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Abstract
A total of 360 weanling barrows (Line 200 ×400, DNA, Columbus NE; initially 5.6 ± 0.03 kg) were used in a 42-d study to 
evaluate yeast-based pre- and probiotics (Phileo by Lesaffre, Milwaukee, WI) in diets with or without pharmacological levels 
of Zn on growth performance and antimicrobial resistance (AMR) patterns of fecal Escherichia coli. Pens were assigned to 
one of four dietary treatments with five pigs per pen and 18 pens per treatment. Dietary treatments were arranged in a 2 × 
2 factorial with main effects of yeast-based pre- and probiotics (none vs. 0.10% ActiSaf Sc 47 HR+, 0.05% SafMannan, and 
0.05% NucleoSaf from days 0 to 7, then concentrations were lowered by 50% from days 7 to 21) and pharmacological levels 
of Zn (110 vs. 3,000 mg/kg from days 0 to 7, and 2,000 mg/kg from days 7 to 21 with added Zn provided by ZnO). All pigs were 
fed a common diet from days 21 to 42 post-weaning. There were no yeast ×Zn interactions or effects from yeast additives 
observed on any response criteria. From days 0 to 21 and 0 to 42, pigs fed pharmacological levels of Zn had increased 
(P < 0.001) ADG and ADFI. Fecal samples were collected on days 4, 21, and 42 from the same three pigs per pen for fecal dry 
matter (DM) and AMR patterns of E. coli. On day 4, pigs fed pharmacological levels of Zn had greater fecal DM (P = 0.043); 
however, no differences were observed on day 21 or 42. Escherichia coli was isolated from fecal samples and the microbroth 
dilution method was used to determine the minimal inhibitory concentrations (MIC) of E. coli isolates to 14 different 
antimicrobials. Isolates were categorized as either susceptible, intermediate, or resistant based on Clinical and Laboratory 
Standards Institute (CLSI) guidelines. The addition of pharmacological levels of Zn had a tendency (P = 0.051) to increase 
the MIC values of ciprofloxacin; however, these MIC values were still well under the CLSI classified resistant breakpoint 
for ciprofloxacin. There was no evidence for differences (P > 0.10) for yeast additives or Zn for AMR of fecal E. coli isolates 
to any of the remaining antibiotics. In conclusion, pharmacological levels of Zn improved ADG, ADFI, and all isolates were 
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classified as susceptible to ciprofloxacin although the MIC of fecal E. coli tended to be increased. Thus, the short-term use of 
pharmacological levels of Zn did not increase antimicrobial resistance. There was no response observed from live yeast and 
yeast extracts for any of the growth, fecal DM, or AMR of fecal E. coli criteria.
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Introduction
Feeding pharmacological levels (2,000 to 3,000 mg/kg) of Zn in 
the early nursery has been an industry-wide practice to alleviate 
the lag in performance and control occurrences of post-
weaning diarrhea (PWD; Jacela et  al., 2010). However, feeding 
pharmacological levels of Zn has become a concern for AMR 
to antibiotics of importance to human and animal medicine 
(Nguyen et  al., 2019; Muurinen et  al., 2021). Use of these 
minerals is restricted in some countries due to their impact on 
environmental buildup and their capability to create a favorable 
environment for gut bacteria to acquire and transmit AMR genes 
(Yazdankhah et al., 2014; Zhang et al., 2019).

One potential replacement strategy for pharmacological 
levels of added Zn in the early nursery is the use of pre- and 
probiotics. Prebiotics are substrates that selectively stimulate the 
growth of beneficial microbes in the gastrointestinal tract (Gibson 
et  al., 2004). Feeding probiotics can alter the gut’s microflora 
by introducing live cultures of beneficial microorganisms into 
the digestive tract and can aid in competitive exclusion or 
suppression of pathogens (Bajagai et al., 2016). This modulated 
microbial profile in the gut may allow for more protection 
against enteric diseases while subsequently improving growth 
performance (as reviewed by Doyle, 2001). For example, a live 
yeast strain of Saccharomyces cerevisiae and β-glucan derived 
from yeast cell walls have been shown to reduce the shedding 
of enterotoxigenic E.  coli, shorten periods of diarrhea, and 
increase body weight in the early nursery period (Stuyven 
et  al., 2009; Trckova et  al., 2014). Further research suggests 
that dietary addition of live yeast maintains intestinal villi 
integrity and helps alleviate inflammation caused by enteric 
pathogens (Che et  al., 2017). Amachawadi et  al. (2018) found 
that probiotics may reduce the prevalence and proliferation of 

AMR of gastrointestinal bacteria, making pre- and probiotics 
an alternative of interest to high levels of Zn. Our hypothesis 
was that the additions of a live yeast (probiotic) and yeast 
extracts (prebiotics) would provide equal, if not additive, growth 
responses to added Zn without promoting AMR in nursery pigs. 
Thus, the objective of this study was to determine the effects of 
pharmacological levels of Zn with or without the addition of the 
live yeast Saccharomyces cerevisiae strain NCYC Sc 47 and yeast-
based prebiotics derived from S. cerevisiae on nursery pig growth 
performance and AMR patterns of E. coli isolated from nursery 
pig fecal material.

