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Prebiotics and b-Glucan as
gut modifier feed additives
in modulation of growth
performance, protein
utilization status and
dry matter and lactose
digestibility in weanling pigs

Mychal-Ann Natalie Hayhoe1, Tania Archbold1, Qi Wang1,
Xiaojian Yang1 and Ming Z. Fan1,2*

1Department of Animal Biosciences, University of Guelph, Guelph, ON, Canada, 2Department of
Animal Biosciences and One Health Institute, University of Guelph, Guelph, ON, Canada
There are growing interests in developing novel gut modifier feed additives and

alternative therapeutics to replace antimicrobials to enhance efficiency of

nutrient utilization and to address the antimicrobial resistance threat to

public health facing the global pork production. Biological mechanisms of

supplementing lactose for enhancing weanling pig growth and nitrogen

utilization are unclear. Thus, this study was prompted to determine effects of

dietary supplementation of 3 prebiotics and oat b-glucan vs. a sub-therapeutic

antibiotic on growth performance, whole-body protein utilization status, the

apparent total tract dry matter (DM) and lactose digestibility in weanling pigs

fed corn and soybean meal (SBM)-based diets. Six experimental diets were

formulated with corn (40%), SBM (28%) and supplemented with dried whey

powder (20%) and fish meal (9%) with titanium oxide (0.30%) as the digestibility

marker. Diet 1 (NC, negative control), as the basal diet, contained no antibiotics

and no supplemental prebiotics or b-glucan. Diet 2 (PC, positive control),

contained an antibiotic premix (Lincomix-44 at 0.10%) in the basal diet at the

expense of cornstarch. Diets 3, 5 and 6 contained 0.75% of the three test

prebiotics of retrograded cornstarch (Diet 3), Fibersol-2 (Diet 5, a modified

digestion-resistant maltodextrin) and inulin (Diet 6), and the viscous soluble
Abbreviations: AA, amino acids; ADFI, average daily feed intake; ADG, average daily gain; ADLI, average

daily lactose intake; ANOVA, analysis of variance; AOAC, the Association of Official Agricultural

Chemists; BW, body weight; CP, crude protein; CCAC, Canadian Council on Animal Care; CFIA,

Canadian Food Inspection Agency; d, day; DM, dry matter; F:G, feed to gain ratio; F-2, Fibersol-2; b-G, b-

glucan; IN, inulin; LDC, lactase digestive capacity; PC, positive control; PPE, porcine proliferative

enteropathy; RCS, retrograded cornstarch; RS, resistant starch; SBM, soybean meal; N, nitrogen; NC,

negative control; NRC, National Research Council; and Vcap, the small intestinal lactase digestive capacity;

wk, week.
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fiber oat b-glucan (Diet 4), respectively, at the expense of cornstarch. A total of

144 Yorkshire pigs, at the age of 21 days (d) and an average body weight (BW) of

5.5 kg, were allocated to 12 floor pens with 3 barrows and 3 gilts per pen, and

fed one of the 6 diets for 21 d in 2 study blocks according to a completely

randomized block design. Initial and final pig BW, average daily gain (ADG),

average daily feed intake (ADFI), representative pig plasma urea concentration

as well as the apparent total tract DM and lactose digestibility during d 8-15

were measured. Analyses of variances, Dunnett’s and Tukey’s tests were

conducted on the endpoints by using the SAS mixed model. There were no

differences (P > 0.05) in ADG, ADFI, feed to gain ratio, plasma urea

concentration, the apparent total tract apparent DM and lactose digestibility

and the predicted whole-gut lactase digestive capacity among the diets, as

examined by the Tukey’s test. There were no differences (P > 0.05) in these

endpoints between each of the four treatment diets and the NC or the PC diet

as examined by the Dunnett’s test. The total tract lactose digestibility was

determined to be at 100%. The predicted whole-gut lactase digestive capacity

was about eight times of the daily lactose intake when dietary lactose contents

were supplemented at 10 - 12% (as-fed basis). In conclusion, dietary

supplementation (at 0.75%) of the prebiotics and the oat b-glucan did not

significantly affect the major growth performance endpoints, whole-body

protein utilization status as well as the apparent total tract DM and lactose

digestibility in the weanling pigs fed the corn and SBM-based diets. The

promoting effect for growth and nitrogen utilization associated with dietary

supplementation of lactose is due to the fact that lactose is a completely and

rapidly digestible sugar rather than acting as an effective prebiotic in weanling

pig nutrition.
KEYWORDS

antibiotics, b-glucan, prebiotics, lactose, digestibility, plasma urea, weanling pigs
Introduction

Porcine weaning transition is associated with retarded

growth and poor efficiency of nutrient utilization along with

gut dysbiosis and changes in gut microbiome and microbiota

harboring zoonotic and pathogenic bacteria (Pluske et al., 2002;

Lackeyram et al., 2010; Tran et al., 2018; Fan et al., 2022). The

main zoonotic bacteria causing weanling porcine gut infectious

diseases include the Gram-negative enterotoxigenic E. coli spp.

responsible for colibacillosis (Pluske et al., 2002; Nagy and

Fekete, 2005; Rhouma et al., 2017; Tran et al., 2018); and

Salmonella spp. causing salmonellosis (Pluske et al., 2002;

Evangelopoulou et al., 2015; Tran et al., 2018). Being

recognized as one of the most common zoonoses, the Gram-

negative Campylobacter spp., including the recently identified

Campylobacter lanienae, have been well identified in porcine gut

and can cause campylobacteriosis in humans (Schweitzer et al.,

2011; Silva et al., 2011; Tran et al., 2018; Costa and Iraola, 2019;
02
Fornefett et al., 2021); however, these zoonotic bacteria have

limited pathogenic effects on the porcine gut (Rath et al., 2021).

The Gram-positive Mycobacterium tuberculosis spp. have also

been recognized as zoonotic bacteria in multiple food animal

species and their cases in swine production are sporadic and only

region-specific (Arega et al., 2013; Tran et al., 2018; Ramos et al.,

2020), while pathogenesis of these zoonotic bacteria in pigs has

only been experimentally demonstrated (Niroula et al., 2022).

Furthermore, the Gram-negative Lawsonia intracellularis

(L. intracellularis) is responsible for the prevalent porcine

enteric disease, i.e., porcine proliferative enteropathy (PPE),

also known as ileitis, particularly in young pigs (Smith and

Lawson, 2001; Winkelman et al., 2002; Karuppannan and

Opriessnig, 2018; Jansen et al., 2019). In the late 1940s, the

development of supplemental vitamins, specifically vitamin B12,

led to the discovery that antibiotics could also be used to

improve growth and feed intake in food animal production

(Summons, 1968; Cromwell, 2001). When comprehensively
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comparing vaccines and antibiotics for managing L.

intracellularis, Jansen et al. (2019) concluded that prophylactic

and treatment antibiotics were more cost-effective options while

vaccination was a less cost-effective strategy. Therefore, the

modern practice of feeding weanling pigs with antimicrobials,

including antibiotics and pharmacological levels of copper and

zinc oxide as therapeutics and growth promoters, for controlling

zoonotic bacteria, managing gut health and enhancing growth,

has been established in pork production for more than

seven decades.

