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The use of medicinal zinc oxide (ZnO) in post-weaning dietsmust be phased out in the European Union by 2022,
resulting in urgent needs for alternative strategies to prevent diarrhea in pigs. The objective of this study was to
test the effect of four different dietary protein strategies with different amino acid profiles on diarrhea frequency
and pig performance as alternative diet planswhenmedicinal ZnOwaswill be excluded from the diet. A total of 6
800 Duroc x (Danish Landrace x Yorkshire) pigs, weaned around 28 days of age, were randomly assigned by sex
and size to six dietary treatments. The treatments were; standard CP levels (191, 184, 184 g/kg CP) and allocated
2 500 ppm ZnO in phase 1 (PC=positive control), standard CP levels (191, 184, 184 g/kg CP) and no added ZnO
in phase 1 (NC= negative control), CP levels of 166, 184, 184 g/kg (LSS= low-standard-standard), CP levels of
166, 162, 192 g/kg (LLH = low-low-high), CP levels of 140, 193, 192 g/kg (VHH = very low-high-high), and
lastly 140, 174, 192 g/kg CP levels (VMH = very low-medium-high). The pigs entered the trial at ~7 kg BW
and exited at ~30 kg BW. As expected, the PC treatment resulted in 42% fewer diarrhea pen treatments in the
total trial period compared to the NC group (P < 0.05), whereas both PC and LLH had fewer diarrhea treatment
days per pig compared to NC pigs (P < 0.05). Additionally, at the point of treatment, the NC pens had 33% fecal
floor samples positive for pathogens, compared to 80% samples positive for pathogens in the PC pens. This sug-
gests that ZnO has a particular positive effect on non-infectious diarrheawithout bacterial involvement. A reduc-
tion in dietary CP levels in phase 1 led to a reduced average daily gain (ADG) in LLH and VMH pigs and a poorer
feed conversion ratio (FCR) in VHH pigs during the overall study period compared to the NC pigs (P<0.05). Con-
clusively, a diet with low CP levels from weaning to about 15 kg BW had a reducing effect on diarrhea, but de-
creased ADG without affecting the FCR.
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Animal Consortium. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

Dietarymedicinal zinc oxide post-weaningwill be phased out in the
European Union by 2022. Consequently, new strategies must be imple-
mented to reduce post-weaning diarrhea in order not to increase antibi-
otics usage. A low dietary protein allocation post-weaning can reduce
the diarrhea frequency and thereby reduce the need for antibiotic treat-
ments when medicinal zinc oxide is banned. However, a low protein
diet is not as effective as zinc oxide, and currently it has a negative im-
pact on pig performance.

Introduction

Intestinal diseases are one of the most common problems in pigs
worldwide and in commercial Danish pig productions the immediate
period following weaning is characterized by a higher risk of post-
aard).

vier Inc. on behalf of The Anim
).
weaning diarrhea (PWD). In Denmark, PWD is often associated with
the involvement of Enterotoxigenic E. coli (Fairbrother et al., 2005), but
can also be characterized by an increase in microbial fermentation of
undigested proteins (Wellock et al., 2008). Whereas diarrhea through-
out the entire nursing period can be caused by different infectious
agents that can also negatively affect the intestine (Thomson and
Friendship, 2012).

Medicinal zinc oxide (ZnO) has proven to decrease the frequency of
PWD in pigs (Heo et al., 2010a; Walk et al., 2015) and often has a posi-
tive effect on growth performance (Højberg et al., 2005). However,
feeding high levels of ZnO can be harmful for the environment as it re-
sults in higher zinc concentrations in the manure that can accumulate
in the soil (Buff et al., 2005). In addition, high levels of ZnO have been
associatedwith thedevelopment of antibiotic-resistantmicroorganisms
(Bednorz et al., 2013),which is considered a hazard for both human and
animal health. Consequently, the European Commission has decided to
phase out the use ofmedicinal ZnO before June 1, 2022 (EuropeanMed-
icines Agency, 2016). This increases the risk of PWD and the use of an-
tibiotics, as well as a higher risk of decreasing growth performance.
al Consortium. This is an open access article under the CC BY-NC-ND license
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Table 1
Experimental design of the six dietary treatments for weaned pigs and the protein and ly-
sine levels in a three-phase feeding plan.

