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Abstract

The main objectives of this study were to determine the prevalence and patterns of antimicrobial resistance in pigs on farms
that medicated swine ration and those that did not. A total of 940 isolates of Escherichia coli from 188 pooled fecal samples
obtained from weaner and finisher pigs on 47 farrow-to-finish swine farms (34 farms used in-feed medication and 13 did not)
were tested for susceptibility to 21 antimicrobials using a breakpoint concentration method. The prevalence of resistance varied
widely (0.0% to 81.3%) among the antimicrobials tested. Ninety percent of all the isolates tested were resistant to one or more
antimicrobials. The most common multi-drug resistance patterns were to 2 to 6 antimicrobials. Resistance was significantly
more frequent (P < 0.01) on farms that used in-feed medication compared to those that did not, and significantly more frequent
(P < 0.01) in weaner pigs compared to finisher pigs. These findings indicate that resistance to a broad range of antimicrobials was
prevalent among fecal E. coli isolates of pigs on study farms, and that this constitutes a potential reservoir for resistance genes
that could spread to pathogens. The findings also provide further evidence that use of medication in swine rations provides
selective pressure for antimicrobial resistance in E. coli in pigs.

Résumé

L'objectif principal de cette étude était de déterminer la prévalence et les patrons de résistance aux antimicrobiens de bactéries provenant de
porcs élevés sur des fermes donnant une ration médicamentée et d’autres une ration non-médicamentée. Un total de 940 isolats d"Escherichia
coli provenant de 188 échantillons de féces combinées obtenus de porcs au sevrage et en finition de 47 fermes de type naisseur-finisseur
(34 fermes utilisant une médication dans la nourriture et 13 non) ont été éprouvés pour leur sensibilité envers 21 agents antimicrobiens
par une méthode de concentrations limites. La prévalence de résistance aux antimicrobiens testés variait grandement (0 % a 81,3 %).
Quatre-vingt-dix pourcents de tous les isolats testés étaient résistants a au moins un antimicrobien. Les patrons de résistance multiple les
plus communs indiquaient une résistance envers 2 a 6 antimicrobiens. De la résistance était observée significativement plus fréquemment
(P < 0,01) sur les fermes qui utilisaient une ration médicamentée comparativement a celles qui n’en n’utilisaient pas, et était significativement
plus fréquente (P < 0,01) chez les porcs au sevrage que chez les porcs en finition. Ces résultats indiquent que la résistance envers un
large éventail d'antimicrobiens était prévalente parmi les isolats d’E. coli d’origine fécale provenant des porcs issus des fermes de cette
étude, et que ceci constitue un réservoir potentiel de génes de résistance qui pourraient se répandre a des agents pathogenes. Ces données
fournissent également des preuves supplémentaires que I'utilisation de ration médicamentée cause une pression sélective pour la résistance
aux antimicrobiens chez les E. coli porcins.

(Traduit par Docteur Serge Messier)

to multiple antimicrobials can transfer from E. coli to Salmonella

Introduction

The use of in-feed medication to promote growth is widespread in
swine production (1) and this use can lead to selection for resistant
bacteria (2-4). Antimicrobial resistance among commensal Escherichia
coli of swine is important because it may constitute a reservoir
of antimicrobial resistance genes (5) that could be transferred to
pathogenic bacteria. For example, plasmids conferring resistance

Typhimurium and other pathogens (6,7). The level of antimicrobial
resistance among commensals may also be used as an indicator of
selection pressure by antimicrobial use (7). Furthermore, E. coli of
animal origin may colonize the intestinal tract of humans (8-10).
The prevalence of antimicrobial resistance in commensal E. coli
of pigs has been described in several previous studies (5,11-13) in
various countries. The purpose of this cross-sectional study was to
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Table l. Prevalences of resistance among fecal Escherichia coli isolates from healthy weaner and finisher pigs on 47 farrow-to-

finish farms

Number of isolates growing at

different concentrations (g/mL)?