Materials and Methods

General

The Kansas State University Institutional Animal Care and Use 
Committee approved the protocol used in this experiment. The 
study was conducted at the Kansas State University Segregated 
Early Weaning Facility in Manhattan, KS. The facility has two 
identical barns that are completely enclosed, environmentally 
controlled, and mechanically ventilated. Treatments were 
equally represented in each barn. Each pen contained a 4-hole, 
dry self-feeder and a cup waterer to provide ad libitum access to 
feed and water. Pens (1.3 ×1.3 m) had metal tri-bar floors and 
allowed approximately 0.33 m2/pig.

Animals and treatment structure

A total of 360 barrows (Line 200 ×400; DNA, Columbus, NE; initial 
BW 5.6 ± 0.03 kg) were used in a 42-d study with five pigs per 
pen and 18 pens per treatment (9 pens per barn). Upon arrival 
to the research site, pigs were randomly assigned to pens. 
Pens were then assigned to one of four dietary treatments in 
a randomized complete block design with pens blocked by BW 
with each treatment represented once within each block (18 
total blocks). During the study, three pigs were removed due to 
illness or injury.

Dietary treatments were arranged in a 2  × 2 factorial with 
main effects of yeast-based pre- and probiotics (none vs. 0.10% 
ActiSaf Sc 47 HR+, 0.05% SafMannan, and 0.05% NucleoSaf from 
days 0 to 7, then concentrations were lowered by 50% from days 7 
to 21) and pharmacological levels of Zn (110 mg/kg vs. 3,000 mg/
kg from days 0 to 7 and 2,000 mg/kg from days 7 to 21; added 
Zn provided by ZnO; Table 1). The live S. cerevisiae strain NCYC 
Sc 47 (ActiSaf Sc 47 HR+; Phileo by Lesaffre, Milwaukee, WI) 
served as the yeast-based probiotic. The yeast-based prebiotics 
included a yeast cell wall fraction with concentrated mannan-
oligosaccharides and β-glucans from S.  cerevisiae (SafMannan; 
Phileo by Lesaffre) and a yeast extract containing ≥ 6% unbound 
nucleotides from S. cerevisiae (NucleoSaf; Phileo by Lesaffre).

Diet preparation

Pigs were fed phase 1 diets from placement until day 7 and then 
offered phase 2 diets from days 7 to 21 (Table 1). A  common 

Abbreviations

ADFI average daily feed intake
ADG average daily gain
AMR antimicrobial resistance
BW body weight
CFU colony-forming unit
CP crude protein
DFM direct-fed microbial
DM dry matter
G:F gain-to-feed ratio
ME metabolizable energy
MIC minimal inhibitory concentration
NE net energy
PCR polymerase chain reaction
PWD post-weaning diarrhea
SCFA short-chain fatty acid
SID standardized ileal digestible
STTD standardized total tract digestible
ZnO zinc oxide
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phase 3 diet, without yeast additives or pharmacological levels 
of ZnO, was fed to all pigs from days 21 to 42. Phase 1 diets 
were formulated to a 1.40% standardized ileal digestible (SID) 
Lys and phase 2 and 3 diets were formulated to a 1.35% SID Lys. 
All other nutrients were formulated to meet or exceed National 
Research Council (NRC, 2012) requirement estimates. Phase 1 
and 2 diets were manufactured at the Kansas State University 
Poultry Unit (Manhattan, KS) and the common phase 3 diet was 
manufactured at a commercial feed mill (Hubbard Feeds; Beloit, 
KS). Diets in all three phases were fed in meal form. Pens of pigs 
were weighed and feed disappearance recorded weekly during 
the course of this study to determine average daily gain (ADG), 
average daily feed intake (ADFI), and gain-to-feed ratio (G:F).

Chemical analysis

Phase 1 and 2 diet samples were collected at manufacturing 
and phase 3 diets were collected from every fourth 23-kg bag 
using a feed probe to collect a representative sample for each 
respective diet and phase. Complete diet samples were stored 
at −20  °C until they were homogenized, subsampled, and 
submitted for analysis. Duplicate composite samples per dietary 
treatment were analyzed (Ward Laboratories; Kearney, NE) for 
dry matter (method 935.29; AOAC International, 2019), crude 
protein (method 990.03; AOAC International, 2019), and zinc 
(Campbell and Plank, 1991). Separate composite samples per 
dietary treatment were analyzed for active live yeast (Analabs; 
Fulton, IL; method 997.02; AOAC International, 1998) for phases 
1 and 2 (Table 2).

Fecal collection

Fecal samples were collected on days 4, 21, and 42 of the 
experiment for antimicrobial susceptibility and resistance 
profiles of E.  coli and fecal dry matter (DM) analysis. Fecal 
samples were collected directly from the rectum of the same 
three randomly selected pigs from each pen and pooled by pen 
to form one composite sample. Fecal samples were collected 
using a sterile, single-use cotton tipped applicator (Fisher 
Healthcare, Pittsburgh, PA) and were stored in a clean, single-use 
zipper storage bag. Samples were immediately transported on 
ice to the Kansas State University College of Veterinary Medicine 
for bacterial isolation and antimicrobial susceptibility testing of 
E. coli. The remaining contents, after samples were collected for 
E. coli isolation, were stored at −20 °C until subsequent fecal dry 
matter analysis. Fecal samples were pooled by pen, within day 
of collection, and dried at 55 °C in a forced air oven for 48 h.

