Algae-based feed ingredient protects intestinal health during Eimeria challenge
and alters systemic immune responses with differential outcomes observed
during acute feed restriction
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ABSTRACT Compounds in microalgae-derived feed
ingredients in poultry diets may improve intestinal
physiology and immunity to protect against damage
induced by physiological and pathogen challenges, but
mechanisms are examined sparingly. The study objec-
tive was to evaluate changes to intestinal morphology,
permeability, and systemic immunity in broilers fed a
proprietary microalgae ingredient during 2 separate
challenge studies. In study 1, two replicate 28 d battery
cage trials used 200 Ross 308 broilers each (n = 400) fed
a control diet + 0.175% algae ingredient. Half of the
birds were subjected to a 12 h feed restriction challenge
and fluorescein isothiocyanate dextran (FITC-D) intes-
tinal permeability assay on d 28. Study 2 used 800
broilers randomly assigned to the same dietary treat-
ments and housed in floor pens for 42 d. At d 14, intes-
tine and spleen samples were collected from 10 birds/
diet. Half of the remainder was orally inoculated with
10X Coccivac-B52 vaccine in a 2 x 2 factorial treatment
design (diet and FEimeria inoculation). The FITC-D
assay was conducted at 1, 3, 7, and 14 d post-inoculation

(pi) while intestinal and spleen samples were collected
at 3, 7, 14, and 28 dpi for histomorphology and flow
cytometric immune cell assessment. Study 1 validated
intestinal leakage via FITC-D absorbance induced by
feed restriction but showed no algae-associated protec-
tive effects. In study 2, algae preserved intestinal integ-
rity during coccidiosis (P = 0.04) and simultaneously
protected jejunal villus height as early as 7dpi (P <
0.0001), whereas intestinal damage resolution in control
birds did not occur until 14 dpi. Algae inclusion
increased splenic T cells in unchallenged broilers at d 14
by 29.6% vs. control (P < 0.0001), specifically y8 T cell
populations, without impacting performance (P < 0.03).
During FEimeria challenge, splenic T cells in algae-fed
birds did not show evidence of recruitment to peripheral
tissues, while control birds showed a 16.7% reduction
compared to their uninoculated counterparts from 3 to 7
dpi (P < 0.0001). This evidence suggests the algae ingre-
dient altered the immune response in a manner that
reduced recruitment from secondary lymphoid organs in
addition to protecting intestinal physiology.
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INTRODUCTION

Microalgae feed ingredients in poultry diets have typi-
cally been investigated as an alternative protein source,
but may provide bioactive compounds at lower inclusion
levels (Christaki et al., 2011; Austic et al., 2013;
Tavernari et al., 2018). Microalgae is a rich source of n-3
polyunsaturated fatty acids (PUFASs), carotenoids, B
vitamins, and non-starch polysaccharides such as beta-
glucans (Christaki et al., 2011; Swiatkiewicz et al.,
2015).  Individually, these compounds provide
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documented health benefits associated with the anti-
inflammatory and antioxidant properties of n-3 PUFAs
and carotenoids, respectively (Zhang et al., 2014;
Calder 2017; Eggersdorfer and Wyss, 2018). Though
published literature consistently indicates microalgae as
a source of these compounds, their composition and con-
sequent effects on health outcomes such as host immu-
nity and intestinal integrity vary between different
genera and  strains (Yaakob et al,  2014;
Swiatkiewicz et al., 2015; Madeira et al., 2017). Further-
more, when dietary algae is used as a protein replace-
ment, the mechanism of potential improvements to alter
immune outcomes is typically not investigated, in favor
of placing emphasis on growth, feed intake, and feed effi-
ciency outcomes.

Research into microalgae’s effects on poultry immu-
nity and intestinal health focuses primarily on products
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derived from Spirulina and Chlorella. Dietary Spirulina
inclusion as low as 0.001% in both layer and broiler diets
increased macrophage phagocytic potential and natural
killer cell activity, while 0.01% inclusions were associ-
ated with increased white blood cell counts in unchal-
lenged 42-day-old broilers (Qureshi et al., 1996;
Mariey et al., 2014). In broilers fed 10.0% Spirulina pla-
tensis, there was no effect on blood lymphocyte profiles;
however, the cytokine-upregulating effects of a low
crude protein diet were ameliorated (Mullenix et al.,
2021). Heat-stressed broilers fed 1% Spirulina diets had
greater anti-sheep red blood cell titers compared to birds
fed control diets (Mirzaic et al., 2018). Chlorella inclu-
sion in all forms at 1.0% of the diet increased plasma
immunoglobulin (Ig)A in unchallenged broilers, but
only fresh product increased white blood cell counts
(Kang et al., 2013). Similarly, serum IgG, IgM, and IgA
was positively associated with increasing Chlorella by-
product inclusion from 2.5 to 7.5% (Kang et al., 2017).
While specific outcomes related to intestinal integrity
are not well-documented, 2.5% Chlorella in broiler diets
increased ileal villus height (VH) and crypt depth
(CrD) in unchallenged broilers and 10.0% Spirulina
reduced bacterial translocation from the gastrointestinal
tract to the liver (Kang et al., 2017; Mullenix et al.,
2021).

Existing literature on improved growth performance
associated with algae-derived ingredients reports vary-
ing outcomes. In many cases, algae inclusion did not
alter broiler FCR but improved body weight gain
(BWG), suggesting that changes to underlying physiol-
ogy do not have a negative effect on bird performance
(Qureshi et al., 1996; Kang et al., 2013; Kang et al.,
2017; Mirzaie et al., 2018). Others similarly report
improved weight gain in broilers at 21 d, but at consider-
ably higher inclusion levels than other studies (16%) or
no effect on performance at all (Waldenstedt et al.,
2003; Evans et al., 2015).

Many of the documented responses to algae inclusion
were observed without implementation of specific chal-
lenges to provide functional insight into mechanistic
changes associated with different strains and inclusion
rates. Such challenges could implement pathogenic or
physiological stressors such as feed restriction (FR),
which is known to stimulate significant stress in broilers,
inducing translocation of large molecules like fluorescein
isothiocyanate-labeled dextran (FITC-D) across the
broiler intestine (Kuttappan et al., 2015; Baxter et al.,
2017; Maguey—Gonzalez et al., 2018). Additional chal-
lenges include specific pathogens such as Fimeria. Infec-
tion with these parasites results in coccidiosis, a disease
of interest to commercial poultry production that can
cause nutrient malabsorption, reduced intestinal integ-
rity, villus atrophy, and depressed feed intake, all of
which contribute to reduced performance and conse-
quent economic loss (Baba et al., 1982; Williams, 2005;
Collier et al., 2008). Current mitigation strategies do
not provide satisfactory protection and shifts toward
antibiotic-free production limit treatment of secondary
bacterial infections (Blake and Tomley, 2014). A viable

strategy for addressing coccidiosis is the use of bioactive
feed ingredients like those derived from microalgae that
may beneficially alter immunity and intestinal integrity
to reduce negative physiological outcomes and protect
bird performance. Broilers fed algae-based products at
0.015% dietary inclusion during Eimeria challenge had
increased intestinal immune cell density and reduced
lesion scores compared to infected controls, but differed
on performance outcomes between studies, with some
showing no changes and others reporting improved BW
and FCR compared to infected controls at inclusions as
low as 0.005% (Pieniazek et al., 2016; Levine et al.,
2018). Varied experimental outcomes could additionally
reflect the strength or type of inoculation (live oocyst vs.
vaccine) and potential genetic strain response differen-
ces, which are not well-documented based on inoculation
and genetic strain combinations within the same trial.

