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Simple Summary: Over the years, the poultry industry has relied on the use of in-feed antibiotics
as a growth-promoting agent and for the prevention of diseases. However, antibiotic use has
brought about pathogens that are resistant to antimicrobials. To this end, spray-dried plasma (SDP),
an animal blood by-product that is rich in protein-containing lipids, peptides, immunoglobulins,
transferrin, and fibrinogen, is being explored as a replacement for in-feed antibiotics in poultry. We
evaluated the immunological and biochemical profile of SDP in order to understand how it enhanced
performance values when supplemented to a broiler diet. At the end of the four-week study, our
findings demonstrated a decrease in the number of heterophils and an increase in immunoglobulin in
circulation, with oxidative stress falling in the normal range. Bifidobacteria counts also increased in
the SDP-supplemented treatment. This demonstrated that SDP supplementation prevented infection
and caused an increase in immunoglobulin concentration required to support intestinal development
and gut microbiota modulation.

Abstract: Spray-dried plasma (SDP) contain a variety of functional proteins that play an immunomod-
ulatory role. To evaluate the potential of SDP to stimulate the immune system, day-old Ross 708 male
broiler chicks (200) were allocated randomly to five dietary treatments. Treatment 1 (CX) comprised
chicks fed basal unmedicated corn-soybean meal (SBM) without the addition of SDP. Treatment
2 (MX) includes chicks fed unmedicated corn-SBM basal containing Bacitracin methylene disalicylate
(BMD) at 0.055 g/kg diet. Treatments 3 (SDP1), 4 (SDP2), and 5 (SDP3) contained chicks given
unmedicated corn-SBM basal, into which SDP was included at 10, 20, and 30 g/kg diet, respectively.
On d 7, 14, and 21, chicks’ body weight and FCR were calculated. Additionally, leucocyte counts,
oxidative status, and IgY concentrations were determined in blood. On d 23, fecal populations of
selected indicator bacteria species were determined. Results showed that FCR for SP3 was superior
(p < 0.05) to other treatments. Likewise, heterophil numbers decreased in MX and SDP treatments
compared to CX. Circulating IgY concentration was higher for SDP dietary treatments (p < 0.05)
compared to MX. In conclusion, dietary SDP at 30 g/kg enhanced immune surveillance by increasing
circulating IgY levels, maintaining a normal oxidative state, and increasing gut Bifidobacteria, thereby
improving chick growth performance.

Keywords: spray-dried plasma; growth performance; immunocompetence; bifidobacteria;
immunoglobulin; heterophils; broiler chicken
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1. Introduction

Increasing broiler chicken performance while ensuring the health and wellbeing of the
birds has been the primary goal of the poultry industry. Over the years, the industry has
relied on the use of in-feed antibiotics as a growth-promoting agent and for the prevention
of diseases [1]. However, the use of antibiotics has led to the emergence of pathogens
that are resistant to antimicrobials. In a bid to use safer alternatives to antibiotics in
the improvement of growth performance and immune response, feed supplements and
additives such as plant extracts and biogenics have been used [2,3].

Swine producers have consistently utilized spray-dried plasma (SDP) to enhance the
growth performance, intestinal health, and survival of piglets [4]. Moreover, as a protein
source in animal feed, SDP has been reported to promote livestock health [5]. Spray-dried
plasma (SDP) is an animal blood by-product rich in protein and derived from the blood
of healthy porcine or bovine animals through the separation of plasma from whole blood
using the centrifugation method [6]. SDP contains active components such as amino acids,
enzymes, lipids, peptides, immunoglobulins, transferrin, fibrinogen, and growth factors,
which play a role in diverse biochemical and immunological processes [7]. It has also been
suggested that the immunoglobulin-rich fraction in plasma may be responsible for the
beneficial effects attributed to SDP [8]. Because the plasma is recovered from the blood that
was collected from a healthy animal, the plasma is deemed safe. Moreover, the spray-drying
process effectively destroys potential viral and bacterial pathogens that may be present [4].
To this end, the use of SDP in livestock feed is safe from a public health perspective [5].

Extensive studies focused on evaluating the immune-enhancing and gut microbiota
regulatory status of SDP in rats, and pigs have provided evidence of its influence as a growth
promoter and in the suppression of inflammation [9,10]. In addition, it has been reported
that regulation of the immune system is one of the many roles of the gut microbiota [11]. In
a previous study, we demonstrated that porcine SDP supplementation at 30 g/kg diet and
BMD antibiotic (at 0.055 g/kg diet) had similar effects in reducing intestinal Salmonella spp.
colonization in broiler chickens [12]. However, the role of dietary SDP supplementation in
enhancing the immune response and regulating broiler chicken gut microbiota has not been
explored. Therefore, the current study was conducted in order to determine the effects of
SDP at graded levels on pro-oxidant capacity, gut microorganisms, and immune response
in broiler chickens. These data will provide an understanding of the mechanism by which
SDP enhances the animals’ growth performance and health.

2. Materials and Methods

The animal care and use procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of North Carolina Agricultural and Technical State University.

