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Distillers grains are co-products of the corn ethanol industry widely used in animal feed. We examined
the effects of erythromycin, penicillin, and virginiamycin at low concentrations reflective of those
detected in distillers grains on bacterial resistance selection. At 0.1 pg/ml erythromycin, macrolide-
resistant mutants were induced in one Campylobacter coli and one Enterococcus faecium strain, while
these strains plus three additional C. coli, one additional E. faecium, and one C. jejuni also developed
resistance when exposed to 0.25 pg/ml erythromycin. At 0.5 ug/ml erythromycin, a total of eight strains
(four Campylobacter and four Enterococcus) obtained macrolide-resistant mutants, including two strains
from each genus that were not selected at lower erythromycin concentrations. For penicillin, three of
five E. faecium strains but none of five Enterococcus faecalis strains consistently developed resistance
at all three selection concentrations. Virginiamycin at two M;:S; ratios did not induce resistance
development in four out of five E. faecium strains; however, increased resistance was observed in the
fifth one under 0.25 and 0.5 pg/ml virginiamycin selections. Although not yet tested in vivo, these
findings suggest a potential risk of stimulating bacterial resistance development in the animal gut when
distillers grains containing certain antibiotic residues are used in animal feed.

Distillers grains, co-products of the corn ethanol industry, are widely used animal feed ingredients owing to their
abundance and nutritional content'. Over the past 15 years, the expansion of the U.S. domestic ethanol industry
has led to an exponential growth in distillers grains feed production® In 2016, an estimated 42 million metric tons
were produced, which were fed, in up to 40% of the ration’, to beef cattle (44%), dairy cattle (30%), swine (16%),
poultry (9%), and others (1%)>. Roughly 27% of the total production was exported?.

For at least two decades, antibiotics such as virginiamycin and penicillin have been used to control bac-
terial contamination of commercial ethanol fermentations’. The steady increase in distillers grains feed pro-
duction raised growing concerns over this practice’. In two nationwide surveys conducted by the U.S. Food
and Drug Administration’s Center for Veterinary Medicine (FDA/CVM), several antibiotics, including virgin-
iamycin, erythromycin, penicillin, and tylosin, have been detected at low concentrations (0.1 to 1.5 ppm) in
some of the distillers grains products analyzed* ®. There is concern that through the feeding of distillers grains,
food-producing animals are exposed to these antibiotic residues on a continuous basis, which may give rise to
antibiotic-resistant bacteria that could be passed down the food chain®.

Antibiotic resistance is a growing public health threat worldwide®. In the United States, an estimated 2 mil-
lion illnesses and 23,000 deaths are caused by antibiotic-resistant bacteria each year’. Urgent and multifaceted
efforts are therefore needed to curb resistance development in both the human clinical setting and in food pro-
duction®. Traditionally, selection of resistant mutants occurs at antibiotic concentrations between the minimal
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N15947° Erythromycin only Pork chop 0.5 N/A N/A
N16008* Erythromycin only Ground beef 1 N/A N/A
8,“;”15’))’ lobacter coli '\50290" | Erythromycin only Chicken breast | 0.25 N/A N/A
N20293° Erythromycin only Chicken breast 0.5 N/A N/A
N40971° Erythromycin only Ground turkey 1 N/A N/A
N9328 Erythromycin only Pork chop 0.5 N/A N/A
N16006 Erythromycin only Ground beef 0.25 N/A N/A
ﬁ;ﬂg}(/i?iag)mr N20289° Erythromycin only Chicken breast 0.5 N/A N/A
N20292 Erythromycin only Chicken breast 0.25 N/A N/A
N39676 Erythromycin only Ground turkey 0.25 N/A N/A
N17045 Erythromycin, penicillin Ground beef 1 2 4
N39253 Erythromycin only Ground turkey 1 4 8
N39282 Erythromycin only Pork chop 0.5 4 8
;Zl:;rl?saz;cisn N39331 Erythromycin, penicillin Chicken breast 1 4 8
N39462° Erythromycin, penicillin Ground beef <0.25 4 16
N40185 Penicillin only Pork chop 0.5 1 8
N40682 Penicillin only Ground turkey >8 1 16
N17044* Erythromycin only Ground turkey 1 >16 16
N39268° Efrg}rllrlgxggﬁ penicillin, | o nd beef 1 2 1
N39411° Penicillin, virginiamycin Ground turkey 4 1 2
ﬁ{'gﬁi;"rfq"g’ﬁ 7 N39482° | Penicillin, virginiamycin Chicken breast | <0.25 <025 <05
N39577° Penicillin, virginiamycin Pork chop 1 0.5 1
N41264 Erythromycin only Pork chop 0.5 1 2
N42162¢ \}:‘;}Igtl};g:;lgz’ penicillin, Ground beef <0.25 4 4
f;:q‘;coccus hirae | N170308 | Erythromycin only Chicken breast | <0.25 1 2

Table 1. Characteristics of Campylobacter and Enterococcus strains used in this study. *“Strains that developed
resistance at low concentrations (0.1, 0.25, and 0.5 ug/ml) of erythromycin (a), penicillin (b), and virginiamycin
(), respectively.

inhibitory concentration (MIC) of a susceptible wild-type bacterial population (MIC,.) and that of a resistant
one (MIC,,,), i.e., within the mutant selection window® '°. The effect of lower concentrations of antibiotics such as
those detected in distillers grains, at between one-tenth and one-half of the MIC,,. or lower, on the selection and
enrichment of antibiotic-resistant bacteria is not well understood.

