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RESEARCH ARTICLE                                         
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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 16S 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
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
� Na-butyrate supplementation did not affect gut morphology at different ages.
� Dietary treatments affected the abundance of certain bacteria genera.
� Gut microbiota diversity changed with sex.
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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 (1 day 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) � two levels of fat (18 
pens and 450 birds per level of fat) � 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 40 days 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 (B0); the 
control diet supplemented with 150 mg/kg (diet B150) 
or 300 mg/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 ± 34 g, 1,448 ± 116 g, and 2,732 ± 25 g 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 CO2 asphyxiation. One 
sample of jejunum (length, approx. 2 cm) 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. 1 cm) 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-lm sections per jejunum sample were 
obtained using a microtome and stained with hema
toxylin/eosin for morphometric evaluation. Moreover, 
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two further serial sections were used for CD45þ
immunohistochemical analyses.

The villi length and crypts depth were collected by 
a slide scanner Aperio LV1 (Leica Biosystems Italia, 
Buccinasco, Italy) and measured using image analysis 
software Aperio ImageScope (Leica Biosystems Italia), 
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 lm of the villus surface.

Immunohistochemical analyses to identify CD45þ
intraepithelial leukocytes in jejunal mucosa were per
formed following the procedure described by R€ohe 
et al. (2017). Intraepithelial leukocytes were counted in 
the epithelium using a reference rectangle with the 
short side at 100 lm and expressed as the density of 
CD45þ cells (cells/10,000 lm2).

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, V9) 
involved the use of the 16S Ion Metagenomics and 
Ion 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 Ion 520TM & Ion 530 TM Kit – OT2 
400 bp (Thermo Fisher Scientific). The sample pool was 
loaded on the Ion 520 chip (Thermo Fisher Scientific) 
and the sequencing run was performed with Ion

TM 

GeneStudio S5 System (Thermo Fisher Scientific).

Statistical and bioinformatics analysis

Individual data related to jejunum morphology and 
CD45þ 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 

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 
‘qiime 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 (Aßhauer 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: PRJEB76833.

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 CD45þ cells 
(Table 1).

As age of chickens increased from 14 d to 28 d to 
40 d, density of CD45þ cells did not change, whereas 
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villi height (643 mm vs. 959 mm and 914 mm, respect
ively; p < .001) and crypts depth (170 mm vs. 199 mm 
vs. 234 mm, 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 
300 mg/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 150 mg/kg butyrate 
supplementation, as well as a lower abundance of Ta
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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.

Figure 1. Bar plots reported the relative abundances of the 10 most abundant taxa in the experimental groups. B0: 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’.
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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 villi 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; 600 mg/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; 
300 mg/kg in Isroli 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 300 mg/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; 
250 mg/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 
CD45þ. 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 (30 mM) on CD4þCD8 − CD25þ and 
CD4þCD8þCD25þ 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-10þ
FOXP3þ regulatory T cells (Liu et al. 2018). FFAR2 can 

Figure 2. NMDS plot (Bray-Curtis distances) of beta diversity 
between butyrate dietary supplementation (a), fat content (B) 
and bird sex (C). B0: control diet. B150: control diet supple
mented with 150 mg/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.
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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 FOXP3þ 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 a and FFAR3 are 
absent from the chicken genome, leaving the func
tions of SCFA receptors in chicken immune cells 
largely unexplored (Lagerstr€om 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 100 kcal 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 2,850 kcal 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 

Figure 3. Shannon and Simpson indices for alpha diversity between butyrate dietary supplementation (A), fat content (B) and 
bird sex (C). B0: 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.
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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 

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

Butyrate effectMales
B0-H vs. B150-H k__Bacteriajp__Firmicutesjc__Desulfotomaculiajo__Desulfotomaculalesjf__ 

Desulfotomaculalesjg__Desulfotomaculum
−33.0 < 0.01

B0-H vs. B300-H k__Bacteriajp__Firmicutesjc__Clostridiajo__Lachnospiralesjf__ 
Lachnospiraceaejg__Coprococcus

7.68 < 0.01

k__Bacteriajp__Firmicutesjc__Clostridiajo__Lachnospiralesjf__ 
Lachnospiraceaejg__Hungatella

28.5 < 0.01

Butyrate 3 Fat effect
B0-H vs. B150-L k__Bacteriajp__Firmicutesjc__Desulfotomaculiajo__Desulfotomaculalesjf__ 

Desulfotomaculalesjg__Desulfotomaculum
−36.9 < 0.01

B0-H vs. B300-L k__Bacteriajp__Firmicutesjc__Desulfotomaculiajo__Desulfotomaculalesjf__ 
Desulfotomaculalesjg__Desulfotomaculum

−33.5 < 0.01

k__Bacteriajp__Firmicutesjc__Clostridiajo__Lachnospiralesjf__ 
Lachnospiraceaejg__Hungatella

30.5 < 0.01

B0: 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
B0-H vs. B150-H k__Bacteriajp__Firmicutesjc__Bacillijo__Erysipelotrichalesjf__ 

Erysipelatoclostridiaceaejg__Erysipelotrichaceae_UCG-002
18.7 < 0.01

B0-H vs. B300-H NS

Butyrate x Fat effect
B0-H vs. B150-L k__Bacteriajp__Firmicutesjc__Clostridiajo__Lachnospiralesjf__ 

Lachnospiraceaejg__ASF356
28.4 < 0.01

B0-H vs. B300-L NS NS NS

B0: 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.
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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. 
1000 mg/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 300 mg/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; 

Figure 4. Stacked chart of prediction of 10 most abundant microbiota functions by Tax4Fun platform at level_2. B0: 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.
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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 300 mg/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.
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