Group1 PC NC LSS LLH VHH VMH

Medicinal zinc oxide + − − − − −
Phase 1, 6–9 kg
CP (%) 19.1 19.1 16.6 16.6 14 14
SID6 CP (g/kg) 167 167 144 144 121 121
SID Lysine (g/kg) 12.22 12.22 11.53 11.53 11.54 11.54

Phase 2, 9–15 kg
CP (%) 18.4 18.4 18.4 16.2 19.3 17.4
SID CP (g/kg) 160 160 160 140 169 152
SID Lysine (g/kg) 11.82 11.82 11.82 11.13 12.32 12.35

Phase 3, 15–30 kg
CP (%) 18.4 18.4 18.4 19.2 19.2 19.2
SID CP (g/kg) 160 160 160 167 167 167
SID Lysine (g/kg) 11.82 11.82 11.82 12.32 12.32 12.32

1 PC = positive control group with medicinal zinc oxide; NC = negative control group
withoutmedicinal zinc oxide; LSS= low-standard-standard protein levels in the three di-
etary phases; LLH= low-low-high protein levels in the three dietary phases; VHH= very
low-high-high protein levels in the three dietary phases; VMH= very low-medium-high
protein levels in the three dietary phases.

2 Remaining amino acids according to standard (Tybirk et al., 2018).
3 Remaining added amino acids (threonine, methionine, tryptophan, and valine) ac-

cording to standards and all other amino acids according to the “protective profile” (Tybirk
et al., 2018).

4 Remaining added amino acids (threonine, methionine, tryptophan, and valine) ac-
cording to standard levels and the remaining amino acids below standard (Tybirk et al.,
2018).

5 Remaining amino acids according to the “protective profile” (Tybirk et al., 2018).
6 SID = standardized ileal digestible.
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A high CP level results in high microbial fermentation of undigested
proteins, which may lead to proliferation of pathogenic bacteria in the
gastrointestinal tract (Nyachoti et al., 2006; Bikker et al., 2007; Heo
et al., 2008), as well as create ammonia and toxic nitrogen compounds
that may harm the intestine (Piva et al., 1996; Pluske et al., 2002).
Therefore, feeding a lowprotein diet post-weaning has a reducing effect
on PWD (Wellock et al., 2006; Opapeju et al., 2009), as the amount of
undigested protein is reduced. However, a decreased level of dietary
CP may create a serious deficiency of non-essential amino acids (AA)
if they are not supplemented and thereby reducing growthperformance
of pigs (Callesen and Johansen, 2006; Opapeju et al., 2008). It is there-
fore necessary to find dietary solutions with minor reductions to the
growth performance.

Hence, we hypothesized that a low CP level post-weaning reduces
protein fermentation in the colon and thereby reduces diarrhea when
medicinal ZnO is excluded from the diet and that an increased CP level
in the following phase could reduce the negative impact of a low CP
diet on growth performance. Thus, the objective of the experiment
was to assess (1) whether four different low protein strategies with dif-
ferent AA profiles could reduce the incidence of diarrhea as an alterna-
tive to medicinal ZnO and (2) whether four protein strategies with
different AA profiles could improve pig performance compared to the
nonsupplemented control group.

Material and methods

Experimental design, housing and management

A feeding trial including six dietary treatmentswith different protein
strategies was designed to reduce diarrhea treatments post-weaning
and minimize loss of growth performance. A total of 6 863 weaned D
(LY) (Danbred, Denmark) pigs entered the Danish Pig Research Centres
experimental station. A batch of approximately 360 newly weaned pigs
entered the unit each week and were randomly allocated in an incom-
plete block design to one of the six dietary treatments balanced by
weight (small, medium and large) and sex. Each block included six
penswith a holding capacity of either 10 or 15 piglets. The negative con-
trol (NC) treatment was represented twice as many times as the re-
maining dietary treatments, and consequently, not all dietary
treatments were represented in each block. A total of 558 pens divided
on 94 blocks were included in the trial. The pigs were allocated into
pens, so that the pens in one block (six pens) had a maximum weight
difference of ±0.25 kg per pig. The trial period beganwhen the pigs en-
tered the weaner unit at ~28 days of age with a BW between 5.5 and
9 kg, and ended once the pigs attained a BW of ~30 kg.

The experimental unit contained eight sections with a holding ca-
pacity of 180 pigs, divided on either 18 pens (4m2) with up to 10 pigs
or 12 pens (5m2) with up to 15 pigs. Each pen had 2m2 solid floor,
and the remaining floor was slatted. The pens had a cover over about
40% of the total floor area. Each pen contained an individual Spotmix
feeding system (Schauer Agrotronic GmbH, Austria) using air-assisted
transport and water through a drinking nipple. The temperature at
day 1 was 24 °C and was gradually reduced until day 21 post-weaning
to 17.5 °C, which was kept constant until the end of the experiment.

