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ABSTRACT Prebiotics, probiotics, and synbiotics,
delivered in ovo influence the colonization and develop-
ment of the peripheral immune system in poultry. This
study aimed to investigate the influence of the host ge-
notype (broiler chickens [Ross 308] and old native Polish
breed Green-legged Partridgelike [GP] chickens) on the
number of B and T cells in the spleen and cecal tonsils
(CT). The solution of a bioactive compound was injected
in ovo on day 12 of egg incubation: prebiotics (gal-
actooligosaccharides [GOS]), probiotics (Lactococcus
lactis subsp. cremoris IBB477), and synbiotics
(GOS 1 L. lactis). The samples were collected on day 7,
day 21, and day 42 after hatching (n5 8). The number of
Bu-11 (B) cells, CD41 cells, and CD81 cells in the spleen
andCTwas estimated using immunohistochemistry. The
number of germinal centers (GC) was determined in the
spleen. In broilers, probiotics increased (P , 0.05) the
number of CD41 cells in the CT on day 7. On day 21,
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prebiotics raised (P, 0.01) the number of cells involved
in cellular immunity in the CT (CD41 and CD81 cells)
and spleen (CD81 cells). On day 42, it was synbiotics that
stimulated the colonization of both the CT and spleen by
B cells, but colonization of the spleen only by CD41 and
CD81 cells. In GP chickens, synbiotics enforced the
cellular immunity (CD41 or CD81 cells) in the spleen at
all time points. Synbiotics also stimulated the GC
appearance on day 21 and day 42. In GP chickens, the
influence of bioactive compounds on colonization of the
CT was very limited. In broilers, we determined pro-
nounced and age-dependent effects of prebiotics and
synbiotics on the number of B and T cells in both the CT
and spleen. In GP chickens, the most potent compound
was synbiotics, which stimulated cellular immunity in the
spleen but not in the CT. However, given the long-term
effects on adaptive immune cells, synbiotics were the
most potent compounds in both chicken genotypes.
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INTRODUCTION

The immune responses vary between different types of
chickens. There is a body of evidence suggesting that ge-
netic selection toward performance traits influenced the
immune system in chickens. For example, light-weight
broiler chickens have high and long-lasting anti-SRBC ti-
ters after primary immunization as comparedwith heavy-
weight broilers (Miller et al., 1992). The comparison
between broilers and layers indicated that broilers mount
strong short-term humoral responses, whereas layers
mount long-term humoral responses in combination
with strong cellular responses (Koenen et al., 2002).

Aside from genetics, also the environmental compo-
nent can shape immune system development, especially
at early stages of development. One of the most critical
factors in immune system maturation is interaction
with the healthy microbiome (reviewed by Broom and
Kogut (2018)). The gut microbiome includes the total
genetic information provided by a community of
commensal, symbiotic, or pathogenic microorganisms
(microbiota) inhabiting the mucosa and lumen of the
gastrointestinal tract (GIT) (Wei et al., 2013). It can
be modulated by prebiotics or probiotics (Ballou et al.,
2016). Prebiotics are nonfermentable polysaccharides
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(e.g., inulin, fructooligosaccharides, oligofructose, galac-
tooligosaccharides [GOS], mannooligosaccharides),
which modulate the microbiome of the host’s GIT
(Charalampopoulos and Rastall, 2009). They selectively
stimulate beneficial microorganisms, improve colonic
microbiota composition, and have to be resistant to
digestion in the upper segments of the GIT. Probiotics
are microorganisms, including bacteria (e.g., Lactoba-
cillus, Bifidobacterium, Bacillus, or Enterococcus), yeast
(e.g., Saccharomyces boulardii or Saccharomyces cerevi-
siae), or other fungal species (e.g., Aspergillus oryzae or
Candida pintolepsii). They should be nonpathogenic to
the host organism, be resistant to low pH, and have a
high concentration of bile acids.