But the rise of the antimicrobial resistance has motivated the

search for novel gut modifier feed additives and alternative

therapeutics to replace antimicrobials in the past two decades

(Pluske et al., 2002; Heo et al., 2013; Fan and Archbold, 2015;

Tran et al., 2018; Wang et al., 2020; Tan et al., 2021; Ma et al.,

2021). Numerous non-antimicrobial alternative feed additives

have been primarily evaluated for their impact on host gut and

immunological responses as well as overall health improvement

with prebiotics and other soluble fibers arising as viable options

for improving weanling swine health with limited understanding

about their effects on efficiency of nutrient utilization (Pluske

et al., 2002; Heo et al., 2013; Tran et al., 2018; Jha et al., 2019;

Tiwari et al., 2019; Tan et al., 2021). It should be pointed out that

newly emerging gut modifier feed additives and therapeutics as

alternatives to antimicrobials are highly regulated by

government regulatory agencies and are thus implemented

differentially by swine and feed industrial end-users in terms

of as novel feed additives vs. as medicinal therapeutics in many

countries including Canada (Health Canada and Canadian Food

Inspection Agency, CFIA, 2019). For example, zinc at 2,000 ppm

has been approved as a therapeutic for treatment of diarrhea,

while the gut trophic amino acid (AA) L-glutamine has been

approved and regulated as a medicinal therapeutic for treatment

of gut mucosal trophy in food animals in Canada (Health

Canada and Canadian Food Inspection Agency, CFIA, 2019).

Interestingly, recent studies suggest that pharmacological levels

of antimicrobials improved growth through enhancing feed

intake with no impacts on dry matter (DM), energy and crude

protein (CP) digestibility in weanling pigs (Chen et al., 2021;

Burrough et al., 2022). Therefore, there are both scientific and

regulatory needs to further understand efficacy and biological

roles of prebiotics and other soluble fibers arising as potentially

viable alternative gut modifier feed additives for improving

growth and efficiency of nutrient utilization in weanling pigs.

Prebiotics are described as novel ingredients that resist

gastrointestinal digestion and absorption by host animal

enzymes and can be selectively fermented by intestinal

microflora and have a positive impact on the host (Gibson

et al., 2004). The classified prebiotics, including retrograded

resistant starch (RS), Fibersol-2 (i.e., a commercial supplement

that is a resistant maltodextrin) and inulin, have been well

documented for their prebiotic effects (Fastinger et al., 2008).

Prebiotics are often soluble fiber but not all soluble fiber can be
Frontiers in Animal Science 03
described as a prebiotic. Thus, the aforementioned prebiotics fall

into the definition as outlined in the seminal paper by Gibson

et al. (2004). Resistant starch can increase fecal bulk, increase the

molar ratio of the trophic and signaling volatile short-chain fatty

acids such as butyrate and dilute fecal bile acids (Zaman and

Sarbini, 2016). Several previous porcine studies supplemented

various sources of RS as functional ingredients (e.g., inclusion

levels at 7 – 10%) rather than as gut modifier feed additives (e.g.,

inclusion levels at< 1%) in their diets (Bird et al., 2007; Rideout

et al., 2008; Bhandari et al., 2009; Fouhse et al., 2015). Fibersol-2

was shown in shifting fecal bacterial populations of

Bifidobacterium to higher proportions and increasing the

production of butyrate in health humans (Fastinger et al.,

2008). Xing et al. (2018) reported that dietary supplementation

(up to 0.40%) of gradient levels of Fibersol-2 as a novel feed

additive could improve circulating blood systemic oxidative,

immune and lipid parameters without affecting growth and

digestibility endpoints in weanling pigs. Inulin was reviewed to

have immune modulation effects (Seifert and Watzl, 2007).

When included as a functional ingredient (at 5%) in diets,

dietary supplementation of crude inulin extract reduced fecal

excretion of a key odor compound of skatole and inconsistently

modulated efficiency of nutrient utilization in grower pigs

(Rideout and Fan, 2004; Rideout et al., 2004). However,

weaning pig studies with inulin as feed additives did not reveal

significant improvements in growth performances (Pierce et al.,

2005; Mair et al., 2010; Uerlings et al., 2021). Overall, there are

limited studies regarding prebiotics as gut modifier feed

additives to enhance growth and nutrient utilization in

weanling pigs.

The viscous soluble fiber, b-glucans, have received some

interests because of the recognition that some sources of b-
glucans have immune modulating effects (Willment et al., 2001).

Because of the heterogenous nature of b-glucans that arise from a

variety of sources, their activities are diverse and not completely

confirmed through sufficient research, which makes b-glucans
ineligible to receive a prebiotic designation (Gibson et al., 2004).

Despite this, the research that has shown regulatory effects of

specific sources of b-glucans would suggest that dismissing the use

of b-glucans to improve growth performance and health

parameters would be premature. Oat b-glucan as a functional

viscous soluble fibre ingredient was shown effective in modulating

bile acid secretion (Lia et al., 1995); regulating the immune system

with anti-inflammatory capabilities (Chang et al., 2006) as well as

increasing digesta viscosity and decreasing blood glucose peak

levels (Hooda et al., 2010; Hooda et al., 2011). In the study by Wu

et al. (2021), dietary supplementation (at 0.02%) of a unique

bacterial source of b-glucan could improve gut morphology,

biochemical and microbiome endpoints with improved growth

in weanling pigs. Thus, there is an incentive to further investigate

the use of readily available sources of b-glucans as gut modifier

feed additives to enhance growth and nutrient utilization in

weanling pigs.
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It has been well established that the porcine gut lactase

activity is at its highest level immediately after birth and during

the neonatal suckling period (Manners and Stevens, 1972;

Ekstrom et al., 1975; Kelly et al., 1991). Following this period,

porcine gut lactase activity decreases dramatically during the

weaning transition (Manners and Stevens, 1972; Ekstrom et al.,

1975; Kelly et al., 1991; Lackeyram, 2012). Paradoxically, the

positive role of dietary supplemental lactose in improving

weanling pig growth performance and efficiency of whole-

body nitrogen (N) retention has received considerable

attention. Crystalline lactose and lactose from dried whey

powder are well documented to be the essential dietary

carbohydrate for improving growth performance and/or

efficiency of the whole-body N retention in weanling pigs

(Mahan, 1992; Nessmith et al., 1997; Cromwell et al., 2008;

Acosta et al., 2020; Zhao et al., 2021). Mahan and Newton (1993)

demonstrated that dextrose was effective but cornstarch was

ineffective to replace lactose in improving growth performance

and efficiency of the whole-body N utilization in weanling pigs,

suggesting that lactose is still likely the highly and rapidly

digestible carbohydrate in weanling pigs. However, Fuller

(1992) and Zhao et al. (2021) suggested that lactose likely

garnered its positive prebiotic effects by modulating the gut

microflora such as the commensal bacteria lactobacilli.

Conversely, studies by Krause et al. (1995; 1997) did not

observe improvements in the adherent lactobacillus counts in

the ileum and the cecum in response to lactose supplementation

in weanling pigs. Through metagenomic analyses, Wang et al.

(2019) catalogued gut bacterial lactose degradation enzyme

genes in weanling pigs. Acosta et al. (2020) further shown that

bacteria lactobacilli spp. would have played limited roles for

improving the whole-body N retention efficiency at the post-

absorptive level via improving gut functions. Zhao et al. (2021)

proposed that high lactose digestibility could be the biological

cause for the supplemental lactose impacts on weanling pigs.

