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ABSTRACT Novel feed ingredients may improve
poultry health, but functionality of these ingredients
may vary across basal diet formulations. This study
evaluated a proprietary algae ingredient’s effects on
broiler performance, intestinal health, systemic immu-
nity, and metabolic/immune kinotypes between corn- or
wheat-based diets. Ross 308 broilers were housed in 80
floor pens (14 birds/pen) and assigned to 1 of 4 corn or
wheat-based diets + 0.175% algae ingredient for 42 d.
At the end of each 14 d starter, grower, and finisher
period, 10 birds/treatment were euthanized for tissue
collection to assess intestinal histomorphology, systemic
immune cell populations by flow cytometry and kino-
types by peptide arrays. On d 28 and 29, forty-three
birds/treatment underwent a 12 h feed restriction chal-
lenge followed by a fluorescein isothiocyanate-dextran
intestinal permeability assay. For the entire 42 d study,
wheat-based diets improved feed conversion rate
(FCR) by 5 points compared to corn-based diets (P <
0.0001). Performance benefits related to algae inclusion
were diet dependent, with algae inclusion improving 42

d FCR by 6 points only in corn-based diets (P = 0.006).
Birds fed wheat-based diets had reduced splenic mono-
cyte/macrophage, CD1.1", and T cell populations in the
first 14 d (P < 0.0001) and reduced serum fluorescence
on d 28/29 (P = 0.0002). Algae inclusion in the corn-
based diet increased villus height in the duodenum on d
28 and jejunum on d 42, while reducing splenic
CD3"CD8«a " cytotoxic T cells 13.4 to 27.5% compared
to the corn-based control at the same timepoints (P <
0.0001). Kinome results showed a significant innate
immune toll-like receptor (TLR) response via MyD88
at d 14 in the small intestine of birds fed corn-based diets
with algae that shifted to a more growth factor and
adaptive immune-oriented response by d 42. Concurrent
with immune changes, signaling changes indicative of
lipid metabolism in the small intestine, ceca, and liver
were seen in birds fed the corn-based diet with algae.
The observed differential responses to basal diet compo-
sition and algae inclusion emphasize the need to compar-
atively evaluate feed ingredients in various diet
formulations.
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INTRODUCTION

Algae-derived feed ingredients are a natural source of
bioactive compounds, including n-3 polyunsaturated
fatty acids (PUFA), carotenoids, B vitamins, and non-
starch polysaccharides (NSP; Christaki et al., 2011;
Swiatkiewicz et al., 2015). Carotenoids and PUFA are
associated with health-promoting antioxidant and anti-
inflammatory properties, respectively, and have been
linked to the beneficial effects of algae on broiler health

© 2022 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd
4.0/).

Received June 14, 2022.

Accepted October 3, 2022.

!Corresponding author: eabobeck@iastate.edu

2023 Poultry Science 102:102235
https://doi.org/10.1016/j.psj.2022.102235

and performance at inclusion levels below 2%
(Calder, 2006; Christaki et al., 2011; Eggersdorfer and
Wyss, 2018). The nutritional components present in
algae can vary between sources, strains, and genera,
resulting in varying host health outcomes related to
immunity and intestinal health, thereby supporting
investigation into the mechanisms of action for novel
algae products (Yaakob et al., 2014; Swiatkiewicz et al.,
2015; Madeira et al., 2017).

Much of the reported immunological and intestinal
health improvements in broiler chickens are often
observed in response to microalgal strains from Spirulina
or Chlorella genera. Serological outcomes have shown
increased antibody titers in response to sheep red blood
cells or Newecastle disease vaccine and unchallenged
broilers fed <1.0% Spirulina or Chlorella (Qureshi et al.,
1996; An et al., 2016; Kang et al., 2017; Mirzaie et al.,
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2018; Khan et al., 2020). Similarly, both Spirulina (0.01
—0.8%) and fresh Chlorella (1.0%) increased white blood
cell counts and lymphocytes in addition to reducing het-
erophils in broiler peripheral blood (Kang et al., 2013;
Jamil et al., 2015; Khan et al., 2020). Algae-specific
effects on intestinal integrity are sparse; however, die-
tary inclusion of 1.0 to 2.5% and 0.2% Chlorella or Spi-
rulina, respectively, have been shown to increase villus
height (VH) and crypt depth (CrD) in the broiler ileum
and jejunum (Kang et al., 2017; Khan et al., 2020;
Mirzaie et al., 2020). While these reports indicate some
algae-associated benefits, they provide limited func-
tional insight into intestinal morphology changes (e.g.,
intestinal integrity) or identify specific immune cell pop-
ulations affected beyond the broad designations deter-
mined by complete blood counts.

Broiler performance responses to dietary algae vary,
but improved body weight (BW) or BW gain (BWGQG)
is most consistently reported at inclusion levels ranging
from 0.15 to 7.5% Spirulina and Chlorella; however,
improved feed conversion rate (FCR) in response to
these ingredients at inclusions <1.0% is rarely described
(Kang et al., 2013; An et al., 2016; Kang et al., 2017;
Mirzaie et al., 2018; Khan et al., 2020). While previous
outcomes suggest that immunological and intestinal
changes in response to algae may improve broiler perfor-
mance, these studies primarily document outcomes
using corn-based diets. Wheat is also incorporated into
broiler diets as a protein and energy source and is used
worldwide to replace corn in least-cost diet formulations
(Amerah, 2015; Liu and Kim, 2017). Unlike corn, wheat
contains high levels of NSP that reduce energy availabil-
ity through increased intestinal digesta viscosity, as
such, wheat-based diets often require the use of exoge-
nous enzymes to counteract associated detrimental
performance outcomes (Choct and Annison, 1992;
Amerah, 2015). Additionally, wheat germ agglutinin, a
lectin present in wheat, can bind to the chicken intesti-
nal epithelium with documented in vitro cytotoxic
effects on broiler enterocytes and increased transport of
fluorescein isothiocyanate- dextran (FITC-D) across
CACO-2 epithelium layers (Dalla Pellegrina et al., 2005;
Pohlmeyer et al., 2005; Babot et al., 2017).

Differing responses to corn and wheat-based diets in
broilers emphasize the importance of assessing feed
ingredients in both diet formulations for worldwide mar-
kets. Studies comparing performance and physiological
responses to feed ingredients across different diet
compositions are scarce. Some reports demonstrated dif-
ferential performance and intestinal responses to manna-
noligosaccharide, essential oil blend, and plant extracts
in broilers fed corn and wheat-based diets, while another
by Pirgozliev et al. (2019) showed no difference in essen-
tial oil responses between basal diet type (Jamroz et al.,
2006; Yang et al., 2008; Bozkurt et al., 2012). To the
best of the authors’ knowledge, similar comparative
evaluations in algae-based ingredients have not been
conducted and whether bioactive properties are main-
tained between varying practical diet formulations used
in different regions of the United States and across the

world is unknown. Hence, the study objective was to
evaluate performance, immune, and intestinal responses
to a proprietary algae-based ingredient in broiler chick-
ens fed corn- or wheat-based diets.

MATERIALS AND METHODS
Birds and Experimental Diets

The Iowa State University Institutional Animal Care
and Use Committee approved all animal protocols in this
study. In total, 1,120 straight-run Ross 308 broilers were
housed in 1 m x 1 m floor pens (80 pens; 14 birds/ pen)
for 42 d on reused litter from a previous Fimeria vaccine
challenge study, divided into 14 d starter, grower, and
finisher periods. On d 0, birds were assigned to 1 of 4 die-
tary treatments consisting of either a corn or wheat basal
diet + 0.175% whole dried algal biomass from a freshwa-
ter proprietary strain (20 pens per treatment; Zivo Bio-
sciences, Keego Harbor, MI). Prior to formulation, CP
analysis was performed on 4 wheat subsamples in dupli-
cate and found to contain 14.2 + 0.2% CP. Diets were
formulated using this CP value to be isocaloric/isonitrog-
enous and meet NRC and breed standard requirements
for each period (Tables 1—3; NRC, 1994; Aviagen, 2019).

Table 1. Composition of starter diets fed to Ross 308 broilers
fromd 0 to d 14.

