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ABSTRACT

This study investigated the effects of Na-butyrate supplementation (0 vs. 150 vs. 300 mg/kg) and
the dietary fat level (7.7% vs. 6.7% in the grower diet; 8.9% vs. 7.7% in the finisher diet) in 900
broiler chickens of both sexes, out of which 108 were used to evaluate gut morphology and
immune response on jejunum tissues at 14, 28, and 40 days of age, and caecal microbiota com-
position according to 165 rRNA gene multi-amplicon sequencing and the predictive functional
bacteria groups at 40 d of age. Villi height and crypts depth changed only according to the age
of chickens. Microbiota analysis revealed Firmicutes as the dominant phylum, with sex-related
differences in microbial diversity indices (Simpson index, p < .05). The Na-butyrate dietary sup-
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plementation and dietary fat level affected the abundance of specific bacterial genera related
with short fatty acids production, without changes in the bacterial metabolic pathways. Under
the good health conditions of chickens in the present trial, Na-butyrate supplementation and
the dietary fat level did not modify the overall gut equilibrium of broiler chickens.

HIGHLIGHTS

e Na-butyrate supplementation did not affect gut morphology at different ages.
e Dietary treatments affected the abundance of certain bacteria genera.

e Gut microbiota diversity changed with sex.

Introduction

Over the past two decades, the global preference for
chicken meat has more than doubled, with a 110%
increase from 2000 to 2022 (FAOSTAT 2024). This
surge is attributed to the absence of religious or cul-
tural limitations to its consumption, its high nutritional
value, environmental sustainability, and cost-effective-
ness (Wideman et al. 2016; Bailey 2023). Growth and
performance of broiler chickens are heavily dependent
on efficient digestion and absorption of nutrients,
processes that are fundamentally reliant on intestinal
health (Alagawany et al. 2018; Al-Sagheer et al. 2019;
Melaku et al. 2021). Gut health and the overall per-
formance of the birds are driven by the dynamic equi-
librium among epithelial cells, the mucus layer,

immune cells, and microbiota throughout the different
sections (Elnesr et al. 2020; El-Saadony et al. 2022).
Therefore, in poultry feeding, the use of feed additives
to enhance performance by fostering intestinal health
by different mechanisms can play a key role under
field conditions (Guilloteau et al. 2010; Abdelli et al.
2021). In this context, organic acids are attractive mol-
ecules because of their beneficial effects on gut health
and immunity (Maki et al. 2019; Ayalew et al. 2022),
where butyric acid and its compounds, i.e. sodium
and calcium salts, mono, di- and triglycerides, are
widely used in animal feeding as for their positive
effects in terms which enhance growth performance,
promote intestinal health, assist epithelial develop-
ment, stimulate immunological responses, and exert
antimicrobial effects (Maki et al. 2019; Melaku et al.
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2021). Free salts of butyrate are readily available and
absorbed in the upper gastro-intestinal tract
(Guilloteau et al. 2010), that's why Na-butyrate is com-
monly protected to avoid the early absorption thus
increasing its efficacy in the intestine (Liu et al. 2017)
or caeca (Van Immerseel et al. 2004a; 2004b). Previous
studies have shown that butyrate is able to stimulate
the development of the intestinal mucosa (Chamba
et al. 2014), the strengthen of both crypts depth and
villi height which boost the overall absorptive surface
area within the intestine, ultimately leading to
improved feed efficiency and intestinal health of birds
(Guilloteau et al. 2010; Jankowski et al. 2012; Elnesr
et al. 2019, 2020). Butyrate has also been found to
decrease the intestinal pH, limiting in this way the
development of pathogens and increasing the pres-
ence of beneficial bacteria, such as Bifidobacterium
and Lactobacillus (Sikandar et al. 2017a; Elnesr et al.
2020, El-Saadony et al. 2022). However, the literature
data on the effects of Na-butyrate on poultry health
and immunity are inconsistent as conditions in which
experiment have been carried out are heterogeneous
(Wu et al. 2018; Makled et al. 2019; Isroli et al. 2020).

Among the dietary factors playing multiple roles,
dietary energy density is worth mentioning, due to its
consequences on chicken performance, affecting costs,
and environmental impact (Mahdavi et al. 2024). While
most studies have focused on protein and amino acid
levels, the impact of fat levels on the gastro-intestinal
tract has been less explored (Classen 2017; Mahdavi
et al. 2024). Therefore, the present study aimed to
gain further insight on whether and how the dietary
supplementation with microencapsulated Na-butyrate
and the dietary fat levels can modulate intestinal
health as for gut morphology and immune-histochem-
istry at different ages and caecal microbiota compos-
ition of both female and male broiler chickens at the
end of the growth period. Gut tissues and microbiota
samples used in the present study were obtained
from an experiment of ours which results related to
the effects of the dietary treatments on performance,
meat quality, and myopathy occurrence in broiler
chickens have been already published (Huerta et al.
2024).

Materials and methods
In vivo trial

As mentioned above, gut tissues and microbiota were
obtained from a trial that run at the experimental
facilities of the University of Padova. Briefly, 900
broiler chicks (1day old; 450 males and 450 females;

Ross 308, Aviagen, Huntsville, AL, USA) were randomly
allocated in 12 experimental groups (with three pens
and 75 birds per experimental group) obtained by the
combination of three levels of dietary microencapsu-
lated Na-butyrate supplementation (12 pens and 300
birds per level of butyrate) x two levels of fat (18
pens and 450 birds per level of fat) x two sexes (18
pens and 450 birds per sex) and controlled from the
day of arrival until commercial slaughtering at 42 days
of age. For the specific purposes of the present trial,
three chickens per pen were selected based on the
average live weight within the pen and slaughtered at
14, 28, and 40days of age to sample the gut tissues
contents for histological examinations and the caecal
content for microbiota analyses.

Three diets were formulated to be fed during three
periods: P1, starter diet, fed from arrival (1 d) to 14 d
of age; P2 grower diet, administered from 15 to 28 d
of age, with two fat (ether extract, EE) levels (HF diet:
7.7% EE vs. LF diet: 6.7% EE); and P3 finisher diet, fed
from 29 to 42 d, with two fat levels (HF diet: 8.9% EE
vs. LF diet:7.7% EE). Then, the dietary treatments con-
sisted on the following diets: the control diet (BO); the
control diet supplemented with 150 mg/kg (diet B150)
or 300mg/kg (diet B300) of Na-butyrate. Chemical
composition of the experimental diets and the tech-
nique for Na-butyrate supplementation are detailed in
the published companion paper (Huerta et al. 2024).

Sampling of jejunum tissues

At 14 d, 28 d, and 40 d after hatching, 36 chickens
per age (one chick per pen; average live weight
407+349, 1,448+11649, and 2,732+25g at 14 d, 28
d, and 40 d, respectively) were selected on the basis
of the average live weight of the pen for sampling the
gut tissue and euthanized with CO, asphyxiation. One
sample of jejunum (length, approx. 2cm) was taken at
the midpoint between the end of the duodenal loop
and the location of the Merckel’s diverticulum (Wang
et al. 2016), and washed in phosphate-buffered saline
(PBS) solution. Samples (approx. 1cm) were fixed in
paraformaldehyde in PBS (0.1 M, pH 7.4), dehydrated,
embedded in paraffin at the laboratory, and later
submitted to the histological analyses and
immunohistochemistry.

Histological and immunohistochemistry analyses

Two serial 4-um sections per jejunum sample were
obtained using a microtome and stained with hema-
toxylin/eosin for morphometric evaluation. Moreover,



two further serial sections were used for CD45+
immunohistochemical analyses.

The villi length and crypts depth were collected by
a slide scanner Aperio LV1 (Leica Biosystems ltalia,
Buccinasco, Italy) and measured using image analysis
software Aperio ImageScope (Leica Biosystems lItalia),
according to the procedure described by Hampson
(1986). The goblet cells positive for Alcian blue (pH
2.5)-PAS staining were counted using Aperio
ImageScope (Rueden et al. 2017) on 10 different villi
per animal along 300 um of the villus surface.

Immunohistochemical analyses to identify CD45+
intraepithelial leukocytes in jejunal mucosa were per-
formed following the procedure described by Rohe
et al. (2017). Intraepithelial leukocytes were counted in
the epithelium using a reference rectangle with the
short side at 100 um and expressed as the density of
CD45+ cells (cells/10,000 um?).