To gain insights into whether low concentrations of erythromycin, penicillin, and virginiamycin may select for
resistant bacteria, a preliminary study was carried out at FDA/CVM, subjecting a small number of Campylobacter
(tested for erythromycin only) and Enterococcus strains to limited antibiotic selection concentrations and expo-
sure times'!. Campylobacter is a leading cause of foodborne illnesses in the United States, and frequently colonizes
the intestinal tracts of poultry, swine, and other food-producing animals'?. The opportunistic Enterococcus is
also highly prevalent in the gut of food-producing animals as well as humans, and is a leading cause of noso-
comial infections'®. The preliminary study showed that penicillin at 1 pg/ml, virginiamycin at 0.1 and 1 ug/ml,
a penicillin/virginiamycin blend at 1/0.075 ug/ml, and erythromycin at 0.1 pg/ml did not select for resistant
Enterococcus phenotypes. However, erythromycin at both 0.25 and 0.5 ug/ml stimulated resistance development
in Enterococcus. In Campylobacter, 0.5 ug/ml erythromycin (the only concentration tested) did not select for
resistant mutants'!. Considering the importance of these antibiotics in human and veterinary medicine, these
findings support the need for further investigation into the microbiological impact of erythromycin and other
residues detected in distillers grains'*.

The present study aimed to comprehensively examine the effects of three low concentrations (0.1, 0.25, and
0.5 ug/ml) of erythromycin, penicillin, and virginiamycin (a mixture of two components, virginiamycin M, and
virginiamycin S,) on the development of antibiotic-resistant bacteria. Multiple Campylobacter (tested for eryth-
romycin only) and Enterococcus strains were used as sentinel organisms for Gram-negative and Gram-positive
bacteria, respectively.

Results

Resistance selection at low concentrations of erythromycin.  The erythromycin MICs of twenty par-
ent strains ranged from 0.25 to 1 pg/ml for Campylobacter and <0.25 to 1 pg/ml for Enterococcus (Table 1). In two
independent trials, resistance development was stimulated in some strains of both bacterial genera during culture
passages at all three erythromycin selection concentrations, with mutant MICs ranging from 64 to >2048 ug/ml
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Confirmed mutants
C d.e
ERY conc. | Genusand occurred at passages ERY MIC (ug/ml) No. of confirmed
(ug/ml) species Strain*® | Source | Trial 1 Trial 2 | Parent | Mutants mutants
ol C. coli N20290° | Chicken | P3 P2-P3 | 0.25¢ 256->2048 |12
’ E.faecium | N39268" | Beef P1-P3 PL,P3 |1¢ 8-64 13
N15947 | Pork None P3 0.5¢ 64 1
C coli N20290* | Chicken | P3 P2 0.25 256-1024 |6
. Colt
N20293* | Chicken | None P2-P3 | 0.5¢ 512-2048 |6
0.25 N40971 Turkey | P2-P3 P2 14 64-1024 8
C. jejuni N20289 Chicken | None P3 0.54 1024 1
N17044* | Turkey | P1-P3 P1-P3 |14 8-32 20
E. faecium
N39268" | Beef P1-P3 P1-P3 | 1¢ 8-64 16
N15947¢ | Pork P2-P3 P2-P3 |05 64-2048 13
C. coli N16008 Beef P3 None 14 64-128 4
N20293* | Chicken |P3 P3 0.5 1024-2048 |6
05 C. jejuni N16006 Beef P2-P3 None | 0.25 512-1024 7
' N17045 | Beef P3 None | 1¢ 1024 2
E. faecalis
N39462 Beef P2-P3 P2-P3 | <0.25 >2048 16
N17044* | Turkey | P1-P3 P1-P3 |14 8-16 22
E. faecium
N39268> | Beef P1-P3 P1-P3 | 1¢ 8-64 12

Table 2. Selection of resistant Campylobacter and Enterococcus mutants at low concentrations of erythromycin
(ERY). The following strains did not obtain resistant mutants at any of the three ERY concentrations: C. jejuni
N9328,N20292, and N39676; E. faecalis N39253, N39282, and N39331; E. faecium N41264; and E. hirae
N170308S. *Resistant mutants were selected at two ERY concentrations. "Resistant mutants were selected at three
ERY concentrations. °P1, P2, and P3 stand for passages 1, 2, and 3, respectively. dResistance selection occurred
outside the mutant selection window, i.e., the ERY concentrations used for selection were lower than the parent
MICs for ERY. °ERY resistant breakpoints of >32 ug/ml and >8 ug/ml were used for Campylobacter spp. and
Enterococcus spp., respectively.

for Campylobacter and 8 to >2048 ug/ml for Enterococcus (Table 2). At 0.1 ug/ml erythromycin, resistant mutants
were observed in Campylobacter coli N20290 and Enterococcus faecium N39268 only. The same two strains, plus
three additional C. coli, one additional E. faecium, and one C. jejuni strain also developed resistance when exposed
to 0.25 ug/ml erythromycin. At 0.5 ug/ml erythromycin, eight strains (three C. coli, one C. jejuni, and two each E.
faecalis and E. faecium) obtained resistant mutants, including two from each genus (one C. coli, one C. jejuni, and
two E. faecalis) that were not selected at 0.1 and 0.25 pg/ml erythromycin. Notably, E. faecium N39268 mutants
were selected at all three erythromycin concentrations, whereas no mutants were selected for three C. jejuni, three
E. faecalis, two E. faecium, and the single E. hirae strain. All Campylobacter and E. faecalis mutations occurred at
passages 2 or 3. Many mutants were generated outside the mutant selection window, i.e., at erythromycin concen-
trations lower than parent MICs, therefore with selection ratios (defined as the ratio between antibiotic selection
concentration and parent strain MIC, i.e., MIC ) less than 1 (Table 2).