Combined outcomes associated with algae inclusion in
the diets of wunchallenged and FEimeria-inoculated
broilers support the use of algae-based ingredients to
protect broiler health during a challenge. Reported alter-
ations to broiler immunity and intestinal health empha-
size broad changes related to antibody titer, cell counts
and presence, intestinal histomorphology, and lesion
scores, but do not provide functional insights or a
detailed explanation of immune cells present in unchal-
lenged vs. challenged animals. Similarly, promising
results observed in birds fed Spirulina and Chorella rein-
force the use of algae ingredients to improve animal
health; however, the varied outcomes from these prod-
ucts also support continued investigation into novel
algae strains that may be enriched in underlying bioac-
tive compounds. The research objectives of the present
work were divided into 2 studies utilizing a propriety
algae-based ingredient derived from a strain that has
not previously been cultivated or investigated mechanis-
tically. This strain has shown promising effects in pilot
studies, but the mechanisms by which this strain sup-
port broiler health during a challenge are uncertain
(unpublished data). Study 1 evaluated performance and
intestinal integrity responses to a proprietary algae-
based ingredient in broilers subjected to FR challenge.
Study 2 examined the effects of the same algae product
on performance, systemic immunity, and intestinal
health of Fimeria-challenged broilers.

MATERIALS AND METHODS
Birds and Experimental Diets

All animal protocols were approved by the Iowa State
University Institutional Animal Care and Use Commit-
tee. In both studies, straight-run Ross 308 broilers from
Welp Hatchery (Bancroft, TA) were transported to the
Towa State Poultry Research and Teaching Farm, wing-
banded upon arrival, and randomly assigned to dietary
treatments. Dietary treatments in both studies consisted
of a corn-soybean meal control diet formulated based on
NRC requirements (National Research Council, 1994;
Table 1) £ 0.175% algae. In both studies, lighting
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Table 1. Composition of basal and algae-containing® starter, grower, and finisher diets fed to Ross 308 broilers over 28 d (study 1;

starter and grower rations only) and 42 d (study 2).

Experimental diet

Ingredient, % Basal starter

Basal grower Basal finisher

Corn 55.32 58.69 62.78
Soybean meal, 48% CP 37.15 33.40 28.59
Soybean oil 2.02 2.98 3.97
Salt 0.40 0.40 0.40
DL-Met 0.33 0.30 0.27
L-Lys x HCL 0.25 0.23 0.21
L-Thr 0.15 0.15 0.15
Limestone 1.30 1.01 1.00
Dicalcium phosphate 2.05 1.81 1.60
Choline chloride-60 0.40 0.40 0.40
Vitamin-mineral premix” 0.63 0.63 0.63
Calculated values, %

Crude fat 4.59 5.59 6.64
CP 23.05 21.5 19.5
Digestible Lys 1.30 1.19 1.06
Digestible Met 0.61 0.57 0.52
ME, kcal /Kg 3,000.00 3,100.00 3,200.00
Analyzed values (%) Control Algae Control Algae Control Algae
Moisture 10.89 12.21 11.28 11.39 10.66 10.89
DM 89.11 87.79 88.72 88.61 89.34 89.11
Crude fat 4.79 4.51 5.62 5.57 6.76 6.26
CP 21.20 20.46 19.26 19.99 16.44 17.71
GE, cal/g 3,809.89 3,751.24 3,865.37 3,836.05 3,922.34 3,897.67

! Algae-based feed ingredient incorporated into the basal diet at 0.175%.

2Vitamin and mineral premix provided per kg of diet: selenium 250 ug; Vitamin A (retinyl acetate) 8,250 TU; cholecalciferol (vitamin Dy) 2,750 IU;
a-tocopherol acetate (vitamin E) 17.9 TU; menadione 1.1 mg; vitamin By, 12 pg; biotin 41 pg; choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg; panto-
thenic 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.

schedule for the first 7 d of the trial was 23 h light before
transition to 20 h light for the remainder. In study 1,
two sets of 200 chicks were obtained and 2 replicate
experiments were conducted sequentially (n = 400; aver-
age d 0 BW = 0.04kg). Broilers were housed in chick
brooder units (Petersime Model 2SD20RE; Gettysburg,
OH) in a total of 40 cages across 2 brooder units (5
birds/cage; stocking density 1.34 ft?/ bird), with ad libi-
tum access to mash feed and water from an attached
trough for 28 d. Birds were weighed individually at the
end of each 2-wk performance period and feed intake
was recorded throughout. The mortality rate in study 1
was 5.3%.

In study 2, three hundred broilers were housed in barn
with 2 rooms physically separated by an anteroom (aver-
age d 0 BW = 0.05 kg). Birds were equally distributed
between the 2 rooms in 40 4’ x 4’ pens (20 pens,/ room;
20 birds/ pen; stocking density 0.8 ft?/bird) and given
ad libitum access to mash feed and nipple waterers.
Birds in each pen were weighed every 7 d and feed intake
was measured throughout the study. On d 14, 10 bird-
s/diet were euthanized for baseline tissue sample collec-
tion and half of the remaining birds were orally gavaged
with 200 puL of 10X Coccivac-B52 (Merck, Kenilworth,
NJ) in MilliQ water. The other half were sham-inocu-
lated with MilliQ water only. Inoculated and sham-inoc-
ulated birds were physically separated between the 2
sides of the barn. Dietary treatment and inoculation

status contributed to a 2 x 2 factorial treatment design
accounting for 4 treatment groups total. Post-inocula-
tion (pi), birds were euthanized for tissue sampling on 1,
3,7, 14, and 28 dpi (5 birds/ treatment). The trial was
concluded on d 42 (28 dpi) with a final count of 8 to
10 birds/pen. Non sampling mortality for the entire 42 d
study was 2.1%.

Intestinal Permeability

The FITC-D intestinal permeability assay was con-
ducted in study 1 at d 28 with half of the cages subjected
toa 12 h FR on d 27. On d 28, 3,000 to 5,000 molecular
weight FITC-D was administered by oral gavage to all
birds in 36 cages at an 8.32 mg/kg dose based on individ-
ual bird weights taken on d 27. Two cages/ trial without
FITC-D administration (1 FR, 1 no FR)/ dietary treat-
ment were used as serum blank controls as described in
Baxter et al. (2017). Blood drawn from the brachial vein
1 h post-gavage was collected into serum separation
tubes, allowed to clot at room temperature in the dark,
and centrifuged at 1,000 x ¢ for 15 min. Serum was
transferred into amber tubes, diluted 1:5 in saline, and
stored at —20°C until analysis. Standard curves were
prepared the day of analysis by dissolving FITC-D in
blank serum at 6,400 ng/mL and performing a 2X serial
dilution to 100 ng/mL with a minimum value of
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0 ng/mL (blank serum only). All standards and diluted
serum samples were plated on black 96-well plates in
duplicate (100 pL/well). Plates were read at 485 and
528 nm excitation and emission wavelengths, respec-
tively. Readings from blank serum (0 ng/mL FITC) was
subtracted from all sample readings and the intercept on
all standard curves set to 0. Resultant standard curve
equations were used to calculate serum fluorescence
(ng/mL).

