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ABSTRACT: It was shown previously that high
dietary fiber (DF) and immune system stimulation
(ISS) with systemic Escherichia coli lipopolysac-
charide independently increased the threonine (Thr)
requirement to maximize growth performance and
protein deposition (PD). However, no additive ef-
fects on the Thr requirement were observed when
both DF and ISS were present. The objective of
the present study was to investigate whether supple-
menting Thr to meet previously estimated require-
ments for high DF and systemic immune challenge
would maintain performance of pigs exposed to an
enteric immune challenge when fed high DF. A total
of 128 pigs (22.6 £ SD = 1.6 kg initial BW) were
assigned to 1 of 4 dietary treatments in a 2 X 2 fac-
torial arrangement in a randomized complete block
design (n = 8 pens/treatment and 4 pigs/pen) for 28
d. Treatments were a low-fiber (LF; 13% total DF)
or high-fiber (HF; 20% total DF) diet with either
a standard (STD; 0.65% SID) or supplemental
(SUP; 0.78% SID) Thr level. After a 7-d adapta-
tion, pigs were orally inoculated with 2 mL (2.3 X
10° CFU/mL) of Salmonella typhimurium (ST).
Blood samples and rectal swabs were obtained and

rectal temperature recorded to determine clinical re-
sponses and ST shedding. On day 7 postinoculation,
1 pig/pen was euthanized and mesenteric lymph
nodes, spleen, and digesta (ileum, cecum, and
colon) were sampled to assess ST colonization and
translocation. Body weight and feed intake were re-
corded on day 0, 7, and 21 postinoculation to cal-
culate ADG, ADFI, and G:F. Rectal temperature
increased (P < 0.05) 24 h postinoculation and re-
mained elevated at day 6. Serum albumin concen-
tration decreased (P < 0.05), whereas haptoglobin
concentration increased (P < 0.05) postinoculation.
There was no fiber or Thr effect (P > 0.05) on ST
counts in the ileum and cecum, but a fiber X Thr
interaction (P < 0.05) was observed in the colon.
Supplemental Thr improved (P < 0.05) growth
performance in LF- and HF-fed challenged pigs.
However, performance of supplemented HF chal-
lenged pigs was less than (P < 0.05) supplemented
LF challenged pigs. These results suggest that Thr
supplemented to meet requirements for high DF
and systemic immune challenge was not sufficient to
maintain growth performance of pigs fed HF diets
and challenged with an enteric pathogen.
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INTRODUCTION

Optimal growth performance can be affected by
a wide range of factors in the production system of
growing-finishing pigs. For instance, factors such
as subclinical disease challenges, inappropriate
levels of essential nutrients such as amino acids
(AA), and the negative effects of high-fiber ingredi-
ents, which are poorly digestible (Stein et al., 1999)
can adversely affect pig performance. Dietary fiber
(DF) has been reported to independently increase
the threonine (Thr) requirement for maximum
growth and protein deposition (PD) in growing
pigs (Mathai et al., 2016; Wellington et al., 2018).
Similarly, Blank et al. (2012) and Libao-Mercado
et al. (2006, 2007) have reported fiber-associated
Thr losses in growing pigs and concluded that
those effects were due to high endogenous loss of
mucins. Commercial production systems are likely
to predispose pigs to subclinical disease, which may
affect immune system function. Immune system
stimulation (ISS) has been reported to partition
nutrients away from growth to support the immune
response (Reeds et al., 1994; Reeds and Jahoor,
2001) and has been shown to increase maintenance
energy (Huntley et al., 2018) and AA requirements
(Litvak et al., 2013; Rakhshandeh et al., 2014;
Wellington et al., 2018) in pigs. In contrast, Rudar
et al. (2016) reported no effect of feeding supple-
mental leucine on nitrogen retention in starter
pigs challenged with Escherichia coli lipopolysac-
charide. In a previous study, it was demonstrated
that high DF and ISS independently increased
the threonine (Thr) requirement to maximize PD
(Wellington et al., 2018). Interestingly, when both
high DF and a systemic immune challenge were
present, no further increase in the Thr requirement
for PD was observed. Thus, ISS and DF effects
on Thr requirement were not additive. Since sys-
temic LPS challenge may have limited direct effects
on the gastrointestinal tract, the objective of the
present study was to investigate whether supple-
menting Thr to meet previously estimated require-
ments for high DF and systemic immune challenge
would maintain performance of pigs exposed to an
enteric immune challenge when fed high DF.