Regardless of the erythromycin concentration, selection ratio, and number of passages, Campylobacter strains
overall had a higher incidence (70%) of resistance development than Enterococcus (40%) (P > 0.05). The selec-
tive effect was more pronounced among C. coli (100%) than C. jejuni (40%) (P < 0.05) and among E. faecium
(50%) than E. faecalis (40%) (P> 0.05). Erythromycin at 0.25 and 0.5 ug/ml induced resistance in significantly
larger percentages of Campylobacter and Enterococcus strains than those at 0.1 pg/ml (P < 0.05). Notably, resistant
mutants of C. jejuni were only obtained at 0.25 and 0.5 ug/ml erythromycin, whereas E. faecalis mutants were
only obtained at 0.5 ug/ml erythromycin (Table 3). The selection ratio also played a major role in the process with
higher ratios generally associated with stronger selective effects. A selection ratio of 1/4 had the highest frequen-
cies of mutated strains in both Campylobacter and Enterococcus (data not shown). Passages 2 and 3 were linked
to stronger selection effect than passage 1, which was statistically significant in Campylobacter (P < 0.05) (data
not shown).

Besides erythromycin, some mutants also demonstrated resistance to other macrolides, such as azithromy-
cin in three C. coli strains and tylosin in E. faecalis strain N39462 (Table 3). Co-resistance to telithromycin (a
ketolide) and/or clindamycin (a lincosamide) was common among Campylobacter mutants, whereas some E.
faecium mutants also showed resistance to nitrofurantoin (a nitrofuran) and non-susceptibility to daptomycin (a
lipopeptide) and/or tigecycline (a glycylcycline). Intermediate resistance (MICs above intermediate breakpoint
but below resistant breakpoint) to these antibiotics (azithromycin, clindamycin, nitrofurantoin, and telithromy-
cin) was observed as well (Table 3).

Resistance selection at low concentrations of penicillin.  The penicillin MICs of ten Enterococcus
parent strains ranged from 1 to 4 ug/ml for E. faecalis and <0.25 to 4 pg/ml for E. faecium (Table 1). In three inde-
pendent trials, none of the five E. faecalis strains obtained penicillin-resistant mutants even after 15 passages, and
neither did two out of five E. faecium strains. In direct contrast, E. faecium strains N39411, N39482, and N39577
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AZI-CLI-ERY-TEL-TET (4) 0.5 1
AZL-CLI-ERY-TEL(D)-TET (3) 0.5 1
AZL-ERY-TEL-TET (3) 05 4
N15947 TET (1)
ERY-TEL-TET (3) 025,05 |6
AZL-ERY-TEL(D-TET (2) 0.5 1
ERY-TEL(I)-TET (2) 05 1
N16008 TET (1) ERY-TEL-TET (3) 0.5 4
AZL-CLI-ERY-TEL (3) 0.1 2
AZL-CLL-ERY (2) 0.1 3
C. coli AZI(D)-ERY-TEL (2) 0.1 1
ERY-TEL (2) 01,025 |3
N20290 None
AZL-ERY (1) 0.1 1
AZI(D)-ERY-TEL(I) (1) 0.1 1
ERY-TEL(D) (1) 01,025 |5
ERY (1) 01,025 |2
AZLERY-TEL (2) 025,05 |4
N20293 None
ERY-TEL (2) 025,05 |8
CIP-ERY-NAL-TEL-TET (4) 0.25 7
N40971 CIP-NAL-TET (2)
CIP-ERY-NAL-TET (3) 0.25 1
AZI(1)-CIP-ERY-NAL-TEL (3) 0.5 3
N16006 CIP-NAL (1)

C. jejuni CIP-ERY-NAL-TEL() (2) 0.5 4
N20289 None ERY (1) 0.25 1
N17045 ERY(I)-LIN-Q/D-TET (3) CIP(I)-ERY-LIN-Q/D-TET (4) 0.5 2

E. faccalis CIP(I)-ERY-LIN-Q/D-TYL (3) 05 15
N39462 CIP(I)-LIN-Q/D (2) —

CIP(I)-ERY-LIN-Q/D (3) 0.5 1
CIP-DAP-ERY-LIN-NIT(I)-PEN-Q/D-TET-TGC (8) 05 1
CIP-DAP-ERY-LIN-PEN-Q/D-TET-TGC (8) 0.25 1
CIP-DAP-ERY-LIN-NIT(I)-PEN-Q/D-TET (7) 025,05 |10
CIP-DAP-ERY-LIN-PEN-Q/D-TET (7) 0.25 3
N17044 CIP-ERY(I)-LIN-NIT(I)-PEN-Q/D-TET (5)
CIP-ERY-LIN-NIT(I)-PEN-Q/D-TET-TGC (7) 025,05 |3
CIP-ERY-LIN-LZD(I)-NIT(I)-PEN-Q/D-TET (6) 05 1
CIP-ERY-LIN-NIT(I)-PEN-Q/D-TET (6) 025,05 |14
CIP-ERY-LIN-PEN-Q/D-TET (6) 025,05 |9
E. faccium CHL(I)-CIP(1)-DAP-ERY-LIN-NIT-TET (5) 0.25 1
CHL(I)-CIP(1)-ERY-LIN-NIT-TET (4) 01,025 |3
CHL(1)-CIP(1)-ERY-LIN-NIT(1)-TET (3) op02 g
CHL(1)-CIP(1)-ERY-LIN-TET (3) 025,05 |3
N39268 ERY(I)-LIN-NIT(I)-TET (2)
CHL(D)-ERY-LIN-NIT()-TET (3) 8';’ 025 ¢
CHL(1)-ERY-LIN-TET (3) 01,025 |2
CIP(D)-ERY-LIN-NIT(I)-TET (3) 0.25 3
ERY-LIN-NIT(D)-TET (3) 01,05 |4

