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A B S T R A C T

Diet has been reported to impact the diversity and function of gut microbiota. Our study investigated the effect of 
dietary fat types on cecal microbial composition and predicted function in broiler chickens at days 41 and 55 of 
age. Four dietary fat sources were evaluated and compared to a control dietary fat source of poultry fat. These 
were for two diets rich in omega-3 polyunsaturated fatty acids (PUFA) - fish oil and flaxseed oil, a diet rich in 
long-chain saturated fatty acid (SFA) - lard, and a diet rich in medium-chain saturated fatty acid - coconut oil. At 
day 55, broiler chickens fed a PUFA-rich diet maintained cecal microbial diversity while broiler chickens fed a 
SFA-rich diet exhibited a significant reduction in diversity compared to the control diet-fed chickens. More 
specifically, PUFA intake was associated with elevated levels of microbial carbohydrate metabolizing capability, 
contributing to efficient energy utilization and enhanced short-chain fatty acid production capability. In contrast, 
SFA-rich diets lowered abundances for key microbial families like Lachnospiraceae and Bifidobacteriaceae 
hampering nutrient digestibility and pathogen resistance. The microbiomes for chickens fed lard and coconut oil 
diets showed a significant reduction in SCFA-producing microbial taxa abundance while the microbial functional 
profile indicated reduced carbohydrate metabolism. Our findings underscore the contrasting effects of SFA-rich 
fat and PUFA-rich fat on the cecal microbiota of broiler chickens. The results suggest that incorporating PUFA- 
rich dietary fats into broiler feed may offer potential benefits by modulating the cecal gut microbiota toward 
outcomes associated with elevated carbohydrate utilization without hampering nutrient digestibility and path
ogen resistance.

Introduction

Broiler chickens are among the fastest-growing livestock and serve as 
a major source of affordable animal protein worldwide (Global Chicken 
Market Size by Production, 2024). Dietary fats are a crucial component 
of poultry nutrition, helping to meet the birds’ high energy demands and 
improving meat quality. Commonly used fats in poultry feed include 
animal fats such as lard, tallow, and poultry fat and vegetable oils like 
soybean, maize, and flaxseed oil (Baião and Lara, 2005; Ravindran et al., 
2016). These fats vary in their fatty acid composition and can influence 
the animal’s metabolic, inflammatory, and disease state via gut 
microbiome-mediated mechanisms (Caesar et al., 2015; Schoeler et al., 
2023). The gastrointestinal (GI) tract of chicken harbors trillions of 
bacteria, whose composition changes dynamically with age and envi
ronmental exposure (Apajalahti and Kettunen, 2006; Kubasova et al., 
2019; Mandal et al., 2020; Pan and Yu, 2014). It is well established that a 

balanced growth of beneficial gut microbes promotes pathogen resis
tance, efficient nutrient digestion and absorption, enhanced gut integ
rity, and improved immunity (Kogut, 2019; Carrasco et al., 2019). These 
fats also enhance gut microbial diversity and gut health (Nain et al., 
2012; Schoeler et al., 2023). Different types of saturated fats have 
distinct effects on broiler health. For instance, the inclusion of lard in 
poultry feed has been linked to an enrichment of pathogenic Clostridium 
perfringens in the gut (Knarreborg et al., 2002). However, coconut oil, 
which is rich in medium-chain fatty acids, is considered beneficial due to 
its efficient absorption and oxidation, leading to improved antioxidant 
status, lipid profiles, immune responses, and growth performance in 
broiler chickens (Attia et al., 2020; Ferreira et al., 2014). Additionally, 
the inclusion of coconut oil or other sources of medium-chain fatty acids 
in broiler feed has been shown to improve intestinal villus histology and 
enrich cecal members of the Ruminococcaceae family and Faecalibacte
rium species. Such alterations in gut microbial composition can also 
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affect microbial functions. Saturated fat diets have been found to have 
specific effects on carbohydrate and amino acid metabolism (Wu et al., 
2021). Therefore, maintaining a balanced gut microbiome requires a 
thorough understanding of how different dietary fat sources affect gut 
microbial architecture and host physiology. Most research on dietary 
fats in broiler chickens has primarily focused on improving the nutri
tional quality of edible products and evaluating broiler performance. 
However, it is essential to assess these physiological effects in the 
context of gut microbial composition and functional dynamics, consid
ering their potential health benefits for the host. Therefore, the present 
study simultaneously examined the effects of dietary PUFA-rich flaxseed 
oil and fish oil, and SFA-rich lard and coconut oil on broiler cecal mi
crobial composition using shotgun metagenomic sequencing across day 
41 and day 55 ages of the broilers. Our previous attempt to study the 
effect of PUFA / MUFA (Monounsaturated Fatty Acid)/ SFA rich fat 
sources on broiler cecal microbial composition using 16S rRNA gene 
sequencing reported a favorable microbial shift for PUFA fats (Jadhav 
et al., 2024). The present study further explores this effect and, in 
addition, investigates microbiome function.