Similar methods were used to perform the same assay
in study 2 at 1, 3, 7, and 14 dpi using 40 birds/ treat-
ment,/ timepoint. The day prior to each assay, 4 birds/
pen were weighed individually to calculate FITC-D dos-
age. One hour post-gavage, blood was collected, includ-
ing control samples collected from 10 birds/ inoculation
status without FITC-D administration for serum blanks.
At 1 and 3 dpi, birds were COg-anesthetized for blood
collection by cardiac puncture prior to cervical disloca-
tion euthanasia. At 7 and 14 dpi, blood was collected
from the brachial vein as in study 1. Assays to determine
serum fluorescence were carried out as described above.

Oocyst Enumeration and Lesion Scoring

At 7 and 14 dpi, fresh excreta were collected from all
pens and pooled by treatment for oocyst enumeration,
with additional excreta and litter samples taken from
the inoculated side of the barn at 8 dpi to confirm oocyst
shedding and environmental presence. Pens were pooled
by treatment due to the nonsynchronized nature of the
oocyst cycling and shedding. Oocyst enumeration was
conducted using McMaster chambers by the Towa State
University Veterinary Diagnostic Laboratory (Ames,
TA). Briefly, 2 g excreta or bedding were diluted 15X in
a glucose solution (1.2—1.25 specific gravity) and pipet-
ted into both wells of a McMaster chamber. After
15 min, visible oocysts within both McMaster chamber
grids were counted using a microscope at 10X objective.
The sum of both counts was then multiplied by 50 to
determine the number of oocysts/excreta g. General
lesion scoring was done at 14 dpi in accordance with
published criteria by one observer on the duodenum,
jejunum, and ceca from 5 birds/treatment (Johnson and
Reid, 1970). In this general scoring system, a score of 0
indicates no evidence of Eimeria lesions, while scores of
1—4 correspond with increasing lesion severity and phe-
notypic inflammation (altered content characteristics,
ballooning, and intestinal wall thickening).

Histomorphology

The Coccivac-B52 vaccine comprises species that pri-
marily invade the duodenum and/or jejunum (E. mivati,
E. acervulina, and E. mazima) and the ceca (E. tenella;
Loépez-Osorio et al., 2020). Duodenum and jejunum seg-
ments collected at d 14 (baseline), 3, 7, 14, and 28 dpi
were fixed for 24 h in neutral-buffered formalin (10%)
before being transferred to 70% ethanol. Tissue sections
were paraffin-embedded, mounted on microscope slides,

and H&E stained. An Olympus BX 54/43 microscope
with DP80 Olympus camera was used to image slides
and VH and CrD measurements were taken using the
Olympus Cell Sens Dimension software (version 1.16;
Olympus Corporation, Tokyo, Japan). VH was defined
as the distance from the villus-crypt junction to villus
tip in sections with intact lamina propria and CrD was
the invagination depth between adjacent villi. The aver-
age of 10 measurements for both VH and CrD were
taken per section from 5 birds/treatment and the VH:
CrD ratio was calculated from these measurements.

Spleen Immune Cell Profiles

Along with intestinal segments, spleens were collected
from 5 birds/ treatment, homogenized in PBS, and
passed through a 70-um sterile cell strainer. Four sple-
nocyte aliquots were frozen in chicken serum with 7.5%
DMSO at —80°C until analysis. Prior to extracellular
staining, cells from each spleen were thawed, enumer-
ated by hemocytometer, and aliquoted into 7 polysty-
rene flow cytometry tubes (approximately 3 million
cells/ tube). Extracellular marker staining was done by
diluting 0.5 L fluorochrome-conjugated antibody in 50
uL PBS (0.08 g /10° cells and 0.02 pug/10° cells for anti-
body stock concentrations at 0.5 mg/mL and
0.1 mg/mL, respectively) and incubating cells at 4°C in
the dark for 30 min. The staining panel comprised mouse
anti-chicken CD1.1 FITC (0.5 mg/mL; clone CB3;
mouse IgGk), CD3 Pacific Blue (0.5 mg/mL; clone CT-
3; mouse IgGix), CD4 Alexa Fluor 700 (0.5 mg/mL;
clone CT-4; mouse IgG;k), CD8« SPRD (0.1 mg/mL;
clone CT-8; mouse IgGix), TCRys PE (0.1 mg/mL;
clone TCR-1; mouse IgG«), and monocyte/macrophage
biotin (0.5 mg/mL; clone KULO1; mouse IgG k). All pri-
mary antibodies were purchased from Southern Biotech
(Birmingham, AL). Fluorescence-minus-one controls in
which the antibody for each extracellular marker is
excluded from the stain mixture and replaced with the
associated isotype (0.2 uL/50 uL PBS; 0.007 ug/10°
cells) were used to account for nonspecific binding by
each antibody. Following extracellular staining, cells
were washed in PBS and a Brilliant Violet (BV) 785-
conjugated streptavidin stain (BioLegend, San Diego,
CA) was applied (0.3 nL/50 uL PBS) to fluorescently
label biotin-conjugated monocyte/macrophage anti-
body. Cells were incubated at 4°C in the dark for
30 min, washed, and resuspended in PBS prior to analy-
sis. Cell measurements were collected by BD FACS-
Canto cytometer (BD Biosciences, San Jose, CA) and
individual populations were gated using FlowJo soft-
ware (version 10.5.0). Cells were initially gated based on
forward scatter to identify singlets and exclude cells that
were adhered or conjugated together before additional
gating based on live cells. Each population of interest
was gated based on fluorochrome signals within the pop-
ulation of singlet live cells.
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Table 2. Study 1: Dietary treatment effects on straight-run Ross 308 broiler performance outcomes averaged per bird including feed
intake, weight gain, ADG, and FCR by each 2-wk performance period" and overall®.

Performance outcome Control 0.175% Algae SEM P-value
Feed intake, kg

Starter 0.46 0.45 0.02 0.73
Grower 1.21 1.24 0.04 0.65
Overall 1.68 1.69 0.04 0.80
Weight gain, kg

Starter 0.38 0.39 0.01 0.62
Grower 0.72" 0.77% 0.01 0.01
Overall 111" 1.16" 0.02 0.03
ADG, g

Starter 27.3 27.6 0.45 0.62
Grower 55.5" 57.4 0.79 0.05
Overall 42.5 0.35 0.09
Body weight, kg

do 0.04 0.04 0.0003 0.31
d14 0.43 0.43 0.01 0.89
d27 1.15 1.18 0.02 0.20
FCR

Starter 1.27 1.25 0.03 0.56
Grower 1.61 1.57 0.03 0.34
Overall 1.42 1.40 0.02 0.44

IStarter period indicates wk d 0—14, grower wk d 14—28. Values presented are LSMeans (pooled SEM) averaged per bird.

