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ABSTRACT: A total of 300 weanling pigs
(Line 400 x 200, DNA, Columbus, NE, initially
4.83 kg) were used in a 46-d trial to evaluate the
effects of different nutritional strategies to replace
pharmacological levels of Zn, provided by zinc
oxide (ZnO), in nursery diets on growth perform-
ance and fecal dry matter (DM). Six treatments
with 10 replicate pens per treatment and 5 pigs per
pen were used. Diets consisted of: (1) positive con-
trol (ZnO providing 3,000 mg/kg added Zn from
d 0 to 7 and 2,000 mg/kg added Zn from d 8 to
25 and 21% crude protein, CP); (2) negative con-
trol (NC; no added ZnO); (3) NC plus 1.2% Na
diformate; (4) NC with 4% coarse ground wheat
bran; (5) NC but formulated to 18% CP; and (6)
the combination of NC with 18% CP, 1.2% Na
diformate, and 4% coarse ground wheat bran.
The diets formulated to 18% CP contained 1.2%
standardized ileal digestible (SID) Lys from d 0
to 25, whereas the 21% CP diets contained 1.4%
SID Lys from d 0 to 7 and 1.35% SID Lys from
d 7 to 25. From d 25 to 46, all pigs were fed a
common diet. From d 0 to 7, no differences in any
variables were observed between treatments. From
d 7 to 25, pigs fed the diet with added ZnO had
greater (P < 0.01) average daily gain (ADG) and
average daily feed intake (ADFI) than all other

treatments. Pigs fed the diet formulated to 18%
CP had decreased (P < 0.01) ADG when com-
pared with pigs fed the other diets. From d 25 to
46, no previous treatment effects on ADG or gain
to feed ratio (G:F) were observed. Overall (d 0 to
46), pigs fed the diet with added ZnO from d 0 to
25 had greater (P < 0.01) ADG, ADFI, and final
body weight than pigs fed added Na Diformate,
or 4% coarse ground wheat bran, or with the 18%
CP diet, or with pigs fed the combination of the
additives intermediate. There was no evidence for
differences in overall G:F. Pigs fed the NC diet
had the lowest fecal DM and highest fecal scores
(P < 0.05), indicating the greatest incidence of
loose stools. Pigs fed added ZnO had greater fecal
DM than pigs fed the NC, 4% added wheat bran,
or 18% CP diets, or with pigs fed the combination
of additives intermediate (P < 0.01). These results
suggest that adding pharmacological levels of Zn
from ZnO improves nursery pig performance and
increases DM content of feces when compared
with pigs fed diets with either Na diformate, 4%
course wheat bran, or 18% CP alone. However,
a combination of all three alternatives appeared
to be additive and partially restored growth per-
formance similar to adding pharmacological lev-
els of Zn.
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INTRODUCTION

The addition of pharmacological levels of Zn
(2,000-3,000 mg/kg Zn from ZnO) to nursery pig
diets is a common practice in the U.S. swine in-
dustry. Feeding pharmacological levels of Zn to
nursery pigs began when Poulsen (1995) observed
that high concentrations of added dietary Zn de-
creased the incidence of nonspecific postweaning
diarrhea. Later, other studies showed that pharma-
cological concentrations of inorganic Zn as Zn
oxide improved growth performance of nursery
pigs (Carlson et al., 1999; Hill et al., 2001).

It is well established that feeding pharmaco-
logical levels of Zn consistently reduces postwean-
ing diarrhea because Zn ions alter microbiota
to prevent attachment (Starke et al., 2014) and
translocation (Huang et al., 1999) of pathogenic
bacteria, such as Escherichia coli in the gastro-
intestinal tract (GIT). Hampson (1986) suggested
that physiological changes in the GIT may en-
hance nutrient absorption by altering intestinal
morphology. The use of ZnO has been questioned
in some parts of the world because of environ-
mental concerns as feeding pharmacological con-
centrations of Zn result in increased Zn excretion
due to low retention rates and bioavailability of
ZnO (Case and Carlson, 2002). High Zn accumu-
lation in the soil has been implicated in reduced
plant growth (Chaney, 1993). It is believed that
the benefits generated by using pharmacological
levels of Zn in swine farming do not outweigh
the harm caused by long-term environmental
contamination. For these reasons, the European
Commission has decided to phase out the use of
pharmacological levels of Zn in pig diets starting
1 June 2022 (European Medicines Agency, 2016).
In addition, the use of pharmacological levels of
Zn in the diet could favor increased populations of
antimicrobial resistant bacteria (Sargeant et al.,
2010; Slifierz et al., 2015). However, restrictions
on using pharmacological levels of Zn could make
nursery pigs more susceptible to common infec-
tious agents, which could lead to economic losses
and decrease animal welfare.
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Some reports support that low-crude protein
(CP) diets or added coarse wheat bran may help to
maintain gut health by lowering protein fermenta-
tion and promoting the proliferation of commensal
microbiota (Nyachoti et al., 2006; Heo et al., 2010).
Other studies suggest the use of acidifiers as an op-
tion to improve weanling pig’s health and growth
performance (Pettigrew, 2006; Stein, 2006). This
is a result of their potential to reduce the pH of
the GIT, which improves nutrient digestion and
protects the GIT from pathogenic invasion and
proliferation.