2.1. Experimental Design, Diet, and Bird Management

In a 4-week experiment, day-old Ross 708 male broiler chicks (200) commercially
sourced chicks were randomly allocated to five treatments in a completely randomized
design (CRD). Treatment 1 (CX) consisted of chicks fed corn—soybean meal (SBM) basal
without SDP. Treatment 2 (MX) consisted of chicks given corn-SBM basal into which
Bacitracin methylene disalicylate (BMD; Zoetis Services LLC, Parsipanny, NJ, USA) was
added at 0.055 g/kg diet. Treatments 3 (SDP1), 4 (SPD2), and 5 (SDP3) comprised chicks
fed unmedicated corn-SBM basal into which SDP was included at 10, 20, and 30 g/kg diet,
respectively (Table 1). Experimental diets were manufactured at the North Carolina State
University Feed Mill (Raleigh, NC, USA) according to the feed formula (Table 1). Each
treatment consisted of 4 replicate pens, with 10 chicks/pen fed ad libitum and allowed free
access to water throughout the experiment. The pens contain a hanging feeder, a nipple
drinker line, and fresh unused bedding. The SDP used in this study is a kind gift from APC
Incorporated (Ankeny, IA, USA). In addition, the bird housing was set at a temperature of
92 °F from d 1to d 7, and 87 °F from d 8 to d 21. Subsequently, it was reduced to 77 °F up
to 28 d. Photoperiod consisted of continuous (23L: 1D) lighting at 30 lux from placement to
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21 d; thereafter, it was reduced to 12L: 12D lighting up to 28 d. All experimental diets were
formulated to meet or slightly exceed nutrient requirements based on the recommendations
in the Ross broiler nutrition specification handbook [13]. The diets were fed as crumbles
throughout the duration of the experiment.

Table 1. Composition of experimental diets ! (% “as is”).

Ingredient Control BMD SDP1 SDP2 SDP3
Diet Diet ! Diet 1 Diet 1 Diet !
Corn 50.59 50.59 52.07 53.54 55.02
Soybean meal 40.67 40.67 38.72 36.78 34.83
Spray-dried plasma (SDP, AP920) 0.00 0.00 1.00 2.00 3.00
Poultry fat 4.53 4.53 4.10 3.68 3.26
Limestone 1.37 1.37 1.39 1.42 1.45
Mono-Dicalcium phosphate 1.51 1.51 1.47 1.43 1.39
Salt NaCl 0.24 0.24 0.21 0.19 0.16
Soda bicarbonate 0.16 0.16 0.12 0.08 0.04
L-Lysine HC1 98% 0.17 0.17 0.16 0.14 0.13
DL-Methionine 99.0% 0.34 0.34 0.33 0.33 0.32
L-Threonine 98.5% 0.10 0.10 0.09 0.08 0.07
NCSU Poultry Vitamin Premix 2 0.05 0.05 0.05 0.05 0.05
NCSU Poultry Mineral Premix 3 0.20 0.20 0.20 0.20 0.20
Bacitracin (Antibiotic, g/kg) — 0.055 — —
Choline chloride 60% 0.07 0.07 0.10 0.10 0.10
Analyzed nutrient composition 4
Metabolizable energy (Kcal/kg) 3146 3181 3150 3111 3150
Crude protein, % 23.71 24.86 23.79 23.96 23.86
Crude fat, % 6.17 6.31 5.84 5.42 5.32
Crude fiber, % 2.3 2.3 2.3 2.2 2.2
Ash, % 5.76 5.85 5.76 5.61 5.49
Calculated nutrient composition
Total sulfur amino acids, % 1.04 1.04 1.06 1.06 1.06
Lysine, % 1.42 1.42 1.43 1.43 1.43
Calcium, % 0.96 0.96 0.95 0.95 0.95
Available phosphorus, % 0.48 0.48 0.48 0.48 0.48

! Diets used in this study include the following;: (i) unmedicated corn-soybean meal (SBM) basal without SDP
(Control diet); (ii) unmedicated corn-SBM basal into which bacitracin methylene disalicylate (BMD) was added
at 0.055 g/kg diet (BMD diet); and (iii) SDP1, SDP2, and SDP3 diets in which SDP was added to unmedicated
corn-SBM basal at 1% (10 g/kg diet), 2% (20 g/kg diet), and 3% (30 g/kg diet), respectively. > Vitamin Premix,
supplied per kilogram of diet: Vitamin A (6600 IU), Vitamin D (1980 IU), Vitamin E (33 IU), Vitamin B12 (0.02 mg),
Biotin (0.13 mg), Menadione (1.98 mg), Thiamine (1.98 mg), Riboflavin (6.60 mg), d-Pantothenic Acid (11.0 mg),
Vitamin B6 (3.96 mg), Niacin (55.0 mg), and Folic Acid (1.1 mg). ® Mineral Premix, supplied per kilogram of diet:
Manganese (Mn), 60 mg; Zinc (Zn), 60 mg; Iron (Fe), 40 mg; Copper (Cu), 5 mg; Iodine (I), 1.2 mg; and Cobalt
(Co), 0.5 mg. * Experimental diets were analyzed for proximate nutrient composition by Eurofins Scientific Inc.
Nutrient Analysis Center, 2200 Rittenhouse Street, Suite 150, Des Moines, IA 50321.