2Means within a row lacking a common superscript differ (P <0.05).

Statistical Analysis

In study 1, data were assessed for normality using
PROC UNIVARIATE and analyzed using a mixed lin-
ear model (PROC MIXED, SAS version 9.4, Cary, NC).
Data between replicate experiments within study 1 were
not determined to be significantly different, hence were
analyzed as one dataset. Performance data were ana-
lyzed with the fixed effect of dietary treatment, and
FITC-D fluorescence data were analyzed with the fixed
effects of dietary treatment, FR, and the dietary
treatment x FR interaction. The following statistical
model was used to analyze serum fluorescence, histomor-
phology, and immune cell population data in study 2:

Yik = n+Di+ E+ (DxE);+ e

In this model, yjj is the dependent variable, p is the
overall mean, D; is the main effect of diet at the i*" level
(£ algae additive; i=2), C; is the main effect of Eimeria
at the j™ level (uninoculated or inoculated; j=2),
(D x J)j is the interaction effect of diet at the i'" level
and inoculation at the jth level, and ejj is the random
eITor.

Study 2 performance was analyzed with initial BW
(iBW) as a covariate using the following statistical
model:

Yijk = m+Di+ Ej+ (DxE); + iBWy + ey

Terms used in this model are the same as outlined
previously. Outliers were identified and excluded
using the UNIVARIATE procedure and data were
analyzed using the MIXED procedure in SAS 9.4
(SAS Institute, Cary, NC). LSmeans were separated
by the PDIFF option and the Tukey adjustment to
account for multiple comparisons. For data in healthy
birds at d 14, only diet effects were included in the
model as birds had not been inoculated at this

timepoint. Significant results were denoted at P <
0.05 for all parameters.

RESULTS
Study 1: Performance

In brooder caged-birds, no growth differences were
detected during the starter period, but the algae-fed
group showed increased BWG in the grower period (d
14—-27) by 7% (0.05 kg; P = 0.005), and overall weight
gain (d 0—27) by 4.5% (0.05 kg; P = 0.034, Table 2).
This impact of algae inclusion was also reflected in sig-
nificantly increased average daily gain in the grower
period. No significant differences were detected in body
weight at d 14 or d 27. Feed intake nor FCR were
affected by diet in either performance period.

Study 2: Performance

Feeding the algae ingredient did not affect bird perfor-
mance in the starter period prior to Eimeria inoculation.
Throughout the post-inoculation period, algae inclusion
did not impact performance outcomes during the grower
and finisher periods. The main effect of Eimeria inocula-
tion decreased BWG by 20.4% (0.20 kg) and FI by 10.7%
(0.17 kg) with a 20-point (12.7%) less efficient FCR com-
pared to uninoculated birds (P < 0.0001, = 0.002, and
0.003, respectively). Weekly performance during this time
showed reduced BW by 19.2% (0.16 kg), BWG by 34.1%
(0.14 kg), and FI by 18.2% (0.13 kg) resulting in a 43-
point (24.0%) less efficient FCR during week 3 (P <
0.0001). In wk 4, inoculated birds weighed 15.7% (0.22
kg) less, gained 10.5% (0.06 kg) less BW, and had a 13-
point (8.5%) less efficient FCR compared to uninoculated
birds (P < 0.0001, P = 0.03, respectively). While no dif-
ferences in finisher performance were observed, Fimeria-
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Table 3. Study 2: Weekly performance of healthy and Eimeria-inoculated Ross 308 broilers fed basal diet + 0.175% algae ingredient for

42 d represented on a per bird basis.

Treatment SEM P-values

Performance outcome control Algae Diet Eimeria Diet x Eimeria
d 0 BW, kg' 0.05 0.05 0.0004 0.83 N/A N/A
Wk1

BW, kg 0.16 0.16 0.002 0.46 N/A N/A
BWG, kg 0.11 0.11 0.002 0.52 N/A N/A
FI, kg 0.13 0.13 0.002 0.95 N/A N/A
FCR 1.14 1.15 0.01 0.16 N/A N/A
Wk 2

BW, kg 0.40 0.41 0.009 0.20 N/A N/A
BWG, kg 0.24 0.26 0.007 0.52 N/A N/A
FIL kg 0.33 0.34 0.007 0.95 N/A N/A
FCR 1.37 1.34 0.01 0.16 N/A N/A

Treatment SEM P-values

Performance outcom Control Algae Control + Eimeria Algae + Eimeria Diet Eimeria Diet x Eimeria
Wk 3

BW, kg 0.83 0.83 0.67 0.67 0.03 0.89 <0.0001 0.98
BWG, kg 0.42 0.42 0.29 0.26 0.02 0.31 <0.0001 0.47
FI, kg 0.75 0.72 0.63 0.58 0.03 0.03 <0.0001 0.66
FCR 1.79 1.74 2.19 2.19 0.10 0.70 <0.0001 0.68
Wk 4

BW, kg 1.39 1.41 1.18 1.19 0.06 0.62 <0.0001 0.89
BWG, kg 0.56 0.58 0.50 0.52 0.04 0.39 0.03 0.85
FI, kg 0.85 0.85 0.80 0.83 0.03 0.54 0.22 0.49
FCR 1.55 1.46 1.64 1.62 0.08 0.30 0.03 0.51
Wk 5

BW, kg 2.11 2.10 1.92 1.88 0.06 0.52 <0.0001 0.69
BWG, kg 0.72 0.69 0.75 0.69 0.04 0.10 0.59 0.68
FI, kg 1.09 1.10 1.11 1.07 0.03 0.64 0.83 0.25
FCR 1.52 1.61 1.51 1.56 0.08 0.23 0.66 0.73
Wk 6

BW, kg 2.84 2.82 2.70 2.62 0.08 0.34 0.004 0.62
BWG, kg 0.74 0.72 0.77 0.74 0.03 0.27 0.21 0.67
FI, kg 1.29 1.29 1.33 1.32 0.04 0.78 0.23 0.67
FCR 1.76 1.80 1.73 1.80 0.06 0.17 0.73 0.53

Abbreviations: BW, body weight; BWG, body weight gain.

'The first 2 weeks of the trial represent a period of time before administration of 10X Coccivac-B52 (Merck, Kenilworth, NJ). The main effects of Eime-

ria status and the interaction were omitted from analysis.

inoculated birds weighed 9.7 and 6.1% (0.20 and 0.17 kg)
less than uninoculated birds in wk 5 and 6, respectively
(P < 0.001 and = 0.004, respectively; Tables 3 and 4).
During the entire 42 d study, Eimeria-inoculated birds
gained 6.2% (0.17kg) less BW and had a 4-point (3.0%)
less efficient FCR compared to uninoculated birds,
regardless of algae inclusion (main effect: P = 0.004 and
0.01, respectively; Table 4).

