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Abstract

Two experiments were conducted to evaluate dose-response and supplemental effects of whey permeate on growth
performance and intestinal health of nursery pigs. In experiment (exp.) 1, 1,080 pigs weaned at 6.24 kg body weight (BW)
were allotted to five treatments (eight pens/treatment) with increasing levels of whey permeate in three phases (from 10%
to 30%, 3% to 23%, and 0% to 9% for phase 1, 2, and 3, respectively) fed until 11 kg BW and then fed a common phase 4 diet
(0% whey permeate) until 25 kg BW in a 48-d feeding trial. Feed intake and BW were measured at the end of each phase. In
exp. 2, 1,200 nursery pigs at 7.50 kg BW were allotted to six treatments (10 pens/treatment) with increasing levels of whey
permeate from 0% to 18.75% fed until 11 kg BW. Feed intake and BW were measured during 11 d. Six pigs per treatment (1
per pens) were euthanized to collect the jejunum to evaluate tumor necrosis factor-alpha, interleukin-8 (IL-8), transforming
growth factor-beta 1, mucin 2, histomorphology, digestive enzyme activity, crypt cell proliferation rate, and jejunal mucosa-
associated microbiota. Data were analyzed using contrasts in the MIXED procedure and a broken-line analysis using

the NLIN procedure of SAS. In exp. 1, increasing whey permeate had a quadratic effect (P < 0.05) on feed efficiency (G:F;
maximum: 1.35 at 18.3%) in phase 1. Increasing whey permeate linearly increased (P < 0.05) average daily gain (ADG; 292
to 327 g/d) and G:F (0.96 to 1.04) of pigs in phase 2. In exp. 2, increasing whey permeate linearly increased (P < 0.05) ADG
(349 to 414 g/d) and G:F (0.78 to 0.85) and linearly increased (P < 0.05) crypt cell proliferation rate (27.8% to 37.0%). The
breakpoint from a broken-line analysis was obtained at 13.6% whey permeate for maximal G:F. Increasing whey permeate
tended to change IL-8 (quadratic, P = 0.052; maximum: 223 pg/mg at 10.9%), to decrease Firmicutes:Bacteroidetes (P = 0.073,
1.59 to 1.13), to increase (P = 0.089) Bifidobacteriaceae (0.73% to 1.11%), and to decrease Enterobacteriaceae (P = 0.091, 1.04%
to 0.52%) and Streptococcaceae (P = 0.094, 1.50% to 0.71%) in the jejunal mucosa. In conclusion, dietary inclusion of whey
permeate increased the growth of nursery pigs from 7 to 11 kg BW. Pigs grew most efficiently with 13.6% whey permeate.
Improvement in growth performance is partly attributed to stimulating intestinal immune response and enterocyte
proliferation with positive changes in jejunal mucosa-associated microbiota in nursery pigs.
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Abbreviations

ADFI average daily feed intake

ADG average daily gain

BW body weight

CD crypt depth

CP crude protein

DDGS distillers dried grains with soluble
DNA deoxyribonucleic acid

F:B Firmicutes to Bacteroidetes ratio
GF feed efficiency

IL-8 interleukin-8

ME metabolizable energy

MUC2 mucin-2 protein

rRNA ribosomal ribonucleic acid

SID standardized ileal digestible

STTD standardized total tract digestible
TGF-p1 transforming growth factor beta-1
TNF-a tumor necrosis factor-alpha

VH villus height
VH:CD villus height to crypt depth ratio

Introduction

Proper nutritional management for newly weaned pigs is vital
for successful swine production (Kim, 2017). In particular,
animal proteins and milk coproducts have been used in nursery
diets to improve the growth performance and health of young
pigs (Tokach et al., 1989; Mahan, 1993; Kim et al., 2006). Milk
coproducts have been widely used as sources of lactose and milk
proteins in nursery diets globally. Previous studies have shown
that the nursery feeds with milk coproducts were beneficial for
the growth of nursery pigs (Mahan et al., 2004; Cromwell et al.,
2008; Naranjo et al., 2010). However, economic concerns could
limit the use of milk coproducts in nursery feeds.

Whey permeate is a coproduct obtained after removing whey
proteins and other solids through physical filtration of liquid
whey (Menchik et al., 2019). Whey permeate, therefore, contains
a higher proportion of lactose than other milk coproducts (NRC,
2012). Previous studies also showed that various types of milk
oligosaccharides are present in whey permeate (Barile et al,,
2009; Dallas et al., 2014), which possess functional properties
maintaining the intestinal health of neonates (Tran et al., 2012;
Pacheco et al., 2015; Li et al., 2019).

Lactose is more digestible and palatable than starch from
cereal grains for newly weaned pigs (Mahan, 1992). Newborn
piglets rely on milk from sows during lactation, and thus their
digestive tracts are adapted to lactose digestion upon weaning.
The primary function of lactose is to produce energy as a carbon
source through cellular respiration (Cromwell et al., 2008).
Previous studies showed that supplementation of lactose in
nursery feeds positively improved the growth performance of
nursery pigs, but the growth responses to lactose were gradually
disappeared with maturity of pigs (Mahan et al., 2004; Cromwell
et al., 2008; Gahan et al., 2009).