MATERIALS AND METHODS

The experimental protocol was approved by
the University of Saskatchewan’s Animal Research
Ethics Board (AUP #20170123) and followed the
Canadian Council on Animal Care guidelines
(CCAC, 2009).
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Animals, Housing, and Diets

The experiment duration was 28 d and con-
sisted of a 7-d adaptation period (no challenge) and
21 d postinoculation period. A total of 128 pigs
(Camborough Plus X C3378; PIC Canada Ltd.) of
22.6 + 1.6 kg initial BW were obtained from the
Prairie Swine Centre, Inc. (Saskatoon, SK) and
transported to the Animal Care Unit of the Western
College of Veterinary Medicine (Saskatoon, SK).
The pigs were placed on trial in 2 blocks using 2
experimental rooms for each block. In each ex-
perimental room (22 °C ambient temperature),
pigs were housed in groups of 4 pigs/pen on solid
floors lined with rubber mats. Pens were randomly
assigned to 1 of 4 dietary treatments in a 2 X 2 fac-
torial arrangement in a randomized complete block
design (n = § pens/treatment). Treatments consisted
of alow (LF; 13% total DF) or high (HF; 20% total
DF) fiber diet with either a standard (STD; 0.65%
SID) or supplemental (SUP; 0.78% SID) Thr level.
The SUP Thr level was based on previous studies
examining the effects of systemic ISS and DF on
Thr requirements in growing pigs (Wellington et al.,
2018, 2019). Diets were wheat- soybean-based and
were formulated using the analyzed content of AA
and published SID coefficients of AA for ingredi-
ents to meet or exceed nutrient requirements for 25
to 50 kg pigs according to NRC (2012) and Evonik
(AMINODat 5.0). All other nutrient content was
estimated using published nutrient content of in-
gredients (NRC, 2012). The HF diets were formu-
lated by partly replacing corn in the LF diet with
5% wheat bran and 10% sugar beet pulp (Table 1).
Pigs were fed ad libitum and had unrestricted ac-
cess to water. Samples of experimental diets were
collected during the trial and ground in a centri-
fugal mill (ZM 100, RETSCH GmbH & Co.,
Rheinische Stralle, Germany) through a 1 mm sieve.
The diets were analyzed (Table 2) for AA contents
via ion-exchange chromatography with postcolumn
derivatization with ninhydrin (Evonik Nutrition
& Care GmbH, Hanau, Germany; Llames and
Fontaine, 1994). The DM content of the diets was
determined according to AOAC (2007) method
930.15. Nitrogen (IN) content of the experimental
diets was determined using an automatic analyzer
(LECO FP 528; MI, USA; Method 990.03; AOAC,
2007) and CP content of the diets calculated as
Nx 6.25. Total dietary fiber (TDF), soluble dietary
fiber (SDF), and insoluble dietary fiber (IDF) of the
experimental diets was analyzed according to the
AOAC (2007) method 991.43 using an ANKOM™*
analyzer (ANKOM Technology, Macedon, NY).
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Table 1. Composition of experimental diets (as-fed

basis)
Low fiber High fiber

STD SUP STD SUP
Ingredients, 25 Thr! Thr? Thr Thr
Corn 21.84 21.72 3.96 3.83
Wheat 47.0 47.0 47.0 47.0
Barley 10.0 10.0 10.0 10.0
Wheat bran - - 5.0 5.0
Sugar beet pulp - - 10.0 10.0
Canola oil 0.90 0.90 3.80 3.80
Soybean meal 17.0 17.0 17.0 17.0
L-Lys.HCP? 0.53 0.52 0.50 0.50
DL-Met? 0.20 0.20 0.20 0.20
L-Thr? 0.15 0.28 0.16 0.29
L-Trp? 0.03 0.03 0.03 0.03
L-Val® 0.05 0.05 0.05 0.05
Limestone 1.25 1.25 1.25 1.25
Monocalcium phosphate 0.75 0.75 0.75 0.75
Salt 0.20 0.20 0.20 0.20
Vitamin-mineral premix* 0.10 0.10 0.10 0.10
Calculated nutrient content®
DM, % 87.4 87.4 84.7 84.7
CP, % 17.3 17.4 17.5 17.6
ME, kcal/kg 3285 3287 3318 3317
NE, kcal/kg 2488 2489 2486 2484
Amino Acids, % SID®
Arg 0.92 0.92 0.92 0.92
His 0.40 0.40 0.39 0.39
Ile 0.60 0.60 0.59 0.59
Leu 1.15 1.15 1.07 1.07
Lys 1.08 1.08 1.08 1.08
Met 0.44 0.44 0.42 0.42
Cys 0.29 0.29 0.30 0.30
Phe 0.74 0.74 0.72 0.72
Tyr 0.45 0.45 0.46 0.46
Thr 0.65 0.78 0.65 0.78
Trp 0.22 0.22 0.23 0.23
Val 0.73 0.73 0.73 0.73

ISTD Thr, Standard Thr (0.65% standardized ileal digestible).

2SUP Thr, Supplemental Thr (0.78% standardized ileal digestible).

3Amino acids provided by Evonik Nutrition & Care GmbH (Hanau-
Wolfgang, Germany).