Study 1: Intestinal Permeability During Feed
Restriction Challenge

In the 4-wk caged replicates, the algae feed ingredient
did not display a protective effect on intestinal barrier
function following 12 h FR challenge. While FR was suc-
cessful in stressing the gut and triggering translocation of
FITC-d beyond the no FR control (P < 0.0001), there
were no differences detected based on diet (P = 0.87), nor
was there a diet by FR interaction (P = 0.98, Figure 1).

Study 2: Intestinal Permeability Following
Eimeria Challenge

Between 1 and 3 dpi, serum fluorescence generally
decreased across all treatments, indicating increased
intestinal barrier function. At 7 dpi, Eimeria-inoculated
and uninoculated birds fed the algae ingredient had sim-
ilar levels of serum fluorescence, while inoculated birds
fed the control diet had a 1.5-fold increase in serum fluo-
rescence compared to their uninoculated counterparts
(P=0.04). Although the main effect of Fimeria-inocula-
tion increased serum fluorescence 1.2-fold at 14 dpi, no
differences between individual treatments were observed
at this timepoint (P = 0.01; Figure 2).

Study 2: Oocyst Counts and Lesion Scores

Oocyst enumeration was completed to confirm inocu-
lation and monitor oocyst shedding. As excreta samples
were pooled by treatment due to the nonsynchronized
nature of shedding in a floor pen environment and high
degree of variability between pens, results for oocyst
shedding are based on numerical observations. At 7 dpi,
Eimeria-inoculated birds fed the control diet shed 2.5-
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Table 4. Study 2: Performance of healthy and Eimeria-inoculated Ross 308 broilers fed basal diet &+ 0.175% algae ingredient for 42 d
divided into 14-d starter, grower, and finisher periods represented on a per bird basis.

Treatment SEM P-values
Performance outcom control Algae Diet Eimeria Diet x Eimeria
d 0 BW, kg' 0.05 0.05 0.0005 0.83 N/A N/A
Starter (d 0—14)
BWG, kg 0.35 0.37 0.009 0.20 N/A N/A
FL kg 0.46 0.47 0.009 0.21 N/A N/A
FCR 1.30 1.29 0.009 0.38 N/A N/A

Treatment SEM P-values

Performance outcom Control Algae Control + Eimeria Algae + Eimeria Diet Eimeria Diet x Eimeria
Grower (d 14—28)
BWG, kg 0.98 1.00 0.79 0.78 0.05 0.83 <0.0001 0.66
FI, kg 1.63 1.61 1.45 1.45 0.06 0.73 0.0002 0.75
FCR 1.68 1.61 1.85 1.86 0.07 0.50 0.0003 0.46
Finisher (d 28—42)
BWG, kg 1.46 1.41 1.51 1.43 0.06 0.11 0.32 0.63
FI, kg 2.38 2.39 2.45 2.39 0.07 0.60 0.45 0.37
FCR 1.64 1.70 1.62 1.68 0.05 0.11 0.62 0.93
Overall (d 0—42)
BWG, kg 2.80 2.77 2.65 2.58 0.08 0.34 0.004 0.63
FI, kg 4.48 4.47 3.34 4.30 0.12 0.76 0.08 0.82
FCR 1.60 1.61 1.64 1.67 0.02 0.19 0.01 0.57

'The starter phase represents a period of time before administration of 10X Coccivac-B52 (Merck, Kenilworth, N.J). The main effects of Eimeria status
and the interaction were omitted from analysis.
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Figure 1. Values are expressed as mean fluorescence (ng/mL) of serum fluorescein isothiocyanate dextran (FITC-D) using a 12-h feed restric-
tion model with control and algae-supplemented dietary treatments fed to Ross 308 broiler chickens. Bars with different superscripts denote means
that are significantly different (P < 0.05).
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Figure 2. The serum fluorescence of uninoculated and Eimeria-inoculated birds fed a corn-soybean meal basal diet & 0.175% algae ingredient
and orally gavaged with fluorescein isothiocyanate-dextran (FITC-D; 8.32 mg/kg of body weight). Values represent the mean serum fluorescence of
40 birds/ treatment + SEM. Bars with differing superscripts are considered significant at P < 0.05.
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Table 5. Oocyst counts' from pooled excreta collected from 10 healthy and Fimeria-inoculated pens per dietary treatment consisting of
basal diet & 0.175% algae ingredient.

Treatment
Sample type Control Algae Control + Fimeria Algae + Eimeria
7 dpi
Excreta, oocysts/ g 0 50 48,350 19,100
8 dpi”
Litter, oocysts/ g N/A N/A 8,750 8,700
Excreta, oocysts/ g N/A N/A 5,800 22,650
14 dpi
Excreta, oocysts/ g 200 50 20,700 48,500

'Oocyst counts enumerated using McMaster chambers. Two g of pooled excreta were mixed into 28 mL of float solution (1.2—1.25 specific gravity).
Oopysts were enumerated under a microscope and multiplied by 50 to obtain the number of oocysts per gram of excreta.
2Samples were collected at 8dpi to confirm fecal shedding and the presence of oocysts in the bedding of birds on the inoculated side of the barn.

Table 6. Average lesion scores in the intestinal tract of healthy and Eimeria-inoculated Ross 308 broilers from 5 birds per treatment
consisting of basal diet &+ 0.175% algae ingredient.

Treatment
Location" Control Algae Control 4+ Eimeria Algae + Eimeria
Duodenum 0 0 1.2 1.4
Jejunum 0 0 14 1.2
Ceca 0 0 2.2 1.8

Scores of 0 = no observed signs of disease.
!Lesion scores done by one observer in accordance with parameters published by Johnson and Reid, 1970.

lesion scores were similar in inoculated birds across all
tissues (Table 6).

fold greater oocysts compared to inoculated birds fed the
algae ingredient. At 8 dpi, detected oocysts in the litter
were similar between control and algae-fed pens on the
inoculated side of the barn; however, inoculated birds
fed the algae ingredient had a 3.9-fold increase in shed

oocysts. At the conclusion of study 2, Fimeria-inocu-
lated, algae-fed birds shed 2.3-fold more oocysts com-
pared to inoculated birds fed the control diet (Table 5).
Such variable responses in oocyst shedding indicate that
this measure may not be representative of feed ingredi-
ent efficacy in an experiment with non-synchronous
FEimeria cycling.

Lesion scoring at 14 dpi showed no lesion evidence in
the uninoculated birds. Generally, inoculated birds had
low average scores ranging from 1.2 to 2.2. Average
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Study 2: Intestinal Histomorphology

In 14-day-old broilers, dietary algae did not alter duo-
denal morphology, but reduced jejunal CrD by 10.7%
compared to the control (P = 0.03; Figure 3). The Fime-
ria inoculation main effect resulted in 16.2% increased
duodenal VH at 3 dpi before showing a 15.5% reduction
at 7 dpi compared to uninoculated birds (P = 0.007 and
0.0001, respectively). Though responses in VH fluctu-
ated across timepoints, Fimeria-inoculated birds showed
43.0 increased CrD at 7 dpi (P < 0.0001). Changes in
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Figure 3. Histomorphological measurements (A) villus height, (B) crypt depth, and (C) villus height:crypt depth ratio in the duodenum and
jejunum of pre-inoculation 14-day-old broilers fed a corn-soybean meal basal diet £ 0.175% algae ingredient. Data represent the average measure-
ment from 10 birds/ diet + SEM. Bars with differing superscripts are considered significant at P < 0.05.
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Figure 4. Histomorphological measurements in the (A—C) duodenum and (D—F') jejunum of uninoculated and Eimeria-inoculated broilers fed
a corn-soybean meal basal diet & 0.175% algae ingredient at 3, 7, 14, and 28 d post-inoculation. Data represent the mean histomorphological mea-
surement from 5 birds/ treatment/ study timepoint & SEM. Bars with differing superscripts are considered significant at P < 0.05.

