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ABSTRACT Two experiments were conducted to
study the effects of lignocellulose supplementation on
immune function in layer pullets at different stages of
growth. Four-wk-old pullets (Experiment 1) were fed
a control, diet (Diet C); Diet C plus 1% mixed sol-
uble/insoluble fiber (Diet MF), or plus 1% insoluble
fiber (Diet IF). At 7.5 wk-of-age, heterophil phagocy-
tosis, and oxidative burst in Groups MF (328.5 beads/
100 cells; 4,330.0 ARFU; relative fluorescent units) and
IF (350.3; 5,264.4) were greater (P < 0.05) than Con-
trols (303.4; 3,509.0). At 8 wk-of-age, Group MF and
IF relative weights of bursa of Fabricius (0.57 g/100 g
BW:; 0.58 g /100 g BW), thymus glands (0.77; 0.78), and
areas of Peyer’s patches (PP) (2.7 cm?; 2.9 cm?) were
higher (P < 0.05) than Controls (bursa, 0.50 g; thymus,
0.70 g; PP area, 1.8 cm?). In Experiment 2, 10-wk-old
pullets were fed a control diet or diets containing 1.5%
MF or IF for 8 wk. At 14 wk-of-age IF pullets had
higher (P < 0.05) heterophil phagocytosis efficiency

(447.9 beads/100 cells) than Controls (376.4) and MF
and IF had greater (P < 0.05) oxidative burst (1,302.9
and 1,857.7 ARFU) than Controls (744.1). At 17 wk-of-
age MF and IF had increased (P < 0.05) proliferation
of T-lymphocytes (ConcanavalinA-stimulated) (100.4
and 103.1% of unstimulated cells) and B-lymphocytes
(lipopolysaccharide-stimulated) (122.4 and 129.0) than
Controls (ConA, 79.4; lipopolysaccharide, 106.6). At 18
wk-of-age, IF pullets were heavier (1,607.5 g, P < 0.05)
than Controls (1,506.5 g), had heavier (P < 0.05) bursa
of Fabricius (1.12 g) than MF and Control groups
(0.98 g; 0.92 g) and cecal tonsils of MF (0.38 g) and
IF (0.39 g) weighted more (P < 0.05) than Controls
(0.33 g). Number of jejunal and ileal PP (10.0) in IF
pullets was higher (P < 0.05) than Controls (7.1). These
results indicate that both MF and IF can improve de-
velopment of the immune system of young and grower
pullets during periods of maturation and involution of
lymphoid organs.
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INTRODUCTION

Body weight at the onset of egg production and uni-
formity in the growing phase are important in determin-
ing the quality of point of lay pullets and profitability
during the laying period (Lacin et al., 2008). However,
growth of pullets can be reduced by infectious diseases
(Yegani and Korver, 2008) and all ages and physiologi-
cal stages require a strong, functional immune system to
protect against pathogens. At hatch, the immune sys-
tem is not well developed and it matures with age: the
lymphoid organs and tissues increase in size reaching
their maxima before or soon after pullets become sex-
ually mature (Ciriaco et al., 2003; Rodriguez-Méndez
et al., 2010; Oléh et al., 2014). However, there is vari-
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ation in the maximum sizes and rates of development
and involution of the immune organs among different
strains and breeds of poultry (Zhang et al., 2006).
The innate and acquired immune systems protect
poultry from invading pathogens (Genovese et al.,
2013). However, the effectiveness of the immune sys-
tem can vary depending on age, physiological state, and
the virulence of pathogens. Prophylactic in-feed antibi-
otics or antibiotic growth promoters have until recently
been used for improvement of growth and health status
(Dibner et al., 2007; Chowdhury et al., 2009). However,
the European Union prohibited the use of antibiotics as
non-therapeutic growth promoters for poultry in 2006
and in other countries their use has been restricted
(Laxminarayan et al., 2015). As a result, efforts have
been focused on finding alternative growth promoters
and immunomodulators (Mateos et al., 2002).
Prebiotics and dietary fibers have been shown to
influence the growth, health, and various immune re-
sponses of poultry (Siri et al., 1992; Lowry et al., 2005).
Such research has focused more commonly on meat-
type chickens (Guo et al., 2003; Huang et al., 2007;
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Sadeghi et al., 2015) rather than slower growing, layer
strains of poultry. Dietary fiber intakes can be increased
by selective incorporation of high fiber feed ingredients
into poultry diets or by supplementation with more pu-
rified products.

Not many studies have compared the effects of the
more purified lignocellulose fiber sources of insoluble
fiber and mixtures of soluble (SF) and insoluble (IF)
dietary fibers on the immune function of grower layer
pullets after the post-hatch period and up to the point
of lay. During this period the immune system and
organs mature and lymphoid organ involution occurs
(Ciriaco et al., 2003; Rodrigues-Mendez et al., 2010;
Olah et al., 2014). Therefore, two experiments were car-
ried out with Hy-Line Brown layer pullets. In the first
experiment the effect of two different commercial ligno-
cellulose fiber supplements, a mixed soluble/insoluble
fiber (MF) product and an IF product were used to
determine their separate effects on the growth and im-
mune function of young pullets when the immune sys-
tem and organs are still developing. In the second ex-
periment, the effects of the 2 fiber sources on growth
and immune function were determined in older pullets
up to point of lay when involution of lymphoid organs
is starting to occur.

MATERIALS AND METHODS
Birds, Diets, and Husbandry

For each experiment healthy, vaccinated pullets were
randomly selected from a single house on a grower farm.
Different farms supplied the pullets used for Experi-
ments 1 and 2.