Materials and methods

Animals and dietary treatment

Animal care and use procedures were approved by the Institutional 
Animal Care and Use Committee of North Carolina Agricultural and 
Technical State University (IACUC #20-004.0) before the commence
ment of the study. The five different diets analyzed for this study each 
contained their specific dietary fat source at a 3 % level: conventional 
corn-soybean meal (SBM) control diet containing poultry fat (CN), and 
then also corn-SBM basal into which lard (LA), coconut oil (CC), fish oil 
(FI), or flaxseed oil (FL) were added. The manufacture and fatty acid 
composition of each dietary fat source are as described in Jadhav et al. 
(2024). Chicken husbandry and sampling procedures were described in 
detail by Omaliko et al. (2024). In summary, Chicks were given starter 
diets (as crumbled pellets) from one-day-old to 3 weeks (days 1-21, 
Supplementary Table 1) followed by a grower diet until 6 weeks (days 
22-41, Supplementary Table 2) and then a finisher diet fed from 6 weeks 
to 8 weeks (days 42-56, Supplementary Table 3). At days 41 and 55 of 
age, chickens were randomly taken from each treatment group (one bird 
per replicate) and were humanely euthanized using CO2 asphyxiation. 
For day 41 and day 55, the cecal content of five and ten chickens were 
sampled respectively for each diet regarding subsequent shotgun met
agenomic sequencing and analysis (except for the fish diet at day 41, for 
which there were only four samples processed).

DNA extraction and shotgun metagenomic sequencing

For genomic DNA extraction, 200 mg of cecal contents was utilized. 
The frozen cecal content was slowly thawed on ice and DNA extraction 
was carried out using the QIAamp PowerFecal Pro DNA Kit (Qiagen Inc., 
United States), following the manufacturer’s protocol (Emami et al., 
2020; Lu et al., 2020). This protocol includes mechanical (bead beating) 
and enzymatic steps for maximum recovery of microbial genomic DNA. 
The extracted DNA was assessed for quality (A260/A280 and 
A260/A230) and quantity using the DeNovix DS-11 Series instrument 
and QuantiFluor® dsDNA System (Promega) respectively. The extracted 
DNA was stored at − 20◦C until further use. 74 cecal samples were 
sequenced for shotgun sequencing using Illumina NextSeq2000 run in 2 
× 150 bp paired end reads utilizing P3 reagents. Sequencing was done 
by Argonne National Laboratory.

Bioinformatics analysis

The raw sequencing data obtained from the sequencing center 
ranged from 925,688 – 41,959,446 reads per sample. Raw reads were 

initially quality controlled using the FastQC v0.12.1 tool. This was fol
lowed by processing through the KneadData v0.12.0 tool to trim off the 
adapter and low-quality region. KneadData was also used to remove 
reads aligning with the chicken genome (breed: Ross). Read pairs that 
had a length lower than 75 bases were also discarded. For taxonomic 
classification, the processed high-quality paired reads were classified 
using Kraken2 version 2.1.3 (Lu et al., 2022). Kraken2 was run to map 
reads against the pre-build NCBI standard plus RefSeq reference data
base (released Jan. 2024) containing genomes from archaea, bacteria, 
viruses, protozoa, and fungi with a 0.1 confidence threshold. Kraken2 
report files generated for all samples were combined to create a biom file 
using kraken-biom utility. Further microbial analysis was carried out 
using R version 4.4.1 and Phyloseq package version 1.48.0 (McMurdie 
and Holmes, 2013). Taxonomic abundances were normalized to the 
central log ratio were used for statistical analysis that includes the 
non-parametric Kruskal–Wallis test followed by Dunn’s test for multiple 
comparisons. Taxonomic counts having two or more related short reads 
and present in more than 5 % of samples were retained for analysis. For a 
potential functional classification, HUMAnN3 (version 3.9) was used 
(Beghini et al., 2021). The concatenated metagenomic paired-end se
quences were run through the HUMAnN3 pipeline with default param
eters. The full ChocoPhlAn pangenome database (release 2019.01) was 
used for functional pathway abundance and coverage determination, 
whereas the UniRef90 database (release 2021.03) was used for gene 
family abundance determination. Unstratified or community-level 
pathway and gene family data were used for the analysis. The output 
pathway (MetaCyc) and gene family abundance files for each sample 
were joined and then normalized to counts per million (cpm). Finally, 
gene families were regrouped for the study of functional subsystems 
based on community-level GO (Gene Ontology) and normalized to 
counts per million before analysis.

Statistical analysis

For exploratory taxonomic analysis, data were transformed to rela
tive abundance and analyzed using R version 4.4.1 and Phyloseq pack
age version 1.48.0. Venn diagrams were made using VennDiagram 
version 1.7.3 package. Alpha diversity of the samples was calculated for 
Shannon and Simpson diversity indices using the Phyloseq package 
function estimate richness. The significant effect of dietary treatments 
on central log-ratio transformed abundances for each taxa between ≥ 2 
groups were studied using the Kruskal-Wallis rank sum test with Dunn’s 
multiple comparison test. The p values were corrected for multiple 
testing by Benjamini-Hochberg correction to control the false discovery 
rate, considering p adjusted ≤ 0.05 as significant. The OTU level prin
cipal coordinate analysis (PCoA) was performed using Aitchison and 
Bray-Curtis distance measures with the ecodist R package. Beta diversity 
was estimated using the Aitchison distance to analyze compositional 
differences among the treatment groups using non-parametric multi
variate ANOVA based on dissimilarities (adonis2) with 999 permuta
tions package used vegan (version 2.6-4). Pairwise comparison for the 
compositional difference between the groups estimated using pairwise 
Adonis package (version 0.4.1) and pairs with p adj < 0.25 considered 
significant. Taxonomic differential abundance analysis was performed 
using CLR-normalized data using the non-parametric Kruskal-Wallis 
rank sum test followed by the Dunn test with Benjamini-Hochberg 
adjustment. Significance was for p-adjusted < 0.05. Microbiome 
Multivariable Associations with Linear Models (MaAsLin2 version 
1.18.0) analysis method with Benjamin–Hochberg correction method 
(Mallick et al., 2021) was used to study differential abundance for 
pathways and GO terms, while keeping the control group as a reference. 
For MaAsLin2 results, p < 0.05 and q < 0.25 were considered significant.