CrD relative to VH ultimately resulted in Eimeria-inoc-
ulated birds having VH:CrD ratios 41.1% below those of
their uninoculated counterparts at 7 dpi (P < 0.0001).
At 14 dpi, Eimeria-inoculated birds fed algae had 25.7%
increased VH compared to their uninoculated counter-
parts, while these measures were similar in control-fed
animals (P = 0.008). Though no interaction effects were
observed at 28 dpi, the main effect of algae inclusion
reduced VH and CrD by 17.1 and 11.9%, respectively (P
< 0.0001 and = 0.0008) in algae-fed birds compared to
the control at 28 dpi, ultimately resulting in an
unchanged VH:CrD ratio (Figures 4A—4C).

In the jejunum, comparable VH was observed
between uninoculated and Fimeria-inoculated birds fed
algae diets at 7 dpi, while inoculated control-fed birds
had 64.9% taller VH compared to their uninoculated
counterparts (P < 0.0001). While CrD was similar across
treatments at 7 dpi, uninoculated birds fed the algae
ingredient had 51.1% increased VH:CrD ratio compared
to their Eimeria-inoculated counterparts (P < 0.0001;
Figures 4D—4F). At 14 dpi, Eimeria-inoculated birds
fed the control diet had 49.8% greater VH compared to
their uninoculated counterparts while VH measure-
ments were similar between uninoculated and inoculated
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algae-fed birds (P < 0.001; Figure 4D). Simultaneously,
Eimeria-inoculated birds fed the control diet had 51.2%
deeper crypts than their uninoculated counterparts,
while CrD was reduced 16.6% in inoculated vs. uninocu-
lated birds fed algae (P < 0.0001; Figure 4E). By 28 dpi,
jejunal histomorphology was similar across all treat-
ments, suggesting resolution of Fimeria-induced dam-
age.

Study 2: Spleen Immune Cell Profiles

Two innate/antigen presenting cell (APC) popula-
tions analyzed in this study were monocyte/macro-
phage” and CD1.1" innate lipid, glycolipid, and
lipopeptide antigen presenting cells. In pre-inoculated
birds (d 14), monocyte/macrophage " cells were present
at low percentages in the spleen (<2%) and were reduced
26.6% in birds fed the algae ingredient (P < 0.0001).
This pattern of algae-fed birds having fewer monocyte/
macrophage’ cells was maintained until 14 dpi when
both groups showed similar percentages of this popula-
tion within the spleen (Figure 5B). Splenic monocyte/
macrophage” cell populations were minimally affected
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Figure 5. Populations of innate/antigen-presenting immune cell populations in the spleens of (A) pre-inoculation 14-day-old broilers fed a corn-
soybean meal basal diet + algae-based feed ingredient. Examined populations in uninoculated or Eimeria-inoculated broilers on the same diets
include (B) monocyte/macrophage cells and (C) CD1.1" lipid antigen-presenting cells. Data represent the mean population of cells staining posi-
tive for either marker within the live cell gate from 10 birds/ diet (Panel A) or 5 birds/ treatment/ timepoints (Panels B-C) = SEM. Bars with differ-
ent letter superscripts are significantly different at P < 0.05.
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Figure 6. T cell populations in the spleens of (A) pre-inoculation 14-day-old broilers fed a corn-soybean meal basal diet + algae-based feed
ingredient. Examined populations in uninoculated or Eimeria-inoculated broilers on the same diets include (B) overall CD3™" cells within the live
cell gate and underlying subpopulations of (C) CD3"CD4 " helper T cells, (D) CD3 " CD8a " cytotoxic T cells, and (E) CD3"TCRys" cells within
the CD3™ cell gate. Data represent the mean population from 10 birds/ diet (panel A) or 5 birds/ treatment/ timepoints (panels B-E) + SEM. Bars

with different letter superscripts are significantly different at P < 0.05.

by Eimeria, with inoculated birds showing a 35.1%
increase in this cell population compared to uninocu-
lated at 7 dpi only, regardless of algae inclusion
(P = 0.001; Figure 5B). By the 14dpi all treatments had
similar splenic populations of monocyte/macrophage”
cells.

CD1.1" lipid APCs were also analyzed in the broiler
spleen with this cell population comprising 15 to 17% of
analyzed live cells and were unaffected by dietary algae
in 14-day-old broilers (Figure 5A). At 3 dpi, CD1.1"
populations were similar between uninoculated and
inoculated birds on algae diets while inoculated control-
fed birds had 20.0% more CD1.1" cells than their unin-
oculated counterparts (P = 0.0008). Between 3 and 7
dpi, only uninoculated control-fed birds showed a 61.9%
expansion in CD1.1" cells to levels 14.4 to 20.5% greater
than all other treatments (P = 0.02; Figure 5C). While
early changes to splenic CD1.1" populations were
observed in control-fed animals, these cells remained at
consistent levels in algae-fed birds for the first 14 dpi. At
28 dpi, the main effect of Fimeria inoculation increased
CD1.1" cells by 23.5% compared to uninoculated ani-
mals (P < 0.0001).

As a lymphatic organ, the spleen is home to a signifi-
cant lymphocyte population. Therefore, T cells and their
subpopulations were analyzed to determine alterations
in the systemic adaptive immune response to Eimeria.
At baseline (d 14), CD3" T cell populations accounted
for about 20 to 30% of analyzed splenocytes and algae
inclusion increased this population by 29.6% compared
to the control diet (P < 0.0001; Figure 6A). At 7 dpi,
FEimeria-inoculated algae-fed birds had 20.9% more T
cells than uninoculated birds fed the same diet while
inoculated birds fed the control diet had 16.7% fewer T

cells than their uninoculated counterparts (P < 0.0001).
Uninoculated birds fed the algae diet showed a 29.9%
reduction in splenic T cells between 3 and 7 dpi, while
their Eimeria-inoculated counterparts maintained this
cell population. Between these same timepoints, uninoc-
ulated control-fed birds maintained T cell populations
while their Eimeria-inoculated counterparts displayed a
19.6% reduction in this cell type (Figure 6B). No differ-
ences were observed between healthy and Eimerta-inoc-
ulated birds on either diet beyond 7 dpi.