Although replacing pharmacological levels of
7Zn has been widely studied in production settings,
the results are still inconsistent, and few studies
evaluated the impact of different products in com-
bination in nursery diets. Therefore, the objective of
this study was to evaluate diet acidification, added
coarse wheat bran, low CP, and their combination
as alternatives to replace pharmacological levels of
Zn on growth performance and fecal dry matter
(DM) during the nursery phase.

MATERIALS AND METHODS

The Kansas State University Institutional
Animal Care and Use Committee approved
the protocol used in this experiment (Approval
number 4035).

Animals, Housing, and Procedures

The study was conducted at the Kansas State
Segregated Early Weaning Facility in Manhattan,
KS. A total of 300 pigs (Line 400 X 200, DNA,
Columbus, NE; initially 4.83 kg and 18.5 d of age)
were used in a 46-d growth trial. At weaning, pigs
were individually weighed and assigned to pens to
achieve balanced weight across treatments. Pens of
pigs were randomly allotted to 1 of 6 treatments in
a completely randomized design, with 10 replicate
pens per treatment and 5 pigs per pen. Gender was
balanced within each block. Pigs were housed in two
identical buildings with all treatments equally repre-
sented in each building. Pens had tri-bar floors and
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Table 1. Ingredient composition and nutrient profile of Phase 1 diets fed from d 0 to 7 postweaning (as-fed

basis)
Treatment
Positive Negative NC + Na NC + NC + NC + Na diformate +
Item control control (NC) diformate wheat bran 18% CP wheat bran + 18% CP
Ingredient, %
Corn 44.40 44.80 43.70 41.20 52.25 47.55
Soybean meal (46.5% CP) 18.10 18.10 18.15 17.75 10.55 10.35
Fish meal 4.50 4.50 4.50 4.50 4.50 4.50
Dried whey powder 25.00 25.00 25.00 25.00 25.00 25.00
Enzymatically treated soybean meal' 3.75 3.75 3.75 3.75 3.75 3.75
Wheat bran (coarse) — — — 4.00 — 4.00
Choice white grease 1.50 1.50 1.50 1.50 1.50 1.50
Calcium carbonate 0.25 0.25 0.25 0.30 0.25 0.30
Monocalcium phosphate 0.30 0.30 0.30 0.20 0.40 0.30
Sodium chloride 0.30 0.30 0.15 0.30 0.32 0.30
L-lysine-HCl 0.42 0.42 0.42 0.42 0.41 0.41
DL-methionine 0.22 0.22 0.22 0.21 0.17 0.16
L-threonine 0.21 0.21 0.21 0.20 0.19 0.18
L-tryptophan 0.06 0.06 0.06 0.05 0.07 0.07
L-valine 0.11 0.11 0.11 0.10 0.12 0.12
Vitamin premix? 0.25 0.25 0.25 0.25 0.25 0.25
Trace mineral premix? 0.15 0.15 0.15 0.15 0.15 0.15
Phytase* 0.07 0.07 0.07 0.07 0.07 0.07
Zinc oxide 0.40 — — — — —
Na diformate® — — 1.20 — — 1.20
Total 100 100 100 100 100 100
SID amino acids, %
Lysine 1.40 1.40 1.40 1.40 1.20 1.20
Isoleucine: lysine 56 56 56 56 55 55
Leucine: lysine 109 110 109 108 113 111
Methionine: lysine 38 38 38 37 37 36
Methionine and cystine: lysine 58 58 58 58 58 58
Threonine: lysine 65 65 65 65 65 65
Tryptophan: lysine 20.3 20.3 20.3 20.1 21.0 21.3
Valine: lysine 68 68 68 68 70 70
Histidine: lysine 32 32 32 32 32 32
Total lysine, % 1.54 1.54 1.54 1.54 1.32 1.32
ME, kcal/kg 3,402 3,417 3,378 3,378 3,421 3,344
NE, kcal/kg 2,565 2,574 2,545 2,536 2,613 2,551
SID lysine: NE, g/Mcal 5.43 5.41 5.47 5.49 4.57 4.68
Crude protein, % 21.0 21.0 20.9 21.1 18.0 18.0
Ca, % 0.65 0.65 0.65 0.65 0.64 0.64
P, % 0.64 0.64 0.64 0.65 0.63 0.64
Available P, % 0.55 0.55 0.55 0.54 0.57 0.55
STTD P, % 0.56 0.56 0.56 0.56 0.56 0.56
STTD Ca, % 0.53 0.53 0.53 0.53 0.53 0.53
Ca:P 1.00 1.00 1.01 1.00 1.01 1.01
STTD Ca:STTD P 0.95 0.95 0.95 0.95 0.93 0.94