Pigs were vaccinated against Lawsonia intracellularis with 2 ml
Enterisol® Ileitis (Boehringer Ingelheim Animal Health) and against
Porcine Circovirus type 2 with 0.5 ml Circovac® (Ceva Animal Health
A/S) at arrival.

Dietary treatments

The six dietary treatments included two control groups and four pro-
tein strategies, divided into a three-phase feeding plan (Table 1). The
treatmentswere; standard CP levels (191, 184, 184 g/kgCP)with a stan-
dard AA profile in all phases (Tybirk et al., 2018) and allocated 2 500
ppm ZnO in phase 1 (PC = positive control); standard CP levels (191,
2

184, 184 g/kg CP) with a standard AA profile in all phases (Tybirk
et al., 2018) and no added ZnO in phase 1 (NC = negative control);
low CP levels of 166, 184, 184 g/kg (LSS = low-standard-standard)
with added AA (Lys, Thr, Met, Trp, and Val) according to standards
and all other AA according to the protective profile in phase 1, and ac-
cording to a standard AA profile in phases 2 and 3 (Tybirk et al.,
2018); CP levels of 166, 162, 192 g/kg (LLH = low-low-high) with
added AA (Lys, Thr, Met, Trp, and Val) according to standards and all
other AA according to the protective profile in phases 1 and 2, and ac-
cording to a standard AA profile in phase 3 (Tybirk et al., 2018); CP
levels of 140, 193, 192 g/kg (VHH = very low-high-high) with added
AA (Lys, Thr, Met, Trp, and Val) according to standards and all other
AA below standard in phase 1, and according to standard AA profile in
phases 2 and 3 (Tybirk et al., 2018); and lastly, CP levels of 140, 174,
192 g/kg (VMH = very low-medium-high) with added AA (Lys, Thr,
Met, Trp, and Val) according to standards and all other AA below stan-
dard in phase 1, all AA (-Lys) according to the protective profile in
phase 2 and with a standard AA profile in phase 3 (Tybirk et al.,
2018). The levels were set according to Danish standards, so that a
“low” level was below standard and a “high” level was above standard
(Tybirk et al., 2018). All diets were formulated to meet the Danish re-
quirements for amino acids (Tybirk et al., 2018), and Lys, Met, Thr,
Trp, and Val were included in synthetic form (Table 1). The analyzed
AA profiles for the three feeding phases can be viewed in Supplemen-
tary Material Tables S1–S3.
Feeding and feeding system

The diets were based on wheat, barley, and soybean meal (Danish
Agro, Sjølund Denmark), and the pigs had ad libitum access to dry
pelleted feed. The pigs received their dietary treatments in a three-
phase feeding plan: phase 1 (days 1 to 11), phase 2 (day 11 to BW 15
kg), and phase 3 (BW 15 to 30 kg). The feed changes occurred gradually
over a three-day period, starting at the end of each phase. The shift be-
tween phase one and two was set at 11 days post-weaning to prevent
provision of medicinal ZnO later than 14 days post-weaning. The pens



J.C. Lynegaard, N.J. Kjeldsen, J.K. Bache et al. Animal 15 (2021) 100075
were test weighed continuously, to get the feed change from phase 2 to
3 at 15 kg (±1.5 kg). Dietary ingredients and composition of the diets
are summarized in Supplementary Tables S4–S6. Additionally, colored
micro grits (0.05%) were added to the diets to check whether the right
feed was delivered from the right silos.

Feed manufacturing and analysis

The diets weremanufactured four times throughout the experimen-
tal period (Danish Agro, Sjølund, Denmark). At each manufacturing,
three feed samples were extracted from each diet after the TOS princi-
ples (Klausen and Pedersen, 2005). Samples from each batch of
manufactured feed were analyzed at a commercial feed testing labora-
tory (Eurofins Laboratory A/S, Vejen, Denmark) for AA (Lys, Met, Thr),
zinc, copper, and phosphorous according to European directives
(European Commission, 1998 and 2009).

