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The objectives of this study were to determine the impacts of supplementing various
nutraceuticals in milk replacers, including a blend of probiotics, b-glucan extract,
mannanoligosaccharide extract, or a non-immunoglobulin rich extract, from colostrum
on the performance and health of high-risk calves and to determine carry-over effects into
the immediate post-weaned period. One hundred bull calves were acquired from a local
calf ranch within 24 h of birth and randomly assigned to one of five dietary treatments
added to milk replacer only: (1) Control (CON), no additive; (2) Immu-PRIME (ImmPr), 1.5
g/d ImmPr first 3 d only (Sterling Technology, Brookings, SD, USA); (3) Beta glucan (BG), 1
g/d BG extract (ImmuOligo, Irvine, CA, USA); (4) Mannanoligosaccharide + Bacillus subtilis
(MOS+Bs), 3 g/d CEREVIDA EXCELL-M + 4 x 109 CFU/d Bacillus subtilis (MB Nutritional
Sciences, Lubbock, TX, USA); and (5) PROVIDA CALF (PRO), proprietary blend of 2 x 109

CFU/d of a Lactobacillus casei and an Enterococcus faecium + 2 x 109 CFU/d
Saccharomyces cerevisiae (MB Nutritional Sciences, Lubbock, TX, USA). Calves were
weaned at d 56, comingled, and treatment carry-over effects evaluated through d 84.
Starter intake was measured daily and BW weekly. Peripheral blood samples were
collected and analyzed for hematology and serum was analyzed for haptoglobin
concentrations. Polymorphonuclear leukocyte (PMNL) function was assessed through
surface L-selectin expression, phagocytic, and oxidative burst activities against
Escherichia coli. Data were analyzed using Proc Mixed in SAS (SAS 9.4, Cary, NC). The
BG calves consumed the most starter from d 1 to 28 and pre-weaned average daily gain was
greater for both the PRO and BG when compared to the CON group. There was a tendency
for BG, MOS+Bs, and PRO to have reduced serum haptoglobin throughout the study. Total
leukocyte, neutrophil, and lymphocyte counts were reduced among MOS+Bs calves,
whereas BG calves tended to have the greatest neutrophil:lymphocyte ratio. Oxidative
burst function for PMNL was reduced among BG and PRO treatments, suggesting a
decreased need for neutrophil function. Supplementing BG, MOS+Bs, and PRO all
influenced the performance and health of high-risk calves, but mechanistically appear to
be different.
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INTRODUCTION

High-risk calves have an increased risk for morbidity and
mortality due to failure of passive transfer (FPT), greater
exposure to pathogens, or increased stressors such as heat/cold
stress or transport in the first few days of life. High-risk calves
require more intensive management to combat the disadvantages
they face with health and performance. Because of the immature
anatomy of the gastrointestinal tract (GIT) coupled with a naïve
immune system, calves are especially susceptible to infection
with bacteria and viruses (Meale et al., 2017). Of the myriad of
pathogens that can cause early calfhood disease, diarrhea
contributes to a 6.4% mortality rate for pre-weaned heifers on
US dairy farms with at least 56.4% of those deaths being
attributable to gastrointestinal disease (NAHMS, 2014). A
current industry goal for decreasing pathogen exposure is
reducing the use of antibiotics by alternative supplementation
strategies, which include nutraceuticals.

Decreasing the pathogen exposure or improving GIT
immune maturation of neonatal calves can decrease morbidity
and mortality, and various nutraceuticals added to the liquid feed
are an attractive approach because these compounds are
delivered directly to the site of function as reviewed in more
detail by Ballou et al. (2019). Probiotics and yeast cell wall
fractions, b-glucans (BG), and mannanoligosaccharides (MOS)
are common feed additives as data suggest similar health and
performance results to feeding oral antibiotics (Heinrichs et al.,
2003; Berge, 2016; Nargeskhani et al., 2010). Supplementing
probiotics and MOS to calves increases performance and
health including increased body weight (BW), average daily
gain (ADG), and decreased fecal scores (Heinrichs et al., 2003;
Ghosh and Mehla 2012). Supplementing BG previously has
increased pro-inflammatory cytokine production, increased
leukocyte funct ion, and moderated the impacts of
inflammation during sepsis in multiple species (Novak and
Vetv icka 2009 ; E icher e t a l . , 2010; Chen , 2013) .
Supplementation of these compounds has shown equivocal
results, and each supplement appears to have unique
mechanisms of action.

The objectives of this study were to determine the impacts of
supplementing a blend of probiotics containing Lactobacillus
casei, Enterococcus faecium, and Saccharomyces cerevisiae, a
purified mushroom b-glucan extract, a heat stable blend of
Bacillus subtilis probiotic with a MOS extract, and a non-
immunoglobulin extract from colostrum on the performance
and health of high-risk Holstein calves and to determine if any
treatment had carry-over effects into the immediately post-
weaned period.
MATERIALS AND METHODS

Study Design
All procedures in this study were approved by the Texas Tech
University Institutional Animal Care and Use Committee
(IACUC protocol #17005-01). The current study was a
completely randomized design consisting of two 84-day
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periods with a total of 100 Holstein bull calves (n=50 per
period). Treatments were completely randomized and
included: (1) Control (CON), no additive; (2) Immu-PRIME
(ImmPr), 1.5 g/d ImmPr first 3 d only (Sterling Technology,
Brookings, SD, USA); (3) Beta glucan (BG), 1 g/d BG extract
(ImmuOligo, Irvine, CA, USA); (4) Mannanoligosaccharide +
Bacillus subtilis (MOS+Bs), 3 g/d CEREVIDA EXCELL-M + 4 x
109 CFU/d Bacillus subtilis (MB Nutritional Sciences, Lubbock,
TX, USA); and (5) PROVIDA CALF (PRO), proprietary blend of
2 x 109 CFU/d of a Lactobacillus casei and an Enterococcus
faecium + 2 x 109 CFU/d Saccharomyces cerevisiae (MB
Nutritional Sciences, Lubbock, TX, USA). This study was
conducted from February 2017 through June 2017. When the
calves in period 1 were weaned and commingled, the hutches
were cleaned, sanitized, and allowed 1 week of rest prior to
moving the calves in period 2 into the hutches. Upon arrival at
approximately 1500h, all calves were weighed, randomly
assigned to treatment, and administered a gelatin capsule of a
full day’s respective treatment with a bolus gun. Control calves
received a sham bolus at this time. Peripheral blood was drawn
immediately to estimate passive immune status via total serum
protein (TSP) analysis on a hand-held refractometer. On day 0
calves were given access to water ad libitum and 25 g texturized
calf starter but no milk feeding.

Calf Feeding and Care
All calves for each period were picked up on the same day from a
calf ranch in Eastern New Mexico and transported 150 km to the
Texas Tech University Calf Research Facility. All calves were
enrolled in the study within 24 h of birth. Calves were housed
outdoors in individual calf hutches (2.13 x 1.09 m Agri-Plastics,
Cortland, NY, USA) with an attached pen.