2.2. Growth Performance

Bodyweight (BW), body weight gain (BWG), and feed intake (FI) of chicks were
recorded on d 7, d 14, and d 21, and the feed conversion ratio (FCR) was calculated.

2.3. Blood and Plasma Collection and Preparation

On d 14 and d 25 of experiment, two birds were randomly taken from each pen, and
blood was collected from the brachial (wing) vein using a sterile 23 gauge 1” needle attached
to pre-labeled sterile EDTA vacutainer tubes. The blood samples were then centrifuged at
1500% g for 10 min., and the plasma (supernatant) was collected and stored at —80 °C.

2.4. Differential Leukocyte Count Analysis

On d 14, a thin smear of each blood sample was created on glass slides that were
subsequently stained using the HEMA 3 Wright-Giemsa staining kit (Fisher Scientific,
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Waltham, MA, USA) based on manufacturer’s instructions. The smear on each slide was
allowed to dry, and then a drop of immersion o0il was added onto the slide and viewed
under the microscope (100x magnification, DME Side by Side Pathology 2x,). (Leica
microsystems Inc., North Deerfield, IL, USA). Leukocytes (100 per slide) were counted, and
the percentage of heterophil and lymphocyte was calculated in addition to the heterophil:
lymphocyte ratio as previously described by [14].

2.5. Evaluation of Phaseolus Vulgaris-P-Induced Cutaneous Delayed-Type Hypersensitivity (DTH)

On d 25, the DTH analysis was performed on 2 birds/replicate pen, totaling 8 birds
per treatment. With the aid of a constant tension micrometer caliper, the thickness of the toe
web between the second and third digits of both feet was measured on d 24 before Phaseolus
vulgaris (red kidney bean, PHAP) was injected. This data gave the initial pre-injection
reading. Thereafter, PHAP (100 pL of 1 mg/mL; Sigma-Aldrich Inc., St. Louis, MO, USA)
was injected into the right foot of the bird between the second and third digits. The left foot
served as control and was injected with 100 pL of sterile PBS. At 24 h post-injection, the
thickness of the toe web was measured with the aid of a micrometer.

2.6. Assay of Total IgY Concentration

Blood plasma was assayed for total IgY concentration. Plasma IgY concentrations
were determined with the aid of a commercial sandwich ELISA kit (450 nm; E33-104, Bethyl
Laboratory, Montgomery, TX, USA) based on manufacturer’s instructions on d 25. The
immunoglobulin concentrations were determined relative to standard curve and expressed
in nanograms per milliliter (ng/mL).

2.7. Pro-Oxidant Capacity

On d 14, a reactive oxygen metabolites (d-ROMs) test (Diacron International s.r.l.,
Grosseto, Italy) measured using the FREE DUO system (Diacron International s.r.l., Gros-
seto, Italy) was employed to assess the pro-oxidant capacity of the plasma samples for
each treatment. Based on the existing reference level, a pro-oxidant capacity >27.20 mg
H,0,/dL was considered a high level of oxidative stress, as described by [15].

2.8. Microbiological Analysis of Fecal Microbiota

On d 23, 10 g of fecal samples collected by covering the entire litter with sterile plastic
bags for two hours were placed in zip lock bags on ice using forceps. Thereafter, the fecal
samples were mixed with 90 mL of sterilized 0.1% peptone solution and homogenized
using a stomacher at 250 rpm for 1 min. More so, the samples were serially diluted ten-fold
in peptone solution. A total of 100uL was surface plated on deMan—-Rogosa-Sharpe (MRS)
(Remel Inc, Lenexa, KS, USA), Brain Heart Infusion (BHI) (BD, Sparks, MD, USA), modified
Bifidobacterium lodoacetate Medium-25 (mBIM-25) agar (Himedia, Kennett Square, PA,
USA), and MacConkey agar (Remel Inc., Lenexa, KS, USA), to enumerate Lactobacillus spp.,
total bacterial count, Bifidobacterium, and E. coli, respectively. The plates were incubated
for a period of 24 h at 37 °C for the total bacterial count and E. coli. Additionally, the MRS
and BIM-25 plates were incubated anaerobically for 48-72 h before bacteria counts from all
samples were carried out by the plate counting method.

2.9. Statistical Analysis

Growth performance, IgY ELISA concentration, differential leukocyte analysis, and
DTH data collected were subjected to one-way ANOVA (Statistical Analysis Software (SAS)
(2004) Version 9.2. SAS Institute Inc., Cary, NC, USA). On the other hand, fecal microbiota
data were subjected to log10 transformation before analysis by one-way ANOVA. All data
are presented as the mean = SEM. Duncan’s multiple-range test was used to determine
significant differences among means. Differences were considered statistically significant
atp <0.05.
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3. Results
3.1. Growth Performance

From d 1 to d 28, Average Body Weight (ABW), Average Weight Gain (AWG), and
Average Feed Intake (AFI) were not significantly different (p > 0.05) for all treatments. How-
ever, the FCR was significantly influenced by the treatments (p < 0.05), with SDP3 having a
lower FCR (1.248) value while CX, MX, SDP1, and SDP2 had higher FCR values. Suggesting
better feed utilization at the SDP supplementation level of 30 g/kg diet compared to CX
and MX (Table 2).