Recordings and sampling

The primary parameter was treatment for diarrhea where all indi-
vidual and pen treatments were recorded. Diarrhea treatments were
performed by the staff, by recognizing the following signs for diarrhea
disease; perineal fecal staining, sunken eyes, hollow lumbar region,
and unthrifty. The first two clinically sick animals in a penwere individ-
ually treated by injection according to the veterinarian's instructions
(Linco-Spectin®, Orion Pharma Animal Health) and were recorded as
individual treatments.Whenmore than two pigs in a pen required diar-
rhea treatment, the entire pen were treated with AB mixed with wheat
bran, which was then mixed directly into the feed in the feeder.
Clamoxyl® Vet. (Orion Pharma Animal Health) was used for diarrhea
in the period from day 0 to 14 and thereafter Linco-Spectin® (Orion
Pharma Animal Health) was used, and the treatments were recorded
as a pen treatment. Pigs were individually treated for three days,
while entire pen treatments were carried out for five days according
to the veterinarian's instructions. If further treatments were required
later, they would be recorded as separate treatments.

Performance was recorded at a pen level. The primary performance
measures were average daily gain (ADG), average daily feed intake
(ADFI), and feed conversion ratio (FCR). The pen BWwas recorded be-
fore a feed change, and the pens were weighed on a scale (Bjerringbro
vægte APS, Bjerringbro, Denmark) at entry to the experimental unit at
day 11 and at approximately 15 and 30 kg. Pens were therefore not
weighed on the same day at 15 and 30 kg, but when the pen reached
the desired BW, and then the actual day was registered. Feed consump-
tion per pen was recorded daily for each dietary treatment. Pigs were
removed from the pen if they were deemed unfit to continue the trial
and BW was recorded.

Fecal pen floor samples were collected before a diarrhea pen treat-
ment was initiated, regardless of when during the trial. Pooled fecal
sampleswere collected by swiping a gloved handover the slatted floors,
and the collected feceswere stored in sealed plastic containers. The fecal
samples were stored in a −20 °C freezer until analysis for detection of
pathogens (L. intracellularis, B. pilosicoli, E. coli F4 and F18) at Kjellerup
Laboratory (Ståhl et al., 2011). Only fecal samples from 50 random
batches were analyzed due to economical limitations. A fecal sample
was deemed positive for pathogens when the bacterial counts were
above 35000 per gram feces (Pedersen et al., 2014).

Calculations and statistical analysis

Data were analyzed using the statistical software SAS (SAS Inst. Inc.
Vary, NC) with pen as the experimental unit. Statistical significance was
accepted at P < 0.05, and a P-value between 0.05 and 0.10 was consid-
ered a tendency.

Diarrhea treatments were recorded both on individual and pen
levels. Collectedly, they were calculated and analyzed as treatment
3

days per pig. Additionally, diarrhea pen treatments were analyzed sep-
arately. Diarrhea pen treatments and fecal pen samples were analyzed
using a logistic regressionmodelwith dietary treatment as afixed effect,
BWat entry as a covariate and batch as a randomeffect. In thesemodels,
effect of dietary treatment was tested against the NC group and no fur-
ther pairwise comparisons were performed.

Performance parameters (ADG, ADFI, and FCR) were analyzed using
a linear mixed model with dietary treatment as a fixed effect, BW at
entry as a covariate, and batch as a random effect. In these models, all
dietary treatments were compared, and 15 pairwise comparisons
were performed with a Tukey correction.

An additional analysis was performed according to entry BW of the
pigs (small, medium, and large). Diarrhea treatments were analyzed
using a logistic regression model with entry BW and dietary treatment
as fixed effects and batch as a random effect. Performance parameters
were analyzed using a linear mixedmodel with BW at entry as a covar-
iate, dietary treatment as fixed effects, and batch as a random effect.
Results

Feed analysis

The results of the feed analysis for all six dietary treatments during
all three feeding phases can be seen in Supplementary Tables S7–S9.
The results are presented as the expected and the analyzed nutritional
contents of protein, Lys, Thr, Met, calcium, phosphorous, zinc, and cop-
per. In general, the analysis of the different diets met the expected
values. The deviation for AA was about 0–5%, which is acceptable.
Diarrhea treatments

The number of individual pigs receiving AB treatments and the accu-
mulated percentage of diarrhea treated pens throughout the trial period
are shown in Figs. 1 and 2, respectively. The number of diarrhea treat-
ments had a small peak around day 10 post-weaning in NC pigs. All di-
etary treatments had one or two peaks of diarrhea treatment from day
15 to 25, resulting in an increase in oral pen treatments. Thereafter,
the number of pigs treated for diarrhea decreased toward the end of
the trial around day 50.