Sampling of caecal content, DNA extraction and
16S rRNA gene multi-amplicon sequencing

Samples of caecal contents were collected only at 40
d from the same 36 chickens (one chick per pen)
slaughtered for sampling jejunum tissue. Immediately
after slaughtering, samples were aseptically put in 2-
ml Eppendorf and stored at —80°C. The DNA was
extracted from 250 mg of each sample with a Qiagen
DNA stool mini kit (Qiagen, Hilden, Germany), follow-
ing the manufacturer’s instructions. The library prepar-
ation for the amplification of seven hypervariable
regions of the 16S gene (V2, V4, V8, and V3, V6-7, VV9)
involved the use of the 165 lon Metagenomics and
lon Xpress Plus 9 Fragment Library Kit (Thermo Fisher
Scientific, Waltham, MA, USA) in accordance with the
manufacturer’s instructions. Amplified libraries were
pooled to reach a final concentration of 100 pM and
processed with the lon 520™ & lon 530 ™ Kit - OT2
400 bp (Thermo Fisher Scientific). The sample pool was
loaded on the lon 520 chip (Thermo Fisher Scientific)
and the sequencing run was performed with lon™
GeneStudio S5 System (Thermo Fisher Scientific).

Statistical and bioinformatics analysis

Individual data related to jejunum morphology and
CD45+ cell densities were submitted to ANOVA using
the PROC GLM procedure of SAS (SAS Institute 2013)
with dietary Na-butyrate supplementation, fat level,
sex, sampling time, and their interactions as the main
factors of variability. Least square means were com-
pared using Bonferroni’'s t-test. Differences between
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the means with p < .05 were considered statistically
significant.

Raw reads were processed to remove primer pairs
on both ends using the MetagenomicsPP plugin from
ThermoFisher Plugin site (Maki et al. 2023) and ana-
lysed using QIIME2 v2021.4 (Bolyen et al. 2019). The
‘giime dada2 plugin’ was used to denoise and obtain
high-quality reads to clustered into amplicon variants
(ASVs) with the utilisation of SILVA SSU v138.1 data-
base as reference for the taxonomic assignation of
ASVs (Quast et al. 2013). ASVs occurring less than 10
times were eliminated. After a TSS (Total Sum Scaling)
normalisation of the data, all statistical analyses were
performed using the microeco (v1.44.0) (Liu et al.
2021) and phyloseq packages in R software. The alpha
diversity was estimated using the Shannon and
Simpson indices, and the Kruskal-Wallis statistical test
was performed to identify statistical differences (p <
.05). Beta diversity among samples was analysed using
the Non-metric Multidimensional Scaling (NMDS)
based on the Bray-Curtis distances, to which the
Permutational MANOVA (PERMANOVA) was subse-
quently applied in order to investigate the statistical
significance of the sample. A differential abundance
analysis with the DESeq2 test at genus level was per-
formed separately in samples collected from female
and male chickens to discover different abundant bac-
teria due to the Na-butyrate supplementations and
dietary fat contents. Significant differences were
declared at FDR (False Discovery Rate) < .05.
Functional prediction of microbial communities was
assessed using Tax4Fun within microeco (v1.44.0)
package in R software with Kyoto Encyclopaedia of
Genes and Genomes (KEGG) database (ARhauer et al.
2015), and the Wilcox test was performed to discover
differentially abundant bacterial functional profiles
(FDR < .05). Sequencing data have been deposited in
the European Nucleotide Archive (ENA - European
Bioinformatic Institute, Hinxton, UK) under the project
accessions number: PRJIEB76833.

Results

Gut morphology and immuno-histochemical
analyses

On average of the three slaughtering ages (14, 28, and
40 d), no effect of the dietary supplementation with
Na-butyrate, dietary fat level, or sex was recorded for
villi height, crypts depth or density of CD45+ cells
(Table 1).

As age of chickens increased from 14 d to 28 d to
40 d, density of CD45+ cells did not change, whereas
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Table 1. Jejunum mucosa morphometry at 14, 28 and 40 days of age and density of CD45+ cells at 14 and 42 days of age of broiler chickens fed diets with different Na-butyrate

supplementation and fat contents.

p value

Time (T)
28 d

Sex (S)

Fat (F)

Na-Butyrate (B)

BxS BxT FxS FxT SxT RMSE

BxF

40d

14 d

H

B300

B150

BO

36
914°
234¢

36
959P

36
643°

54
854
202
442

3,901

54
823

54
837
203
437

3,521

54
840

36
817

36
829
196
442

4,043

36
870
200
4.58

3,817

Chickens, n

0.786 0.605 121

0.275

0.185
0.698
0.836

0.690 0.685 0.442
0.306

0.369
0.417

<0.001
<0.001
<0.001

0.968 0.211

0.203
0.473

Villi height, um

327
0.782
135

0.875

0.118
0.845

0.885

0.660

0.523

199°
507°
n.d.

170°

199
439
3,607

199
444
3,988

206
422
3,403

Crypts depth, um

0.510

0.371

0.654

0.186  0.695 0.867

0.493

4142

4.01°

Villi to crypts ratio

0.757

0.848

0.140 0.738

0.549

0.392 0.625

3,678 0.257

3,830

CD45+ cells, n./10,000um?

RMSE: root mean square error. BO: control diet. B150: control diet supplemented with 150 mg/kg of Na-butyrate. B300: control diet supplemented with 300 mg/kg of Na-butyrate. H: High dietary fat content. L:

Low dietary fat content. F: females. M: males. N.d.: not determined.

villi height (643 pm vs. 959 um and 914 um, respect-
ively; p < .001) and crypts depth (170 pm vs. 199 um
vs. 234 um, respectively; p < .001) increased. The ratio
villi/crypts was lower (p < .001) for chickens at the
earliest and latest age (4.01 and 4.14) compared to
the intermediate one (5.07).

Microbiota profile at the caecum

The 16S amplicon sequencing produced 6,719,536 raw
sequences, with a mean of 182.70+82.55 reads for
each sample. After the quality-filtering, a total of 1612
ASVs were obtained from the 36 samples.

Regardless from the dietary treatment, Firmicutes
was the prevalent phylum encompassing 77 to 92% of
the entire phyla, followed by Bacteroidota (3 to 21%)
(Figure 1). The dominant genera were Faecalibacterium
(7 to 21%), followed by Lactobacillus (3 to 20%),
Parabacteroides (1 to 13%), Escherichia-Shigella (2 to
10%), Bacteroides (2 to 7.5%), and [Ruminococcus] tor-
ques group (3 to 6%) (Figure 1). Other minor genera
(= 5%), including Blautia, and Butyricicoccus were also
detected.

Nor the dietary supplementation with Na-butyrate
or the reduction of dietary fat affected beta (Figures 2
and 3A) and alpha diversity (Figures 2 and 3B) levels
of caecal microbiota.

As for differences between sexes, a significant
difference in the Simpson index (i.e. the number of dif-
ferent species represented in an ecological commu-
nity) between caecal samples from male and female
broiler chickens was detected (Figure 3C), whereas the
Shannon index (i.e. the number of different species
and the evenness of their abundances) did not differ.
As for the NMDS plot (referred to the composition
dissimilarities of microbial communities between sam-
ples), the PERMANOVA analysis did not find a statis-
tical difference between the two sexes (Figure 2C).

In males, the DESeq2 results for the differential
abundance analysis at the genus level showed that
the abundance of Desulfotomaculum genus was lower
in chickens of the control group (without supplemen-
tation with Na-butyrate and high-fat level) compared
to those fed the high-fat diet with 150 mg/kg butyrate
(Table 2). Then, the abundances of Coprococcus and
Hungatella genera were higher in chickens of the con-
trol group compared those fed the high-fat diet with
300mg/kg butyrate. Moreover, chickens fed the diet
of the control group showed a significantly lower
abundance of Desulfotomaculum genus compared to
those fed the low-fat diet with 150mg/kg butyrate
supplementation, as well as a lower abundance of
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BO-L-M B150-H-F B150-H-M B150-L-F B150-L-M B300-H-F B300-H-M B300-L-F B300-L-M

sample-32
sample-3
sample-18
sample-26
sample-4
sample-27
sample-19
sample-13
sample-23
sample-33
sample-14
-24

-34

sample
sample

Bacteria|Firmicutes|Clostridia|Clostridia_vadinBB60_group|Clostridia_vadinBB60_group|Clostridia_vadinBB60_group

BacterialFirmicutes|Clostridia|Christensenellales|Christensenellaceae|Christensenellaceae_R-7_group

Bacteria|Firmicutes|ClostridialLachnospirales|Lachnospiraceae|Blautia
Bacteria|Firmicutes|Clostridia|Oscillospirales|Butyricicoccaceae|Butyricicoccus
Bacteria|Bacteroidota|Bacteroidia|Bacteroidales|Bacteroidaceae|Bacteroides
Bacteria|Firmicutes|ClostridialLachnospirales|Lachnospiraceae|[Ruminococcus]_torques_group
Bacteria|ProteobacterialGammaproteobacterialEnterobacterales|Enterobacteriaceae|Escherichia-Shigella
Bacteria|Bacteroidota|Bacteroidia|Bacteroidales|Tannerellaceae|Parabacteroides
Bacteria|Firmicutes|Bacilli|Lactobacillales|Lactobacillaceae|Lactobacillus

Bacteria|Firmicutes|Clostridia|Oscillospirales|Ruminococcaceae|Faecalibacterium

Figure 1. Bar plots reported the relative abundances of the 10 most abundant taxa in the experimental groups. BO: control diet.