4Supplied per kg of complete diet: vitamin A, 8000 IU; vitamin
D, 1500 IU; vitamin E, 30 TU; menadione, 2.5 mg; vitamin BI2,
0.025 mg; thiamine, 1.00 mg; biotin, 0.10 mg; niacin, 20 mg; riboflavin,
4 mg; pantothenate, 12 mg; folic acid, 0.50 mg; pyridoxine, 2.0 mg;
Fe, 100 mg; Zn, 100 mg; Mg, 40 mg; Cu, 15 mg; Se, 0.30 mgand I, | mg.

’Nutrient content of diets based on estimated nutrient contents of
ingredients according to NRC (2012).

SID, Standardized ileal digestible.

All analyses were conducted in duplicate. Individual
pig BW and feed disappearance were measured on
day 0, 7, and 21 postinoculation for calculation of
ADG, ADFI, and feed efficiency (G:F).
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Inoculation and Rectal Swab Protocol

On day 0 of the challenge period (day 8 of the
trial), pigs were orally inoculated twice within 4 h,
each time with 1 mL solution containing 2.3 X
10° CFU/mL of Salmonella typhimurium (ST) var
Copenhagen selected for antibiotic resistance to
Novobiocin and Nalidixic acid (Pieper et al., 2009).
Rectal temperatures were obtained from all pigs on
day 2 preinoculation and every 24 h postinoculation
for 6 d using a digital thermometer (Life Brand,
ON, Canada).

On day 2 preinoculation and day 1, 2, 4, 6, 14,
and 20 postinoculation, rectal swabs were obtained
from individual pigs, diluted 1:10 in buffered
peptone water (BPW) and cultured on brilliant
green agar (BG agar) plates containing 30 pg/mL
Nalidixic acid and 50 pg/mL Novobiocin (Nal+/
Nov+). Further, 1 mL of the dilution was enriched
in 4 mL of selenite-cysteine broth containing 30 pg/
mL Nalidixic acid and 50 pg/mL Novobiocin and
incubated overnight at 37 °C and later cultured on
BG agar plates (Nal+/Nov+). Colony counts were
recorded on all plates after incubation for 24 h at
37 °C. A scoring system was used to assign fecal
shedding scores for each swab (Burkey et al., 2004).
Plates prepared from swabs with colony counts > 30
were given a shedding score of 3. Plates positive for
antibiotic-resistant ST but with colony counts < 30
were given shedding score 2. A shedding score of 1
was assigned to swabs that were negative for ST fol-
lowing direct plating but positive after enrichment.
Finally, swabs negative for antibiotic resistant ST
following direct plating and on enrichment were
given a score of zero.

Blood Sampling and Analyses

Blood samples were obtained from 2 pigs/pen
1 d before the ST inoculation and on day 4 and
7 postinoculation. Blood samples were collected
via jugular vein puncture into 10 mL vacutainer
tubes containing either EDTA or no additive (BD,
Vacutainers Mississauga, ON, Canada). Whole
blood samples collected in EDTA tubes were im-
mediately submitted and analyzed for complete
blood cell count at Prairie Diagnostic Services
(Saskatoon, SK) using an ADVIA 2120i hema-
tology analyzer (Siemens Health Care Diagnostics,
Deerfield, IL). Blood samples collected into
additive-free tubes were allowed to clot and then
centrifuged at 2,500 x g at 4 °C for 15 min. Serum
samples were obtained and stored at —20 °C for
subsequent analysis for albumin, haptoglobin, and
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Table 2. Analyzed nutrient content of experimental diets (as-fed basis)

Low fiber High fiber
Item, % STD Thr! SUP Thr? STD Thr SUP Thr
Dry matter 89.20 90.10 90.60 90.10
Crude protein 18.57 18.54 18.13 18.60
Soluble dietary fiber 1.80 1.90 3.60 3.70
Insoluble dietary fiber 11.20 11.80 17.30 16.10
Total dietary fiber 13.00 13.70 20.90 19.80
Total amino acids®
Arg 1.07 (0.99) 1.04 (0.99) 1.07 (0.99) 1.08 (0.99)
His 0.43 (0.40) 0.43 (0.40) 0.44 (0.41) 0.45(0.41)
Ile 0.70 (0.64) 0.68 (0.64) 0.70 (0.64) 0.70 (0.64)
Leu 1.31(1.23) 1.29 (1.23) 1.24 (1.14) 1.25(1.14)
Lys 1.22 (1.15) 1.22 (1.15) 1.26 (1.16) 1.23 (1.16)
Met 0.46 (0.45) 0.47 (0.45) 0.47 (0.44) 0.45 (0.44)
Cys 0.34 (0.29) 0.34 (0.29) 0.33(0.31) 0.33(0.31)
Phe 0.86 (0.77) 0.84 (0.77) 0.84 (0.76) 0.85(0.76)
Thr 0.78 (0.72) 0.87(0.85) 0.78 (0.72) 0.87 (0.85)
Trp 0.26 (0.23) 0.25(0.23) 0.26 (0.24) 0.26 (0.24)
Val 0.85(0.77) 0.84 (0.77) 0.86 (0.78 0.86 (0.78)

ISTD Thr, Standard Thr (0.65% standardized ileal digestible).
2SUP Thr, Supplemental Thr (0.78% standardized ileal digestible).