Milk oligosaccharides have been well documented for the
beneficial prebiotic effects (Bering, 2018; Ramani et al., 2018)
preventing intestinal dysfunction and aiding in the development
of the brain of infants (Bode, 2012; Moukarzel and Bode, 2017).
One possible mechanism of milk oligosaccharides for these
effects could be their binding to pathogenic bacteria in the small
intestine (Morrow et al., 2005) inhibiting possible attachment of
pathogenic bacteria and their toxins to enterocytes (El-Hawiet

et al., 2015; Nguyen et al., 2016). Another possible mode of action
could be an increase of Bifidobacterium and Lactobacilli in the
small intestine producing short-chain fatty acids (Garrido et al.,
2013; Yu et al., 2013) as energy sources for enterocytes and to
reduce the lumen pH (Fukuda et al., 2011; Kim, 2018).

Based on previous findings, it is hypothesized that whey
permeate as a source of lactose and milk oligosaccharides may
enhance the growth performance of nursery pigs by improving
intestinal health, and this enhancement would be related to
dose-response of whey permeate. To test the hypothesis, the
objective of this study was to evaluate dose-response and
supplemental effects of whey permeate on the intestinal health
and growth performance of nursery pigs.

Materials and Methods

The procedure of this study was reviewed and approved by
North Carolina State University Animal Care and Use Committee
(Raleigh, NC). Two experiments were conducted at commercial
pig facilities. Whey permeate was obtained from Agri-Mark, Inc.
(Middlebury, Vermont, USA).

Experimental design, animals, and diets

In experiment (exp.) 1, 1,080 pigs (6.2 + 0.3 kg body weight [BW])
were weaned at 21 d of age and allotted to five dietary treatments
in a randomized complete block design using the location of
pens in the barn as a blocking criterion. There were eight pens
per treatment with 27 pigs per pen. Experimental diets (Table 1)
were mixed at Pipestone Grow Finish (Pipestone, MN, USA).
Whey permeate was supplemented by adjusted ratios with
corn, choice white grease, and crystalline amino acids to meet
the nutrient requirements suggested by NRC (2012). Feeding
programs with varied whey permeate supplementations were
A =10%, 3%, 0%; B = 15%, 8%, 1%; C = 20%, 13%, 4%; D = 25%, 18%,
6%; and E = 30%, 23%, 9% whey permeate for phase 1 (day 0 to
7), 2 (day 7 to 14), 3 (day 14 to 20), respectively, and a common
diet (0%) for phase 4 (day 20 to 48). Phase 1 and 2 diets were
formulated in a pellet form and phase 3 and 4 diets were in a
mash form. Feed disappearance and BW were measured at the
end of each phase (phase 1 at day 7, phase 2 at day 14, phase
3 at day 20, and phase 4 at day 48) after weaning to calculate
average daily gain (ADG), average daily feed intake (ADFI), and
feed efficiency (G:F). Mortality and morbidity were monitored
and recorded daily. Morbidity was evaluated as “the number of
pigs under unnormal conditions such as disability, poor health,
or death indicated by weight loss during the overall period”
divided by “the number of pigs initially assigned to each pens”
as previously described by Guo et al. (2015). Pigs were provided
with feed and water ad libitum.

In exp. 2, 1,200 newly weaned pigs at 21 d of age fed a
common diet with 20.9% crude protein (CP) and 13.1% lactose
until 7.5 kg BW. Pigs at 7.5 + 1.4 kg BW were, then, allotted to six
dietary treatments in a randomized complete block design using
the initial BW (heavy, medium, and light) as a blocking criterion.
Dietary treatments were increasing levels of whey permeate
(0%, 3.75%, 7.50%, 11.25%, 15.00%, and 18.75%) mainly replacing
corn with minor adjustment with poultry fat, and supplemental
amino acids to maintain the same essential nutrients meeting
the nutrient requirements suggested by NRC (2012). There were
10 pens per treatment with 20 pigs per pen. Experimental diets
(Table 2) were formulated at the North Carolina State University
Feed Education Unit (Raleigh, NC, USA). Experimental diets
were fed for 11 d. All diets were formulated in pellet form. Feed



Table 1. Composition of experimental diets for exp. 1*
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Whey permeate, %

Phase 12 Phase 22 Phase 3?

Item 10.00 30.00 2.50 22.50 0.00 8.75

Ingredient, %
Corn, yellow 29.58 10.50 43.20 22.00 49.97 40.70
Soybean meal, 48% CP 15.00 15.00 21.00 21.00 29.00 29.00
Whey permeate 10.00 30.00 2.50 22.50 — 8.75
Corn DDGS? 5.00 5.00 7.50 7.50 10.00 10.00
Specialty protein* 7.50 7.50 5.95 8.42 2.44 3.52
Choice white grease 3.59 3.11 3.17 2.59 3.24 2.99
Blood plasma 3.00 3.00 — — — —
L-Lys HCl1 0.43 0.46 0.57 0.51 0.49 0.46
L-Trp 0.02 0.03 0.04 0.04 0.03 0.03
DL-Met 0.23 0.29 0.25 0.28 0.18 0.19
L-Thr 0.18 0.21 0.23 0.23 0.17 0.17
L-Ile 0.07 0.10 0.07 0.07 0.03 0.03
L-Val — 0.03 0.06 0.06 0.02 0.02
Others® 25.40 24.77 15.46 14.80 4.43 4.14

Calculated composition
ME, kcal/kg 3,375 3,375 3,285 3,285 3,233 3,233
Standardized ileal digestible Lys, % 1.40 1.40 1.40 1.40 1.35 1.35
Lactose, % 8.00 24.00 2.00 18.00 0.00 7.00
Milk oligosaccharides®, % 0.013 0.039 0.003 0.029 0.000 0.011

Detailed nutrient composition was proprietary information of Pipestone (MN, USA). Only the composition of feeds relevant to the study is
provided in this table. All feeds provided nutrients meeting the requirements suggested by NRC (2012).
’Phase 1 was from day O to 7, phase 2 was from day 7 to 14, and phase 3 was from day 14 to 20 of postweaning.