Results and discussion

Body weight, feed consumption, and feed conversion ratio for all the 
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treatment groups are described in Supplementary Table 4. There was no 
difference in body weight, body weight gain, and feed conversion ratio 
among treatment and control diet fed chickens.

Cecal microbial diversity was predominantly composed of the bac
terial kingdom, accounting for 8040 OTUs (91.9 %). In contrast, other 
microbial groups, including viruses, archaea, and eukaryotes, contrib
uted 310 taxa (3.5 %), 273 taxa (3.1 %), and 127 taxa (1.4 %), 
respectively.

Cecal bacterial community profile

We examined the distribution of different bacterial taxonomic ranks 

between day 41 and day 55 across treatment groups. At both time 
points, the cecal bacterial community was dominated by the phylum 
Bacillota (Firmicutes) and Bacteroidota (Bacteroidetes). These were fol
lowed by the phylum Pseudomonadota (Proteobacteria) (Fig. 1A). Across 
the treatment groups, 630 bacterial families were identified, with the 
Bacteroidaceae family dominating, followed by Lactobacillaceae, Lach
nospiraceae, Oscillospiraceae, and Tannerellaceae (Supplementary Fig. 1A 
and B). Additionally, 1905 unique genera and 5802 unique bacterial 
species were identified across the 74 chicken cecal samples. Relative 
abundance levels for the top genus are shown in Fig. 1B. The highlighted 
set of top genera between day 41 and day 55 chicken cecal microbes 
indicates increased relative abundance for Lactobacillus, Ligilactobacillus, 

Fig. 1. Relative abundance plots displaying cecal microbial profile for day 41 and day 55 old broilers across the treatment groups. (A) Relative abundance plot for 
high abundant phylum; (B) Relative abundance plot for high abundant genus; The left panel profiles Day 41: Fish oil (n = 4), Flaxseed oil (n = 5), Coconut oil (n = 5), 
Lard (n = 5), and Control (n = 5); The right panel profiles Day 55: Fish oil (n = 10), Flaxseed oil (n = 10), Coconut oil (n = 10), Lard (n = 10), and Control (n = 10).

Fig. 2. Venn diagram showing shared and unique OTU taxa across dietary treatment groups. (A) Day 41 with 1482 (58.7 %) shared OTUs across treatment groups 
with the fish oil group having the highest number of unique OTUs; (B) Day 55 with 1861 (73.1 %) shared OTUs across treatment groups having fewer unique 
treatment group OTUs found overall in comparison to Day 41.
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Fig. 3. Day 55 genus-level alpha diversity across treatment diets. Shannon indices were calculated and tested for statistical significance using Kruskal-Walli’s rank 
sum test (p = 0.0055) followed by the Dunn test with Bonferroni adjustment. p adj: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001.

Fig. 4. Principal coordinate analysis using Aitchison distances. Beta diversity is depicted by principal-coordinate analysis (PCoA) at the OTU level. Each dot rep
resents one sample from each treatment group.
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and Streptococcus species on day 55 compared to day 41. We then 
explored the relationship between all OTU taxa and their treatment diet 
specificity using Venn diagram (Fig. 2). 58.7 % of OTUs on day 41 and 
73.1 % of OTUs on day 55 were shared across all treatment groups. 
Additionally, treatment-specific taxa were found to decrease on day 55 
compared to day 41 (Fig. 2). In addition, the OTU level Venn diagram 
comparison between day 41 and day 55 indicates more unique OTUs 
between treatment groups for day 41 compared to day 55, while day 55 
has a high number of shared taxa to be found between treatments.

The age of the chicken is a known factor that influences gut microbial 
composition (Awad et al., 2016; Shang et al., 2018). As a chicken age, 
the gut microbiome undergoes notable shifts to support heightened 
energy metabolism and more efficient nutrient processing (Li et al., 
2022; Lu et al., 2003; Yang et al., 2022) in addition to some stabilization 
of microbial diversity (Lan et al., 2005; Xiao et al., 2021). Our study 
observed a distinct shift in the cecal microbial community structure 
between days 41 and 55, including for increased abundance of the 
Lactobacillaceae family on day 55 indicating some progression towards a 
more stabilized microbial state. This shift in microbial composition is 
attributed to the age as well as the change in dietary regime from the 
grower diet to the finisher diet phase. The finisher diet fed between day 
42 to day 56 has a lower protein content compared to the grower’s diet 
fed between day 21 to day 42. This change in the dietary phase may 
reflect reduced abundance for protein-utilizing microbial species from 
Clostridiaceae and Erysipelotrichaceae family at day 55. However, this 
effect of diet on microbial composition may be subtle compared to age 
due to what was found for dietary fat (i.e., distinct from protein) as 
demonstrated by qualitative and quantitative contrasts specific to di
etary fat types across the ages evaluated.

Alpha diversity analysis

Alpha diversity was calculated using Shannon and Simpson indices 
to evaluate species richness and evenness among the treatment groups 
for samples at days 41 and 55 at the OTU level. Statistical analysis of the 
OTU-level and genus-level for day 41 samples across the treatment 
groups showed no significant difference in diversity (Supplementary 
Fig. 2A and Supplementary Fig. 3). Statistical analysis of the OTU-level 
and genus-level for day 55 samples across the treatment groups did 
however show a significant difference in diversity for genus-level 
(Supplementary Fig. 2B, Fig. 3, and Supplementary Fig. 4). A posthoc 
Dunn test identified a significant decrease in Shannon diversity in co
conut oil and lard-fed chickens in comparison with the control group 
(Fig. 3). Overall, day 55 alpha diversity results indicate a decrease in 
diversity for the SFA-rich fat sources lard and coconut oil. Alpha di
versity measures the diversity of microbes within a single sample. In our 
study on day 55, we observed a reduction in genus-level Shannon and 
Simpson diversity between groups fed diets having lard and coconut oil 
versus groups fed control and flaxseed oil-based diets. Previous research 
has demonstrated similar effects for how diets high in SFA reduce mi
crobial richness and diversity, while PUFA diets tend to maintain or 
increase microbial diversity (Birkeland et al., 2023; Wolters et al., 
2019). A study conducted on mice also found that coconut oil intake 

leads to a reduction in bacterial diversity (López-Salazar et al., 2021).