E. coli isolation and identification

Approximately, 1  g of pooled fecal sample was suspended in 
9 mL of phosphate-buffered saline and vortexed for a minute. 

Table 1. Composition of phase 1, phase 2, and phase 3 diets (as-fed 
basis)1

Item Phase 1 Phase 2 Phase 3

Ingredients, %
 Corn 43.98 57.10 64.70
 Soybean meal, 46.5% 

CP
18.10 26.35 31.30

 Whey powder 25.00 10.00 –
 Fish meal 4.50 – –
 Enzymatically-treated 

soybean meal2

3.75 2.00 –

 Soybean oil 1.50 – –
 Calcium carbonate 0.30 0.90 0.85
 Monocalcium 

phosphate, 21% P
0.48 1.10 1.00

 Sodium chloride 0.30 0.55 0.60
 L-Lys-HCl 0.43 0.51 0.52
 DL-Met 0.22 0.22 –
 MHA3 – – 0.25
 L-Thr 0.18 0.21 0.22
 L-Trp 0.07 0.06 0.06
 L-Val 0.13 0.14 0.13
 Vitamin premix4 0.25 0.25 –
 Vitamin premix with 

phytase5

– – 0.25

 Trace mineral premix6 0.15 0.15 0.15
 Phytase7 0.08 0.08 –
 Zinc oxide8 ± ± –
 Yeast additives9 ± ± ---
Total 100 100 100
Calculated analysis    
SID amino acids, %   
 Lys 1.40 1.35 1.35
 Ile:Lys 56 55 55
 Leu:Lys 109 111 114
 Met:Lys 38 36 36
 Met and Cys:Lys 57 57 57
 Thr:Lys 63 63 63
 Trp:Lys 20.6 20.2 20.3
 Val:Lys 69 69 69
 His:Lys 32 34 36
Total Lys, % 1.53 1.48 1.49
ME, kcal/kg 3,408 3,267 3,271
NE, kcal/kg 2,565 2,429 2,416
SID Lys:NE, g/Mcal 5.44 5.54 5.57
CP, % 20.9 20.5 21.2
Ca, % 0.69 0.77 0.72
P, % 0.68 0.66 0.61
STTD P, % 0.63 0.58 0.50
Zn, mg/kg 110 vs 3,000 110 vs 2,000 110

1Phase 1 diets were fed from days 0 to 7 (approximately 5.6 to 
6.1 kg) and phase 2 diets were fed from days 7 to 21 (approximately 
6.1 to 11.6 kg). Both phases were manufactured at the Kansas 
State University Poultry Unit (Manhattan, KS). A common diet, 
withoutZnO or yeast probiotics, was fed during phase 3 from days 
21 to 42 (approximately 11.6 to 24.0 kg). The common diet was 
manufactured by Hubbard Feeds (Beloit, KS).
2HP 300, Hamlet Protein, Findlay, OH.
3 Methionine hydroxy analogue, Novus International, St. 
Charles, MO.
4Provided per kg of premix: 1,653,465 IU vitamin A; 661,386 IU 
vitamin D; 17,637 IU vitamin E; 1,322 mg vitamin K; 13.2 mg vitamin 
B12; 19,841 mg niacin; 11,023 mg pantothenic acid; 3,307 mg 
riboflavin.
5 Ronozyme HiPhos GT 2700 (DSM Nutritional Products, Parsippany, 
NJ) provided 1,250 FTU/kg and an expected STTD P release of 
0.12%. Provided per kg of premix: 1,653,465 IU vitamin A; 661,386 IU 

vitamin D; 17,637 IU vitamin E; 1,322 mg vitamin K; 13.2 mg vitamin 
B12; 19,841 mg niacin; 11,023 mg pantothenic acid; 3,307 mg 
riboflavin.
6Provided per kg of premix: 73 g Zn from Zn sulfate; 73 g Fe from 
iron sulfate; 22 g Mn from manganese oxide; 11 g Cu from copper 
sulfate; 0.2 g I from calcium iodate; 0.2 g Se from sodium selenite.
7Ronozyme HiPhos 2700 (DSM Nutritional Products, Parsippany, NJ) 
provided 2,027 FTU/kg and an estimated release of 0.14% STTD P in 
phases 1 and 2.
8 ZnO was fed to supply 3,000 mg/kg of Zn for the duration of phase 
1 and 2,000 mg/kg of Zn for the duration of phase 2.
9Yeast pre- and probiotics included 0.10% ActiSaf Sc 47 HR+, 
0.05% SafMannan, and 0.05% NucleoSaf in phase 1 diets and then 
concentrations were lowered by 50% in phase 2 diets (Phileo by 
Lesaffre, Milwaukee, WI).
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Fifty microliters of the fecal suspension were spread-plated onto 
a MacConkey agar plate (Becton Dickinson, Sparks, MD) for the 
isolation of E. coli. Two lactose-fermenting colonies were picked 
from each plate, individually streaked onto a blood agar plate 
(Remel, Lenexa, KS) and incubated at 37 °C for 24 h. Spot indole 
test was done and indole-positive isolates were stored in cryo-
protect beads (Cryocare, Key Scientific Products, Round Rock, 
TX) at −80 °C. Species confirmation of E. coli was by polymerase 
chain reaction (PCR) for uidA and clpB genes.

