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Transfer of class 1 integron-mediated antibiotic resistance genes has been demonstrated under laboratory
conditions. However, there is no information concerning the transfer of these genes in an agricultural
environment. The present study sought to determine if integron-mediated streptomycin and sulfisoxazole
resistance genes could be transferred from Shiga toxin-producing Escherichia coli (STEC) strains 6-20 (O157:
H7) and 7-63 (O111:H8) to the susceptible strain E. coli K-12 MG1655 in bovine feces (pH 5.5, 6.0, or 6.5) and
storm water (pH 5, 6, 7, or 8) at 4, 15, and 28°C, which are average seasonal temperatures for winter,
spring-fall, and summer, respectively, in the Griffin, GA, area. The results indicated that at 28°C, the
integron-mediated antibiotic resistance genes were transferred from both of the STEC donors in bovine feces.
Higher conjugation efficiencies were, however, observed in the conjugation experiments involving STEC strain
6-20. In storm water, the resistance genes were transferred only from STEC strain 6-20. Greater numbers of
transconjugants were recovered in the conjugation experiments performed with pH 6.5 bovine feces and with
pH 7 storm water. Antibiotic susceptibility tests confirmed the transfer of integron-mediated streptomycin
resistance and sulfisoxazole resistance, as well as the transfer of non-integron-mediated oxytetracycline
resistance and tetracycline resistance in the transconjugant cells. These results suggest that the antibiotic
resistance genes in STEC could serve as a source of antibiotic resistance genes disseminated via conjugation
to susceptible cells of other E. coli strains in an agricultural environment.

Shiga toxin-producing Escherichia coli (STEC) has been as-
sociated with food-borne outbreaks of infection worldwide.
The diseases caused by STEC range from mild diarrhea to very
severe conditions, such as hemolytic-uremic syndrome. The
organisms responsible for these diseases have been traced to
farm animals, primarily cattle (3, 8). They have been isolated
from manure, water troughs, feedlots, and other places on
cattle farms (8). The occurrence of STEC on animal carcasses
and retail meats corresponds to the level of STEC contamina-
tion at the farm level (1). Human STEC infections associated
with the consumption of contaminated fresh produce and
water have been linked to the organisms originating from
such farm areas (10; http://www.fda.gov/bbs/topics/NEWS
/2007/NEW01593.html).

Antibiotic use in the agricultural environment is believed to
play a key role in dissemination of antibiotic resistance genes
among bacteria (14, 15, 20). Cells of bacteria acquire antibiotic
resistance through genetic mutation and horizontal transfer of
antibiotic resistance genes in response to selective pressures.
The increased prevalence of antibiotic resistance among
pathogens such as STEC has raised concerns because some of
the antibiotics are used in treatment of infectious diseases in
both humans and animals (13, 24). It has been suggested that
overuse of antibiotics in animal husbandry creates a threat to
human and veterinary medicine.

Antibiotic resistance, including resistance to streptomycin,
sulfonamides, and tetracycline, has been observed primarily
among clinical isolates of STEC (26). The genes for resistance
to antibiotics can be transmitted through conjugative plasmids
to homologous and heterologous bacterial species under lab-
oratory conditions (19, 24, 28). The transfer of antibiotic re-
sistance genes is often related to integrons, which are capable
of capturing and inserting antibiotic resistance genes into their
structure (7). The transfer of integron-mediated antibiotic re-
sistance genes has often been studied in controlled laboratory
conditions; however, no information concerning the transfer of
such genes under simulated agricultural conditions has been
available previously.

The goal of the present study was to determine whether the
transfer of integron-mediated antibiotic resistance genes from
STEC to generic E. coli could take place in samples of mate-
rials commonly found in the farm environment, such as storm
water and bovine feces, and whether environmental tempera-
ture and sample pH could influence the frequency of transfer
of the antibiotic resistance genes. It has been reported that the
average seasonal temperatures for winter, spring-fall, and sum-
mer in the Griffin, GA, area are 4, 15 and 28°C, respectively
(http://www.weather.com). The average pH values of natural
water range from 5 in acid lakes to 8 in estuaries (22, 27), while
the fecal material of cattle has average pH values ranging
from 5.5 to 6.5 (9; http://www.livestocktrail.uiuc.edu/dairynet
/paperDisplay.cfm?ContentID�648).

