observed was not 

due to culture acidification. Presumably, the milk supplement provided SSuT strains with 

the means to overcome an otherwise limiting factor in total population size. These in 

vitro results suggest that the milk supplement can provide a direct selective advantage to 

SSuT strains. There may be other effects in vivo whereby physiological or community 

ecology changes associated with the milk supplement make it possible for SSuT strains to 

increase in prevalence. 

In two previous studies we determined that antimicrobials are not necessary to 

maintain SSuT strains (22) and we have shown that there does not appear to be any 

secondary advantages conferred by the presence of the tet(B), sul2 and strA/strB genes 

harbored by the SSuT strains (21). Consequently, the apparent relationship between 

prevalence of SSuT strains and the milk supplement is most likely related to close genetic 

linkage to other genes that confer a selective advantage in the presence of the milk 

supplement. Others have reported examples of genetic linkage/association to 

antimicrobial drug resistance genes. For example Calomiris et al. (11) found a close 

association between multiple antibiotic resistance traits and metal tolerance in bacteria 

isolated from drinking water. Kehrenberd et al. (20) confirmed physical linkage of three 

antimicrobial drug resistance genes, explaining simultaneous occurrence of these 

resistances in Pasteurella and Manheimia isolates without direct selective pressure. 

Aarestrup (2, 20) accounted for the persistence of glycopeptide resistance in enterococci 
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from broilers and pigs by genetic link between ermB and vanA AR genes, resulting in co-

selection as a consequence of continued use of macrolides.  

While we found a close association between SSuT strains and withdrawal and 

introduction of the milk supplement, we also found that the overall prevalence of 

tetracycline resistance in fecal E. coli was unaffected by these treatments. For example, 

the prevalence of resistance to tetracycline did not change between 2001 and 2004. We 

attribute this lack of change to either (1) linkage to genes that confer a selective 

advantage to an unidentified selective pressure, and/or (2) a slow rate of “decay” 

attributable to minimal fitness cost of the antimicrobial resistance genes. Several authors 

have reported very long “decay rates” after removal of antimicrobial drug pressure (19, 

25, 33) and this makes intuitive sense for tetracycline resistance efflux genes because 

these genes are usually associated with a repressor gene that prevents expression in the 

absence of a tetracycline analog (8, 40). Thus, the biological cost of harboring 

tetracycline resistance genes may be small.  

While we expect oxytetracycline to negatively affect sensitive flora, it was 

interesting that the addition of oxytetracycline to the supplement had no additional effect 

above what was observed by the supplement alone. Under idealized conditions, the final 

concentration of oxytetracycline in the milk should be 35.6 µg/ml, which is much higher 

than the threshold concentration for susceptible E. coli (≤ 4 µg/ml). We have 

demonstrated in vitro that the growth of antimicrobial drug susceptible E. coli is 

suppressed in LB broth to which similar ratio of milk 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 additional selective advantage for the SSuT 
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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 (28).  

In our previous work we noted a close correspondence between the SSuT 

phenotype and presence of a large plasmid. Subsequent analysis (Southern blots and 

microarray hybridization) have demonstrated that the plasmid is not involved in the SSuT 

phenotype, studies are underway to determine the location and identity of the SSuT 

element. Analysis of this element may provide clues to the relationship between SSuT 

strains and the use of the dietary milk supplement. 

In conclusion we have demonstrated that milk supplement directly selects for 

strains with a specific resistance pattern (SSuT) in the calves at a dairy. Even though the 

prevalence of SSuT E. coli was influenced by the use of the milk supplement, the overall 

prevalence of streptomycin, sulfadiazine and tetracycline resistances remained relatively 

constant indicating 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 are more competitive in the calf intestinal environment than susceptible 

ones. This supports the hypothesis of 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 gene that confers direct and/or indirect selective advantage in the presence of 

a milk supplement and we speculate that this gene(s) is closely linked to the antimicrobial 

resistance genes.   
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FIG. 1 Frequency of antimicrobial drug resistance for all E. coli shed from calves; year 

2001 (n = 4,561), year 2004 (n = 3,448), group receiving supplement without Pennox-50 

(n = 2,248), group receiving supplement with Pennox-50 (n = 2,239), group without 

supplement and without Pennox-50 (n = 1,891) . + and *, statistically significant (P < 0.05 

with Fisher’s LSD multiple comparison test for five tests); + - comparison between years 

and * - comparison among groups.  
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FIG. 2 Frequency of antimicrobial drug resistance patterns for all E. coli shed from 

calves; year 2001 (n = 4,561), year 2004 (n = 3,448), group receiving supplement without 

Pennox-50 (n = 2,248), group receiving supplement with Pennox-50 (n = 2,239), group 

without supplement and without Pennox-50 (n = 1,891) . + and *, statistically significant 

(P < 0.05 with Fisher’s LSD multiple comparison test for five tests); + - comparison 

between years and * - comparison among groups. Resistance patterns are denoted by 

letters, where A = ampicillin, Ch = chloramphenicol, S = streptomycin, Su = 

Sulfadiazine, and T = tetracycline. Susceptible isolates were susceptible to all above 

mentioned antimicrobial drugs tested. 
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FIG. 3 Distribution of SSuT E. coli over days of life for all the calves by groups; year 

2001 (n = 18), year 2004 (n = 10). 
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FIG. Growth curves for SSuT (open circles) and susceptible (closed circles) E. coli (a) in 

LB broth (n = 12 of each type) and (b) LB broth enriched with milk supplement (n = 6 of 

each type). Bars = SE. The optical density (OD) at 24 h corresponded to no difference in 
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the number of colony forming units (CFU) in panel (a) (P = 1.0), but a significant 

number of CFU for SSuT strains in panel (b) (P = 0.0003). 

 

 