The effect of dietary treatment on diarrhea treatments during the
weaner period is summarized in Table 2. The PC pigs had ~42% fewer di-
arrhea pen treatments during the overall trial period (6 to 30 kg) com-
pared to NC pigs without medicinal ZnO (P < 0.05), whereas LLH pigs
had a tendency of ~26% fewer diarrhea pen treatments in the overall
trial period compared to NC pigs (P < 0.10). The PC, LLH, and VMH
pigs all had fewer diarrhea pen treatments during phase 2 compared
to NC pigs (% diarrhea pen treatments: PC = 24.3%, LLH = 24%, VMH
= 20.8% as compared to NC = 41.2%; P < 0.05). The PC pigs had
fewer diarrhea pen treatments in phase 3 (% diarrhea pen treatments:
PC = 6.3% compared to NC = 15.6%; P < 0.05).

The number of treatment days per pig decreased in PC and LLH pigs
compared to the NC pigs during the overall trial period (treatment days
per pig: PC = 2.0, LLH = 3.1 compared to NC = 4.2; P < 0.05). There
were no differences (P > 0.05) in mortality or excluded pigs across the
dietary treatments (Table 2).
Results of pooled pen floor samples

The quantitative PCR analysis of the pooled fecal samples and their
bacteria profile is presented in Table 3. There was a significance differ-
ence in the number of positive samples for E. coli F18 between PC and
NC pens (P=0.023). Themost common pathogen detected, when diar-
rhea pen treatment was initiated, was E. coli F4 and F18.



Fig. 1. Number of diarrhea treatments per pig1. 1PC= positive control groupwithmedicinal zinc oxide; NC= negative control group without medicinal zinc oxide; LSS= low-standard-
standard protein levels in the three dietary phases; LLH= low-low-high protein levels in the three dietary phases; VHH= very low-high-high protein levels in the three dietary phases;
VMH = very low-medium-high protein levels in the three dietary phases.
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Average daily gain, feed intake, and feed conversion ratio

The effect of the dietary treatment on growth performance of pigs
during the weaner period is summarized in Table 4. The PC and NC
pigs did not differ in ADG, ADFI, or FCR throughout the overall trial pe-
riod (P>0.05). The LSS pigs had a poorer FCR in phase 1 (P<0.05) com-
pared to the PC and NC pigs, but no difference were detected in ADG or
ADFI (P > 0.05) in any of the three phases compared to the control
groups. The LLH pigs had a reduced ADG compared to the NC pigs
throughout the trial (P<0.05),which could be attributed to an ADGdif-
ference in phases 1 and 2 (P < 0.05). The ADFI and FCR were poorer in
the LLH pigs compared to the NC pigs in phases 1 and 2 (P < 0.05),
whereas only ADFI was reduced in LLH pigs throughout the trial period
(P < 0.05). Average daily gain was reduced in VHH and VMH pigs
compared to NC pigs in all phases (P < 0.05), which may be attributed
to a reduced ADFI for both groups in all phases compared to the NC
pigs (P< 0.05). On the other hand, FCR was improved in the VHH com-
pared to NC in the overall trial period (P < 0.05), whereas VMH had a
poorer FCR than NC in phases 1 and 2 (P < 0.05).
Effect of entry weight

The effect of entry weight (small, medium, and large) on diarrhea
treatments and growth performance of pigs during the total trial period
are displayed in Table 5. The pens with small pigs had 25.4% fewer diar-
rhea pen treatments compared to the penswith large pigs in the overall
trial period (small = 31.8%, large= 42.6%; P< 0.05). The reduced entry
weight of the small pigs reduced the ADG compared to themedium and
4

large pigs (P < 0.05), which may be attributed to a lower ADFI in the
small pigs through the overall trial period (P < 0.05). However, there
was no difference in the FCR between the small pigs and the medium
and large pigs in the overall trial period (P > 0.05).

Discussion

Medicinal ZnO is known to have a reducing effect on PWD in pigs
(Højberg et al., 2005; Zhu et al., 2017), which is also seen in the lower
diarrhea treatment frequency in the PC pigs of the current experimental
study.

Previous studies have demonstrated that a diet low in protein post-
weaning can have a similar reducing effect on PWD as medicinal ZnO
(Bikker et al., 2007; Heo et al., 2008 and 2010b). In the current experi-
ment, both the PC and LLH pigs had significantly fewer treatment days
per pig than the NC pigs. This effect of a low protein diet results from
a decreased amount of microbial fermentation of undigested protein
in the colon, which thereby decreases diarrhea (Bikker et al., 2007;
Heo et al., 2008). This might explain the decreased treatment frequency
in LLH, as they had a lower protein allocation from 6 to 15 kg compared
to NC that received standard protein levels.