Table 3. Antibiotic resistance profiles of Campylobacter and Enterococcus parent and mutant strains selected

at low concentrations of erythromycin (ERY). *Antibiotics followed by I in parenthesis are intermediate.
Underlined are resistance profiles present in mutants but absent in parents. For DAP and TGC, resistant
breakpoints have not been established; non-susceptible mutants were reported. Antibiotic abbreviations are:
AZI, azithromycin; CHL, chloramphenicol; CIP, ciprofloxacin; CLI, clindamycin; DAP, daptomycin; ERY,
erythromycin; LIN, lincomycin; LZD, linezolid; NAL, nalidixic acid; NIT, nitrofurantoin; PEN, penicillin; Q/D,
quinupristin/dalfopristin; TEL, telithromycin; TET, tetracycline; TGC, tigecycline; and TYL, tylosin.

consistently developed penicillin resistance at all three selection concentrations, with mutant MICs > 16 ug/ml.
Such difference in resistance selection between the two Enterococcus species was statistically significant (P < 0.05).
Most mutants emerged between passages 7 and 10, and some as early as passage 1. Statistical analysis confirmed
the link between higher numbers of passages and stronger resistance selection (P < 0.05). Similar to erythro-
mycin, most penicillin mutants were generated outside the mutant selection window, i.e., at selection ratios less
than 1 (Table 4). Interesting to note, the three E. faecium strains had parent MICs ranging from <0.25 to 1 ug/ml
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N39411 | Turkey P7-P8, P10 P7-P10 P8-P9 1¢ >16 16
0.1 N39482 | Chicken | P8-P10 P8-P10 P1-P3 <0.25¢ >16 18
N39577 | Pork P3-P4, P7-P10 P7-P9 P2-P3,P7-P10 | 0.5¢ >16 35
N39411 | Turkey P8 P7-P10 P7-P9 1¢ >16 15
0.25 N39482 | Chicken | P8-P10 P2-P3, P7-P10 P3,P7-P10 <0.25 >16 25
N39577 | Pork P2-P3, P7-P10 P7-P10 P7-P8, P10 0.5¢ >16 24
N39411 | Turkey P4, P7-P8, P10 P7-P10 P7-P8 1€ >16 17
0.5 N39482 | Chicken | P1,P8-P10 P2-P3, P7-P8, P10 | None <0.25 >16 15
N39577 | Pork P4, P7-P10 P2-P4, P7-P10 P2-P3,P7-P10 | 0.5 >16 43

Table 4. Selection of resistant Enterococcus mutants at low concentrations of penicillin (PEN). The following
strains did not obtain resistant mutants at any of the three PEN concentrations: E. faecalis N17045, N39331,
N39462, N40185, and N40682; and E. faecium N39268 and N42162. *All three strains were E. faecium. bP1 to
P10 stand for passages 1 to 10, respectively. “Resistance selection occurred outside the mutant selection window,
i.e., the PEN concentrations used for selection were lower than the parent MICs for PEN. YPEN resistant
breakpoint of >16 ug/ml was used.

ERY-LIN-NIT(I)-PEN-Q/D(I) (3) 0.1,025 3
N39411 ERY(I)-LIN-NIT(I)-Q/D(I) (1) ERY(I)-LIN-NIT(I)-PEN-Q/D(I) (2) 0.1,0.25,0.5 |44
ERY(I)-LIN-LZD(I)-NIT(I)-PEN-Q/D(I) (2) 0.1 1
CIP-DAP-NIT-PEN-TET (5) 0.1 1
N39482 CIP-NIT-TET (3) CIP-NIT-PEN-TET-TGC (5) 0.1 1
CIP-NIT-PEN-TET (4) 0.1,0.25,0.5 |56
E. faecium
CIP-ERY-NIT(I)-PEN (3) 0.5 1
CIP-ERY(I)-NIT(I)-PEN (2) 0.1,0.5 7
CIP(I)-DAP-ERY(I)-NIT(I)-PEN (2) 0.5 1
N39577 CIP(I)-ERY(I)-NIT(I) (None)
CIP(D)-ERY(I)-LZD(I)-NIT(I)-PEN (1) 05 1
CIP(I)-ERY(I)-NIT(I)-PEN (1) 0.1,0.25,0.5 |91
CIP(I)-ERY(I)-PEN (1) 0.25 1

Table 5. Antibiotic resistance profiles of Enterococcus parent and mutant strains selected at low concentrations
of penicillin (PEN). *Antibiotics followed by I in parenthesis are intermediate. Underlined are resistance profiles
present in mutants but absent in parents. For DAP and TGC, resistant breakpoints have not been established;
non-susceptible mutants were reported. Antibiotic abbreviations are: CIP, ciprofloxacin; DAP, daptomycin;
ERY, erythromycin; LIN, lincomycin; LZD, linezolid; NIT, nitrofurantoin; PEN, penicillin; Q/D, quinupristin/
dalfopristin; TET, tetracycline; and TGC, tigecycline.