Nutrient analysis of both milk replacer and starter are
reported in Table 1. Calves were fed 700 g of milk replacer
powder mixed at 12% solids per day containing 22% crude
protein (CP) and 20% fat (Milk Specialties, Eden Prairie, MN,
USA) and texturized calf starter ad libitum at 22% CP (Purina
Ampli Calf, Purina, St. Louis, MO, USA). Milk replacer was fed
twice daily at 700h and 1600h. Water buckets were dumped and
scrubbed with chlorine water weekly to limit pathogen growth
and contamination while nipples, bottles, and the milk tank were
all cleaned and sanitized immediately after each feeding with hot
water and chlorine. Access to texturized calf starter and water
was given ad libitum from d 0 until the end of the study on d 84.
Measurements were taken daily for starter offered, starter refusal,
water intake, milk replacer refusal, electrolyte consumption, and
antibiotic administration. Health status was assessed daily
through ear, eye, nose, cough, and fecal scores. Briefly, scores
were collected by a single trained observer on a score between 0-3
on the severity of symptoms including nasal and ocular
discharge, ear droop, coughing, and diarrhea. The scoring
system was from the University of Wisconsin School of
Veterinary Medicine (Clinical information: Calf health scoring
chart). Calves with a fecal score consistency of liquid splatters
were offered 2 L of an acidified oral electrolyte (ELECTROLIFE
Renew; MB Nutritional Sciences LLC, Lubbock, TX, USA) in
between milk feedings. Weather data were recorded daily. Period
June 2022 | Volume 3 | Article 872786

https://www.frontiersin.org/journals/animal-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/animal-science#articles


Davis et al. Milk Replacer Supplements High-Risk Calves
1 median temperature was 15.1°C, with eight rain events
averaging 1.3 cm of rain per event. Period 2 median
temperature was 21.5°C, with 14 rain events averaging 1.2 cm
of rain per event. During period 2 every calf was given 3
consecutive days of 1 mL penicillin orally per day beginning
on d 8 due to a suspected Clostridium perfringens outbreak
causing abomasal bloat. All calves were castrated by banding
on d 23 after the morning feeding. All calves were vaccinated on
d 28 with Bovi-Shield Gold 5 (Zoetis Inc, Parsippany-Troy Hills,
NJ, USA). Calves were stepwise weaned starting d 53 and only
fed 350 g milk powder in the morning until d 56 when they were
moved into randomized group pens. Treatments were ceased at
weaning and calves were co-mingled in groups of 10 to 12 calves
per pen with treatments equally represented within each pen.
Group pen starter intake and refusal were measured every
morning until d 84 for descriptive purposes.

Calf Evaluation and Sample Collection
A schematic of weekly sample collections can be found in
Supplemental Images. Calf starter and water intakes were
measured daily. Milk refusals were measured after each milk
feeding and recorded. Measurements of BWwere taken on d 0, 7,
14, 21, 28, 35, 42, 49, 56, 70, and 84. Rectal temperatures were
assessed on d 1, 4, 8, 11, 15, 18, and 22 as well as fresh fecal
Frontiers in Animal Science | www.frontiersin.org 3
samples directly collected from the rectum to determine dry
matter percentage as an additional variable to assess GIT health.
Length, height, and heart girth as measures of growth
performance were taken on d 0, 28, 56, and 84 using a tailor’s
tape. Length was defined as the measurement from the tip of the
scapula to the tail bone when the back was flattened. Height was
defined as the measurement from the bottom of the hoof to the
scapula when the calf was standing straight. Heart girth was
measured by the circumference around the ribs directly behind
the scapula. On d 35 a baseline double skinfold thickness
measurement was taken over the scapula and then each calf
received an intradermal injection of 100 µL of a 1 mg/mL
solution of phytohemagglutinin-P (PHA; Sigma Aldrich, St.
Louis, MO, USA) in sterile saline. A follow-up double skinfold
thickness measurement was recorded 72 h post-injection as an
estimate of the delayed type-4 hypersensitivity reaction. All
calves were vaccinated with 0.5 mg ovalbumin (Sigma Aldrich,
St. Louis, MO, USA) + 0.5 mg of Quil-A (Brenntag Biosector,
Denkark) adjuvant on d 28 with a booster vaccination occurring
on d 42. Serum was collected to estimate a T-lymphocyte
dependent Immunoglobulin G (IgG) response.

Hematology and Peripheral Blood
Leukocyte Activity
Peripheral blood samples (3 mL K2 EDTA, 3 mL sodium
heparin, and 10 mL no additive) were taken on d 1, 3, 7, 14,
21, 42, 56, and 84. The frequency of blood collection was greater
early in the study because of the dynamic nature of many of the
variables early in life (Cobb et al., 2014). Serum was collected and
stored at -80°C from the no additive tube after it was allowed to
clot at room temperature for 30 min and centrifuged for 15 min
at 23°C and 1500 x g. The K2 EDTA tube was analyzed for
hematology within 2 h on an IDEXX ProCyte analyzer (Idexx,
Westbrook, ME). The sodium heparin tube was used to assess the
functional capacities of various leukocytes including phagocytic
and oxidative burst of PMNL, expression of CD62L on PMNL,
whole blood lipopolysaccharide stimulated cultures to measure
tumor necrosis factor-alpha (TNF-a) production, and whole
blood PHA stimulated cultures to measure interferon-gamma
(IFN-g) production.

Blood samples were collected prior to milk feeding and before
any other measurement (BW, length, height, heart girth) was
taken to avoid stress and changing the outcome of the sample
collected. Samples were collected in order of ID and within 3 min
of entering a pen to minimize stress.

Sample Analysis
Serum was analyzed at all blood collection time points for
glucose, urea nitrogen, and haptoglobin. Further, serum was
analyzed for ovalbumin-specific IgG on d 28, 42, 56, and 84.
Serum glucose and urea nitrogen were analyzed using a
commercially available enzymatic assay (Stanbio Labs,
Hampton, NH, USA). Serum haptoglobin concentrations were
measured colorimetrically as outlined in Ballou (2011).
Ovalbumin IgG was assessed via capture ELISA using the
technique described in Ballou and DePeters (2008).
TABLE 1 | The formulated nutrient content of the milk replacer and calf starter
fed to pre-weaned Holstein calves.