'HP 300, Hamlet Protein, Findlay, OH.

*Provided per kg of premix: 3,527,399 IU vitamin A; 881,850 1U vitamin D; 17,637 IU vitamin E; 1,764 mg vitamin K; 15.4 mg vitamin B12;
33,069 mg niacin; 11,023 mg pantothenic acid; 3,307 mg riboflavin.

*Provided 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.

“Rhonozyme 2700 (DSM Nutritional Products, Inc., Parsippany, NJ). Provided 181.8 phytase units (FYT) per kg of diet, with a release of 0.10%
available P.

SFORMI NDF (ADDCON Group GmbH, Bitterfeld-Wolfen, Germany), provided 1.2% Na diformate.
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Table 2. Ingredient composition and nutrient profile of Phase 2 diets fed from d 7 to 25 postweaning (as-fed
basis)

Treatment
Positive Negative NC + Na NC + NC + NC + Na diformate +
Item control control (NC) diformate wheat bran 18% CP wheat bran + 18% CP
Ingredient, %
Corn 56.75 57.00 55.95 53.45 64.10 59.45
Soybean meal, (46.5% CP) 29.05 29.05 29.10 28.70 21.65 21.40
Milk, whey powder 10.00 10.00 10.00 10.00 10.00 10.00
Wheat bran (coarse) — — — 4.00 — 4.00
Calcium carbonate 0.92 0.92 0.92 0.95 0.92 0.97
Monocalcium phosphate 0.90 0.90 0.90 0.80 1.02 0.90
Sodium chloride 0.55 0.55 0.35 0.55 0.57 0.35
L-lysine-HCI 0.50 0.50 0.50 0.50 0.54 0.54
DL-methionine 0.21 0.21 0.21 0.20 0.23 0.22
L-threonine 0.24 0.24 0.24 0.23 0.24 0.24
L-tryptophan 0.04 0.04 0.04 0.03 0.07 0.07
L-valine 0.10 0.10 0.10 0.10 0.16 0.16
Vitamin premix! 0.25 0.25 0.25 0.25 0.25 0.25
Trace mineral premix? 0.15 0.15 0.15 0.15 0.15 0.15
Phytase? 0.07 0.07 0.07 0.07 0.07 0.07
Zinc oxide 0.26 - - --- - ---
Na diformate* --- --- 1.20 --- 1.20
Total 100 100 100 100 100 100
SID amino acids, %
Lysine 1.35 1.35 1.35 1.35 1.20 1.20
Isoleucine: lysine 55 55 55 55 52 52
Leucine: lysine 112 112 111 111 111 109
Methionine: lysine 36 36 36 35 39 38
Methionine and cystine: lysine 57 57 57 57 60 60
Threonine: lysine 65 65 65 65 65 65
Tryptophan: lysine 19.1 19.1 19.1 19.0 21.2 21.0
Valine: lysine 67 67 67 67 70 70
Histidine: lysine 35 35 35 35 33 33
Total lysine, % 1.48 1.48 1.48 1.49 1.31 1.32
ME, kcal/kg 3,269 3,278 3,242 3,236 3,282 3,209
NE, kcal/kg 2,426 2,433 2,406 2,395 2,475 2,411
SID lysine: NE, g/Mcal 5.55 5.54 5.60 5.62 4.84 4.97
Crude protein, % 20.6 20.6 20.5 20.7 17.8 17.9
Ca, % 0.75 0.75 0.75 0.75 0.75 0.75
P, % 0.62 0.62 0.61 0.62 0.61 0.61
Available P, % 0.47 0.47 0.47 0.46 0.49 0.47
STTD P, % 0.51 0.51 0.51 0.51 0.51 0.51
STTD Ca, % 0.57 0.57 0.57 0.57 0.57 0.57
Ca:P 1.22 1.22 1.22 1.20 1.23 1.23
STTD Ca: STTD P 1.13 1.13 1.13 1.12 1.11 1.13