3Analyzed values of total amino acids with calculated values in brackets.

immunoglobulin G (IgG). Briefly, serum albumin
was analyzed by bromocresol green method using
a Cobas C 311 (Roche Diagnostics, Laval, QC,
Canada) according to Doumas et al. (1971). Serum
IgG levels were determined by radial immunodiffu-
sion assay as previously described by Chelack et al.
(1993) with antiserum incorporated into the gel:goat
anti-swine IgG (H+L; Jackson Immuno Research
Laboratories, Inc., West Grove, PA). A porcine ref-
erence serum was used for a standard curve sup-
plied by Bethyl laboratories, Inc., (Montgomery,
TX). A secondary reference serum was used as a
control assay (Immuno-Reagents, Raleigh, NC).
Serum haptoglobin was analyzed in the Animal
Health Laboratory (University of Guelph, Guelph,
ON) according to a method described by Makimura
and Suzuki (1982) on a Roche Cobas 6000 c501
analyzer.

Digesta and Tissue Collection and Analyses

Onday 7 postinoculation, 1 pig/pen representing
the average pen BW was humanely euthanized
by penetrating captive bolt followed by exsan-
guination. Subsequently, mesenteric lymph nodes
(MLN) and spleen were sampled under aseptic con-
ditions into sterile tubes containing 20 mL BPW
and 200 pL of the dilution was plated on Nal+/
Nov+ BG agar plates. Further, 1 mL was diluted
in 4 mL selenite-cysteine broth (Nal+/Nov+) for

enrichment overnight. The enriched samples were
incubated overnight at 37 °C with shaking, after
which 200 pL was plated and incubated. A shed-
ding score was assigned as previously described.
Intestinal digesta samples (~1 g) were obtained
from the ileum, cecum, and colon and each diluted
in 4 mL BPW and kept at 4 °C. The digesta sam-
ples were serially diluted to 107 and 200 pL of each
dilution was plated on BG agar (Nal+/Nov+) and
cultured at 37 °C for 24 h after which colonies were
counted on each plate and recorded. Colony counts
of 30 to 300 were used in the calculations of colony
forming units per gram digesta (CFU/g).

Statistical Analyses

Data were tested for normality and outliers
using the PROC UNIVARIATE model in SAS
(version 9.4, SAS Institute Inc., Cary, NC) and
the Shapiro-Wilk test. Outliers were determined
as a value * 2 standard deviations away from the
treatment mean. All data were analyzed asa 2 X 2
factorial in a randomized complete block design
(PROC MIXED) with main effects of 1) fiber level,
2) threonine level and their interactions. A block
was included in the model as a random effect. For
blood data, period was also included as a fixed effect
in the statistical model. Thus, the main effects were
fiber level, threonine level, period (preinoculation,
postinoculation day 4, and postinoculation day
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7) and their interaction and block included as
random effect. The Tukey-Kramer mean separation
test was used to determine significant differences,
LSMEANS considered significant at P < 0.05 and
a trend toward significance considered at P > 0.05
and P <0.10.

RESULTS

Response to Salmonella Inoculation

The response of pigs to ST inoculation was deter-
mined by measuring rectal temperature over a period
of 6 d postinoculation after an initial measurement
prior to the oral inoculation. There was an increase
(P < 0.01) in rectal temperature on day 1 to 6 com-
pared to the preinoculation levels (Fig. 1). There was
no significant (P > 0.05) period effect on white blood
cell count (WBC); however, HF reduced WBC count
(P < 0.05), whereas SUP Thr tended (P = 0.08) to
reduce the WBC count (Table 3). Period had a signifi-
cant (P < 0.01) effect on serum albumin. Specifically,
there was a reduction (P < 0.01) in serum albumin
concentration on day 4 postinoculation compared
to preinoculation, which returned to preinoculation
levels (P > 0.05) on day 7 postinoculation (Table 3).
Fiber had no effect (P > 0.05) on serum albumin con-
centration but SUP Thr tended (P = 0.06) to reduce
serum albumin concentration. Period (preinoculation,
day 4 postinoculation, and day 7 postinoculation)
had a significant effect (P < 0.01) on serum hapto-
globin concentration. Specifically, haptoglobin levels
increased on day 4 postinoculation and remained ele-
vated on day 7 compared to the preinoculation levels.
There were no significant effects (P > 0.05) of fiber

Wellington et al.

or Thr levels on serum haptoglobin and serum IgG
concentrations (Table 3).