In Experiment 1, four-wk-old Hy-Line Brown pullets
obtained from a local commercial pullet grower farm
in Victoria, Australia, were kept in a house contain-
ing 9 pens, 0.9 x 1.8 x 1.8 m, width x length x
height, with slatted floors. The ambient temperature
in the house was 20 to 23°C and light period was
12 h from 07:30 to 19:30. Three experimental di-
ets were used: Control diet (Diet C) — from 4 to
6 wk-of-age an un-supplemented commercial starter
diet was used as the control diet and from 6 to 8 wk-
of-age a grower pullet diet (Table 1, Ridley AgriProd-
ucts Pty Ltd., Pakenham, 3810, Australia), Diet MF —
the Control diets supplemented with 1% MF (OptiCell
C5h, Agromed Austria GmbH, Kremsmiinster, Austria
containing (manufacturer’s analysis) ~59% crude fiber,
~85% mixed soluble and insoluble fiber, ~30% lignin),
and Diet IF — the Control diets supplemented with 1%
IF (Arbocel RC Fine, JRS Co. Inc., Rosenberg, Ger-
many containing (manufacturer’s analysis) 65 to 70%
crude fiber high in insoluble cellulose and >20% lignin).
Fresh water was available at all times.

Crude fiber concentrations analyzed by FeedTest
(Agrifood Technology Pty Ltd., Werribee, Victoria,
Australia) in the 3 starter diets were Control 3%, MF
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Table 1. Chemical composition (%) of starter and grower diets
used in Experiment 1 and grower diet used in Experiment 2 used
as the control experimental diet (manufacture’s information').

Experiment 1 Experiment 2

Chemical Composition? Starter Grower Grower
Dry matter 89.7 89.4 86.0
Moisture 10.3 10.6 14.0
Protein 20.5 18.0 15.5
Fat 5.0 3.0 2.5
Maximum fiber? 3.7 44 8.0
ME keal/kg 2,943 2,796 2,700
Calcium 1.0 1.0 1.0
Phosphorus 0.64 0.56 0.64
Available Phosphorus 0.5 0.40 0.5

IRidley AgriProducts Pty Ltd., Pakenham, 3810, Australia.

’Feed analysis and ingredients were obtained from manufacturer but
for confidentiality reasons the quantities used were not able to be ob-
tained.

Ingredients: wheat, barley, field peas, meat and bone meal, beef tal-
low, canola meal expeller, soybean meal, canola seed, Millrun mix, oat
hulls, limestone, MDCP, salt, sodium bicarb, choline chloride, methion-
ine, lysine, vitamin and mineral premix, phytase and xylanase.

3 Analyzed crude fiber — Experiment 1 starter diet 3% and grower diet
4.36%; Experiment 2 grower diet 4.2% (FeedTest, Agrifood Technology
Pty Ltd, Werribee, Vic., Australia).

3.8%, IF 3.6% and in the three grower diets were Con-
trol 4.36%, MF 4.94%, TF 4.99%.

In Experiment 2, Hy-Line Brown layer grower pul-
lets aged 10 wk obtained from a commercial supplier
in Victoria, Australia, were kept in a house containing
18 pens as in Experiment 1. Temperature and light in-
terval were the same as Experiment 1. The 3 exper-
imental diets were: Control diet a commercial grower
diet (Table 1, Ridley AgriProducts Pty Ltd., Paken-
ham, 3810, Australia) with no fiber added (C diet), the
MF diet — the Control diet supplemented with 1.5%
MF (OptiCell C5), and the IF diet — the Control diet
supplemented with 1.5% IF (Arbocel RC Fine). Fresh
water was available at all times.

The crude fiber concentration in the 3 diets were Con-
trol 4.2%, MF 5.1%, IF 5.2% (FeedTest, Agrifood Tech-
nology Pty Ltd., Victoria, Australia).

Experimental Design and Sample Collection

Experiment 1. On arrival pullets were again checked
for abnormalities and signs of ill-health, leg-banded,
weighed, and 36 pullets randomly placed in 9 pens,
4 pullets/pen and 3 pens/treatment. Pen treatments
were randomly distributed within the house. After
3.5 wk on the diets 8 pullets/treatment were randomly
taken, 2 to 3 pullets/pen, and 1 to 2 mL blood samples
taken from the brachial vein and immediately trans-
ferred from the syringe into sterile EDTA coated tubes
(Vacuette, Greiner Bio-One, Thailand Ltd) and kept on
ice. Heterophils isolated from blood were used to assess
innate immune function.

After 4 wk on the diets, all pullets (12/treatment)
were weighed and killed with an intravenous overdose
of pentobarbitone sodium solution (Lethabarb, Virbac
Animal Health, Milperra, NSW, Australia, containing
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325 mg/mL of pentobarbital sodium). From each pullet
the bursa of Fabricius, all lobes of both left and right
thymus glands and spleen were collected and weighed.
The small intestines (8 samples/treatment), from the
start of the jejunum to the junction with the ceca, were
washed with 0.9% normal saline to remove digesta and
stored at —20°C for later staining to visualize Peyer’s
patches (PP).

Experiment 2. On the day after arrival, 54 Hy-
Line Brown pullets were health checked, leg-banded,
weighed, and randomly allocated to 3 treatments of
3 pullets/pen, 6 pens/treatment. Treatment pens were
randomized within the house. Four wk after placing the
pullets on the experimental diets, 1 to 2 mL blood sam-
ples were taken from 8 pullets/treatment (1 to 2 pul-
lets/pen), kept on ice and were used for isolation of
heterophils and the assessment of innate immune func-
tion by phagocytosis and oxidative burst assays.