"Provided per kg of premix: 3,527,399 IU vitamin A; 881,850 IU vitamin D; 17,637 IU vitamin E; 1,764 mg vitamin K; 15.4 mg vitamin B12;
33,069 mg niacin; 11,023 mg pantothenic acid; 3,307 mg riboflavin.

*Provided 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.

3Rhonozyme 2700 (DSM Nutritional Products, Inc., Parsippany, NJ). Provided 181.8 phytase units (FYT) per kg of diet, with a release of 0.10%
available P.

‘FORMI NDF (ADDCON Group GmbH, Bitterfeld-Wolfen, Germany). Provided 1.2% of Na diformate.

allowed approximately 0.25 m?/pig. Each pen con- Diets were corn and soybean meal-based and
tained a four-hole, dry self-feeder and a cup waterer =~ were fed in three phases: Phase 1 from d 0 to 7 in
to provide ad libitum access to feed and water. pellet form; Phase 2 from d 8 to 25 in meal form;
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and Phase 3 from d 26 to 46 in meal form (Tables
1 and 2). Phase | diets were pelleted under the
following parameters: 62°C average conditioning
temperature, 72°C average hot pellet tempera-
ture, 4.76 X 31.75 mm die (L/D = 6.0), and 23°C
ambient temperature. Diets were formulated to
meet or exceed NRC (2012) nutrient requirement
estimates.

Treatments consisted of six different diets: (1)
positive control with 3,000 mg/kg Zn from Zn oxide
(ZnO) from d 0 to 7 and 2,000 mg/kg Zn from d 7 to
25; (2) negative control without added ZnO (NC);
(3) NC with 1.2% Na diformate; (4) NC containing
4% coarse ground wheat bran (946 um particle
size); (5) NC formulated to low CP (18% CP) with
high levels of feed grade amino acids; and (6) NC
with the combination of Na diformate, 4% coarse
ground wheat bran, and 18% CP. The diets formu-
lated to 18% CP contained 1.2% standardized ileal
digestible (SID) Lys from d 0 to 25, whereas the 21%
CP diets contained 1.4% SID Lys from d 0 to 7 and
1.35% SID Lys from d 7 to 25. The lysine concen-
tration was reduced in the 18% CP diet to provide
a total lys:CP ratio of no more than 7.3:1 to ensure
adequate nitrogen for the synthesis of nonessential
amino acids. All other nutrients were formulated to
meet or exceed the pigs’ estimated requirements.

Experimental diets were fed for 25 d (Phase 1
and Phase 2). From d 26 to 46, all pigs were fed
the same diet (Phase 3; Table 3). Pigs were weighed,
and feed disappearance measured on d 7, 14, 25,
37, and 46 to determine body weight (BW), average
daily gain (ADG), average daily feed intake (ADFI),
and gain to feed ratio (G:F). All experimental diets
were manufactured at the Kansas State University,
O.H. Kruse Feed Technology Innovation Center in
Manhattan, KS. Diet samples were collected dur-
ing manufacturing for chemical analysis.

All pens were scored daily by the same person to
determine fecal consistency. Fecal consistency was
based on a numerical scale from 1 to 5, in which 1
represented a hard, dry fecal pellet; 2 represented
firmly formed feces; 3 represented soft, moist feces
that retained its shape; 4 represented soft, unformed
feces that assumed the shape of its container; and
5 represented a watery liquid that could be poured.
Fecal samples were collected on d 7, 14, 25, and 37.
Samples were collected from 3 randomly selected
pigs per pen and pooled for a total of 10 samples
per treatment. To determine percentage DM, sam-
ples were dried in an oven at 55°C for 16 h.