(selection ratios from 1/10 to >2) while the other two had parent MICs of 2 and 4 ug/ml (selection ratios from
1/40 to 1/4). This highlights the important role selection ratio played in the process with higher ratios generally
associated with stronger selective effects (P < 0.05).

Besides penicillin, three E. faecium N39411 mutants also obtained resistance to erythromycin, to which the
parent had an intermediate MIC (Table 5). Similarly, eight E. faecium N39577 mutants developed resistance to
ciprofloxacin and/or erythromycin, to which the parent was intermediate. Non-susceptibility to daptomycin and/
or tigecycline was observed in some E. faecium N39482 and N39577 mutants (Table 5). The MIC increases for the
above mentioned antibiotics were 2-4 fold (data not shown).

Resistance selection at low concentrations of virginiamycin. The Q/D MICs of five E. faecium
strains used for virginiamycin selection ranged from <0.5 to 4 ug/ml (Table 1). In two independent trials, four
strains did not develop resistance when exposed to any of the three concentrations of virginiamycin at either
M;:S, ratio (0.5:1 or 5:1). The fifth one, E. faecium N42162, was initially resistant to virginiamycin with Q/D MIC
of 4ug/ml. At 0.5ug/ml virginiamycin in both trials and 0.25 ug/ml in one trial, E. faecium N42162 mutants with
higher Q/D MICs (8-16 ug/ml) were obtained at both M;:S, ratios. All mutants emerged after passage 7 and were
selected outside the mutant selection window (Table 6).

Besides higher Q/D MICs, some E. faecium N42162 mutants also obtained resistance to kanamycin, nitro-
furantoin, and tylosin (Table 7), with MICs increasing by 4-8 fold compared to the parent strain (data not shown).
It is noted that the parent strain had an intermediate MIC to nitrofurantoin.
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0.5:1 N42162 | Beef P9-P10 None 4 8-16 4
022 5:1 N42162 | Beef P7 None 4 4-8 2
0.5:1 N42162 | Beef P9-P10 P10 4 4-16 6
03 5:1 N42162 | Beef P9-P10 P8-P10 4 4-16 9

Table 6. Selection of resistant Enterococcus faecium mutants at low concentrations of virginiamycin (VIR). The
following strains did not obtain resistant mutants at any of the three VIR concentrations at two ratios: E. faecium
N39268,N39411, N39482, and N39577. E. faecium N42162 did not develop resistance at 0.1 pg/ml VIR at two
ratios. *P1 to P10 stand for passages 1 to 10, respectively. "Resistance selection occurred outside the mutant
selection window, i.e., the VIR concentrations used for selection were lower than the parent MICs for Q/D.
°Q/D, quinupristin/dalfopristin, was tested as a proxy for VIR and a resistant breakpoint of >4 pg/ml was used.

CIP(I)-ERY(I)-KAN-LIN-NIT-Q/D-TYL (5) 05 1
CIP(D)-LIN-NIT()-Q/D-TYL (3) 025,05 |3
CIP() LIN-Q/D-TYL (3) 05 1
0.5:1 E. faecium N42162 | LIN-Q/D (2) LIN-NITD-Q/D-TYL (3) 03 !
LIN-Q/D-TYL (3) 05 1
CIP(I)-LIN-LZD()-NIT(1)-Q/D (2) 025 1
CIP(D)-LIN-NIT(D)-Q/D (2) 05 1
LIN-NIT(I)-Q/D-TYL(I) (2) 025 1
CIP(1)-ERY (1) KAN-LIN-NIT-Q/D-TYL (5) 05 2
CIP(-ERY(I)-KAN-LIN-NIT()-Q/D-TYL (4) | 0.5 1
CIP(I)-ERY(I)-KAN-LIN-NIT(I)-Q/D-TYL() (3) | 0.5 1
5:1 E. faecium N42162 | LIN-Q/D (2) CIR(L-ERV(D) LIN-NIT-Q/D-IVLA) (3) 03 !
CIP(I)-ERY (I)-LIN-NIT(D)-Q/D-TYL(I) (2) 0.5 1
CIP(D)-LIN-NIT(D)-Q/D (2) 025 1
LIN-NIT(D)-Q/D (2) 05 3
LIN-Q/D (2) 025 1

Table 7. Antibiotic resistance profiles of Enterococcus faecium parent and mutant strains selected at low
concentrations of virginiamycin (VIR). *Antibiotics followed by I in parenthesis are intermediate. Underlined
are resistance profiles present in mutants but absent in parents. Antibiotic abbreviations are: CIP, ciprofloxacin;
ERY, erythromycin; KAN, kanamycin; LIN, lincomycin; LZD, linezolid; NIT, nitrofurantoin; Q/D, quinupristin/
dalfopristin; TIG, and TYL, tylosin.