*Distillers dried grains with solubles.

“The source of specialty protein was proprietary information of Pipestone.
*Others include oats, salt, Ca, P, Zn, vitamins, and trace minerals. Oats were fixed across treatments by phase, and the mineral and vitamin

sources are used to balance the nutrient composition of the diets.
®Data based on Mehra et al. (2014) and Altmann et al. (2015).

disappearance and BW were measured at the beginning and end
of experiment to calculate ADG, ADFI, and G:F. Fecal scores of
each pen were recorded based on a 1 to 5 scale (1: watery and
5: firm) by visual observation of fresh feces from day 2 at 2-d
intervals. Pigs were provided with feed and water ad libitum.

In both exps., whey permeate was supplemented by
altering ratios among corn, crystalline amino acids, dicalcium
phosphate, and poultry fat in each diet to meet the nutrient
requirements suggested by NRC (2012). The experimental diets
were sampled and sent to the North Carolina Department of
Agriculture (Raleigh, NC, USA) to analyze dry matter (DM)
and CP in the diets. Whey permeate and experimental diets
were also sent to the University of Missouri Agriculture
Experiment Station Chemical Laboratory (AESCL) to analyze
the lactose content. Whey permeate was also sent to the
University of Georgia Complex Carbohydrate Research Center
(CCRC) to analyze the milk oligosaccharides content by
high-performance anion-exchange chromatography-pulsed
amperometric detection.

Sample collection

At the end of feeding in exp. 2, 36 pigs representing the median
BW of each pen (36 pens total, 6 pens per treatment) were
selected and euthanized by the penetration of a captive bolt
followed by exsanguination. After euthanasia, jejunal mucosa
and jejunal tissues were collected. Jejunal tissues (15 cm) were
obtained and flushed with saline solution to remove digesta.
The first 10 cm was used to collect jejunal mucosa by scraping
of the mucosal layer in the jejunum using a glass microscope
slide, and the remaining 5 cm was stored in 10% formalin buffer

for histological evaluation. Jejunal mucosa samples were used to
measure tumor necrosis factor-alpha (TNF-a) and interleukin-8
(IL-8), transforming growth factor beta-1 (TGF-p1), and mucin-2
protein (MUC2) as indicators of immune response.

Histology and immunohistochemistry

Jejunal tissue was fixed in 10% formalin buffer for 3 wk, then
rinsed three times with deionized water, stored in 70% ethanol
buffer, and sent to Histology Laboratory of North Carolina
State University (Raleigh, NC, USA) for hematoxylin and eosin
staining as well as immunohistochemical staining with the
Ki67+ antibody. A total of 15 villi and crypts in each slide were
selected to measure villus height (VH), crypt depth (CD), and
percent of Ki67* enterocyte using the microscope (Olympus
CX31 microscope, Tokyo, Japan). The ratio of VH to CD (VH:CD)
was then calculated.

Immune status

Jejunal mucosa was grounded using a homogenizer (Tissuemiser,
Thermo Fisher Scientific Inc., Rockford, IL, USA) on ice in 2 mL
phosphate-buffered saline for 30 s. Sample preparation for
analysis was followed as previously described by Chen et al.
(2017). Homogenized samples were centrifuged at 14,000 x g for
30 min, and the supernatant was collected. Protein contents in
the supernatants were measured using Pierce BCA Protein Assay
Kit (23225#, Thermo Fisher Scientific Inc. Rockford, IL, USA) to
determine the concentrations of TNF-a, IL-8, TGF-$1, and MUC2
per milligram of protein in the jejunal mucosa.The concentration
of TNF-a and IL-8 in jejunal mucosa was measured by ELISA
(R&D Systems, Minneapolis, MN) following Jang and Kim (2019)
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Table 2. Composition of experimental diets for exp. 2

Whey permeate, %

Item 0 3.75 7.50 11.25 15.00 18.75
Ingredient, %
Corn, yellow 60.59 56.89 53.14 49.39 45.63 41.84
Soybean meal, 48% CP 23.00 23.00 23.00 23.00 23.00 23.00
Whey permeate — 3.75 7.50 11.25 15.00 18.75
Blood plasma 3.80 3.80 3.80 3.80 3.80 3.80
Poultry meal 7.00 7.00 7.00 7.00 7.00 7.00
Fish meal 2.00 2.00 2.00 2.00 2.00 2.00
Poultry fat 1.20 1.30 1.40 1.50 1.60 1.70
Dicalcium phosphate 0.60 0.43 0.31 0.19 0.08 0.00
Limestone 0.80 0.80 0.80 0.80 0.80 0.80
L-Lys HCl1 0.24 0.25 0.25 0.26 0.27 0.27
DL-Met 0.09 0.10 0.11 0.12 0.13 0.14
L-Thr 0.03 0.03 0.04 0.04 0.04 0.05
Salt 0.22 0.22 0.22 0.22 0.22 0.22
Vitamin permix! 0.03 0.03 0.03 0.03 0.03 0.03
Trace mineral permix? 0.15 0.15 0.15 0.15 0.15 0.15
Zinc oxide 0.25 0.25 0.25 0.25 0.25 0.25
Calculated composition
DM, % 89.95 90.04 90.18 90.32 90.47 90.62
ME, kcal/kg 3,411 3,413 3,413 3,413 3,414 3,413
Lactose, % 0.00 3.00 6.00 9.00 12.00 15.00
Milk oligosaccharides?, % 0.000 0.005 0.010 0.015 0.020 0.024
SID* Lys, % 1.35 1.35 1.35 1.35 1.35 1.35
SID Cys + Met, % 0.74 0.74 0.74 0.74 0.74 0.74
SID Trp, % 0.25 0.25 0.25 0.25 0.25 0.25
SID Thr, % 0.79 0.79 0.79 0.79 0.79 0.79
Ca, % 0.80 0.80 0.80 0.80 0.80 0.81
STTD P5, % 0.40 0.40 0.40 0.40 0.40 0.40
Analyzed composition
DM, % 90.68 91.22 91.87 91.89 92.25 93.27
CP, % 23.61 24.02 24.15 24.15 23.88 23.15
Lactose, %° 0.14 2.10 4.68 7.92 9.94 12.84