Statistical analysis was performed using
GLIMMIX procedure of SAS version 9.4
(SAS Institute Inc., Cary, NC). Nursery growth

Table 3. Ingredient composition and nutrient pro-
file of Phase 3 diet fed from d 25 to 46 postweaning
(as-fed basis)

Item Y%
Ingredient
Corn 65.60
Soybean meal, (46.5% CP) 30.20
Calcium carbonate 1.00
Monocalcium phosphate 0.95
Sodium chloride 0.58
L-lysine-HCl 0.55
DL-methionine 0.23
L-threonine 0.25
L-tryptophan 0.07
L-valine 0.14
Vitamin premix! 0.25
Trace mineral premix? 0.15
Phytase® 0.07
Total 100
SID amino acids, %
Lysine 1.35
Isoleucine: lysine 54
Leucine: lysine 112
Methionine: lysine 37
Methionine and cystine: lysine 58
Threonine: lysine 64
Tryptophan: lysine 20.9
Valine: lysine 68
Histidine: lysine 35
Total lysine, % 1.49
ME, kcal/kg 3,271
NE, kcal/kg 2,422
SID lysine: NE, g/Mcal 5.56
Crude protein, % 20.8
Ca, % 0.73
P, % 0.59
Available P, % 0.42
STTD P, % 0.46
STTD Ca, % 0.55
Ca:P 1.24
STTD Ca:STTD P 1.17

"Provided per kg of premix: 3,527,399 IU vitamin A; 881,850 TU
vitamin D; 17,637 IU vitamin E; 1,764 mg vitamin K; 15.4 mg vitamin
B12; 33,069 mg niacin; 11,023 mg pantothenic acid; 3,307 mg ribo-
flavin.

*Provided 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 sul-
fate; 0.2 g I from calcium iodate; 0.2 g Se from sodium selenite.

’Rhonozyme 2700 (DSM Nutritional Products, Inc., Parsippany,
NJ). Provided 181.8 phytase units (FYT) per kg of diet, with a release
of 0.10% available P.

performance and fecal DM data were analyzed as
a completely randomized design with pen as the ex-
perimental unit using a linear mixed model. Fixed
effects in the model included dietary treatment, and
barn was included in the model as a random effect.
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Fecal DM was analyzed as repeated measures over
time. Fecal score was analyzed as a split plot in time
using a cumulative logit ordinal regression model.
Dictary treatment, day of evaluation, and the as-
sociated interaction were included in the model as
fixed effects. Pen was included within the statistical
model as a random intercept, and data were ana-
lyzed as a repeated measures over time. Fecal score
data are reported as frequency distribution of fecal
scores within each fecal score category for each
treatment or each day of evaluation. Results were
considered significant at P < 0.05 and considered a
trend at P <0.10.

RESULTS

In Phase 1 (d 0 to 7), no effect was observed in
ADG, ADFI, and BW between the six treatments
(Table 4).

In Phase 2 (day 7 to 25), pigs fed the diet con-
taining pharmacological Zn had greater (P < 0.01)
ADG and ADFI than pigs fed any other treatment.
Pigs fed the combination diet had greater ADG and
ADFI than those fed the 18% CP diet and the same

et al.

ADG and ADFI of those fed the negative control,
1.2% Na diformate, and 4% coarse ground wheat
bran intermediate. Pigs fed 18% CP had the poorest
(P < 0.05) G:F compared with pigs fed other
diets. Pigs fed the combination diet had decreased
(P < 0.05) G:F than those fed the positive control,
with other treatments intermediate.

During Phase 3 (d 25 to 46), no difference (P
> (.10) was observed for ADG and G:F. Pigs pre-
viously fed added Zn had greater (P < 0.01) ADFI
than those previously fed the 18% CP diet followed
by those previously fed 1.2% Na diformate, with
the others intermediate.

Overall (d 0 to 46), pigs fed diets with pharma-
cological Zn had greater (P < 0.01) ADG, ADFI,
and final BW than those fed the negative control,
1.2% Na diformate, 4% coarse ground wheat bran,
or 18% CP diets. However, there was no difference
in ADG, ADFI, and final BW between pigs fed
added Zn or the combination treatment. No differ-
ence was observed for overall G:F.

For fecal DM, no differences were observed be-
tween treatments on d 7 after weaning (Table 5). On
d 14, pigs fed negative control had lower (P < 0.01)

Table 4. Growth performance of nursery pigs fed diets with different alternatives to replace pharmaco-

logical levels of Zn!