MATERIALS AND METHODS

Bacterial strains and environmental samples. Two STEC isolates of bovine
origin, 6-20 (O157:H7) and 7-63 (O111:H8), both from our laboratory collection,
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were used as donor strains in this study. These isolates carry class 1 integrons
which are responsible for their resistance to streptomycin and sulfisoxazole (S.
Nagachinta and J. Chen, unpublished data). They are also resistant to novobio-
cin, tetracycline, and oxytetracycline, characteristics which are likely mediated by
an antibiotic resistance plasmid. The recipient strain was a nalidixic acid-resistant
derivative of E. coli K-12 strain MG1655 CA32 provided by Wondwossen A.
Gebreyes at North Carolina State University, Raleigh. The cultures were grown
on MacConkey agar or sorbitol MacConkey (SMAC) (Becton, Dickinson and
Co., Sparks, MD) at 37°C for 16 h. A single colony of each culture was inoculated
onto tryptic soy agar (TSA) (Becton, Dickinson and Co., Sparks, MD) and
incubated under the conditions described above.

Storm water was collected from storm water discharge in Griffin, GA (pH at
the time of collection, 6.4). The collected storm water was dispensed into glass
bottles (40 ml each) before it was autoclaved at 121°C for 15 min. Bovine feces
were collected from a single cattle farm in Griffin, GA (pH at the time of
collection, 6.5). The sample was distributed into glass beakers (40 g in each
beaker) and autoclaved at 121°C for 30 min. The sterility of the storm water and
bovine feces was confirmed by plating the autoclaved samples on TSA plates to
determine bacterial growth.

Preparation of donor and recipient cells. Single colonies of the donor and
recipient strains on TSA plates were transferred into tryptic soy broth (TSB), and
the inoculated broth cultures were incubated at 37°C for 16 h. The resulting
cultures (108 CFU/ml) were then centrifuged at 3,000 � g for 15 min. The pellet
obtained from each culture was resuspended in a sterile saline solution (0.85%
NaCl) in order to remove the nutrient residues from the culture medium.

Conjugation in storm water. Storm water (40 ml) was inoculated with donor
and recipient cells prepared as described above. The ratio of donor cells to
recipient cells used for inoculation was 0.4:4 ml (108 CFU/ml). The inoculated
storm water samples were held for 2 weeks in incubation chambers with ambient
temperatures of 4, 15, and 28°C, which are the average ambient winter, fall-
spring, and summer temperatures in the Griffin, GA, area, respectively. These
average temperatures were calculated based on the average high and low
monthly temperatures of the area obtained at the website http://weather.msn
.com/monthly_averages.aspx?&wealocations�wc%3aUSGA0251&setunit�C.
Storm water inoculated with only the donor cells (0.4 ml) or only the recipient
cells (4 ml), both at a concentration of 108 CFU/ml, and uninoculated storm
water samples were included in the conjugation experiments as negative controls.
The numbers of transconjugant cells were determined every 2 days during the
experimental period, and the experiment was replicated in two separate trials.

Subsequently, the effect of storm water pH on the efficiency of conjugation was
investigated. The response surface methodology was used to design the experi-
ments. The pH of the storm water was adjusted, with either HCl or NaOH, to 5,
6, 7, and 8, which represented the pH values of natural water sources, such as
lake and estuary waters (22, 27). The storm water samples were held at 28°C for
1 week. Samples were taken every 2 days, and the numbers of antibiotic-resistant
transconjugant cells were determined.