Seven weeks after putting pullets on the experimen-
tal diets, 2.5 to 3 mL blood samples were obtained from
8 pullets/treatment (1 to 2 pullets/pen) and immedi-
ately transferred in as sterile a manner as possible into
sterile EDTA coated Vacuette tubes and kept on ice for
isolation of lymphocytes and the assessment of cell me-
diated immune function by a lymphocyte proliferation
assay. At 8 wk after starting the experiment, all pullets
(18 pullets/treatment) were weighed, killed, and lym-
phoid organs and tissues including cecal tonsils were
collected from each pullet and weighed as in Ex-
periment 1. Samples of small intestines (8 sam-
ples/treatment), from the start of the jejunum to the
junction with the ceca, were collected and stored as
in Experiment 1 for PP measurements. Tissues sam-
ples from the middle of the jejunum of 5 pullets from
each treatment were taken and stored at —20°C in
RNAlater (Cat. No. R0901, Sigma-Aldrich, Castle Hill,
NSW, 1765, Australia) for measurement of mRNA ex-
pression of the gene MUC2.

The experimental procedures were approved by An-
imal Ethics Committee at La Trobe University under
the approved numbers LTU AEC12-68 (Experiment 1)
and LTU AEC14-16 (Experiment 2).

Methods of Analysis of Tissue Samples

Peyer’s Patches. After opening the jejunum and
ileum longitudinally, they were soaked in 5% acetic acid
for 24 h, washed with tap water, stained with 0.5%
polychrome methylene blue (Amber Scientific, Midvale,
WA, Australia) and rinsed in tap water (Cornes, 1965).
Whole intestines were photographed and the images ex-
amined with AutoCAD computer software (Autodesk
AutoCAD Design Suite, 2014, San Rafael, CA). The
numbers of PP (of areas greater than 1 mm) were
counted and surface areas of PP and the combined areas
of jejunum and ileum were measured. For each sample,
the relative area of PP was calculated as total area of
PP as a percentage of the area of the jejunum and ileum.
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Jejunal MUC2 mRNA Expression. Total mRNA
was extracted from jejunal tissues with TRIzol reagent
(Invitrogen, ThermoFisher Scientific, Scoresby, Vic-
toria, Australia), further purified with Ambion 10x
TURBO DNase Buffer (Catalog No. AM 1097, Ther-
moFisher Scientific) and ¢cDNA synthesized with a
DyNAmo cDNA synthesis kit (Cat. No. F-470 L,
ThermoFisher Scientific) (Yokhana et al., 2016). A
thermal cycler (Stratagene Mx3000P QPCR Sys-
tem, Agilent Technologies, Mulgrave, Victoria, Aus-
tralia), was used to convert the mRNA into cDNA.
Primers for target and reference genes were (-
Actin (NM_205518) forward ATGGCTCCGGTAT-
GTGCAA, reverse TGTCTTTCTGGCCCATACCAA
(Grommen et al., 2008); glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) forward GCCATCACAGC-
CACACAGA and reverse TTTCCCCACAGCCT-
TAGCA (Azzam et al., 2011). MUC2 forward TCAC-
CCTGCATGGATACTTGCTCA and reverse TGTC-
CATCTGCCTGAATGACAGGT (Azzam et al., 2011).
Simplex real-time qPCR analysis (RT-qPCR) was con-
ducted using SensiMix SYBR Low-ROX kit (Cat. No.
QT625-02, Bioline Australia Pty. Ltd., Redfern, NSW,
Austraila) in a Stratagene Mx3000P QPCR. System
(Agilent Technologies). Agarose gel electrophoresis was
carried out to confirm the purity and size of the bands of
the PCR products (Qiagen-Australia, Chadstone, Vic-
toria, Australia). Efficiency of PCR was determined for
both the target and endogenous control genes from the
standard curves generated with different dilutions of
the ¢cDNA synthesized from the chicken jejunum us-
ing the formula PCR Efficiency = 10 (—1/slope). The
slope values were calculated from standard curves and
used in the following formula (Harrison et al., 2007;
Gopinath et al., 2011) to obtain the corrected cycle time
(Corrected Ct):

Corrected Ct = Ct 4+ (Nt — Cf) x (S/S)

where Ct is the mean cycle time of the target gene Ct,
Nt is the mean Ct of housekeeping genes of all the ex-
perimental samples, Ct is the mean Ct of housekeeping
gene of the particular sample, S is the target gene slope,
and § is the endogenous control slope.

Isolation and Analysis of Heterophils

Isolation. Heterophils were isolated using a modifi-
cation of the discontinuous gradient method described
by Andreasen and Latimer (1989). Briefly, 1 mL of un-
coagulated blood was diluted in a 1:1 ratio with RPMI-
1640 medium (product number: R8755, Sigma-Aldrich)
and this mixture was layered on top of a discontinu-
ous gradient of 3 mL Histopaque-1077 (product num-
ber: 10771, Sigma-Aldrich) over 3 mL of Histopaque-
1119 (product number: 11191, Sigma-Aldrich). Cen-
trifugation, washing of the samples, and hypotonic re-
moval of erythrocytes were similar to those described by
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Andreasen and Latimer (1989). The final pellet was sus-
pended in 1 mI RPMI-1640 medium and viability of
cells was determined using the trypan blue (product
number: T8154, Sigma-Aldrich) dye exclusion method
(Farnell et al., 2006). The concentration was adjusted
to 5 x 10° heterophils/mL RPMI-1640 for phagocytosis
and 2 x 10° heterophils/mL RPMI-1640 for oxidative
burst assays which were both carried out on the same
day. For each batch of heterophils isolated, smears were
made, stained, and examined under light microscopy to
check on the purity of the samples. Purity of heterophil
samples was greater than 95%. At all stages from collec-
tion of blood samples to completion of isolation, sam-
ples were kept on ice and ice cold reagents used.