B150: control diet supplemented with 150 mg/kg of Na-butyrate.

B300: control diet supplemented with 300 mg/kg of Na-butyrate.

H: Higher dietary fat content. L: Lower dietary fat content. F: females. M: males. Other taxa are grouped into ‘others’.

Desulfotomaculum and a higher abundance of
Hungatella genus compared with chickens fed the
low-fat diet with 300 mg/kg butyrate.

In female chickens, the DESeq2 analysis revealed
less differences in abundance of genera according to
the dietary treatments (Table 3). Chickens fed the con-
trol diets showed a higher abundance of the
Erysipelotrichaceae_UCG-002 genus compared to
chickens fed the high-fat diet with 150 mg/kg butyr-
ate. Then, chickens fed the control diet had a higher
abundance of ASF356 genus compared to chickens

fed the low-fat diet with 150 mg/kg butyrate, whereas
no difference was recorded with chickens fed diets
with 300 mg/kg butyrate at both fat levels.

The results of KEGG showed that carbohydrate
metabolism, membrane transport, and amino acid
metabolism processing were the most abundant func-
tional pathways of the caecal microbiome in broiler
chickens (Figure 4), where the Wilcoxon test f did not
reveal any statistical difference of bacteria functional
groups according to dietary butyrate supplementation
and fat content, or chicken sex.
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Figure 2. NMDS plot (Bray-Curtis distances) of beta diversity
between butyrate dietary supplementation (a), fat content (B)
and bird sex (C). BO: control diet. B150: control diet supple-
mented with 150mg/kg of Na-butyrate. B300: control diet
supplemented with 300 mg/kg of Na-butyrate. H: Higher diet-
ary fat content. L: Lower dietary fat content. F: females. M:
males.

Discussion

Promoting gut health in poultry through dietary strat-
egies, such as the inclusion of prebiotics, probiotics,
and other additives, can enhance nutrient utilisation,
reduce pathogen load, and ultimately improve growth
rates and feed efficiency, contributing to the overall
productivity (Zhou et al. 2014). Previous studies have
reported the development of the gastrointestinal
jejunum Vvilli and/or crypts leading to an increased
absorptive surface and enhanced nutrient absorption
in the small intestine of broiler chickens when diets
were supplemented with Na-butyrate at different lev-
els (700 mg/kg in Chamba et al. 2014; 1000 mg/kg in
Sikandar et al. 2017b; 600mg/kg in Lan et al. 2020;
100 mg/kg in Hanim et al. 2023) and at different ages

(21 d, 35 d, and 42 d). Nevertheless, other authors did
not observe significant effects of Na-butyrate supple-
ment on gut morphology in poultry raised under opti-
mal health conditions (500, 1000 and 2000 mg/kg in
Hu and Guo 2007; 600 mg/kg in Makled et al. 2019;
300mg/kg in lIsroli et al. 2020; 500 mg/kg in Pascual
et al. 2020), consistently with the findings of the pre-
sent study. Recently, Melaku et al. (2024) demon-
strated that, even under unchallenged conditions, a
novel buffer salt-protected Na-butyrate, included at
800 mg/kg of diet, can enhance broiler intestinal histo-
morphology, barrier function, antioxidative capacity,
and microbiota community and, thus, growth perform-
ance. Further, dietary butyrate supplementation has
been shown to be particularly beneficial for young
chicks (Bedford and Gong 2018; Lan et al. 2020). In
fact, as reported in our companion paper (Huerta
et al. 2024), we found higher live weight at 13 d for
chickens fed with diets supplemented at 150 mg/kg
and 300mg/kg compared to those fed the control
diet. However, we did not observe a significant inter-
action between chickens’ age and Na-butyrate supple-
mentation and, at the end of the trial, the differences
in live weight disappeared which is consistent with
the absence of effects of Na-butyrate supplementation
on gut morphology.

Regarding immune function, Na-butyrate appears
to exhibit immunomodulatory functions in poultry
(Lan et al. 2020). Butyrate treatment has been shown
to enhance the expression of host defence peptides in
chicken caecal tissue (Sunkara et al. 2011), and modu-
late chicken macrophage function in an in vitro trial
(Zhou et al. 2014). Recent studies have found that
chickens treated with Na-butyrate had higher levels of
immunoglobulin, including IgA, IgY, and IgM respect
to the control (1000 mg/kg in Ghanim and Isihak 2022;
250mg/kg in Zeng et al. 2023; 1000 mg/kg in Dai
et al. 2023). However, no literature is available on the
effect of dietary supplementation of Na-butyrate on
CD45+. In chickens, these latter cells have phospho-
tyrosine-phosphatase activity, which is vital for the
dephosphorylation and regulation of key signalling
molecules in immune cells, ensuring proper activation
and function (Lu et al, 2023). Corroborating present
findings, Lee et al. (2018) did not find any effect of
Na-butyrate (30mM) on CD4+CD8-CD25+ and
CD4 + CD8 4 CD25+ T cells in caecal tonsils. In various
tissues of humans and mice, butyrate is known to acti-
vate several receptors, including FFAR2, FFAR3, and
GPR109a, which play roles in regulating immune
responses and promoting the function of IL-10+
FOXP3+ regulatory T cells (Liu et al. 2018). FFAR2 can
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Figure 3. Shannon and Simpson indices for alpha diversity between butyrate dietary supplementation (A), fat content (B) and
bird sex (C). BO: control diet. B150: control diet supplemented with 150 mg/kg of Na-butyrate. B300: control diet supplemented
with 300 mg/kg of Na-butyrate. H: Higher dietary fat content. L: Lower dietary fat content. F: females. M: males.

recognise butyrate, acetate, and propionate, with pro-
pionate directly enhancing FOXP3 expression and
IL-10 production by T cells. Both butyrate and propi-
onate induce the differentiation FOXP3+ T cells
(Brown et al. 2003; Smith et al. 2012). In chickens,
however, acetate is the only short fatty acid (SCFA)
known to promote the expansion of T cells in the cae-
cal tonsils, while propionate and butyrate do not have
this effect (Lee et al. 2018; Saint-Martin et al. 2022).
Additionally, genes encoding GPR109 o and FFAR3 are
absent from the chicken genome, leaving the func-
tions of SCFA receptors in chicken immune cells
largely unexplored (Lagerstrom et al. 2006; Meslin
et al. 2015; Saint-Martin et al. 2022).

Beyond providing energy, fats and oils are well-
known to enhance the absorption of fat-soluble vita-
mins, improve feed palatability, and support immune
function (Mahdavi et al. 2024). Their dietary contents
influence feed intake, digestion, and nutrient absorp-
tion. In the present trial, the moderate reduction in
the fat levels did not affect gut morphology of broiler
chickens. Similarly, Ghahremani et al. (2016) found
that reducing dietary energy by 100kcal ME/kg had

no impact on villi height, crypts depth, or villus-to-
crypt ratio in the duodenum of broiler chickens,
whereas a more important reduction (-180 kcal ME/kg
diet) affected intestinal morphology, increasing the vil-
lus height.

In Pekin ducks, Kim et al. (2019) reported that
increasing the dietary energy levels (2,950 to
3,150 kcal ME/kg) in diets fed from 21 d to 42 d did
not alter jejunal villi height or crypts depth. More
recently, Mahdavi et al. (2024) reported that in 10-d
broiler chickens a reduction of energy level from 2,950
to 2,850kcal ME/kg altered the genetic expression of
amino acid transports in the intestine not modifying
its morphometric structure and, so, suggesting that a
broader approach incorporating gene expression ana-
lysis is warranted to fully understand the dynamics
and effects of dietary energy reduction in poultry.

As for the effect of age, consistently with previous
studies (Van Leeuwen et al. 2014; Liu et al. 2021), we
observed that villi height and crypts depth increased
with birds age, whereas Pascual et al. (2020) found a
lower crypts depth in older birds respect to younger
ones. Indeed, when age increases, the digestive tract
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Table 2. Differential abundance analysis (DESeq2 test) at genus level of microbiota of male broiler chickens fed diets with differ-

ent Na-butyrate supplementation and fat contents.