Within overall populations of CD3" T cells, different
subpopulations were analyzed to gain better insight into
cell types contributing to observed changes. Of these
subpopulations, CD3"CD4" helper T cells (Tg), made
up 20 to 30%, CD3"CD8« " cytotoxic T (T¢) cells made
up approximately 40%, and CD3 " TCRys" (y8) T cells
comprised 15 to 20% of analyzed T cells in the pre-inocu-
lation 14-day-old broiler spleen (Figure G6A). Prior to
FEimeria inoculation, algae inclusion in healthy birds
reduced Ty cells by 6.5% and increased y§ T cells by
10.3% compared to the control (P = 0.03 and 0.04,
respectively).

Between 3 and 7 dpi, EFimeria-inoculated birds fed the
control diet showed a 24.2% reduction in splenic Ty
while these populations increased 10.9% in inoculated
algae-fed birds to levels approximately 33.3% above all
other treatments without displacing T¢ or y§ T cells
(P = 0.002; Figures 6A—6C). Between 7 and 14 dpi,
FEimeria-inoculated birds fed algae-containing diets
showed a 34.6% Ty cell reduction to levels similar to
their uninoculated counterparts. In contrast, Eimeria-
inoculated, control-fed birds showed a 19.7% Ty cell
increase to levels 22.9 to 30.2% above all other treat-
ments (P = 0.03; Figure 6C). Changes in Ty from 7 to
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14 dpi in inoculated birds fed both diets occurred with-
out impacting T'c or 8 T cells; however, the main effect
of Eimeria reduced T¢ cells by 17.2 and 7.5% at 7 and
14 dpi, respectively, in inoculated vs. uninoculated birds
(P < 0.0001, = 0.01, respectively). Likewise, populations
of 5 T cells in inoculated birds were reduced 26.4 and
27.1% compared to uninoculated birds at 7 and 14 dpi,
respectively (P < 0.0001). Algae likely did not protect
against Fimeria-induced changes to splenic T or y§ T
cells as no differences were observed between inoculated
control and algae-fed birds at 7 and 14 dpi. In the last 14
d of the study (14—28 dpi) T¢ cells in birds fed algae-
containing diets increased to levels 19.5% greater than
control-fed birds (P < 0.0001). Populations of y8 T cells
in inoculated birds fed either diet also increased between
14 and 28 dpi to levels similar to their corresponding
controls, suggesting recovery of Eimeria-induced losses
of splenic y§ T cells at this time. However, birds fed
algae-containing diets had 12.8% fewer y§ T-cells than
birds fed the control diet (P < 0.0001; Figures 6D and
6E).

DISCUSSION

The 2 studies described here implemented separate
approaches to examine the effects of algae on challenges
to poultry intestinal health and systemic immune
responses. The importance of employing multiple experi-
mental approaches relates to the fact that birds are
exposed to numerous challenge types over the growth
cycle, including pathogen, environment, temperature,
and conspecific stress, and it is important to understand
which types of stressors may or may not be improved by
feeding novel ingredients. Study 1 utilized an acute
physiological challenge and emphasized changes to intes-
tinal integrity. Specifically, acute feed restriction chal-
lenges occur commonly in industry settings from basic
overnight dark hours, to raising feed lines during heat
stress (Liew et al., 2003), to feed restriction prior to
slaughter. In contrast, study 2 used an Fimeria patho-
gen challenge to model a commercially-relevant poultry
disease with continued environmental cycling. This
allowed the implementation of assays to evaluate
changes to intestinal integrity and systemic immunity
over a comparatively longer period of time (28 d vs. 12
h), as well as understand potential mechanisms for
health maintenance or improvement. Data show that
responses to algae inclusion in broiler diets did vary
between the different challenges conditions used.
Despite these differences, the results of studies 1 and 2
suggest that feeding the algae ingredient at inclusion lev-
els as low as 0.175% may benefit broiler production.

In both study 1 and 2, regardless of housing conditions
(battery cage vs. floor pen), algae did not alter perfor-
mance in the starter period. Impacting performance in
the initial growth period where birds are at a low BW
and eating the least amount of feed may be difficult, yet
feeding additives during this stage may set up positive
benefits in later growth periods. Alterations in growth or

feed intake may become more apparent as birds grow
and consume more feed and therefore are exposed to the
test ingredient at a higher rate. These outcomes are con-
sistent with other reports showing unchanged perfor-
mance in broiler chickens fed algae-derived ingredients
compared to control (Waldenstedt et al., 2003;
Alfaia et al., 2021). In study 1, algae inclusion contrib-
uted to 4.5% (0.05 kg) greater weight gain observed over
the 27 d grow-out period (Table 2). In study 2, stocking
density was reduced from 20 birds to approximately
14 birds/pen as animals were euthanized for FITC-D
serum and tissue collection over the inoculation time
course. Therefore, performance changes were more diffi-
cult to accurately assess in study 2 during the grower
period due to regular reductions in stocking density and
overall n/treatment over time. Future work could place
additional birds in order to assess performance and
immune outcomes simultaneously.

Importantly, the objectives of study 2 were not to
examine performance as a main indicator of ingredient
efficacy, but rather to understand physiological out-
comes in response to a challenge. Therefore, bird perfor-
mance over time, especially during heavy sampling
periods, was understood to likely not reflect a true per-
formance-based trial. Though not statistically signifi-
cant, uninoculated birds fed the algae additive weighed
1.7% (0.02 kg) more and gained 2.2% (0.02 kg) more
BW than the uninoculated control group during the
grower period. In wk 3 and 4, algae-fed uninoculated
birds had a 5- and 9-point numerically improved FCR,
respectively, compared to those fed the control diet, cul-
minating in a 6.7-point (4.0%) more efficient grower
FCR (Tables 3 and 4). Despite not being statistically
significant, this level of FCR improvement may be valu-
able to producers and supports future research into this
algae ingredient’s effects on performance in a floor pen
model. The BW and BWG changes in the algae-fed
groups in study 1 correspond with other published
reports showing improved weight gain and average daily
gain in unchallenged algae-fed broilers (Evans et al.,
2015; Long et al., 2018; Park et al., 2018).

Study 2 implemented a pathogen challenge requiring
confirmation of successful inoculation, which was accom-
plished by enumerating shed oocysts in pooled excreta
samples at 7 dpi (Table 5). Despite variations in oocyst
counts throughout the study, intestinal health and
immunological outcomes between control and algae-fed
birds starting at 7 dpi suggest that shed oocysts are not
direct indicators of host responses. Due to the compara-
tively longer challenge period, study 2 measured intesti-
nal health as changes to both intestinal structure and
permeability over time. Histomorphological responses to
coccidiosis are characterized by reduced VH and
increased CrD ultimately resulting in a reduced VH:CrD
occurring around 7 dpi (Assis et al., 2010; Gautier et al.,
2020). Duodenal histomorphology changes attributed to
FEimeria inoculation in this study were in accordance
with these previously reported outcomes. In the jeju-
num, CrD increased in FEimeria-inoculated birds as
expected, but VH was significantly increased at 7 and 14
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dpi in Fimeria-inoculated birds fed the control diet com-
pared to their uninoculated counterparts. This response
is in contrast to previous reports and may be the result
of utilizing a less virulent vaccine strain of FEimeria
rather than a wild strain. The low average lesion scores
(<2) observed in this study are similar to those observed
in other studies utilizing high-dose CocciVac-B52
(Johnson et al., 2019; Savary et al., 2020) and suggest
that vaccine-strain FEimeria cause low-grade tissue
inflammation compared to other studies utilizing wild-
type strains (lesion score >2; Barrios et al., 2017;
Teng et al., 2020). Intestinal morphology roughly corre-
sponds with intestinal health, with both VH and CrD
being positively associated with increased surface area
for nutrient absorption (Amat et al, 1996;
Bogucka et al., 2019). This, in addition to the compara-
tively low-grade inflammation, suggests that increased
jejunal VH in inoculated birds fed the control diet may
have been a compensatory response to duodenal altera-
tions rather than a typical pathological outcome.