Experimental diet

Corn Corn + Wheat ~ Wheat +
Ingredient, % control Algae control Algae
Corn 54.26 54.15 0.00 0.00
Wheat 0.00 0.00 57.58 57.40
Soybean meal 48 38.93 38.79 34.39 34.35
Soy Oil 1.39 1.46 2.87 2.95
Salt 0.40 0.40 0.40 0.40
DL Methionine 0.31 0.31 0.32 0.32
Lysine HCI 0.20 0.20 0.25 0.25
Threonine 0.20 0.20 0.20 0.15
Limestone 1.25 1.25 1.25 1.25
Dicalcium phosphate 2.02 2.02 1.70 1.71
Choline chloride 60 0.40 0.40 0.40 0.40
Vitamin-mineral premix’ 0.63 0.63 0.63 0.63
Algae 0.00 0.175 0.00 0.175
Ronozyme WX 0.002 0.002 0.002 0.002
Ronozyme MG 0.01 0.01 0.01 0.01
Calculated values, %
Fat 3.96 4.04 4.24 4.34
Crude protein 23.79 23.79 23.79 23.79
Digestible Lys 1.31 1.31 1.28 1.28
Digestible Met 0.61 0.60 0.59 0.59
Digestible Arg 1.44 1.44 1.38 1.38
Digestible Thr 1.00 0.99 0.94 0.90
ME, kcal /kg 3,000.00  3,000.00  3,000.00  3,000.00
Analyzed values, % as fed
Dry matter 89.66 89.74 90.92 91.13
Crude fat 4.58 5.02 5.37 5.31
Crude protein 23.84 23.02 28.1 28.42
Gross energy, kcal /kg 4,313.00 4,291.68 4,377.94  4,348.02

"Vitamin and mineral premix provided per kg of diet: selenium 250 ug;
Vitamin A (retinyl acetate) 8,250 IU; cholecalciferol (vitamin Dj3) 2,750
1U; a-tocopherol acetate (vitamin E) 17.9 IU; menadione 1.1 mg; vitamin
B2 12p1g; biotin 41ug; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg;
pantothenic acid 11 mg; pyridoxine 1.1 mg; riboflavin 5.5 mg; thiamine
1.4 mg; iron 282 mg; magnesium 125 mg; manganese 275 mg; zinc 275 mg;
copper 27.5 mg; iodine 844 pg.
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Table 2. Composition of grower diets fed to Ross 308 broilers
from d 14 to d 28.

Table 3. Composition of finisher diets fed to Ross 308 broilers
from d 28 to 42.

Experimental Diet

Experimental diets

Corn Corn + Wheat  Wheat + Corn Corn + Wheat ~ Wheat +
Ingredient, % control Algae control Algae Ingredients, % control Algae control Algae
Corn 58.81 58.79 0.00 0.00 Corn 60.98 60.95 0.00 0.00
‘Wheat 0.00 0.00 66.86 66.83 Wheat 0.00 0.00 69.46 69.44
Soybean meal 48 33.72 33.71 24.50 24.50 Soybean meal 48 30.9 30.9 21.00 21.00
Soy Oil 2.27 2.28 3.58 3.59 Soy oil 3.48 3.49 4.85 4.85
Salt 0.40 0.40 0.40 0.40 Salt 0.40 0.40 0.40 0.40
DL Methionine 0.30 0.30 0.30 0.30 DL Methionine 0.25 0.25 0.25 0.25
Lysine HCI 0.40 0.40 0.40 0.40 Lysine HCI 0.25 0.25 0.35 0.35
Threonine 0.20 0.20 0.12 0.12 Threonine 0.10 0.10 0.10 0.10
Limestone 1.00 1.00 1.00 1.00 Limestone 1.00 1.00 1.00 1.00
Dicalcium phosphate 1.81 1.81 1.75 1.75 Dicalcium phosphate 1.57 1.57 1.5 1.5
Choline chloride 60 0.45 0.45 0.45 0.45 Choline chloride 60 0.42 0.42 0.45 0.45
Vitamin-mineral premix’ 0.63 0.63 0.63 0.63 Vitamin-mineral premix’ 0.63 0.63 0.63 0.63
Algae 0.00 0.175 0.00 0.175 Algae 0.00 0.175 0.00 0.175
Ronozyme WX 0.002 0.002 0.002 0.002 Ronozyme WX 0.002 0.002 0.002 0.002
Ronozyme MG 0.01 0.01 0.01 0.01 Ronozyme MG 0.01 0.01 0.01 0.01
Calculated values, % Calculated values, %
Fat 4.93 4.93 4.98 4.99 Fat 6.13 6.14 6.19 6.20
Crude protein 21.85 21.85 21.85 21.85 Crude protein 20.45 20.45 20.45 20.45
Digestible Lys 1.32 1.32 1.15 1.15 Digestible Lys 1.14 1.14 1.03 1.03
Digestible Met 0.57 0.57 0.54 0.54 Digestible Met 0.51 0.51 0.48 0.48
Digestible Arg 1.29 1.29 1.19 1.19 Digestible Arg 1.21 1.21 1.10 1.10
Digestible Thr 0.92 0.92 0.77 0.77 Digestible Thr 0.79 0.79 0.70 0.70
ME, kcal /kg 3,100.00  3,100.00  3,100.00  3,100.00 ME, kcal /kg 3,200.00  3,200.00  3,200.00  3,200.00
Analyzed values, % As fed Analyzed values, % As fed
Dry matter 90.02 90.17 91.16 91.32 Dry matter 90.29 90.19 91.34 91.39
Crude fat 6.19 6.33 6.33 5.84 Crude fat 7.63 7.51 8.66 8.30
Crude protein 21.08 21.31 24.61 23.89 Crude protein 19.88 20.37 22.77 22.87
Gross energy, kcal /kg 4,332.53  4,330.98  4,411.73  4,382.06 Gross energy, kcal /kg 4,432.38  4,459.98  4,548.82  4,526.41

'Vitamin and mineral premix provided per kg of diet: selenium 250 pg;
Vitamin A (retinyl acetate) 8,250 IU; cholecalciferol (vitamin Dj) 2,750
IU; a-tocopherol acetate (vitamin E) 17.9 IU; menadione 1.1 mg; vitamin
Bis 12 pg; biotin 4 pg; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg;
pantothenic acid 11 mg; pyridoxine 1.1 mg; riboflavin 5.5 mg; thiamine
1.4 mg; iron 282 mg; magnesium 125 mg; manganese 275 mg; zinc 275 mg;
copper 27.5 mg; iodine 844 ug.

High wheat inclusion (>55%) necessitated inclusion of
exogenous enzymes (Ronozyme WX and Ronozyme Mul-
tigrain; DSM, Netherlands) in all dietary treatments
regardless of basal diet composition. Body weights were
recorded weekly and feed disappearance was monitored
throughout the study.

Histomorphology

Ten birds per treatment were euthanized for tissue
collection at the end of each 14 d performance period (d
14, 28, and 42). The entire duodenal loop and an 8 cm
distal jejunum segment collected approximately 2 cm
away from Meckel’s diverticulum were fixed in 10% neu-
tral-buffered formalin for 24 h and then transferred to
70% ethanol. Tissues were paraffin-embedded, mounted
on microscope slides (3 cross-sections/ slide), and hema-
toxylin and eosin stained. Slides were imaged using an
Olympus BX 54/43 microscope with DP80 Olympus
camera, VH and CrD measurements were taken using
the Olympus Cell Sens Dimension software, and the VH:
CrD ratio was calculated (version 1.16; Olympus Corpo-
ration, Tokyo, Japan). Villus height was defined as the
distance from villus-crypt junction to villus tip in

Vitamin and mineral premix provided per kg of diet: selenium 250 pg;
Vitamin A (retinyl acetate) 8,250 IU; cholecalciferol (vitamin D3) 2,750
IU; a-tocopherol acetate (vitamin E) 17.9 TU; menadione 1.1 mg; vitamin
Bis 12 pg; biotin 41 ug; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg;
pantothenic acid 11 mg; pyridoxine 1.1mg; riboflavin 5. 5mg; thiamine 1.4
mg; iron 282 mg; magnesium 125 mg; manganese 275 mg; zinc 275 mg;
copper 27.5 mg; iodine 844 ug.

sections with intact lamina propria and CrD was the
invagination depth between adjacent villi. A total of 10
measurements for both VH and CrD were taken from
10 birds/treatment (100 measurements/ treatment).