Surprisingly, to the best of our knowledge, supplemental lactose

digestibility has not been reported in weanling pigs to date. Thus,

examination of in vivo responses in lactose digestibility and the

whole-gut lactase digestive capacity in the absence and presence

of feed antibiotics; as well as the effects of prebiotic and b-glucan
supplementation will help further reveal the biological

mechanisms of dietary supplemental lactose in the support of

growth performance and efficiency of the whole-body N

utilization in the weanling pig.

As well documented, L. intracellularis-caused PPE is

prevalent and is also partly responsible for weaning-associated

growth retardation, morbidity and mortality in weanling pigs

under commercial settings; and sub-therapeutic and therapeutic

levels of Lincomix-44 were shown to be effective for the control

of weanling pig PPE (Winkelman et al., 2002; Jansen et al., 2019).

We hypothesized that weanling pigs were not susceptible to PPE

under a reasonable sanitary floor pen condition in research

settings, thus dietary supplementation of the sub-therapeutic
Frontiers in Animal Science 04
level of Lincomix-44 would be ineffective in improving growth

performances and efficiency of nutrient utilization in weanling

pigs. Whereas dietary supplementation of the prebiotics of RS,

resistant maltodextrin Fibersol-2 and inulin and the oat b-
glucan, as the gut modifier feed additives rather than as

functional ingredients at much higher levels, would directly

and indirectly optimize gut microbiota and modulate gut

mucosa, hence improving growth performances and efficiency

of nutrient utilization in weanling pigs under a reasonable

sanitary floor pen condition in our research settings.

Furthermore, weanling pig residual whole-gut lactase digestive

capacity would be sufficient to completely digest supplemental

lactose, which would not be affected by dietary supplementation

of the sub-therapeutic antibiotic and the anticipated gut modifier

feed additives. Therefore, the objectives of this study were to

investigate the effects of the three prebiotics, i.e., retrograded

cornstarch (RCS), Fibersol-2 and inulin, and oat b-glucan on

growth performances, the whole-body N utilization status as

indicated by changes in blood urea concentration responses as

well as the apparent total tract DM and lactose digestibility and

the predicted whole-gut lactase digestive capacity in the absence

and presence of the sub-therapeutic level of Lincomix-44 in

weanling pigs fed corn and soybean meal (SBM)-based diets.
Materials and methods

Animals and management

A total of 144 Yorkshire piglets, with a ratio of one barrow to

one gilt, were used for this study. The study was carried out in two

blocks with 72 pigs in each block. Each block contained 12 pens and

36 pigs with two replicate pens for each of six diets. Piglets were

divided into pens with six animals per pen. Piglets were weaned at

21 days (d) of age and given ad libitum access to their test diets and

water. Diets were provided in stainless-steel trough feeders

measuring 26.5 cm deep by 76 cm long. Water was provided

continuously through one dish per penmeasuring 17 cm across and

15 cm deep with a push activated water dispenser.

Pigs were obtained from the University of Guelph Arkell

Swine Research Station and transported to the animal research

wing in the Department of Animal Biosciences at the University.

Each group of six piglets were housed in each floor pen (160 cm

in length by 130 m in width and 13 cm off the ground) with

rubberized woven wire floors called Tenderfoot® with openings

measuring 3.0 cm by 1.5 cm. The room was kept at 24°C and the

pens were supplemented with heating lamps elevated about 65

cm above the piglet sleeping area. Each floor pen was equipped

with a rubber mat measuring approximately 60 cm by 95 cm that

was placed in the corner under the heating lamp to provide a

comfortable sleeping area.

The study nursery room and floor pens were thoroughly

disinfected prior to the arrival of each block of weaning pigs. The
frontiersin.org
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pens were thoroughly cleaned on a biweekly basis with a high-

pressure water hose. Due to the design of the pens and the room

in which the animals were housed, fewer cleanings would have

greatly impacted the sanitary conditions and welfare of the

animals due to unreasonable exposure to fecal contamination.

Conversely, more frequent cleanings were expected to poorly

represent the disease challenge experienced by pigs in a typical

commercial facility. Thus, our weanling pig study room and pens

were managed under an overall reasonable hygiene condition.

Animals were fed the experimental diets for 21 d with ad

libitum access being allowed. Feeders and water dispensers were

checked twice per d to ensure proper functioning, adequate fill

and to clean and replace diets as needed. Soiled and waste diets

were collected in foil trays (120 cm by 90 cm) that were placed

beneath the feeders, as well as being removed from the feeders

and then dried to an air-dry basis using drying ovens set at 65°C,

if necessary, and weighed to determine how much test diet

was consumed.

The piglets used in this study were cared for in accordance

with the guidelines set out by the Canadian Council on Animal

Care (CCAC, 1993). Environment enrichment was provided in

the form of bocce balls. Furthermore, pigs were given 5 min per

pen per d of positive contact time with a human. Positive contact

included scratching and interacting with the piglets using the

bocce balls.
Experimental diets and design

Six corn and SBM-based diets were formulated to meet

National Research Council (NRC, 1998; NRC, 2012) nutrient

requirements for pigs of 5 to 15 kg of body weight (BW)

(Table 1). To test our research hypotheses and simplify study

diet complexity, we used only one set, rather than weekly

changing three different sets, of these six test weanling pig

diets throughout the entire 3-wk post-weaning study period.

There are also inconsistent literature reports about the levels of

lactose supplemented in the weanling pig diets, differing in the

phase-1 post-weaning wk-1 diet (15 – 20%) (Mahan, 1992;

Cromwell et al., 2008; Acosta et al., 2020; Zhao et al., 2021);

the phase-2 post-weaning wk-2 diet (15 – 16%) (Mahan, 1992;

Cromwell et al., 2008; Acosta et al., 2020; Zhao et al., 2021) and

the phase-3 post-weaning wk-3 diet (0 – 10%) (Cromwell et al.,

2008; Zhao et al., 2021). Thus, to focus on testing our

hypothesized high lactose digestibility concept, we decided to

use only one dietary lactose content at about 10% (on as-fed

basis) for the six diets for the entire 3-wk post-weanling study

period. Thus, dried whey powder (19.86 g/kg of diets), with an

analyzed average lactose content of 54%, was included in the diet

formulations to provide 10% lactose in the weanling pig diets in

this study (Table 1). A negative control (NC) diet was

formulated with no antibiotics and a positive control (PC) diet

was formulated with 0.1% a sub-therapeutic antibiotic
Frontiers in Animal Science 05
Lincomix-44 premix according to the standard commercial

practice. The three prebiotics of retrograded cornstarch (RCS),

Fibersol-2 (F-2) and inulin (IN) as well as the viscous soluble

fiber oat b-glucan (b-G) with b-1,3/1,4 branching were added

into the diets at a rate of 0.75% at the expense of cornstarch.