Antimicrobial susceptibility testing of E. coli isolates

Antimicrobial susceptibility testing was accomplished on one 
E. coli isolate per fecal sample recovered on days 4, 21, and 42. 
The microbroth dilution method as outlined by the Clinical and 
Laboratory Standards Institute (CLSI, 2018) was used to determine 
the minimal inhibitory concentrations (MIC) of 14 antibiotics. 
The antimicrobials tested included amoxicillin/clavulanic 
acid, ampicillin, azithromycin, cefoxitin, ceftiofur, ceftriaxone, 
chloramphenicol, ciprofloxacin, gentamicin, nalidixic acid, 
streptomycin, sulfisoxazole, tetracycline, and trimethoprim/
sulfamethoxazole. Each isolate, stored in cryo-protect beads, 
was streaked onto a blood agar plate and incubated at 37 °C for 
24 h. Individual colonies were suspended in demineralized water 
(Trek Diagnostic Systems, Cleveland, OH) and turbidity was 
adjusted to 0.5 McFarland turbidity standard. Then, 10 µL of the 
bacterial inoculum was added to Mueller–Hinton broth (11 ml) 
and vortexed to mix. A Sensititre automated inoculation delivery 
system (Trek Diagnostics Systems) was used to dispense 100 µL 
of the culture into National Antimicrobial Resistance Monitoring 

System (NARMS) panel plates designed for Gram-negative 
(CMV3AGNF, Trek Diagnostic Systems) bacteria. Escherichia coli 
ATCC 25922 (American Type Culture Collection, Manassas, VA) 
strain was included as quality control. Plates were incubated at 
37 °C for 18 h and bacterial growth was assessed using Sensititre 
ARIS and Vizion systems (Trek Diagnostic Systems). Clinical and 
Laboratory Standards Institute (CLSI, 2018; Table 3) guidelines 
were used to classify each isolate as susceptible, intermediate, 
or resistant according to the breakpoints established for each 
antimicrobial.

Statistical analysis

Growth, fecal dry matter, and economics
Growth performance and fecal dry matter data were analyzed 
using the nlme package of R (Version 4.0.0, R Foundation 
for Statistical Computing, Vienna, Austria) as a randomized 
complete block design with body weight (BW) and barn 
serving as the blocking factor and pen as the experimental 
unit. The main effects of yeast-derived pre- and probiotics and 
pharmacological levels of zinc, as well as their interactions, 
were tested. Blocking factor was included within the statistical 
model as a random intercept. Fecal DM was analyzed using 
repeated measures analysis considering the multiple measures 
taken on the same experimental unit over the study. Differences 
between treatments were considered significant at P ≤ 0.05 and 
marginally significant at 0.05 < P ≤ 0.10.

Antimicrobial susceptibility
For each of the 14 antimicrobials, MIC data were summarized 
with appropriate descriptive statistics by treatment group at 
each sampling day. Because all isolates were resistant, MICs of 
tetracycline were excluded from the statistical analysis. The MIC 
data of the remaining antimicrobials were analyzed using the 
linear mixed model. To better achieve model assumptions, data 
underwent natural log transformation before statistical modeling. 
Statistical analysis was performed using the MIXED procedure of 
SAS (version 9.4; Cary, NC) with option DDFM=KR in the MODEL 
statement. Fixed effects of the model included Zn, yeast, sampling 
time, and their second- and third-order interactions. Random 
effects included block and pen. Treatment effect was assessed 
via back-transformed least squares means, i.e., geometric means 
of the MIC values. The variance-covariance structure of pen was 
taken as either compound symmetry, first-order autoregressive 
or unstructured according to the model fitting criteria.

Results

Growth performance

There were no interactions observed between the dietary 
addition of pharmacological levels of Zn and yeast-based pre- 
and probiotics (P > 0.05; Table 4). In phases 1 (days 0 to 7) and 2 
(days 7 to 21), pigs fed pharmacological levels of Zn had increased 
(P < 0.05) ADG, ADFI, and heavier days 7 and 21 BW compared 
to pigs fed the diet containing basal trace mineral amounts of 
Zn (110  mg/kg). Pigs that were fed diets containing ZnO had 
improved (P < 0.001) G:F in phase 1 while the dietary addition 
of live yeast and yeast extracts had a tendency (P = 0.077) for 
improved G:F in phase 1, but the addition of live yeast and yeast 
extracts had no other effects on any further growth performance 
criteria in this study.