In poultry practice, bioactive compounds (prebiotics
and probiotics alone or combined into synbiotics) can
be delivered to the host in different time points: on
day 12 of egg incubation (in ovo stimulation), around
days 17-18 of egg incubation (in ovo feeding), and in
food/water during the posthatching period. When us-
ing synbiotics for in ovo stimulation on day 12 of egg
incubation, prebiotic and probiotic components are
not available to the host at the same time. Prebiotics,
owing to the relatively small size, can penetrate the
outer and inner shell membranes and stimulate devel-
opment of the innate microflora in the embryonic
guts (P1owiec, 2018). Probiotics are available only af-
ter the mechanical breakage of the inner shell mem-
brane by the chick’s beak at the beginning of
hatching (day 19) (P1owiec, 2018). However, they
might act as pioneer colonizers, which augment the
development of complex microbiota by modifying the
intestinal environment (Pedroso et al., 2016). The ad-
vantages and disadvantages of in ovo stimulation with
prebiotics and synbiotics were recently reviewed by
Siwek et al. (2018). Previous studies indicated that
selected prebiotics or synbiotics delivered in ovo on
day 12 of egg incubation influence the gut microbiota
(Bednarczyk et al., 2011), the GIT structure
(Bogucka et al., 2017), immune responses (S1awi�nska
et al., 2014b; P1owiec et al., 2015), as well as immune
system status and development (S1awinska et al.,
2014a; Madej et al., 2015; Madej and Bednarczyk,
2016; Slawinska et al., 2016; Stefaniak et al., 2019).

Intestinal microflora after in ovo stimulation is
potent enough for competitive exclusion and is a key
factor in the development and regulation of innate
and adaptive immunity (Clavijo and Fl�orez, 2018).
This is especially important at hatching, when gut-
associated lymphoid tissue (GALT) is immature and
requires early stimulation. Otherwise, it will impair
the health status and performance of the animal
(Yegani and Korver, 2008). Communication between
intestinal microbiota and the immune system of the
host is mediated by the receptors located in the
GALT. They recognize and bind the bacterial ligands,
called microbe-associated molecular patterns (Brisbin
et al., 2008; Kogut and Swaggerty, 2012). This
mechanism allows for subtle recognition between com-
mensals and pathogens, reacting either by tolerance or
immune responses. Thanks to such distinction,
beneficial microbiota is allowed stable growth, whereas
pathogenic microbiota is challenged with instant and
local immune responses of the host (Kogut and
Swaggerty, 2012).
Genetics of the host has influence on the develop-

ment of the intestinal microflora, as reviewed by
Kers et al. (2018). In this study, we analyzed the ef-
fects of in ovo stimulation in contrasting genotypes,
that is, in Ross broiler chickens and in Green-legged
Partridgelike (GP) chickens. Ross broiler chickens
are fast-growing crossbreeds, developed as meat-type
chickens. Green-legged Partridgelike chickens are an
old native Polish breed that was developed as a
dual-purpose chicken before the advent of commercial
stocks (Siwek et al., 2013). Green-legged Partridgelike
chickens resemble rather layer-type chicken owing to
the low body weight and slim body conformation.
The breed characteristics include partridgelike
plumage and the reseda green color of the shanks.
The genetic structure reveals its admixture between
East Asian and European gene pools (Siwek et al.,
2013). Green-legged Partridgelike chickens also consti-
tute an excellent model for immunological studies
owing to their sturdiness, tolerance to severe climatic
conditions, and adaptation for pasture raising
(Krawczyk, 2009).
Based on the aforementioned information, the authors

hypothesized that the genotype and bioactive compound
delivered in ovomay affect colonization of lymphatic or-
gans with lymphocytes. Hence, the aim of this study was
to examine how the genotype (broilers vs. GP chickens)
influences the structure and cellular composition of pe-
ripheral immune system organs, after in ovo administra-
tion of prebiotics, probiotics, and synbiotics on day 12 of
egg incubation.
MATERIALS AND METHODS

Animal Trials

Two animal trials were carried out using 2 distinct
chicken genotypes, that is, broiler chicken (Ross 308)
and GP chickens, which is a dual-purpose breed. Both
experiments were designed in the same way. The exper-
imental factor was a bioactive compound injected in ovo:
prebiotics, probiotics, or synbiotics. The bioactive com-
pounds were delivered into the air cell on day 12 of egg
incubation by manual injection. The procedure of in
ovo delivery of the bioactive compounds is described in
the following section. After hatching, the birds were
distributed into replicate pens (4 pens/group, 12 ani-
mals/pen). Rearing lasted 42 D and was performed un-
der uniform environmental conditions, in accordance
with the recommendations for each line. The animals
were fed with diets respective to their age and genotype



Table 1. Chemical composition of commercial feeds used for chicken broilers and Green-legged Partridgelike chickens.