% Resistant

Antimicrobial 0.125 1 4 8 16 30 32 64 80 512 Weaners (n=470) Finishers (n =470) Combined
Amikacin 0 K 0.0 0.0 0
Ampicillin 331 44.68 25.74 35.21
Apramycin 31 4.68 1.91 3.3
Carbadox \ 95 16.17 4.04 10.11
Ceftiofur 0 0.0 0.0 0
Ceftriaxone 0 \ 3 0.21 0.43 0.32
Cephalothin 30 4.04 2.34 3.19
Chloramphenicol 103 15.53 6.38 10.96
Ciprofloxacin 0 00 0.0 0.0 0
Cotrimoxazole \ 52 8.51 2.55 5.53
Florfenicol 3 0.64 0.0 0.32
Gentamicin 7 1.06 0.43 0.74
Kanamycin \ 90 12.34 6.81 9.57
Nalidixic acid \ 4 0.64 0.21 0.43
Neomycin \ 92 12.55 7.02 9.79
Nitrofurantoin 39 5.74 2.55 4.15
Spectinomycin 517 65.53 44.47 55
Streptomycin 301 36.60 27.45 32.02
Sulfamethoxazole 550 70.43 46.60 58.51
Tetracycline \ 764 89.57 72.98 81.28
Tobramycin \ 32 4.89 1.91 3.4

@ Vertical lines in the table indicate breakpoint concentrations at which resistance was determined for each antimicrobial.

determine the prevalence of resistance to single and multiple anti-
microbials among fecal E. coli from pigs on purposefully selected
farms in Ontario and British Columbia that did or did not use in-feed
antimicrobials, and also describe the patterns of resistance among
E. coli from weaner and finisher pigs.

Materials and methods

Selection of study farms

The study population was pigs from farrow-to-finish pig farms
in Ontario and British Columbia (BC). Forty seven farrow-to-finish
swine farms were enrolled in the study, 39 from Ontario and 8 from
BC. To be eligible, a farm had to be a farrow-to-finish operation, have
a minimum of 50 sows on-site, and be willing to participate in the
study. A random sample of farms was selected from a pre-existing
list of farrow-to-finish swine farms. The number of farms enrolled
was determined by the ability to meet the objectives of the study,
taking into account financial and logistical considerations. Selected
farms were classified into 2 groups based on their in-feed medication
practices (farms that used in-feed medication versus those that did
not). Antimicrobial use information and other management factors
were obtained using a questionnaire during farm visits. To validate
the claims of farmers concerning their antimicrobial use practices, a
manual check of the feed additive records, and existing antimicrobial
stocks in their refrigerators and on shelves was made. Each farm was
visited twice from March to September 1999 for Ontario farms, and

from May to August, 2000 for those in BC. On each visit, 10 fecal
samples were collected from each of the weaner and finisher pig
groups and pooled respectively for culture and isolation of E. coli,
giving a total of 94 pooled samples per visit X 2 visits per farm =
188 pooled samples.

Processing of fecal samples

Upon receipt at the laboratory, 5 g of each of the 2 pooled fecal
samples were placed in a sterile Sterifil bag (Spiral System, Bethesda,
Maryland, USA) with a filtered channel on the side. Sterile 0.85%
saline solution (200 mL) was added to each bag, then mixed in a
mechanical “stomacher” for 20 s. A 10-mL diluted sample was com-
bined and mixed with 10 mL of sterile Tryptic Soy Broth (TSB) (Difco,
Becton, Dickinson, Sparks, Maryland, USA) containing 50% glycerol.
One mL aliquots of the sample were stored frozen at —70°C.

Isolation of Escherichia coli

Frozen diluted fecal samples were partially thawed and loopfuls
were streaked onto MacConkey agar (Difco, Becton, Dickinson)
and incubated for 18 to 24 h at 37°C. Five colonies with the typical
color and appearance of E. coli were picked and streaked again on
MacConkey agar plates, then re-streaked on Luria-Bertani (LB),
Miller agar plates (Difco, Becton, Dickinson). Isolates were tested
for indole production and use of citrate as the sole carbon source.
Lactose positive, indole positive and citrate negative isolates were
considered to be E. coli, and they were stored in Mueller Hinton
(MH) broth containing 50% glycerol (Difco, Detroit, Michigan,