!The vitamin premix provided per kilogram of complete diet: 6,614 IU of vitamin A as vitamin A acetate, 992 IU of vitamin D3, 19.8 IU of
vitamin E, 2.64 mg of vitamin K as menadione sodium bisulfate, 0.03 mg of vitamin B12, 4.63 mg of riboflavin, 18.52 mg of D-pantothenic acid

as calcium pantothenate, 24.96 mg of niacin, and 0.07 mg of biotin.

*The trace mineral premix provided per kilogram of complete diet: 33 mg of Mn as manganous oxide, 110 mg of Fe as ferrous sulfate, 110 mg
of Zn as zinc sulfate, 16.5 mg of Cu as copper sulfate, 0.30 mg of I as ethylenediamine dihydroiodide, and 0.30 mg of Se as sodium selenite.

*Data based on Mehra et al. (2014) and Altmann et al. (2015).
“Standardized ileal digestible.
*Standardized total tract digestible phosphorus.

Lactose contents were analyzed by the University of Missouri AESCL Analytical Services (Columbia, MO).

and Holanda and Kim (2020). The concentration of TGF-1 and
MUC2 in jejunal mucosa was measured by ELISA (MyBioSource,
San Diego, CA) according to Jang et al. (2020).

Digestive enzyme activities

Activities of sucrase, maltase, and lactase in the jejunal tissues
were determined by a colorimetric method using assay kits
(MyBioSource Inc., San Diego, CA). One enzyme unit of sucrase
was defined as the 1 ug of sucrase hydrolyzing activity per 1 mg
tissue protein per minute. One enzyme unit of maltase was
defined as the amount of maltase activity per milligram of tissue
protein producing 5.55 mmol/L of glucose which reacted with
the substrate at 37 °C for 20 min. One enzyme unit of lactase
activity was defined as 1 nmol of lactase hydrolyzing activity per
1 mg of protein producing 5.55 mmol/L of glucose which reacted
with the substrate at 37 °C for 15 min.

Microbiome sequencing

The deoxyribonucleic acid (DNA) was extracted from 250 mg
of jejunal mucosa samples using a commercial DNA extraction
kit (DNA Stool MiniKit, QIAGEN, Germany). Extracted DNA
samples were sent to Mako Medical Laboratories (Raleigh, NC,
USA) and prepared for template preparation on the Ion Chef
instrument, and sequencing was performed on the Ion S5
system. Variable regions V2, V3, V4, V6, V7, V8, and V9 of the
16S ribosomal ribonucleic acid (rRNA) gene were amplified
with the Ion 16S Metagenomics Kit (Thermo Fisher Scientific,
Waltham, MA). Libraries were prepared from the amplified
target regions with the Ion Xpress Plus Fragment Library Kit
(Thermo Fisher Scientific, Waltham, MA). The IonCode Barcode
Adapters 1-384 Kit (Thermo Fisher Scientific, Waltham, MA) was
used for barcoding and multiplexing of the prepared libraries.
The libraries were quantified with the Ion Universal Library



Quantitation Kit (Thermo Fisher Scientific, Waltham, MA),
and samples were diluted to equal concentration and pooled
into multiplexed libraries for template preparation. Template
preparation and chip loading were performed using the Ion Chef
instrument, and sequencing was performed on the Ion S5 system
with the Ion 520 & Ion 530 Kit-Chef (Thermo Fisher Scientific,
Waltham, MA) and the Ion 530 Chip Kit-4 Reactions (Thermo
Fisher Scientific, Waltham, MA). The 16s rRNA sequences
were processed using the Torrent Suite Software (version
5.2.2) to produce unaligned bam files for further analysis. For
data analysis, GreenGenes and MiSeq databases were used to
identify a taxonomic identification. Alpha-diversity and relative
abundance of bacteria were analyzed by the Ion Reporter
Software Suite (version 5.2) of bioinformatics analysis tools. All
samples had a depth of sequencing coverage > 1,000x. Sample
preparation and analysis settings were performed according
to the manufacturer’s recommended protocols and analysis
settings.

Statistical analysis

Data from both experiments were analyzed using the MIXED
procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC). The effect of whey
permeate supplementation was analyzed using the polynomial
contrast statements with coefficients for unequally spaced
treatments of both experiments by the Proc IML procedure of
SAS 9.4.In exp.2, the growth data were analyzed using the NLIN
procedure of SAS, followed by previous studies (Robbins et al.,
2006; Shen et al.,, 2012) for a broken-line analysis to determine
an optimal whey permeate level and daily whey permeate
intake for G:F. The G:F was plotted based on whey permeate
supplementation and average daily lactose intake of pigs in
each pen. Fecal score was analyzed with Kruskal-Wallis test
using the NPAR1IWAY procedure of SAS. Statistical significance
and tendency were considered at P < 0.05 and 0.05 < P < 0.10,
respectively.