Sex Comparison Taxa log2FoldChange p value
Males Butyrate effect
BO-H vs. B150-H k__Bacteria|p__Firmicutes|c__Desulfotomaculialo__Desulfotomaculales|f__ -33.0 < 0.01
Desulfotomaculales|g__Desulfotomaculum
BO-H vs. B300-H k__Bacteria|p__Firmicutes|c__Clostridiajo__Lachnospirales|f__ 7.68 < 0.01
Lachnospiraceae|g__Coprococcus
k__Bacteria|p__Firmicutes|c__Clostridialo__Lachnospirales|f__ 28.5 < 0.01
Lachnospiraceae|g__Hungatella
Butyrate X Fat effect
BO-H vs. B150-L k__Bacteria|p__Firmicutes|c__Desulfotomaculiajo__Desulfotomaculales|f__ -36.9 < 0.01
Desulfotomaculales|g__Desulfotomaculum
BO-H vs. B300-L k__Bacteria|p__Firmicutes|c__Desulfotomaculia|o__Desulfotomaculales|f__ -335 < 0.01
Desulfotomaculales|g__Desulfotomaculum
k__Bacteria|p__Firmicutes|c__Clostridiajo__Lachnospirales|f__ 30.5 < 0.01

Lachnospiraceae|g__Hungatella

BO: Control diet. B150: control diet supplemented with 150 mg/kg of Na-butyrate. B300: control diet supplemented with 300 mg/kg of Na-butyrate. H:

Higher dietary fat content. L: Lower dietary fat content. NS: no significance.

Table 3. Differential abundance analysis (DESeq2 test) at genus level of female broiler chickens’ microbiota fed diets with differ-

ent Na-butyrate supplementation and fat contents.

Sex Comparison Taxa log2FoldChange p value
Females Butyrate effect
BO-H vs. B150-H k__Bacteria|p__Firmicutes|c__Bacillijo__Erysipelotrichales|f__ 18.7 < 0.01
Erysipelatoclostridiaceae|g__Erysipelotrichaceae_UCG-002
BO-H vs. B300-H NS
Butyrate x Fat effect
BO-H vs. B150-L k__Bacteria|p__Firmicutes|c__Clostridialo__Lachnospirales|f 28.4 < 0.01
Lachnospiraceae|g__ASF356
BO-H vs. B300-L NS NS NS

BO: Control diet. B150: control diet supplemented with 150 mg/kg of butyrate. B300: control diet supplemented with 300 mg/kg of butyrate. L: Lower

dietary fat content. H: Higher dietary fat content. NS: not significant.

is expected to develop and villi height to increase
(Sklan 2001).

The equilibrium of gut microbial communities is
also pivotal for the gastrointestinal tract function
(Pascual et al. 2020; El-Saadony et al. 2022). Any dis-
turbances in these microbial communities can signifi-
cantly impact feed utilisation, overall productivity, and
the health of poultry (Zou et al. 2019). Firmicutes have
been found as the major phylum in the caecal micro-
biota of poultry in previous studies (Bortoluzzi et al.
2018; Pascual et al. 2020; Wan et al. 2022) as in the
present one. They play a specific role in nutrient fer-
mentation and short-chain fatty acid production, such
as acetate, propionate and butyrate, crucial for energy
metabolism in chickens (Aruwa et al. 2021). The sub-
dominant Bacteroidota phylum also plays a significant

role as short-chain fatty acid producer and breakdown
of complex carbohydrates (Rychlik 2020). At the genus
level, the major presence of Faecalibacterium,
Lactobacillus and Parabacterioides genera, known as
important bacteria for maintaining gut health, produc-
ing short-chain fatty acids and inhibiting pathogenic
bacteria (Maki et al. 2019) has been already reported
in other studies (Luo et al. 2013; Xiao et al. 2017;
Rychlik 2020; Stamilla et al. 2021) and underlines the
good gut health of chickens in the present trial. The
presence of the Escherichia-Shigella genus, typically
associated with poor gut health and generally found
in higher proportions in broiler faeces than in caecal
samples (Oakley et al. 2014; Zhou et al. 2021), was not
associated with changes in intestinal health in our
study. Probably the high occurrence of this genus in
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the caecal microbiota followed an age-specific pattern
as found by Zhou et al. (2021).

In fact, Pascual et al. (2020) observed an age effect
on microbial composition, with an increase of alpha
diversity at 11 d compared with 24 d and 35 d and a
decrease of microbial diversity among samples, i.e.
chicken microbiota has been found to mature
between 15 d and 22 d (Lu et al. 2023; Ranjitkar et al.
2016), as reported in previous studies.

In the current study, Na-butyrate supplementation
did not produce any significant differences in the cae-
cal microbiota of broiler chickens at 40 d as for alpha
and beta diversity when compared to the control diet.
These results were consistent with those previously
found in broilers at 42 d (150 mg/kg in Wu et al. 2018;
500 mg/kg in Pascual et al. 2020; 1000 mg/kg in Wan
et al. 2022) testing different Na-butyrate supplementa-
tion levels. As already highlighted for gut morphology,
butyrate supplementation is expected to be particu-
larly beneficial for young chicks, potentially due to the
dynamic and developing nature of the gut microbiota
during early life stages (Aruwa et al. 2021). In fact,
Wan et al. (2022) found that alpha diversity of caecal
microbiota was different in broilers chickens according
to the dietary supplementation with Na-butyrate (0 vs.
1000mg/kg) at 14 d and 21 d of age, whereas no
difference in microbiota composition were found at 42
d. Moreover, Makled et al. (2019) observed a signifi-
cant decrease in Escherichia coli and increase in
Lactobacillus genera abundance in the caecal content

of broiler chickens fed with 600 mg/kg of Na-butyrate
at 21 d, whereas these differences were not confirmed
at 42 d. These results suggest that microbiota could
be successfully manipulated by dietary supplementa-
tion with Na-butyrate in early age, whereas Na-butyr-
ate supplementation doesn’t affect microbiota in later
stages of life corroborating present findings. Further, it
seems that the effect of Na-butyrate is dependent on
feeding conditions and health status. Dietary supple-
mentation with Na-butyrate has been shown to miti-
gate changes in caecal microflora composition in
chickens fed a low-energy and low-amino acid diet
compared to those on a control diet (Bortoluzzi et al.
2017). Similarly, supplementing diets with Na-butyrate
at 700 mg/kg influenced the diversity, composition, and
predicted functions of the caecal microbiota in broiler
chickens challenged with Coccidia and Clostridium per-
fringens (Bortoluzzi et al. 2018). Additionally, the use of
encapsulated Na-butyrate (150 or 300mg/kg) was
found to alter the microbial community composition in
chickens experiencing gut inflammation compared to
healthy chickens (Zou et al. 2019).

Notably, in our trial, sex was found to partially influ-
ence the microbiota composition, as evidenced by sig-
nificant differences in the Simpson index between
microbiota of male and female chickens. These results
align with previous findings indicating that sex can be
associated to differences in gut microbiota, potentially
due to hormonal influences and differences in
immune responses (Lee et al. 2017; Kim et al. 2020;
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Cui et al. 2021; Yan et al. 2022). While sex hormones
are known to strictly interact with gut microbiota in
mammals (Neuman et al. 2015), this relationship is less
understood in birds, where external factors, like feed-
ing, environmental and diet, are still considered the
primary influencers on gut microbiota (Hird et al.
2014; Yan et al. 2022).

In light of these considerations, the present study
separately analysed differences in bacteria abundances
of caecal microbiota in males and females to further
investigate the role of sex and its relationship with
Na-butyrate supplementation and fat reduction in the
diet. With regard to male chickens, regardless from
the fat content, Na-butyrate supplementation had a
detrimental effect on the abundance of certain genera
in the caecal microbiota, i.e. it reduced the abundance
of bacteria of the Lachnospiraceae family, known for
their butyrate-producing capabilities (Rychlik 2020),
and increased the prevalence of the Desulfotomaculum
genus, associated with altered gut microbiota in chick-
ens fed with sorghum instead of corn (Fagundes et al.
2017). In female chickens, the response to Na-butyrate
supplementation and its interaction with fat content
was less pronounced. Consistently with males, the Na-
butyrate supplementation, specifically the administra-
tion of the diet at 150 mg/kg, regardless from the fat
levels, reduced the abundance of certain short chain
fatty acids’ producing bacteria (Ye et al. 2023).

