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Abstract 
This research investigates the effects of phytogenic feed additives (PFAs) on the growth performance, gut microbial commu-
nity, and microbial metabolic functions in weaned piglets via a combined 16S rRNA gene amplicon and shotgun metagenom-
ics approach. A controlled trial was conducted using 200 pigs to highlight the significant influence of PFAs on gut microbiota 
dynamics. Notably, the treatment group revealed an increased gut microbiota diversity, as measured with the Shannon and 
Simpson indices. The increase in diversity is accompanied by an increase in beneficial bacterial taxa, such as Roseburia, 
Faecalibacterium, and Prevotella, and a decline in potential pathogens like Clostridium sensu stricto 1 and Campylobacter. 
Shotgun sequencing at the species level confirmed these findings. This modification in microbial profile was coupled with 
an altered profile of microbial metabolic pathways, suggesting a reconfiguration of microbial function under PFA influ-
ence. Significant shifts in overall microbial community structure by week 8 demonstrate PFA treatment’s temporal impact. 
Histomorphological examination unveiled improved gut structure in PFA-treated piglets. The results of this study indicate 
that the use of PFAs as dietary supplements can be an effective strategy, augmenting gut microbiota diversity, reshaping 
microbial function, enhancing gut structure, and optimising intestinal health of weaned piglets providing valuable implica-
tions for swine production.

Key points
• PFAs significantly diversify the gut microbiota in weaned piglets, aiding balance.
• Changes in gut structure due to PFAs indicate improved resistance to weaning stress.
• PFAs show potential to ease weaning stress, offering a substitute for antibiotics in piglet diets.

Keywords Phytogenic feed additives · Gut microbiota · Intestinal morphology · Metagenomics · Metabolic pathways · 
Antibiotic alternatives

Introduction

The weaning period is recognised as a critical phase in pig 
management, characterised by a multitude of stressors, 
including environmental, social, and dietary changes that 
can negatively impact piglets’ health and growth and can 
cause reduced feed intake, weight loss, and an increased 
risk of diarrhoea and mortality (Heo et al. 2013; Lallès 
et al. 2004). These changes also significantly affect the pig-
let’s gastrointestinal tract (GIT), particularly the intestines, 
affecting nutrient digestion and absorption (Pluske et al. 
1997). Alterations in the GIT structure and function are 
commonly observed after weaning. These include changes 
in villus height, crypt depth, and intestinal permeability, 
impairing nutrient utilisation and promoting inflammation 
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(Spreeuwenberg et al. 2001). The gut microbiota, compris-
ing diverse microorganisms, also undergo disturbances 
during weaning, potentially contributing to gastrointestinal 
issues and pathogenic infections (Gresse et al. 2017).

In pigs, the hindgut is the primary site for microbial fer-
mentation, exhibiting higher microbial diversity than the 
less diverse small intestine (Kelly et al. 2017). The small 
intestine, responsible for nutrient absorption, is susceptible 
to dietary influences and is frequently exposed to various 
antigens and microbial components from the feed. The small 
intestinal mucosa encounters various exogenous antigens 
and microbial components from feed ingredients, and altera-
tion in the mucosa-associated microbiota can significantly 
impact host growth and development (Niu et al. 2015).

During the weaning transition, there is a noticeable 
shift in the dominant microbial genus from Bacteroides to 
Prevotella and a reduction in Lactobacilli (Alain et al. 2014; 
Konstantinov et al. 2006). To mitigate weaning-associated 
intestinal dysfunction and impaired growth, effective dietary 
strategies such as using feed additives are being explored.

Phytogenic feed additives (PFAs) have gained tremendous 
attention because of their diverse biological functions, such 
as improving feed palatability, stimulating digestive enzyme 
secretion, modulating the gut microbiota, and possessing 
antioxidant, anti-inflammatory, and antimicrobial properties 
(Blavi et al. 2016; Windisch et al. 2008). Previous studies 
have demonstrated the positive effects of PFA in sow diets 
during late gestation and lactation, resulting in higher feed 
intake and growth rate in the post-weaning piglets (Blavi 
et al. 2016). The study by Li et al. (2012) evaluating the 
effects of essential oils containing thymol and cinnamal-
dehyde, supplemented in nursery pig feeds, demonstrated 
enhanced growth performance during the post-weaning 
period, comparable to antibiotic supplementation. The 
essential oil supplementation also improved dry matter and 
crude protein digestibility.