Phagocytosis. The protocol for ring doves
(Rodriguez et al., 1999; Paredes et al., 2007) with
slight modification was used. Heterophils and latex
beads, polystyrene (1.1 pum mean particle size, prod-
uct number: LB11, Sigma-Aldrich) were placed, in
duplicate, in sterile cover glass slides (Lab-Tek II
CC2 four-chamber slides, ThermoFisher Scientific) and
incubated for 30 min in a humidified incubator (Galaxy
S Series, HD Scientific Supplies Pty Ltd, Wetherill
Park, NSW, 2164, Australia) at 37°C in the presence
of 5% COs atmosphere. After washing to remove
excess beads, the cells on the slides were fixed with
absolute methanol, dried, and stained using Wright’s
stain (Amber Scientific, Midvale, WA, Australia).
Two methods for expressing phagocytosis were used.
In the first, phagocytosis index, was calculated as
the total number of latex beads phagocytized by the
first 100 heterophils counted. For the second method,
phagocytosis percentage (%P) was calculated as
the percentage of heterophils that phagocytized at
least one latex bead. Phagocytosis efficiency — the
ratio PI:%P which indicates the overall efficiency of
phagocytosis by heterophils was then calculated.

Oxidative Burst Assay. A modification of the
methods of Wan et al. (1993) and He et al. (2003)
was used. Production of reactive oxygen species by
heterophils was measured by oxidation of 2/, 7'-
dichlorofluorescin diacetate (product number: D6883,
Sigma-Aldrich) to fluorescent 2', 7'-dichlorofluorescein
after incubation for 1 h, with or without the agonist
phorbol 12-myristate 13-acetate (PMA, product
number: P8139, Sigma-Aldrich), in the humidified in-
cubator used above. The dichlorofluorescein produced,
expressed in relative fluorescent units (RFU), was
determined using a fluorescence microplate reader (En-
Spire, PerkinElmer Co, Waltham, MA) at wavelengths
of 485 nm excitation and 530 nm emission. The results
were then calculated as ARFU: the change in RFU of
PMA stimulated cells when compared to the RFU of
non-stimulated cells (He et al., 2003).

Isolation of Lymphocytes and Measurement
of Proliferation

Isolation. Lymphocytes were separated from pe-
ripheral blood using Histopaque-1.077 (Lavoie and
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Grasman, 2005; Mabuchi, 2014). All procedures were
undertaken in a sterile environment using sterile
reagents and equipment. Briefly, blood samples were
diluted 1:1 with Dulbecco’s phosphate buffered saline
(DPBS (1x), Gibco, ThermoFisher Scientific) and
gently pipetted over 2 mL Histopaque-1077. After cen-
trifuging at 650 x g for 25 min at room tempera-
ture, the mononuclear cell layer (lymphocytes) was col-
lected, washed with DPBS, centrifuged at 270 x g for
4 min at 4°C and the lymphocyte pellet suspended in
DPBS. Viability of isolated cells was determined by
trypan blue exclusion and the concentration adjusted
to 5 x 10° cells/mL DPBS for measurement of pro-
liferation, on the same day. In order to reduce con-
tamination of isolated cell preparations with thrombo-
cytes blood was diluted prior to layering on Histopaque
and a slow centrifugation speed was used as recom-
mended by Lavoie and Grasman (2005). At all stages
from collection of blood samples to completion of iso-
lation, samples were kept on ice and ice cold reagents
used.

Lymphocyte Proliferation Assay. Proliferation of
lymphocytes was measured using 3 mitogens (Gogal
et al., 1997; Lavoie and Grasman, 2005; Mabuchi,
2014). Concanavalin A (ConA, 2.5 pg/mL) from
Canavalia ensiformis (Type: IV-S, product no. C5275,
Sigma-Aldrich) was used as a T lymphocyte ago-
nist, lipopolysaccharide (LPS, 3.125 pug/mL) from
Escherichia coli 055:B5 (product no. L6529, Sigma-
Aldrich) as a B lymphocyte stimulating agonist, and
PMA (1.25 pg/mL) as T and B lymphocyte stimu-
lating agonist (Palacios et al., 2007). After incubating
lymphocytes for 2.5 d at 37°C, alamarBlue (BUF012B,
AbD Serotec, Oxford, UK) was added and 8 h later,
following its reduction by released cell metabolites
(Zhi-Jun et al., 1997), absorbance was measured at
wavelengths of 570 nm and 600 nm. Proliferation was
expressed as a percentage increase of mitogen stimu-
lated lymphocytes relative to non-stimulated lympho-
cytes.

Statistical Analyses

In both experiments there was no significant differ-
ence between mean BW within the same treatment
on a pen basis (3 pens/treatment, Experiment 1; 6
pens/treatment, Experiment 2), therefore all data were
analyzed on an individual pullet basis. All data for Ex-
periments 1 and 2 were tested for homogeneity of vari-
ances and normality using IBM SPSS Statistics, Version
23.0 for Windows, Corporation, Armonk, NY). Data of
both experiments were analyzed by one-way analysis
of variance (ANOVA) and the treatment means were
compared with the Turkey’s multiple range test. The
data of relative weight of bursa of Fabricius in Experi-
ment 1 were analyzed by a non-parametric ANOVA and
the treatment means were compared with the Mann—
Whitney U test (Gibbons and Chakraborti, 2011) using
(SPSS 23.0 for Windows).
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Table 2. Experiment 1. Live body weights (g), weights of im-
mune organs, and measurements of jejunal and ileal area and
Peyer’s patches (PP) and concentration of MUC2 mRNA ex-
pression of 8 wk old Hy-Line Brown layer strain pullets given
diets containing different types of fiber for 4 wk (Mean, pooled
SEM, n = 12 for live body and immune organ weights, n = 8 for
jejunal and ileal area and PP measurements, n = 5 for mRNA
expression of MUC2).

HUSSEIN ET AL.