196 The Canadian Journal of Veterinary Research



Table I1l. Prevalences of resistance to at least one of 21 antimicrobials tested among fecal Escherichia coli from pigs on farms

that used in-feed antimicrobial medication and those that did not

Farm medication Number of Prevalence of resistance to
Group (Number of group/Pig-age Number of isolates per at least one antimicrobial
isolates) group farms category among isolates (%)
Antimicrobial use (940) Use in-feed medication 34 680 68.192
No in-feed medication 13 260 21.81
Age of pigs (940) Weaner pigs a7 470 46.70°
Finisher pigs 47 470 43.30

@ Significantly greater (P < 0.0001; Fisher’'s Exact Test) than prevalence from no in-feed medication farms.
b Significantly greater (P = 0.0001; Fisher's Exact Test) than prevalence from finisher pigs.
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Figure 1. Prevalence of resistance to antimicrobials among fecal Escherichia
coli from pigs on farrow-to-finish farms that used in-feed medication com-
pared to those from farms that did not use in-feed medication.

USA) at —70°C. Five isolates of E. coli were obtained from each of
the 188 pooled fecal samples for susceptibility testing, for a total of
940 isolates.

Testing of Escherichia coli susceptibility to
antimicrobials

Susceptibility of E. coli isolates was tested to 21 antimicrobials
at 1 to 3 different concentrations using the Cathra Replicator (14)
(Automed, Shoreview, Minnesota, USA). The isolates, grown to a set
concentration in Mueller Hinton (MH) broth, were spotted onto MH
agar plates (Difco) containing antimicrobials at the concentrations
listed in Table I. Aquaflor (Schering-Plough Animal Health, Pointe
Claire, Quebec) containing 50% florfenicol was dissolved in dimeth-
ylformamide and a stock solution containing 20 mg/mL Aquaflor
was added to MH agar to obtain plates with 16 and 32 pg/mL of flo-
rfenicol. Antimicrobial resistance testing with the breakpoint concen-
tration method was performed in accordance with the Clinical and
Laboratory Standards Institute (CLSI) for antimicrobial susceptibility
tests of bacteria isolated from animal (15) and humans (16) and those
listed by the FDA/USDA/CDC National Antimicrobial Resistance
Monitoring Program — Enteric Bacteria, Final Report, 1997 (17).
Resistance was declared when there was growth at the NCCLS
(CLSI) defined resistance breakpoint levels, even for antimicrobials

for which susceptibility was tested at = 2 concentrations (Table I).
The E. coli strain R1022, a bovine isolate resistant to antimicrobials
including apramycin, gentamicin, tetracycline, and tobramycin,
and P. aeruginosa, America Type Culture Collection (ATCC) strain
ATCC27853, E. coli ATCC25922, and E. coli ATCC35218, were used
for quality control purposes (15,16).

Statistical analysis

The data from Ontario and BC were collected, collated and ana-
lyzed using SAS version 9.1 (SAS Institute, Cary, North Carolina,
USA). Fisher’s Exact Test was used to compare resistance propor-
tions. Observed prevalence of resistance to 2 to 11 antimicrobials and
to = 2 classes of antimicrobials was assessed. Tabulation of observed
patterns of resistance to multiple antimicrobial classes was limited
to 4 in the interests of space.

Descriptive statistics

The study population included 47 swine farms: 39 from Ontario
and 8 from BC. Thirty-four farms (72.3%) used in-feed medication,
while 13 farms (27.7%) did not (Table II). Farm size ranged from
50 to 1400 sows per farm with a mean of 393 and standard devia-
tion of 9. Overall, 188 (94 each from weaner and grower/finish pigs)
pooled fecal samples were obtained for culture. Five isolates (inde-
pendent colonies) were obtained from each pooled fecal sample,
giving a total of 940 isolates that were tested for susceptibility to
21 antimicrobials.