Items

Broilers Green-legged Partridgelike

Starter
(days 1–10)

Grower I
(days 11–21)

Grower II
(days 22–33)

Finisher
(days 34–42)

Starter
(days 1–28)

Grower
(days 19–42)

MEN (MJ/kg) 12.50 12.95 13.35 13.41 11.9 11.7
Crude protein (g/kg) 220 200 190 184 200 185
Crude fiber (g/kg) 28.00 30.0 31.0 32.0 34.0 35.0
Lysine (g/kg) 13.8 12.5 11.3 10.5 11.0 10.0
Methionine 1 cystine (g/kg) 10.3 9.5 8.8 8.2 8.2 7.2
Threonine (g/kg) 9.2 8.3 7.6 7.2 7.6 7.0
Tryptophan [g/kg] 2.2 2.0 1.9 1.9 2.1 2.0
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(Table 1). The chickens were housed on deep litter.
Fresh, good-quality water and commercial feeds were
available ad libitum. Sampling was carried out on the
following days: day 7 (d7), day 21 (d21), and day 42
(d42). At each time point, 2 individuals from each pen
(n 5 8) were sacrificed by cervical dislocation, and the
samples of the spleen and cecal tonsils (CT) were taken.
The experiments were conducted at an experimental
farm of Wroclaw University of Environmental and Life
Sciences (Wroclaw, Poland) with the consent of the
Local Ethics Committee for Animal Experiments
(Bydgoszcz, Poland) (study approval reference number:
16/2014).

In Ovo Treatment

Fertilized broiler and GP chicken eggs (n 5 150) were
incubated under standard conditions. In ovo delivery of
bioactive compounds into the air cell was carried out on
day 12 of egg incubation. All bioactive compounds were
prepared as aqueous solutions (physiological saline was
a solvent), and the injection volume was 0.2 mL. Eggs
were candled before in ovo injection to discard unfertil-
ized or nonviable embryos. Prebiotics (PRE group) con-
tained GOS at a concentration of 3.5 mg/egg (trade
name: Bi2tos, Clasado Biosciences Ltd., Jersey, UK).
Probiotics (PRO group) belonged to a strain Lactococ-
cus lactis subsp. cremoris IBB477 (Institute of
Biochemistry and Biophysics, Polish Academy of Sci-
ences, Warsaw, Poland) and were delivered at a dose
of 1 ! 105 cfu/egg. Growth conditions of PRO have
been reported in the study by S1awi�nska et al.
(2014b). Synbiotics (SYN group) were composed of
PRE (GOS, 3.5 mg/egg) and PRO (L. lactis subsp.
cremoris IBB477, 1 ! 105 cfu/egg). Control eggs
(C group) were mock injected with sterile physiological
saline. The in ovo injection procedure was performed in
3 steps; first, the hole was punctured (needle diameter
5 0.9 mm); second, the 0.2-mL solution was injected
(needle diameter 5 0.45 mm); and third, the hole was
sealed with a liquid glue. Eggs were returned to an incu-
bator directly after in ovo injection.

Histological Examination

Eight chickens from each treatment group (C, PRE,
PRO, and SYN) were randomly selected on d7, d21,
and d42 after hatching. Cecal tonsil and spleen samples
were collected and bisected into 2 subsamples. The first
subsample was fixed in 4% phosphate-buffered parafor-
maldehyde (pH 7.4) for 1 h, washed in 0.1 M phosphate
buffer, and infiltrated with buffered 30% sucrose. This
was then frozen in a cryostat (Leica CM1850, Leica
Microsystems GmbH, Wetzlar, Germany) and cut into
10-mm serial sections, air-dried overnight, and frozen.
The second subsample was fixed in 4% buffered formal-
dehyde (pH 7.4) and routinely processed in paraffin. Sec-
tions (5-mm thick) of each tissue were stained with
hematoxylin according to Mayer (Roth GmbH, Karls-
ruhe, Germany) and eosin (POCH S.A., Gliwice,
Poland). The slices were examined and photographed
under a light microscope (Nikon Eclipse 80i; Nikon, Mel-
ville, NY) using a video camera.