The current experiment resulted in 26% fewer diarrhea treatments
in the LLH pigs, receiving 166, 162, and 192 g/kg CP in the three dietary
phases compared to theNC pigs receiving 191, 184, and 184 g/kg CP, re-
spectively. A study by Heo et al. (2010b) found that a low protein diet
(192 g/kg CP) for twoweeks post-weaning had the same reducing effect
on PWD as 2 500 ppm ZnO compared to a high protein diet (251 g/kg
CP). The authors also demonstrated that the decrease in protein levels
did not have any effect on final BW (high protein = 9.2 kg vs low



Fig. 2. Cumulative percentage of pens treatedwith antibiotics for diarrhea inweaned pigs1. 1PC= positive control groupwithmedicinal zinc oxide; NC=negative control groupwithout
medicinal zinc oxide; LSS= low-standard-standard protein levels in the three dietary phases; LLH= low-low-high protein levels in the three dietary phases; VHH= very low-high-high
protein levels in the three dietary phases; VMH = very low-medium-high protein levels in the three dietary phases.
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protein= 9.2 kg; P> 0.05) of the ETEC challenged pigs. Contrary, in the
current trial, the reduced diarrhea in LLH resulted in an 8% reduced ADG
compared to the NC diet. Similarly, Nyachoti et al. (2006) tested the ef-
fect of different protein levels (23, 21, 19, and 17% CP) on growthperfor-
mance three weeks post-weaning and in agreement with our results,
they found a linear reduction in both ADFI and ADG in the groups
receiving 19 and 17% CP compared to the higher protein levels. As
the present trial-included control groups with 19% CP in phase
1 and 18.4% CP in phase 2, it is questionable whether the standard
Table 2
The effect of dietary treatment on diarrhea-related antibiotics treatments, dead and excluded

Group1 PC NC LSS

No. of pens 73 187 73
Orally treated pens (%)2

Phase 1, 6–9 kg 0.00 3.72 0.00
Phase 9–15 kg 24.32b 41.19a 35.65a

Phase 15–30 kg 6.26b 15.63a 20.17a

Overall period, 6–30 kg 28.2b 48.7aA 46.7a

Reduction from group NC (%) 42.1 – 4.1
Treatment days per pig3 2.0b 4.2aA 3.8a

Reduction from group NC (%) 52.4 – 9.5
Dead (%) 0.7 0.9 1.1
Dead and excluded (%) 3.8 4.7 4.2

1 PC= positive control group with medicinal zinc oxide; NC= negative control group with
phases; LLH = low-low-high protein levels in the three dietary phases; VHH = very low-high
levels in the three dietary phases.

2 Accumulated treatments = each pen only counts once.
3 Estimated from the number of pigs at entry, first and second weighing.
4 P-value is the overall effect of group; ns = not significant.
a,b Values within a row with different superscripts differ significantly at P < 0.05 in relation
A,B Values within a row with different superscripts have a tendency to differ at P < 0.10 in r

5

protein levels are already so low in Denmark that a further diarrhea
reduction without compromising growth performance might be
impossible.

In the present experiment, few diarrhea treatments occurred during
phase 1, even though diarrhea often occurs within two weeks of
weaning (Rhouma et al., 2017). Most diarrhea pen treatments occurred
during phase 2where the effect of a lowprotein diet once again resulted
in fewer treatments in LLH and VMH compared to NC. Similarly, a Dan-
ish trial with an 18% CP allocation four weeks after weaning had
pigs in the overall trial period.

LLH VHH VMH SEM P-value4

75 73 77

1.32 1.36 2.58 – ns
24.03b 31.50a 20.81b – 0.007
18.39a 22.86a 20.53a – 0.111
36.1B 45.2a 39.1a – 0.048
25.9 7.2 19.7
3.1b 3.7a 3.2B 0.43 0.002
26.2 11.9 23.8
0.8 1.0 0.6 – ns
5.1 3.9 3.0 – ns

out medicinal zinc oxide; LSS = low-standard-standard protein levels in the three dietary
-high protein levels in the three dietary phases; VMH = very low-medium-high protein

to group NC.
elation to group NC.



Table 3
Results for pathogens in pooled pig fecal pen floor samples immediately before a diarrhea
pen treatment.