Nutrient Milk replacer1 Starter2

Dry matter, % 95 89
Crude protein, % 22 20
Ether extract, % 20 2.5
Acid detergent fiber (max), % 0.15 9.00
Metabolizable energy, Mcal/kg 4.65 3.08
Calcium, % 1.25 1.20
Phosphorus, % 0.7 0.45
Manganese, mg/kg – –

Zinc, mg/kg – –

Selenium, ppm – 0.30
Vitamin A (min), IU/kg 13,636 2,955
Vitamin D3 (min), IU/kg 4,545 –

Vitamin E (min), IU/kg 100 –
1Milk replacer was formulated by Milk Specialties Inc. (Milk Specialties Global, Eden Prairie,
MN) and included: Dried Whey, Dried Whey Protein Concentrate, Dried Whey Product,
Animal and Vegetable Fat (Preserved with BHA and BHT), Dried Skimmed Milk, Lecithin,
Dicalcium Phosphate, Calcium Carbonate, Citric Acid (Preservative), L-Lysine
Monohydrochloride, DL-Methionine, Vitamin A Supplement, Vitamin D Supplement,
Vitamin E Supplement, Ascorbic Acid, Magnesium Oxide, Zinc Sulfate, Ferrous Sulfate,
Niacin Supplement, Manganese Sulfate, Calcium Pantothenate, Vitamin B12 Supplement,
Thiamine Mononitrate, Riboflavin Supplement, Copper Sulfate, Pyridoxine, Hydrochloride,
Ethylenediamine Dihydroiodide, Folic Acid, Choline Chloride, Cobalt Sulfate, Selenium
Yeast, Sodium Silico Aluminate, Mono and Diglycerides of Edible Fats or Oils, Artificial
Flavor.
2Texturized calf starter was formulated by Purina (Amplicalf Starter, Nestle Purina, St.
Louis, MO) and included: Plant Protein Products, Roughage Products, Molasses
Products, Processed Grain By-Products, Calcium Carbonate, Salt, Soybean Oil,
Phosphoric Acid, Propionic Acid (a Preservative), Vitamin Supplement, Sodium
Selenate, Ferrous Sulfate, Yeast Extract, Copper Sulfate, Copper Amino Acid Complex,
Manganese Sulfate, Sodium Yeast, Vitamin A Supplement, Manganese Amino Acid
Complex, Zinc Sulfate, Zinc Amino Acid Complex, Ethylenediamine Hydroiodide, Colbalt
Glucoheptonate, Fructooligosaccharide, Vitamin Supplement, Mineral Oil, Natural and
Artificial Flavor.
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Stimulated whole blood cultures were conducted to determine
the concentration of IFN-g and TNF-a after PHA-P and LPS
(Escherichia coli 0111:B4; Sigma Aldrich, St. Louis MO, USA)
stimulated cultures, respectively. These cultures and cytokines
were chosen because they represent major cytokines involved in
cell-mediated immunity and the acute phase response. The
PHA-P culture for IFN-g was stimulated at a final
concentration of 25 mg/mL in complete RPMI 1640 media
containing 4 mM glutamine and 1% antibiotics and
antimycotic. The LPS culture for TNF-a was stimulated at a
final concentration of 1 mg/mL in the sample complete media as
the PHA-P culture. The PHA-P and LPS cultures were incubated
at 38.5°C in a 5% CO2 cell culture incubator for 72 and 24 h,
respectively. After incubation, each plate was centrifuged for 15
min at 1200 x g and the cell culture supernatant was removed and
stored at -80°C until subsequent cytokine analysis. The cell
culture supernatant concentrations of IFN-g and TNF-a were
determined using commercially available sandwich ELISA (CAT
#KBC1213 and CAT #EBTNF; Thermofisher Scientific,
Waltham, MA, USA).

Expression of L-selectin on PMNL was measured via the
method defined in Liang et al. (2018) using flow cytometry. L-
selectin expression was determined on PMNL gated by forward
and side scatter characteristics and then by mean fluorescence
intensity (FL-1) measured on a BD Accuri flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). Polymorphonuclear
leukocyte phagocytic and oxidative burst functionality were
assessed using the method outlined in Ballou et al. (2015).
Briefly, PMNL populations were gated via forward and
side scatter characteristics and the percentage of positive
cells for oxidative burst and phagocytosis was determined via
the geometric mean fluorescence intensities of the FL-1 and
FL-3 channels for rhodamine and propidium iodide
expression, respectively.

Statistical Analysis
All continuous, repeatedly measured data were analyzed as a
repeated measure using the Mixed Procedure in SAS (SAS 9.4,
Cary, NC, USA). The model included fixed effects of treatment,
time, and treatment x time. Initial BW and TSP were tested as
covariates in the model and were retained in the final model if they
were significant. Initial BW was a significant covariate for ADG
and TSP for calf starter intake. Period was included as a random
effect, and the subject of the repeated statement was calf nested
within treatment . The calf starter intake and ADG data were
summarized into the pre-weaned and post-weaned periods and
then were Winsorized, bottom and top 10% of observations, from
each treatment (Keselman, 2000). All appropriate covariance
structures and variance structures were analyzed, and the most
appropriate model was selected based on the lowest Bayesian
information criterion. Differences of P ≤ 0.05 were considered
significant and a tendency was reported when 0.05 < P ≤ 0.10.
Significant treatment x time interactions were further evaluated by
sliced treatment differences at each sample time using a Duncan
adjustment to control the familywise error. All pairwise
comparisons at each significant time were determined.
Frontiers in Animal Science | www.frontiersin.org 4
RESULTS

Calf Mortality and Performance
Calf mortality is reported in Table 2 and includes treatment, day of
death, and suspected cause of death. There was a high rate of
mortality in the current study that exceeded the expected rate but
was consistent with the high-risk model. Performance variables
including body weight, TSP, starter intake, ADG, body measures,
and blood metabolites are reported in Table 3. Initial body weights
did not differ among treatment groups (P=0.242). The TSP data
were reported as average TSP per treatment and the percent of
calves in each treatment with FPT (<5.2g/dL). The CON calves had
the least amount of FPT at 25% while ImmPr had the greatest at
50% FPT. There was a treatment difference for pre-weaned starter
intakes from d 0 to d 28 where CON calves had decreased starter
intakes when compared to BG, MOS+Bs, and ImmPr calves
(P=0.016). Overall and post-weaned ADG did not differ among
groups but a tendency for difference was detected for pre-weaned
ADG (P=0.081; Table 2). There was no treatment x time interaction
or treatment difference for any of the body measurement
data (P≥0.556).

There was a treatment x time interaction for serum glucose
concentration (P=0.049). The treatment x time differences in
serum glucose are reported in Figure 1. The CON had decreased
serum glucose concentrations on d 3 (P=0.007) and d 7
(P=0.107) when compared to all other treatment groups.
Serum urea nitrogen concentration differed with a treatment x
time interaction (P=0.048). The serum urea nitrogen data
reported in Figure 2 indicated the treatment differences
occurred at d 14 where ImmPr calves had decreased serum
urea nitrogen than CON, PRO, and MOS+Bs calves (P=0.071),
and d 84 where MOS+Bs calves had greater serum urea nitrogen
compared to CON, ImmPr, and PRO calves (P=0.001).

Calf Health
Fecal scores, fecal dry matter, rectal temperature, electrolyte
consumption, antibiotic treatments, and hematology measures
are all reported in Table 4. There was a treatment x time
interaction among fecal scores (P<0.0001). Fecal score
differences are indicated in Figure 3 at week 2 (P=0.036)
where BG calves had decreased fecal scores compared to other
treatments, week 5 (P=0.017), week 6 (P=0.001), week 7
(P=0.001), and week 8 (P=0.002) where PRO calves had
decreased fecal scores compared to all treatments. There was a
treatment x time interaction for rectal temperature (P=0.049).
Rectal temperature differences are reported in Figure 4 and
occurred at d 4 (P=0.010) and d 8 (P=0.006) with CON calves
having decreased rectal temperatures at both time points when
compared to BG, ImmPr, and MOS+Bs and the ImmPr calves
had greater rectal temperatures at both time points when
compared to the PRO calves.