FITC-D Intestinal Permeability

Five birds per pen were wing-banded at placement
for the FITC-D intestinal permeability assay on d 28
and 29. This assay was conducted using 23 birds/ die-
tary treatment each day (46 birds/ diet) with half the
birds in each treatment subjected to a 12-h feed restric-
tion challenge. Prior to the assay, birds were weighed
to calculate FITC-D dosage (8.32 mg/kg of BW) and
feeders were removed from pens randomly assigned to
the feed restriction challenge. On d 28 or 29, birds were
orally gavaged with FITC-D and 2 to 3 mL of blood
was collected from the brachial vein into serum separa-
tion tubes 1 h post-gavage. Blood from an additional 5
birds/ feed status (fed vs. restricted) and basal diet
(corn vs. wheat) not given FITC-D was collected for
serum blanks. Blood was centrifuged for 15 min at
1,000 x ¢ and serum stored at —20°C in amber vials
until analysis.
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To determine FITC-D fluorescence, standards were
prepared by dissolving FITC-D in blank serum at
6,400 ng/mL with a 2X serial dilution to 100 ng/mL and
serum-only blank as the minimum value (0 ng/mL).
Thawed serum was diluted 1:5 in saline and samples and
standards were plated in duplicate on black 96-well plates
that were read at 485 nm excitation and 528 nm emission
wavelengths. The average reading from the serum blank
(0 ng/mL FITC-D) was subtracted from all sample read-
ings and the standard curve intercept set at 0. Serum con-
centration of FITC-D (ng/mL) was calculated using the
resultant standard curve equation and results obtained
on d 28 and d 29 were compiled for analysis.

Spleen Immune Cell Profiles

Spleens from 10 birds/ treatment were collected on d
14, 28, and 42, gently homogenized in PBS, and passed
through a sterile 70-pum filter. Cells were washed twice
in PBS and frozen in RPMI media with 42.5% chicken
serum and 7.5% DMSO and stored at —80°C until flow
cytometric analysis. Prior to staining, cells were thawed,
enumerated by hemocytometer, and aliquoted into poly-
styrene tubes. Extracellular staining was accomplished
by diluting 0.5 L of fluorochrome-conjugated antibod-
ies in 50 wL of PBS and implementing fluorescence-
minus-one controls with associated isotype controls
(0.2/50 uL PBS) for each marker. The panel consisted
of mouse anti-chicken cluster of differentiation (CD) 1.1
FITC (clone CB3; mouse IgGix), CD3 Pacific Blue
(clone CT-3; mouse IgGx), CD4 Alexa Fluor 700 (clone
CT-4; mouse IgG k), CD8« SPRD (clone CT-8; mouse
IgGix), TCRyS PE (clone TCR-1; mouse IgG;«), and
monocyte/macrophage biotin (clone KUL0IL; mouse
IgGik; Southern Biotech, Birmingham, AL). Cells were
incubated in the dark for 30 min at 4°C before being
washed in PBS. Brilliant Violet 785-conjugated strepta-
vidin (BioLegend, San Diego, CA; 0.3 uL in 50 uL PBS)
to label biotin-conjugated monocyte/macrophage anti-
body was added to each tube and incubated for an addi-
tional 30 min at 4°C in the dark. Cells were washed and
resuspended in PBS before being analyzed by flow
cytometry using a BD FACSCanto cytometer (BD Bio-
sciences, San Jose, CA). Individual cell populations were
identified and gated using FlowJo software (version
10.5.0; BD Biosciences).

Kinome Signal Transduction

On d 14 and 42, tissues were collected from 5 birds/
treatment from the corn-based diet & algae, snap frozen
in liquid nitrogen, shipped on dry ice to the University
of Delaware, and stored at —80°C until analysis. Intesti-
nal tissue comprised an approximately 4 cm section con-
taining Meckel’s diverticulum and adjacent jejunal and
ileal segments, while an entire cecum without content
was collected per bird. Approximately 3 cm? sections
were taken from the cranial region of the left breast for
muscle samples and from the left lobe for liver samples.

The kinome peptide array protocol performed on each
tissue is previously described (Arsenault, et al., 2017).
Briefly, cells were lysed in 100 pL of lysis buffer contain-
ing protease inhibitors using a Bead Rupter and 1.5 mm
ceramic beads (Omni International, Kennesaw, GA).
Lysates were centrifuged and 70 uL of supernatant was
mixed with 10 uL of activation mixture containing 500
uM ATP (New England Biolabs, Ipswich, MA). Approx-
imately 80 uL of each sample was applied to a glass pep-
tide array (JPT Peptide Technologies, Berlin, Germany)
and incubated in a sealed container placed in a 5% CO,
incubator at 37°C for 2 h. After incubation, arrays were
washed and stained in phospho-specific fluorescent ProQ
Diamond Phosphoprotein Stain (Life Technologies,
Carlsbad, CA) for 1 h, then submerged in destain solu-
tion containing 20% acetonitrile (Sigma-Aldrich, St.
Louis, MO) and 50 mM sodium acetate (Sigma-Aldrich)
to remove non-phospho-specific binding. Arrays were
scanned in a Tecan PowerScanner microarray scanner
(Tecan Systems, San Jose, CA) at 532 to 560 nm with a
580-nm filter to detect dye fluorescence.

Images of the scanned array were gridded manually to
fit the phospho-specific spots and extract signal intensity
using GenePix Pro software (version 7.2.29 1, Molecular
Devices, CA). Microsoft Excel 2016 (Redmond, WA)
files containing kinomic data were generated and ana-
lyzed using Platform for Intelligent, Integrated Kinome
Analysis (PIIKA2) software (Trost, et al, 2013).
Within this software, clustering is generated using the
PVCLUST package in R 4.2 wherein similarities
between groups are examined within the entire kinome
dataset (Suzuki at al., 2006). Briefly, 2 confidence inter-
vals are generated per cluster with an approximately
unbiased P-value and bootstrap probability to indicate
likelihood of true clustering agnostic to the biological
groups. Values approaching 1 suggest high confidence
and a threshold value >0.97 was used to determine
reported clustering herein. Kinome peptide array data
generated from PIIKA2 were analyzed using online
databases, including STRING (Szklarczyk, et al., 2017),
Reactome (Jassal, et al., 2020), UniProt (UniProt, 2021),
and PhosphosSitePlus (Hornbeck, et al., 2015).

Statistical Analysis

Treatments were assigned using a completely random-
ized design and the following statistical model was used
to analyze performance data:

Yig = pn+Di+ Aj+ (Dx A),+iBWi + ey

In this model, y;;c is the dependent variable, p is the
overall mean, D; is the effect of diet at the i level (corn
or wheat; i = 2), A; is the effect of algae inclusion at the
j™level (& algae; j = 2), (D x A)j; is the interaction effect
of diet at the i™ level and algae inclusion at the ' level,
iBWijy is the initial BW covariate, and e;;x denotes ran-
dom error. Histomorphology and immune cell popula-
tion data analysis used this same model without the

initial BW covariate. The model used to analyze serum
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fluorescence contained additional terms for the effect of
feed restriction:

Y= m+Di+ Aj+ R+ (Dx A);+ (DxR)y

+(AX R+ (DX AXR)y+ eju

In addition to the previously defined terms, in this
model Ry, is the effect of feed restriction at the k'™ level
(fed or feed-restricted; k = 2), (D x R)jy is the interac-
tion of diet at the i level and feed restriction at the k™
level, (A x R)j. is the interaction of algae inclusion at
the j™ level and feed restriction at the k™ level, and
(D x A x R)jj is the interaction of diet at the it level,
algae inclusion at the jth level, and feed restriction at the
k™ level. Outliers 3 standard deviations from each treat-
ment mean were identified and excluded using the UNI-
VARIATE procedure prior to being analyzed using the
MIXED procedure in SAS 9.4 with significance at P <
0.05 (SAS Institute, Cary, NC).

RESULTS
Performance

Performance results are presented in Table 4. In the
starter period, birds fed the wheat-based control diet ate
4.8% more than those fed the corn-based control and
gained 9.4% more BW (P = 0.02). The main effect of
feeding wheat-based diets resulted in a 6-point more effi-
cient FCR (P < 0.0001) compared to feeding corn-based
diets (Table 4). Similarly, during the grower period,
birds fed wheat-based diets ate 3.7% more, gained 8.8%
more BW (P = 0.002), and had an 8-point more efficient
FCR (P < 0.0001) than birds fed corn-based diets,
regardless of algae inclusion (Table 4). When examining
interaction effects, feeding corn-based diets with algae
did not alter FI but numerically increased BWG during

the finisher period, resulting in an 11-point more efficient
FCR (P = 0.02) compared to the corn-based control
(Table 4). For the entire 42 d study, birds fed the corn-
based diet with algae gained 6.8% more BW (P = 0.01)
and had a 5.4-point (3.2%; P = 0.006) more efficient
FCR than those fed the corn-based control. While the
main effect of feeding wheat-based diets increased BWG
4.8% and improved FCR by 5 points (P < 0.0001) com-
pared to corn-based diets, algae inclusion did not alter
performance in birds fed these diets (Table 4).