Positive Negative Na difor- Coarse 18% Na diformate +
control control mate wheat bran CP wheat bran + 18% CP SEM P-value

BW, kg

Weaning 4.8 4.8 4.8 4.8 4.8 4.8 0.02 0.49

d7 5.2 5.3 4.8 5.2 5.0 5.3 0.11 0.12

d 25 11.7¢ 10.0°¢ 10.1° 10.0°¢ 9.2¢ 10.1° 0.29 <0.01

d 46 24.9¢ 22.9° 22.5b¢ 22.8b¢ 20.9¢ 23 ]abe 0.70 <0.01
Phase 1 (d 0 to 7)

ADG, g 55 63 0 48 35 64.3 14.8 0.21

ADFI, g 85 110 103 97 95 109 114 0.29

GIF, glkg 557 547 30.3 455 347 509 10.1 0.12
Phase 2 (d 7 to 25)

ADG, g 358¢ 262° 2750 269° 221¢ 267° 14.2 <0.01

ADFI, g 4572 3580¢ 360°¢ 357b¢ 340° 375¢ 16.4 <0.01

GIF, glkg 7582 70540 7340 7140 626° 683° 26.4 <0.01
Phase 3 (d 25 to 46)*

ADG, g 629 608 597 605 561 620 254 0.14

ADFI, g 928 88640 864° 8740 796¢ 8930 31.5 <0.01

GIF, glkg 679 686 694 693 697 697 18.1 0.90
Overall (d 0 to 46)

ADG, g 4372 389° 3790¢ 383b¢ 341¢ 3970 15.8 <0.01

ADFI, g 626° 566° 526b¢ 553b¢ 505¢ 5780 21.0 <0.01

GIF, glkg 700 687 695 692 672 688 13.3 0.40

abeDifferent superscripts within a row indicate evidence for difference (P < 0.05) in average daily gain (ADG), average daily feed intake (ADFI),

gain-to-feed ratio (G:F), body weight (BW). CP = crude protein.

'A total of 300 weaned pigs (Line 241 x 600, DNA Genetics, Columbus, NE) with an initial BW of 4.83 kg and 18.5 d of age were used. Pigs
were allotted to pens in a completely randomized design with 5 pigs per pen and 10 replicates per treatment.

2Common period in which all pigs fed the same diet without feed additives from d 25 to d 46.
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Table 5. Effect of different alternatives to replace pharmacological Zn in nursery diets on fecal dry matter,

(V01,2,3

Treatments
Day of Positive Negative Na difor- Coarse 18% Na diformate +
collection control control mate wheat bran CP wheat bran + 18% CP SEM P-value
d7 22.01 19.03 21.35 21.46 20.26 24.37 2.668 0.15
d14 25.50° 19.11¢ 22.17° 22.80° 23.14° 24,120 0.791 <0.01
d 25 24.73¢ 20.91¢ 23.11%0 21.87° 22.97%0 23,390 0.709 <0.01
d37? 25.83¢ 21.91¢ 23,942 22.73b¢ 24.79% 24978 0.698 <0.01
Mean 24.52¢ 20.24¢ 22.64° 22.22° 22.79° 24.21%> 0.771 <0.01

abeDifferent superscripts within a row indicate evidence for difference (P < 0.05) in fecal DM.

'A total of 300 weaned pigs (Line 241 x 600, DNA Genetics, Columbus, NE) with an initial BW of 4.83 kg and 18.5 d of age were used. Pigs
were allotted to pens in a completely randomized design with 5 pigs per pen and 10 replicates per treatment.

2Common period in which all pigs fed the same diet without feed additives from d 25 to d 46.

3Three pigs per pen were randomly selected and sampled. The fecal samples were collected from the same pigs and dried.

fecal DM content than all other treatments. Pigs
fed diets with Na diformate, coarse wheat bran, or
18% CP had lower (P < 0.05) fecal DM than the
positive control with ZnO; however, there were no
differences between pigs fed added Zn and those
fed the combination diet. On d 25, pigs fed negative
control diet had lower (P < 0.01) fecal DM content
than all other treatments. No differences were ob-
served between pigs fed the added Zn diet, 1.2% Na
diformate, 18% CP, and the combination diet. The
4% coarse ground wheat bran treatment was inter-
mediate. On d 37, the response followed the same
pattern as observed on d 25; however, pigs fed nega-
tive control and 4% coarse ground wheat bran had
lower fecal DM content compared with those pre-
viously fed added Zn. For the overall mean of the
four collection periods, pigs fed the negative control
diet had lower (P < 0.010) fecal DM than all other
treatments. Pigs fed diets containing Na difor-
mate, coarse wheat bran, or 18% CP diet had lower
(P <0.010) fecal DM content than those fed added
Zn. No differences were observed between pigs fed
added Zn and those fed the combination diet.