The overall prevalence of resistance to 1 or more antimicrobials
among the 940 fecal E. coli isolates was 90%. Figure 1 shows the
prevalence of resistance to individual antimicrobials tested by in-feed
medication practices on farms of origin. On visual inspection of the
data, for most of antimicrobials, resistance was more frequent in
E. coli from farms that used in-feed medication compared to farms
that did not. Overall, the prevalence of resistance was significantly
more frequent (P < 0.01) on farms that used in-feed medication
compared to farms that did not (Table II). Also, the prevalence of
resistance was significantly higher in E. coli from weaner than fin-
isher pigs (Table II; P < 0.05). Similarly, Table I shows the prevalence
of resistance to individual antimicrobials. In nearly all cases, the
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Table Ill. Resistance to two or more antimicrobials among fecal Escherichia coli from swine on 47 farrow-to-finish farms

Prevalence of

Prevalence of resistance from farms with

Number of resistance (%)? different in-feed medication practices (%)°
antimicrobials Weaners Finishers Farms that used in-feed Farms with no
isolates (n=470 (n=470 antimicrobials in-feed antimicrobials All farms
resistant to isolates) isolates) (n = 680 isolates) (n = 260 isolates) (n =940 isolates)
2 7.9 18.5 13.5 12.3 13.2
3 12.6 14.5 15.3 8.8 13.5
4 18.5 12.8 17.9 9.6 15.6
5 21.7 7.2 16.5 9.2 14.5
6 13.8 6 10.3 8.8 9.9
7 2.6 1.1 21 1.2 1.8
8 2.6 1.9 2.8 0.8 2.2
9 0.6 0.6 0.9 0 0.6
10 1.5 0 0.6 1.2 0.7
11 0.2 0 0 0.4 0.1
Total 82 62.6 79.9 52.3 72.1

@ Qverall, significantly different between weaners and finishers (P < 0.01; Fisher’s Exact Test).
b Qverall, significantly different between farms that used in-feed antimicrobials and those that did not (P < 0.01; Fisher’s Exact Test).

point prevalence was higher in E. coli from weaners than finishers,
and the highest prevalence of resistance was to tetracycline (89.6%
in weaners; Table I). There was no resistance found to amikacin,
ceftiofur, and ciprofloxacin at the CLSI breakpoint concentrations,
nor was there decreased susceptibility to amikacin and ciprofloxacin
at concentrations lower than the CLSI resistance breakpoints.

Resistance to = 1 antimicrobials in each class of antimicrobials
studied was computed and the following prevalences of resistance to
classes of antimicrobials were observed among the 940 isolates; tetra-
cyclines 81.3%, aminoglycosides /aminocyclitols 62.9%, sulfonamides
58.5%, 3-lactams (penicillins and cephalosporins) 36.8%, phenicols
(chloramphenicol and florfenicol) 11.1%, quinoxalines (carbadox)
10.1%, nitrofurans 4.2%, and quinolones/fluoroquinolones 0.4%.

Patterns of resistance to = 2 antimicrobials are presented in
Table III. One isolate was resistant to 11 antimicrobials (0.1%; the
highest in this study), and 136 isolates (14.5%) were resistant to
5 antimicrobials. Isolates from farms that used in-feed medication
were significantly (P < 0.01) more likely to be resistant to > 2 anti-
microbials than isolates from farms that did not. Likewise, isolates
from weaner pigs were significantly (P < 0.01) more likely to be
resistant to > 2 antimicrobials than isolates from finisher pigs.

The patterns of resistance to = 4 classes of antimicrobials are
presented in Table IV. Resistance to the aminoglycosides and amino-
cyclitols, B-lactams, sulfonamides, and tetracyclines were most com-
mon among the observed patterns. Resistance was observed to up to
6 classes of antimicrobials; the most common resistance pattern (237
or 25.2% of isolates) was AMINO + BETA + SULF + TET.

This study aimed to determine the prevalence and patterns of
antimicrobial resistance, including multiple antimicrobial resistance,
among fecal E. coli from healthy weaner and finisher pigs on farrow-
to-finish operations. Also compared, using simple statistical tests and
without control for confounding or clustering, was the prevalence

of resistance in isolates from farms that did or did not use in-feed
antimicrobials. The results of multivariable analyses of these data,
examining associations with various antimicrobial use and other
factors, are presented separately (18).

Study farms were selected in part based on their in-feed medica-
tion practices in order to compare resistance prevalence (Figure 1).
The results showed that resistance among E. coli was significantly
(P < 0.01) higher on farms that used in-feed medication compared
to those that did not (Table II). This finding is consistent with other
evidence that nontherapeutic use of antimicrobials in-feed selects
resistant organisms in the population of use (19-21).