Discussion

Much of the literature on antibiotic resistance focuses on tolerance/adaptation to high dosages that typically occur
in a clinical setting. The effects of sub-MIC, sub-inhibitory, sub-lethal, or sub-therapeutic concentrations of anti-
biotics on the evolution of resistant bacteria are just beginning to be understood'>~'°. One study showed that after
exposing 20 independent lineages of Escherichia coli K-12 MG1655 and Salmonella enterica Typhimurium LT2
constantly to 1/10 MIC of ciprofloxacin and 1/4 MIC of streptomycin, respectively, almost all lineages contained
resistant subpopulations with MICs several folds higher than the parents'”. Another study reported the de novo
acquisition of resistance to amoxicillin, enrofloxacin, and tetracycline by E. coli K-12 MG1655 in the presence of
sub-lethal antibiotic concentrations'®. Nonetheless, most of the studies were carried out in model organisms in
molecular biology, such as a single laboratory strain of E. coli. To our knowledge, this is the first study where mul-
tiple wild-type Campylobacter and/or Enterococcus strains were used to evaluate the development of resistance
against three antibiotics at the concentrations detected in distillers grains.

Our data demonstrate that low concentrations (0.1, 0.25, and 0.5 pg/ml) of erythromycin, penicillin, and vir-
giniamycin can select for resistant Campylobacter and Enterococcus variants, and the selective effects differed
among strains, species, and genera. Such discrepancies can be partially explained by the different genetic back-
grounds of the strains, resistance characteristics at genus and species levels, types of mutations conferring resist-
ance, and fitness costs (defined as reduced competitiveness in the absence of antibiotics) associated with the
mutations?. Historically, the reported frequency of macrolide resistance in C. coli derived from both humans
and food animals is much higher than that in C. jejuni?">*2. Not surprisingly, a significantly higher percentage of
C. coli (100%) developed macrolide resistance than C. jejuni (40%) in the present study (P < 0.05). Furthermore,
one C. coli strain obtained resistant mutants even at the lowest erythromycin concentration tested, whereas C.
jejuni mutants were obtained at 0.25 and 0.5 pg/ml erythromycin only. Our data also suggest that E. faecium had
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a stronger tendency than E. faecalis to develop erythromycin resistance because E. faecium mutants were selected
at all three erythromycin concentrations while E. faecalis only at 0.5 ug/ml. For penicillin, the finding that three E.
faecium strains consistently developed resistance agrees with species-specific resistance characteristics: E. faecium
is inherently more resistant to 3-lactam antibiotics than E. faecalis and now widespread, high-level resistance to
ampicillin has been observed among clinical E. faecium isolates*> . The differential selection of Q/D-resistant
E. faecium mutants by virginiamycin was largely attributable to strain-specific resistance traits, highlighting the
importance of using multiple strains in antibiotic selection experiments.

Under our experimental design (a closed system without introducing other strains), gene mutation, either
pre-existing or de novo selected, was most likely the single most important route contributing to resistance
development, whereas horizontal gene transfer was unlikely to have played a role. Many mutations/genes have
been reported that account for resistance to the three antibiotics tested. Macrolide resistance in Campylobacter
is mainly associated with point mutations in domain V of the 23S rRNA and/or ribosomal proteins L4 and
L22, active efflux, and rRNA methylation®* 6. In Enterococcus, modification of the 23S rRNA target confers
co-resistance to macrolides, lincosamides, and streptogramin B (quinupristin or virginiamycin S;), known as
the MLSy phenotype?*?’. Drug inactivating enzymes and efflux also account for resistance to streptogramin
antibiotics*?’. Enterococcal resistance to 3-lactams has been linked to mutations in the low-affinity penicillin
binding protein pbp5 gene and/or genes coding for other species-specific proteins involved in cell wall synthesis
such as L,D-transpeptidases (Ldty,), and 3-lactamase” . It is noteworthy that mutants generated in this study
had MIC:s significantly higher (up to 8,192 fold above MIC,,,.) than the concentrations of antibiotics to which
the parent strains were exposed (Tables 2 and 4). Genome-wide identification of resistance determinants among
these mutants is currently under way. We anticipate detecting resistance mutations both specific to a particular
drug and shared by multiple drugs, such as efflux pumps conferring resistance to multiple antibiotics, and may
also include some potential new mechanisms?*?, which may partly explain the co-resistance observed in some
mutants.

One especially critical factor for resistance selection at sub-MIC concentrations of antibiotics is the variation
in fitness cost incurred by different types of mutations'>'”-*. Since susceptible bacteria are not killed at such low
antibiotic concentrations but only grow slower, mutants will be competitive only when they carry fitness costs
lower than the growth reduction in susceptible populations'>'”. A recent study reported fitness costs (measured
by mutant growth rate reduction in comparison to the parent) of various resistance mutations in the range of
0.2 to 3% among E. coli and S. Typhimurium mutants selected by ciprofloxacin and streptomycin/tetracycline,
respectively'® 3. Therefore, we expect resistant mutants obtained in the present study to carry variable degrees of
low-fitness-cost mutations which accumulated and evolved over many generations through the selection process.