Table 3. Experiment 2. Live body weights (g), weights of im-
mune organs, and measurements of jejunal and ileal area and
Peyer’s patches (PP) of 18 wk old Hy-Line Brown layer strain
pullets given diets containing different types of fiber for 8 wk
(Mean, pooled SEM, n = 18 for live body and immune organ
weights, n = 8 for jejunal and ileal area and PP measurements).

Treatment C! MF? IF?  Pooled SEM
Initial body weight! 350.5 357.8 351.9 2.41
Body weight (8 wk age)f 647.9*  696.3" 717.5" 8.5
Absolute weights (g)
Bursa of Fabricius 3.2% 4.0 4.1b 0.1
Thymus glands 4.6* 5.4 5.6 0.1
Spleen 2.6% 2.9% 3.40 0.1
Relative weights (%)
Bursa of Fabricius 0.50*  0.57" 0.58" 0.01
Thymus glands 0.70*  0.77" 0.78" 0.01
Spleen 0.40* 0428 047" 0.01
Jejunum + ileum area 109.6*  119.2%"  125.3P 2.7
(cm?)
Number of PP 8.9 10.9** 116" 0.5
Area of PP (cm?) 1.8% 2.7° 2.9 0.1
relative area of PP (% of 1.6* 2.2 2.4b 0.1
area of jejunum + ileum)
MUC2 mRNA expression 14.6* 15.540 17.9 0.6

®bMeans within the same row with different superscripts differ signif-
icantly (P < 0.05).

!= control diet (no added MF or IF).

2= mixed soluble and insoluble fiber (MF) diet containing 1% OptiCell
C5.

3= insoluble fiber (IF) diet containing 1% Arbocel RC fine.

fStandard range of body weights at 4 wk (initial body weight) = 257
to 273 g and at 8 wk = 650 to 690 g (Hy-Line International, 2014).

RESULTS AND DISCUSSION

Live Body Weight

In Experiment 1, the 4 wk old pullets given diets MF
or IF for 4 wk were heavier (P < 0.05) than pullets
given the un-supplemented Control diet (Table 2). The
mean BW of Control and MF pullets were within the
normal ranges for Hy-Line Brown pullets, however, that
for IF pullets was above the upper weight for the range
(Hy-Line International, 2014). In Experiment 2, after
feeding diets for 8 wk (18 wk-of-age), live BW of pul-
lets fed diet IF were heavier (P < 0.05) than Controls
(Table 3). Again, the mean BW of pullets in both Con-
trol and MF treatment groups (Table 3) were within
the normal range for the strain and that of the IF pul-
lets was above the upper weight (Hy-Line International,
2014).

In a previous study, Yokhana et al. (2016) showed
that supplementing the diet of layer pullets aged 8 to
18 wk with a lower concentration (1 g/100 g diet) of
the same IF product as used here (Arbocel RC Fine),
did not result in an increase in live BW either after 5
or 10 wk of feeding the supplemented diet. Thus, the
age at which dietary supplements are given and the
dietary fiber concentration and chemical composition

Treatment C! MEF? IF? Pooled SEM
Initial body weight! 924.8 930.3 929.2 8.4
Body weight (18 wk age)’ 1,506.5* 1,552.6*> 1,607.5" 11.1
Absolute weights (g)
Bursa of Fabricius 0.92% 0.98* 1.12° 0.02
Thymus glands 3.9 4.1 4.3 0.1
Spleen 3.2 3.3 3.5 0.1
Cecal tonsils 0.33 0.38" 0.39" 0.01
Relative weights (%)
Bursa of Fabricius 0.06 0.06 0.07 0.002
Thymus glands 0.26 0.26 0.27 0.007
Spleen 0.21 0.22 0.22 0.003
Cecal tonsils 0.02 0.02 0.03 0.001
Jejunum + ileum) area 180.1&>  199.9 176.2% 3.8
(em?)
Number of PP 7.1 8.0%"  10.0° 0.5
Area of PP (cm?) 2.8% 3.5%P 4.2° 0.2
relative area of PP (% of 1.6* 1.8% 2.4° 0.1

area of jejunum + ileum)

abMeans within the same row with different superscripts differ signif-
icantly (P < 0.05).

1= control diet (no added MF or IF).

2= mixed soluble and insoluble fiber (MF) diet containing 1.5% Op-
tiCell C5.

3= insoluble fiber (IF) diet containing 1.5% Arbocel RC fine.

fStandard range of body weights at 10 wk (initial body weight) = 863
to 917 g and at 18 wk = 1470 to 1570 g (Hy-Line International, 2014).

can be important if BW is to be improved. Other re-
searchers have found that fiber supplements can im-
prove BW gain in layer strain chickens. Guzmén et al.
(2015) found, in younger layer pullets than used here
(from hatching to 5 wk-of-age), that inclusion in the
diet of 2 or 4% cereal straw as IF or sugar beet pulp
as MF, slightly increased average daily gain. Incharoen
and Maneechote (2013) showed that BW of similar aged
(4 to 8 wk) layer pullets of a different strain, H and N
Brown Nick, was significantly increased as a result of in-
cluding 3 or 6% whole rice hulls as IF in the feed. Fiber
has also been shown to have beneficial effects on weight
gain of meat-type poultry (eg Bogustawska-Tryk, 2005;
Gonzalez-Alvarado et al., 2010; Sarikhan et al., 2010).