Salmonella Shedding

Dietary treatment had no effect (P > 0.05) on
ST count in the caecum (Table 4). In the ileum,
there were tendencies for fiber (P = 0.06) and SUP
Thr (P = 0.06) to increase ST count. In the colon,
a significant fiber X Thr interaction (P< 0.01) was
observed where SUP Thr decreased ST counts in
pigs fed HF diets but not in LF-fed pigs (Table 4).
Although ST was present in all pigs (feces, digesta,
and tissue samples), there were no significant effects
(P >0.05) of fiber, Thr, or fiber X Thr interaction on
ST shedding in feces (Fig. 2). Although we did not
analyze the effect of day on fecal shedding, there
was a decline in the mean scores from day 1 to 20
postinoculation. There were no significant effects
(P > 0.05) of fiber, Thr, or fiber X Thr interaction
on ST in the MLN and spleen (Fig. 3) of pigs.

Growth Performance Post-Salmonella Inoculation

All pigs remained healthy and had similar
growth performance across dietary treatments in
the preinoculation period (Table 5). In the first
week (day 0 to 7) of the ST challenge period, there
was a significant effect of fiber level (P < 0.01;
Table 5) on ADG. Feeding HF diets reduced ADG
compared to LF (0.877 vs. 1.023 kg/d). There was
also a significant effect of Thr (P < 0.01) level on
ADG, where SUP Thr increased ADG compared
to STD Thr level (0.99 vs. 0.90 kg/d). Similarly,
there were both significant fiber (P < 0.01) and
Thr (P < 0.01) effects on ADFI, such that ADFI
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Figure 1. Rectal temperature (°C) of pigs prior to Salmonella typhimurium inoculation and monitored for 6 d postinoculation. The arrow indi-

cates time point of S. typhimurium inoculation.
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Table 3. Plasma parameters of immune status in pigs inoculated with Salmonella typhimurium

High fiber P-value?
Item STD Thr! SUP Thr? STD Thr SUP Thr SEM Fiber Thr Period
White blood cell count, X10° gL
Preinoculation 20.32 18.98 18.86 16.36 1.03 <0.05 0.08 Ns#
Postinoculation (day 4) 19.93 20.41 19.46 17.51
Postinoculation (day 7) 19.41 20.37 20.17 18.23
Albumin, gIL
Preinoculation 35.92 36.50 37.63 36.00 1.59 NS 0.07 <0.01
Postinoculation (day 4) 30.08 29.47 31.00 27.60
Postinoculation (day 7) 36.31 34.89 37.63 34.24
Haptoglobin, gIL
Preinoculation 0.94 1.26 1.22 0.96 0.27 NS NS <0.01
Postinoculation (day 4) 1.71 1.73 1.56 1.56
Postinoculation (day 7) 1.66 1.89 1.87 1.75
Immunoglobulin G, mglL
Preinoculation 10.27 11.09 10.42 10.94 1.27
Postinoculation (day 4) 11.24 11.79 11.5 11.52 NS NS NS
Postinoculation (day 7) 10.44 12.39 12.38 11.85

ISTD Thr, Standard Thr (0.65% standardized ileal digestible).
2SUP Thr, Supplemental Thr (0.78% standardized ileal digestible).
3No significant two- or three-way interactions were observed.

4NS, not significant (P > 0.05).

Table 4. Salmonella typhimurium quantification in intestinal contents (Log,, CFU/g; day 7 postinoculation)

of inoculated pigs

Low fiber High fiber P-value
Item STD Thr! SUP Thr? STD Thr SUP Thr SEM Fiber Thr Fiber x Thr
Tleum 4.55 4.94 4.96 6.43 0.49 0.06 0.06 N§?
Cecum 4.39 4.96 4.94 4.22 0.48 NS NS NS
Colon 5.21 6.84 7.03 4.81 0.73 NS NS 0.008

ISTD Thr, Standard Thr (0.65% standardized ileal digestible).
2SUP Thr, Supplemental Thr (0.78% standardized ileal digestible).
NS, not significant (P > 0.05).

was higher in the LF-fed pigs compared to the
HF-fed pigs (1.71 vs. 1.60 kg/d). Supplemental Thr
reduced the ADFI (1.59 kg/d) compared to the
STD Thr-fed pigs (1.72 kg/d). For both ADG and
ADFI, no significant interactions (P > 0.05) be-
tween fiber and Thr were observed. In the present
study, we observed an effect of Thr level on pig
performance during week 1 (day 0 to 7) and week
2 and 3 (day 8 to 21) postinoculation independent
of DF level. During day 0 to 7 postinoculation,
pigs fed SUP Thr had lower ADFI (1.593 kg/d)
but higher ADG (0.996 kg/d) and G:F (0.63 kg/
kg) compared to pigs fed the STD Thr diets which
had a higher ADFT (1.720 kg/d). These levels of
feed intake resulted in daily Thr intake of 13.5
and 12.4 g/d in SUP Thr and STD Thr-fed pigs,
respectively. Based on the observed significant ef-
fects of both DF and Thr on ADG and ADFI,
G:F also showed a significant effect for fiber

(P =0.02) and Thr (P < 0.01) with no significant
interaction. A lower G:F was observed in HF-fed
pigs compared to the LF-fed pigs (0.55 vs. 0.60 kg/
kg) and SUP Thr improved G:F compared to STD
Thr level (0.63 vs. 0.53 kg/kg).