Intestinal Histomorphology

In the 14-day-old broiler duodenum, the algae main
effect reduced VH by 12.5% (P = 0.002; Figure 1A). In
28-day-old broilers fed corn-based diets, algae inclusion
increased average duodenal VH by 15.2% (P = 0.0002)
compared to the corn-based control. As a result, algae
inclusion in the corn-based diet increased the VH:CrD
ratio by 19.1% (P = 0.01) compared to the corn-based
control but similar VH and VH:CrD responses were not
observed in birds fed either wheat-based diet
(Figures 1A—1C). By the end of the study (d 42), the
main effect of feeding corn-based diets increased duode-
nal VH and CrD by 11.0 and 6.7% (P < 0.05), respec-
tively compared to feeding wheat-based diets; however,
no differences in VH:CrD were observed at this time-
point (Figures 1A—1C).

While changes to duodenal histomorphology occurred
at d 28 and d 42, changes in the distal jejunum due to
algae inclusion were observed earlier. On d 14, birds fed
the corn-based diet with algae had 20.0% increased jeju-
nal VH (P < 0.0001) compared to birds fed the corn-
based control. In contrast, algae inclusion in the wheat-
based diet reduced d 14 jejunal CrD by 15.8%
(P = 0.0002) compared to the wheat-based control
(Figures 1D and 1E). On d 28 the significant diet main

Table 4. Per bird performance of Ross 308 broilers fed corn- or wheat-based diets = 0.175% algae ingredient' for 42 d divided into 14 d

starter, grower, and finisher periods.

Moasure Treatment SEM P-values”

Corn control Corn + Algae Wheat control Wheat + Algae Diet Algae Diet x Algae
D 0 BW?, kg 0.04 0.04 0.04 0.04 0.0004 0.84 0.24 0.75
Starter (d 0—d 14)
BWG, kg 0.31" 0.31" 0.34* 0.32%° 0.009 0.007 0.27 0.02
FL kg 0.40" 0.41*" 0.42* 0.41*" 0.008 0.27 0.76 0.02
FCR 1.33 1.33 1.25 1.29 0.01 <0.0001 0.04 0.11
Grower (d 14—d 28)
BWG, kg 0.90 0.92 1.01 0.98 0.02 <0.0001 0.78 0.11
FI, kg 1.45 1.45 1.53 1.48 0.02 0.002 0.18 0.13
FCR 1.62 1.59 1.52 1.51 0.02 <0.0001 0.16 0.64
Finisher (d28-d42)
BWG, kg 1.43 1.51 1.49 1.49 0.04 0.44 0.12 0.09
FL, kg 2.56 2.57 2.58 2.54 0.03 0.75 0.66 0.27
FCR 1.80° 1.69" 171" L71" 0.03 0.10 0.02 0.01
Overall (d 0—d 42)
BWG, kg 2.72¢ 2.81%° 2.94 2.87* 0.05 <0.0001 0.66 0.02
FI, kg 4.54 4.54 4.67 4.55 0.06 0.12 0.19 0.19
FCR 1.66* 1.60° 1.58° 1.58” 0.02 <0.0001 0.02 0.006

'Data represent the per bird average calculated from 20 pens / diet.

’Data in the same row with different letter (**°) superscripts are significantly different, P < 0.05.
3 Abbreviations: BW, body weight; BWG, body weight gain; FI, feed intake; FCR, feed conversion rate.
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Figure 1. Intestinal histomorphology in the (A—C) duodenum and (D—F) jejunum of 14, 28, and 42-day-old Ross 308 broilers fed corn- or
wheat-based diets £+ 0.17% algae ingredient. Bars represent the mean measurement taken from 10 measures/bird from 10 birds/ treatment = SEM.

Different letter labels indicate significantly different outcomes, P < 0.05.

effect showed that birds fed wheat-based diets had a
21.0% greater average VH, culminating in a 29.0%
increased VH:CrD ratio (P < 0.0001) compared to birds
fed corn-based diets (Figures 1D and 1F). On d 42, algae
inclusion in the corn-based diet increased VH 10%
(P = 0.004) compared to the corresponding control but
had no effect when included in either wheat-based diet.

Intestinal Permeability

The serum fluorescence of birds fed wheat-based diets
was reduced 6.8% (P = 0.0002) compared to those fed
corn-based diets, regardless of algae inclusion, indicating

A. B.
400

300
200

100

Fluorescence, ng/mL

Corn Wheat

o
o

400

300 b

200

100

Fluorescence, ng/mL
Fluorescence, ng/mL

T
Fed Feed Restricted

Fluorescence, ng/mL

that wheat-based diets contributed to improved intesti-
nal integrity (Figure 2A). The feed restriction main
effect increased serum fluorescence 17.3% (P < 0.001)
compared to fed birds, which was observed among all
dietary treatments (Figures 2C and 2D). While the over-
all interaction between dietary treatment and feed
restriction was not significant (P = 0.09), serum fluores-
cence in feed-restricted birds assigned to the corn-based
control diet was increased 9.5% compared to feed-
restricted birds assigned to the wheat-based diet with
algae. Feed-restricted birds assigned to the corn + algae
and wheat control diets displayed intermediate serum
fluorescence (Figure 2D).
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Figure 2. The main effects of (A) basal diet, (B) algae inclusion, (C) feed restriction, and (D) the diet x feed restriction interaction on the serum
fluorescence of birds at d 28 and 29 fed a corn- or wheat-based diet £+ 0.175% algae additive and orally gavaged with fluorescein isothiocyanate-dex-
tran (FITC-D; 8.32 mg/kg of body weight). Values represent the mean serum fluorescence of 46 birds/ treatment + SEM. Bars with differing super-

scripts are significant at P < 0.05.
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Spleen Immune Cell Profiles

Two immune cell populations with antigen presenta-
tion capabilities were assessed in the broiler spleen:
monocyte/macrophage” cells involved in tissue-level
innate immune responses and CD1.1" cells associated
with lipid-antigen presentation by avian dendritic and B
cells (Pickel et al., 1990; Fearon and Locksley, 1996;
Dvir et al., 2010; Wu et al., 2010; Epelman et al., 2014;
Taebipour et al., 2017). In 14-day-old broilers the main
effect of feeding wheat-based diets reduced monocyte/
macrophage ™ and CD1.1" cells 40.4 and 22.8%, respec-
tively, compared to corn-based diets (P < 0.0001). Inter-
action effects were observed at the end of the grower
period (d 28) when birds fed the wheat control diet had
42.6% more splenic monocyte/macrophage’ (P <
0.0001) cells than birds fed the wheat-based diet with
algae (Figure 3A). Similarly, splenic CD1.1" cells in birds
fed the wheat control were increased 32.7% (P = 0.007)
compared to the wheat diet with algae (Figure 3B).

Additional cell types analyzed were CD3" T cells, a
predominant lymphocyte population in the broiler
spleen, and subpopulations including CD3"CD4 " helper
T cells (Tg), CD3"CD8a " cytotoxic T cells (T¢), and
CD3"TCRys" (p8) T cells. Among these T cell sub-
types, Ty activate other effector T cells and induce anti-
body production by B cells, T¢ function in cytotoxic
pathogen clearance, and y§ T cells are generally
regarded as immunoregulatory (Arstila et al., 1994;
Vantourout and Hayday, 2013). The main effect of feed-
ing wheat-based diets showed a 32.7% reduction in over-
all CD3" T cell populations (P < 0.0001) on d 14
compared to corn-based diets. Interaction effects at d 14
showed that algae inclusion increased Ty cells by 23.9%
(P =0.009) in the corn-based diet and reduced y3§ T cells
by 34.4% (P = 0.002) in the wheat-based diet on d 14.

In 28-day-old birds, splenic CD3" T cells were reduced
18.9% by the corn-based diet with algae compared to the

A. B.

% of Live Cells
% of Live Cells

% of CD3* Cells
% of CD3* Cells

d14 d28 d42 d14 d28

corresponding control (P < 0.0001; Figure 3C). The
corn-based diets with algae increased Ty cells 21.6%
while reducing T 13.4% compared to the corresponding
control (P < 0.0001). In contrast, the wheat-based diet
with algae decreased d28 Ty cells 28.6% and increased
Tc 17.2% compared to the wheat-based control (P <
0.0001). Regardless of basal diet type, 8 T cells were
reduced 23.2% by the algae inclusion main effect com-
pared to control diets on d 28 (P < 0.0001; Figures 3D
—3F). On d 42, birds fed the corn-based diet with algae
had 27.5% fewer T cells (P < 0.0001) compared to the
corn-based control (Figures 3C—3F).