Lymphoid Organs and Tissues

In both experiments increases in weights were ob-
served in primary and secondary lymphoid organs
(Tables 2 and 3). Feeding the MF and IF diets to pul-
lets for 4 wk in Experiment 1 resulted in an increase (P
< 0.05) in the absolute and relative weights of the pri-
mary lymphoid organs (the bursa of Fabricius and thy-
mus glands) compared to Controls. However, for the
spleen, a secondary lymphoid organ, only weights in
pullets in the IF group were higher (P < 0.05) than
those in Control and MF groups: for relative splenic
weights, those of IF pullets were higher (P < 0.05) only
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when compared to Control pullets (Table 2). The de-
velopment of the spleen can be influenced by both the
bursa (Glick and Dreesen, 1967; Heller and Perek, 1973)
and the thymus glands (Hoshi and Mori, 1973) and it
is possible that the larger size in the young pullets in
Experiment 1 could be associated with the significantly
larger bursal and thymus weights (Table 2). The lower
weights and relative weights of bursa and thymus at
18 wk-of-age (Experiment 2, Table 3), compared with
those at 8 wk (Experiments 1, Table 2), are consistent
with published patterns of growth and involution of
lymphoid glands (Hedge et al., 1982; Oléh et al., 2014).

Despite the growth rate of the bursa of Fabricius be-
ing reported to slow at about 6 to 8 wk-of-age and in-
volution to have started by about 18 wk (Ciriaco et al.,
2003; Rodriguez-Méndez et al., 2010; Olah et al., 2014),
supplementing the diets of 8 wk old pullets for 10 wk
with IF (Experiment 2) resulted in heavier (P < 0.05)
bursa at 18 wk-of-age than in Controls and MF supple-
mented pullets (Table 3). A slowing of growth rate and
involution at about 12 to 16 wk-of-age occurs in the
thymus gland (Ciriaco et al., 2003; Oléh et al., 2014)
and in the older pullets in Experiment 2, the thymus
glands in Group IF were not significantly heavier than
those of Control or MF group pullets (Table 3). Thus
supplementing diets of younger pullets with IF and MF
during the growth period of immune organs can increase
primary lymphoid organ weight and, in older pullets, IF
may reduce the rate of involution of the bursa but does
not appear to affect the thymus glands. The effects on
lymphoid organs may help to improve lifetime immu-
nity in laying hens.

The effects of fiber supplementation on lymphoid or-
gan weights have been reported in young broilers up
to about 7 wk-of-age (Guo et al., 2003; Dong et al.,
2007; Zhang et al., 2008; Akhtar et al., 2012) and ducks
(Shi-bin and Hong, 2012) but there have not been
any reports in older layer poultry such as used here.
However, the responses recorded are not consistent
across experiments. Zhang et al. (2008) reported that
supplementing the diet of broiler chickens with IF
as (3-1,3/1,6-glucan, significantly increased the relative
weights of the thymus and spleen at 3 and 6 wk-of-
age when compared with control chickens. Guo et al.
(2003) reported that in younger broiler chicks given (-
1,3/1,6-glucan from day old to 2 wk-of-age there was
an increase in relative weights of the bursa of Fabricius
and spleen but not thymus glands. Addition of wheat
bran arabinoxylan, mainly composed of IF, from 1 to 49
days-of-age significantly increased thymus gland weight
(Akhtar et al., 2012).

Cecal tonsils form the largest mass of secondary lym-
phoid tissues in the intestinal tract (Gémez del Morel
et al., 1998) and are located in the lumen of the ceca
near the ileo-cecal junction. In Experiment 2, the abso-
lute weights of the cecal tonsils (Table 3) were heavier
(P < 0.05) in the 18 wk old MF and IF pullets than
those of the Controls but relative weights though heav-
ier in MF and IF Groups than the Controls, were not
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significantly different. Rezaian and Hamedi (2007) ob-
served that in White Leghorn pullets, the cecal ton-
sil weights peaked in size at about 20 wk-of-age. The
development and size of the cecal tonsils is influenced
by the bursa of Fabricius and the thymus (Hoshi and
Mori, 1973; Befus et al., 1980; Gémez del Morel et al.,
1998) and microbial antigens in the gastrointestinal
tract (GIT) are needed for their development (Hedge
et al., 1982; Jeurissen et al., 1989; Friedman et al.,
2003). Tt is possible therefore that changes in microbial
numbers or species within the lumen of the gut as a re-
sult of feeding MF or IF, also contributed to influence
the size of the cecal tonsils.

In addition to cecal tonsils, the GIT also contains
other lymphoid tissues such as PP, discrete lymphoid
tissue aggregates found mainly in the small intestine
(Jeurissen et al., 1989; Oldh et al., 2014). After hatch-
ing, the PP increase in size and number up to about
12 wk-of-age then they decrease in number and size
as poultry age (Befus et al., 1980). In Experiment 1
(Table 2) the total number of PP in the jejunum plus
ileum of the IF Group was greater (P < 0.05) than in
the Control Group and, although there were more PP
in pullets of Group IF than MF and Group MF than
Control, the differences were not significant. Total ar-
eas of PP and relative areas were greater (P < 0.05) in
Groups MF and IF than Controls but the difference be-
tween MF and IF Groups was not significant (Table 2).
In Experiment 2 the number of PP in the jejunum plus
ileum was higher (P < 0.05) in Group IF pullets com-
pared to the Control Group (Table 3). The total area of
PP and relative areas were greater (P < 0.05) between
IF and Control Groups and although areas were greater
in IF than MF and MF than Controls, the differences
were not significant.

The increase in size or number of PP in both Ex-
periments (Tables 2 and 3) using diets supplemented
with IF at 1% or 1.5% of the diet suggests there
could be an improvement in gut immunity from some
types of fiber supplements. The positive contribution
of IF on the growth of PP could have resulted from
the mechanical effects of the fiber on intestinal walls,
the production of fermentable substrates such as
fructo-oligosaccharides (FOS) through microbial ac-
tion; reductions in pathogens or changes in the mi-
croflora population and increases in numbers of ben-
eficial bacteria in the gut (Cao et al., 2003; Friedman
et al., 2003; McReynolds et al., 2009). The positive ef-
fects of dietary fibers on the growth and development
of PP seen in both of these experiments support the
reports of a significant increase in numbers of intesti-
nal lymphoid nodules in CS7BL/6J-Min/+ mice (Min
mice) given FOS (Pierre et al., 1997) and size of the PP
in BALB/c mice given diets supplemented with FOS
(Hosono et al., 2003).