Table 2. Effect of SDP supplementation on growth performance of broiler chicks (d 1 to d 28).

Average Body = Average Weight Average FCR
Treatment Weight Gain Feed Intake (ke:ke) 2
(kg/bird) 1 (kg/bird) 1 (kg/bird) 1 &8
CX 1.58 1.49 1.96 13182
MX 1.47 1.36 1.76 1.294 2b
SDP1 1.47 1.40 1.81 1.2922b
SDP2 1.44 1.42 1.86 13112
SDP3 1.57 1.52 191 1.258 P
SEM 0.051 0.052 0.082 0.015
p-value 0.328 0.191 0.160 0.022

ab Mean values with superscript letters that are different within a column are significantly different (p < 0.05).
1 Values are based only on the weight of live birds. 2 FCR = Feed conversion ratio, calculated as feed-to-gain ratio
and adjusted for mortality by including the gains of dead birds in the calculations.

3.2. Differential Leukocyte Counts

To investigate the possibility of SDP causing an increase in the percentage of granulo-
cytic leukocytes in the peripheral blood of poultry as well as the percentage of immune cells,
we carried out differential leucocyte count analysis. On d 14, the percentage of heterophils
for all treatments was significantly different (p < 0.05), with SDP supplementation having
similar values to MX, while CX had a much higher percentage of heterophils (12.25%).
However, there were no significant differences (p > 0.05) in the percentage of lymphocytes
as well as the ratio of heterophils to lymphocytes for all treatments (Table 3).

Table 3. Effect of SDP supplementation on number of circulating leucocytes (d 14).

Heterophils Lymphocytes

. O |
Treatment (%) (%) H:L Ratio

CX 12.254 65.50 0.19
MX 4.92¢ 63.60 0.09
SDP1 790" 74.35 0.11
SDP2 6.40 be 73.82 0.10
SDP3 7.62b 72.50 0.11

SEM 1.849 4.724 0.032

p-value 0.049 0.499 0.144

47¢ Mean values with superscript letters that are different within a column are significantly different (p < 0.05).
! Heterophil to lymphocyte ratio.

3.3. Delayed-Type Hypersensitivity (DTH) Reaction

The delayed-type hypersensitivity reaction is an inflammatory response that mainly
involves T cells [16]. The DTH response at 24 h post-phytohemagglutinin injection carried
out on d 24 showed significant differences (p < 0.05) between all treatments, with MX
having a higher response compared to CX (Figure 1). The DTH response of SDP treatments
(i.e., SDP1, SDP2, and SDP3) was somewhat in between that of CX and MX.
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Figure 1. Effect of SDP supplementation on delayed-type hypersensitivity response (d 24). The data
are expressed as means + SEM, with n = 8 per treatment; a, b means without a common superscript
are different. Statistically significant differences are indicated with p < 0.05.

3.4. Concentration of Indicator Microorganisms in the Fecal of Broiler Chicks

Total bacteria count was similar for MX and SDP supplemented diet with the exception
of SDP2, which had 6.88 Logjo CFU/g fecal content. E. coli counts were lower for SDP-
supplemented treatments compared with MX, which had a value of 8.86 Log;y CFU/g fecal
content. In addition, while the population of Lactobacillus was not significantly different
(p > 0.05), the number of Bifidobacteria was significantly different (p < 0.05), with MX and
SDP2 and SDP3 having a much higher population compared to SP1 and CX (Table 4).

Table 4. Effect of SDP on bacterial population (Log10 CFU/g) in fecal samples.

T Total Bacteria . Lactobacillus Bifidobacterium
reatment E. coli
Count spp- spp-
CX 8.11+0.07b 749 £0.05°¢ 9.00 +0.18 722 4+0.01b
MX 8.72+0.162 8.86 = 0.162 8.91 £+ 0.05 7.98 +£0.09 @
SDP1 8.40 + 0.20 @b 725 +0.07 ¢ 9.07 = 0.05 7.23 £0.05P
SDP2 6.88 +0.05°¢ 6.49 + 0.06 4 8.99 + 0.11 770 +0.112
SDP3 8.79 +0.172 8.01 &+ 0.08"P 8.96 +0.13 7.81 +0.132
p-value 0.0001 0.0001 0.906 0.003

a-d Mean values with superscript letters that are different within a column are significantly different (p < 0.05).