The prevalence of resistance was significantly higher (P < 0.01)
in weaner compared to finisher pigs (Table II), which might be due
to the more extensive use of antimicrobials in weaners for growth
promotion, treatment, and prophylaxis than in finisher pigs (22).
Furthermore, weaners are younger and at risk of enteric infections,
perhaps because of waning passive immunity, mixing with pigs from
other litters or farms, and colonization by resistant organisms (23).
Antimicrobials tend to be used less frequently in finishers, in part
because they are close to marketing for human consumption and
there is a need to avoid antimicrobial residues in pork.

Resistance to > 1 antimicrobial was common in this study (72.1%
of isolates tested), most frequently to 2 to 6 antimicrobials. Potential
selection pressures for multiple resistance were not explored, but one
such factor may be co-selection, as this is consistent with phenotypic
or genotypic evidence found in other studies (2,24-27). Therefore,
finding multiple antimicrobial resistance in commensal E. coli from
healthy pigs is worrisome, particularly if the genes encoding this
resistance are available for transfer to pathogens. Also, the preva-
lence of resistance to > 2 antimicrobials was more common among
E. coli from weaner pigs than from finisher pigs, which is consistent
with the findings of other studies (23).

Resistance to = 1 antimicrobials in this study was 90%, neverthe-
less, it should be noted that by declaring resistance at CLSI break-
points, some strains may have been classified as susceptible that
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Table IV. Patterns of resistance to = 4 antimicrobial classes among Escherichia coli from

47 farrow-to-finish farms

Number of
isolates Percent of isolates

Patterns of resistance to = 4 antimicrobials resistant resistant (n = 940)
AMINO? + BETAP + SULF® + TETY + NIT® + QUINf 1 0.1
AMINO + BETA + SULF + TET + NIT + CAR® 2 0.2
AMINO + BETA + SULF + TET + NIT + PHEN" 1 0.1
AMINO + BETA + SULF + TET + PHEN + CAR 6 0.6
AMINO + BETA + SULF + TET + PHEN 40 4.3
AMINO + BETA + SULF + TET + CAR 50 5.3
AMINO + BETA + SULF + TET + NIT 16 1.7
AMINO + PHEN + SULF + TET + NIT 4 0.4
AMINO + BETA + CAR + TET + NIT 4 0.4
AMINO + BETA + SULF + TET + QUIN 4 0.4
AMINO + BETA + SULF + TET 237 25.2
AMINO + PHEN + SULF + TET 88 9.4
AMINO + CAR + SULF + TET 58 6.2
CAR + BETA + SULF + TET 53 5.6
AMINO + BETA + SULF + CAR 52 5.5
BETA + SULF + TET + NIT 19 2
AMINO + BETA + CAR + TET 62 6.6
AMINO + SULF + TET + NIT 22 2.3

@ AMINO — Aminoglycosides and Aminocyclitols.

b BETA — B-lactams (penicillins and cephalosporins).

¢ SULF — Sulfonamides.
4 TET — Tetracyclines.
¢ NIT — Nitrofurans.

fQUIN — Quinolones (nalidixic acid and ciprofloxacin).

& CAR — Quinoxalines (carbadox).

h PHEN — Phenicols (chloramphenicol and florfenicol).

would have been classified as resistant using an MIC method. Such
high prevalences of resistance increase in magnitude the potential
reservoir of antimicrobial resistant bacteria and/or resistance genes
that may be transferred to humans through the food chain, as sug-
gested by other studies (5,26). Resistance was observed to some
antimicrobials that are not specifically approved for use in pigs in
Canada. For example, resistance to sulfamethoxazole is suggestive
of cross-resistance with other sulfonamides that are approved for
use in swine (22), and while neomycin was used by some study
farms and is approved for therapeutic purposes in swine in Canada,
kanamycin is not, and resistance to this antimicrobial could be due to
cross-resistance. While the mechanisms of resistance in these study
isolates were not characterized, it has been reported that resistance to
kanamycin and neomycin may be encoded by the same genes (28).