Conjugation in bovine feces. A similar design was used in the conjugation
experiment performed with bovine feces. The prepared donor and recipient cells
(108 CFU/ml) were inoculated into 40 g of sterile fecal material using the same
ratio and volumes of donor and recipient cells that were used in the storm water
experiment. The inoculated feces were mixed thoroughly using sterile, dispos-
able, plastic pipette tips. Uninoculated fecal samples and samples inoculated
with only the donor and recipient cells were included in the study as negative
controls. All samples were held for 2 weeks at the temperatures indicated above.
Similar to the conjugation experiment performed with storm water, the numbers
of transconjugant cells in bovine feces were determined every 2 days during the
incubation period, and the experiment was replicated in two separate trials.

To study the influence of pH on the conjugation efficiency in bovine feces, the
pH of the fecal material was adjusted with either HCl or NaOH to 5.5, 6.0, and
6.5, which represent the pH range for bovine feces (9; http://www.livestocktrail
.uiuc.edu/dairynet/paperDisplay.cfm?ContentID�648). The donor and recipient
cells were inoculated into the fecal material at the ratio indicated above. The
inoculated samples were mixed well and kept at 28°C for 1 week. The numbers
of antibiotic-resistant transconjugants were determined every 2 days.

Estimation of conjugation efficiency. To determine the numbers of transcon-
jugants derived from the conjugation conducted with storm water, 1 ml of each
inoculated storm water sample was placed into a disposable, conical polypro-
pylene centrifuge tube and centrifuged at 3,000 � g for 15 min (GS-6R centri-
fuge; Beckman, Fullerton, CA). The cell pellets were resuspended in 100 �l of a
sterile saline solution before they were plated onto SMAC supplemented with
nalidixic acid (100 �g/ml) and one of the following antibiotics: streptomycin (100
�g/ml), tetracycline (30 �g/ml), or oxytetracycline (30 �g/ml). The sizes of the
populations of the recipient cells (per ml of culture) were determined by plating

appropriate dilutions of each E. coli MG1655 culture onto SMAC plates sup-
plemented with only nalidixic acid (100 �g/ml).

To determine the number of transconjugant cells in bovine feces, 1 g of the
fecal material was suspended in 1 ml of a sterile saline solution in a conical tube
as described above and centrifuged at 500 � g for 10 min in order to remove the
solid substances in the fecal material. The supernatant was then collected and
recentrifuged at 3,000 � g for 15 min to sediment the E. coli cells. The cell pellet
was resuspended in 100 �l of a sterile saline solution and inoculated onto
selective agar plates as described above. When necessary, the supernatants were
serially diluted and appropriate dilutions were inoculated onto the selective agar
plates.

The absence of antibiotic-resistant transconjugant cells in the negative control
storm water and bovine fecal samples was confirmed by plating the samples on
selective plates as described above. The conjugation efficiency was calculated by
determining the ratio of the number of transconjugant cells to the number of
recipient cells per ml of storm water or per g of bovine feces.

Analysis of transconjugants. It was shown in a previous study conducted in our
laboratory that resistance to tetracycline and resistance to oxytetracycline, which
are mediated by an antibiotic resistance plasmid, were cotransferred with resis-
tance to streptomycin, a trait mediated by a class 1 integron. Therefore, the
antibiotic-resistant transconjugant cells derived from each conjugation experi-
ment in the present study were tested to determine their resistance to the
antibiotics that were not used as the selective markers in the conjugation exper-
iment. The presence of the class 1 integrons in the transconjugant cells was
confirmed by determination of their susceptibility to streptomycin and sulfisox-
azole. A standard disk diffusion assay was performed according to the guidelines
provided by the NCCLS (currently the Clinical and Laboratory Standards Insti-
tute) (17). Selected transconjugant cells obtained from each selective plate were
inoculated onto a TSA plate to obtain a single colony and incubated at 37°C for
12 h. A single colony of each culture was transferred into TSB (Becton, Dick-
inson and Co., Sparks, MD) and incubated under the same conditions. The
concentrations of the cell populations in the resulting cultures were adjusted with
TSB so that the optical density at 600 nm was 0.1 (Novaspec II visible spectro-
photometer; Pharmacia Biotech, Cambridge, United Kingdom). The adjusted
cell cultures were inoculated onto Mueller-Hinton agar (Becton, Dickinson and
Co., Sparks, MD) plates with sterile cotton swabs and allowed to dry for 5 min
before application of antibiotic disks (Sensi-Disc antimicrobial susceptibility test
disks; BBL, Becton Dickinson) onto the plates using sterile forceps. The plates
were incubated at 37°C for 16 h. The diameter of the zone of growth inhibition
around each disk was determined to the nearest whole millimeter, and each cell
culture tested was determined to be resistant, intermediate, or susceptible to the
antibiotics used according to the guidelines provided by the supplier of the
antibiotic disks.