Beta diversity analysis

Beta diversity analysis studies differences between microbial 
composition between groups were performed using principal coordinate 
analysis (PCoA) based on Bray-Curtis and Aitchison distances. PCoA 
showed distinct clustering of samples for day 41 and day 55 indicating 
the difference in microbial compositions (Fig. 4). There was no clus
tering observed as per dietary treatment at either time point. To further 
investigate the effect of treatment diet on cecal microbial composition, 
we performed OTU-level PERMANOVA analysis across factors of treat
ment, time point (age), and treatment-time interaction (Table 1). There 
was a significant effect of age (day 41 and day 55) on microbial com
positions across the treatment groups (p = 0.001). The interaction of 
dietary treatment and time was also found to be significant (p = 0.015). 
Dietary treatment had a less distinct effect on cecal microbial compo
sitions compared to time points (p = 0.075). PERMANOVA analysis of 
Aitchison distances specific to day 41 across the treatment group was 
insignificant (p = 0.39), while a significant effect of treatment was 
observed for day 55 samples (p = 0.004, R2 = 0.099, F = 1.23).

To further investigate this effect in day 55 samples, a pairwise 
comparison of Aitchison distances between the treatments and control 
group was conducted using pairwise adonis. At day 55, a significant 
cecal microbial compositional difference was observed for five group 

Table 1 
Permutational multivariate analysis of variance (PERMANOVA).

Factors Degree of freedom Aitchison distance

pseudo-F p-valuea

Treatment 4 (CC, CN, FI, FL, LA) 1.13 0.075†

Time 1 (day 41, day 55) 6.58 0.001***
Treatment × Time 4 (CC, CN, FI, FL, LA) 1.19 0.015*

CC: Coconut oil; CN: Control; FI: Fish oil; FL: Flaxseed oil; LA: Lard.
a p value.
*
≤ 0.05 ** ≤ 0.01; ≤ 0.001.

† p ≤ 0.10.

Table 2 
Day 55 significant OTU-level adonis pairwise comparisons of microbial com
positions, calculated on Aitchison distances.

Pairs Df Sums of 
Sqs

F 
model

R2 p- 
value

p adj

1 Fish oil vs Control 1 2975 1.23 0.06 0.021
*

0.21

2 Coconut oil vs 
Control

1 3508 1.41 0.07 0.019
*

0.19

3 Fish oil vs Coconut 
oil

1 3705 1.47 0.07 0.011
*

0.11

4 Flaxseed oil vs 
Coconut oil

1 3490 1.42 0.07 0.024
*

0.24

5. Fish oil vs Lard 1 3341 1.35 0.07 0.012
*

0.12

* < 0.05; ** < 0.01; *** <0.001.

Fig. 5. Propionibacteriaceae abundance in day 41 cecal samples. Abundance was 
tested for statistical significance using the Kruskal-Wallis rank sum test (p =
0.036) followed by the Dunn test with Benjamini-Hochberg adjustment. p adj 
value: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, †p ≤ 0.10.
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pairs that mainly involved chickens fed with fish oil, control, and co
conut oil groups. Table 2 shows all significant day 55 pairs. As indicated 
in Table 2, day 55 fish oil and coconut oil-fed chickens have significant 
microbial compositional differences compared to the control-fed group. 
The other significantly varying pairs involve fish and flaxseed oil-fed 
chickens (PUFA-rich diets) in comparison to SFA-rich fat-fed groups, 
coconut oil, and lard.

Differentiating taxa results for day 41
We studied microbial community shift across higher to lower taxo

nomic levels at both ages. We did not find phylum-level microbial 
abundance differences to be significant for chickens fed with the treat
ment diets at day 41. For family-level microbial taxa difference, at day 
41, chickens fed with flaxseed oil showed significant enrichment in 
Propionibacteriaceae family abundance compared to the control-fed 
group (Fig. 5). OTU level taxonomic analysis for day 41 chickens iden
tified differentially abundant taxa between treatment-fed and control 
groups. Fig. 6 indicates all significant taxa abundances across the 
treatment groups. Bacterial taxa like Blautia producta, Heyndrickxias 
coagulans (formerly Bacillus coagulans), and unknown species from 
Caproicibacterium were found to enrich flaxseed-fed chickens while 
Lactobacillus helveticus, Enterococcus uncultured sp., enriched in fish oil 
fed chickens compared to the control group (p adj < 0.05; Supplemen
tary Fig. 5A and B). Lactobacillus helveticus, Caproiciproducens unknown 
sp. enriched in the coconut-fed chickens, and Heyndrickxias coagulans 
enriched in lard-fed chickens compared to the control group (p adj <
0.05).

Day 41 chickens supplemented with PUFA-rich flaxseed oil enriched 
for some gut health- promoting microbes. This included increased 
abundance for the Propionibacteriaceae family capable of producing 
SCFA (Short Chain Fatty Acid)-propionic acid, which contributes to in
testinal mucosa development, anti-inflammatory effect, immunomodu
lation, and pathogen resistance (Martínez et al., 2016; Lin et al., 2012; L 
Liu et al., 2021a). SCFA-propionic acid also stimulates the growth of 
beneficial gut bacteria like Bifidobacteria species (Begunova et al., 2019). 