Titanium oxide was included in the diets (0.30%) as a

digestibility marker. The study was conducted according to a

complete randomized block design with 6 treatments (diets), 3

blocks and 2 replicate pens per block. Each pen, housing 6 piglets

of 3 barrows and 3 gilts, represented an experimental unit. The

dietary inclusion at the level of 0.75% for the three prebiotics and

the oat b-glucan in the experimental diets were to reflect the

ranges of their dietary supplementation levels reported in the

current literature (Mair et al., 2010; Park et al., 2018; Xing et al.,

2018; Uerlings et al., 2021) in hopefully eliciting positive changes

in growth performance, nutrition and and/or physiological

endpoints while also being economically feasible for the

industry should commercial applications of these potential gut

modifiers as feed additives be attempted.
Measurements, sample collection and
sample preparation

Experimental pig BW were measured upon their arrival on d

1 of the trial when the piglets were 21 d old and then again at the

end of the trial, on d 21, when the piglets were 42 d old. These

data were used to calculate growth rates of the weanling pigs

over the duration of the trial. Feed intake was measured daily on

a per pen basis by weighing back any remaining diets at 0900 and

1700 h. Feeders were checked twice per d to ensure diets were

continuously available and to remove spoiled diets from the

feeders. The collection trays placed below the feeders in each pen

to catch spilled diets were also checked and emptied at 0900 and

1700 h daily. Wet diets removed from the feeders and collection

trays were dried to an air-dry basis in drying ovens set at 65°C to

allow removal of free water before weighing back to facilitate

accurate calculations of diet consumption.

Diet and fecal samples were collected on d 8 and 15 of the

trial for digestibility measurements. Fresh fecal samples were

collected from at least two pigs per pen and homogenized. Fecal

samples were freeze-dried. To create homogenized samples,

samples of the pelleted diet and dried fecal samples were

ground with a mortar and pestle according to Rideout et al.

(2004). Aliquots of freshly collected fecal samples from d 8 and

d 15 of the study were stored at -80°C for later processing and

the determination of lactose content. Diet samples were stored at

4°C for further analyses.

Venous blood samples were collected by puncture of the

orbital sinus on the right or left side of one animal per pen on d

12 of the trial from physically immobilized pigs (Bregendahl

et al., 2004). Blood was collected into pre-chilled plastic

centrifuge tubes containing heparin for the separation of
frontiersin.org
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TABLE 1 Composition of experimental diets for the weanling pigs of 5 - 15 kg of body weight (BW)1.

Experimental diets2

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6
Item (NC) (PC) (RCS) (b-G) (F-2) (IN)

g/kg

Corn 39.66 39.66 39.66 39.66 39.66 39.66

Cornstarch 1.70 1.80 0.01 0.73 1.05 1.05

Soybean meal 27.80 27.80 27.80 27.80 27.80 27.80

Dried whey powder 19.86 19.86 19.86 19.86 19.86 19.86

Fish meal (herring) 9.00 9.00 9.00 9.00 9.00 9.00

Animal fat-oil blend 0.18 0.18 0.18 0.18 0.18 0.18

Lysine-HCl3 0.20 0.20 0.20 0.20 0.20 0.20

DL-Methionine4 0.09 0.09 0.09 0.09 0.09 0.09

Limestone 0.36 0.36 0.36 0.36 0.36 0.36

Iodized salt5 0.25 0.25 0.25 0.25 0.25 0.25

Mineral-vitamin premix6 0.50 0.50 0.50 0.50 0.50 0.50

Feed antibiotic7 0.00 0.10 0.00 0.00 0.00 0.00

RCS-RS8 0.00 0.00 1.79 0.00 0.00 0.00

b-Glucan9 0.00 0.00 0.00 1.07 0.00 0.00

Fibersol-210 0.00 0.00 0.00 0.00 0.75 0.00

Inulin11 0.00 0.00 0.00 0.00 0.00 0.75

Titanium oxide12 0.30 0.30 0.30 0.30 0.30 0.30

Dietary nutrient contents (on as-fed basis)13:

Digestible energy, MJ/kg 14.46 14.45 14.18 14.29 14.39 14.39

Crude protein, % 23.51 23.51 23.51 23.51 23.51 23.51

Total calcium, % 0.78 0.78 0.78 0.78 0.78 0.78

Total phosphorus, % 0.71 0.71 0.71 0.71 0.75 0.71

Total amino acid levels13: % of diet (on as-fed basis)

Arginine 1.43 1.43 1.43 1.43 1.43 1.43

Histidine 0.62 0.62 0.62 0.62 0.62 0.62

Isoleucine 1.02 1.02 1.02 1.02 1.02 1.02

Leucine 1.97 1.97 1.97 1.97 1.97 1.97

Lysine 1.50 1.50 1.50 1.50 1.50 1.50

Methionine 0.43 0.43 0.43 0.43 0.43 0.43

Cysteine 0.37 0.37 0.37 0.37 0.37 0.37

Phenylalanine 1.06 1.06 1.06 1.06 1.06 1.06

Tyrosine 0.80 0.80 0.80 0.80 0.80 0.80

Threonine 0.98 0.98 0.98 0.98 0.98 0.98

Tryptophan 0.29 0.29 0.29 0.29 0.29 0.29

Valine 1.12 1.12 1.12 1.12 1.12 1.12
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1Pigs weaned at 21 d of age and fed the diets for 3 weeks (wk) post-weaning to meet or exceed the NRC (1998; 2012) nutrient requirements for pigs of 5 - 15 kg of BW.
2Diet 1 without the supplemental additives as the negative control (NC); Diet 2 with the antibiotic additive as the positive control (PC); Diet 3 with retrograded cornstarch (RCS) as the source of
resistant starch (RS); Diet 4 with b-glucan (b-G); Diet 5 with fibersol-2 (F-2); and Diet 6 with inulin (IN).
3Crystalline lysine-HCl of 79% purity commercially available.
4Crystalline DL-Methionine of 99% purity commercially available.
5Supplied by the Windsor Salt Co. (Toronto, ON, Canada). Composition (g/kg): NaCl, 965.0; ZnO, 40.0; FeCO3, 1.6; MnO, 1.2; CuO, 0.33; Ca(IO3)2, 0.07; and CaO, 0.04.
6The trace mineral and vitamin premix supplied the followings per kg of diet provided by the DSM Nutritional Products Inc. (Ayr, ON, Canada) with guaranteed analyses of the followings:
copper, 15.0 mg; iodine, 0.5 mg; iron, 100 mg; manganese, 20.0 mg; selenium, 0.30 mg; and zinc, 105.0 mg; vitamin A, 10000 IU, vitamin D3 1000 IU, vitamin E, 40 IU; vitamin K3, 2.5 mg;
thiamine, 1.5 mg; riboflavin, 5.0 mg; pyridoxine, 1.5 mg; vitamin B12, 0.025 mg; niacin, 25 mg; d-pantothenic acid, 15.0 mg; folic acid, 2.0 mg; D-biotin, 0.200 mg; and choline, 500 mg.
7Feed antibiotic of Lincomix-44 supplied by Elanco Canada Inc. (Guelph, ON, Canada) for providing 0.044 g lincomycin per kg of the PC diet.
8Retrograded high-amylose cornstarch with resistant starch (RCS-RS) content at about 42% from the National Starch (Bridgewater, NJ).
9b-glucan with b-(1-3) and b-(1-4) branching extracted from oats at 70% purity donated by Garuda International Inc. (Lemon Cove, CA).
10A commercial trade name for resistant maltodextrin marketed and donated by DSM, Matsutani LLC (Clinton, IA).
11Inulin (100% purity) marketed by Nealanders International Inc. (Mississauga, ON, Canada).
12Nutrient digestibility marker purchased from Thermo-Fisher Scientific (Ottawa, ON, Canada).
13Calculated values according to NRC (1998; 2012).
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plasma. After collection, the blood samples were placed on ice

and transferred to the lab where they were centrifuged at 2,000 x

g for 20 min with a centrifugation temperature of 4°C to separate

the plasma fractions. These fractions were then removed,

divided into aliquots and stored at -80°C for later analyses of

plasma urea concentration.
Chemical and biochemical analyses

Dietary and fecal DM content was analyzed according to the

Association of Official Agricultural Chemists (AOAC, 1993).