Broiler Tissue Kinome

Phosphorylation-dependent ~ signal  transduction
occurring within the tissue can be determined by mea-
suring protein kinase activity. This analysis focused on
outcomes in birds fed corn-based diets + algae due to
more robust algae-related performance benefits com-
pared to wheat-based diets. Figure 4 shows a heatmap
and dendrogram of kinome data collected from the small
intestine (Meckel’s area and cecum), liver, and muscle
tissue. Each column in the figure represents the total
phosphorylation signal of the tissue, known as the
kinome profile or tissue kinotype. Connecting lines at
the top of the figure represent clustering of kinotypes
between each tissue with strong similarity between sam-
ples from the same tissue regardless of treatment or bird
age. The control (T1) d 14 small intestine, ceca, liver,
and muscle samples clustered outside of their respective
tissue clusters, indicating that algae shifted d 14 algae-
fed groups into clusters with d 42 groups (Figure 4).

Analyzing protein changes compared at d 14 vs. d 42
provided insight into specific signaling changes underly-
ing observed clustering patterns. Using the STRING
database (Szklarczyk et al., 2017), proteins that
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Figure 3. Populations of (A) monocytes/macrophages, (B) CD1.1" antigen presenting cells, (C) CD3" T cells, (D) CD3*"CD4" helper T cells,
(E) CD3"CD8«a " cytotoxic T cells, and (F) CD3"TCRy8" cells in the spleen of 14, 28, and 42-day-old Ross 308 broilers fed corn- or wheat-based
diets £ 0.175% algae ingredient. Data represent the mean cell population with each marker identified within the (A—C) live cell gate or (D—F)
CD3" T cell gate from 10 birds/ treatment/ timepoint + SEM. Bars with different letter labels are significantly different, P < 0.05.



Color Key

2-101 2
Row Z-Score

1

8 2 8 8 8 2 ¢ 2
[0] QO O o
Q QO O O
=9 83T =5 ==
O«Ocoggv
Fo PP aoaoao
o N -~
- - -

FRIES-CRAFT ET AL.

Color Key

-2 01 2
Row Z-Score

D14 Muscle

-

[}
=
hu
<
-
o
-
i

T2 D42 Liver
T1 D42 Liver
T2 D14 Liver
T1 D14 Muscle
T2 D42 Muscle
T1 D42 Muscle

T2

Figure 4. Heatmap of (A) small intestine (Meckel’s) and ceca and (B) liver and muscle tissue kinotype data post PIIKA2 analysis. Each colored
line within each column represents a peptide on the array. Red indicates relative increase in phosphorylation, green is relative decrease. Each column
represents the total phosphorylation signal or kinotype for each sample. Connecting lines at the top represent tissue clustering of kinotypes between

each tissue. T'1 is the corn control diet and T2 is corn + algae diet.

displayed significant differences between control and
algae-containing diets generated the top 20 tissue path-
ways altered by dietary algae inclusion at d 14 and d 42
(Tables 5—8). Pathways in bold text were unique to the
specific day. At d 14, the small intestine kinotype of
algae-fed birds showed substantial changes in toll-like
receptor (TLR) and myeloid differentiation primary
response 88 (MyD88) signaling as indicators of
increased innate immunity. At d 42, dietary algae inclu-
sion increased the small intestine adaptive immune
response (Table 5). In the ceca, liver, and breast muscle,
few unique signaling pathways between d 14 and 42
were observed (Tables 6-8).

While not present in the top 20 Reactome Pathways,
in all tissues and timepoints a broad pathway called
“Metabolism” showed significant changes between control
and algaefed birds. The STRING database
(Szklarczyk et al., 2017) compared differentially phos-
phorylated proteins to generate a protein interaction net-
work. Within this network, certain macronutrient
metabolic processes were enriched in algae-fed birds (Fig-
ures 5 and 6) and generated overwhelmingly contiguous
protein-protein interactions indicating these proteins
were part of an interacting metabolic process rather than
disparate phosphorylation changes. In the small intestine
and liver at d 14 and d 42, “metabolism of lipids” were
enriched (Figures 5A-B and 6A-B, red circles), whereas
these same interactions groups were enriched in the ceca
only at d14 (Figure 5C). Differential metabolic pathways
in the muscle were enriched for “Pyruvate metabolism
and TCA cycle” and “Metabolism of carbohydrates’ at
d14 and d 42, respectively (Figures 6C and 6D).

DISCUSSION

Outcomes in this study emphasize 2 key findings:
algae provided a benefit to the broilers in a basal diet-
specific manner, and corn vs. wheat-based diets them-
selves resulted in different benefits. While wheat-based

diets generally altered broiler performance, intestinal
morphology /integrity, and immunity, changes in these
measures due to the algae ingredient were primarily
observed in corn-based diets. Generally, performance
improvements related to wheat-based diets were
observed in the first 28 d of the grow-out period, whereas
algae-related performance improvements in broilers fed
corn-based diets were observed in the grower period and
most pronounced in the finisher period (Table 4). It is
important to note that while diets were formulated to be
isonitrogenous, diet analysis showed a consistent CP
increase between corn- and wheat-based diets despite
measuring wheat CP prior to formulation (Tables 1-3).

When comparing calculated AA profiles for the 14.2%
CP wheat used in this study with analyzed values for
14.3% CP wheat reported by Matuz et al. (2000), Lys
(2.7 vs. 2.4%), Val (4.4 vs. 4.4%), and Thr (3.0 vs. 3.6%)
were consistent while Met was overestimated (1.6 vs.
0.6%). As performance was generally improved by
wheat-based diets, it is not likely that this overestima-
tion contributed to Met deficiency. Additionally, when
increasing nitrogen content associated with 14.2% CP to
20.0% CP (N = CP / 6.25) in equations from Mossé
et al. (1985), only essential AA Ile and Phe increased by
0.02 and 0.2 percentage points, respectively. With
increasing wheat CP the remaining essential AA
decreased 0.02 to 0.3 percentage points. Of the altered
AA, Glu showed the greatest change increasing 2.2 per-
centage points when increasing wheat CP from 14.2 to
20.0%. In published literature comparing corn and
wheat AA profiles, corn consistently had less Glu
(20.2 vs. 32.3%) than wheat with Glu in both ingredients
being similarly digestible in  broiler chickens
(Matuz et al., 2000; Huang et al., 2006). In broilers, 4
AA were more digestible in wheat compared to corn:
Thr, Ser, Gly, and Tyr (Huang et al., 2006). Of these,
only Thr is an essential AA and while more digestible,
its concentration in wheat was expected to decrease
with increasing CP. Combined, this suggests that
changes to essential AA with increased CP from wheat
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Table 5. Small intestine (Meckel’s adjacent) reactome pathways' enriched in 14 d and 42-day-old Ross 308 broilers fed corn-based

diets + 0.175% algae ingredient compared to a corn-based control.

Reactome pathway Proteins’ Background® FDR'

d14
Immune system 122 1,925 9.21E-36
Signal transduction 136 2,605 1.88E-32
Innate immune system 84 1,012 7.99E-31
Cytokine signaling in immune system 68 654 9.75E-30
Signaling by receptor tyrosine kinases 56 437 2.77E-28
Signaling by interleukins 56 439 2.86E-28
Toll-like receptor cascades 35 151 1.15E-24
Diseases of signal transduction 47 360 6.48E-24
Disease 71 1,018 1.04E-21
Toll-like receptor 4 (TLR4) cascade 30 126 2.06E-21
MAPK family signaling cascades 37 273 3.74E-19
MyD88:MAL(TIRAP) cascade initiated on plasma 25 94 9.17E-19

membrane
Toll-like receptor 3 (TLR3) cascade 25 95 9.78E-19
Toll-like receptor 9 (TLR9) cascade 25 96 1.08E-18
TRIF(TICAM1)-mediated TLR4 signaling 25 96 1.08E-18
MyD88 cascade initiated on plasma membrane 24 84 1.08E-18
Intracellular signaling by second messengers 36 274 1.59E-18
TRAF6 mediated induction of NFxkB and MAPK upon TLR7/8 or 9 24 91 3.28E-18
activation