For fecal score, there was no evidence of a
dietary treatment X day interaction (P = 0.543).
However, there was evidence of main effects for
both treatment and day. Pigs fed the negative con-
trol had softer feces (P = 0.005) than all other treat-
ments (Figure 1). From d 7 to 25, pigs had higher
frequency distribution (P < 0.001) of soft unformed
and soft moist feces compared with d 37 and 46
(Figure 2).

DISCUSSION

Regulatory agencies have been pressured to
eliminate the use of pharmacological levels of Zn
in weanling pig diets (European Medicines Agency,
2016). The environmental concerns have led to a ban

OWatery feces

= Soft unformed feces
OSoft moist feces
Firm formed feces
@ Hard feces

Treatment, P=0.005

Frequency of fecal score, %

Figure 1. Frequency distribution of fecal score in nursery pigs per
treatment (d 0 to 42).

100
=
& 380 OWatery feces
§ & Soft unformed feces
E 60 O Soft moist feces
- 8 Firm formed feces
? 40 B Hard feces
% 20
& Day, P< 0,001

0

Figure 2. Frequency distribution of fecal score in nursery pigs per
day.

on pharmacological levels of added Zn in starter
diets in Europe. Because of the possibility for a ban
on the use of pharmacological additions of Zn in
the United States, the purpose of this study was to
evaluate nutrition alternatives to pharmacological
levels of Zn in nursery pig diets.

The present data support previous studies that
demonstrated that pharmacological doses of Zn,
provided by Zn oxide, increase growth performance
in weanling pigs (Carlson et al., 1999; Hill et al.,
2001). It has been suggested that Zn promotes
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growth of weanling pigs by controlling pathogenic
bacterial scours (Huang et al., 1999; Katouli et al.,
1999). Additionally, studies indicated that Zn pro-
motes growth in weaned pigs regardless of diar-
rhea incidence or effect on the intestinal microbial
count (Lietal., 2001). In the current study, pigs fed
added Zn had improved growth performance and a
reduction in the incidence of diarrhea, which cor-
roborates those previous findings and more recent
observations as well (Ren et al., 2020, Wei et al.,
2020).

Acidifiers have been commonly used in diets for
weanling pigs. Kil et al. (2011) proposed that acid-
ifiers might improve growth performance due to a
reduction in pH in the stomach and lower GIT, a
modulation of microbial populations, and improve-
ments in nutrient digestion. Efficient protein diges-
tion requires the maintenance of a low gastric pH
(Kil et al., 2011), and previous studies have shown
that formic acid supplementation improves protein
digestibility in weaned pigs (Roth and Kirchgessner,
1998). We hypothesized that the use of an acidifier
may improve protein digestibility which might have
offset the low dietary lysine level used.

Organic acids have also received much atten-
tion as alternatives to replace antibiotic growth
promoters (Uverland et al., 2000). Formic acid
has shown to be effective against pathogenic bac-
teria (Gedek et al., 1992; Kirchgessner et al., 1992)
and usually Na or Ca formate and K diformate are
used. Some studies have observed that formic acids
are effective in promoting growth of weanling pigs
(Paulicks et al., 1996; Luise et al., 2017). However,
the magnitude and consistency of the responses of
the acidifiers are variable depending on the nature
of the acids, inclusion rate, and other dietary fac-
tors (Jacela et al., 2009). Grecco et al. (2018) sug-
gested that the benefits of using an acidifier usually
are less noticeable when pigs are not exposed to a
disease challenge status. Therefore, we speculate
that the lack of improvement in growth perform-
ance with added Na diformate alone may be due
to the relatively good health status of pigs in the
current study.

The reason for the addition of 4% coarse
ground wheat bran as an alternative to pharmaco-
logical levels of Zn was based on supposed improve-
ments in gut health when feeding coarse wheat bran
(Mikkelsen et al., 2004; Canibe et al., 2005). The in-
clusion of wheat bran in the diet has been observed
to stimulate lactic and butyric acid production in
the small and large intestines (Bikker et al., 2006,
Carneiro et al., 2007) and reduce coliform bacteria
counts in the small intestine (Bikker et al., 2006).