Results

Whey Permeate

Whey permeate used in this study contained 76.3% lactose and
0.4% milk oligosaccharides.

Exp. 1

The initial BW of pigs at the beginning of exp. 1 was 6.2 +
0.3 kg, and there was no difference among treatments (Table 3).
Increasing whey permeate supplementation had quadratic
effect (P < 0.05) on ADFI (minimum: 71 g/d at 20.0% whey
permeate) and G:F (maximum: 1.35 at 18.3% whey permeate)
during phase 1. Increasing whey permeate supplementation
tended to linearly increase (P = 0.092) the BW (8.9 to 9.2 kg),
whereas linearly increased (P < 0.05) ADG (292 to 327 g/d) and G:F
(0.96 to 1.04) of pigs during phase 2. Increasing whey permeate
supplementation tended to linearly decrease (P = 0.052) G:F
(0.78 to 0.74) of pigs during phase 3. Increasing whey permeate
supplementation linearly increased (P < 0.05) ADG (238 to
256 g/d) and G:F (0.87 to 0.90) of pigs during the entire period
(phase 1 to 3).

Exp. 2

The initial BW of pigs at the beginning of exp. 2 was 7.5 =
1.4 kg, and there was no difference among treatments (Table 4).
Increasing whey permeate supplementation from 0% to 18.75%
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linearly increased (P < 0.05) BW of pigs. Increasing whey
permeate supplementation from 0% to 18.75% linearly increased
(P <0.05) ADG (349 to 414 g/d) during pig BW 7 to 11 kg. Increasing
whey permeate supplementation from 0% to 18.75% tended to
linearly increase (P = 0.062) ADFI of pigs during pig BW 7 to 11 kg.
Increasing whey permeate supplementation from 0% to 18.75%
linearly increased (P < 0.05) G:F of pigs during pig BW 7 to 11 kg.
Increasing whey permeate supplementation from 0% to 18.75%
did not affect fecal scores during pig BW 7 to 11 kg. Collected
fecal scores averaged 3.5 based on a 1 to 5 scale indicating a
normal soft to dry condition. According to broken-line analysis,
G:F was affected by increasing whey permeate levels in the diets
(Figure 1). A broken-line analysis (P = 0.022) showed that G:F was
increased until whey permeate supplementation was increased
from 0 to 13.60%. The G:F was also affected by lactose intake
(Figure 2). A broken-line analysis (P = 0.027) showed that G:F was
increased until daily whey permeate intake was increased from
0t060.2 g/d.

There was no difference in the VH and the VH:CD of the
jejunum by whey permeate supplementation (Table 5). Increasing
whey permeate supplementation from 0% to 18.75% was tended
to linearly decrease (P = 0.082) crypt depth (268 to 251 pm) in
the jejunum. Increasing whey permeate supplementation from
0% to 18.75% linearly increased (P < 0.05) crypt cell proliferation
(27.8% to 37.0%) in the jejunum. Increasing whey permeate
supplementation did not affect TNF-a, TGF-f1, and MUC2 in the
jejunal mucosa. Increasing whey permeate supplementation
from 0% to 18.75% tended to have quadratic effect (P = 0.052)
on IL-8 (maximum: 223 pg/mg of protein at 10.89% whey
permeate) in jejunal mucosa. Whey permeate supplementation
increased (P < 0.05) IL-8 in the jejunal mucosa when compared
with no addition of whey permeate. Increasing whey permeate
supplementation from 0% to 18.75% did not affect sucrase
activity in the jejunum, but increasing whey permeate
supplementation from 0% to 18.75% linearly decreased (P < 0.05)
lactase activity (15.84 to 6.60 U/mg of protein) in the jejunum.
Increasing whey permeate supplementation from 0% to 18.75%
decreased lactase activity (P < 0.05) and tended to decrease
maltase activity (P = 0.077) in the jejunum compared with pigs
fed diets with no added whey permeate.

Increasing whey permeate supplementation from 0% to
18.75% did not affect the alpha-diversity estimates of microbiota
in the jejunal mucosa (Table 6). Whey permeate supplementation
tended to decrease (P = 0.073) Firmicutes to Bacteroidetes ratio
(F:B) in the jejunal mucosa compared with no addition of whey
permeate. Increasing whey permeate supplementation from
0% to 18.75% tended to linearly increase Bifidobacteriaceae
(P = 0.089) and decrease Enterobacteriaceae (P = 0.091) and
Streptococcaceae (P = 0.094) in jejunal mucosa. Increasing whey
permeate supplementation from 0% to 18.75% have quadratic
effects on Lactobacillaceae (P < 0.05; maximum: 9.14% at 12.91%
whey permeate) and Rhodobacteraceae (P < 0.05; minimum:
2.54% at 8.85% whey permeate) and tended to have quadratic
effects on Corynebacteriaceae (P = 0.090; maximum: 0.87% at
10.48% whey permeate) in jejunal mucosa. Whey permeate
supplementation decreased (P < 0.05) Enterobacteriaceae in the
jejunum mucosa compared with no addition of whey permeate.

Discussion

Milk coproducts such as whey powder and whey permeate have
been essential feedstuffs in feeding nursery pigs (Mahan et al,,
2004; Cromwell et al., 2008). Lactose is the major component
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0% vs. others
0.958
0.150
0.035
0.161
0.084

P-value

Quad.
0.997
0.781
0.689
0.792
0.893
Kruskal-Wallis test?
0.635

Linear
0.928
0.019
0.001
0.062
0.006

SEM
0.7
1.0

29

32
0.03
0.14

18.75
7.5
12.1
414
484
0.85
3.53

15.00
7.5
11.9
399
468
0.85
3.26

11.25
7.5
11.9
401
465
0.87
3.63

Whey permeate?, %

7.50
7.5
11.3
346
452
0.77
3.51

3.75
7.5
11.6
369
461
0.81
3.48

7.5
11.3

0.78

3.47

349
442

Day 0 to 11

DayOto 11
Fecal score?