PI3K/AKT signaling in cancer 23 85 1.07E-17
Fc Epsilon receptor (FCERI) signaling 26 126 1.56E-17

d42
Immune System 115 1,925 6.05E-35
Signaling by Receptor Tyrosine Kinases 58 437 8.58E-32
Signal transduction 126 2,605 1.13E-30
Signaling by interleukins 53 439 2.93E-27
Innate immune system 75 1,012 6.87E-27
Disease 73 1,018 2.56E-25
Cytokine signaling in immune system 59 654 1.06E-24
Diseases of signal transduction 43 360 7.70E-22
Intracellular signaling by second messengers 37 274 2.76E-20
Signaling by VEGF 25 104 1.17E-18
VEGFA-VEGFR2 pathway 24 95 2.39E-18
Signaling by NTRK 24 97 3.32E-18
Axon guidance 46 541 4.10E-18
MAPK family signaling cascades 33 273 7.93E-17
Signaling by NTRK1 (TRKA) 21 76 9.14E-17
PIP3 activates AKT signaling 31 242 1.76E-16
Toll-like receptor cascades 26 151 1.76E-16
Adaptive immune system 49 733 1.73E-15
Fc Epsilon receptor (FCERI) signaling 23 126 4.58E-15
Developmental biology 57 1,023 6.71E-15

Abbreviations: AKT, protein kinase B; MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary response 88; MAL, MyD88
adaptor-like protein; NF, nuclear factor; PI3K, Phosphatidylinositol-3-kinsae; PIP, plasma membrane-intrinsic protein; NTRK, neurotrophic tyrosine
receptor kinase; TIR, Toll/Interleukin 1 receptor homology; TIRAP, TIR-containing adaptor protein; TRIF, TIR-domain-containing adapter-inducing
interferon-8; TICAM, TIR domain-containing adaptor molecule; TRAF, tumor necrosis factor receptor-associated factors; TLR, Toll-like receptor; TRK,

tyrosine receptor kinase; VEGF, vascular endothelial growth factor.

!Significant differentially phosphorylated proteins from the small intestine at d 14 and d 42 (n = 10 birds/ diet) were input into the STRING database
to generate a list of the 20 most enriched Reactome Pathways. Bolded pathways are those unique between d 14 and d 42.
*Proteins refers to the number of proteins within the pathway differentially phosphorylated on the array.

3Background is the number of proteins within the pathway.

‘FDR is false discovery rate significance value of the pathway (significance < 0.05).

do not favor those with increased digestibility in wheat
vs. corn. Rather, the greatest difference would be
increased Glu in wheat- vs. corn-based diets; however,
as a non-essential AA, the health effects of Glu when
supplemented to excess in broiler diets has not been
well-studied. While AA profiles may have been mini-
mally affected, the potential confounding effects of
increased CP in wheat- vs. corn-based diets cannot be
disregarded and outcomes observed at disparate growth
stages may be explained by variations in underlying
physiological responses.

The avian intestinal epithelium is a dynamic environ-
ment, with cell turnover occurring every 2 to 5 d

(Imondi and Bird, 1966; Fernando and McCraw, 1973;
Ghiselli et al., 2021). While intestinal histomorphology
is not a specific indicator of broiler health, increased VH
is associated with improved absorptive and digestive
function, while increased CrD measurements can indi-
cate greater capacity for epithelial cell turnover
(Amat et al., 1996; Li et al., 2018; Bogucka et al., 2019).
To functionally assess d 28 intestinal changes, a FITC-D
uptake assay was implemented in conjunction with a 12
h feed restriction challenge. This assay, which has been
validated in broiler chickens using similar feed restric-
tion conditions, assesses the translocation of large mole-
cules across the intestinal epithelium by measuring the
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Table 6. Cecal reactome pathways' enriched in 14 d and 42-day-old Ross 308 broilers fed corn-based diets + 0.175% algae ingredient

compared to a corn-based control.

Reactome pathway Protein® Background® FDR'

d14
Immune system 154 1,925 9.14E-47
Signal transduction 176 2,605 1.35E-45
Signaling by receptor tyrosine kinases 75 437 5.60E-40
Innate immune system 104 1,012 1.99E-38
Diseases of signal transduction 61 360 6.74E-32
Cytokine signaling in immune system s 654 3.53E-31
Signaling by interleukins 65 439 3.53E-31
Disease 94 1,018 3.92E-31
Toll-like receptor cascades 42 151 4.96E-29
MAPK family signaling cascades 48 273 1.34E-25
Toll-like receptor 4 (TLR4) cascade 35 126 4.63E-24
Intracellular signaling by second messengers 46 274 8.44E-24
Signaling by NTRKs 30 97 1.08E-21
TRAF6 mediated induction of NFxB and MAP kinases upon 29 91 2.80E-21

TLR7/8 or 9 activation

Signaling by VEGF 30 104 4.48E-21
MyD88:MAL(TIRAP) cascade initiated on plasma membrane 29 94 4.65E-21
Toll-like receptor 3 (TLR3) cascade 29 95 5.35E-21
PI3K/AKT signaling in cancer 28 85 5.35E-21
VEGFA-VEGFR2 pathway 29 95 5.35E-21
Signaling by NTRK1 (TRKA) 27 76 5.36E-21

d 42
Immune system 113 1,925 1.28E-36
Signaling by receptor tyrosine kinases 60 437 1.98E-35
Signal transduction 125 2,605 2.18E-33
Innate immune system 78 1,012 3.48E-31
Signaling by interleukins 53 439 8.52E-29
Cytokine signaling in immune system 62 654 8.84E-29
Diseases of signal transduction 46 360 8.65E-26
Intracellular signaling by second messengers 39 274 3.36E-23
Disease 66 1,018 3.89E-22
Signaling by NTRK1 (TRKA) 24 76 6.78E-21
Toll-like receptor cascades 29 151 2.99E-20
VEGFA-VEGFR2 pathway 25 95 3.05E-20
PI3K/AKT signaling in cancer 24 85 4.82E-20
Toll-like receptor 4 (TLR4) cascade 27 126 5.63E-20
PIP3 activates AKT signaling 33 242 3.37E-19
MyDB88 cascade initiated on plasma membrane 23 84 4.90E-19
MAPK family signaling cascades 34 273 8.33E-19
TRAF6 mediated induction of NFxB and MAP kinases upon 23 91 1.76E-18

TLR7/8 or 9 activation

MyD88:MAL(TIRAP) cascade initiated on plasma membrane 23 94 2.89E-18
Toll-like receptor 3 (TLR3) cascade 23 95 3.29E-18

Abbreviations: AKT, protein kinase B; MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary response 88; MAL, MyD88
adaptor-like protein; NF, nuclear factor; PI3K, Phosphatidylinositol-3-kinsae; PIP, plasma membrane-intrinsic protein; NTRK, neurotrophic tyrosine
receptor kinase; TIR, Toll/Interleukin 1 receptor homology; TIRAP, TIR-containing adaptor protein; TRIF, TIR-domain-containing adapter-inducing
interferon-8; TICAM, TIR domain-containing adaptor molecule; TRAF, tumor necrosis factor receptor-associated factors; TLR, Toll-like receptor; TRK,

tyrosine receptor kinase; VEGF, vascular endothelial growth factor.

!Significant differentially phosphorylated proteins from the small intestine at d 14 and d 42 (n = 10 birds/diet) were input into the STRING database
to generate a list of the 20 most enriched Reactome Pathways. Bolded pathways are those unique between d 14 and d 42.
*Proteins refers to the number of proteins within the pathway differentially phosphorylated on the array.

3Background is the number of proteins within the pathway.

‘FDR is false discovery rate significance value of the pathway (significance < 0.05).

presence of fluorescently tagged dextran in the serum
(Kuttappan et al., 2015; Baxter et al., 2017). As such,
increased serum fluorescence indicates increased intesti-
nal permeability.

By the end of the grower period (d 28), birds consum-
ing the corn-based diet with algae had increased duode-
nal VH with corresponding VH:CrD ratio increase. In
contrast, feeding wheat-based diets increased distal jeju-
num VH and VH:CrD ratio regardless of algae inclusion
(Figure 1). At the same time, feeding wheat-based diets
generally reduced serum fluorescence compared to corn
diets, suggesting improved intestinal integrity corre-
sponding with performance improvements observed

herein (Figure 2A). Consistent with the present study,
previous research has reported increased ileal tight junc-
tion protein expression in wheat-fed broilers
(Paraskeuas and Mountzouris, 2019). While the main
effect of algae did not significantly alter intestinal per-
meability (Figure 2B), algae inclusion in the corn-based
diet reduced the magnitude of feed restriction-induced
intestinal permeability, but not to the same extent as
seen in the wheat-based diet (Figure 1D). Feeding
0.175% algae in corn-based diets may have a protective
effect on broiler intestinal integrity during acute off-feed
events, but will require further evaluation to optimize
these outcomes in commercial settings utilizing corn-
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Table 7. Liver reactome pathways' enriched in 14 d and 42-day-old Ross 308 broilers fed corn-based diets + 0.175% algae ingredient

compared to a corn-based control.