Serum haptoglobin concentrations had a treatment x time
interaction (P=0.010). Figure 5 shows the treatment interactions
at d 7 (P=0.036) with ImmPr calves having greater haptoglobin
concentrations compared to BG, MOS+Bs, and PRO calves, at d
14 (P=0.033) where BG calves had decreased haptoglobin
June 2022 | Volume 3 | Article 872786
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compared with CON, ImmPr, and PRO calves, at d 42 (P=0.019)
with CON calves having greater haptoglobin than ImmPr, BG,
and PRO calves, and at d 56 (P=0.006) with ImmPr calves having
greater haptoglobin concentrations compared to all other
treatments. There was a tendency for a treatment interaction
when haptoglobin concentration was assessed using an area
under the curve (AUC) approach (P=0.075), whereas BG, MOS
+Bs, and PRO all had reduced serum haptoglobin concentrations
when compared to the CON, and with the ImmPr not differing
from any other treatment.

Hematology data are also reported in Table 4. There was no
treatment x time interaction for hematocrit percentage
Frontiers in Animal Science | www.frontiersin.org 5
(P=0.364), but there was a treatment difference (P<0.0001)
where MOS+Bs and BG calves had decreased hematocrit
percentages when compared with CON, ImmPr, and PRO
calves. Similarly, there was no treatment x time interaction for
hemoglobin (P=0.373); however, there was a treatment difference
(P<0.0001) where CON and PRO calves had greater hemoglobin
concentrations than BG and MOS+Bs calves. There was no
treatment x time interaction for the mean corpuscular volume
of red blood cells (P=0.826), but there was a treatment difference
(P=0.017) where CON and MOS+Bs calves had greater MCV
compared to ImmPr calves. No treatment x time interaction was
determined for total red blood cell counts (P=0.544); however, there
TABLE 3 | The effect of treatments on performance measurements in high-risk Holstein dairy calves.

Treatments1,2 Largest Fixed Effects

CON ImmPr BG MOS+Bs PROVIDA SEM Trt Time Trt*Time
Item P ≤

Total serum protein, TSP3 5.50 5.24 5.47 5.31 5.28 1.22 … … …

Failure of passive transfer, % 25.0 50.0 35.0 45.0 40.0 … 0.683 … …

Initial body weight, kg 41.7 39.1 41.7 39.2 40.1 1.238 0.242 … …

Weaned body weight, kg 66.6 66.0 68.4 66.4 69.0 3.645 0.664 … …

Final body weight, kg 91.6 90.2 91.5 89.8 94.2 5.239 0.825 … …

Pre-weaned starter intake, kg4 13.95 14.79 17.10 17.42 18.50 4.060 0.413 … …

0 d to 28 d 0.99a 1.49bc 1.96c 1.75bc 1.36ab 0.274 0.016 … …

29 d to 56 d 12.30 12.82 14.41 15.71 16.40 3.738 0.319 … …

Average daily gain, kg/d4 0.59 0.62 0.62 0.61 0.65 0.038 0.422 … …

Pre-weaned average daily gain, kg/d4 0.44 0.47 0.49 0.48 0.51 0.033 0.081 … …

Post-weaned average daily gain, kg/d4 0.89 0.89 0.89 0.85 0.92 0.048 0.879 … …

Length, cm 76.7 75.9 76.1 76.3 75.9 2.248 0.809 <0.0001 0.936
Height, cm 88.6 88.4 88.0 88.9 88.9 1.292 0.763 <0.0001 0.617
Heart girth, cm 92.7 92.4 92.8 92.7 92.7 0.652 0.985 <0.0001 0.556
Glucose, pg/mL 103.2 105.2 104.2 103.4 104.5 1.663 0.603 <0.0001 0.049
Urea Nitrogen, pg/mL 11.73 11.08 11.45 12.34 11.84 0.664 0.048 <0.0001 0.023
J
une 2022
 | Volume 3 | Artic
1Treatments included a control group fed a base diet of milk replacer and calf starter; ImmPr fed 1.5 g/d ImmPr first 3 d only; BG fed 1 g/d b-Glucan; MOS+Bs fed 3 g/d
Mannanoligosaccharides + 4 x 109 CFU/d Bacillus subtilis; PRO fed a blend of 2 x 109 CFU/d Lactobacillus casei and Enterococcus faecium + 2 x 109 CFU/d Saccharomyces cerevisiae.
2Differing superscripts within a row indicate a difference between means (P < 0.05).
3The Largest SEM for total serum protein was reported in this table as the largest standard deviation because TSP was calculated only as an average per treatment.
4Average daily gain was analyzed by trimming the top and bottom 10% of the data using Winsorized means.
TABLE 2 | Calf mortality.

Calf ID Treatment1 TSP Day of Death Suspected Cause of Death

25 BG . 1 GIT Disease
47 ImmPr 4 1 GIT Disease
144 MOS+Bs 3.8 2 Clostridium perfringens
7 MOS+Bs 3.6 3 GIT Disease
130 CON 4 3 GIT Disease
135 BG 4.1 3 GIT Disease
31 ImmPr 7.1 4 GIT Disease
117 PROVIDA 4.4 4 GIT Disease
11 MOS+Bs 5 5 GIT Disease
118 PROVIDA 4 5 GIT Disease
147 MOS+Bs 6 5 Clostridium perfringens
131 BG 4.8 8 Clostridium perfringens
139 BG 4.3 9 GIT Disease
15 MOS+Bs 4 10 GIT Disease
116 MOS+Bs 4.4 12 Clostridium perfringens
107 BG 3.8 15 Clostridium perfringens
133 ImmPr 3.8 26 Clostridium perfringens
1Treatments included a control group fed a base diet of milk replacer and calf starter; ImmPr fed 1.5 g/d ImmPr first 3 d only; BG fed 1 g/d b-Glucan; MOS+Bs fed 3 g/d
Mannanoligosaccharides + 4 x 109 CFU/d Bacillus subtilis; PRO fed a blend of 2 x 109 CFU/d Lactobacillus casei and Enterococcus faecium + 2 x 109 CFU/d Saccharomyces cerevisiae.
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was a difference among treatments (P<0.001) where MOS+BS and
BG calves had decreased RBC counts when compared to all other
treatments. Total leukocyte count did not have a treatment x time
interaction (P=0.360); however, there was a treatment difference
(P<0.002) where MOS+Bs calves had decreased leukocyte count
compared to all other treatments. There was no treatment x time
interaction for polymorphonuclear neutrophil (PMNL) counts
Frontiers in Animal Science | www.frontiersin.org 6
(P=0.224), but there was a treatment difference (P=0.003) where
MOS+Bs calves had decreased PMNL counts compared to all other
treatments. Additionally, there was no treatment x time interaction
for PMNL percentage (P=0.290), but there was a treatment
difference (P=0.005) where MOS+Bs and PRO calves had
decreased PMNL percentage when compared to CON, ImmPr,
TABLE 4 | The effect of treatments on health measurements in high-risk Holstein dairy calves.