For the experimental period (days 0 to 21), pigs fed 
pharmacological levels of Zn had increased (P < 0.001) ADG and 

Table 2. Diet analysis (as-fed basis), %1

 No yeast 
additives Yeast additives2

Low Zn High Zn Low Zn High Zn

Phase 1 diets
 DM, % 91.8 91.9 91.9 91.9
 CP, % 20.5 19.9 20.2 20.1
 Ca, % 1.23 1.23 1.20 1.20
 P, % 0.77 0.75 0.77 0.76
 Zn, mg/kg 263 3,230 245 3,204
 Live yeast, CFU/g 200 500 7,100,000 9,700,000
Phase 2 diets
 DM, % 90.2 90.1 89.7 89.8
 CP, % 18.9 19.0 19.1 19.6
 Ca, % 1.38 1.41 1.38 1.33
 P, % 0.73 0.72 0.74 0.72
 Zn, mg/kg 234 2,435 257 2,233
 Live yeast, CFU/g 300 700 10,500,000 5,900,000
Phase 3 common diet
 DM, % 88.4 – – –
 CP, % 20.7 – – –
 Ca, % 0.95 – – –
 P, % 0.61 – – –
 Zn, mg/kg 199 – – –

1 Complete diet samples were obtained from each treatment during 
manufacturing and homogenized to form a composite sample. 
Samples were submitted to Ward Laboratories (Kearney, NE) to 
analyze DM, CP, Ca, P, and Zn. Phase 1 and 2 diets were also sent to 
Analabs (Fulton, IL) to analyze active live yeast.
2Yeast pre- and probiotics included ActiSaf SC 47 HR+ at 0.1%, 
SafMannan at 0.05% and NucleoSaf at 0.05% in phase 1 diets and 
then concentrations were lowered by 50% in phase 2 diets (Phileo by 
Lesaffre,Milwaukee, WI).
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ADFI leading to increased (P < 0.001) day 21 BW. However, there 
was no evidence for difference (P > 0.10) in G:F between pens of 
pigs fed diets with or without pharmacological levels of Zn.

During the common period (days 21 to 42), pigs previously fed 
pharmacological levels of Zn had increased (P = 0.002) BW on day 42 
compared those fed diets without added Zn. There was no evidence 
for statistical difference (P > 0.10) between any of the previous 
treatment combinations on any of the remaining growth criteria.

For the overall study (days 0 to 42), pigs fed pharmacological 
levels of Zn had increased (P < 0.05) ADG, ADFI, G:F, and heavier 
BW. There were no differences observed for pigs fed yeast-based 
pre- and probiotics.

Fecal dry matter

There were no interactions observed between the dietary 
addition of pharmacological levels of Zn and yeast-based pre- 
and probiotics or for the main effect of yeast additives for 
fecal dry matter (Table 4). On day 4, pigs fed 3,000 mg/kg of Zn 
had greater (P = 0.043) fecal DM than those without added Zn. 
However, no differences were observed on day 21 or 42 between 
any of the dietary treatments for fecal DM.

Antimicrobial susceptibility

There were no two-way or three-way interactions observed 
for any of the antimicrobials among the E.  coli isolates tested  

(Table 5). All fecal E. coli isolates were susceptible to azithromycin, 
ciprofloxacin, nalidixic acid, sulfisoxazole, and trimethoprim/
sulfamethoxazole at all three sampling time points (days 4, 
21, and 42)  regardless of the inclusion of live yeast and yeast 
extracts or pharmacological levels of Zn. Regardless of diet 
or sampling day, fecal E.  coli isolates were intermediate to 
amoxicillin:clavulanic acid, ampicillin, cefoxitin, ceftiofur, and 
chloramphenicol. E.  coli isolates from all dietary treatments 
were resistant to streptomycin at all three sampling time points. 
Interestingly, fecal E. coli was susceptible to gentamicin on days 
4 and 42 but intermediate on day 21. On days 4 and 21, fecal 
E. coli isolates were considered intermediate to ceftriaxone but 
were resistant on day 42.

There was evidence for increased (P < 0.05) MIC values 
over time for ampicillin, cefoxitin, ceftriaxone, ciprofloxacin, 
nalidixic acid, and sulfisoxazole. Values for azithromycin and 
trimethoprim/sulfamethoxazole decreased (P  <  0.05) from 
days 4 to 21 but then increased (P  <  0.05) from days 21 to 42. 
Chloramphenicol MIC values increased (P < 0.05) from days 21 
to 42 with day 4 values being intermediate while MIC values for 
gentamicin increased (P < 0.05) from days 4 to 21 with day 42 
values being intermediate.

The MICs of antimicrobials were not affected by the dietary 
addition of yeast-based pre- and probiotics. Only fecal E.  coli 
isolated from pigs fed pharmacological levels of Zn from days 

Table 3. Resistance breakpoints and evaluated concentrations for antimicrobials of National Antimicrobial Resistance Monitoring System 
Gram-negative bacteria panel (CMV3AGNF; WHO, 2018)1