The digestibility marker titanium oxide content in the diet and

fecal samples was analyzed by following the procedures of Leone

(1973) and Myers et al. (2004). Resulting absorbances in the

processed titanium oxide standards, diet and fecal sample were

measured at 410 nm by using an Epoch microplate reader

(BioTek, Winooski, VT).

Lactose content in diet and fecal samples was analyzed by

using a commercial kit (Megazyme, Wicklow, Ireland) that

measures b-D-galactose after lactose was hydrolyzed with the

enzyme b-galactosidase. The kit works through measuring the

absorbance of sample solutions at 340 nm, which reflects NADH

content. NADH is produced proportionately in response to the

content of lactose in samples. Diet and fecal samples (~0.2 g)

were accurately weighed out and transferred into 50 mL plastic

centrifuge tubes. After thoroughly mixing with 12.5 mL of

distilled and deionized water, the tubes were centrifuged at

1,000 x g for 15 min at 4°C to remove particulate substances.

The supernatants were transferred into 50 mL of volumetric

flasks and brought to the volume with distilled and deionized

water. The prepared aliquot samples (0.400 mL) were

deproteinized via incubation of the sample tubes in a boiling

water bath, followed by centrifugation at 1,500 x g for 15 min at

4°C. The further prepared supernatant samples were then

directly measured for free b-D-galactose content as a

background correction prior to further determination of

lactose concentrations in the prepared supernatant samples by

using the assay kit’s other enzyme and assay solutions.

Plasma urea content was determined using premade kits

(Stanbio Laboratory, Boerne, TX) with the kit’s solutions that

utilized the enzyme urease to hydrolyze urea to ammonia and

carbon dioxide. Ammonium aminates a-ketoglutarate to glutamate

while the concurrent oxidation of NADH to NAD+ is catalyzed by

glutamate dehydrogenase. The Stanbio diagnostics blood urea

(endpoint) reagent is formulated in such a way that the decrease

in absorbance at 340 nm, resulting from the oxidation of NADH to

NAD+, is directly proportional to urea concentration in the plasma

samples. The prepared blood plasma supernatant samples were

directly measured for free NH+
3 content as a background correction

prior to further determination of urea concentrations in the

prepared supernatant samples by using the assay kit’s other

enzyme and assay solutions.
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Calculations and statistical analysis

The daily whole small intestinal lactase digestive capacity

(LDC), referred to as the whole-gut LDC, was predicted

according to the concept of Weiss et al. (1998) and Lackeyram

et al. (2010) and through using the LDC value directly measured

in the Yorkshire weanling pigs by Lackeyram (2012) with the

following justifications. Firstly, the mammalian and porcine gut

lactase activities are at their peak levels at the birth and during

early postnatal suckling and then decline rapidly to their bottom

residual activity levels during the weaning transition (Manners

and Stevens, 1972; Ekstrom et al., 1975) and these decreases in

lactase activity are primarily regulated at the transcriptional level

(Kelly et al., 1991; Spodsberg et al., 1999). Secondly, expression

of the gut enterocytic lactase activity is cell differentiation-

dependent (Fan et al., 2001) and its expression is primarily in

the differentiated upper and middle villus enterocytes and is also

controlled at the transcriptional level (Troelsen et al., 1997).

Thirdly, weanling pigs used in this study and in the study by

Lackeyram (2012) were the same Yorkshire pigs from the same

swine herd and from the same genetic background. Lastly,

previous studies shown that although diets and nutrition such

as oral feeding of growth factors and feeding levels affected post-

transcriptional intracellular synthesis and processing of lactase,

these non-genetic factors had limited effects on lactase activity in

young pigs (Kelly et al., 1991; Burrin et al., 2001; Dudley et al.,

2001). Nevertheless, weanling pigs used in this study and in the

study by Lackeyram (2012) also were also fed with the similar

corn and SBM-based diets and were managed under the similar

housing conditions. Thus, the whole-gut LDC values associated

with the weanling pigs fed the experiential diets in this study was

predicted according to Formula 1.

LDC = 342:3 � Vcap � BWð Þ÷1000 (1)

Where LDC is the whole gut lactase digestive capacity (g

lactose/pig•d); 342.30 is the molar mass of lactose representing

342.30 g lactose per mole; Vcap is the small intestinal lactase

digestive capacity of 151.42 ± 15.79 mmol/(kg•BW•d) previously

measured by our group in the weanling Yorkshire pig (Lackeyram,

2012); and BW is the average final live BW of experimental pigs

(kg/pig).

Data were analyzed by using the Statistical Analysis Software

9.2 (SAS Institute, Cary, NC) for a mixed model of analysis of

variance (ANOVA) according to the completely randomized block

design. The animals were sorted completely at random within each

block without taking their factors into account. The statistical model

for the ANOVA according to a completely randomized block

design with 6 diets (treatments), 6 replications (blocks) and 24

experimental units (pens) of a total of 144 animals. Comparisons

between each test diet and each of the control diets were conducted

by using the Dunnett-Hsu’s test. Comparisons among all the diets

were carried out by using the Tukey-Krammer’s test for pairwise

comparisons. A linear calibration equation was generated by using
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respective pure compounds in reaction with reagents for each batch

of the sample analyses of titanium oxide, lactose and urea with

verified significant slope and intercept estimates at P< 0.05.

Differences between and among the treatment diets were

considered to be significant at P< 0.05.
Results

The effects of dietary supplementation of the three prebiotics

and oat b-glucan on the major growth performance endpoints are

summarized and compared in Table 2. There were no differences

(P > 0.05) in the initial and the final BW and the 3-week (wk)

average daily gain (ADG) of the test weanling pigs among the 6

experimental diets; as well as between each of the tested feed

additive supplemental diets and the PC (Diet 2) and the NC

(Diet 1) diets. Furthermore, dietary supplementation of these

three prebiotics (Diet 3 - RCS; Diet 5 - F-2; and Diet 6 - IN) and

oat b-glucan (Diet 4 - b-G) had no effects (P > 0.05) on the 3-wk

average daily feed intake (ADFI) and the 3-wk feed to gain ratio (F:

G) in the weanling pigs.

The effects of dietary supplementation of these three

prebiotics and oat b-glucan on the dietary and fecal DM

contents, the apparent total tract DM digestibility and plasma

urea concentration were summarized and compared in Table 3.