3.5. Plasma Total 1gY antibody Concentration

To investigate the amount of circulating IgY antibodies in the plasma of chicken-
fed SDP and MX diets, an ELISA assay was performed. Results demonstrated that SDP
supplementation significantly increased (p < 0.05) the concentration of IgY in circulation
compared to MX and was similar to CX (Figure 2).
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Figure 2. Effect of dietary spray-dried plasma on Serum IgY Concentration (d 25). The data are
expressed as means £+ SEM, with n = 8 per treatment; a, b, c means without a common superscript
are different. Statistically significant differences are indicated with p < 0.05.

3.6. Pro-Oxidant Capacity

The effect of SDP supplementation on oxidative status in plasma is shown in Figure 3.
SDP supplementation significantly influenced (p < 0.05) ROMs (reactive oxygen metabo-
lites). SDP1 had the highest value for a pro-oxidant capacity at 29.5 mg Carr U, which
is >27.20 Carr U and, therefore, indicates oxidative stress. Similarly, oxidant stress was
indicated for MX and SDP2; however, oxidative stress was not observed in birds in the
CX and SDP3 groups, where the ROMs were within the normal range (20.3 & 4.08 and
22 + 0.00 mg Carr U, respectively.

35 4

30 4

25 -
20 -
15
10
5
0

SDP1 SDP2 SDP3

Reactive oxygen metabolites (Carr U)

Figure 3. Effect of SDP supplementation of broiler diets on plasma oxidative status. The data are
expressed as means + SEM, with n = 8 per treatment; a, b means without a common superscript are
different. Statistically significant differences are indicated with p < 0.05.

4. Discussion

Spray-dried plasma contains biochemical components that influence metabolic pro-
cesses as well as immune responses [7]. SDP can also serve as a suitable alternative to antibi-
otics in broiler chicken feed as it showed similar efficacy in reducing cecal Salmonella [13].
In the present study, we evaluated the immunological and biochemical profile of SDP in
order to understand how SDP enhances performance values when supplemented to the
diet. Our results demonstrated that SDP not only improved the FCR of broiler chickens
over a period of 4 weeks, but it also increased the concentration of circulating antibodies
and reduced the number of heterophils.
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In the present study, supplementing broiler diets with SDP improved the FCR of broiler
chickens. However, previous studies using broiler chickens have reported an increase in
other performance parameters. For example, Walters et al. [17] reported an increase in
body weight at d 25 and d 42. Moreover, in challenge studies, SDP has been reported to
reduce mortality and increase body weight during the starter and finisher phases compared
to the control group [18]. The disparity in our findings may be a result of the difference
in the duration of the experiment, suggesting that the SDP addition to the starter diet
may have a long-term benefit on the growth performance of broiler chickens. Studies on
SDP supplementation in the diet of piglets have shown that SDP strengthens intestinal
barrier function and improves intestinal morphology [19]. While the improvement in
growth parameters may be attributed to the improvement in intestinal development, other
factors/co-factors may be responsible. In order to further understand how SDP enhances
FCR in broiler chickens, we performed biochemical and immunological studies.

The d-ROM test is a standard for measuring pro-oxidant capacity as it measures the
blood concentration of hydroperoxides, which belong to the reactive oxygen metabolites
group. These hydroperoxides are produced by the oxidation of molecules such as amino
acids, glucosides, peptides, lipids, and proteins that are present in spray-dried plasma [7].
Our pro-oxidant test results demonstrate that the level of oxidative stress decreased with
increasing SDP supplementation, with SDP3 falling within the normal range similar to
CX, while MX, SDP1, and SDP2 showed a low level of oxidative stress. This suggests that
an increase in the supplementation of SDP decreased the amount of hydroperoxide in the
blood, thereby lowering oxidative stress in the system. The accumulation of free radicals
in animal cells leads to oxidative stress, a condition that is detrimental to animal health
and may result in reduced performance, disease, and death [20,21]. Interestingly, SDP3
had the best FCR among the treatments. In addition, immunological parameters such as
circulating levels of heterophils decreased with SDP supplementation. Heterophils play
an important role in innate immunity and resistance to infection [22]. In the present study,
the diet supplemented with SDP and MX had a lower percentage of heterophils compared
to the control, suggesting that there was no infection or inflammation present [23]. The
interaction of cells involved in inflammatory responses and cytokine production at the
site of antigen exposure influences delayed-type hypersensitivity (DTH). Therefore, the
effective interaction of these cells and other factors required to trigger an immune response
in response to stimuli leads to the detection of an intense DTH response [24]. In this study,
MX had the most vigorous response and was similar to SP1 and SP3. Thus, our result
demonstrated that SDP-supplemented treatments, and, to a larger extent, MX, can trigger
an immune response to infection.