Flaxseed supplementation was also found to promote Blautia producta, 
an SCFA-producer (Lachnospiraceae family), and Heyndrickxias coagulans 
(Bacillaceae family). Both species are known for their probiotic, 
anti-inflammatory, and anti-bacterial properties (Zhang et al., 2021). 
SCFA is a microbial metabolite essential to maintain gut barrier integ
rity, immune response, pathogen-resistant and overall physiology of 
chickens (Jadhav et al., 2022). B. producta has been specifically found to 
restrict the growth of C. perfringens and vancomycin-resistant Enterococci 
in the gut, thus preventing the spread of antibiotic-resistant microbes 
(Liu et al., 2021b). These findings are supported by Gao et al. (2020), 
reporting an increased abundance of B. producta in high-fat diet mice 
models supplemented with α-linolenic Acid. In the case of coconut oil 
and lard-fed chickens, when each compared to the control group, 
increased abundances for probiotic microbial taxa were found for 
Lactobacillus helveticus and Heyndrickxias coagulans respectively. How
ever, there was no adverse effect in terms of elevated pathogenic taxa or 
depletion of beneficial taxa found for lard and coconut oil-fed groups on 
cecal microbiota observed in comparison to the control group for day 41 
chickens.

Differentiating taxa results for day 55
Differentiating taxa for day 55 at the phylum, family, and OTU levels 

gave the following results. There was no change observed in the phylum- 
level microbial relative abundances in chickens fed with dietary treat
ment and control group. However, at the bacterial family level (Fig. 7), 
the abundance of the Oscillospiraceae family (formally known as Rumi
nococcaceae, and which is associated with fiber degradation and SCFA 
production) increased in birds fed with fish oil in comparison to the 
control and other treatment groups (Fig. 7A). Other bacterial families 
like Coprobacillaceae (p adj = 0.054), Eubacteriaceae (p adj = 0.081), 
Proteinivoraceae (formerly Anaerobrancaceae) (p adj = 0.004) abundance 
also increased in fish oil-fed chickens compared to the control group. On 
the other hand, relative abundances for Lachnospiraceae and Bifido
bacteriaceae families decreased in the lard-fed birds compared to the 
control group. While the cecal bacterial abundance of the 

Fig. 6. Heatmap indicating abundances for the taxa differing significantly between the treatment groups and control group for day 41 chickens.
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Peptostreptococcaceae family were increased in the lard (p adj = 0.020) 
and coconut oil-fed (p adj = 0.031) groups compared to the control 
group. The Turicibacteraceae family was also observed to decrease in all 
treatment groups except fish oil-fed chickens compared to the control 
group.

OTU-level microbial changes in abundance were examined as an 
effect of dietary treatment. Fig. 8 displays the abundances of the bac
terial taxa that varied differently between the treatment and control 
group chickens. Most of these taxa belong to the Bacillota phylum. Fig. 9
further indicates a comparison between significant cecal bacterial taxa 
abundances between the treatment-fed chickens and the control group. 
On day 55, chickens fed with PUFA-rich fat fish oil showed cecal 
enrichment for several Bacteroides species and Faecalibacterium sp. 
compared to control chickens while supplementing SFA-rich fat coconut 
oil showed a decrease in abundance level for several cecal microbial taxa 
belonging to the family Oscillospiraceae, Faecalibacterium duncaniae, 
Acutalibacter muris, and Caproicibacterium species compared to the con
trol group. Coconut oil supplementation enriched for some species from 
the Bacteroides genus including bile-tolerant Bacteroides thetaiotaomicron 
and two species from the Lactobacillus genus (sp. sakei and sp. ESL0680).

Our study demonstrates that on day 55, the microbial composition of 
the fish oil and coconut oil-fed chickens significantly differed from the 

control group as indicated by PERMANOVA analysis. The differences in 
microbial composition likely arose from the distinct fatty acid profiles of 
the dietary fat. The fish oil diet is rich in PUFAs, particularly omega-3 
docosahexaenoic acid (DHA), while the coconut oil diet is high in 
SFAs, mainly medium-chain fatty acids like lauric acid. The control 
group’s fat source (poultry fat) contains a combination of saturated and 
unsaturated fatty acids. At day 55, fish oil supplementation to chickens 
encouraged cecal microbial members from the Oscillosparaceae family 
compared to the control group (p adj = 0.07). The Oscillosparaceae 
family (Ruminococcaceae) is known for SCFA production through com
plex carbohydrate fermentation. This bacterial family has an important 
role in resistant starch degradation and thus contributes to nutrient 
digestion (Pal et al., 2021). Other less abundant and lesser-known mi
crobial families, like Coprobacillaceae, Eubacteriaceae, and Proteinivor
aceae were found to be enriched in the fish oil-supplemented chickens 
compared to the control, generally adding to the level of cecal microbial 
diversity.