Treatments1,2 Largest Fixed Effects

CON ImmPr BG MOS+Bs PROVIDA SEM Trt Time Trt*Time

Item P ≤

Fecal Score, average by week 2.24 2.27 2.17 2.21 2.12 0.033 0.004 <0.0001 <0.0001
Fecal Dry Matter, % 21.2 21 22.4 19.7 19.7 1.169 0.375 <0.0001 0.916
Rectal Temperature, °C 38.6 38.7 38.6 38.6 38.6 0.03 0.006 <0.0001 0.049
Electrolytes Offered, L 9.98 10.45 7.52 8.33 10.93 1.732 0.451 … …

Electrolytes Consumed, L 8.23 8.89 6.06 6.91 8.66 1.475 0.441 … …

Electrolytes Consumed, % 80.5 87.4 87.7 85.3 82.4 6.269 0.871 … …

Antibiotic Treatments, % 25 30 31.6 42.8 35 … 0.82 … …

Haptoglobin, mg/mL 247 246 207 228 234 17.472 0.075 <0.0001 0.01
Haptoglobin, mg/mL x 103 AUC 23.7a 20.8ab 19.0b 19.2b 19.2b 1.593 0.075 … …

Hematocrit, % 33.6a 32.6a 30.6b 30.2bc 33.6a 0.663 <0.0001 <0.0001 0.363
Hemoglobin, g/dL 10.6a 10.42ab 9.97bc 9.5c 10.64a 0.178 <0.0001 <0.0001 0.373
Mean Corpuscular Volume, fl 38.6a 37.4b 37.6bc 38.4ac 38.57a 0.362 0.017 <0.0001 0.826
Red Blood Cell Count (109/mL) 8.78a 8.72a 8.38b 7.95c 8.78a 0.127 <0.0001 <0.0001 0.544
Total Leukocyte Count (106/mL) 9.94a 10.45a 10.59a 8.87b 10.6a 0.343 0.002 <0.0001 0.36
Neutrophils, 106/mL 4.45a 4.64a 4.97a 3.75b 4.69a 0.221 0.003 <0.0001 0.224
Neutrophil, % 44.7ac 44.0ac 46.0ac 41.8b 43.9a 0.797 0.005 <0.0001 0.29
Monocytes, 106/mL 0.79 0.75 0.78 0.78 0.85 0.043 0.3 <0.0001 0.006
Monocyte, % 7.5a 7.5a 7.5a 8.8b 7.9ab 0.372 0.063 <0.0001 0.194
Lymphocyte, 106/mL 4.47 4.68 4.63 4.13 4.79 0.116 0.001 <0.0001 0.003
Lymphocyte, % 46.2 46.94 44.86 47.91 46.61 0.959 0.224 <0.0001 0.246
Neutrophil : Lymphocyte 0.86ab 0.84a 0.94b 0.80a 0.83a 0.036 0.051 <0.0001 0.189
June 2022
 | Volume 3 | Artic
1Treatments included a control group fed a base diet of milk replacer and calf starter; ImmPr fed 1.5 g/d ImmPr first 3 d only; BG fed 1 g/d b-Glucan; MOS+Bs fed 3 g/d
Mannanoligosaccharides + 4 x 109 CFU/d Bacillus subtilis; PRO fed a blend of 2 x 109 CFU/d Lactobacillus casei and Enterococcus faecium + 2 x 109 CFU/d Saccharomyces cerevisiae.
2Differing superscripts within a row indicate a difference between means (P < 0.05).
FIGURE 1 | Serum glucose concentrations were measured on d 0, 3, 7, 14,
21, 42, 56, and 84. There was a treatment x time interaction (P = 0.049). The
CON treatment had lower glucose concentrations than all other treatments on
d 3 (P ≤ 0.006) and was reduced on d 7 when compared to PROVIDA (P =
0.009). Largest SEM per time point are expressed as mg/dL and include
3.727, 2.271, 3.051, 2.571, 2.739, 3.131, 3.149, and 2.933 for d 1, 3, 7, 14,
21, 42, 56, and 84, respectively. An * indicates a treatment difference of (P ≤

0.05) when treatments were sliced by time.
FIGURE 2 | Serum urea nitrogen concentrations were measured on d 0, 3,
7, 14, 21, 42, 56, and 84. There was a treatment x time interaction (P ≤

0.023). The ImmPr had a lower plasma urea nitrogen concentration on d 14
than CON, PROVIDA, and MOS+Bs (P ≤ 0.041). However, MOS+Bs had an
elevated plasma urea nitrogen concentration on d 84 than CON, ImmPr, and
PROVIDA (P ≤ 0.004). Lastly, plasma urea nitrogen concentration was greater
on d 84 for BG when compared to ImmPr (P = 0.006). Largest SEM per time
point are expressed as mg/dL and include 1.128, 1.334, 1.241, 0.997,
0.858, 0.855, 0.789, and 0.881 for d 1, 3, 7, 14, 21, 42, 56, and 84,
respectively. An * indicates a treatment difference of (P ≤ 0.05) when
treatments were sliced by time.
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and BG calves. There was a treatment x time interaction (P=0.006)
for monocyte count. The monocyte count treatment x time
interaction is shown in Figure 6 to differ at d 3 (P=0.083) where
MOS+Bs calves had decreased monocyte count compared to
ImmPr and PRO calves, at d 56 (P=0.007) where MOS+Bs calves
had decreased monocyte count compared to ImmPr, CON and
PRO calves, and at d 84 (P=0.005) where MOS+Bs calves had
decreased monocyte count compared to ImmPr, BG and PRO
calves. There was no treatment x time interaction for monocyte
percentage (P=0.194), but there was a tendency for a treatment
Frontiers in Animal Science | www.frontiersin.org 7
difference (P=0.063) where MOS+Bs calves tended to have
increased monocyte percentage when compared to CON, ImmPr,
and BG calves. Lymphocyte counts also differed with a treatment x
time interaction (P=0.001). The differences in lymphocyte counts
are illustrated in Figure 7 at d 3 (P=0.071), d 7 (P=0.043), d 14
(P=0.065), d 21 (P=0.054), d 42 (P=0.061), d 56 (P=0.003), and d 84
FIGURE 5 | Serum haptoglobin concentration was measured on d 0, 3, 7, 14,
21, 42, 56, and 84. There was a treatment x time interaction (P ≤ 0.010). On d
7 ImmPr had greater haptoglobin concentrations than BG, MOS+Bs, and
PROVIDA (P ≤ 0.015). On d 14, BG had decreased haptoglobin when
compared to CON, ImmPr, and PROVIDA (P ≤ 0.068). The CON treatment had
greater concentrations on d 42 than ImmPr, BG, and PROVIDA (P ≤ 0.016). On
d 56 ImmPr had the greatest haptoglobin concentrations (P ≤ 0.035). Largest
SEM per time point are expressed as mg/mL and include 31.202, 24.013,
61.286, 19.575, 29.605, 31.639, 16.917, and 45.241 for d 1, 3, 7, 14, 21, 42,
56, and 84, respectively. An * indicates a treatment difference of (P ≤ 0.05)
when treatments were sliced by time. A # indicates a tendency for a treatment
difference (0.05 < P ≤ 0.10) when treatments were sliced by time.
FIGURE 6 | The monocyte count was measured on d 0, 3, 7, 14, 21, 42,
56, and 84. There was a treatment x time interaction (P ≤ 0.006). The
MOS+Bs treatment had decreased monocytes when compared to other
treatments; MOS+Bs vs. CON (P ≤ 0.007) on d 56, and 84; MOS+Bs vs.
ImmPr (P ≤ 0.085) on d 3, 7, 56, and 84; MOS+Bs vs. BG (P = 0.033) on d
84; MOS+Bs vs. PROVIDA (P ≤ 0.077) on d 3, 56, and 84. Largest SEM per
time point are expressed as 106/mL and include 0.045, 0.109, 0.075, 0.129,
0.112, 0.066, 0.074, and 0.089 for d 0, 3, 7, 14, 21, 42, 56, and 84,
respectively. An * indicates a treatment difference of (P ≤ 0.05) and a #
indicates a tendency for a treatment difference (0.05 < P ≤ 0.10) when
treatments were sliced by time.
FIGURE 3 | The fecal scores were averaged by week per treatment for
weeks 1, 2, 3, 4, 5, 6, 7, and 8. There was a treatment x time interaction
(P<0.0001). The BG calves had lower fecal scores during week 2 (P ≤ 0.087).
The PROVIDA calves had decreased fecal scores when compared to other
treatments during weeks 5, 6, 7, and 8 (P ≤ 0.027). Largest SEM per time
point are expressed as fecal score weekly average and include 0.094, 0.104,
0.131, 0.108, 0.052, 0.046, 0.112, and 0.094 for d 0, 3, 7, 14, 21, 42, 56,
and 84, respectively. An * indicates a treatment difference of (P ≤ 0.05) when
treatments were sliced by time.
FIGURE 4 | Rectal temperature was measured on d 1, 4, 8, 11, 15, 18, and 22.
There was a treatment x time interaction (P ≤ 0.049). The CON treatment had
decreased rectal temperatures when compared to other treatments; CON vs. BG
(P ≤ 0.091) on d 4 and 8; CON vs. ImmPr (P ≤ 0.021) on d 4 and d 8; and CON
vs. MOS+Bs (P ≤ 0.064) on d 4 and d 8. The ImmPr treatment had increased
rectal temperatures when compared to other treatments; ImmPr vs. CON (P ≤