Despite the observed changes in microbial abundan-
ces, in our trial the dietary Na-butyrate supplementation
and fat content did not alter the overall predictive func-
tional groups of bacteria microbiota. Previous studies
have demonstrated that Na-butyrate supplementation
can mitigate the variations in predicted microbial func-
tions caused by nutritional challenges (Bortoluzzi et al.
2017). Additionally, Na-butyrate induced significant
changes in the predicted functions of the caecal micro-
biota over time, beyond those associated with normal
ageing or nutritional challenges in birds (Bortoluzzi et al.
2018). Thus, under the conditions of our trial, the func-
tional capacity of the microbiota likely remained stable,
probably due to the functional redundancy within the
microbial community, where multiple taxa can perform
similar roles, thereby maintaining overall functionality
despite shifts in community composition (Allison and
Martiny 2008; Moya and Ferrer 2016).

Conclusions

Under the conditions of the present trial where all
chickens were in a good health, neither the dietary
supplementation of microencapsulated Na-butyrate

(150 and 300mg/kg) nor the dietary fat levels (7.7%
vs. 6.7% in the grower diet; 8.9% vs. 7.7% in the fin-
isher diet) affected the gut morphology and immune
response of broiler chickens, where some shift in the
microbiota profile at the caecum were observed. The
effectiveness of including Na-butyrate to enhance
digestive health and immunity or chickens still needs
to be tested under the sub-optimal health conditions
that can be found in commercial farms, whereas the
present study confirmed the possibility of decreasing
dietary fat without major effects on gut health.
Moreover, our findings highlighted the influence of
sex on microbiota composition, and a potential modu-
lation of microbiota response to dietary modifications
to be considered in future studies.

Data deposition

Raw sequencing data have been deposited in ENA
(European Bioinformatic Institute) under the project
accessions number: PRJIEB76833.

Ethics statement

The study was approved by the Ethical Committee for
Animal Experimentation (Organismo Preposto al Benessere
Animale) of the University of Padova (project 82/2022 - Prot.
No. 246564, approved on 19/12/2022). The researchers
involved in animal handling were either animal specialists
(Ph.D. or MSc in Animal Sciences) and/or veterinary practi-
tioners, which handled all animals following the principles of
EU Directive 2010/63/EU regarding the protection of animals
used for experimental and other scientific purposes.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

The doctoral grant of Dr. G. Zardinoni was funded by the
Fondazione Cassa di Risparmio di Padova e Rovigo (Call for
Doctorates — 2021). This work was supported by Agritech
National Research Centre (European Union  Next-
GenerationEU (Piano Nazionale di Ripresa e Resilienza (PNRR)
- Missione 4 Componente 2, Investimento 1.4 — D.D. 1032
17/06/2022, CN00000022); DeMYO project (European Union’s
Horizon 2020 research and innovation program; MSCA grant
agreement No 101063055); University of Padova (CUP:
C23C23000160001).

ORCID

Giulia Zardinoni
Almudena Huerta

http://orcid.org/0000-0002-3042-8775
http://orcid.org/0009-0004-9454-5630



Marija Boskovic Cabrol
0447

Angela Trocino
Elisa Fonsatti
Cristina Ballarin
Martina Bortoletti

http://orcid.org/0000-0002-5827-

http://orcid.org/0000-0001-9045-6156
http://orcid.org/0009-0001-3400-5964
http://orcid.org/0000-0001-7934-7477

http://orcid.org/0000-0001-8645-5863

Marco Birolo http://orcid.org/0000-0002-1236-4456
Francesco Bordignon http://orcid.org/0000-0002-5377-
8698

Piergiorgio Stevanato http://orcid.org/0000-0002-6577-
6956

Daniel Julian http://orcid.org/0000-0002-5489-069X

Gerolamo Xiccato (5 http://orcid.org/0000-0003-4572-3635

Data availability statement

The data presented in this study are available upon request
from the corresponding author.

References

Abdelli N, Sola-Oriol D, Pérez JF. 2021. Phytogenic feed addi-
tives in poultry: achievements, prospective and chal-
lenges. Animals. 11(12):3471. doi: 10.3390/ani11123471.

Alagawany M, Abd El-Hack ME, Farag MR, Sachan S, Karthik
K, Dhama K. 2018. The use of probiotics as eco-friendly
alternatives for antibiotics in poultry nutrition. Environ Sci
Pollut Res Int. 25(11):10611-10618. doi: 10.1007/s11356-
018-1687-x.

Allison SD, Martiny JBH. 2008. Resistance, resilience, and
redundancy in microbial communities. In: avise JC,
Hubbell SP, Ayala FJ, editors. Biodiversity and extinction.

Vol Il. Washington, (DC): National Academies Press.
[accessed 2024 September 24]. https://www.ncbi.nIm.nih.
gov/books/NBK214881.

Al-Sagheer AA, Abd El-Hack M, Alagawany M, Naiel MA,
Mahgoub SA, Badr MM, Hussein EQOS, Alowaimer AN,
Swelum AA. 2019. Paulownia leaves as a new feed
resource: chemical composition and effects on growth,
carcasses, digestibility, blood biochemistry, and intestinal
bacterial populations of growing rabbits. Animals (Basel).
9(3):95. doi: 10.3390/ani9030095.

Aruwa CE, Pillay C, Nyaga MM, Sabiu S. 2021. Poultry gut
health - microbiome functions, environmental impacts,
microbiome engineering and advancements in character-
ization technologies. J Animal Sci Biotechnol. 12(1):1-15.
doi: 10.1186/540104-021-00640-9.

ABhauer KP, Wemheuer B, Daniel R, Meinicke P. 2015.
Tax4Fun: predicting functional profiles from metagenomic
16S rRNA data. Bioinformatics. 31(17):2882-2884. doi: 10.
1093/bioinformatics/btv287.

Ayalew H, Zhang H, Wang J, Wu S, Qiu K, Qi G, Tekeste A,
Wassie T, Chanie D. 2022. Potential feed additives as anti-
biotic alternatives in broiler production. Front Vet Sci. 9:
916473. doi: 10.3389/fvets.2022.916473.

Bailey RA. 2023. Strategies and opportunities to control
breast myopathies: an opinion paper. Front Physiol. 14:
1173564. doi: 10.3389/fphys.2023.1173564.

Bedford A, Gong J. 2018. Implications of butyrate and its
derivatives for gut health and animal production. Anim
Nutr. 4(2):151-159. doi: 10.1016/j.aninu.2017.08.010.

ITALIAN JOURNAL OF ANIMAL SCIENCE . 133

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-
Ghalith GA, Alexander H, Alm EJ, Arumugam M, Asnicar F,
et al. 2019. Reproducible, interactive, scalable and exten-
sible microbiome data science using QIIME2. Nat
Biotechnol. 37(8):852-857. doi: 10.1038/s41587-019-0209-9.

Bortoluzzi C, Pedroso AA, Mallo JJ, Puyalto M, Kim WK,
Applegate TJ. 2017. Sodium butyrate improved perform-
ance while modulating the cecal microbiota and regulat-
ing the expression of intestinal immune-related genes of
broiler chickens. Poult Sci. 96(11):3981-3993. doi: 10.3382/
ps/pex218.

Bortoluzzi C, Rothrock MJ, Vieira BS, Mallo JJ, Puyalto M,
Hofacre C, Applegate TJ. 2018. Supplementation of pro-
tected sodium butyrate alone or in combination with
essential oils modulated the cecal microbiota of broiler
chickens challenged with coccidia and Clostridium perfrin-
gens. Front Sustain Food Syst. 2:72. doi: 10.3389/fsufs.
2018.00072.

Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L,
Daniels D, Muir Al, Wigglesworth MJ, Kinghorn |, Fraser
NJ, et al. 2003. The Orphan G protein-coupled receptors
GPR41 and GPR43 are activated by propionate and other
short chain carboxylic acids. J Biol Chem. 278(13):11312-
11319. doi: 10.1074/jbc.M211609200.

Chamba F, Puyalto M, Ortiz A, Torrealba H, Mallo JJ, Riboty
R. 2014. Effect of partially protected sodium butyrate on
performance, digestive organs, intestinal villi and E. coli
development in broilers chickens. Int J Poult Sci. 13(7):
390-396. doi: 10.3923/ijps.2014.390.396.

Classen HL. 2017. Diet energy and feed intake in chickens.
Anim Feed Sci Technol. 233:13-21. doi: 10.1016/j.ani-
feedsci.2016.03.004.

Cui L, Zhang X, Cheng R, Ansari AR, Elokil AA, Hu Y, Chen Y,
Nafady AA, Liu H. 2021. Sex differences in growth per-
formance are related to cecal microbiota in chicken.
Microb Pathog. 150:104710. doi: 10.1016/j.micpath.2020.
104710.