In addition, fish oil-supplemented chickens showed increased 
abundances in eight Bacteroides species – B. faecium, B. luhongzhouii, B. 
finegoldii, B. zhangwenhongii, B. M10, B. D2, B. unknown, and Phocaiecola 
(Bacteroides) vulgatus. Bacteroides are well-known for fiber degradation, 
producing SCFAs primarily acetate as a catabolic byproduct 

Fig. 7. Box plot of CLR abundance distribution of selected taxa at family level on day 55 of treatment A) Oscillospiraceae B) Lachnospiraceae C) Bifidobacteriaceae D) 
Turicibacteraceae. Significance values were calculated by the Kruskal-Wallis test for treatment groups, followed by Dunn’s multiple comparisons and adjusted for false 
discovery rate using the Benjamini-Hochberg correction. p adj: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, †p ≤ 0.10.
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(Rios-Covian et al., 2017). SCFAs production and Bacteroides species 
capability to transform primary bile acids to secondary bile acids have a 
critical role in inhibiting pro-inflammatory cytokines, promoting gut 
health by resisting pathogen colonization and maintaining gut integrity 
(Shin et al., 2024; Zafar and Saier, 2021). Moreover, acetate produced as 
the microbial catabolic end product is cross-fed to other 
butyrate-producing gut microbial species (den Besten et al., 2013; Rio
s-Covian et al., 2017). These cross-fed bacterial species include members 
of the Oscillosparaceae family and Faecalibacterium species observed to 
be enriched in the fish oil-fed group. The microbial metabolite butyrate 
is known to be an energy source for the enterocytes, playing an impor
tant role in maintaining membrane integrity and developing host im
munity (Tian et al., 2020). Faecalibacterium species have been found to 
exhibit anti-inflammatory effects through the production of extracel
lular vesicles (EVs) and microbial anti-inflammatory molecules (MAM) 
contributing to gut health (Martín et al., 2023). Additionally, enrich
ment of these probiotic bacterial taxa in the fish oil-fed group is pro
posed to be because of increased intestinal alkaline phosphatase (IAP) 
levels. This increase is likely driven by resolvin E1, a bioactive derivative 
of omega-3 fatty acids, which has been shown to stimulate IAP pro
duction in intestinal epithelial cells. IAP plays a crucial role in detoxi
fying bacterial endotoxins, thereby reducing gut inflammation and 
promoting a more favorable environment for the colonization and 
growth of probiotic microbes. (Arita et al., 2005; Campbell et al., 2010). 
The enrichment of these probiotic taxa may therefore indicate improved 
metabolic functions, SCFA production capability, and anti-inflammatory 
benefits in the fish oil-fed chickens compared to the control group. These 
changes were not observed for flaxseed-based diets, although a signifi
cant reduction was identified for two Turicibacter species (Supplemen
tary Fig. 6).

In the case of SFA-rich coconut oil feeding to chickens increased the 

abundance of Bacteroides, Parabacteroids, and Lactobacillus species than 
the control group. In the enriched Bacteroides species, some are the same 
species as enriched in the fish oil-fed group. In addition, there is an 
increased abundance of Bacteroides thetaiotaomicron. This Bacteroides 
species utilizes glycans in the gut mucus layer and thus also can influ
ence the host immune system. However, B. thetaiotaomicron is also 
known to thrive in bile-rich environments (Zocco et al., 2007). An 
increased abundance of B. thetaiotaomicron might indicate towards 
altered gut bile composition in the coconut-fed chickens. Other Bacter
oides species increase in abundance in the coconut oil group indicates 
towards protective effect of the lauric acid. These results are backed up 
by other studies where the supplementation of coconut oil has increased 
abundance for Bacteroides and Lactobacillus species (Wu et al., 2021; 
Patrone et al., 2018).

Feeding coconut oil or lard to the chickens were found to lower the 
abundance of gut health-promoting bacterial species compared to the 
control group. Some of the common species that were reduced in both 
coconut oil and lard-fed chickens include Faecalibacterium duncaniae 
(also known as F. prausnitzii, primary SCFA, and lactic acid producer), 
Roseburia intestinalis (SCFA producer, primary xylan degrader, having 
anti-inflammatory properties), five species from Romboutsia (positively 
associated with chicken immunity) (Ali et al., 2022). Apart from these 
common taxa, there are SCFA producers that were found to be reduced 
in the coconut oil-fed group compared to the control including Butyr
ivibrio proteoclasticus and Pseudobutyrivibrio xylanivorans. Both species 
degrade the complex carbohydrate xylan that is common in the 
plant-based feed ingredients in poultry diets (Ali et al., 2022). Lard-fed 
chickens had lower abundance levels for Faecalibacterium sp., Anaero
butyricum hallii, Blautia hydrogenotrophica, Bifidobacterium catenulatum, 
Romboutsia ilealis, and Latilactobacillus species than the control group. 
Most of these are SCFA producers, while B. catenulatum is known for 

Fig. 8. Heatmap indicating abundances of the taxa differing significantly between the treatment groups and control group day 55 chickens. Significance values were 
calculated by the Kruskal-Wallis test for treatment groups, followed by Dunn’s multiple comparisons and adjusted for false discovery rate using the Benjamini- 
Hochberg correction.
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Fig. 9. Box plot of CLR abundance distribution of selected taxa at species level on day 55 of treatment. (A) Bacterial species depleted in the coconut fed chickens as 
compared to the control group; (B) Bacterial species enriched in the coconut fed chickens as compared to the control group; (C) Bacterial species depleted in the lard 
fed chickens (except Prevotella fusca) as compared to the control group; (D) Bacterial species enriched in the fish oil fed chickens (except Latilactobacillus sp.) as 
compared to the control group. Significance values were calculated by the Kruskal-Wallis test for treatment groups, followed by Dunn’s multiple comparisons and 
adjusted for false discovery rate using the Benjamini-Hochberg correction. p adj: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, †p ≤ 0.10.
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improving gut barrier function and Romboutsia ilealis is known for its 
immunomodulatory effect (Song et al., 2024). Similar to our results, a 
reduction in Faecalibacterium species abundance is observed in Lützhøft 
et al. (2024) high fat mice model study. Moreover, both coconut oil and 
lard-fed chickens showed a reduced abundance for the Turicibacteraceae 
family compared to the control group. Turicibacteraceae species play a 
role in gut health by modulating the immune system and contributing to 
SCFA production, which supports gut barrier function (Bello et al., 2024; 
Liu et al., 2022; Maki and Looft, 2022).