In addition, immunoglobulin Y concentrations were higher in the SDP-supplemented
treatment compared to MX. These higher IgY concentration levels may indicate the chick’s
capacity to develop an efficient immune system sooner. In a study that carried out immu-
nization using chicken immunoglobulin Y (IgY), chicken IgY was highly effective against
a variety of intestinal pathogens and enhanced mucosal barrier integrity in different an-
imals [25,26]. The gastrointestinal mucosa secretes immunoglobulins that help in the
maintenance of its epithelial barrier by transporting them back into the lumen or by facil-
itating their removal [27,28]. In addition to neutralizing pathogens at mucosal surfaces,
immunoglobulins also function in the regulation of gut microbiota [29]. This was reinforced
by our fecal bacteria population result, which showed a statistical increase in the amount of
Bifidobacterium, a beneficial microorganism of the gastrointestinal tract. Bifidobacterium can
cause changes to the gut microbiota and modulate T regulatory cell functional metabolism,
posing an immune checkpoint blockade to harmful pathogens [30]. This suggests that SDP’s
ability to prevent infection and increase the concentration of immunoglobulin without ele-
vating oxidative stress levels possibly plays a key role in supporting intestinal development
and gut microbiota modulation.
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5. Conclusions

In conclusion, our data demonstrated that SDP, and particularly SDP3, could serve as
a dietary supplement in lieu of antibiotics in broiler chicken diets as it improved the feed
conversion ratio and modulated gut microbiota. Moreover, the use of SDP was shown to be
safe and did not cause the buildup of ROS that lead to oxidative stress. Most importantly,
we determined that the decrease in heterophils and increase in immunoglobulin concen-
tration supported intestinal barrier integrity and promoted an increase in the population
of Bifidobacterium, which is beneficial for gut homeostasis. In conclusion, improvement
in intestinal development was the key factor in the enhanced growth performance in
broiler chickens.

Author Contributions: Authors contributed equally to this work. Study concept and design: Y.O.F.
and C.E.C.B.; acquisition of laboratory data: C.E.C.B., Y.J.,L.S.Y,, R.A,, S.A.I. and R.C.M,; data analysis
and interpretation: Y.O.F, S.A.L, L.L.W. and R.C.M.; drafting of the manuscript and/or critical
revision for important intellectual content: C.E.C.B., A.O.A. and Y.O.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was financially supported by the National Institute for Food and Agriculture of
the United States Department of Agriculture, Project No. NC.X-329-5-20-120-1, in the Agricultural
Research Program, North Carolina Agricultural and Technical State University.

Institutional Review Board Statement: The experimental protocol was reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC; protocol no. 16-008) of North Carolina
A&T State University before beginning animal studies.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on reasonable request.

Acknowledgments: The authors thank members of the Poultry Research Team at North Carolina
A&T State University (Greensboro, NC) for their technical support. We also thank the reviewers for
the time and effort that they invested in the review of our manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1.

Brown, K.; Uwiera, R.R.E.; Kalmokoff, M.L.; Brooks, S.PJ.; Inglis, G.D. Antimicrobial growth promoter use in livestock: A
requirement to understand their modes of action to develop effective alternatives. Int. J. Antimicrob. Agents 2017, 49, 12-24.
[CrossRef]

Hasted, T.L.; Sharif, S.; Boerlin, P.; Diarra, M.S. Immunostimulatory Potential of Fruits and Their Extracts in Poultry. Front.
Immunol. 2021, 12, 641696. [CrossRef]

Zhu, Q.; Sun, P; Zhang, B.; Kong, L.; Xiao, C.; Song, Z. Progress on Gut Health Maintenance and Antibiotic Alternatives in Broiler
Chicken Production. Front. Nutr. 2021, 8, 692839. [CrossRef] [PubMed]

Pérez-Bosque, A.; Polo, J.; Torrallardona, D. Spray dried plasma as an alternative to antibiotics in piglet feeds, mode of action and
biosafety. Porc. Health Manag. 2016, 2, 16. [CrossRef] [PubMed]

Campbell, ].M.; Crenshaw, ].D.; Gonzalez-Esquerra, R.; Polo, J. Impact of Spray-Dried Plasma on Intestinal Health and Broiler
Performance. Microorganisms 2019, 7, 219. [CrossRef]

Blazquez, E.; Rodriguez, C.; Rédenas, J.; Segalés, J.; Pujols, J.; Polo, ]. Biosafety steps in the manufacturing process of spray-dried
plasma: A review with emphasis on the use of ultraviolet irradiation as a redundant biosafety procedure. Porc. Health Manag.
2020, 6, 16. [CrossRef] [PubMed]

Chuchird, N.; Rairat, T.; Keetanon, A.; Phansawat, P.; Chou, C.C.; Campbell, J. Effects of spray-dried animal plasma on growth
performance, survival, feed utilization, immune responses, and resistance to Vibrio parahaemolyticus infection of Pacific white
shrimp (Litopenaeus vannamei). PLoS ONE 2021, 16, e0257792. [CrossRef] [PubMed]

Balan, P; Staincliffe, M.; Moughan, P.J. Effects of spray-dried animal plasma on the growth performance of weaned piglets—A
review. J. Anim. Physiol. Anim. Nutr. 2021, 105, 699-714. [CrossRef] [PubMed]