Group1 PC NC LSS LLH VHH VMH SEM P-value

Total no. of pens 37 97 38 39 39 40
Fecal samples (n) 10 42 15 12 18 13
Positive for L. intracellularis2 0 0 1 2 0 0 0.01 ns
Positive for B. Pilosicoli2 0 0 0 0 0 0 0.00 ns
Positive for E. coli F42 6a 10a 2a 4a 5a 7a 0.16 0.069
Positive for E. coli F182 6a 5b 2ab 1ab 1ab 2ab 0.16 0.023

Positive for one or more
pathogens

8a 14a 4a 6a 5a 7a 0.14 0.056

Negative for all four pathogens 2 29 11 6 13 6
Pens with positive samples (%) 80 33 27 50 28 54 – –
Pens with negative samples
(%)

20 67 73 50 72 46 – –

a,bValueswithin a rowwith different superscripts differ significantly at P< 0.05; ns= not
significant.

1 PC= positive control group with medicinal zinc oxide; NC = negative control group
withoutmedicinal zinc oxide; LSS= low-standard-standard protein levels in the three di-
etary phases; LLH= low-low-high protein levels in the three dietary phases; VHH= very
low-high-high protein levels in the three dietary phases; VMH= very low-medium-high
protein levels in the three dietary phases.

2 A fecal sample was deemed positive for pathogen >35 000 bacteria per gram feces.

Table 5
Results for diarrhea treatments and performance in the overall period (6–30 kg) in rela-
tion to entry bodyweight for the pigs (smallest, medium, or largest).

Group Small pigs Medium pigs Large pigs SEM P-value

No. of pens 184 182 192
BW at entry 5.8 6.6 7.6
Orally treated pens (%)1 31.8a 47.0b 42.6b – 0.010
ADG2 (g/day) 495a 523b 521b 6.49 0.005
ADFI2 (g/day) 708a 749b 749b 0.008 0.001
FCR2 (kg/kg growth) 1.43 1.43 1.44 0.005 ns

a,bValueswithin a rowwith different superscripts differ significantly at P< 0.05; ns= not
significant.

1 Accumulated treatments = each pen only counts once.
2 ADG= average daily gain; ADFI = average daily feed intake; FCR = feed conversion

ratio.
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significantly fewer diarrhea treatments (0.5 treatments per pig) from 7
to 16 kg, compared to a group receiving 21% CP in the diet (1.6 treat-
ments per pig) (Sloth et al., 2017). Under the conditions of this trial, it
appears that low protein diets have to be fed in both phases 1 and 2 to
have a positive effect on diarrhea treatments.

Interestingly, the PC pigs receiving 2 500 ppm ZnO in phase 1 had
significantly fewer AB treatments in phase 2 compared to the NC pigs,
even after medicinal ZnO was removed from the diet. This suggests a
long-lasting carry-over effect of medicinal ZnO, even after withdrawal
from the diet. The same phenomenonwas observed in two previous tri-
als where 2 500 ppmmedicinal ZnO seemed to have a positive effect on
diarrhea frequency even after removal from the diet (Kjeldsen et al.,
2017; Kjeldsen and Krogsdahl Bache, 2018). It has previously been
shown that medicinal ZnO could have a positive effect on the intestinal
Table 4
The effect of dietary treatment on growth performance of pigs.

Group1 PC NC LSS LLH VHH VMH SEM P-value

Pens 73 187 73 75 73 77
No. of pigs at entry 904 2 300 899 919 893 948
BW at insertion,
day 0

6.7 6.7 6.7 6.7 6.7 6.7 0.08 ns

BW at ended trial 31.3 31.2 31.2 30.9 31.3 30.8 0.20 0.052
Phase 1, 6–9 kg
ADG1 (g/day) 184a 184a 177a 173a 148b 143b 5.92 <0.001
ADFI1 (g/day) 212abc 219ab 224a 222ab 208bc 206c 0.007 <0.001
FCR1 (kg/kg
growth)

1.19a 1.21a 1.28b 1.33b 1.42c 1.46c 0.02 <0.001

Phase 1 + 2, 6–15 kg
ADG (g/day) 328a 330a 328ab 301cd 312bc 291d 5.13 <0.001
ADFI (g/day) 434ab 441a 439ab 425bc 412c 407c 0.006 <0.001
FCR (kg/kg
growth)

1.32a 1.34a 1.34a 1.42b 1.33a 1.40b 0.008 <0.001

Overall period, 6–30 kg
ADG (g/day) 520a 519a 516ab 504b 517ab 504b 5.19 <0.001
ADFI (g/day) 740ab 752a 744ab 731bc 734bc 725c 0.007 <0.001
FCR (kg/kg
growth)

1.43a 1.44a 1.44a 1.45a 1.41b 1.43a 0.005 <0.001

a,bValueswithin a rowwith different superscripts differ significantly at P< 0.05; ns= not
significant.