Dietary supplementation (at 0.75%) of inulin (Diet 6 - IN)

increased (P< 0.05) its dietary DM content; however, the fecal

DM content was not affected (P > 0.05) by the dietary treatment

in comparison with the NC (Diet-1) when tested by the

Dunnett-Hsu’s test. b-Glucan supplementation (at 0.75%, Diet

4 - b-G) and the presence of the sub-therapeutic level of the feed

antibiotic in the PC (Diet-2) resulted in numerically lower
Frontiers in Animal Science 08
apparent total tract DM digestibility values; however, these

differences were not statistically significant when compared by

using the Tukey-Kramer’s test and the Dunnett-Hsu’s test. This

discrepancy might have been partly due to the relatively larger

SEM valued associated with these measurements. Overall, the

dietary treatments did not have effects (P > 0.05) on the apparent

total tract DM digestibility and the plasma urea concentration in

the weanling pigs.

The effects of dietary supplementation of these three

prebiotics and oat b-glucan on the dietary and fecal lactose

contents, average daily lactose intake (ADLI), the predicted

whole-gut LDC and the apparent total tract lactose

digestibility were summarized and compared in Table 4. There

were no differences (P > 0.05) in dietary lactose contents among

the diets (Table 4). Dietary lactose content was aimed to be

constant at 10% (on as-fed basis) across the six test diets;

however, the analyzed lactose contents varied slightly and

ranged from 10.21 (Diet 4 - b-G) to 11.53% (PC - Diet 2)

because of diet mixing, sampling and lactose analysis variability.

Average daily lactose intake in the weanling pigs was calculated

and was found to be not different (P > 0.05) among the diets.

Analyses of the fecal lactose contents revealed that all dietary

lactose was 100% digested. For all the test diets, fecal lactose

content was essentially measured to be at 0%. Furthermore, the

whole-gut LDC values in the weanling pigs at the end of the

study were also predicted and were found to be not different (P >

0.05) among the diets (Table 4). The predicted whole-gut LDC

was averaged at 500.40 g lactose/pig·d and was 7.9 times of the

estimated average daily lactose intake (63.48 g lactose/pig·d)

across the test diets fed to the weanling pigs in this study, further

suggesting that the dietary lactose was completely and rapidly

digested via enzymatic hydrolysis by the small intestinal lactase
TABLE 2 The effects of dietary supplementation of three prebiotics and b-glucan on growth performances in the pigs weaned at 3 weeks (wk) of
age and fed the corn and soybean meal-based diets for 3 wk.

Experimental diets1

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6
Item (NC) (PC) (RCS) (b-G) (F-2) (IN) SEM2

Body weight (BW) kg

Initial BW 6.975 6.545 6.710 6.819 6.424 6.579 0.450

Final BW 13.175 12.900 12.646 12.625 12.475 11.938 0.760

kg/pig•day

ADG4 0.292 0.291 0.335 0.298 0.268 0.325 0.033

ADFI3 0.638 0.585 0.612 0.577 0.572 0.574 0.760

kg/kg

F:G5 2.372 2.066 2.119 2.024 2.116 2.279 0.416
frontier
1See Table 1 for details of the diet formulations. Diet 1 as the negative control (NC); Diet 2 as the positive control (PC); Diet 3 with retrograded cornstarch (RCS) as the source of resistant starch;
Diet 4 with b-glucan (b-G); Diet 5 with Fibersol-2 (F-2); and Diet 6 with inulin (IN).
2Pooled standard errors of means (n = 4).
3ADFI, average daily feed intake.
4ADG, average daily gain.
5F:G, feed to gain ratio.
Endpoints without common or different superscript letters do not differ (P > 0.05).
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anchored on the brush border membrane of the epithelia within

the small intestine in these weanling pigs fed the test diets.
Discussion

The major objectives of this study were to evaluate the

effects of RCS, Fibersol-2, inulin and oat b-glucan on growth

performances and blood urea levels and to further investigate

the biological mechanisms of dietary supplemental lactose for

enhancing growth and whole-body N retention in weanling pig

nutrition. No significant differences were detected between any
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of the diets for the growth performance parameters measured

(Table 2). Direct comparison of results from this study with

other studies is difficult due to limited research reports

available on specific prebiotic and oat b-glucan supplements

that look at growth performances and efficiency of nutrient

utilization in the weanling pig. There is also variability in

inclusion levels (i.e.,< 1% as feed additives vs. at much higher

levels as functional dietary ingredients) of the prebiotics and

sources of b-glucan used and research conditions such as study

pen and room sanitary condition differences, which may

further complicate the comparisons between this and

previously reported studies.
TABLE 3 The effects of dietary supplementation of three prebiotics and b-glucan on the apparent total tract dry matter (DM) digestibility
measured during d-8 and d-15 post-weaning and plasma urea concentration determined in d-12 post-weaning in the weanling pigs fed corn and
soybean meal-based diets.

Experimental diets1

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6
Item (NC) (PC) (RCS) (b-G) (F-2) (IN) SEM2

%

Dietary DM content 89.79a 89.86a,b 90.44a,b 90.46a,b 89.82a,b 91.97b* 0.41

Fecal DM content 90.23 90.63 90.93 91.02 90.68 91.10 1.25

DM digestibility 80.16 77.73 85.08 66.20 81.23 82.33 5.52

mmol/L

Plasma urea3 2.54 1.95 2.25 1.97 2.65 2.22 0.49
frontier
1See Table 1 for details of the diet formulation. Diet 1 as the negative control (NC); Diet 2 as the positive control (PC); Diet 3 with retrograded cornstarch (RCS); Diet 4 with b-glucan (b-G); Diet
5 with Fibersol-2 (F-2); and Diet 6 with inulin (IN).
2Pooled standard errors of means (n = 4).
3Plasma urea concentration.
a,bMeans that diets with different superscript letters differ (P< 0.05) when compared with the Tukey-Kramer’s test.
*Difference (P< 0.05) from diet 1 (NC) as compared with the Dunnett-Hsu’s test.
Endpoints without common or different superscript letters do not differ (P > 0.05).
TABLE 4 The effects of dietary supplementation of three prebiotics and b-glucan on the apparent total tract lactose digestibility measured during
d-8 and d-15 post-weaning and the whole-gut lactase digestive capacity (LDC) predicted at the end of the 3-week post-weaning in the weanling
pigs fed the corn and soybean meal-based diets.

Experimental diets1

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6
Item (NC) (PC) (RCS) (b-G) (F-2) (IN) SEM2

Lactose %

Dietary content3 11.03 11.53 10.44 10.21 10.61 10.46 0.38

Fecal content3 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Digestibility4 100.00 100.00 100.00 100.00 100.00 100.00 0.00

g lactose/pig•day

ADLI5 63.12 67.91 62.29 62.56 59.45 65.56 12.89

LDC6 522.19 503.93 501.63 489.77 504.97 479.87 30.14
1See Table 1 for details of the diet formulation. Diet 1 as the negative control (NC); Diet 2 as the positive control (PC); Diet 3 with retrograded cornstarch (RCS); Diet 4 with b-glucan (b-G); Diet
5 with Fibersol-2 (F-2); and Diet 6 with inulin (IN).
2Pooled standard errors of means (n = 4).
3Analyzed lactose content, %, on as-fed basis.
4The apparent total tract lactose digestibility.
5Average daily lactose intake obtained by multiplying average daily feed intake with the analyzed dietary lactose contents.
6The predicted whole gut lactase digestive capacity at the end of the 3-week post-weaning in the weanling pigs.
Endpoints without common or different superscript letters do not differ (P > 0.05).
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Retrograded RS is one prebiotic that has been well reported for

its effects on porcine growth and gut health endpoints (Regassa and

Nyachoti, 2018; Tan et al., 2021). Unfortunately, the available

research results have not delivered clear answers regarding its

effects on growth performances and nutrient utilization responses

in pigs. Studies looking at the growth performance of weanling pigs

fed RCS at feed additive levels are scarce. De Schrijver et al. (1999)

reported that pigs fed 6% RCS had a decreased ability to digest fat,

however, they did not evaluate changes in growth performance.