0.021) on d 4 and d 8; ImmPr vs. BG (P = 0.085) on d 4; and ImmPr vs.
PROVIDA (P ≤ 0.012) on d 4 and d 8. Largest SEM per time point are expressed
as degrees Celsius and include 0.096, 0.076, 0.080, 0.094, 0.072, 0.076, and
0.066 for d 1, 4, 8, 11, 15, 18, and 22, respectively. An * indicates a treatment
difference of (P ≤ 0.05) when treatments were sliced by time.
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(P=0.010) where MOS+Bs calves had decreased lymphocyte counts
when compared to other treatments at all time points. There was no
treatment x time interaction in the ratio of PMNL to lymphocytes
(P=0.189); however, the PMNL:lymphocyte had a strong tendency
for a treatment difference (P=0.051), wherein the BG treatment had
the greatest PMNL:lymphocyte.

Calf Leukocyte and Cytokine Response
Neutrophil L-selectin expression, phagocytosis and oxidative
burst capacity, stimulated whole blood cytokine culture data,
cutaneous PHA hypersensitivity, and anti-ovalbumin IgG data
are reported in Table 5. There was no treatment x time
interaction for any data in this table (P≥0.371). The mean
fluorescence intensity for PMNL phagocytosis had a tendency
for a treatment difference (P=0.087) where BG calves had
decreased phagocytosis capacity when compared to MOS+Bs
and PRO calves. Additionally, the PMNL oxidative burst
capacity had a treatment difference (P=0.011) where CON and
ImmPr calves had increased oxidative burst capacity when
compared to BG and PRO calves. Although the surface
expression of L-selectin on PMNL had no treatment x time
interaction (P=0.371), there was a treatment difference
(P<0.0001) where MOS+Bs calves had increased L-selectin
expression compared to all other treatments. Sliced treatment
differences by time, illustrated in Figure 8, indicated that BG had
decreased L-selectin expression on d 14 when compared to all
other treatments (P≤0.078), whereas MOS+Bs were greater than
BG and PRO calves on d 42, 56, and 84 (P≤0.027).
DISCUSSION

This study investigated the impacts of four different nutraceutical
supplement strategies on the health and performance of
Frontiers in Animal Science | www.frontiersin.org 8
high-risk Holstein bull calves during the pre-weaned period as
well as carry-over effects into the immediate post-weaned,
comingled period. Data from the current study suggest that
BG, MOS+Bs, and PRO influenced performance and some
measures of health; however, the mechanisms of action for
each appear to be different. The supplementation of BG may
stimulate innate leukocytes and increase performance. The MOS
+Bs appear to decrease leukocyte populations in blood and some
FIGURE 7 | Lymphocyte count was measured on d 0, 3, 7, 14, 21, 42, 56,
and 84. There was a treatment x time interaction (P ≤ 0.003). The MOS+Bs
treatment had decreased lymphocytes when compared to other treatments;
MOS+Bs vs. CON (P ≤ 0.079) on d 42, and 84; MOS+Bs vs. ImmPr (P ≤

0.068) on d 3, 7, 14, 21, 42, and 56; MOS+Bs vs. BG (P ≤ 0.05) on d 3, 7,
14, and 42; MOS+Bs vs. PROVIDA (P ≤ 0.042) on d 3, 14, 42, 56, and 84.
Largest SEM per time point are expressed as 106/mL and include 0.183,
0.229, 0.237, 0.263, 0.244, 0.230, 0.214, and 0.231 for d 0, 3, 7, 14, 21,
42, 56, and 84, respectively. An * indicates a treatment difference of (P ≤

0.05) and a # indicates a tendency for a treatment difference (0.05 < P ≤

0.10) when treatments were sliced by time.
TABLE 5 | Effects of treatment on hematology measurements in high-risk Holstein dairy calves.