From day 8§ to 21 postinoculation, no significant
effect (P > 0.05) of fiber, Thr, or an interaction on
ADFI was observed. There were significant effects
of fiber (P < 0.01) and Thr (P < 0.01) on ADG,
with no significant interaction. High fiber reduced
ADG (0.87 vs. 1.02 kg/d) compared to the LF-fed
pigs while SUP Thr improved ADG compared
with the STD Thr-fed pigs, regardless of fiber level.
Feed efficiency during this period showed signifi-
cant fiber (P <0.01) and Thr (P < 0.01) effects. The
HF-fed pigs had a reduced G:F (0.51 vs. 0.56) com-
pared to the LF-fed pigs. Also, feeding SUP Thr
improved the G:F as compared with the STD Thr-
fed pigs. Overall (day 0-21 postinoculation), pigs
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Figure 2. Postinoculation fecal shedding of Salmonella typhimurium on day 1, 2, 4, 6, 14, and 20 in pigs fed high-fiber diets (HF; 20% total
dietary fiber) or low-fiber diets (LF; 13% total dietary fiber) with standard threonine (STD Thr; 0.65% SID) or supplemental threonine (SUP Thr;
0.78% SID). Data presented as mean scores. A shedding score of 3 was assigned to plates positive for the inoculated ST with counts > 30 and plates
positive but with counts < 30 were given shedding score of 2. A shedding score of 1 was assigned to plates that were only positive after enrichment
and plates negative after enrichment were scored zero. No significant (P > 0.05) fiber, threonine, or interactive effects on S. typhimurium shedding

onday 1, 2, 4, 6, 14, and 20 was observed.
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Figure 3. Salmonella typhimurium translocation to the mesenteric lymph nodes (MLN) and spleen in pigs fed high-fiber diets (HF; 20% total
dietary fiber) or low-fiber diets (LF; 13% total dietary fiber) with standard threonine (STD Thr; 0.65% SID) or supplemental threonine (SUP Thr;
0.78% SID). Data presented as mean scores. A shedding score of 3 was assigned to plates positive for the inoculated S. zyphimurium with counts >
30 and plates positive but with counts < 30 were given shedding score of 2. A shedding score of 1 was assigned to plates that were only positive after
enrichment and plates negative after enrichment were scored zero. No significant (P > 0.05) fiber, threonine, or interactive effects on S. typhimurium

shedding in either MLN or spleen.

fed SUP Thr had higher ADG (1.01 vs. 0.88 kg/d),
lower ADFI (1.74 vs. 1.84 kg/d), and higher G:F
(0.58 vs. 0.49) than STD Thr group (P < 0.05).
Similarly, pigs fed LF diets had higher ADG (1.02
vs. 0.87 kg/d), ADFI (1.83 vs. 1.74 kg/d), and G:F
(0.56 vs. 0.51 kg/kg) than HF-fed pigs (P < 0.05).

DISCUSSION

The objective of the present study was to de-
termine if growth performance of pigs fed high DF
and challenged with an enteric pathogen would be
maintained when Thr supply was adjusted to meet
previously estimated requirements for both high
DF and systemic immune challenge (Wellington

etal., 2018, 2019). We reported previously that high
DF and systemic immune challenge with E. coli
LPS independently increased the Thr requirement
for maximum PD (Wellington et al., 2018). In the
present study, we fed the same level of DF with
a standard level (0.65% SID; NRC, 2012) or sup-
plemental level (0.78% SID) of Thr. The SUP Thr
(0.78% SID) was previously determined to be suffi-
cient to maximize growth performance (Wellington
et al., 2019) and PD (Wellington et al., 2018) when
feeding the same high DF as used in the present
study. However, when a systemic immune chal-
lenge was applied and high DF was fed, we esti-
mated 0.76% SID Thr required to maximize PD.
Therefore, the supplemental Thr level (0.78% SID)
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Table 5. Growth performance of pigs pre- and postinoculation with Salmonella typhimurium

Low fiber High fiber P-value?