Aside from strain parameters, our data show that selective effects also differed by antibiotic selection concen-
trations and ratios, and number of passages (i.e., exposure time). The level of erythromycin, where no resistance
selection occurred among 18 Campylobacter and Enterococcus strains was 0.1 ug/ml, which could be even lower
for one C. coli and one E. faecium strain. The level of penicillin where no resistance selection occurred among
most Enterococcus was greater than 0.5 ug/ml, while 0.1 pg/ml penicillin still selected for resistance in three E.
faecium strains. For virginiamycin, the level where no resistance selection occurred was greater than 0.5 ug/ml
for 4 E. faecium strains and 0.1 pug/ml for the fifth one. Taking into consideration the parent MICs (MICy.),
it is apparent that the selection ratio is a more appropriate parameter in this context. A similar term “minimal
selective concentration (MSC)” was coined recently in two pioneering studies as the lowest antibiotic concentra-
tion that selects for a given resistance mutation in competition experiments'”%. In essence, MSC measures the
antibiotic concentration needed to overcome the fitness cost of each resistance determinant, i.e., for the mutant
strain to be competitive over the susceptible population, and is expressed as a fraction of the MIC,,.. The smaller
the fitness cost is, the lower the anticipated MSC'>*. Using slightly different approaches, the two studies reported
the MSCs in E. coli for two antibiotics (1/5 of the MIC,,,. for ciprofloxacin and 1/20 of the MIC,, for tetracy-
cline)!® and in E. coli and S. Typhimurium for three antibiotics (1/230 to 1/10 of the MIC,,,. for ciprofloxacin in
E. coli and 1/4 and 1/100 of the MIC,,_ for streptomycin and tetracycline, respectively, in S. Typhimurium)". In
the present study, the lowest selection ratios among those tested that still generated resistant mutants were 1/4 in
Campylobacter and 1/10 in Enterococcus for erythromycin (Table 2), and 1/10 and 1/16 in E. faecium for penicillin
(Table 4) and virginiamycin (Table 6), respectively. Nonetheless, an optimum selection ratio of 1/4 was noted in
erythromycin experiments for both Campylobacter and Enterococcus and penicillin selection showed a strong
preference for strains with lower MIC. (i.e., higher selection ratio). This suggests that resistance selection at
sub-MIC concentrations of antibiotics favors antibiotic concentrations not too distant from the MIC,,, although
further studies are warranted to confirm this hypothesis.

The development and dissemination of antibiotic resistance in bacterial pathogens is of significant public
health concern globally®. Drug-resistant Campylobacter and vancomycin-resistant Enterococcus are among cur-
rent resistance threats in the U.S.”. As outlined in FDA’s Guidance for Industry #209, the use of medically impor-
tant antibiotics, including macrolides, 3-lactams, and streptogramins, at sub-therapeutic levels in food animals
poses a human health risk due to the potential for resistance development?!. The concentrations of antibiotics
tested in this study are reflective of those detected in distillers grains products in two nationwide surveys con-
ducted by the FDA/CVM*>. Another survey reported the presence of similar low concentrations of antibiotics
(erythromycin, mean 0.35 ppm; penicillin G, mean 0.11 ppm) in 12.6% of 159 distillers grain samples collected
from 9 states and 43 ethanol plants in the U.S.>%. Using various microbiological assays, several studies examined
the antimicrobial effects of distillers grains and reported mixed findings**-**. In the survey mentioned above,
one sample extract (out of 159) inhibited the growth of E. coli at 10* CFU/ml; however, this sample contained
no detectable concentrations of antibiotic residues®?. A 2015 short communication looking at only one source of
commercial dried distillers grains with solubles observed no antimicrobial effect**. There are studies reporting

the enzymatic degradation of penicillin and erythromycin and their poor stability in bioethanol fermentations® 3
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however, a very recent study demonstrated that biologically active virginiamycin at low concentrations (0.69 and
8.9 ppm) persisted in distillers grains produced from fermentations treated with virginiamycin®. Several other
studies provided evidence that the use of antibiotics such as erythromycin, penicillin, and virginiamycin in eth-
anol production provides selective pressure for the development of resistant bacteria in the fermentators®-*%. To
our knowledge, there have been three in vivo studies to date evaluating the effect of feeding cattle distillers grains
containing antibiotic residues on bacterial resistance development, and all reported minimal effects*-*!. Notably,
Enterococcus isolates from cattle fed monensin or monensin plus tylosin had greater levels of resistance toward
macrolides and there was a tendency for a greater proportion of Q/D-resistant Enterococcus in cattle fed distillers
grains®. Limitations noted include low statistical power and lack of baseline susceptibility data before feeding
distillers grains*-.

In conclusion, our in vitro study demonstrates that bacterial resistance evolution at sub-MIC concentrations of
antibiotics involves a complex interplay between the specific drug, bacterial genetics, and culturing conditions*> .
Further genome-wide identification of resistance determinants among mutants obtained in this study may shed
some light on the dynamic mechanisms involved in the process. Although not yet tested in vivo, findings from
this study suggest the potential risk of stimulating bacterial resistance development when distillers grains con-
taining certain antibiotic residues are used in animal feed. Considering the mixed findings in the literature on this
topic and the degradation of antibiotics following fermentation and distillation process, future in vivo studies are
warranted in order to evaluate such effects in specific food-producing animal species fed commercially produced
distillers grains.

Methods

Bacterial strains and growth conditions. Ten Campylobacter and fifteen Enterococcus strains were
used as parent strains for mutant selection (Table 1). The strains were recovered from retail meats (ground beef,
chicken breast, pork chop, and ground turkey) between 2006 and 2012 by the National Antimicrobial Resistance
Monitoring System (NARMS)*. Among them, 10 strains from each genus representing five species (C. coli, C.
jejuni, E. faecalis, E. faecium, and E. hirae) were tested against erythromycin, 10 strains of Enterococcus were tested
against penicillin, and 5 strains of E. faecium were tested against virginiamycin (a mixture of two components, vir-
giniamycin M, and virginiamycin S,). Campylobacter was not tested against penicillin or virginiamycin because
neither antibiotic is effective against Campylobacter®®. Only E. faecium strains were used in virginiamycin exper-
iments due to the intrinsic resistance of E. faecalis to streptogramin antibiotics such as quinupristin/dalfopristin
(Q/D) and virginiamycin®.