Tran, H.; Bundy, ] W.; Li, Y.S.; Carney-Hinkle, E.E.; Miller, P.S.; Burkey, T.E. Effects of spray-dried porcine plasma on growth
performance, immune response, total antioxidant capacity, and gut morphology of nursery pigs. Anim. Sci. 2014, 92, 4494-4504.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.ijantimicag.2016.08.006
https://doi.org/10.3389/fimmu.2021.641696
https://doi.org/10.3389/fnut.2021.692839
https://www.ncbi.nlm.nih.gov/pubmed/34869510
https://doi.org/10.1186/s40813-016-0034-1
https://www.ncbi.nlm.nih.gov/pubmed/28405442
https://doi.org/10.3390/microorganisms7080219
https://doi.org/10.1186/s40813-020-00155-1
https://www.ncbi.nlm.nih.gov/pubmed/32690994
https://doi.org/10.1371/journal.pone.0257792
https://www.ncbi.nlm.nih.gov/pubmed/34559852
https://doi.org/10.1111/jpn.13435
https://www.ncbi.nlm.nih.gov/pubmed/32860645
https://doi.org/10.2527/jas.2014-7620
https://www.ncbi.nlm.nih.gov/pubmed/25149334

Animals 2023, 13, 1436 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Maijo, M.; Miré, L.; Polo, J.; Campbell, J.; Russell, L.; Crenshaw, J.; Weaver, E.; Moret6, M.; Pérez-Bosque, A. Dietary plasma
proteins modulate the adaptive immune response in mice with acute lung inflammation. J. Nutr. 2012, 142, 264-270. [CrossRef]
Hill, D.A.; Artis, D. Intestinal bacteria and the regulation of immune cell homeostasis. Annu. Rev. Immunol. 2010, 28, 623-667.
[CrossRef] [PubMed]

Fasina, Y.O.; Obanla, T.O.; Ferket, P.R.; Shah, D.H. Comparative efficacy of spray-dried plasma and bacitracin methylene
disalicylate in reducing cecal colonization by Salmonella Enteritidis in broiler chickens. Poult. Sci. 2021, 100, 101134. [CrossRef]
[PubMed]

Aviagen, W. Ross 708: Broiler Nutrition Specifications. 2022. Available online: https://en.aviagen.com/assets/ (accessed on
20 February 2023).

Thiam, M.; Wang, Q.; Barreto, S.A.L.; Zhang, ].; Ding, J.; Wang, H.; Zhang, Q.; Zhang, N.; Wang, J.; Li, Q.; et al. Het-
erophil/Lymphocyte Ratio Level Modulates Salmonella Resistance, Cecal Microbiota Composition and Functional Capacity in
Infected Chicken. Front. Immunol. 2022, 13, 816689. [CrossRef] [PubMed]

Morucci, G.; Ryskalin, L.; Pratesi, S.; Branca, J.J.V.; Modesti, A.; Modesti, P.A.; Gulisano, M.; Gesi, M. Effects of a 24-Week
Exercise Program on Functional Fitness, Oxidative Stress, and Salivary Cortisol Levels in Elderly Subjects. Medicina 2022, 58, 1341.
[CrossRef]

Abbas, M.; Moussa, M.; Akel, H. Type I Hypersensitivity Reaction. In StatPearls [Internet]; StatPearls Publishing: Treasure Island,
FL, USA, 2023. Available online: https://www.ncbi.nlm.nih.gov/books/NBK560561/ (accessed on 22 February 2023).

Walters, H.G.; Jasek, A.; Campbell, ].M.; Coufal, C.; Lee, ].T. Evaluation of spray-dried plasma in broiler diets with or without
bacitracin methylene disalicylate. J. Appl. Poult. Res. 2019, 28, 364-373. [CrossRef]

Daneshmand, A.; Sharma, N.K.; Dao, T.H.; Barekatain, R.; Swick, R.A.; Wu, S.B. Spray-dried porcine plasma enhances feed
efficiency, intestinal integrity, and immune response of broilers challenged with necrotic enteritis. Poult. Sci. 2022, 102, 102431.
[CrossRef] [PubMed]

Zhang, Y.; Chen, D.W.; Yu, B.; He, J.; Yu, J.; Mao, X.B.; Wang, ].X,; Luo, ].Q.; Huang, Z.Q.; Cheng, G.X,; et al. Spray-dried chicken
plasma improves intestinal digestive function and regulates intestinal selected microflora in weaning piglets. J. Anim. Sci. 2015,
93, 2967-2976. [CrossRef]

Lykkesfeldt, J.; Svendsen, O. Oxidants and antioxidants in disease: Oxidative stress in farm animals. Vet. ]. 2007, 73, 502-511.
[CrossRef]

Adetunji, A.; Casey, T.; Franco, J.; Shah, D.; Fasina, Y. Proteomic Analysis of the Effect of Salmonella Challenge on Broiler Chicken.
Molecules 2022, 27,7277. [CrossRef]

Ma, H.; Tao, W.; Zhu, S. T lymphocytes in the intestinal mucosa: Defense and tolerance. Cell. Mol. Immunol. 2019, 16, 216-224.
[CrossRef]

Wang, ]J.; Zhang, J.; Wang, Q.; Zhang, Q.; Thiam, M.; Zhu, B.; Ying, F; Elsharkawy, M.S.; Zheng, M.; Wen, J.; et al. A
heterophil /lymphocyte-selected population reveals the phosphatase PTPR] is associated with immune defense in chickens.
Commun. Biol. 2023, 6, 196. [CrossRef] [PubMed]

Justiz Vaillant, A.A.; Zulfiqar, H.; Ramphul, K. Delayed Hypersensitivity Reactions. [Updated 2022 Sep 5]. In StatPearls [Internet];
StatPearls Publishing: Treasure Island, FL, USA, 2022. Available online: https:/ /www.ncbi.nlm.nih.gov/books/NBK519023/
(accessed on 27 February 2023).