This reduction in the key health-promoting bacteria in coconut oil 
and lard-fed chickens may be due to the antimicrobial effect of the bile 
in the gut. A diet high in saturated fat stimulates the discharge of bile 
acids in the colon while reducing its reabsorption compared to a low-fat 
diet (Ye et al., 2022; Murakami et al., 2016). Bile components are known 
to have bactericidal properties and are enhanced by a higher proportion 

of unconjugated bile acids. The gut microbes play an important role in 
this bile acid transformation. A balanced gut bile composition is crucial 
for maintaining gut microbial homeostasis as well. Intestinal bile affects 
bacterial metabolism including membrane damage, disrupting amino 
acids, nucleotide, and carbohydrate metabolism making it bactericidal 
(Devkota and Chang, 2015; Yokota et al., 2012). Thus, high bile levels in 
the gut expose both the pathogenic and commensal microbes to harsh 
conditions exerting a selective pressure (Sistrunk et al., 2016). Bile 
acids, notably cholic acids and deoxycholic acids, observed to restrict 
the growth of gram-positive anaerobic gut microbes compared to aero
bic gram-negative including members of the Clostridia class, Rumino
coccaeae (Oscillospiraceae) family, and Bifidobacterium species (Folch 
et al., 1971; Tian et al., 2020; Kurdi et al., 2006). Reduced abundance of 
key species in the gut for the lard and coconut-fed group along with 
enrichment of bile tolerant Bacteroides species in the coconut-fed group 

Fig. 10. Significant differentially abundant pathways at day 55 across the treatment groups compared to the control-fed chickens. Pathways were identified using 
MaAsLin 2 model with p < 0.05, q < 0.25. The +, - signs indicate positive and negative correlations respectively in comparison to the control group.
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compared to the control are consistent with the above explanation.

Microbial functional analysis

Regarding microbial functional analysis, we found that 95.7 % of 
filtered reads did not map to the MetaCyc pathway database. A total of 
449 pathways were identified across all day 41 and day 55 samples. 
Further analysis of normalized pathway abundances on day 41 across 
treatments using MaAsLin2 revealed no significant differences. How
ever, on day 55, MaAsLin2 identified 26 pathways that were signifi
cantly differentially abundant across treatment groups compared to the 
control (p < 0.01, q < 0.25).

Most of these pathways belonging to the coconut oil and lard-fed 
chickens showed altered association with the control group. Nine 

pathways related to the menaquinol biosynthesis (PWY-5837, PWY- 
5838, PWY-5840, PWY-5845, PWY-5861, PWY-5862, PWY-5897, 
PWY-5898, PWY-5899) were found to be enriched in the lard fed group 
compared to control fed chickens (Fig. 10). Although, glycolysis (PWY- 
1042) and glycogen synthesis pathways were less represented in the 
lard-fed group compared to the control group. In the case of coconut oil- 
fed chickens, there was less representation of gut microbial pathways 
participating in carbohydrate metabolisms such as the pentose phos
phate pathway (non-oxidative branch I&II) (NONOXIPENT.PWY; 
PWY.8178) and the lactose and galactose degradation I (LACTOSECAT. 
PWY) pathway. In the case of nucleotide metabolism, there was less 
representation of the adenine and adenosine salvage III (PWY.6609), 
purine ribonucleosides degradation (PWY0.1296), and amino acid 
metabolism-related pathways like l-arginine biosynthesis I&II. The co
conut oil-fed chicken cecal microbes were found to enrich the guanosine 
nucleotides degradation II (PWY.6606) pathway, the superpathway of 
phospholipid biosynthesis I (bacteria) (PHOSLIPSYN.PWY), and the 
flavin biosynthesis I (bacteria and plants) (RIBOSYN2.PWY) pathway 
when compared to the control-fed chickens.

Mapping of normalized gene family count against gene ontology 
terms identified a total of 5236 GO terms for day 41 and day 55 samples. 
GO term abundances for day 41 and day 55 were analyzed for differ
ential abundance using MaAsLin2. For day 41, twelve GO terms showed 
significant differential abundance between the treatment group and the 
control-fed chickens. Table 3 details all significant GO terms for day 41 
chickens except one with a missing GO description. In the case of day 55 
chickens, 386 GO terms were identified as significantly differing across 
the treatment diet-fed chickens compared to the control group (p < 0.01, 
q < 0.25) (Fig. 12). In significant GO terms compared to the control 
chicken, the coconut oil-fed chicken cecal microbes exhibited the most 
substantial changes, followed by the lard group (Fig. 11). When 
compared with the control chickens, the functional profile of PUFA-rich 
fish and flaxseed oil-fed chicken cecal microbiomes showed fewer 
changes (i.e., fewer GO terms) compared to the SFA-rich dietary treat
ments, coconut oil, and lard. Fig. 12 displays how GO term enrichment 
for cecal microbiomes at day 55 varies for the treatment diet-fed groups 
for each in comparison to the control group. Among these GO terms, 
long-chain fatty acid acyl carriers protein ligase activity, acetyl-CoA: 
oxalate CoA-transferase, and 2-ketobutyrate formate-lyase activity 
were found to be enriched in the flaxseed oil-fed chicken cecal micro
biomes while cellulose catabolic function was found to be enriched for 

Table 3 
Day 41: significant differentially abundant GO term identified in treatment diet 
fed chickens using MaAsLin2 compared to the control group.