Immunohistochemical Staining

Initially quenching of endogenous peroxidase in 3%
hydrogen peroxide solution followed by blocking of
nonspecific binding by preincubation with Antibody
Diluent with a Background Reducing Component
(Dako, Glostrup, Denmark) for 20 min was performed.
Then, the serial sections were stained with monoclonal
mouse antichicken antibodies (SouthernBiotech, Bir-
mingham, AL) directed against antigens, Bu-1 (clone
AV20, 1:500), CD4 (clone CT-4, 1:200), CD8a (clone
CT-8, 1:200), and PBS, which was used as a control,
and were incubated at room temperature for 1 h. The
visualization of the antigens was performed using EnVi-
sion Systems (Dako) with the 3,30-diaminobenzidine
chromogen, according to the manufacturer’s
instructions.

Morphometry

Morphometric analysis of the area occupied by the
antigen-positive (brown-colored) cells was performed
on an area of 0.29 mm2 (magnification of 200!) using
an NIS-Elements AR 2.30 (Nikon, Melville, NY) pro-
gram, and the results were expressed as a percentage of
the field of view. The germinal center (GC) area in the
spleen was calculated on an area of 1.16 mm2 (magnifica-
tion of 100!) and also expressed as a percentage of the
field of view. Any false positive artifacts were in each
case eliminated by a histologist. In the CT, the fields of
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view were always selected starting from the lamina prop-
ria mucosae in the direction of the lumen of the organ.

Statistical Analysis

Themorphometric data were analyzed using Statistica
13.1 software (StatSoft Polska Sp. z o.o., Krakow,
Poland). The significance of differences was assessed us-
ing one-way ANOVA with post hoc Tukey tests for
data accordant with the normal distribution or the
Kruskal–Wallis test for ranks (one-way ANOVA on
ranks) for data not accordant with the normal distribu-
tion. A value of P ,0.05 was considered significant.
Figure 1. The area occupied by the antigen-positive cells (mean6 SD, n5
broilers. C: control, PRE: prebiotics (galactooligosaccharides [GOS]), PRO:
subsp. cremoris). Significant difference compared with the control (*P , 0.
RESULTS

The lymphocyte colonization of the CT and spleen
was different in broilers and GP chickens. In broilers,
on d7, the number of CD41 lymphocytes in the CT
was higher in the PRO group than in the control group
(P , 0.05) (Figure 1). The similar pattern (but statisti-
cally not significant) was observed in the PRE group. On
d21, prebiotics significantly increased the number of
CD41 and CD81 cells in the CT (P , 0.05) and CD81

cells in the spleen (P , 0.05). On d42, synbiotics
increased the number of Bu-11 cells in the CT
(P, 0.05), but in the spleen, they increased the number
8) in the cecal tonsil and spleen of 7-day-old, 21-day-old, and 42-day-old
probiotics (L. lactis subps. cremoris), SYN: synbiotics (GOS 1 L. lactis
05; **P , 0.01). Abbreviations: d7, day 7; d21, day 21; d42, day 42.
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of B cells (P , 0.05) as well as Th and cytotoxic cells
(P , 0.01).
In GP chickens, the most potent factor that stimu-

lated the number of immune cells in the spleen was syn-
biotics (Figure 2). On d7 and d42, in the SYN group, the
number of CD81 cells increased, but on d21, the number
of CD41 cells increased (P , 0.01). As a result, on d21,
the CD4-to-CD8 ratio in the SYN group showed ten-
dency (P , 0.1) to be higher than that in the C group
(SYN 5 0.84 6 SD 0.27 vs. C 5 0.53 6 SD 0.13). In
the CT, the influence of applied bioactive compounds
was not very strong. In these organs, synbiotics stimu-
lated transitorily the Bu-11 cell number on d7 only. Pre-
biotics and probiotics alone did not influence the number
of B or T cells in the CT or in the spleen at all time points
studied.
In both chicken lines, in all experimental groups, the

number of Bu-11, CD41, and CD81 cells was never
significantly lower than in the control group; on the
Figure 2. The area occupied by the antigen-positive cells (mean6 SD, n5
Green-legged Partridgelike chickens. CON: control, PRO: probiotics (L. la
SYN: synbiotics (GOS 1 L. lactis subsp. cremoris). Significant difference c
day 7; d21, day 21; d42, day 42.
contrary, the values were higher. In both lines of
chickens, the GC were formed in the spleen on d21 and
d42 in all groups. In broilers, prebiotics significantly
increased the GC formation in the spleen on d21
(P , 0.05) (Figure 3). However, in GP chickens, synbi-
otics stimulated the GC formation on d21 and d42
(P , 0.05). Surprisingly, the percentage of B cells in
the field of view did not correlate (Spearman’s rank cor-
relation coefficient r , 0.15) with the area of GC
(measured on Bu-1–stained slides).