RESULTS

Influence of temperature. Among the three temperatures
used in this study, antibiotic-resistant transconjugants were
recovered only from the storm water and bovine feces held at
28°C (Table 1). The antibiotic resistance genes were trans-
ferred at higher frequencies from STEC 6-20 than from 7-63 at
this temperature. In bovine feces, the frequency of transfer of
antibiotic resistance genes from STEC 6-20 was approximately
100 times higher than the frequency of transfer of antibiotic
resistance genes from STEC 7-63 (Table 1). In storm water,
however, only the antibiotic resistance genes from 6-20 were
transferred.

In storm water held at 28°C, the average transfer frequencies
showed that the numbers of transconjugants of STEC 6-20
selected from the oxytetracycline agar plates (average transfer
frequency, 10�6) were greater than the numbers of transcon-
jugants of STEC 6-20 recovered from the tetracycline agar
plates (average transfer frequency, 10�8) (Table 1). In bovine
feces kept at the same temperature, however, similar numbers
of transconjugants were recovered from the two types of se-
lective agar plates for each donor strain (Table 1).

In general, the populations of STEC 6-20 transconjugants in
bovine feces and storm water increased over time during the
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sampling period; the only exception was the transconjugants
recovered from storm water and grown on tetracycline agar
plates, which were detected only at day 7 (Table 1). The pop-
ulations of STEC 7-63 transconjugants decreased over time
during the sampling period (Table 1).

Influence of pH. Because transconjugants were not recov-
ered from the conjugation mixtures held at lower temperatures
in the experiments described above, the influence of pH on
conjugation efficiency was determined only at 28°C.

Integron-mediated antibiotic resistance genes in STEC 6-20
were transferred at higher frequencies in pH 7 storm water
(Fig. 1a and 1b). The conjugation efficiencies decreased as the

pH of the storm water increased or decreased from this value.
Lower conjugation efficiencies for STEC 6-20 were observed at
pH 5 (Fig. 1a and 1b). No transconjugants were obtained in the
conjugation experiment performed with STEC 7-63 in storm
water.

In bovine feces, integron-mediated antibiotic resistance
genes were transferred from both of the STEC donors to the
recipients. Similar numbers of antibiotic-resistant transconju-
gants were recovered from the selective agar plates supple-
mented with oxytetracycline and the selective agar plates sup-
plemented with tetracycline (Fig. 2a, 2b, 3a, and 3b). Higher
rates of antibiotic resistance gene transfer were found in bo-

TABLE 1. Frequencies of antibiotic resistance gene transfer from STEC isolates 6-20 and 7-63 to E. coli K-12 recipient strain MG1655 in
storm water and bovine feces held at 28°C

Donor strain Selective
antibiotic

Transfer frequencies at different sampling timesa

Day 1 Day 3 Day 5 Day 7 Day 9 Day 11 Day 13 Avg

Storm water
6-20 Oxytetracycline 8.93 � 10�7 1.86 � 10�6 7.50 � 10�7 1.04 � 10�6 8.93 � 10�7 9.64 � 10�7 1.04 � 10�6 1.06 � 10�6

6-20 Tetracycline �1 � 10�8 �1 � 10�8 �1 � 10�8 2.50 � 10�7 �1 � 10�8 �1 � 10�8 �1 � 10�8 �4.43 � 10�8