Reactome pathway Protein® Background® FDR'

d14
Immune system 152 1927 4.53E-48
Signaling by receptor tyrosine kinases 78 437 4.69E-44
Signal transduction 168 2605 1.91E-43
Cytokine sgnaling in immune system 84 654 3.60E-38
Innate immune system 101 1012 5.56E-38
Signaling by interleukins 71 439 1.02E-37
Disease 94 1018 1.22E-32
Diseases of signal transduction 60 360 3.12E-32
Toll-like receptor cascades 40 151 1.34E-27
Intracellular signaling by second messengers 46 274 1.67E-24
Toll-like receptor 4 (TLR4) cascade 34 126 1.25E-23
Signaling by VEGF 32 104 1.25E-23
VEGFA-VEGFR2 Pathway 31 95 1.42E-23
Signaling by NTRKs 31 97 2.23E-23
Signaling by NTRK1 (TRKA) 28 76 1.86E-22
Toll-like receptor 9 (TLR9) cascade 30 96 2.03E-22
PIP3 activates AKT signaling 41 242 4.64E-22
TRAF6 mediated induction of NFkB and MAP kinases upon 29 91 6.76E-22

TLR7/8 or 9 activation

MyD88:MAL(TIRAP) cascade initiated on plasma membrane 29 94 1.24E-21
PI3K/AKT signaling in cancer 28 85 1.50E-21

d 42
Signaling by receptor tyrosine kinases 63 437 6.25E-41
Signal transduction 124 2,605 9.10E-38
Immune system 102 1,925 3.39E-33
Diseases of signal transduction 48 360 1.77E-29
Signaling by interleukins 50 439 5.51E-28
Disease 69 1,018 7.42E-27
Intracellular signaling by second messengers 41 274 7.62E-27
Cytokine signaling in immune system 56 654 5.24E-26
Innate immune system 67 1,012 1.39E-25
VEGFA-VEGFR2 pathway 28 95 5.17E-25
PIP3 activates AKT signaling 36 242 1.62E-23
PI3K/AKT signaling in cancer 25 85 2.58E-22
Signaling by NTRKs 25 97 3.81E-21
Signaling by NTRK1 (TRKA) 23 76 9.28E-21
Negative regulation of the PI3K /AKT Network 24 92 1.98E-20
Toll-like receptor cascades 27 151 2.36E-19
MAPK family signaling cascades 33 273 4.31E-19
Toll-like receptor 4 (TLR4) cascade 25 126 7.14E-19
TRAF6 mediated induction of NFxB and MAP kinases Upon 22 91 3.76E-18

TLR7/8 or 9 activation

Axon guidance 42 541 5.95E-18

Abbreviations: AKT, protein kinase B; MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary response 88; MAL, MyD88
adaptor-like protein; NF, nuclear factor; PI3K, Phosphatidylinositol-3-kinsae; PIP, plasma membrane-intrinsic protein; NTRK, neurotrophic tyrosine
receptor kinase; TIR, Toll/Interleukin 1 receptor homology; TIRAP, TIR-containing adaptor protein; TRIF, TIR-domain-containing adapter-inducing
interferon-8; TICAM, TIR domain-containing adaptor molecule; TRAF, tumor necrosis factor receptor-associated factors; TLR, Toll-like receptor; TRK,

tyrosine receptor kinase; VEGF, vascular endothelial growth factor.

!Significant differentially phosphorylated proteins from the small intestine at d 14 and d 42 (n = 10 birds/ diet) were input into the STRING database
to generate a list of the 20 most enriched Reactome Pathways. Bolded pathways are those unique between d 14 and d 42.
*Proteins refers to the number of proteins within the pathway differentially phosphorylated on the array.

3Background is the number of proteins within the pathway.

‘FDR is false discovery rate significance value of the pathway (significance < 0.05).

and wheat-based rations. Combined, these outcomes
point to 2 dietary formulations, corn-based diets with
algae and wheat-based diets, that promote general phe-
notypes associated with improved digestive and absorp-
tive function in disparate segments of the small
intestine, which may explain improved grower and over-
all FCR in birds fed these diets.

In addition to feed restriction, feeding high NSP diets
without exogenous enzymes has been a validated
method for challenging the broiler intestine, culminating
in increased serum fluorescence and bacterial transloca-
tion, while reducing BW in both broilers and turkey

poults fed rye- vs. corn-based diets (Tellez et al., 2014,
2015). The results observed in birds fed wheat-based
diets herein contradict these responses to high-NSP
diets, likely due to the implementation of exogenous
enzymes in all diets to mitigate anticipated performance
reductions caused by diets containing >55% wheat and
to align with industry practices. In this study, feeding a
wheat-based diet with exogenous enzymes significantly
improved performance in terms of BWG and FCR
compared to enzyme supplementation in corn-based
diets, a finding similar to those by Ghayour-Najafabadi
et al. (2018) and is likely due to the relative amount of
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Table 8. Breast muscle reactome pathways' enriched in 14 d and 42-day-old Ross 308 broilers fed corn-based diets + 0.175% algae

ingredient compared to a corn-based control.

Reactome pathway Protein® Background® FDR'

d14
Signal transduction 130 2,605 1.65E-32
Immune system 111 1,925 4.34E-32
Signaling by receptor tyrosine kinases 57 437 7.32E-31
Innate immune system 78 1,012 6.60E-29
Diseases of signal transduction 49 360 3.81E-27
Cytokine signaling in immune system 61 654 3.87E-26
Signaling by interleukins 51 439 1.50E-25
Disease 71 1,018 8.23E-24
Signaling by NTRKs 27 97 1.49E-21
Toll-like Receptor Cascades 31 151 1.60E-21
Signaling by NTRK1 (TRKA) 25 76 1.82E-21
MAPK family signaling cascades 36 273 1.94E-19
TRAF6 mediated induction of NFkB and M AP kinases 24 91 9.58E-19

upon TLR7/8 or 9 activation

MyD88:MAL(TIRAP) cascade initiated on plasma membrane 24 94 1.49E-18
VEGFA-VEGFR2 pathway 24 95 1.63E-18
Toll-like receptor 4 (TLR4) cascade 26 126 2.77E-18
MyD88 cascade initiated on plasma membrane 22 84 2.48E-17
PI3K/AKT signaling in cancer 22 85 2.74E-17
Intracellular signaling by second messengers 33 274 5.14E-17
Toll-like receptor 3 (TLR3) cascade 22 95 1.96E-16

d 42
Immune system 134 1,925 6.30E-46
Innate immune system 91 1,012 5.36E-37
Signaling by receptor tyrosine kinases 62 437 3.31E-34
Signal transduction 136 2,605 6.38E-34
Signaling by interleukins 58 439 1.60E-30
Diseases of signal transduction 52 360 7.08E-29
Cytokine signaling in immune system 66 654 7.21E-29
Disease 80 1018 1.01E-38
VEGFA-VEGFR2 pathway 28 95 2.95E-22
MAPK family signaling cascades 40 273 3.23E-22
Toll-like receptor cascades 32 151 7.21E-22
Intracellular signaling by second messengers 37 274 1.78E-19
PI3K/AKT signaling in cancer 24 85 9.25E-19
Toll-like Receptor 4 (TLR4) Cascade 27 126 1.52E-18
Toll-like Receptor 3 (TLR3) Cascade 24 95 7.37E-18
TRIF(TICAM1)-mediated TLRA4 signaling 24 96 8.54E-18
MAPK1/MAPKS3 signaling 32 234 5.09E-17
MyD88:MAL(TIRAP) cascade initiated on plasma membrane 23 94 6.42E-17
Toll-like receptor (TLR9) cascade 23 96 8.72E-17
PIP3 activates AKT signaling 32 242 9.27TE-17

Abbreviations: AKT, protein kinase B; MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary response 88; MAL, MyD88
adaptor-like protein; NF, nuclear factor; PI3K, Phosphatidylinositol-3-kinsae; NTRK, neurotrophic tyrosine receptor kinase; PIP, plasma membrane-
intrinsic protein; TLR, Toll-like receptor; TRIF, TIR-domain-containing adapter-inducing interferon-g; TIR, Toll/Interleukin 1 receptor homology;
TIRAP, TIR-containing adaptor protein; TICAM, TIR domain-containing adaptor molecule; TRAF, tumor necrosis factor receptor-associated factors;

TRK, tyrosine receptor kinase; VEGF, vascular endothelial growth factor.

!Significant differentially phosphorylated proteins from the small intestine at d 14 and d 42 (n = 10 birds/ diet) were input into the STRING database
to generate a list of the 20 most enriched Reactome Pathways. Bolded pathways are those unique between d 14 and d 42.
*Proteins refers to the number of proteins within the pathway differentially phosphorylated on the array.