Rideout et al. (2008) reported responses in the cecal butyrate

concentration and differential nutrient utilization responses in

grower pigs fed diets containing different sources of RS at

functional ingredients’ levels but the animals’ growth performance

endpoints were not measured. Bhandari et al. (2009) reported that

dietary supplementation of 7% raw potato starch enriched in RS

could prevent post-weaning diarrhea but had no effects on growth

performance in weanling piglets. Fouhse et al. (2015) observed

dietary supplementation of gradient levels of RCS, ranging from 2.5

to 21.6% of the directly measured ileal recovered RCS, decreased

post-weaning ADG and ADFI but improved the gut prebiotic

microbiota at phylum levels in weanling pigs. Thus, results of this

study with RCS at the intended feed additive level of 0.75%

(Table 2) and the reviewed literature reports of dietary

supplementation of different types of RS primarily at functional

ingredients’ levels do not support improvements in growth

performances in weanling pigs.

Fibersol-2 supplementation (at 0.75%) also did not reveal any

improvements in growth performances in the weanling pigs in this

study (Table 2). There is a scarcity of literature reports on Fibersol-2

supplementation in the weanling pigs. Rodriguez-Cabezas et al.

(2010) reported the effects of Fibersol-2 supplementation on

immune responses and found significant improvements in the

chemically induced-colitis rat model; and unfortunately changes

in growth performances were not presented and discussed in their

report. Xing et al. (2018) observed the effects of dietary

supplementation of gradient levels of Fibersol-2 (up to 0.40%) on

improving anti-oxidative capacity and immunity responses without

effects on performances in weanling pigs. Thus, results of this study

and the reviewed limited literature reports of different dietary

supplementation levels of Fibersol-2 conducted under various

experimental conditions do not provide evidence of improved

growth performances in weanling pigs fed typical commercial

corn and SBM-based diets.

The results from this study showed that dietary

supplementation of inulin (at 0.75%) was not sufficient to cause

improvements in growth performances in the weanling pigs fed

corn and SBM-based diets (Table 2). Results of this study were in

agreements with the data reported by Pierce et al. (2006) who added

inulin to weaning pig diets at 0.015% and observed no effects on

growth performance endpoints. Furthermore, Mair et al. (2010)

added inulin to weaning pig diets at 0.40% and could not find any

improvements in growth performances. Uerlings et al. (2021)

shown citric pulp supplemented at 0.20% was equivalent to
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0.20% inulin in improving intestinal parameters in weanling pigs.

Again, results of this study and the reviewed literature reports of

different dietary supplementation levels of inulin as a potential gut

modifier feed additive conducted under various experimental

conditions do not support improvements in promoting growth

performances in weanling pigs.

Dietary supplementation of oat b-glucan (at 0.75%) did not

impact the growth performance parameters of the weanling pigs in

this study (Table 2). This is contrary to the findings by Dritz et al.

(1995) that dietary supplementation with 0.025% b-glucan did

show improvements in ADG and ADFI in the weanling pigs with

Streptococcus suis challenge. In agreement with our findings, later

work done by Hiss and Sauerwein (2003) who found that

supplementing up to 0.03% of yeast-derived b-(1-3/1-6)-glucan
had a trend to increase ADFI but did not improve ADG in the

weanling pigs. Hahn et al. (2006) in supplementing up to 0.04% b-
glucan and Park et al. (2018) in supplementing up to 0.40% b-
glucan did not report consistent improvements in performances in

weanling pigs. In a recent study by Wu et al. (2021), dietary

supplementation (at 0.02%) of b-glucan of bacterial origin could

improve gut morphology, biochemical and microbiome endpoints

with improvement in ADG but not ADFI and F:G ratio in weanling

pigs. These significant growth performance responses might have

also resulted from challenging housing and/or unsanitary

conditions of the study, because their reported 3-wk ADG values

were very low for these ages of commercial cross-bred weanling

pigs, ranging from 164 to 177 g/d (Wu et al., 2021). Thus, the reason

for differences between this study and those previously reported

studies could have been related to the sources of b-glucans used
with it ranging from barley and oat b-glucans to bacteria and yeast

b-glucans. Furthermore, the differences in dietary levels of

supplemented b-glucans would be a natural area for

consideration. Nevertheless, the intuitive explanation that higher

levels of dietary supplementation of b-glucans would be related to a
greater improvement in growth performance seems to be refuted by

results of these aforementioned studies.

Consideration of the prebiotic and oat b-glucan
supplementations in conjunction with dietary and fecal DM

content and the apparent total tract DM digestibility responses is

the next area for discussions. It is interesting to observe that DM

content in the inulin-supplemented diet (Diet 6) was significantly

higher than that in the NC diet (Table 3). This is likely due to the

fact that inulin is a good source of soluble fiber and likely holds

more bound water. Whereas conventional cornstarch is known to

form a semi-crystalline granular structure and likely holds less

bound water because of a relatively less available hydrogen-bonding

capacity. Furthermore, there is a lack of significant differences with

respect to the effects of dietary supplementation of the prebiotics of

RCS, Fibersol-2 and inulin and oat b-glucan on the apparent total

tract DM digestibility in this study (Table 3). The test Diet-3

containing 0.75% RCS was shown to have no significant differences

in the total tract DM digestibility in comparison with the NC or the

PC diets. Previous porcine studies involving RCS and other sources
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of RS were primarily conducted with RCS and RS being included as

functional ingredients (e.g., 6 – 10%) rather than as gut modifier

feed additives (e.g., with dietary inclusion at< 1%), thus it would be

difficult to directly compare nutrient digestibility values between

this study with previously reported work (De Schrijver et al., 1999;

Rideout et al., 2008; Fouhse et al., 2015). The results of no effects of

dietary supplementation (at 0.75%) of Fibersol-2 on the total tract

DM digestibility are consistent with the results in the study by Xing

et al. (2018) with dietary supplementation (up to 0.40%) of the

gradient levels of Fibersol-2 in weanling pigs. Previous studies with

inulin supplemented as a gut modifier feed additive primarily

focused on gut mucosal morphology and microbiota responses

without reporting nutrient digestibility in weanling pigs (Pierce

et al., 2006; Mair et al., 2010; Uerlings et al., 2021). Thus, it is

inconclusive about the effects of dietary supplementations of RS as a

gut modifier feed additive on nutrient digestibility in weanling pigs.