Item Treatments1,2 Largest Fixed Effects

CON ImmPr BG MOS+Bs PROVIDA SEM Trt Time Trt*Time
P ≤

Neutrophil L-selectin, MFI x 103 78.9a 76.7a 69.2b 83.7c 76.1a 4.771 <0.0001 <0.0001 0.371
Neutrophil Phagocytosis & OB3, % 45.1 44.9 42.7 43.6 44.2 3.559 0.485 <0.0001 0.996
Neutrophil phagocytosis, MFI x 103 9.5ab 9.7ab 9.1b 10.6a 10.2a 1.53 0.087 <0.0001 0.996
Neutrophil phagocytosis CV, MFI 178.1 174.1 177.6 183.5 187.1 12.108 0.198 <0.0001 0.809
Neutrophil oxidative burst, MFI x 103 72.1a 71.5a 65.6b 67.8ab 65.5b 2.63 0.011 <0.0001 0.782
Neutrophil oxidative burst CV, MFI 109.2 108.7 107.2 109.5 109.5 1.945 0.611 <0.0001 0.749
TNF-a, pg/mL 354.8 314 354.4 336.1 324.3 53.161 0.705 <0.0001 0.213
IFN-g, pg/mL 117.3 101 113.9 102.4 119.6 26.551 0.844 <0.0001 0.254
Cutaneous hypersensitivity4, mm 1.31 1.42 1.24 1.22 1.34 0.215 0.792 … …

Anti-ovalbumin IgG5 0.85 0.83 0.86 0.86 0.88 0.028 0.626 <0.0001 0.583
June 2022 | Vo
lume 3 | Artic
1Treatments included a control group fed a base diet of milk replacer and calf starter; ImmPr fed 1.5 g/d ImmPr first 3 d only; BG fed 1 g/d b-Glucan; MOS+Bs fed 3 g/d
Mannanoligosaccharides + 4 x 109 CFU/d Bacillus subtilis; PRO fed a blend of 2 x 109 CFU/d Lactobacillus casei and Enterococcus faecium + 2 x 109 CFU/d Saccharomyces cerevisiae.
2Differing superscripts within a row indicate a difference between means (P < 0.05).
3OB, oxidative burst.
4Each calf was injected with 100 µg of phytohemagglutinin-P in 100 µL of sterile phosphate buffered saline intradermally in the scapula, and the skinfold thickness was measured at 48 h
relative to injection.
5Each calf was vaccinated with 0.5 mg of purified ovalbumin using 0.5mg of Quil A as adjuvant and serum collected were analyzed for anti-ovalbumin IgG.
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PMNL functionality with an increase in pre-weaned
performance. Finally, PRO improved performance with more
modest impacts on leukocyte populations than the BG treatment.

The PRO and BG calves had increased ADG and body weight
gain during the pre-weaned period compared to other treatments
with a 3.92 and 2.80 kg improvement in pre-weaned BW gain,
respectively. This is in agreement with data frommultiple studies
that supplemented similar probiotic bacterial species, specifically
Lactobacillus casei and Enterococcus faecium, to young calves and
observed increased ADG and BW (Abu-Tarboush et al., 1996;
Mokhber-Dezfouli et al., 2007; Jatkauskas and Vrotniakiene,
2010). Increased ADG with probiotic supplementation may be
due to a few mechanistic actions including, but not limited to,
decreasing pathogen colonization and diarrhea, and increasing
tight junction protein expression as well as the capability of the
GIT to digest and absorb nutrients (Timmerman et al., 2005;
Jatkauskas and Vrotniakiene, 2010); Williams 2010; Liang et al.,
2020). Supplementation of 12 Lactobacillus strains decreased
colonization of three strains of E. coli in the GIT and up to five
strains of Salmonella enterica spp. This is potentially due to the
capacity of Lactobacillus species to adhere strongly to the small
intestinal mucosa and epithelium and produce substances to
decrease pathogenic growth (Jin et al., 2014). Other potential
mechanisms of action include maintenance of host microbial
communities and reducing inflammation. Increasing the
integrity and general health of the mucosal surfaces in the GIT
via probiotic bacteria supplementation can contribute to
Frontiers in Animal Science | www.frontiersin.org 9
increased ADG and other performance measures (Isolauri
et al., 2001; Gaggia et al., 2010). In contrast to the current
study, supplementation of BG to calves and pigs reported no
performance differences in ADG, DMI, or BW gain (Eicher et al.,
2010; Ewaschuk et al., 2012). However, Dritz et al. (1995)
supplemented a purified BG product to pigs and observed an
increase in ADG and BW. The effect of feeding MOS to calves is
equivocal with some studies reporting increased ADG, BW, and
decreased fecal scores (Morrison et al., 2010; Ghosh and Mehla
(2012); Berge, A., 2016) and other studies reporting no
differences in ADG or final BW (Hill et al., 2008; Nargeskhani
et al., 2010; Tóth et al., 2020). In agreement with the numerical
increase in pre-weaned calf starter intake data in this study, MOS
supplementation increased starter intake in the first 2 months of
life without increasing final BW when compared to control
calves (Heinrichs et al., 2003; Terre et al., 2007). Studies
evaluating the efficacy of supplementing a Bacillus subtilis
probiotic strain by itself in dairy calves reported greater ADG
and BW in the probiotic groups when compared to a negative
control (Jenny et al., 1991; Sun et al., 2010).

The health of calves likely impacts the performance outcomes
of many nutraceutical supplements. Specifically, supplementing
nutraceuticals in the absence of health risks or increased
pathogen exposures, no differences in health are commonly
reported (Gilliland et al., 1980; Riddell et al., 2008). The calves
in the current study were high-risk bull calves from a commercial
calf ranch, and despite intensive management of the calves, there
was still an overall 17% mortality in the study.

Intensive calf management in the current study included daily
evaluation of calf health, where calves were offered oral
electrolytes as a health intervention if showing signs of
dehydration or diarrhea. There was no difference in the
quantity of electrolytes offered among treatments; however, it
was numerically lowest for BG calves. In agreement, average fecal
scores among all treatments were greatest during the 2nd week of
life but were lowest for BG calves at that time. However, there
were no differences in the dry matter (DM) content of fecal
samples among treatments throughout the entire study. During
the 2nd month of life, PRO calves had decreased fecal scores that
coincided with the increase in pre-weaned starter intake.
Probiotics have been shown to decrease fecal scores during
both the pre- and post-weaned periods (Mokhber-Dezfouli
et al., 2007; Meale et al., 2017). Fecal scores during week 8
were greatest for CON calves, which corresponded with the
reduced pre-weaned starter intake among CON calves.

Rectal temperatures were taken during the first 3 weeks of life,
with an increase in rectal temperature seen on d 4 and 8 in the
ImmPr treatment, corresponding with the increased fecal scores
for the ImmPr treatment within the first 3 weeks of life. This may
also be related to the increased serum haptoglobin
concentrations seen within the first week of life for ImmPr
calves; multiple studies report a relationship between increased
haptoglobin and increased fecal scores (Deignan et al., 2000;
Richeson et al., 2013; and Murray et al., 2014).