Dai Z, Wang X, Liu Y, Liu J, Xiao S, Yang C, Zhong Y. 2023.
Effects of dietary microcapsule sustained-release sodium
butyrate on the growth performance, immunity, and gut
microbiota of yellow broilers. Animals (Basel). 13(23):3598.
doi: 10.3390/ani13233598.

Elnesr SS, Alagawany M, Elwan HAM, Fathi MA, Farag MR.
2020. Effect of sodium butyrate on intestinal health of
poultry-a review. Ann Anim Sci. 20(1):29-41. doi: 10.2478/
a0as-2019-0077.

Elnesr SS, Ropy A, Abdel-Razik AH. 2019. Effect of dietary
sodium butyrate supplemen tation on growth, blood bio-
chemistry, haematology and histomorphometry of intes-
tine and immune organs of Japanese quail. Animal. 13(6):
1234-1244. doi: 10.1017/51751731118002732.

El-Saadony MT, Yaqoob MU, Hassan FU, Alagawany M, Arif
M, Taha AE, Elnesr SS, El-Tarabily KA, Abd El-Hack ME.
2022. Applications of butyric acid in poultry production:
the dynamics of gut health, performance, nutrient utiliza-
tion, egg quality, and osteoporosis. Anim Health Res Rev.
23(2):136-146. doi: 10.1017/51466252321000220.

Fagundes NS, Pereira R, Bortoluzzi C, Rafael JM, Napty GS,
Barbosa JGM, Sciencia MCM, Menten JFM. 2017. Replacing
corn with sorghum in the diet alters intestinal microbiota
without altering chicken performance. J Anim Physiol


https://doi.org/10.3390/ani11123471
https://doi.org/10.1007/s11356-018-1687-x
https://doi.org/10.1007/s11356-018-1687-x
https://www.ncbi.nlm.nih.gov/books/NBK214881
https://www.ncbi.nlm.nih.gov/books/NBK214881
https://doi.org/10.3390/ani9030095
https://doi.org/10.1186/s40104-021-00640-9
https://doi.org/10.1093/bioinformatics/btv287
https://doi.org/10.1093/bioinformatics/btv287
https://doi.org/10.3389/fvets.2022.916473
https://doi.org/10.3389/fphys.2023.1173564
https://doi.org/10.1016/j.aninu.2017.08.010
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.3382/ps/pex218
https://doi.org/10.3382/ps/pex218
https://doi.org/10.3389/fsufs.2018.00072
https://doi.org/10.3389/fsufs.2018.00072
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.3923/ijps.2014.390.396
https://doi.org/10.1016/j.anifeedsci.2016.03.004
https://doi.org/10.1016/j.anifeedsci.2016.03.004
https://doi.org/10.1016/j.micpath.2020.104710
https://doi.org/10.1016/j.micpath.2020.104710
https://doi.org/10.3390/ani13233598
https://doi.org/10.2478/aoas-2019-0077
https://doi.org/10.2478/aoas-2019-0077
https://doi.org/10.1017/S1751731118002732
https://doi.org/10.1017/S1466252321000220

134 (&) G.ZARDINONI ET AL.

Anim Nutr (Berl).
12614.

FAOSTAT. 2024. Food and agriculture data. [accessed 2024
September 24]. https://www.fao.org/faostat/en/.

Ghahremani A, Sadeghi AA, Hesaraki S, Chamani M,
Shawrang P. 2016. Energy type and amount in the diets
of broiler chickens: effects on performance and duodenal
morphology. Iran J Appl Anim Sci. 6:909-915. doi: jour-
nals.iau.ir/article_526639.

Ghanim M, Isihak F. 2022. Influence of sodium butyrate on
provoke of immune response in vaccinated broilers with
avian influenza (H9N2) vaccines. Egypt J Vet Sci. 53(3):
381-389. doi: 10.21608/ejvs.2022.133054.1337.

Guilloteau P, Martin L, Eeckhaut V, Ducatelle R, Zabielski R,
Van Immerseel F. 2010. From the gut to the peripheral tis-
sues: the multiple effects of butyrate. Nutr Res Rev. 23(2):
366-384. doi: 10.1017/5S0954422410000247.

Hampson DJ. 1986. Alterations in piglet small intestinal
structure at weaning. Res Vet Sci. 40(1):32-40. doi: 10.
1016/50034-5288(18)30482-X.

Hanim C, Dono ND, Ariyadi B, Habibi MF, Al Anas M, Hanif
MF. 2023. Effect of protected sodium butyrate on growth
performance on growth performance, carcass traits, rela-
tive weight of digestive organs and intestinal histomor-
phology of broilers. J Anim Feed Sci. 32(4):413-419. doi:
10.22358/jafs/166080/2023.

Hird SM, Carstens BC, Cardiff SW, Dittmann DL, Brumfield RT.
2014. Sampling locality is more detectable than taxonomy
or ecology in the gut microbiota of the brood-parasitic
Brown-headed cowbird (Molothrus ater). Peer). 2:e321.
doi: 10.7717/peerj.321.

Hu Z, Guo Y. 2007. Effects of dietary sodium butyrate sup-
plementation on the intestinal morphological structure,
absorptive function and gut flora in chickens. Anim Feed
Sci Technol. 132(3-4):240-249. doi: 10.1016/j.anifeedsci.
2006.03.017.

Huerta A, Xiccato G, Bordignon F, Birolo M, Boskovic Cabrol
M, Pirrone F, Trocino A. 2024. Dietary fat content and sup-
plementation with sodium butyrate: effects on growth
performance, carcass traits, and meat quality of broiler
chickens. Poult Sci. 103(11):104199. doi: 10.1016/j.psj.2024.
104199.

Isroli I, Murwani R, Yudiarti T, Widiastuti E, Wahyuni HI,
Sartono TA, Sugiharto S. 2020. Body weight, haemato-
logical indices and intestinal morphometric of broilers
provided with diets containing formic acid, butyric acid of
their blends. J Indones Trop Anim Agric. 45(1):37-46. doi:
10.14710/jitaa.45.1.37-46.

Jankowski J, Juskiewicz J, Lichtorowicz K, Zdunczyk Z. 2012.
Effects of the dietary level and source of sodium on
growth performance, gastrointestinal digestion and meat
characteristics in turkeys. Anim Feed Sci Technol. 178(1-
2):74-83. doi: 10.1016/j.anifeedsci.2012.09.012.

Kim J, Guk JH, Mun SH, An JU, Song H, Kim J, Ryu S, Jeon B,
Cho S. 2019. Correction: metagenomic analysis of isolation
methods of a targeted microbe, Campylobacter jejuni,
from chicken feces with high microbial contamination.
Microbiome. 7(1):81. doi: 10.1186/s40168-019-0700-z.

Kim YS, Unno T, Kim BY, Park MS. 2020. Sex differences in
gut microbiota. World J Mens Health. 38(1):48-60. doi: 10.
5534/wjmh.1900009.

101(5):e371-e382. doi: 10.1111/jpn.

Lagerstrom MC, Hellstrom AR, Gloriam DE, Larsson TP,
Schioth HB, Fredriksson R. 2006. The G protein-coupled
receptor subset of the chicken genome. PLoS Comput
Biol. 2(6):e54. doi: 10.1371/journal.pcbi.0020054.

Lan R, Li S, Chang Q, An L, Zhao Z. 2020. Sodium butyrate
enhances growth performance and intestinal develop-
ment in broilers. Czech J Anim Sci. 65(1):1-12. doi: 10.
17221/190/2019-CJAS.

Lee IK, Gu MJ, Ko KH, Bae S, Kim G, Jin G-D, Kim EB, Kong Y-
Y, Park TS, Park B-C, et al. 2018. Regulation of
CD4"CD8CD25" and CD4'CD8"CD25" T cells by gut
microbiota in chicken. Sci Rep. 8(1):8627. doi: 10.1038/
s41598-018-26763-0.

Lee KC, Kil DY, Sul WJ. 2017. Caecal microbiome divergence
of broiler chickens by sex and body weight. J Microbiol.
55(12):939-945. doi: 10.1007/s12275-017-7202-0.

Liu C, Cui Y, Li X, Yao M. 2021. Microeco: an R package for
data mining in microbial community ecology. FEMS
Microbiol Ecol. 97(2):fiaa255. doi: 10.1093/femsec/fiaa255.

Liu H, Wang J, He T, Becker S, Zhang G, Li D, Ma X. 2018.
Butyrate: a double-edged sword for health? Adv Nutr.
9(1):21-29. doi: 10.1093/advances/nmx009.

Lu M, Lee Y, Lillehoj HS. 2023. Evolution of developmental and
comparative immunology in poultry: The regulators and the
regulated. Dev Comp Immunol. 138:104525. doi: 10.1016/j.
dci.2022.104525.