Apart from these factors addressed previously, sex of the 
animal has been recognised as a significant element influenc-
ing the changes in gut microbiota composition (Valeri and 
Endres 2021). Recent research investigating the sex-specific 
association between the gut microbiome and diet-induced 
metabolic disorders in mice revealed that sex exerted a 
greater impact on the composition of gut microbiota than 
environmental factors (Peng et al. 2020). Moreover, sex-
specific differences in the immune system, independent of 
microbiota, contribute to the establishment of a sex-specific 
gut microbiota composition, further emphasising the role 
of sex in shaping the gut microbiota (Fransen et al. 2017).

There is a notable research gap regarding the use of 
PFAs to address post-weaning challenges in pig production, 
including diarrhoea, mortality, weight loss, and gut micro-
biota disturbances. Understanding the impact of dietary 
intervention, particularly PFAs, on post-weaning gut health 

and growth performance is crucial for developing effective 
strategies. Here, we present the effects of a PFA on the intes-
tinal microbiota profile, microbial metabolic function, and 
performance of weaned piglets.

Materials and methods

Ethical statement

The study received approval from the institutional Animal 
Ethics Committee of Central Queensland University under 
reference number 0000023290. All animal procedures 
adhered to the guidelines outlined in the Australian Code 
for the Care and Use of Animals for Scientific Purposes. The 
study’s findings were reported in accordance with the Ani-
mal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines and regulations.

Animal trial

The study was performed on a selected pig farm to assess 
the effects of phytogenic supplements on the productivity 
of nursery pigs aged 3 to 8 weeks (Wk). Upon arrival at the 
farm, 200 pigs (Landrace × Large White), consisting of equal 
numbers of males and females, were randomly assigned into 
two treatment groups (control (Ctr) and treatment (Phy)) 
immediately after weaning at week 3. The pigs received 
unlimited access to water and solid feed. The control group 
received the basal diets consisting of barley, sorghum, wheat, 
soya meal, and meat and bone meal (MBM), formulated by 
company nutritionists to meet production and animal welfare 
requirements. The standard trace minerals, vitamins, organic 
acids, and pre- and probiotics were supplemented with the 
feed. The treatment groups received the same basal diet sup-
plemented with a commercial PFA containing a blend of 
essential oils (rosemary, curcuma, and garlic), mucilages, 
and flavonoids, administered at a dosage of 1 kg per tonne 
of feed. The PFA supplementation commenced 1 week post-
acclimatisation following the arrival of the animals and con-
tinued for 5 weeks.

Pigs were then marked for ongoing monitoring through-
out the nursery stage. Upon arrival at the farm and again 
at week 8, individual body weights were recorded. Perfor-
mance parameters such as general health, mortality, and 
body weight were monitored throughout the trial. For 16S 
rRNA gene amplicon analysis, rectal swab samples were 
collected at weeks 3, 5, and 8 using sterile cotton swabs, 
and the collected faecal samples were immediately stored 
on dry ice and preserved at − 80 °C until DNA extraction. 
It is important to note that, due to operational restrictions 
and the farm’s established routines, the acquisition of 
weight measurements at week 5 was unattainable, thus 
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creating a gap in the continuity of the data presented. Con-
sequently, this study pivoted to deliver insights primarily 
based on the available data at the specified intervals of 
weeks 3 and 8. At week 8 post-euthanisation, intestinal 
contents were collected from the cecum, colon, and duo-
denum of 24 animals for 16S rRNA gene amplicon analy-
sis and shotgun sequencing. For the gut histomorphology 
analysis, ileum tissues were sampled and preserved in for-
malin for storage and transportation.