Day 0 to 11

Day 0 to 112
GF

Day 11
ADFI, g/d

Day 0
ADG, g/d

°Fecal score was analyzed with Kruskal-Wallis test by using the procedure of NPARIWAY in SAS 9.4 (SAS Inst. Inc., Cary, NC).

“Fecal score is measured from day 2 at 2-d intervals based on a 1 to 5 scale: 1 (watery diarrhea) to 5 (dried feces).

Table 4. Growth performance of nursery pigs fed diets with whey permeate in exp.2

Treatments were the supplemental levels of whey permeate in the diets.

Item
BW, kg
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Figure 1. Changes in G:F of pigs fed diets with whey permeate using a broken-
line analysis. The breakpoint (one-slope broken-line model) was 13.6% whey
permeate supplementation when G:F was 0.852 (P < 0.05). One-slope broken-
line model; the equation for G:F is y = 0.852 — 0.006 x z1; if whey permeate
supplementation is > breakpoint, then z1 = 0; if whey permeate supplementation
is < breakpoint, then z1 = breakpoint — whey permeate supplementation.
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Figure 2. Changes in G:F of pigs fed diets with whey permeate using a broken-
line analysis. Average daily whey permeate intake (g/d) was calculated based
on the supplemental levels of whey permeate and ADFI The breakpoint (one-
slope broken-line model) was 60.2 g/d average daily whey permeate intake when
G:F was 0.848 (P < 0.05). One-slope broken-line model; the equation for G:F is
y =0.848 — 0.001 x z1; if whey permeate supplementation is > breakpoint, then
z1 = 0; if whey permeate supplementation is < breakpoint, then z1 = breakpoint
- whey permeate supplementation.

in whey permeate, whereas various oligosaccharides are
also included as minor but with functional properties (Bode,
2012; Bering, 2018; Ramani et al., 2018). Lactose is the major
carbohydrate responsible for the growth of nursery pigs
(Mahan, 1992; Nessmith et al., 1997; Pierce et al., 2007). Milk
oligosaccharides include 3’sialyl-lactose, 6’-sialyl-lactose, and
6’-sialyl-lactosamine (Dallas et al., 2014), which are shown
to have prebiotic effects modulating intestinal bacteria and
frequency of diarrhea (Hester et al., 2013; Li et al., 2014) and
also have immunomodulatory activities in pigs (Comstock et al.,
2014, 2017). Whey permeate was used in this study as a source
of lactose and milk oligosaccharides. The lactose composition
in whey permeate in this study was 76.3%, and it was slightly
lower than NRC (2012) but higher than lactose in other milk
coproducts, such as skim milk powder (47.8%), whey powder



Table 5. Histomorphology, crypt cell proliferation, immune response, mucin protein, and digestive enzyme activity in the jejunum of nursery pigs fed with whey permeate in exp. 2
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P-value

Whey permeate?, %

0% vs. others

Quad.

Linear

7.50 11.25 15.00 18.75 SEM

3.75

Item

Histomorphology

0.701
0.377

571 531 547 500 32 0.359 0.391
105 0.483
251

531

548

Villus height, pm

0.747
0.725

95
247

100
253

99
265

98
255

98
268

Villus width?, pm
Crypt depth, pm

VH:CD
Crypt cell proliferation, %

Immune response

0.121

0.082

0.569
0.113

0.256

0.868

0.12
3.0

1.99
37.0

2.23
34.2

2.11
31.6

2.15
31.8

2.08
29.1

2.04
27.8

0.762

0.012

0.924

0.754

0.359

16

0.
14

0.91
202

0.74
214

0.72
203

0.72
223

0.81
214

0.80
170

TNF-a, pg/mg
IL-8, pg/mg
TGF-p1, pg/mg

MUC2, U/mg
Digestive enzyme activity

0.015

0.052

0.272

0.225

0.857

0.387
0.700

0.75

2.86
0.39

3.10 3.88 3.64 4.18
0.43 0.55 0.53

0.43

4.40
0.52

0.456

0.656

0.07

0.587

0.514
0.288
0.441

0.413

2.0
2.3
2.8

21.4 19.1 16.5 20.7 18.8

20.4

Sucrase, U/mg
Maltase, U/mg
Lactase, U/mg

0.077

56.5 46.8 92.4 51.4 1 0.222
0.020

70.4

87.1

0.033

6.6

4.9

9.3

9.0

11.7

15.8

!Treatments were the supplemental levels of whey permeate in the diets.

?Villus width is the average of the three lengths (tip, middle, and base of villus).

(72.9%), and whey protein concentrate (5%) described in NRC
(2012). Previous studies showed that whey permeate could be
also a valuable source of milk oligosaccharides (Barile et al.,
2009; Dallas et al., 2014; Lee et al., 2015). Previous studies showed
that liquid whey permeate from skimmed bovine milk had an
average of 71 mg/L milk oligosaccharides (Mehra et al., 2014;
Altmann et al., 2015). Considering whey permeate contains
between 5% and 6% solids (Illanes, 2016), milk oligosaccharides
could be obtained approximately at 0.12% to 0.14% from whey
permeate on a dry basis. Whey permeate also contained 0.4%
milk oligosaccharides, and it was slightly higher than the
calculated composition of milk oligosaccharides in whey
permeate (0.12% to 0.14%) based on the previous studies (Mehra
et al,, 2014; Altmann et al., 2015).