Liu JD, Bayir HO, Cosby DE, Cox NA, Williams SM, Fowler J.
2017. Evaluation of encapsulated sodium butyrate on
growth performance, energy digestibility, gut develop-
ment, and Salmonella colonization in broilers. Poult Sci.
96(10):3638-3644. doi: 10.3382/ps/pex174.

Luo YH, Peng HW, Wright ADG, Bai S, Ding XM, Zeng QF, Li
H, Zheng P, Su ZW, Cui RY, et al. 2013. Broilers fed dietary
vitamins harbour higher diversity of caecal bacteria and
higher ratio of Clostridium, Faecalibacterium, and
Lactobacillus than broilers with no dietary vitamins
revealed by 16S rRNA gene clone libraries. Poult Sci. 92(9):
2358-2366. doi: 10.3382/ps.2012-02935.

Mahdavi R, Ghazi Harsini S, Piray AH. 2024. The effect of
reducing dietary energy on performance, intestinal
morphology and intestinal peptide and amino acid trans-
porters in broiler chicks. Vet Med Sci. 10:e1364. doi: 10.
1002/vms3.1364.

Maki JJ, Klima CL, Sylte MJ, Looft T. 2019. The microbial
pecking order: utilization of intestinal microbiota for
poultry health. Microorganisms. 7(10):376. doi: 10.3390/
microorganisms7100376.

Maki KA, Wolff B, Varuzza L, Green SJ, Barb JJ. 2023. Multi-
amplicon microbiome data analysis pipelines for mixed
orientation sequences using QIIME2: assessing reference
database, variable region and pre-processing bias in clas-
sification of mock bacterial community samples. PLoS
One. 18(1):e0280293. doi: 10.1371/journal.pone.0280293.

Makled MN, Abouelezz KFM, Gad-Elkareem AEG, Sayed AM.
2019. Comparative influence of dietary probiotic, yoghurt,
and sodium butyrate on growth performance, intestinal
microbiota, blood hematology, and immune response of
meat-type chickens. Trop Anim Health Prod. 51(8):2333-
2342. doi: 10.1007/511250-019-01945-8.

Mallo JJ, Sol C, Puyalto M, Bortoluzzi C, Applegate T,
Villamide MJ. 2021. Evaluation of sodium butyrate and


https://doi.org/10.1111/jpn.12614
https://doi.org/10.1111/jpn.12614
https://www.fao.org/faostat/en/
https://journals.iau.ir/article_526639
https://journals.iau.ir/article_526639
https://doi.org/10.21608/ejvs.2022.133054.1337
https://doi.org/10.1017/S0954422410000247
https://doi.org/10.1016/S0034-5288(18)30482-X
https://doi.org/10.1016/S0034-5288(18)30482-X
https://doi.org/10.22358/jafs/166080/2023
https://doi.org/10.7717/peerj.321
https://doi.org/10.1016/j.anifeedsci.2006.03.017
https://doi.org/10.1016/j.anifeedsci.2006.03.017
https://doi.org/10.1016/j.psj.2024.104199
https://doi.org/10.1016/j.psj.2024.104199
https://doi.org/10.14710/jitaa.45.1.37-46
https://doi.org/10.1016/j.anifeedsci.2012.09.012
https://doi.org/10.1186/s40168-019-0700-z
https://doi.org/10.5534/wjmh.190009
https://doi.org/10.5534/wjmh.190009
https://doi.org/10.1371/journal.pcbi.0020054
https://doi.org/10.17221/190/2019-CJAS
https://doi.org/10.17221/190/2019-CJAS
https://doi.org/10.1038/s41598-018-26763-0
https://doi.org/10.1038/s41598-018-26763-0
https://doi.org/10.1007/s12275-017-7202-0
https://doi.org/10.1093/femsec/fiaa255
https://doi.org/10.1093/advances/nmx009
https://doi.org/10.1016/j.dci.2022.104525
https://doi.org/10.1016/j.dci.2022.104525
https://doi.org/10.3382/ps/pex174
https://doi.org/10.3382/ps.2012-02935
https://doi.org/10.1002/vms3.1364
https://doi.org/10.1002/vms3.1364
https://doi.org/10.3390/microorganisms7100376
https://doi.org/10.3390/microorganisms7100376
https://doi.org/10.1371/journal.pone.0280293
https://doi.org/10.1007/s11250-019-01945-8

nutrient concentration for broiler chickens. Poult Sci.
100(12):101456. doi: 10.1016/j.psj.2021.101456.

Melaku M, Su D, Zhao H, Zhong R, Ma T, Yi B, Chen L,
Zhang H. 2024. The new buffer salt-protected sodium
butyrate promotes growth performance by improving
intestinal histomorphology, barrier function, antioxidative
capacity, and microbiota community of broilers. Biology
(Basel). 13(5):317. doi: 10.3390/biology13050317.

Melaku M, Zhong R, Han H, Wan F, Yi B, Zhang H. 2021.
Butyric and citric acids and their salts in poultry nutrition:
effects on gut health and intestinal microbiota. Int J Mol
Sci. 22(19):10392. doi: 10.3390/ijms221910392.

Meslin C, Desert C, Callebaut I, Djari A, Klopp C, Pitel F,
Leroux S, Martin P, Froment P, Guilbert E, et al. 2015.
Expanding duplication of free fatty acid receptor-2
(GPR43) genes in the chicken genome. Genome Biol Evol.
7(5):1332-1348. doi: 10.1093/gbe/evv072.

Moya A, Ferrer M. 2016. Functional redundancy-induced sta-
bility of gut microbiota subjected to disturbance. Trends
Microbiol. 24(5):402-413. doi: 10.1016/j.tim.2016.02.002.

Neuman H, Debelius JW, Knight R, Koren O. 2015. Microbial
endocrinology: the interplay between the microbiota and
the endocrine system. FEMS Microbiol Rev. 39(4):509-521.
doi: 10.1093/femsre/fuu010.

Oakley BB, Lillehoj HS, Kogut MH, Kim WK, Maurer JJ,
Pedroso A, Lee MD, Collett SR, Johnson TJ, Cox NA. 2014.
The chicken gastrointestinal microbiome. FEMS Microbiol
Lett. 360(2):100-112. doi: 10.1111/1574-6968.12608.

Pascual A, Trocino A, Birolo M, Cardazzo B, Bordignon F,
Ballarin C, Carraro L, Xiccato G. 2020. Dietary supplemen-
tation with sodium butyrate: growth, gut response at dif-
ferent ages, and meat quality of female and male broiler
chickens. Ital J Anim Sci. 19(1):1134-1145. doi: 10.1080/
1828051X.2020.1824590.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P,
Peplies J, Glockner FO. 2013. The SILVA ribosomal RNA
gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41(Database issue):
D590-D596. doi: 10.1093/nar/gks1219.

Ranjitkar S, Lawley B, Tannock G, Engberg RM. 2016. Bacterial
Succession in the Broiler Gastrointestinal Tract. Appl Environ
Microbiol. 82(8):2399-2410. doi: 10.1128/AEM.02549-15.

Rohe |, Gobel TW, Goodarzi Boroojeni F, Zentek J. 2017.
Effect of feeding soybean meal and differently processed
peas on the gut mucosal immune system of broilers.
Poult Sci. 96(7):2064-2073. doi: 10.3382/ps/pew491.

Rueden CT, Schindelin J, Hiner MC, De Zonia BE, Walter AE,
Arena ET, Eliceiri KW. 2017. ImageJ2: imageJ for the next
generation of scientific image data. BMC Bioinf. 18(1):529.
doi: 10.1186/512859-017-1934-z.

Rychlik I. 2020. Composition and function of chicken gut
microbiota. Animals (Basel). 10(1):103. doi: 10.3390/
ani10010103.

Saint-Martin V, Quéré P, Trapp S, Guabiraba R. 2022.
Uncovering the core principles of the gut-lung axis to
enhance innate immunity in the chicken. Front Immunol.
13:956670. doi: 10.3389/fimmu.2022.956670.

SAS Institute. 2013. The SAS/STAT 9.4 user's guide. Cary
(NQ): SAS Inst. Inc.

Sikandar A, Zaneb H, Younus M, Masood A, Aslam A, Khattak
F, Ashraf A, Yousaf MS, Rehman H. 2017b. Effect of
sodium butyrate on performance, immune status,

ITALIAN JOURNAL OF ANIMAL SCIENCE . 135

microarchitecture of small intestinal mucosa and lymph-
oid organs in broiler chickens. Asian-Australas J Anim Sci.
30(5):690-699. doi: 10.5713/ajas.16.0824.