Besides the cecal tonsils and PP providing protection
in poultry against pathogens entering the gut, goblet
cells in the mucosal layer produce mucins that have an-
timicrobial functions (Dibner et al., 2007; Forder et al.,
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Table 4. Heterophil phagocytosis and oxidative burst' in 7.5
wk old Hy-Line Brown pullets fed for 3.5 wk (Experiment 1) or
14 wk old pullets fed for 4 wk (Experiment 2) on diets containing
different types of fiber (Mean, pooled SEM, n = 8).

Treatment C? MF? IF*  Pooled SEM

Experiment 1

PI (latex beads/100 cells) ~ 303.4* 328.5*" 350.3" 7.0
%P (% cells containing 1 or ~ 81.4 82.1 83.8 1.0
more beads)

PE (PL:%P) 3.7% 4.0 4.2 0.1

Oxidative burst (ARFU)?

Experiment 2

3,509.0* 4,330.0°  5,264.4° 184.8

PI (latex beads/100 cells) ~ 376.4% 403.5%>  447.9 10.8
%P (% cells containing 1 or  75.4 79.4 82.3 1.5
more beads)

PE (PL:%P) 5.0 5.1%P 5.5" 0.1

Oxidative burst (ARFU)>  744.1* 1,302.9" 1,857.7° 135.6

@ ¢Means within the same row with different superscripts differ signif-
icantly (P < 0.05).

! After 1 h incubation with phorbol 12-myristate 13-acetate.

2Control diet - see Table 1 for diets used in Experiment 1 and Exper-
iment 2.

3MF mixed soluble and insoluble fiber Control diet plus 1.0% (Exper-
iment 1) or 1.5% (Experiment 2) OptiCell C5.

4TF insoluble fiber diet Control diet plus 1.0% (Experiment 1) or 1.5%
(Experiment 2) Arbocel RC fine.

PE, phagocytosis efficiency; PI, phagocytosis index; %P, phagocytosis
percentage.

SARFU Change in relative fluorescent unit, see methods for calcula-
tion.

2007). Activity of the gene MUC2 is important for
maintaining the gel layer on the mucosal surface of the
intestines and in preventing pathogens from infecting
an animal (Johansson et al., 2013). In Experiment 1,
MUC2 mRNA expression was higher (P < 0.05) in the
jejunal tissue of IF pullets than in the other 2 groups
(Table 2). This increase, plus the increase (P < 0.05)
in area of the jejunum and ileum (Table 2), suggests
that IF supplementation might be able to improve the
amount of mucin2 produced, either through increasing
the numbers of goblet cells or by increasing the produc-
tion by each cell. Thus a more effective antimicrobial
gel barrier might be produced in the small intestine by
supplementing diets with IF. Diet composition has been
shown to alter the chemical composition of mucins pro-
duced and the number of goblet cells (Dibner et al.,
2007; Cheled-Shoval et al., 2014) and the IF, B-glucan,
has been shown to increase mucin2 production (Cox
et al., 2010) as have dietary mannan-oligosaccharides
(Cheled-Shoval et al., 2014).

Heterophil Functions

The heterophil functions of phagocytosis and oxida-
tive burst were both improved by fiber supplementa-
tion. In Experiment 1 after 3.5 wk on the experimental
diets, the phagocytosis index was greater (P < 0.05) in
the pullets in Group IF than Controls (Table 4). The
higher %P of Group IF than MF and Control pullets
were not significant (Table 4). Phagocytosis efficiency
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was higher (P < 0.05) in heterophils of Groups MF
and IF pullets compared to Controls (Table 4). In Ex-
periment 2, 4 wk after the start of feeding the experi-
mental diets (14 wk-of-age), the phagocytosis index of
heterophils (Table 4) of pullets given diet IF was higher
(P < 0.05) than that of pullets given the Control diet
and only the heterophils of pullets fed the IF supple-
mented diet were more efficient (P < 0.05) at phago-
cytizing latex beads than pullets of the Control Group
(phagocytosis efficiency, Table 4).

Heterophil oxidative burst activity in young pullets
in Experiment 1 was greater (P < 0.05) in both MF
and IF Groups after 1 h incubation with PMA com-
pared to the Control Group and higher (P < 0.05) in
Group IF pullets than in Group MF pullets (Table 4).
In Experiment 2, oxidative burst was higher (P < 0.05)
in pullets given the MF or IF diets than those fed the
Control diet (Table 4). This improvement in PMA stim-
ulated oxidative burst (P < 0.05) in both Group MF
and IF pullets in both experiments (Table 4) suggests
that the ability of poultry to destroy phagocytized bac-
teria or pathogens would has been improved by fiber
supplementation

Similar effects of an IF supplement on heterophil
phagocytosis and oxidative burst was described by
Lowry et al. (2005) who showed that feeding purified (3-
glucan to day old White Leghorn male chicks for 4 days
significantly increased phagocytic ability of heterophils
as well as oxidative burst. Similarly, McReynolds et al.
(2009) found that alfalfa, which is mainly composed of
IF (Chen et al., 2013), enhanced oxidative burst pro-
duction and degranulation of heterophils in laying hens
compared to those in an unfed group of hens during
the molting period. The authors suggested that this
enhancement might be due to the long transit time of
alfalfa in the gastrointestinal tract stimulating bacte-
rial degradation of alfalfa cellulose into FOS and there-
after into fermentable substrates such as short chain
fatty acids. These compounds could then increase mu-
cosal structure and functionality of the small and large
intestines as well beneficially modifying bacterial con-
tent of the GIT. The results of the current studies are
consistent with outcomes of studies in broiler chicks.
Guo et al. (2003) showed that supplementing broiler
chickens with 3-1,3/1,6-glucan as IF for 4 wk improved
macrophage (a component of innate immune function)
phagocytic activity. In a study by Vetvicka and Oliveira
(2014) supplementing starter diets for 28 days with (-
1,3/1,6-D-glucan significantly enhanced the ability of
neutrophils (heterophils) of 28 day old Leghorn chick-
ens to phagocytose synthetic particles when compared
to an un-supplemented control group.