Serum haptoglobin was assessed as a measure of systemic
inflammation and analyzed as AUC as well as concentration
FIGURE 8 | The surface expression of L-selectin on neutrophils was measured
on d 3, 7, 14, 21, 42, 56, and 84. There was no treatment x time interaction,
but there was a difference in the sliced effects. The MOS+Bs treatment had
increased L-selectin when compared to other treatments; MOS+Bs vs. CON (P
≤ 0.032) on d 56 and 84; MOS+Bs vs. ImmPr (P = 0.027) on d 56; MOS+Bs
vs. BG (P ≤ 0.021) on d 14, 42, 56, and 84; MOS+Bs vs. PROVIDA (P ≤

0.027) on d 42, 56, and 84. The BG treatment had decreased L-selectin
expression when compared to other treatments; BG vs. CON (P ≤ 0.001) on d
14 and 42; BG vs. ImmPr (P ≤ 0.009) on d 14 and 42; BG vs. MOS+Bs (P ≤

0.021) on d 14, 42, 56, and 84; BG vs. PROVIDA (P ≤ 0.078) on d 14 and 42.
Largest SEM per time point are expressed as MFI x 103 and include 6.120,
6.235, 6.377, 6.360, 6.377, 6.385, and 6.409 for d 3, 7, 14, 21, 42, 56, and
84, respectively. An * indicates a treatment difference of (P ≤ 0.05) when
treatments were sliced by time.
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over time. Increased haptoglobin AUC and concentration for
both CON and ImmPr calves suggest there may have been a
greater stress response or lack of microbial control in the GIT of
those calves in the first week of life. Inflammation in the ImmPr
calves may also be associated with the greater proportion of
FPT calves in that group at enrollment. Exposure to pathogens
and the inability to combat bacterial or viral infection of the
GIT could increase haptoglobin levels as a general marker of
inflammation. On the other hand, supplementation of BG,
MOS+Bs, and PRO decreased haptoglobin concentrations. In
agreement with the current study, Sandvik et al. (2007) that
observed BG modulated inflammation in rats undergoing
lipopolysaccharide-induced endotoxemia. A study where pigs
were supplemented with BG reported decreased haptoglobin
concentrations in the BG-supplemented pigs compared to a
control group from d 7 through d 28 (Dritz et al., 1995).
Additionally, Liang et al. (2020) reported decreased serum
haptoglobin concentrations among high-risk Jersey calves
after an oral Salmonella typhimurium challenge when
supplemented with the same blend of probiotic bacteria used
in the current study. Therefore, BG, MOS+Bs, and PRO may
reduce the intensity of the systemic inflammatory response
through some mechanism.

The exact mechanisms leading to the greater glucose
concentrations in the CON and ImmPr calves at d 56 and 84
are unclear; however, these treatments had numerically lower
calf starter intakes when compared to all other treatments.
Therefore, the differences in serum glucose concentrations
could be associated with nutrient availability or anatomical site
of digestion. Similar to the current study, supplementing MOS or
BG to calves does not impact glucose or blood urea nitrogen
concentrations (Ma et al., 2020; Tóth et al., 2020).

The MOS+Bs calves had the lowest total leukocyte count,
neutrophil count and percentage, and the lowest lymphocyte
count at all time points. Neutrophil counts naturally decrease
over time in the first 6 to 8 weeks of life in dairy calves, potentially
reflecting maturation of the GIT, immune system, and/or reduced
exposure to enteric pathogens (Kampen et al., 2006). The GIT of
young calves is colonized by a wide variety of bacteria that
represent diverse phyla, and this colonization is dynamic during
the first few months of life. A primary putative mode of action of
MOS is to bind gram-negative bacteria and promote the growth of
strict anaerobic bacteria in the small intestine, which can
ultimately decrease pathogen load within the neonate. However,
some of the commensal microbes beginning to colonize the small
intestine of neonatal calves are gram-negative. Many gram-
negative bacteria express Type 1 Fimbriae, a type of adherence
filament. Type 1 Fimbriae are mannose-specific filaments that
induce agglutination and are expressed on many types of gram-
negative bacteria, both pathogenic and commensal (Rendon et al.,
2007; Lasaro et al., 2009). The high affinity of MOS for Type 1
Fimbriae may also cause binding of the commensal microbes in
addition to the potentially opportunistic or pathogenic microbes.
This may be contributing to the reduced leukocyte counts in the
MOS+Bs group, as less stimulation by commensal microbiota in
the GIT can result in decreased leukocyte responses (Yale and
Frontiers in Animal Science | www.frontiersin.org 10
Balish 1976). Supplementation of MOS to multiple species,
including canines and broilers, decrease total leukocyte,
lymphocyte, and neutrophil counts when compared to control
groups (Swanson et al., 2002; Kim et al., 2010). Quezada et al.
(2007) supplemented calves with a MOS extract and assessed the
impacts on the mucosal immune system. Supplementing MOS
decreased cell proliferation in jejunal Peyer’s patches, decreased B-
cells in ileal Peyer’s patches, and increased T-cell populations in
jejunal Peyer ’s patches. These findings suggest MOS
supplementation to calves alters mucosal immune cell
proliferation and development. Future research is needed to
determine the immediate and long-term impacts on GIT
immune development when calves are fed MOS.

In contrast to the MOS+Bs treatment, the PRO-
supplemented calves maintained the greatest lymphocyte
counts throughout the entire study. The probiotic bacteria
colonizing the GIT may be stimulating lymphocyte production
similar to findings by Bai et al. (2004) on in vitro stimulation of
intestinal epithelium by probiotics. More work is needed to
determine the mechanism of interaction between the immune
system and probiotics in the small intestine.

The BG calves had increased neutrophil counts and
neutrophil to lymphocyte ratio in peripheral circulation.
Whether BG stimulated granulopoiesis or reduced the
marginating pool of neutrophils in circulation is unknown.
However, the latter appears plausible because the BG-
supplemented calves had the lowest L-selectin expression on
the surface of peripheral blood PMNL. Reduction of L-selectin
adhesion protein can increase the number of neutrophils
measured in circulation because fewer neutrophils are loosely
adhered to the vascular endothelium.

The exact reason for the attenuated PMNL responses in the
BG-supplemented calves is unknown. In fact, the initial
hypothesis was BG would stimulate many measures of PMNL
function, as was reported by others (Wojcik et al., 2007;
Malaczewska et al., 2010; Stier et al., 2014). Harris et al. (2017)
supplemented calves with a yeast cell wall extract containing
both MOS and BG, and there was an increase in L-selectin
expression in supplemented calves. Moreover, Eicher et al.
(2010) supplemented a purified BG extract where BG
attenuated PMNL phagocytosis; however, there was no effect
on PMNL oxidative burst or adhesion.

Supplementation of PRO probiotics also resulted in a
decrease of PMNL oxidative burst capacity, contrary to other
published literature (Indart et al., 2012). The CON and ImmPr
calves had the greatest PMNL oxidative burst capacity,
suggesting there may be a need for increased leukocyte
function. A study comparing the immune responses of
individually versus group-housed pre-weaned calves reported
an increase in L-selectin expression and greater PMNL oxidative
burst capacity in group-housed calves compared to individually
housed calves (Cobb et al., 2014). These results suggest
heightened PMNL function is necessary to combat the
increased exposure to environmental pathogens encountered
when calves are commingled. Increased pathogen load may
lead to an increase in leukocyte activity.
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CONCLUSION

Supplementing high-risk Holstein bull calves with BG, MOS+Bs,
or PRO increased measures of performance and health, albeit by
different mechanisms. Supplementing BG to high-risk calves
likely decreases PMNL oxidative burst and L-selectin
expression, potentially moderates some systemic inflammation,
and simultaneously stimulates starter intake in the first month of
life. Feeding PRO to high-risk calves increases starter intake and
body weight gain, moderates a systemic inflammatory response,
and stimulates lymphocytes. Supplementing MOS+Bs to high-
risk calves decreases the lymphocyte and neutrophil populations
while decreasing PMNL functionality. However, MOS+Bs were
shown to increase L-selectin expression on PMNL, implying
some mild stimulation may be occurring.
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