Although chloramphenicol and nitrofurantoin were withdrawn
from use in pigs in 1984 and 1994, respectively, resistance to these
antimicrobials persisted in fecal E. coli of pigs (Table III). The persis-
tence of resistance to chloramphenicol might be due to the process
of co-selection by other antimicrobials that are still being used in
pigs (29). This occurs when genes encoding for these withdrawn
antimicrobials are linked with those encoding for other antimicrobi-
als that are still being used (30). Another pathway for persistence
of antimicrobial resistance is the linkage of chromosomally located

antimicrobial resistance genes that are not readily lost by bacteria
(31).

Eighty-one of the E. coli isolates were resistant to chloramphenicol
at 32 pg/mL and 3 isolates were resistant to florfenicol at 16 g/mL.
In a recent study, chloramphenicol resistance among commensal por-
cine E. coli was in > 80% of the isolates encoded by the cmlA gene,
whereas in < 15% of the isolates it was encoded by the catAl gene.
Chloramphenicol resistance due to expression of the floR gene was
found in < 10% of enterotoxigenic E. coli (ETEC) and slightly > 20%
of non-ETEC strains isolated from diarrheic pigs, but was not found
in commensal E. coli (32). Since the E. coli in the present study were
commensal isolates, most of the observed chloramphenicol resistance
would likely also have been the result of expression of the cmlIA gene
(29). In the very few cases of resistance to both chloramphenicol and
florfenicol, resistance may have been encoded by the floR gene that,
via a multi-drug efflux pump mechanism, encodes resistance to both
chloramphenicol and florfenicol (33).

An earlier study conducted in Ontario (11) assessed the prevalence
of resistance in fecal E. coli of finisher pigs to ampicillin, carbadox,
gentamicin, nitrofurantoin, spectinomycin, sulfamethoxazole, and
tetracycline. In the present study, the prevalence of resistance
among E. coli from finishers to antimicrobials that were members
of classes still approved for use in pigs in Canada during the study
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period (ampicillin, carbadox, gentamicin, spectinomycin, sulfame-
thoxazole, and tetracycline) was higher in some cases [spectino-
myecin (44.5 vs. 27.3), sulfamethoxazole (46.6 vs. 38)] and similar in
others [ampicillin (25.7 vs. 29), carbadox (4.04 vs. 3.5), gentamicin
(0.4 vs. 0.6), tetracycline (73 vs. 71)]. In contrast, the prevalence of
resistance to nitrofurantoin, which was banned from use in pigs in
Canada in 1994, was considerably lower in this study (2.6%) than
observed in the earlier study (27%). The differences in resistance
proportions shown by the 2 analogous studies provide evidence
of the effects of selection pressure due to continued use of these
antimicrobials in pigs over time, and decrease in resistance resulting
from withdrawal of certain antimicrobials.

Because of the public health importance of ciprofloxacin, resistance
was tested at 3 different concentrations, including the breakpoint
concentrations recommended by CLSI and 2 other lower concen-
trations. All E. coli isolates were susceptible at all 3 concentrations
of ciprofloxacin, a finding consistent with other studies (13,34).
This may reflect the fact that no quinolones or their derivatives are
approved for use in pigs in Canada.

Like most observational studies, this study had some chal-
lenges. It was very difficult to find farms that did not use any
in-feed medication and not all that were identified accepted the
invitation to participate. Also, purposive sampling and exclu-
sion of farms that had < 50 sows on-site might have introduced
some selection bias. Farms were sampled in order to meet the
stated objectives of the study and exclusion of smaller farms
was based on the assumption that such farms proportionately
contributed less to the food chain and antimicrobial resistance
as a whole.

In conclusion, antimicrobial resistance among fecal E. coli of pigs
from parts of Ontario and British Columbia varied widely amongst
the antimicrobials tested. Resistance to some of the older antimicrobi-
als that have been used in-feed for many years was comparatively
high, while resistance to some of the newer antimicrobials that are
either not approved at all in pigs, or used solely for therapy, was
uncommon or absent. Antimicrobial resistance to = 1 antimicrobials
was more prevalent in E. coli from farms that used in-feed medication
compared to those that did not, and also more prevalent in E. coli
from weaner pigs compared to finisher pigs. There was evidence
suggestive of cross-resistance and co-selection among the antimi-
crobials studied.
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