1 PC= positive control group with medicinal zinc oxide; NC = negative control group
withoutmedicinal zinc oxide; LSS= low-standard-standard protein levels in the three di-
etary phases; LLH= low-low-high protein levels in the three dietary phases; VHH= very
low-high-high protein levels in the three dietary phases; VMH= very low-medium-high
protein levels in the three dietary phases; ADG=average daily gain; ADFI=average daily
feed intake; FCR = feed conversion ratio.
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microbiome or intestinal morphology (Yu et al., 2017) and thereby on
the overall intestinal health that lasts for severalweeks afterwithdrawal
from the diet.

Pathogenswere only detected in fecal samples fromabout 40% of the
diarrhea-treatedpens. In the PCpens, bacterial pathogensweredetected
in 80% of the fecal samples indicating that diarrhea in these pens was
mostly caused by infectious pathogens. On the other hand, at the point
of diarrhea treatments in the NC pens, only 33% had samples positive
for pathogens indicating that the remaining 67% of the pens suffered
from noninfectious diarrhea. Previous work by Heo et al. (2010a) with
medicinal ZnO looked at differences in PWDwith and without ETEC in-
fection. Their results also indicate that medicinal ZnO has a reducing ef-
fect on both infectious and noninfectious diarrhea outbreaks. It can
therefore be speculated that medicinal ZnO protects pigsmostly against
noninfectiousdiarrhea, as seen in our results. Butwhether this is due to a
microbial change or a direct effect on the intestinal bacterial composi-
tion remains unknown (Pluske et al., 2007; Gresse et al., 2017).

The LLH and VMHpigs had a significantly reduced ADG compared to
both PC and NC pigs, which may be explained by the lower protein
levels during phases 1 and 2 as well as a different AA profile. Previous
studies have reported a negative effect on growth performance when
feeding low protein diets with inadequate AA supply (Callesen and
Johansen, 2006; Nyachoti et al., 2006) and with the lower AA supply
in LLH and VMH pigs of the current study a difference in ADG was to
be expected. We intended that the negative effect on performance of
the low CP and AA level in the early phases could be compensated for
by increasing CP and AA in phase 3. However, the increased protein
level in LLH and VMH during phase 3 was not enough to compensate
for the decreased growth performance during the first two phases. We
therefore suspect that other AA may become limiting and therefore
compromises growth performance.

Surprisingly, therewas no difference in ADG between the PC and NC
pigs during the overall trial period, where recent studies from the same
experimental station have demonstrated a 60 g lower ADG in pigs re-
ceiving diets without 2 500 ppm medicinal ZnO compared to pigs re-
ceiving medicinal ZnO in phase 1 (Kjeldsen et al., 2017; Kjeldsen and
Krogsdahl Bache, 2018). Medicinal ZnOhas been used as an effective di-
etary tool to prevent PWD and thereby act as a growth promoter after
weaning (Højberg et al., 2005; Heo et al., 2013). The inconsistent results
of the current trial might be due to a rapid AB treatment to diarrheal
pigs, which then minimized the impact of intestinal diseases on the
growth performance.

Interestingly, when analyzing diarrhea treatments according to
entry BW (small, medium, and large), the results revealed that smaller
pigs at entry had significantly fewer diarrhea treatments during the
overall trial period compared to medium and large pigs. This was also
seen in a previous study where smaller pigs at entry had fewer diarrhea
treatments from 6 to 30 kg regardless of dietary treatment, compared to
medium and large pigs (Kjeldsen et al., 2017). Nevertheless, the effect of
entry BW demonstrated that medium sized and large pigs at weaning
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had significantly improved ADG and ADFI compared to smaller pigs at
weaning, which has also been demonstrated in a recent study
(Lynegaard et al., 2019). On the other hand, FCR was similar between
the three different BW groups indicating that smaller pigs were as effi-
cient as medium and large pigs.

Conclusion

Reduced dietary protein decreases diarrhea post-weaning but is still
not as rewarding as medicinal ZnO. The PC pigs supplemented with 2
500 ppmmedicinal ZnOhad 42% fewer diarrhea treated pens compared
to NC pigs without medicinal ZnO during the overall trial period from 6
to 30 kg. The LLH pigs had a significant reduction of 26% in the number
of treatment days per pig compared to NC pigs. However, a low protein
supply also resulted in a 16 g lower ADG in the LLH and VMH pigs.
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