Sikandar A, Zaneb H, Younus M, Masood S, Aslam A, Ashraf
S, Adil M, Rehman H. 2017a. Protective effect of sodium
butyrate on growth performance, immune responses and
gut mucosal morphometry in salmonella-challenged
broiler chickens. Int J Agri Biol. 19:1387-1393. doi: 10.
17957/1JAB/15.0424.

Sklan D. 2001. Development of the digestive tract of poultry. J
World's Poult Sci. 57(4):415-428. doi: 10.1079/WPS20010030.

Smith DJ, Barri A, Herges G, Hahn J, Yersin AG, Jourdan A.
2012. In vitro dissolution and in vivo absorption of cal-
cium [1-14C] butyrate in free or protected forms. J Agric
Food Chem. 60(12):3151-3157. doi: 10.1021/jf3001058.

Stamilla A, Ruiz-Ruiz S, Artacho A, Pons J, Messina A,
Randazzo CL, Caggia C, Lanza M, Moya A. 2021. Analysis
of the microbial intestinal tract in broiler chickens during
the rearing period. Biology (Basel). 10(9):942. doi: 10.3390/
biology10090942.

Sunkara LT, Achanta M, Schreiber NB, Bommineni YR, Dai G,
Jiang W, Lamont S, Lillehoj HS, Beker A, Teeter RG, et al.
2011. Butyrate enhances disease resistance of chickens by
inducing antimicrobial host defense peptide gene expres-
sion. PLoS One. 6(11):27225. doi: 10.1371/journal.pone.
0027225.

Van Immerseel F, de Buck J, De Smet |, Pasmans F,
Haesebrouck F, Ducatelle R. 2004a. Interactions of butyric
acid and acetic acid-treated Salmonella with chicken pri-
mary cecal epithelial cells in vitro. Avian Dis. 48(2):384-
391. doi: 10.1637/7094.

Van Immerseel F, Fievez V, Buck JD, Pasmans F, Martel A,
Haesebrouck F, Ducatelle R. 2004b. Microencapsulated
short-chain fatty acids in feed modify colonization and
invasion early after infection with Salmonella Enteritidis in
young chickens. Poult Sci. 83(1):69-74. doi: 10.1093/ps/83.1.
69.

Van Leeuwen LM, van der Kuip M, Youssef SA, de Bruin A,
Bitter W, van Furth AM, van der Sar AM. 2014. Modeling
tuberculous meningitis in zebrafish using Mycobacterium
marinum. Dis Model Mech. 7(9):1111-1122. doi: 10.1242/
dmm.015453.

Wan F, Deng FL, Chen L, Zhong RQ, Wang MY, Yi B, Liu L,
Zhao HB, Zhang HF. 2022. Long-term chemically pro-
tected sodium butyrate supplementation in broilers as an
antibiotic alternative to dynamically modulate gut micro-
biota. Poult Sci. 101(12):102221. doi: 10.1016/j.psj.2022.
102221.

Wang X, Farnell YZ, Peebles ED, Kiess AS, Wamsley KGS, Zhai
W. 2016. Effects of prebiotics, probiotics, and their com-
bination on growth performance, small intestine morph-
ology, and resident Lactobacillus of male broilers. Poult
Sci. 95(6):1332-1340. doi: 10.3382/ps/pew030.

Wideman N, O'Bryan CA, Crandall PG. 2016. Factors affecting
poultry meat colour and consumer preferences — a review.
World's  Poult. Sci. J. 72(2):353-366. doi: 10.1017/
S0043933916000015.

Wu W, Xiao Z, An W, Dong Y, Zhang B. 2018. Dietary sodium
butyrate improves intestinal development and function by
modulating the microbial community in broilers. PLoS
One. 13(5):e0197762. doi: 10.1371/journal.pone.0197762.


https://doi.org/10.1016/j.psj.2021.101456
https://doi.org/10.3390/biology13050317
https://doi.org/10.3390/ijms221910392
https://doi.org/10.1093/gbe/evv072
https://doi.org/10.1016/j.tim.2016.02.002
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1111/1574-6968.12608
https://doi.org/10.1080/1828051X.2020.1824590
https://doi.org/10.1080/1828051X.2020.1824590
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1128/AEM.02549-15
https://doi.org/10.3382/ps/pew491
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.3390/ani10010103
https://doi.org/10.3390/ani10010103
https://doi.org/10.3389/fimmu.2022.956670
https://doi.org/10.5713/ajas.16.0824
https://doi.org/10.17957/IJAB/15.0424
https://doi.org/10.17957/IJAB/15.0424
https://doi.org/10.1079/WPS20010030
https://doi.org/10.1021/jf3001058
https://doi.org/10.3390/biology10090942
https://doi.org/10.3390/biology10090942
https://doi.org/10.1371/journal.pone.0027225
https://doi.org/10.1371/journal.pone.0027225
https://doi.org/10.1637/7094
https://doi.org/10.1093/ps/83.1.69
https://doi.org/10.1093/ps/83.1.69
https://doi.org/10.1242/dmm.015453
https://doi.org/10.1242/dmm.015453
https://doi.org/10.1016/j.psj.2022.102221
https://doi.org/10.1016/j.psj.2022.102221
https://doi.org/10.3382/ps/pew030
https://doi.org/10.1017/S0043933916000015
https://doi.org/10.1017/S0043933916000015
https://doi.org/10.1371/journal.pone.0197762

136 (&) G.ZARDINONI ET AL.

Xiao Y, Xiang Y, Zhou W, Chen J, Li K, Yang H. 2017.
Microbial community mapping in intestinal tract of broiler
chicken. Poult Sci. 96(5):1387-1393. doi: 10.3382/ps/
pew372.

Yan R, Lu M, Zhang L, Yao J, Li S, Jiang Y. 2022. Effect of sex
on the gut microbiota characteristics of passerine migra-
tory birds. Front Microbiol. 13:917373. doi: 10.3389/fmicb.
2022.917373.

Ye J, Yang H, Hu W, Tang K, Liu A, Bi S. 2023. Changed cae-
cal microbiota involved in growth depression of broiler
chickens induced by immune stress. Poult Sci. 102(5):
102598. doi: 10.1016/j.psj.2023.102598.

Zeng T, Sun H, Huang M, Guo R, Gu T, Cao Y, Li C, Tian Y,
Chen L, Li G, et al. 2023. Dietary supplementation of coated
sodium butyrate improves growth performance of laying
ducks by regulating intestinal health and immunological

performance. Front Immunol. 14:1142915. doi: 10.3389/
fimmu.2023.1142915.

Zhou Q, Lan F, Li X, Yan W, Sun C, Li J, Yang N, Wen C.
2021. The Spatial and Temporal Characterization of Gut
Microbiota in Broilers. Front Vet Sci. 8:712226. doi: 10.
3389/fvets.2021.712226.

Zhou Z, Packialakshmi B, Makkar S, Dridi S, Rath N. 2014.
Effect of butyrate on immune response of a chicken
macrophage cell line. Vet Immunol Immunopathol.
162(1-2):24-32. doi: 10.1016/j.vetimm.2014.09.002.

Zou X, Ji J, Qu H, Wang J, Shu DM, Wang Y, Liu TF, Li Y, Luo
CL. 2019. Effects of sodium butyrate on intestinal health
and gut microbiota composition during intestinal inflam-
mation progression in broilers. Poult Sci. 98(10):4449-
4456. doi: 10.3382/ps/pez279.


https://doi.org/10.3382/ps/pew372
https://doi.org/10.3382/ps/pew372
https://doi.org/10.3389/fmicb.2022.917373
https://doi.org/10.3389/fmicb.2022.917373
https://doi.org/10.1016/j.psj.2023.102598
https://doi.org/10.3389/fimmu.2023.1142915
https://doi.org/10.3389/fimmu.2023.1142915
https://doi.org/10.3389/fvets.2021.712226
https://doi.org/10.3389/fvets.2021.712226
https://doi.org/10.1016/j.vetimm.2014.09.002
https://doi.org/10.3382/ps/pez279

	Gut response to the dietary supplementation with sodium butyrate in broiler chickens: morphology and microbiota composition and predictive functional groups
	Abstract
	Introduction
	Materials and methods
	In vivo trial
	Sampling of jejunum tissues
	Histological and immunohistochemistry analyses
	Sampling of caecal content, DNA extraction and 16S rRNA gene multi-amplicon sequencing
	Statistical and bioinformatics analysis

	Results
	Gut morphology and immuno-histochemical analyses
	Microbiota profile at the caecum

	Discussion
	Conclusions
	Data deposition
	Ethics statement
	Disclosure statement
	Funding
	Orcid
	Data availability statement
	References