Beneficial effects of lactose and milk oligosaccharides on
the intestinal health are well documented in previous studies
showing that supplementation of lactose positively affected
growth performance and fecal microbiota in the nursery pigs
(Mahan et al., 2004; Tran et al., 2012) and milk oligosaccharides
stimulated intestinal mucosal immunity with increased natural
killer cell and T-cell and affected infant gut microbiome (Li et al.,
2014; Comstock et al., 2017; Ramani et al.,, 2018). In this study,
exp.1 shows that increasing whey permeate supplementation
improved the growth performance of nursery pigs from
weaning at 6.2 to 11 kg BW. Experiment 2 shows that the
supplementation of whey permeate in nursery diets may have
beneficial impacts on the intestinal health by increased IL-8 and
crypt cell proliferation with positive changes in jejunal mucosa-
associated microbiota including increased Bifidobacteriaceae
and Lactobacillaceae and decreased Enterobacteriaceae.

Nursery pigs are situated in stressful conditions with intestinal
challenges and growth retardation during the initial postweaning
period (Rhouma et al.,, 2017; Duarte et al., 2019; Jang and Kim,
2019). The results from exp. 1 showed that the supplementation
of whey permeate increased G:F greater than 1.00 during the
initial weeks after weaning. It could indicate that whey permeate
would help newly weaned pigs to increase water intake to prevent
dehydration caused by weaning stress. According to Rhouma
et al. (2017), weaning stress could cause low water intake and
electrolyte imbalance by dehydration in weaned pigs, including
diarrhea. Horn et al. (2014) also reported that reduced water
intake showed increased cortisol levels as a stress marker in
the serum of newly weaned pigs. Therefore, supplementation of
whey permeate in nursery feeds would help pigs to recover from
weaning stress by increasing the feed intake during the initial
weeks after weaning. It is also warranted to further investigate
whether lactose in whey permeate or solid form diets has effects
on water consumption of newly weaned pigs.

In addition, two experiments conducted in this study showed
a consistent improvement of growth by 7.6% in exp. 1 and 18.8%
in exp. 2, when the levels of whey permeate were increased to an
average of 16.4% and 18.6%, respectively, in diets fed to nursery
pigs from weaning to 11 kg BW. These results are supported by
the previous study showing the growth improvement by 25.9%
when the levels of whey permeate were increased to 21.5%
in diets fed to nursery pigs (Gahan et al., 2009). According to
Cromwell et al. (2008), the inclusion of whey permeate at 9.4%
in nursery diets maximized growth responses of pigs at 11 to
25 kg from day 14 to 28 postweaning. Few studies used whey
permeate as a lactose source to evaluate the supplemental
effects of lactose on growth performance in nursery pigs (Gahan
et al., 2009; Naranjo et al., 2010; O'Doherty et al., 2010). However,
this study further investigated an optimal inclusion level (13.6%)
or daily intake (60.2 g) of whey permeate for G:F of pigs at 7 to
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11 kg BW in commercial farms using a broken-line analysis
(Robbins et al., 2006; Shen et al., 2012).

Reasons for increased growth of nursery pigs with dietary
supplementation of whey permeate could be explained
by its benefits of effective energy provision and enhanced
appetite (Graham et al., 1981; Tokach et al., 1989; Mahan, 1993;
Nessmith et al., 1997). However, the beneficial effects of milk
oligosaccharides on the intestinal health cannot be also ignored
(zivkovic and Barile, 2011; Hester et al., 2013; Yu et al., 2013; Li
etal.,2014). Based on the data from this study, it can be speculated
that the supplementation of whey permeate could affect the
intestinal health of nursery pigs with potential activation of
immune response and improved enterocyte proliferation.
A properly functioning immune system can robustly and
quickly respond to various challenges via immune responses
within the intestinal barrier of nursery pigs. The activation
of immune responses aids in the prevention of the systemic
infection and excess inflammation. The IL-8 is the major pro-
inflammatory cytokine induced by intestinal epithelial cells and
the significant mediator of immune reaction to stimulate the
activation of neutrophils (Kucharzik et al., 2005; Andrews et al.,
2018). The IL-8 can also recruit other immune cells related to the
adaptive immune systems such as T-lymphocytes and dendritic
cells (Andrews et al., 2018). In a previous study, human milk
factors were shown to stimulate the secretion of IL-8 from fetal
enterocytes pretreated with epidermal growth factor (Claud
et al., 2003). Previous in vitro studies also showed that lactose
supplementation increased IL-8 production by stimulation
of the innate immune system in the intestinal epithelial cells
(Rusu et al.,, 2010; Ustunol and Wong, 2010). In addition, milk
oligosaccharides could activate the immune cells as well as the
adaptive immune response (Fuhrer et al., 2010; Kurakevich et al.,
2013). Furthermore, this study illustrated that whey permeate
increased enterocyte proliferation in the jejunal crypts of
nursery pigs. These findings are in accordance with previous
studies that have shown that milk components could stimulate
intestinal enterocyte proliferation in neonatal pigs (Reznikov
et al.,, 2014; Li et al., 2018). Wang et al. (2020) also reported that
milk oligosaccharides could activate the epidermal growth
factor receptor by phosphorylation increasing cell proliferation
in the mouse intestinal epithelium and Caco-2 cells. This
study indicates that whey permeate could help to protect and
maintain the intestinal health of nursery pigs by stimulating the
intestinal immune response and enterocyte proliferation.