Zhang, H.; Yeh, C.; Jin, Z.; Ding, L.; Liu, B.Y.; Zhang, L.; Dannelly, H.K. Prospective study of probiotic supplementation results in
immune stimulation and improvement of upper respiratory infection rate. Synth. Syst. Biotechnol. 2018, 3, 113-120. [CrossRef]
[PubMed]

Dock, D.B.; Aguilar-Nascimento, ].E.; Latorraca, M.Q. Probiotics enhance the recovery of gut atrophy in experimental malnutrition.
Biocell 2004, 28, 143-150. [CrossRef] [PubMed]

Phalipon, A.; Corthesy, B. Novel functions of the polymeric Ig receptor: Well beyond transport of immunoglobulins. Trends
Immunol. 2003, 24, 55-58. [CrossRef]

Gutzeit, C.; Magri, G.; Cerutti, A. Intestinal IgA production and its role in host-microbe interaction. Immunol. Rev. 2014,
260, 76-85. [CrossRef]

Nakajima, A.; Vogelzang, A.; Maruya, M.; Miyajima, M.; Murata, M.; Son, A.; Kuwahara, T.; Tsuruyama, T.; Yamada, S.; Matsuura,
M.; et al. IgA regulates the composition and metabolic function of gut microbiota by promoting symbiosis between bacteria.
J. Exp. Med. 2018, 215, 2019-2034. [CrossRef] [PubMed]

Sun, S.; Luo, L.; Liang, W.; Yin, Q.; Guo, J.; Rush, AM,; Lv, Z; Liang, Q.; Fischbach, M.A.; Sonnenburg, J.L.; et al. Bifidobacterium
alters the gut microbiota and modulates the functional metabolism of T regulatory cells in the context of immune checkpoint
blockade. Proc. Natl. Acad. Sci. USA 2020, 117, 27509-27515. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3945/jn.111.149070
https://doi.org/10.1146/annurev-immunol-030409-101330
https://www.ncbi.nlm.nih.gov/pubmed/20192812
https://doi.org/10.1016/j.psj.2021.101134
https://www.ncbi.nlm.nih.gov/pubmed/34089939
https://en.aviagen.com/assets/
https://doi.org/10.3389/fimmu.2022.816689
https://www.ncbi.nlm.nih.gov/pubmed/35493492
https://doi.org/10.3390/medicina58101341
https://www.ncbi.nlm.nih.gov/books/NBK560561/
https://doi.org/10.3382/japr/pfy080
https://doi.org/10.1016/j.psj.2022.102431
https://www.ncbi.nlm.nih.gov/pubmed/36610106
https://doi.org/10.2527/jas.2014-8820
https://doi.org/10.1016/j.tvjl.2006.06.005
https://doi.org/10.3390/molecules27217277
https://doi.org/10.1038/s41423-019-0208-2
https://doi.org/10.1038/s42003-023-04559-x
https://www.ncbi.nlm.nih.gov/pubmed/36807561
https://www.ncbi.nlm.nih.gov/books/NBK519023/
https://doi.org/10.1016/j.synbio.2018.03.001
https://www.ncbi.nlm.nih.gov/pubmed/29900424
https://doi.org/10.32604/biocell.2004.28.143
https://www.ncbi.nlm.nih.gov/pubmed/15462565
https://doi.org/10.1016/S1471-4906(02)00031-5
https://doi.org/10.1111/imr.12189
https://doi.org/10.1084/jem.20180427
https://www.ncbi.nlm.nih.gov/pubmed/30042191
https://doi.org/10.1073/pnas.1921223117

	Introduction 
	Materials and Methods 
	Experimental Design, Diet, and Bird Management 
	Growth Performance 
	Blood and Plasma Collection and Preparation 
	Differential Leukocyte Count Analysis 
	Evaluation of Phaseolus Vulgaris-P-Induced Cutaneous Delayed-Type Hypersensitivity (DTH) 
	Assay of Total IgY Concentration 
	Pro-Oxidant Capacity 
	Microbiological Analysis of Fecal Microbiota 
	Statistical Analysis 

	Results 
	Growth Performance 
	Differential Leukocyte Counts 
	Delayed-Type Hypersensitivity (DTH) Reaction 
	Concentration of Indicator Microorganisms in the Fecal of Broiler Chicks 
	Plasma Total IgY antibody Concentration 
	Pro-Oxidant Capacity 

	Discussion 
	Conclusions 
	References