DNA extraction, amplification, and sequencing

DNA from centrifuged intestinal content and faecal sam-
ples was prepared for 16S rRNA sequencing. Pellets were 
transferred to tubes with 0.2-g glass beads (0.1 mm diam-
eter) and 0.7-ml lysis buffer (500 mM NaCl, 50 mM ethyl-
enediaminetetraacetic acid (EDTA), 50 mM Tris–HCl, pH 
8, 4% sodium dodecyl sulphate (SDS)). After homogenis-
ing using Precellys 24 homogeniser (Bertin Technologies, 
Montigny-le-Bretonneux, France) for 55 s, samples were 
incubated at 85 °C for 15 min, with intermittent vortexing.

After centrifugation at 16,000 rcf for 5 min, 0.4-ml of 
the supernatant was transferred to 1.5-ml tubes containing 
500-µl of binding buffer (5 M Gu-HCl, 30% isopropanol). 
After a brief vortex, it was centrifuged, and the supernatant 
was shifted to a DNA spin column (Enzymax LLC, Cat# 
EZC101, Lexington, KY). The column was washed twice 
with 800 µl of wash buffer (10 mM Tris–HCl, 80% etha-
nol, pH 7.5) and dried by centrifugation. DNA was then 
eluted with 50 µl of elution buffer (10 mM Tris–HCl) and 
analysed using a NanoDrop spectrophotometer (Thermo 
Fisher, Waltham, MA, USA) for concentration and quality.

For amplicon sequencing of the V3-V4 region of the 
16S rRNA gene, dual index primer pairs (forward primer 
pro341F (5′-CCT ACG GGNBGCASCAG-3′) and reverse 
primer pro805R (5′-GAC TAC NVGGG TAT CTA ATC C-3′)) 
with index, heterogeneity spacer, and Illumina sequencing 
linkers were used (Fadrosh et al. 2014). The 16S rRNA 
amplicon library was purified using AMPure XP Kits 
(Beckman Coulter, Brea, CA, USA) and sequenced on the 
Illumina MiSeq platform (2 × 250 bp paired-end). A mini-
mum Phred score of 25 across 200 nt of the forward read 
was applied for downstream analysis.

The raw DNA sequences were demultiplexed using 
Cutadapt (Martin 2011) and analysed using Quantitative 
Insights into Microbial Ecology 2 (QIIME2) for micro-
biota analysis (Bolyen et  al. 2019). Quality filtering, 
denoising, and chimaera removal were performed using 
the Dada2 plugin (Callahan et  al. 2016) with recom-
mended parameters. Taxonomy assignment was conducted 
using the SILVA v138.1 database (Quast et al. 2013) as 
the reference.

Data analysis

Data analysis was carried out at the amplicon sequence vari-
ant (ASV) and genus levels, with a minimum of 2000 rare-
fied sequences per sample, chosen after extensive explora-
tory analysis. Various levels of sequences, ranging from 
1000 to 5000, were evaluated to understand the impact on 
the robustness of the dataset and the representation of micro-
bial diversity. The level of 2000 sequences was found to be 
optimal as it allowed for the inclusion of a maximum number 
of valid samples without compromising the reliability and 
robustness of the dataset.

Downstream analysis and visualisation were performed 
using R packages Phyloseq (McMurdie and Holmes 2013), 
Vegan (Dixon 2003), and Microeco (Liu et al. 2021).

Metagenomic sequencing and analysis

Metagenomic data for the study were obtained through the 
shotgun sequencing of genomic DNA from cecal samples 
obtained at the end of the trial at week 8. We specifically 
selected cecal samples for metagenomic analysis due to the 
cecum’s role as a major site of microbial fermentation and 
its high microbial abundance and diversity (Ley et al. 2008; 
Donaldson et al. 2016). The richness of microbiota in the 
cecum provides a comprehensive overview of microbial 
functions and pathways, allowing a detailed exploration of 
host-microbiome interactions.