Lactase is a digestive enzyme hydrolyzing lactose to glucose
and galactose. It has been known that lactase activity declines
with the age of pigs upon birth (Ekstrom et al., 1975). The
mechanisms for the decrease in lactase activity are not clearly
elucidated, although the diets, hormonal interactions, or post-
translation modification could be considered as major regulators
(Kelly et al., 1991). This study showed that the supplementation
of whey permeate decreased lactase activity in the jejunum of
nursery pigs. Previous studies suggest that the decline in lactase
activity could be related to lumen pH and immune activation
(Gray et al., 1969; Smith et al., 1988). The reduction in lactase
activity with the supplementation of whey permeate could be
associated with a reduction of pH in the intestine by microbial
fermentation producing volatile fatty acids (VFA) and lactic
acid from lactose and milk oligosaccharides (Montalto et al.,
2006; Fukuda et al., 2011; Kim, 2018). According to Gahan et al.
(2009), the fecal pH of nursery pigs was linearly decreased by
supplementation of lactose. Another possible mechanism is
that the immune activation by milk oligosaccharides could be
related to the reduction of lactase activity in the jejunum. The

results showed that the supplementation of whey permeate
increased the concentration of IL-8 in the jejunum with
decreased activities of maltase and lactase compared with the
pigs fed diets without whey permeate. Previous studies showed
that immune activation induced a drastic decline in intestinal
disaccharidase activities (Pié et al,, 2004; Liu et al., 2009;
Solaymani-Mohammadi and Singer, 2011).

It has been well documented that weaning stress could
induce an imbalance of intestinal microbiota with increased
opportunistic pathogens, leading to intestinal inflammatory
response (Castillo et al.,, 2006; Su et al., 2008). This study
observed relative abundance of microbiome that are associated
with jejunal mucosa. The results showed an increased relative
abundance of Bifidobacteriaceae and Lactobacillaceae,
potentially beneficial bacterium (Adhikari et al., 2019), whereas
showed a reduced relative abundance of Enterobacteriaceae,
potential opportunistic pathogenic group (Schierack et al., 2007).
This study also showed that the supplementation of whey
permeate tended to reduce the F:B, an index of the microbial
balance and intestinal inflammatory response (Vemuri et al,,
2018; Rinninella et al., 2019). Milk oligosaccharides in whey
permeate may act as prebiotics in the intestine of nursery pigs by
directly binding to membrane components of pathogens (Fuhrer
et al,, 2010; Kurakevich et al., 2013) or inhibiting pathogens
from binding to intestinal epithelial cells (Smilowitz et al.,
2014; Triantis et al., 2018). Lactose and milk oligosaccharides in
whey permeate could be fermented reducing the lumen pH of
the small intestine (Montalto et al., 2006; Fukuda et al., 2011;
Kim, 2018), resulting in intestinal environments favorable to
potentially beneficial bacteria (Pierce et al., 2007; Tran et al.,
2012). Therefore, the supplementation of whey permeate
could enhance the balance of gut-associated microbiome with
prebiotics effects of lactose and milk oligosaccharides.

Feeding lactose more than tolerance could cause excessive
lactose fermentation in the intestinal lumen, resulting in
decreased short-chain fatty acids production with a reduction
of luminal pH (Montalto et al., 2006; Fukuda et al., 2011; Kim,
2018). It may also lead to intestinal barrier dysfunction due to
energy deficiency in the intestinal epithelium (Venema, 2012).
Therefore, excessive lactose may cause intestinal barrier
dysfunction, leading to translocation of potential pathogens
(Ten Bruggencate et al., 2005; Bischoff et al., 2014; Szilagyi and
Ishayek 2018). Previous studies showed that the fermentation
of undigested carbohydrates affects the intestinal barrier
functions (Flint et al., 2012). However, in this study, quadratic
responses were observed with increasing whey permeate
supplementation on the IL-8 concentration (maximum at
10.9% whey permeate) as well as the relative abundance of
Corynebacteriaceae (maximum at 10.5%), Lactobacillaceae
(maximum at 12.9%), and Rhodobacteraceae (minimum at 8.9%)
in the jejunum. These results could be related to the functions
of milk oligosaccharides in whey permeate. Previous studies
show that milk oligosaccharides in whey permeate may reduce
the adverse effects of fermentation of undigested lactose in
the intestinal lumen (Solomons, 2002; Mattar et al., 2012). Milk
oligosaccharides in whey permeate are shown to modulate the
intestinal microbiota with decreased the growth of potential
pathogens (Marcobal et al., 2010; Marcobal and Sonnenburg,
2012; Savaiano et al., 2013; Azcarate-Peril et al., 2017). Previous
in vitro studies showed that milk oligosaccharides could inhibit
the binding of pathogens to the enterocytes and help to excrete
pathogens (Ashkenazi et al., 1991; Ruiz-Palacios et al., 2003).

In conclusion, dietary inclusion of whey permeate increased
growth of nursery pigs with a potential increase of water intake



during the initial weeks after weaning. G:F of pigs from 7 to
11 kg BW reached the maximum at 13.6% whey permeate in
diets or 60.2 g whey permeate intake per day and maintained
at higher levels or intake, respectively. Improvement in
growth performance partly attributed to stimulating intestinal
immune responses and enterocyte proliferation with positive
changes of jejunal mucosa-associated microbiota in nursery
pigs. Whey permeate not only could be an important source
of lactose for growth but also possesses important functions
from milk oligosaccharides to enhance the intestinal health of
nursery pigs.
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