Campylobacter strains were cultured on blood agar prepared in-house using trypticase soy agar (BD
Diagnostic Systems, Sparks, MD) supplemented with 5% horse blood (Remel Products, Lenexa, KS) or in
Mueller-Hinton (MH) broth (BD Diagnostic Systems) at 42 °C under microaerophilic conditions (85% N,, 10%
CO,, and 5% O,). When organisms were grown in MH broth, 25-cm? tissue culture flasks with vented caps
(Corning Inc., Corning, NY) were used. Enterococcus strains were grown on MH agar (BD Diagnostic Systems)
or in broth at 37°C.

Antibiotics and antibiotic-containing media preparation. Erythromycin, penicillin G potassium, and
virginiamycin M, and S, were obtained from Sigma-Aldrich (St. Louis, MO). Virginiamycin complex (75% M,
20% S, and 5% other minor analogs) was procured from Santa Cruz Biotechnology, Inc. (Dallas, TX). Antibiotic
stock solutions were prepared and stored following guidelines of the Clinical and Laboratory Standards Institute
(CLSI)*, and aliquots were added to MH broth to obtain three low concentrations (0.1, 0.25, and 0.5 pg/ml) used
for mutant selection. Virginiamycin M, and S; were mixed at two ratios (0.5:1 and 5:1) in broths. Aliquots were
also added to agar plates (blood agar for Campylobacter and MH agar for Enterococcus) at or near clinical resistant
breakpoint concentrations (see the section below) to screen for resistant mutants at each culture passage. The
virginiamycin complex was used to make virginiamycin-containing MH agar plates.

Mutant selection experiments. The procedure used in the FDA/CVM’s preliminary study'! was adopted
with some modifications. All experiments were independently repeated twice (three times for penicillin). A sche-
matic diagram for erythromycin selection experiments is shown (Fig. 1). Briefly, Campylobacter (tested for eryth-
romycin only) and Enterococcus (for all three antibiotics) parent strains (Table 1) were cultured overnight in 5ml
of MH broth without antibiotics. Aliquots (100 pl) of the overnight cultures (ca. 10° CFU/ml) were transferred
to fresh 5ml of MH broth containing 0, 0.1, 0.25, or 0.5 ug/ml erythromycin, penicillin, or virginiamycin (at
M,:S, ratios of 0.5:1 and 5:1). After 24 h incubation (approximately 5-6 generations), 100 ul of the cultures were
transferred again to fresh MH broth containing the same concentrations and ratios (in the case of virginiamycin)
of antibiotics and incubated for 24 h. A total of 3 culture passages were performed for erythromycin, 10-15 for
penicillin, and 10 for virginiamycin. For penicillin, strains that did not develop resistance after 10 passages were
subject to an additional 5 passages. At each passage, excluding passages 5, 6, 12, and 13 which fell on weekends,
the cultures were examined for resistance development by spreading 100-ul aliquots on agar plates (blood agar
for Campylobacter and MH agar for Enterococcus) containing 8 and 16 pg/ml erythromycin, 16 and 32 ug/ml
penicillin, or 4 ug/ml virginiamycin complex. Cultures were also plated on respective agar plates without antibi-
otics. Colonies were enumerated after 24-h incubation for Enterococcus and 48-h incubation for Campylobacter.
Presumptive mutants (2 colonies per selective plate) were subcultured twice on blood agar and stored at —80°C
in brucella broth (BD Diagnostic Systems) containing 20% glycerol.

In vitro antimicrobial susceptibility testing. The minimal inhibitory concentration (MIC) for a panel
of antimicrobial agents was determined for each parent and all presumptive mutants. The MICs were determined
by broth microdilution using Sensititre NARMS Gram-positive (CMV3AGPF) and Campylobacter (CAMPY)
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Agar plates containing 0, 8, or 16 ug/ml ERY

Presumptive mutants

(growth at 8 pg/ml) l Transfer twice on non-selective agar plates

Mutant
Confirmation

Figure 1. A schematic diagram showing the experimental design used in the erythromycin (ERY) selection
experiment.

MIC plates (TREK Diagnostic Systems, Oakwood Village, OH) for Enterococcus and Campylobacter, respec-
tively**. Q/D was tested as a proxy for virginiamycin. Confirmed erythromycin-resistant mutants were further
tested for erythromycin MICs using agar dilution because many had MIC values outside of the test ranges for
erythromycin on the Sensititre MIC plates. Campylobacter jejuni ATCC 33560 and Enterococcus faecalis ATCC
29212 were used as quality control organisms. Susceptibility testing and data interpretation followed CLSI guide-
lines*” 8. Specifically, resistant breakpoints for erythromycin were >32ug/ml and >8 pug/ml, respectively, for
Campylobacter spp. and Enterococcus spp. For penicillin, a resistant breakpoint of >16 ug/ml was used and for
quinupristin/dalfopristin, which was tested as a proxy for virginiamycin, a resistant breakpoint of >4 ug/ml was
used.

Statistical analysis. Data on the frequencies of bacterial resistance development were sorted by antibiotic
used for selection, bacterial genus, species, strain, antibiotic selection concentration, selection ratio (defined as
the ratio between antibiotic selection concentration and parent strain MIC, i.e., MIC,,. ), and number of passages.
These data were compared using Chi-square and analysis of variance (ANOVA) (SAS for Windows, version 9.4;
SAS Institute Inc., Cary, NC). Differences between the mean values were considered significant when P < 0.05.

Data availability statement. All data generated or analyzed during this study are included in this pub-
lished article.
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