DNA quality and quantity were assessed using a Nan-
oDrop Qubit 3.0 (Thermo Fisher, Waltham, MA, USA) and 
agarose gel electrophoresis. DNA was fragmented using 
ultrasonication with a Covaris S220 (Covaris, Woburn, 
MA, USA) followed by end repair, dA-tailing, adapter 
ligation, and purification. After purification, the DNA was 
size-selected, and PCR amplified to construct a library. The 
concentration and insert size of the diluted library were 
determined using the Agilent 2100 (Agilent, Santa Clara, 
CA, USA). To ensure accurate sample concentrations and 
reliable sequencing data, the effective concentration of each 
library in the library mix was determined prior to sequenc-
ing using qPCR. The sequencing process was performed 
using an Illumina Novaseq6000 platform with a 150PE 
configuration.

After sequencing, the integrity of the data was verified via 
the generation of a cryptographic hash utilising the Message 
Digest Algorithm 5 (Rivest 1992). Initial quality control 
of the sequence data and removal of the sequencing adap-
tors were carried out with fastp v0.20.0 (Chen et al. 2018). 
This was followed by further processing and quality control 
measures implemented using KneadData v0.7.10, involving 
the utilisation of Trimmomatic (Bolger et al. 2014) for the 
filtering and trimming of quality, set at leading and trailing 
base quality of three and a sliding window threshold of 4:15. 
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The host-DNA contamination was removed by aligning the 
sequences with pig reference genome Sscrofa11.1 (RefSeq 
GCF_000003025.6) in NCBI database after indexing.

This process yielded a total of around 822 million quality-
filtered, host-DNA decontaminated sequences. Per sample, 
the sequence counts ranged from 20.7 million sequences 
minimum to 44.1 million sequences maximum, with an aver-
age of around 35.73 ± 4.96 million (mean ± SD) sequences 
with a minimum Phred score of 35. Before quality control, 
there were around 945 million sequences in total, with 
41.10 ± 2.91 million (mean ± SD) sequences per sample, 
ranging from 20.7 million sequences minimum to 44.1 mil-
lion maximum sequences per sample.

The cleaned and quality-filtered and decontaminated 
sequences were subsequently analysed utilising the compu-
tational tool HUMAnN v3.6 (Abubucker et al. 2012) using 
UniRef90 databases (Suzek et al. 2007) to analyse molecular 
functions and metabolic pathways.

The derived functional data were examined and visualised 
using the R programming language with a range of pack-
ages and tools including Phyloseq (McMurdie and Holmes 
2013), Vegan (Dixon 2003), and Microeco (Liu et al. 2021). 
Lastly, statistical analyses and plotting were performed using 
GraphPad Prism v9 (GraphPad Software, San Diego, CA, 
USA) and Primer-e V7 (Primer-E Ltd, Auckland, New 
Zealand).

Histology

For histomorphology analysis, ileum samples were fixed in a 
10% neutral buffered formalin and then embedded in paraffin 
wax. The tissue processing involved several steps, includ-
ing fixation, paraffin embedding, and microtoming. The 
embedded samples were cut into thin sections of 4-µm thick-
ness using Leica RM2135 microtome (Leica Biosystems, 
Nussloch, Wetzlar, Germany). These sections were stained 
with haematoxylin and eosin (H&E) (POCD, North Rocks, 
NSW, Australia). The slides were scanned using a Nikon 
Eclipse Ci-L Plus microscope (Nikon Corporation, Tokyo, 
Japan) and Panoptiq™ software (ViewsIQ Inc., Vancouver, 
Canada). Measurements of villus height, crypt depth, villus 
area, and the number of goblet cells were performed on ten 
randomly selected well-positioned villi per slide, with a total 
of 12 slides analysed for each group.