In the absence of pharmacological Zn for early
weaned pigs, the use of wheat bran increased in-
testinal fermentation (Molist et al., 2010). Coarse
ground wheat bran also has been shown to reduce
E. coli attachment in the small intestine, presum-
ably by increasing passage rate (Molist et al., 2010).
However, in the present study, the inclusion of 4%
coarse ground wheat bran failed to improve per-
formance relative to pigs fed the added Zn diet.
The use of different cereals or fiber in nursery diets
is still equivocal (Hermes et al., 2010). The level
and type of fiber in diet may affect diet palatability
(Sola-Oriol et al., 2009), feed intake (Mateos et al.,
2006), and gut maturation (Montagne et al., 2003).

A low-CP amino-acid-fortified diet might al-
leviate postweaning diarrhea (Nyachoti et al.,
2006). Heo et al. (2010) observed that pigs fed
low protein diets had decreased nitrogen entering
the large intestine which resulted in less nitrogen
fermentation and higher fecal DM scores. That
was the reason a low CP diet was considered as
a potential alternative to pharmacological levels
of added Zn in the present study. Le Bellego and
Noblet (2002) observed that reducing CP in post-
weaning diets to 16.9% with correct amino acid
supplementation may reduce diarrhea, without
affecting weight gain and protein deposition.
However, in the present study, the low CP (18%)
diet used resulted in reduced nursery performance.
This is likely because in addition to decreasing
CP, SID lysine was also decreased to maintain a
maximum lysine:CP ratio. Studies have observed
that up to a 4-percentage unit reduction in CP,
with the addition of essential amino acids, can be
achieved without negatively affecting growth per-
formance (Le Bellego and Noblet, 2002). It might
be speculated that in the present study, the amount
of L-lysine HCI and other feed grade amino acids
were already high in the 21% CP diet and al-
ready near the maximum lysine:CP ratio of 7.3:1.
Therefore, a reduction in CP of 3 percentage units,
maintaining the 7.3:1 lysine:CP ratio, was enough
to reduce growth performance.

Interestingly, the combination of Zn alterna-
tives (Na diformate, wheat bran, and 18% CP) re-
sulted in similar overall growth performance, fecal
DM content, and fecal score as those fed added Zn.
Although some alternatives for pharmacological
Zn in nursery diets have been widely evaluated, few
studies have used the strategy of combined alterna-
tives and their impact on growth performance and
fecal characteristics. From our results, we speculate
that the combination of the different components
of each alternative may have promoted absorption

Translate basic science to industry innovation



Alternatives for high ZnO in swine diets 9

of nutrients and improved fecal DM and conse-
quently growth performance.

Gut health of pigs can be clinically assessed
by evaluating fecal consistency and appearance
(Pedersen et al., 2011). It has been used by many
researchers to quantify the severity of diarrhea
(Adewole et al., 2016). Diarrhea has been defined as
an increased frequency of defecation accompanied
by feces that contains an increased amount of water
and decreased DM (Radostits et al., 2000). In the
present study, diets without pharmacological Zn
(NC and alternatives) had high fecal scores and low
fecal DM. These results agree with previous stud-
ies that demonstrate the importance of pharma-
cological Zn in diets for weaned pigs to reduce the
incidence of diarrhea (Ou et al., 2007; Wang et al.,
2009). Similar to overall growth performance, the
combination of reduced CP, diet acidification, and
use of coarse wheat bran allowed fecal DM to be
similar to pigs fed pharmacological Zn.

In the field of Zn replacements, several feed
alternatives, combined or not, may be potentially
used in pig diets. The main challenges are the incon-
sistency and the wide range of responses obtained.
The efficiency of each alternative depends on fac-
tors such as the stage of growth, diet complexity,
ingredient type and inclusion level, and health
status of pigs (Liu et al., 2018).

In conclusion, the present study suggests that
diets without pharmacological levels of Zn reduce
nursery performance, and lowering dietary CP ex-
acerbates the reduction in growth, which is a result
of the reduction in dietary SID lysine content and
intake. The use of a combination of the three al-
ternatives (1.2% Na diformate, 4% coarse ground
wheat bran, and 18% CP) partially improved the ap-
pearance of feces and resulted in similar fecal DM
content and overall growth performance compared
with pigs fed diets containing pharmacological lev-
els of added Zn. Therefore, studies are required to
identify and further refine combinations of alter-
natives and strategies that sustain growth perform-
ance and fecal DM when high levels of ZnO are
removed from nursery pig diets.
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