Antimicrobial
WHO 

classification2

Susceptible  
breakpoints, µg/mL

Intermediate 
breakpoints, µg/mL Resistant breakpoint, µg/mL

Amoxicillin:clavulanic acid 
2:1 ratio

Critically 
important

≤ 8/4 16/8 ≥ 32/16

Ampicillin Critically 
important

≤ 8 16 ≥ 32

Azithromycin Critically 
important

≤ 16 N/A3 ≥ 32

Cefoxitin Highly 
important

≤ 8 16 ≥ 32

Ceftiofur Critically 
important

≤ 2 4 ≥ 8

Ceftriaxone Critically 
important

≤ 1 2 ≥ 4

Chloramphenicol Highly 
important

≤ 8 16 ≥ 32

Ciprofloxacin Critically 
important

≤ 0.06 ≥ 0.12 ≥ 0.12

Gentamicin Critically 
important

≤ 4 8 ≥ 16

Nalidixic acid Critically 
important

≤ 16 N/A ≥ 32

Streptomycin Critically 
important

≤ 16 N/A ≥ 32

Sulfisoxazole Highly 
important

≤ 256 N/A ≥ 512

Tetracycline Highly 
important

≤ 4 8 ≥ 16

Trimethoprim/
sulfamethoxazole 1:19 ratio

Highly 
important

≤ 2/38 N/A ≥ 4/76

1Breakpoints established by Clinical and Laboratory Standards Institute (CLSI, 2018) which are categorized as susceptible (treatable), 
intermediate (possibly treatable with higher doses), and resistant (not treatable). MIC values greater than the susceptible breakpoint but lower 
than the resistant breakpoint were considered intermediate.
2World Health Organization (WHO) categorization of antimicrobials according to importance for human medicine (WHO, 2018).
3N/A, not applicable. The National Antimicrobial Resistance Monitoring System has not established breakpoints; therefore, there is no Clinical 
and Laboratory Standards Institute resistant breakpoint.
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0 to 21 had a marginally significant effect (P = 0.051) where the 
AMR to ciprofloxacin was higher compared to those that were 
not fed added Zn. However, all median MICs were still well 
under the CLSI (2018) resistant breakpoint for ciprofloxacin.

Discussion
The dietary addition of prebiotics provides a substrate that is 
indigestible by the host but is fermented by gut bacteria, thereby 
selectively stimulating the growth of a beneficial microbial 
population in the gastrointestinal tract (Gibson et  al., 2004). 
Inulin, lactulose, fructo-olgosaccharides, and transgalacto-
oligosaccharides are some of the most common prebiotics used 
in swine diets because favorable gut bacteria can ferment them 
readily and produce short-chain fatty acids (SCFA; Gibson et al., 
2004). In this study, we evaluated prebiotic benefits of a yeast 
cell wall fraction with concentrated mannan-oligosaccharides 
and β-glucans derived from S.  cerevisiae (SafMannan; Phileo 
by Lesaffre) and a yeast extract containing ≥ 6% unbound 
nucleotides derived from S.  cerevisiae (NucleoSaf; Phileo by 
Lesaffre). Feeding a probiotic, a live microorganism, can alter 
the gut’s microflora by introducing live cultures of favorable 
microbes into the digestive tract that can aid in competitive 
exclusion or suppression of pathogens (Bajagai,et al., 2016). The 

production of lactic acid and SCFA can lower intestinal pH, thus 
promoting intestinal villi growth and epithelial integrity, which 
may improve nutrient digestibility and nutrient absorption and 
suppress enteric pathogens to mitigate subclinical infections 
(Pollmann et al., 1990; Bajagai et al., 2016). Most probiotics can 
be categorized into one of three groups: Bacillus, lactic acid 
producing bacteria, or yeasts (Stein and Kil, 2006). The live 
yeast S.  cerevisiae strain NCYC Sc 47 (ActiSaf Sc 47 HR+; Phileo 
by Lesaffre) was evaluated in the present study as the probiotic 
source. Live yeast (probiotics) and yeast extracts (prebiotics) are 
of particular interest due to the β-glucans and α-mannans found 
in yeast cell walls along with unbound nucleotides. Yeast cell 
walls may improve the colonization of good bacteria in the gut 
by preventing the binding of enteric pathogens to the intestinal 
mucosa (Kogan and Kocher, 2007). Additionally, live yeast and 
yeast cell walls have the potential to improve immunity (Perez-
Sotelo et al., 2011; Zanello et al., 2011; Badia et al., 2012), bind 
toxins (Yiannikouris et  al., 2004; Šrobárová et  al., 2005), and 
reduce the instances of enteric infections (Kiarie et al., 2011; Che 
et  al., 2017; Trevisi et  al., 2017), thus contributing to improved 
growth performance in the nursery (Shen et  al., 2009; Kiros 
et al., 2018). Furthermore, live yeast and yeast extracts contain 
free nucleotides. Feeding unbound nucleotides in the early 
nursery has demonstrated to increase feed intake, improve 

Table 4. Main effects of yeast pre- and probiotics and pharmacological levels of Zn on nursery pig performance1