Parameters STD Thr! SUP Thr? STD Thr SUP Thr SEM Fiber Thr

Initial BW, kg 22.76 22.32 22.69 22.45 0.167 NS* NS

Final BW, kg 49.51 51.45 46.34 48.57 1.055 <0.01 <0.01
Preinoculation period (day —7-0)

ADG, kg 0.826 0.804 0.818 0.772 0.043 NS NS

ADFI, kg 1.339 1.359 1.218 1.185 0.089 <0.01 NS

G:F, kg/kg 0.620 0.595 0.636 0.655 0.020 <0.01 NS
Postinoculation (day 0-7)

ADG, kg 0.965 1.082 0.843 0.911 0.025 <0.01 <0.01

ADFI, kg 1.788 1.635 1.653 1.551 0.047 <0.01 <0.01

G:F, kg/kg 0.543 0.665 0.511 0.588 0.022 <0.05 <0.01
Postinoculation (day 8-21)

ADG, kg 0.940 1.093 0.783 0.938 0.031 <0.01 <0.01

ADFI, kg 1.983 1.944 1.934 1.831 0.075 NS NS

G:F, kg/kg 0.483 0.566 0.409 0.514 0.022 <0.01 <0.01
Overall (day 0-21)

ADG, kg 0.953 1.088 0.813 0.924 0.020 <0.01 <0.01

ADFI, kg 1.885 1.789 1.793 1.691 0.042 <0.05 <0.05

G:F, kg/kg 0.514 0.615 0.459 0.553 0.017 <0.01 <0.01

ISTD Thr, Standard Thr (0.65% standardized ileal digestible).
2SUP Thr, Supplemental Thr (0.78% standardized ileal digestible).
*No significant Fiber X Thr interaction were observed.

NS, not significant (P > 0.05).

used in the present study was expected to be suffi-
cient to mount an immune response and support
growth (Wellington et al., 2018).

Response to Salmonella Inoculation

The enteric pathogen model (S. typhimurium)
used in the current study has been reported to suc-
cessfully and uniformly stimulate the immune system
of pigs (Pieper et al., 2012; Barba-Vidal et al., 2017;
Burdick-Sanchez et al., 2017). In the present study,
the increase in haptoglobin and decrease in serum
albumin postinoculation is in agreement with re-
sponse observed in previous studies in pigs under
immune stimulation (Lipperheide et al., 1998;
Petersen et al., 2002; de Ridder et al., 2012; Litvak
et al., 2013). Turner et al. (2002) and Gebru et al.
(2010), who measured rectal temperature in pigs for
7 d post-Salmonella inoculation and reported the
highest rectal temperatures on day 2 and 3, which
remained elevated until day 7, similar to the response
seen in the current study. Previous studies in which
LPS was used to initiate an immune stimulation
observed alterations in WBC counts (Litvak et al.,
2013; Wellington et al., 2018). This was not observed
in and may be due to differences in the infection
model used (i.e., enteric pathogen vs. systemic LPS)
or time of blood sampling. The lack of response of

serum IgG to ST inoculation agrees with Turner
et al. (2002), who reported no significant effect of
ST challenge model on serum IgG levels in weanling
pigs. However, others have reported that increasing
dietary Thr levels increased serum IgG concentra-
tion in growing pigs (Li et al., 1999). Altogether, the
data suggest an effective and uniform ST challenge
across all the dietary treatments.

Rectal swabs collected prior to ST inoculation
confirmed that pigs used in the current study were
negative for the inoculated strain of ST. Salmonella
typhimurium shedding in feces was detected in all pigs
until day 20 following ST inoculation, consistent with
prolonged inflammatory indicators. Furthermore,
ST was detected in digesta and tissue samples on day
7 postinoculation indicating intestinal colonization
and translocation of the ST. Dietary treatment did
not affect fecal shedding which agrees with Thomson
et al. (2012) who fed diets containing different fiber
sources (sugar beet pulp, distiller’s dried grains with
solubles) to pigs inoculated with ST and observed no
significant changes in fecal ST shedding. In contrast,
others have reported changes in Salmonella colon-
ization, which has been associated with variations in
barley fiber (Pieper et al., 2012). No significant treat-
ment effects were observed on ST count in digesta
(ileum and cecum), MLN, and spleen tissues, con-
sistent with the observations made on fecal shedding
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scores. In the colon digesta, however, an interaction
of fiber and Thr on shedding was observed, sug-
gesting that supplemental Thr may have supported
immune responses contributing to reduced ST col-
onization when HF diets were fed, however, given
this observation limited to the colon.