GO Term Group 
Differential

p val q 
vala

coefb

Succinate dehydrogenase 
activity

Enriched in 
Fish

8.22 ×
10-6

0.07 59.31

Phosphorelay response regulator 
activity

Enriched in 
Fish

2.01 ×
10-5

0.07 96.33

UDP-N-acetylglucosamine 
diphosphorylase activity

Enriched in 
Fish

1.25 ×
10-5

0.07 42.07

3-oxoacyl-[acyl carrier protein] 
reductase NADPH activity

Enriched in 
Fish

2.35 ×
10-5

0.07 95.99

2-hydroxy-3-oxopropionate 
reductase activity

Enriched in 
Fish

9.62 ×
10-6

0.07 85.91

Transferase activity transferring 
phosphorus containing groups

Enriched in 
Fish

1.77 ×
10-5

0.07 88.76

L-threonine catabolic process to 
propionate

Enriched in 
Fish

3.65 ×
10-5

0.09 27.53

Hydroxylamine reductase 
activity

Depleted in 
Fish

0.000102 0.20 − 37.08

Diaminopimelate dehydrogenase 
activity

Depleted in 
Fish

0.000125 0.22 − 57.18

Peptide transport Enriched in 
Fish

0.000147 0.23 284.22

3-deoxy-7-phosphoheptulonate 
synthase activity

Enriched in 
Fish

0.000168 0.24 131.20

a q: adjusted for multiple testing. Benjamin-Hochberg false discovery rate.
b Coef: Coefficient indicating the effect size.

Fig. 11. The Venn diagram shows shared and unique significantly abundant day 55 chicken cecal microbial GO terms across dietary treatment groups compared to 
control group chickens.
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the cecal microbiomes of fish oil-fed chickens. The lipid metabolic 
process was found to be abundant within the microbiomes of coconut 
oil-fed chickens. The cecal microbiomes of lard-fed chickens showed an 
increased abundance for lactate fermentation to propionate and acetate 
GO terms compared to the control group.

For day 55, we found more dynamic cecal microbial functional 
changes in the lard and coconut oil-fed chickens compared to the control 
group. For the coconut oil-fed chicken cecal microbes, we observed a 
mixed/complex functional profile compared to the control. It suppresses 
many microbial biosynthetic pathways involved in carbohydrate and 
nucleotide synthesis but enriches (GO terms) the lipid metabolic pro
cess. This suggests a microbial functional shift towards lipid utilization 
while limiting other metabolic activities. This microbial functional 
profile in coconut oil-fed chickens supports the earlier reduction in the 
abundance of gut health-promoting SCFA-producing gut microbes 
compared to the control group. At day 55, the functional profile of lard- 

fed chicken cecal microbiomes exhibited lower representation for the 
central metabolic pathway glycolysis as well as reduced glycogen 
biosynthesis when compared to the control group, indicating hampered 
carbohydrate metabolism. The lard group cecal microbiome was 
enriched for menaquinol (vitamin K2) biosynthesis pathways as well as 
taxa capable of synthesizing menaquinol like Corynebacterium variabile 
and Rothia sp. SD9660Na. Menaquinol-related microbiome metabolism 
has been previously observed in high-fat diet mice model supplemented 
with probiotics (Vu et al., 2022). This latter finding specific to lard in 
chickens is novel and would benefit from further investigation. The 
lard-fed chickens were further observed to enhance the gut bacterial 
ability to ferment lactate to propionate and acetate, although we did not 
find microbial taxa enrichment linking to this function. We observed 
significant microbial functional changes in the flaxseed oil-fed group 
compared to the control chickens, particularly in the promotion of mi
crobial pathways related to fatty acid metabolism and energy 

Fig. 12. Significant differentially abundant Day 55 chicken cecal microbial GO terms across the treatment fed groups compared to control fed chickens. GO terms 
were identified using the MaAsLin 2 model compared to control chickens with p < 0.05, q < 0.25. The +, - signs indicate positive and negative correlations 
respectively in comparison to the control group.

V.V. Jadhav et al.                                                                                                                                                                                                                              Poultry Science 104 (2025) 105167 

12 



production. Additionally, we found that the microbiomes of fish oil-fed 
chickens had elevated cellulose catabolic processes compared to the 
control group. This microbial function in fish oil-fed chickens relates to 
the increased cecal abundance of Bacteroides species known to utilize 
cellulose (Forsberg et al., 1981).

Overall, the functional shifts in gut microbiota were found to be 
highly diet-specific, with microbiomes for fish oil-fed chicken gut 
enriched for carbohydrate metabolism, cecal microbiomes for coconut 
oil-fed group having reduced carbohydrate and biosynthetic activities, 
and the cecal microbiomes for lard-fed chickens having reduced car
bohydrate metabolism while supporting menaquinol (vitamin K2) 
biosynthesis.

Conclusion

The study highlights how different dietary fat sources induce sig
nificant alterations in the chicken cecal microbiome abundances by day 
55, with PUFA-rich diets (fish and flaxseed oil) promoting a more 
favorable gut microbial profile compared to SFA-rich diets (lard and 
coconut oil). Additionally, the fish and flaxseed oil fed chickens main
tained gut microbial diversity while SFA rich fat fed chickens showed 
reduced diversity compared to the control. PUFA-rich diet, mainly fish 
oil supplementation of chicken, demonstrated beneficial effects on cecal 
microbes by enriching SCFA-producing, probiotic, anti-inflammatory 
taxa which is linked to improved gut health and metabolic function. 
By contrast, the microbiomes of SFA-rich lard and coconut oil-fed 
chickens exhibited depletion of key microbial families, and species 
and reduced microbial diversity, which may compromise gut function 
by impairing immune system management, nutrient degradation, and 
defense mechanisms against pathogens.
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