Item

Yeast additives

SEM P-value

Zinc

SEM P-valueNo yeast Yeast Low Zn High Zn

BW, kg
 d 0 5.64 5.64 0.024 0.779 5.64 5.64 0.024 0.901
 d 7 5.95 5.99 0.060 0.508 5.86 6.07 0.060 0.001
 d 21 11.21 11.31 0.122 0.533 10.96 11.56 0.122 < 0.001
 d 42 23.58 23.66 0.202 0.744 23.22 24.01 0.202 0.002
Phase 1 (days 0 to 7)
 ADG, g 44 50 7.3 0.489 32 62 7.3 0.001
 ADFI, g 80 81 5.0 0.847 74 87 5.0 0.042
 G:F, g/kg 397 547 73.1 0.077 297 646 73.1 < 0.001
Phase 2 (days 7 to 21)
 ADG, g 373 380 5.9 0.401 361 392 5.9 < 0.001
 ADFI, g 464 472 9.0 0.507 445 492 9.0 < 0.001
 G:F, g/kg 805 808 8.4 0.810 814 799 8.4 0.169
Experimental period (days 0 to 21)
 ADG, g 262 270 5.6 0.288 251 281 5.6 < 0.001
 ADFI, g 335 342 7.3 0.461 321 356 7.3 < 0.001
 G:F, g/kg 782 792 7.2 0.247 782 791 7.2 0.282
Phase 3 common period (days 21 to 42)
 ADG, g 589 588 5.8 0.947 584 593 5.8 0.264
 ADFI, g 875 868 8.1 0.573 870 873 8.1 0.811
 G:F, g/kg 674 677 3.9 0.502 672 680 3.9 0.158
Overall (days 0 to 42)
 ADG, g 424 429 4.4 0.433 417 437 4.4 0.001
 ADFI, g 603 605 7.0 0.830 594 614 7.0 0.031
 G:F, g/kg 704 709 3.5 0.284 702 712 3.5 0.043
Fecal dry matter, %2

 d 4 18.9 18.8 0.82 0.955 17.7 20.0 0.82 0.043
 d 21 22.0 22.9 0.81 0.397 22.6 22.3 0.81 0.786
 d 42 24.5 23.6 0.85 0.437 24.0 24.2 0.85 0.891

1A total of 360 barrows (initially 5.6 ± 0.03 kg) were used in a 42-d growth study with 5 pigs per pen and 36 pens per treatment. Yeast pre- and 
probiotics included ActiSaf Sc 47 HR+ at 0.10.%, SafMannan at 0.05% and NucleoSaf at 0.05% in phase 1 diets and then concentrations were 
lowered by 50% in phase 2 diets (Phileo by Lesaffre, Milwaukee, WI). ZnO was fed to supply 3,000 mg/kg of Zn for the duration of phase 1 and 
2,000 mg/kg of Zn for the duration of phase 2. All yeast additive × zinc interaction, P > 0.05.
2Fecal samples from the same 3 pigs/pen were collected on days 4, 21, and 42. Zinc × yeast × day, P = 0.790; Zinc × day, P = 0.220; Yeast × day, 
P = 0.515.
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intestinal integrity of the epithelial lining, and reduce periods of 
diarrhea by promoting beneficial microbiota colonization in the 
gastrointestinal tract (Yu et al., 2002; Mateo, 2005). While many 
studies have shown positive impacts from the dietary addition of 
pre- and probiotics due to the modulation of the gut’s microbial 
population and host immunity, there are still inconsistent results 
on the impact of growth criteria (Zimmerman et al., 2016).

Zinc is an imperative micronutrient for many physiological 
body functions. Some functions include enzyme performance 
for metabolism, digestion, and cellular signaling, normal skin 
accretion, along with proper body maintenance and reproductive 
development (Reese and Hill, 2010). The NRC (2012) requirements 
for Zn are 26.6 to 46.8 mg/kg of Zn for a 4- to 12-kg pig. Flohr 
et al. (2016) found that the average for Zn inclusion in the United 
States swine industry was 3,032 mg/kg Zn and 2,081 mg/kg Zn 
in phase 1 (weaning to 7 kg BW) and phase 2 (7 to 11 kg BW) 
diets, respectively. These pharmacological levels of Zn are well 
above the pig’s physiological requirement; however, elevated 
levels of Zn in the diet, for 10 to 21 d immediately following 
weaning, have been proven to have positive implications on 
growth performance and controlling PWD in a young pig. We 
observed increased ADG, ADFI, G:F, BW, and fecal DM on day 
4 post-weaning when weaned pigs were fed 3,000  mg/kg Zn 
in phase 1 and 2,000 mg/kg Zn in phase 2 with the added Zn 
provided by ZnO. Many studies support the positive attributes 
that pharmacological Zn, in the form of ZnO, has on improved 
growth, increased intake, and reduced occurrence of PWD 
(Hill et al., 2000; Reese and Hill, 2010; Sales, 2013). Other forms 
of Zn (ZnSO4 and Zn-Lys) have shown inconsistent results 
when fed at pharmacological levels (Hahn and Baker, 1993). 
As reviewed by Liu et  al. (2018) and Bonetti et  al. (2021), zinc 
oxide has unique modes of action which include antimicrobial 
tendencies, antioxidant properties, improved digestion, and 
nutrient absorption because of increased secretion of ghrelin 
in the stomach and digestive enzymes in the pancreas, as well 
as improved intestinal epithelial integrity, hence improved gut 
barrier function and enhanced immune responses. Even though 
ZnO has proved to be a beneficial additive in the early nursery 
for growth and controlling PWD, alternative feeding strategies 
are being explored.