Bovine feces
6-20 Oxytetracycline 3.75 � 10�6 7.65 � 10�6 7.10 � 10�6 1.26 � 10�5 7.25 � 10�6 1.12 � 10�5 1.71 � 10�5 9.52 � 10�6

6-20 Tetracycline 1.59 � 10�6 1.32 � 10�6 1.22 � 10�6 3.04 � 10�6 8.12 � 10�6 2.29 � 10�5 2.96 � 10�5 9.68 � 10�6

7-63 Oxytetracycline 1.01 � 10�7 1.01 � 10�7 2.90 � 10�8 1.45 � 10�8 4.35 � 10�8 �1 � 10�8 1.45 � 10�8 �4.45 � 10�8

7-63 Tetracycline �1 � 10�8 �1 � 10�8 �1 � 10�8 �1 � 10�8 4.35 � 10�8 4.35 � 10�8 2.90 � 10�8 �2.23 � 10�8

a The detection limit was 1 � 10�8.

FIG. 1. Frequencies of transfer of antibiotic resistance genes from
STEC 6-20 to MG1655 in storm water with pH values of 5, 6, 7, and 8
at 28°C. (a) Transconjugants selected on SMAC supplemented with
oxytetracycline. (b) Transconjugants selected on SMAC supplemented
with tetracycline.

FIG. 2. Frequencies of transfer of antibiotic resistance genes from
STEC 6-20 to MG1655 in bovine feces with pH values of 5.5, 6.0, and
6.5 at 28°C. (a) Transconjugants selected on SMAC supplemented with
oxytetracycline. (b) Transconjugants selected on SMAC supplemented
with tetracycline.
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vine feces with a pH of 6.5 (Fig. 2 and 3). The conjugation
efficiencies were lower at the lower fecal pH. The antibiotic
resistance genes were transferred from both of the donor
strains at lower efficiencies in bovine feces with a pH of 5.5.

Overall, the numbers of transconjugants derived from both
of the STEC donors increased over time before day 5 and
dropped slightly after this sampling time (Fig. 1, 2, and 3).

Analysis of transconjugants. The antibiotic susceptibility
test showed that the transconjugants obtained were resistant to
streptomycin and sulfisoxazole, indicating that there was trans-
fer of class 1 integron-mediated antibiotic resistance genes.
The transconjugants were also resistant to tetracycline and
oxytetracycline, suggesting that the genes coding for resistance
to tetracycline and oxytetracycline were cotransferred with the
integron-mediated antibiotic resistance genes.

DISCUSSION

Conjugation in storm water and bovine feces. The efficiency
of transfer of integron-mediated antibiotic resistance genes
from both of the STEC donors was higher when conjugation
took place in bovine feces. Bovine feces is semisolid and con-
tains waste materials from animal digestive tracts, which pro-
vide support for bacterial cell contact during the conjugation
process, a critical step for the transfer of genes associated with
plasmids. Storm water contains much less solid waste and

therefore lacks many of the conditions that favor bacterial
conjugation.

Bovine feces contain larger amounts of organic materials
than storm water and may therefore have more nutrients that
can be utilized by bacterial cells. Previous research shown that
the presence of nutrients in a conjugation mixture resulted in
greater efficiency of gene transfer. Gotz and Smalla reported
that the transfer rates of an IncQ plasmid were more than
10-fold greater when conjugation took place in soil supple-
mented with pig manure than when conjugation took place in
non-manure-supplemented soil (6). It has been shown that F
pilus expression is essential for formation of the mating bridge
between gram-negative bacterial cells at the early stage of
conjugation (4). Curtiss et al. reported that the expression of F
pili was influenced by a growth medium (4). The cells of E. coli
expressed a greater number of F pili in minimal growth me-
dium supplemented with 0.5% Casamino Acids and glucose
(4). However, it is worth noting that an increase in the number
of transconjugants may be partially due to the growth of
transconjugant cells after the transfer of antibiotic resistance
genes has occurred, which may not necessarily be the result of
increased conjugation efficiency.