Results in study 2 additionally showed that the
algae ingredient’s effect on intestinal structures dif-
fered between intestinal segments. FEimeria-induced
changes to duodenal histomorphology were not
impacted by feeding algae, whereas its inclusion pro-
tected jejunal VH as early as 7 dpi, as evidenced by
comparable measurements recorded between uninocu-
lated and Fimeria-inoculated birds fed diets with the
algae ingredient (Figure 4A). In accordance with
expected outcomes, CrD increased in FEimeria-inocu-
lated birds at 7 and 14 dpi; however, the magnitude
of Eimeria’s effect differed between diets. While feed-
ing algae did not appear to have the same protective
effect on jejunal CrD at 7 dpi, it reduced the magni-
tude of change in CrD at 14 dpi relative to control
when comparing uninoculated vs. Eimeria-inoculated
birds fed similar diets (Figure 4E). Increased jejunal
VH in algae-fed birds translates to increased available
surface area for nutrient absorption. Further work is
needed to determine what degree of alterations signif-
icantly contributes to physiologically improved
absorptive capacity and functionality.

While histomorphology is one method to assess intes-
tinal health, the FITC-D intestinal permeability assay
provides in vivo insight into gut barrier function. This
assay has been optimized for use in broiler chickens with
increased serum fluorescence corresponding to FITC-D
paracellular movement across the intestine as an indica-
tor of permeability /gut leakage (Tellez et al., 2014;
Vicuna et al., 2015). Feed restriction has been shown to
increase this translocation (Baxter et al., 2017), an out-
come validated in study 1 (Figure 1B). While intestinal
permeability after 12 h FR was not altered by the algae
ingredient in study 1, there was a protective effect on
gut barrier function at 7 dpi in the algae-fed groups, a
timepoint associated with heightened Fimeria-induced
damage (Williams 2005; Figure 2). This outcome, com-
bined with the protective effects on jejunal histomor-
phology observed in algae-fed inoculated birds, suggests
that this ingredient beneficially modulates the intestine

to reduce Fimeria-associated damage to intestinal struc-
ture and integrity. Outcome differences in studies 1 and
2 may be due to the challenge used (physiological stress
vs. pathogen), challenge duration, and acute vs. continu-
ous challenge exposure.

In both challenges used herein, intestinal functions
provide site-specific responses while immunological
assessments in study 2 provide insight into systemic out-
comes. Prior to Fimeria inoculation, algae-fed groups
had reduced splenic monocytes/macrophages and aug-
mented T cell subpopulations, enhancing y§ T cells over
Ty cells. This supports an anti-inflammatory function of
the algae ingredient in unchallenged broilers, as
increased monocytes/macrophages are associated with
inflammatory responses. y§ T cells function in regulating
inflammatory responses while Ty subtypes are associ-
ated with effector functions in inflammatory responses
(Masson and Belz, 2010; Vantourout and Hayday, 2013;
Yang et al., 2014). Combined with performance out-
comes, pre-inoculation immunological observations cor-
respond with reports that algae-based feed ingredients
have anti-inflammatory effects in unchallenged broilers
without negatively impacting starter performance
(Qureshi et al., 1996; Toyomizu et al., 2001; Kang et al.,
2013).

Algae also altered systemic immune cell responses fol-
lowing Fimeria inoculation, primarily in T cells. Innate
CD1.17 APC, cells responsible for presenting antigens
to T and B lymphocytes, were increased, as expected
due to Eimeria vaccination. CD1.1 is a marker on B cells
and a variety of antigen-presenting cells including den-
dritic cells, natural killer cells, and some macrophages.
Overall, algae ingredient =4 inoculation increased
CD1.1" cells by 3 dpi compared to unchallenged control
and this likely account for the enhanced T cell response
(Figure 5C). The macrophage response was not altered
by feeding the algae ingredient or due to inoculation
(Figure 5B); however, the CD1.1 alteration is more
remarkable, as these cells were likely digesting and pre-
senting lipid bilayers and other lipid-containing cellular
walls and components from the oocysts.

From 3 to 7 dpi, Eimeria-inoculated birds fed the con-
trol diet showed a 19.6% reduction in T cells while their
algae-fed counterparts maintained these cell populations
(Figure 6B). At the same time, Eimeria-inoculated birds
fed the control diet had a 24.2% reduction in Ty cells
without corresponding expansion of Tq or y8 T cells
(Figures 6C—6E). Combined, this suggests early recruit-
ment of T cells, particularly Ty cells, from the spleens of
control-fed birds in response to Fimeria that may not
have been necessary for algae-fed birds. The extracellu-
lar staining panel used herein and available reagents for
poultry did not provide insight into the maturity or pro-
liferation rate of splenic T cell populations; however, the
relatively constant population of this cell type in Fime-
ria-inoculated algae-fed birds could indicate that T cells
were not recruited from the spleen in the same manner
as control-fed inoculated birds. Although T cell recruit-
ment from the spleen in algae-fed birds during coccidio-
sis was not observed, the main effect of Eimeria status
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suppressed age-related expansion of y§ T cells at 7 and
14, requiring compensation in the last 14 dpi, regardless
of diet type (Figure 6E). The implications of this finding
are unclear but may suggest an altered immune response
to commercially impactful secondary infections that
requires additional research. Despite these alterations, T
cell populations and their subtypes at 28 dpi are consis-
tent with published values observed in 42-day-old
broilers, indicating that systemic T cell populations
were recovered by 28 dpi (Meyer et al., 2019).

Overall, algae-associated intestinal integrity improve-
ments were specific to Fimeria challenge, suggesting
that algae may exert protective effects over time, espe-
cially in pathogen-challenged environments. While
intestinal health was improved during Fimeria chal-
lenge, systemic immune responses were characterized by
reduced reliance on splenic T cells in the first 7 dpi.
Changes to T cell subpopulations suggests the algae
ingredient induces a faster cytotoxic T cell response that
lasts into later post-inoculation timepoints, while the
helper T subsets remain improved over time. Future
research to elucidate the functions of each augmented T
cell population is warranted to further characterize this
response. Because the algae ingredient is predominantly
protein (750%) with approximately 9% fat, it is unlikely
that the very minor nutritional differences due to
0.175% algae inclusion were the driving force behind
physiological results, rather, bioactive component(s)
within the ingredient. These outcomes show promising
health benefits associated with this algae ingredient, spe-
cifically during Eimeria challenge, and require further
investigation into the ingredient’s effects in commercial-
scale broiler production.
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