One such strategy is the use of yeast-based pre- and 
probiotics. In the present study, we observed a tendency for 
improved G:F immediately following weaning from days 0 to 7 
but no further statistical impact from the dietary addition of live 
yeast and yeast extracts for any of the remaining growth criteria 
during the experimental, post-treatment, or overall study period. 
The lack of statistical growth response from added yeast-based 
pre- and/or probiotics is consistent with results found by Perez-
Sotelo et al. (2011), Trevisi et al. (2015), and Williams et al. (2016). 
However, others have found that supplementing the live yeast 
S. cerevisiae has increased growth parameters such as ADG, ADFI, 
and BW (Shen et al., 2009; Kiarie et al., 2011; Kiros et al., 2018). 
As previously discussed, the results from the dietary addition 
of yeast additives are inconsistent and variable (Zimmerman 
et al., 2016;). For example, in two experiments conducted by van 
Heugten et al. (2003), there was no added benefit for any growth 
criteria when pigs were fed S. cerevisiae in the first experiment; 
however, in the second experiment, they observed heavier BW 
and increased ADG when the live yeast was supplemented with 
antibiotics and pharmacological Zn and Cu compared to when 
yeast was not included. The variability in literature regarding 
growth performance and inclusion of yeast additives can be 
attributed to multiple factors. Some of these factors may include 
yeast strain, inclusion rate, and/or the duration of feeding the 

yeast additive(s), product inconsistency, as well as external 
factors such as genetics, herd health status, and general 
stockmanship (Liao and Nyachoti, 2017).

The five main concerns to the dietary addition of 
pharmacological levels of ZnO are environmental pollution, 
co-selection of resistance to antibiotics that are important to 
human and animal medicine, heavy metal tolerance of gut 
bacteria, microflora modification in the gut, and Zn toxicity 
to the pig (Bonetti et al., 2021). Because of these concerns, the 
European Union had put a ban on feeding pharmacological 
levels of Zn beginning in June of 2022 with the legal limit 
being 150  mg/kg of Zn in a complete feed (EMA, 2017). In a 
study on the effect of heavy metals in liquid swine manure 
on AMR, Hölzel et al. (2012) observed that Zn was linked to the 
resistance of doxycycline, tetracycline, piperacillin, ampicillin, 
and multi- drug resistant E.  coli. Multi-drug resistance is 
characterized when the bacteria are resistant to three or more 
antimicrobial classes (Schwarz et  al., 2010). Furthermore, 
Bednorz et  al. (2013) observed that 18.6% of E.  coli isolates, 
cultured from digesta originating from the ileum of nursery 
pigs, were multi-drug resistant when pigs were fed 2,500 mg/
kg of Zn while no multi-drug resistant isolates were identified 
for pigs fed a diet containing 50 mg/kg of Zn. There are several 
other studies that report increased prevalence of AMR genes 
when pharmacological Zn is included in the diet (Slifierz et al., 
2015; Ciesinksi et al., 2018; Muurinen et al., 2021). Conversely, 
we observed that the inclusion of pharmacological Zn had little 
impact on the AMR to 13 of the 14 antibiotics tested. When 
MIC values were averaged across the three sampling time 
points, fecal E. coli tended to be more resistant to ciprofloxacin 
when pigs were fed pharmacological levels of Zn for the first 
21 d post-weaning; however, all isolates were still considered 
susceptible based off its CLSI (2018) breakpoint. Ciprofloxacin 
is a fluoroquinolone class of antimicrobial that is not approved 
for use in food animals. However, ciprofloxacin is a broad-
spectrum antibiotic in human medicine used to treat both 
Gram-negative and Gram-positive bacterial infections (Davis 
et al., 1996).

To the best of our knowledge, there are limited data 
evaluating yeast-based pre- and probiotics’ impact on the 
AMR of gut bacteria. However, Ouwehand et  al. (2016) wrote 
a comprehensive review on bacterial probiotics potential 
to prevent AMR which concluded that it is still unknown if 
probiotics could prevent the development and spread of AMR 
organisms. Nonetheless, it was hypothesized that there could 
be reduced persistence and evolution of AMR because probiotics 
can positively modulate gut bacteria and reduce enteric 
pathogens, thus reducing the need for antibiotic interventions 
to control diarrhea. Williams et al. (2018) observed that the direct 
fed microbial (DFM) blend of Bacillus licheniformis and Bacillus 
subtilus or DFM blend of Enterococcus faecium, Lactobacillus reuteri, 
Lactobacillus salivarius, and Pediococcus acidilactici had no impact 
on the AMR of nursery pig fecal E. coli isolates to the same 14 
antimicrobials that were evaluated in this study. Similarly, we 
observed that dietary addition of live yeast and yeast extracts 
had no impact on the AMR of 14 antibiotics that are important 
to human and animal health.

In conclusion, adding pharmacological levels of Zn proved 
to be a useful additive to stimulate intake, increase growth, and 
improve fecal consistency in the early nursery period. Although 
feeding high levels of Zn did tend to increase the MIC of fecal 
E. coli to ciprofloxacin, all fecal E. coli isolates were well under 
the CLSI (2018) resistance breakpoint. Thus, the short-term use 
of pharmacological levels of Zn did not increase antimicrobial 
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resistance. There was no statistical response observed from the 
dietary addition of live yeast and yeast extracts for any of the 
growth, economic, fecal DM, or AMR profiles of fecal E. coli.
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