Influence of temperature. According to the results of the
present study, incubation temperatures of 4 and 15°C did not
favor the transfer of integron-mediated antibiotic resistance
genes in bovine feces and storm water. Previous studies
showed that a temperature higher than 15°C was required for
conjugal transfer of R-plasmids between E. coli cells (21, 23).
Singleton and Anson (21) found that transfer of an R-plasmid
between E. coli cells occurred at 17 to 37°C when they studied
the transfer of the plasmid at six different temperatures, 15, 17,
20, 22, 27, and 37°C; no transconjugants were obtained when
the conjugation experiment was conducted at 15°C. In the
present study, transfer of integron-mediated antibiotic resis-
tance genes from both of the donor strains took place at 28°C,
the average summer temperature in Griffin, GA. The influence
of temperature on the efficiency of conjugal transfer may be
related to the expression of F pili at various temperatures (18).
The expression of F pili in E. coli has been shown to be
regulated by temperature (18). Novotny and Lavin reported
that optimal expression of F pili occurred at temperatures
between 37 and 42°C, decreased at temperatures below 37°C,
and diminished at temperatures below 25°C (18).

Influence of pH. Transfer of antibiotic resistance genes oc-
curred in bovine feces and storm water with a near-neutral pH,
except for the conjugation performed with STEC7-63 in storm
water. In previous studies workers observed optimum conju-
gation efficiencies in nutrient broth and in soil samples with a
pH near 7 (22). Krasovsky and Stotzky (12) found that al-
though the donor cells were able to survive at a pH as low as
5.7 in soil samples, conjugation occurred only when the pH was
near 7. A suboptimal pH inhibited the growth of bacterial cells
and lowered the frequency of DNA transfer (12). DNA could
undergo DNA depurination under acidic conditions. DNA
replication in recipient cells after conjugation could be sup-
pressed by a suboptimal pH. Like what happened at 28°C, the
higher numbers of antibiotic-resistant transconjugants in sam-
ples with a neutral pH may partially be influenced by the
higher growth rate of the transconjugant cells.

FIG. 3. Frequencies of transfer of antibiotic resistance genes from
STEC 7-63 to MG1655 in bovine feces with pH values of 5.5, 6.0, and
6.5 at 28°C. (a) Transconjugants selected on SMAC supplemented with
oxytetracycline. (b) Transconjugants selected on SMAC supplemented
with tetracycline.
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Antibiotic-resistant STEC in an agricultural environment.
Cattle are known to be the primary reservoir for both O157
and non-O157 STEC (2). The occurrence of STEC in an ag-
ricultural environment can lead to contamination of both water
and food. STEC infections have been linked to contaminated
water supplies (10; http://www.fda.gov/bbs/topics/NEWS/2007
/NEW01593.html). These organisms have been shown to per-
sist for as long as 4 to 8 weeks at 25°C in bovine feces (5) and
for up to 90 days in river water (25). Studies have shown that
fecal excretion of E. coli O157:H7 in cattle occurred at the
highest rates during the spring and late-summer months (3,
16). This time when there is a high rate of excretion generally
reflects the start of a seasonal peak (spring and fall) of E. coli
O157:H7 infections (11).

Transfer of antibiotic resistance genes among bacteria is a
threat to both human and veterinary medicine. In this study,
the transfer of integron-mediated antibiotic resistance genes in
STEC isolates was demonstrated in bovine feces and storm
water with a natural pH at a temperature representing the
average temperature of the summer months in the Griffin, GA,
area. The conjugation efficiencies of antibiotic resistance genes
of the two STEC donors were different. The precise genetic
basis for this difference is currently unknown. This study pro-
vided evidence of antibiotic resistance gene transfer between a
pathogenic strain and a nonpathogenic strain of E. coli in
simulated agricultural environments. However, it is important
to note that in the present study the conjugation experiments
were conducted with sterile fecal materials and storm water.
The autoclaving treatment simplified the data-gathering pro-
cess. The conjugation efficiencies of the antibiotic resistance
genes in sterile samples could be somewhat different from
those in natural, nonautoclaved samples.
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