Growth Performance of Salmonella-Inoculated Pigs

We observed no significant interactions be-
tween DF and Thr level on growth performance
and therefore only main effects are discussed here.
In the present study, the observed effect of HF
diets (54% increase in TDF content) on growth
performance was consistent during the first week
(day 0 to 7) postinoculation, week 2 and 3 (day 8 to
21) postinoculation, and overall (day O to 21). In the
first week postinoculation, the reduced ADG ob-
served in HF-fed pigs is likely due to lower ADFI as
well as reduced feed efficiency. In the postinoculation
period day 8 to 21, although all pigs had the same
ADFI, ADG, and G:F were reduced in HF-fed pigs.
The fibrous ingredients (sugar beet pulp and wheat
bran) that were used to produce the HF diet in the
present study have been reported by others (Anguita
et al., 2007) to reduce feed intake in pigs thereby re-
ducing growth rate and efficiency in the absence of a
pathogenic challenge. However, in the current study,
dietary nutrient content (NE and AA) was formu-
lated to be consistent across dietary treatments and,
therefore, should not have resulted in reduced per-
formance. Under poor sanitary conditions the add-
ition of fiber (16.9% total DF) in pig diets has been
reported to negatively affect growth performance
by decreasing voluntary feed intake (Montagne
et al., 2012). Similarly, when Gebru et al. (2010) in-
oculated pigs with Salmonella, voluntary feed in-
take decreased compared to preinoculation intake
levels, suggesting that the presence of a disease
challenge also affects voluntary feed intake. This is
likely why HF diets, despite formulation to similar
nutrient levels as LF diets, reduced feed intake and
resulted in decreased growth performance in the
current study. It has been suggested that during en-
teric pathogen challenge, DF may act as a substrate
for increased bacterial proliferation and hence in-
creased disease prevalence and poor performance
of pigs (Montagne et al., 2012). Nevertheless, there
was no evidence of increased ST colonization with
HF diets in the current study. Factors contributing
to lower intake and performance during enteric
disease challenge are unclear but appear to be un-
related to differences in ST colonization or supply
of Thr.

Wellington et al.

Under immune-stimulating conditions, such as
disease challenge or poor sanitary conditions, nu-
trient requirements increase to support an effective
immune response (Le Floc’h et al., 2009; Van der
Meer et al., 2016). Threonine has been reported to
support optimal growth, immune function, and in-
testinal barrier in pigs when supplied at the required
levels (Wang et al., 2010; Mao et al., 2014; Trevisi
et al., 2015). The addition of supplemental Thr
above the requirement for growth has been reported
to improve weight gain, feed efficiency, and immune
status in growing pigs, with a greater level of sup-
plementation needed to maximize immune response
than growth (Li et al., 1999). Other reports have
suggested that higher Thr levels are required to op-
timize growth performance under unsanitary condi-
tions (Jayaraman et al., 2015) and during systemic
ISS with LPS (Wellington et al., 2018; McGilvray
et al., 2019). In the current study, supplemental
dietary Thr improved ADG regardless of DF and
resulted in similar effects as high DF on ADFI and
G:F during all postinoculation periods. It is unclear
why SUP Thr decreased feed intake postinoculation.
It is possible the SUP Thr increased susceptibility
to ST challenge there is little evidence in support
of this on recorded clinical responses or salmonella
colonization and translocation in tissues. Moreover,
Trevisi et al. (2015) reported that feed intake was in-
creased in pigs (8 to 10 kg BW) that were challenged
with E. coli and fed relatively high Thr diets (0.90%)
compared to pigs fed lower Thr diets (0.85%) during
day 0 to 7 postinoculation. Regardless of the effects
on feed intake, in the current study supplementing
Thr above NRC (2012) requirements for growth re-
sulted in improved ADG and G:F. The improved
growth performance observed in the present study
agrees with Trevisi et al. (2015) who reported an im-
proved ADG and G:F in pigs fed high Thr diets and
challenged with E. coli. Similarly, Ren et al. (2014)
reported improved growth performance (ADG and
G:F) and intestinal immune status when higher
Thr was fed to weaned pigs challenged with E. coli.
Therefore, under conditions of disease challenge
where pigs are unable to maintain voluntary feed in-
take at required levels to meet energy and nutrient
requirement for an effective immune response and
growth, increased dietary Thr could play an im-
portant role in alleviating the effects of the disease
challenge by improving growth performance and
immune status.

It is noteworthy that while feeding high DF
in the present study reduced pig growth perform-
ance during an enteric disease challenge and
supplemental Thr improved pig performance
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regardless of the DF content, there was no inter-
action between Thr supplementation and DF.
So, while SUP Thr improved growth perform-
ance in challenged pigs fed high DF diets, this
growth response was less than the response in
LF-fed pigs. This suggests that the level of Thr
supplementation used in this study was insuffi-
cient to meet requirements in pigs fed high DF
and challenged with an enteric pathogen or an-
other factor is limiting for growth under the con-
ditions of the current study. This contrasts with
our previous work (Wellington et al., 2018) in
which we demonstrated that both high DF and
ISS independently increased Thr requirement for
PD but did not result in a further increase when
both were present (i.e., no additive effect). It has
been shown that challenge models (e.g., enteric
pathogen, LPS challenge, sanitary conditions)
can result in different effects on immune response
(Pastorelli et al., 2012) and caution should there-
fore be used when comparing and interpreting
results of studies in which different models have
been used.

CONCLUSION

Overall, supplementing dietary Thr above the
estimated requirement (NRC, 2012) improved
growth performance in LF- and HF-fed challenged
pigs. However, performance of supplemented HF
challenged pigs was less than supplemented LF
challenged pigs. These results suggest that Thr sup-
plementation to meet previously estimated require-
ments for high DF and systemic immune challenge
was not sufficient to maintain growth performance
of pigs fed HF diets and challenged with an enteric
pathogen.
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