To find how the genotype influences the number of
immune cells, the populations of Bu11, CD41, and
CD81 cells between broiler and GP chicken control
groups were compared (Table 2). The number of
Bu11 cells was significantly higher in GP chickens
than that in broilers in both organs and in all time
points studied. In addition, the number of CD81 cells
was also higher in the spleen in GP chicken groups on
d21 and d42.
8) in the cecal tonsil and spleen of 7-day-old, 21-day-old, and 42-day-old
ctis subps. cremoris), PRE: prebiotics (galactooligosaccharides [GOS]),
ompared with the control (*P , 0.05; **P , 0.01). Abbreviations: d7,



Figure 3. Selected examples of germinal centermorphology in the spleen of 21-day-old and 42-day-old broilers andGreen-legged Partridgelike (GP)
chickens. Germinal center (Bu-11 cells): ar, 200!, scale bar: 200 mm. C: control, PRE: prebiotics (galactooligosaccharides [GOS]), PRO: probiotics
(L. lactis subps. cremoris), SYN: synbiotics (GOS 1 L. lactis subsp. cremoris). Mean areas occupied by all germinal centers in the field of view are
presented in the charts. Significant difference compared with the control (*P , 0.05). Abbreviations: d21, day 21; d42, day 42.
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DISCUSSION

Our previous studies indicated that in ovo administra-
tion of prebiotics (inulin and GOS) and synbiotics
(inulin 1 L. lactis subsp. lactis IBB SL1 and GOS 1 L.
lactis subsp. cremoris IBB SC1) on day 12 of egg incuba-
tion modulate the central and peripheral lymphatic or-
gan development in broilers (Madej et al., 2015; Madej
and Bednarczyk, 2016). As a result of in ovo stimulation,
GALT development (defined by B-and T-cell coloniza-
tion) on d7 and d21 after hatching was enhanced. The ef-
fects were more pronounced after in ovo treatment with
synbiotics rather than with prebiotics. In the spleen,
the increase of the GC area was determined in
synbiotic-treated groups, but the number of B cells was
not counted.



Table 2. Influence of the genotype on Bu-11, CD41, and CD8a 1 cell
populations in the control groups of broiler (BR) andGreen-legged Partridgelike
(GP) chickens.

Cell population

Cecal tonsil Spleen

BR GP BR GP

Day 7
Bu1 32.78 6 2.78* 37.41 6 5.48* 36.38 6 3.21* 48.60 6 7.64*
CD4 17.86 6 2.86* 23.62 6 4.19* 16.63 6 4.21 18.82 6 4.81
CD8a 19.48 6 7.69 23.10 6 2.23 27.46 6 4.80 23.98 6 5.20

Day 21
Bu1 45.86 6 3.98** 55.46 6 2.97** 41.55 6 5.29* 48.41 6 4.73*
CD4 26.58 6 2.75 28.05 6 5.09 18.31 6 7.14 19.64 6 4.81
CD8a 31.28 6 4.64 32.43 6 4.67 27.49 6 7.12* 36.97 6 5.12*

Day 42
Bu1 38.98 6 7.51** 51.44 6 3.09** 37.94 6 4.05** 45.78 6 3.25**
CD4 31.02 6 5.53 35.64 6 4.80 21.96 6 1.63 27.94 6 6.13
CD8a 32.97 6 4.49 35.61 6 7.31 28.42 6 4.60** 41.14 6 3.30**