The numerically lower but not statistically different total tract

DM digestibility (66.2%) in the Diet-4 supplemented with oat b-
glucan (at 0.75%) compared with the other diets was likely due to

the fact that oat b-glucan was a highly viscous fibre having negative

effects on nutrient digestibility at a significant dietary content (e.g.,

Li et al., 1996) and the associated pooled SEM value (± 5.2%) was

relatively large. Three previous studies with b-glucan supplemented

as a gut modifier feed additive primarily focused on gut mucosal

morphology, blood biochemical, microbiota and growth

performance responses without reporting nutrient digestibility in

weanling pigs (Dritz et al., 1995; Hiss and Sauerwein, 2003; Wu

et al., 2021). Whereas two other studies with dietary

supplementations of gradient levels of b-(1-3/1-6)-glucan (b-G)
(0 - 0.40%) and yeast b-glucan (0.01 to 0.04%) shown linear

responses of improvements in the total tract DM digestibility in

the weanling pig (Hahn et al., 2006; Park et al., 2018). Hence, the

effects of dietary supplementations of b-glucans as a gut modifier

feed additive on nutrient digestibility are not consistent and are

likely affected by sources, doses and test conditions of b-glucans
used in the reported weanling pig studies.

The apparent total tract DM digestibility values in the diets

determined in this study are within the range of values reported by

Omogbenigun et al. (2004); Hahn et al. (2006) and Park et al. (2018)

but lower than the values reported by Acosta et al. (2020) in

weanling pigs. When fed starch-based and semi-purified diets, the

apparent total tract DM digestibility values were typically measured

to be at above 90% in weanling pigs (Fan et al., 2001; Fouhse et al.,

2015). The total tract starch digestibility values are close to 100% in

weanling pigs (Chen et al., 2021; Fan et al., 2022). Thus, dietary fibre

content is likely the main limiting factor dictating the apparent total

tract DM digestibility in diets of weanling pigs.

Our results also shown that dietary supplementation (at 0.75%)

of the prebiotics and oat b-glucan did not have a significant effect on
plasma urea concentrations in weanling pigs in this study (Table 4).

Because no significant dietary effects were seen on growth

performance parameters, it aligns well that no changes in the

plasma urea concentrations were noted in the weanling pigs of
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this study. Houdijk et al. (1998) corroborated these findings in

showing no effects on growth performances from the feeding of

prebiotic supplements to pigs. Jaworski et al. (2017) shown high

dietary fiber level led to lower final BW compared with low dietary

fibre in weanling pigs. On other hand, dietary supplementation of

the sub-therapeutic level of the antibiotic in the PC diet with 0.1%

Lincomix-44 premix did not lead to significantly improved growth

performances and the plasma urea concentration (Tables 2, 4).

These responses along with the responses of the three prebiotics and

the oat b-glucan might have been resulted from the fact that the

sanitary conditions for conducting this study in our research facilities

with weanling pigs were not challenging enough, for example, likely

absence of PPE because of reasonable sanitary pen conditions under

our research settings, in comparison with typical commercial swine

production conditions. It has been well established that changes in

plasma urea concentrations are biomarkers of gut tissue hyperplastic

growth, availability of blood circulating AA to peripheral muscle

growth, and whole-body status of N utilization in pigs (Coma et al.,

1995; Jiang et al., 2000). Plasma urea concentrations have been

further correlated with F:G ratios in weanling pigs (Whang and

Easter, 2000). Thus, there was no need for us to further determine

and compare the whole-body CP retention among the diets in this

weanling pig study as reported in our previous study (Rideout and

Fan, 2004). Overall, despite the noted positive effects of prebiotic

supplements on intestinal microbiota in the literature, there is a

continual deficit of data reported in showing positive responses in

efficiency of the whole-body N and/or CP etention for support of

growth performances in conjunction with prebiotics and/or

fermentable soluble fiber feed additives in the weanling pig.

Lactose is known to have growth-promoting and/or the whole-

body N and CP retention improvement effects when fed to

weanling pigs (Mahan, 1992; Nessmith et al., 1997; Cromwell

et al., 2008; Acosta et al., 2020; Zhao et al., 2021) and these effects

have been suggested to be likely the result of prebiotic effects (Fuller,

1992; Pierce et al., 2006; Zhao et al., 2021). Contrary to this view, the

series of studies by Krause et al. (1995; 1997) and more recently by

Acosta et al. (2020) did not show significant evidence of the

proposed prebiotic effects resulting from dietary supplementation

of lactose in the weanling pigs. Despite the well-established concept

that the small intestinal lactase activity decreases dramatically

during the weaning transition and the post-weaning growth in

the pig (Manners and Stevens, 1972; Ekstrom et al., 1975), our

results have shown that dietary lactose supplemented at 10-12%was

completely digested in the weanling pig (Table 4), suggesting that

lactose is a completely and rapidly digestible sugar in promoting

weanling pig growth and whole-body CP retention. The above

statements are further substantiated by our prediction that the

whole-gut LDC was about eight times of the determined average

daily lactose intake (ADLI), supporting the notion that the directly

measured total tract dietary lactose digestibility at 100% was

primarily via enzymatic hydrolysis by the gut mucosal residual

lactase activity in the weanling pigs from this study. This notion

considers the very large small intestinal mucosal apical brush border
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surface area and the predicted exceedingly high whole-gut residual

LDC capacity existed in the weanling pig. Furthermore, our results

suggest that dietary supplementations of feed antibiotics,

representative prebiotics and b-glucan did not affect lactose

digestibility in the weanling pigs. These observations of lactose as

a highly and rapidly digestible carbohydrate in the weanling pigs is

consistent with the conclusion made by Lackeyram (2012) through

in vitro small intestinal lactase kinetic analysis in the weanling pigs.

To the best of our knowledge, this is the first in vivo study in

showing that dietary supplemental lactose is completely digested at

the total tract level in the weanling pig.

On the other hand, Acosta et al. (2020) shown that the dietary

supplemental lactosemediated its positive effects on the whole-body

N retention improvement primarily through enhancing the post-

digestive rather than at the digestive level of the N utilization in

weanling pigs. Fan (2013) reviewed that rapidly digestible and

absorbable sugars could enhance young pig growth via two

mechanisms including i) rapidly providing metabolic fuels to

meet ATP demands for vital tissues such as red blood cells and

brain for weanling pigs with a highmetabolic rate; and 2) enhancing

speed of appearance of absorbed AA in portal blood circulation.

Nutrient and insulin regulate skeletal muscle protein synthesis and

sensitivity of these regulations subjects to a postnatal developmental

decline in young pigs (Davis et al., 2008). Diets and nutrition also

have impacts on endocrine responses and their modulation of

growth in weanling pigs (Carroll et al., 1998; Le Dividich and Sève,

2000). Therefore, there is a need to further investigate if lactose can

up-regulate blood levels of AA and the major anabolic hormones of

insulin and growth hormone and muscle protein fractional

synthesis rate in weanling pigs.

It can be concluded that dietary supplementation of the

prebiotics of RCS, Fibersol-2 and inulin and oat b-glucan,
intended as novel gut modifier feed additives (at 0.75%), in

comparison with the sub-therapeutic antibiotic Lincomix-44 was

ineffective in improving the major growth performance endpoints,

the whole-body N utilization status and the apparent total tract DM

digestibility in the weanling pigs fed corn and SBM-based diets.

Dietary supplemental lactose at 10-12% was completely digested,

which was not affected by the dietary supplementations of the three

tested prebiotics and the viscous soluble fiber oat b-glucan and the

sub-therapeutic feed antibiotic in the weanling pigs. Therefore, the

growth-promoting and the whole-body CP deposition

improvement effects associated with dietary lactose

supplementation are due to the fact that supplemental lactose is a

completely and rapidly digestible sugar rather than acting as an

effective prebiotic in the weanling pig.
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