*Background is the number of proteins within the pathway.

YFDR is false discovery rate significance value of the pathway (significance < 0.05).

available dietary enzyme substrate. Future research into
the effects of this algae product in broilers fed high-NSP
diets could benefit from a lower inclusion level that does
not require exogenous enzymes and mitigates any poten-
tial confounding effects linked to variations in CP
between corn- and wheat-based rations.
Immunologically, wheat-based diets consistently
reduced splenic monocytes and macrophages, CD1.1"
lipid antigen-presenting cells (APC), and T cells in 14-
day-old birds (Figures 3 A=3C). As monocytes and mac-
rophages are innate immune cells associated with innate
inflammatory responses and APC contribute to T and
natural killer T cell activation, these outcomes suggest

general anti-inflammatory effects associated with
wheat-based diets (Brigl and Brenner, 2004; Dvir et al.,
2010; Yang et al., 2014). The percentage of n-6 linoleic
acid and n-3 linolenic acid in corn and wheat is similar,
suggesting that other nutritional factors including but
not limited to increased CP may have contributed to the
generalized anti-inflammatory effect of wheat-based
diets or a different growth response in general (Price and
Parsons, 1975; Ryan et al., 2007; Liu, 2011). Despite
wheat-based diets reducing general populations of
inflammatory cells, algae inclusion in both diets reduced
y8 T cells, which are considered immunoregulatory
(Vantourout and Hayday, 2013). Broilers in this study
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Figure 5. Unique “Metabolism” reactome pathway members in the small intestine (Meckel’s adjacent) at (A) d 14 and (B) d 42 and (C) ceca at d
14 of Ross 308 broilers fed corn-based diets & 0.175% algae. Proteins that were unique to each timepoint and tissue within the “Metabolism” reac-
tome pathway were input into STRING to generate protein-protein interaction groups. Red proteins are members of the “Metabolism of Lipids”
pathway.
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Figure 6. Unique “Metabolism” reactome pathway members in the d 14 and d 42 (A and B) liver and (C and D) breast muscle of Ross 308
broilers fed corn-based diets with 0.175% algae. Proteins that were unique to each timepoint and tissue within the “Metabolism” reactome pathway
were input into STRING to generate protein-protein interaction groups. Red proteins represent members of the “Metabolism of Lipids” pathway
while purple proteins represent members of the “Fatty acid metabolism” pathway in the liver at both (A) d14 and (B) d 42. In panel C, red proteins
represent members of the “Pyruvate metabolism and TCA cycle” pathway in the breast muscle at d 14. In Panel D, red proteins represent members
of the “metabolism of carbohydrates” in the breast muscle at d 42.
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were raised on 3X composted and reused bedding from a
previous coccidiosis trial utilizing FEimeria vaccine
strains (Fries-Craft et al., 2021). Oocyst counts and
lesion scores indicated no remaining oocysts or active
cycling, suggesting that vaccine-strain Fimeria do not
maintain viability in composted bedding (data not
shown). In the absence of a health or other biological
environmental challenge, it is difficult to ascertain the
functional implications of Y8 T cell reductions in a
research setting. Regardless, inflammatory immune
responses are energetically expensive and allocate energy
away from growth (Rauw, 2012). In the context of these
results, reduction of potentially inflammatory splenic
immune cell populations by wheat-based diets may
improve feed efficiency in the starter period by reducing
immune system energetic demands and leaving available
energy for growth; however, further research is needed
to elucidate connections between splenic immune cell
populations, their energy demands, and the effect on
broiler FCR.

In addition to general responses to feeding wheat-
based diets, differential responses to algae between dif-
ferent basal diet compositions were apparent in T cell
subpopulations on d 28. Algae in wheat-based diets
reduced underlying Ty populations in favor of T, while
the inverse response was observed when the algae ingre-
dient was fed in corn-based diets. Broiler chickens nor-
mally have as much as 88% more T¢ than Ty cells
within splenic T cell subpopulations, a phenotype gener-
ally considered to be a negative consequence of genetic
selection for growth performance (Erf et al., 1998). In
corn-based diets, algae-induced expansion of Ty over T
subtypes could indicate alleviation of selection-induced
changes to splenic T cell subpopulations or improved B
cell activation for antibody production. By the end of
the study, algae-inclusion in corn-based diets also con-
tinued to reduce T populations in the broiler spleen at
d 42, a continuation from outcomes at d 28 that may
correspond with improved FCR in birds fed the corn-
based control vs. corn-based diets with algae.

Overall, performance improvements due to the algae
ingredient were observed only in corn-based diets. As a
result, kinome peptide array analysis was conducted on
tissues from birds fed corn-based diets + algae to iden-
tify tissue-level signal transduction changes underlying
performance outcomes. A consistent feature observed
across all tissues was the relative similarity between d 14
and d 42 kinotypes in birds fed corn-based diets with
algae that was not observed in birds fed the corn-based
control diet (Figure 4). This suggests that algae matured
local (small intestine around Meckel’s diverticulum and
ceca) and systemic (liver and muscle) tissues earlier
than the control. Morphologically, jejunal CrD in birds
fed corn-based diets with algae showed minimal changes
from d 14 to d 42 (Figure 1E). This suggests a transition
toward a structurally more mature jejunal phenotype as
early as d 14 that roughly corresponds with intestinal
kinome profiles within the same tissue.

When examining specific protein changes, kinome
peptide array analysis showed signal transduction shifts

between d 14 and d 42 in the corn-based diet with algae.
Within the small intestine, this shift went from being
innate and predominantly TLR-mediated at d 14 to
adaptive and growth oriented at d 42 (Table 5). The
ceca also showed significant induction of innate immune
response signaling at d 14 that were not unique to this
timepoint, suggesting that these kinome shifts were
more robust in the small intestine where tissue had the
most contact with the algae ingredient (Table 6).
Within the spleen, significant changes to cell popula-
tions associated with innate immunity (monocytes/mac-
rophages and APC) were not observed in birds fed corn-
based diets with algae at d 14 (Figures 3A and 3B).
However, minimal protein changes related to innate
immunity were observed in the liver and muscle at d 14
(Tables 7 and 8), further suggesting that increased
innate immune signaling at d 14 was localized to the
small intestine and ceca. Intestinal outcomes addition-
ally suggest algae inclusion in corn-based diets may have
a priming effect on immunity, starting with the innate
system then shifting the response to the adaptive sys-
tem. This signaling pattern could indicate a shift toward
a Ty cell response that is roughly supported by the
reduced disparity between T and Ty splenic subtypes
observed in algae-fed birds at d 42 (Figures 3D and 3E).

In addition to immunological changes, metabolic pro-
file shifts within the different tissues were observed.
Within the intestine, ceca, and liver, unique protein-
interaction groups were enriched for lipid and fatty acid
metabolism at d 14 and d 42, suggesting that algae
altered lipid metabolism for much of the grow-out period
(Figures 5 and 6A—B). Previous work has shown that
broiler chicken selection for reduced residual feed intake
upregulated genes associated with lipid metabolism
(Lee et al., 2015). In the current study, the muscle tissue
profile was distinct in that metabolic protein-interaction
groups affected by algae inclusion were associated with
the TCA cycle at d 14 and carbohydrate metabolism at
d 42 (Figures 6C and 6D). As the muscle is a major con-
sumer of glucose, this would be consistent with increased
muscle deposition and consequent growth. Combined,
lipid metabolism outcomes in the gut and carbohydrate
metabolism in the muscle are consistent with a more effi-
cient FCR. While changes in metabolism observed at d
14 did not translate to improve FCR in the starter
period, it may be that early and sustained metabolic
shifts locally and systemically translated to improve
FCR at later performance periods culminating in a more
efficient FCR for the entire 42 d grow-out period
(Table 4).

Findings from this study in algae-supplemented corn-
based diets are in agreement with other published out-
comes of improved BWG and FCR in healthy 42-day-
old broilers fed Spirulina (Jamil et al., 2015; Khan et al.,
2020). Algae-induced changes in histomorphology, intes-
tinal integrity, systemic immunity, and tissue kinotypes
in corn-fed broilers translated to improved performance
in these birds, but similar outcomes did not translate to
improved performance in birds fed wheat-based diets.
The differential response to algae in corn vs. wheat-
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based diets herein emphasizes the importance of evaluat-
ing novel feed ingredients in different basal diets.
Despite the need for additional study in wheat-based
diets, the results herein provide support for the use of
algae-based ingredients in broilers fed corn-based diets.
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