*P , 0.05; **P , 0.01: significant difference between the groups.
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The results of the present 2 animal trials confirmed
that bioactive compounds (prebiotics, probiotics, and
synbiotics) delivered in ovo influence the colonization
and development of the peripheral immune system in
poultry. The most potent immunostimulation was
exerted by GOS (prebiotics) and GOS1 L. lactis subsp.
cremoris (synbiotics). However, the main factor deter-
mining the structure and cellular composition of immune
system organs was the host genotype. In broilers, the in-
fluence of the selected bioactive compound depended on
age. Initially (d7), probiotics increased the number of Th
(CD41) cells in the CT. Then (d21), prebiotics strongly
raised the number of cells involved in cellular immunity
in the CT and spleen and stimulated GC formation and
development in the spleen. However, at the end of the
experiment (d42), it was synbiotics that stimulated the
colonization of both organs by B cells (humoral immu-
nity) and the spleen by CD41 and CD81 cells (cellular
immunity). In the second experiment, performed on
GP chickens, synbiotics enforced the cellular immunity
(CD41 or CD81 cells) in the spleen at all time points
and stimulated the GC appearance on d21 and d42 after
hatching. Noticeable increase of the CD4-to-CD8 ratio
(d21) in the spleen after synbiotic treatment suggests
that it promoted helper activity. Surprisingly, in GP
chickens, the influence of selected bioactive compounds
on the CT was very limited.
Germinal centers are a part of the white pulp of the

spleen, where B cells proliferate after antigenic stimula-
tion. In this study, the general number of B cells in the
spleen did not depend on the GC area. It seems that in
spleen, the number of B cells indicates the degree of colo-
nization and potential to develop of humoral immune
response. On the other hand, the area of GC reflects
the intensity of humoral responses to the antigen that
emerged in the host’s body currently or in the recent
past. In the present study, the increased area of spleen
GC was observed in GP chickens treated with synbiot-
ics. It suggests that this formulation can enforce the sys-
temic immune response against environmental antigens.
These findings are in accordance with those of Slawinska
et al. (2014a), who indicated that some synbiotics could
significantly upregulate the gene expression of IL-4
(Th2) and IL-6 (proinflammatory) in the spleen, which
in turn can stimulate B-cell proliferation and synthesis
of immunoglobulin.

A study conducted by Koenen et al. (2002) indicated
that various types of poultry develop immune responses
that differ in intensity and even engage different groups
of cells. In our study, the higher number of B cells in the
CT as well as B and cytotoxic cells in the spleen suggests
that the immune system of GP chickens is better pre-
pared for possible response against antigens than that
of broilers. Because the differences were found in both
GALT and the spleen, it can be concluded that the im-
mune system of GP chickens can efficiently respond to
gut- and blood-derived antigens, respectively. The
higher number of cells that are responsible for both hu-
moral and cellular responses observed in GP chickens
is in agreement with that found in the study of Koenen
et al. (2002), in which layer-type chickens, in contrast
to broilers, developed long-term humoral responses
with a strong cellular response.

Heavy-weight broilers and light-weight GP chickens
differ significantly in body weight and composition.
The number of B cells in the CT and spleen from GP
chicken control groups was higher than that from
broilers at the same age. These results confirm, on the
morphological level, the previous observations concern-
ing a negative relationship between body weight and
antibody titer that was described in the same (Miller
et al., 1992) or different types of chickens (Koenen
et al., 2002). Taking into account the relatively high
number of B cells in the GP chicken control group, it
can be concluded that synbiotics were not potent enough
to increase the general number of these cells in the
spleen, but they stimulated the GC formation. On the
other hand, in broilers, synbiotics increased the B cell
number in the spleen on d42. Therefore it seems that
in GP chickens, in ovo stimulation with synbiotics in-
duces qualitative rather than quantitative changes of
the humoral immune system in contrast to broilers.



MADEJ ET AL.4350
In conclusion, it is difficult to clearly determine which
of the bioactive compounds (or their combinations) gives
the best effects in terms of immune system stimulation in
poultry. In broilers, prebiotics and synbiotics increased
the number of adaptive immune cells (T and B lympho-
cytes) both in the CT and spleen. In GP chickens, the
most potent substance was synbiotics, which stimulated
cellular immunity in the spleen but not in CT. However,
given the long-term effect, synbiotics were the most
potent in both tested lines of chickens on the last day
of the experiment. In relation to broilers, d42 posthatch-
ing coincides with the time of slaughter; hence, the good
condition of the immune system indicating the health of
the animal is an additional advantage of poultry meat
delivered to the market.
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