Beneficial effects of feeding both MF and IF were
observed in the current experiments and the different
responses to MF and IF in the 2 experiments may
have been due to the dietary concentrations used in the
2 experiments or the ages of the pullets. It is not
possible to determine, from the current experiments,
the mechanisms through which heterophil function was
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Table 5. Experiment 2. Mitogen stimulated proliferation of
lymphocytes' from Hy-Line Brown pullets fed from 10 wk-of-
age for 7 wk with diets containing different types of fiber. (Mean,
pooled SEM, n = 8).

Mitogen? 3 MF3 IF3 Pooled SEM
ConA 79.4% 100.4° 103.1° 3.7
LPS 106.6 122.4P 129.0° 3.1
PMA 119.3 124.3 125.5 4.8

abMeans within the same row with different superscripts differ signif-
icantly (P < 0.05).

IProliferation measured 8 h after adding alamarBlue and expressed as
a percentage of the increase of mitogen stimulated lymphocytes relative
to non-stimulated lymphocytes.

2Mitogens - ConA - 2.5 pug/mL Concanavalin A; LPS - 3.125 pug/mL
lipopolysaccharide from Escherichia coli; PMA - 1.25 pg/mL phorbol
12-myristate 13-acetate.

3See Table 3 for details of diets.

improved but it might have resulted from, for example;
enhancement of gut associated lymphoid tissue func-
tion and improvement of gut health (Kalmendal et al.,
2011); decreased gut pathogens and increased beneficial
microorganisms (Cao et al., 2003); improved nutrient
availability from improved digestibility and absorption
of nutrients (Jgrgensen et al., 1996; Jiménez-Moreno
et al., 2009; Yokhana et al., 2016).

Lymphocyte Proliferation

In Experiment 2, the proliferation of ConA-
stimulated lymphocytes (T lymphocytes) in the MF
and IF group pullets was higher (P < 0.05) 8 h af-
ter adding the indicator dye, alamarBlue, compared to
the Control Group (Table 5). Proliferation of lympho-
cytes stimulated with LPS (B lymphocytes) was greater
(P < 0.05) in MF and IF Groups compared to Controls
(Table 5). The enhancement of lymphocyte prolifera-
tion in both MF and IF pullets in this experiment might
have resulted from the improvement in the growth of
bursa of Fabricius as the site of B lymphocytes differ-
entiation (Oléh et al., 2014) and of the cecal tonsils and
PP which are aggregates of lymphoid tissue containing
T and B lymphocytes (Del Moral et al., 1998; Smith
et al., 2014).

Fiber supplements have been used in poultry to im-
prove cellular mediated immunity measured by lym-
phocyte proliferation. Sato et al. (2012) supplement-
ing a broiler diet with arabinoxylan from 14 to
28 days-of-age, significantly increased splenic T lym-
phocyte ConA-stimulated proliferation. Jiang et al.
(2014) supplemented diets of 7 wk old egg-type ducks
for 8 wk with alfalfa meal as an IF. Their results showed
a significant improvement in T and B lymphocyte pro-
liferation compared with the un-supplemented controls
and they suggested that the positive effect of the alfalfa
meal was possibly due to beneficial changes in intesti-
nal microbial populations: signals from gut microorgan-
isms are suggested by Cerf-Bensussan and Gaboriau-
Routhiau (2010) to influence interactions between im-
mune cells of the intestine.
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In the commercial diets used here, xylanase (added
by the manufacturer to the wheat based diets) can
break down arabinoxylans to smaller fractions such as
arabinose and xylose in the small intestines of the pul-
lets, and it could have contributed to the degradation
of some fractions of the dietary fiber used here. The
products of degradation could in turn contribute to
decreasing digesta viscosity, accelerating small intesti-
nal fermentation and increasing the digestibility and
availability of nutrients (Zhang et al., 2014). Increasing
the viscosity of digesta as a result of xylanase degra-
dation of arabinoxylans will slow down its passage rate
and subsequently change the balance of microorganisms
by increasing of the fermentative microflora thus pro-
ducing great amounts of short chain fatty acids and
lactic acid (Gao et al., 2007). Gao et al. (2007) also
showed that xylanase use resulted in enhanced growth,
digestibility, and absorption of nutrients and improved
humoral immunity and proliferation of lymphocytes
stimulated with the mitogen phytohaemagglutinin.

In conclusion, both MF and IF supplements signifi-
cantly influenced immune function of growing pullets;
however, their effects on immune organs and heterophil
and lymphocyte responses varied. The variation may
have been due to the differences in the chemical struc-
tures of the compounds or the proportions of the com-
pounds making up these 2 lignocellulose fiber supple-
ments. Further study would be required to determine
possible modes of action of the different fiber types in
eliciting beneficial effects on the immune system. Be-
cause of the wide variety of ingredients used experimen-
tally to increase dietary fiber content across published
experiments, and the variation in chemical structure of
fibers in those diets it is not possible to derive specific
recommendations regarding effective concentrations of
different dietary fibers that will improve growth and
immune functions. However, from the positive results
described here, both types of commercial dietary ligno-
cellulose fibers (MF and IF) and especially IF, might
be useful alternatives to antibiotics for enhancement of
growth and the innate, cell-mediated and gut associ-
ated immune functions of 4 to 8 wk and 10 to 18 wk
old pullets prior to egg laying.
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