Statistical materials and methods

Statistical analysis was conducted using GraphPad Prism 9 
(GraphPad Software, Boston, MA, USA) to compare animal 
weights, alpha diversity, histological measurements, and uni-
variate analysis. To evaluate alpha diversity, we calculated 
the count of ASVs (amplicon sequence variants) present in 
each sample, as well as the Chao1, Shannon, and Simpson 

indices. These indices take into account both the evenness 
and richness of species within a given sample, providing 
a comprehensive measure of diversity. Univariate analy-
ses were performed in Primer-e v7 (Anderson et al. 2008), 
and the results were visualised using GraphPad Prism 9. 
To assess beta diversity, we employed the UniFrac distance 
metric, which considers the phylogenetic relationships 
between ASVs to measure dissimilarity among treatment 
groups. Both unweighted and weighted UniFrac distances 
were used to capture the presence/absence and abundance 
of ASVs, respectively. To evaluate the significance of dif-
ferences between groups, UniFrac distances were used to 
perform a pairwise permutational multivariate analysis of 
variance (PERMANOVA) with 999 random permutations 
and similarity percentage (SIMPER) using Primer-e v7 
(Anderson et al. 2008).

Results

Animal health and performance

The effect of PFA on the growth performance of weaner pigs 
during the grower period was evaluated (Fig. 1, and Sup-
plementary Table S1). At the commencement of the trial, 
the mean body weights (BW) of the control and treatment 
groups were comparable (6.486 kg and 6.218 kg, respec-
tively, p = 0.348). Similarly, there was no statistically signifi-
cant difference (p = 0.913) in average body weight between 
the control and treatment groups at week 8. However, after 
the 5-week trial period, animals in the treatment group dem-
onstrated higher and wider distribution above the 75th per-
centile compared to the control group.

Fig. 1  Violin plot representing the weight distributions for the Ctr 
and Phy groups at weeks 3 and 8. Both the 25th and 75th percentiles 
are visibly marked with yellow lines on each plot to illustrate the data 
distribution more explicitly. Specifically, at week 8, the 75th percen-
tile for the Ctr group is 22.46 and for the Phy group 23.15. The num-
ber of animals used was as follows: week 3, Ctr, n = 50; Phy, n = 50; 
and week 8, Ctr, n = 48; Phy, n = 44
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Overall microbiota composition

The relative abundance of the top ten most prevalent genera 
between control and treatment groups at the end of the trial 
is presented in Fig. 2a. Genera such as Prevotella, Lactoba-
cillus, Clostridium sensu stricto 1, Roseburia, Faecalibacte-
rium, Subdoligranulum, Muribaculaceae, and Escherichia-
Shigella were consistently observed across all sampled gut 
sections. Prevotella remained the predominant genus across 
both groups in all gut sections, with Roseburia showing 
increased abundance in the treatment group.

For a deeper insight, we conducted a species-level analy-
sis using metagenomic sequencing, focusing solely on the 
cecum samples. As illustrated in Fig. 2b, the findings at the 
species level were aligned with those observed at the genus 
level. Additionally, our metastat analysis of the species-level 

data from the cecum samples confirmed no significant vari-
ations between the control and treatment groups.

The correlation heatmap (Fig. 3) elucidates the relation-
ship between the top eight taxa and the age of the pigs, spe-
cifically focusing on the changes observed from weeks 3 to 
8, for both the control and treatment groups, using Spear-
man’s rank correlation coefficient. This method effectively 
details how the abundance of specific microbiota either 
increases or decreases with age in both the control and treat-
ment groups. A higher coefficient with a significant p-value 
indicates a strong positive correlation with age, meaning 
that the abundance of the specific microbiota increases as 
pigs age.

In Fig. 3, Roseburia and Prevotella had higher Spear-
man’s rank correlation coefficients in the treatment group 
compared to the control group, indicating increasing 

Fig. 2  Microbial community composition in different gut sections at 
week 8. a Relative abundance of the top ten most prevalent genera 
between Ctr and Phy in all of the sampled gut sections (Duo = duode-
num, Col = colon, Cec = cecum, Fec = faeces) in week 8. The respec-
tive number of animals used for each section is as follows: Cec (Ctr, 

n = 12; Phy, n = 11), Duo (Ctr, n = 9; Phy, n = 9), Col (Ctr, n = 10; Phy, 
n = 11), and Fec (Ctr, n = 44; Phy, n = 40). b Species-level relative 
abundance based on metagenomic sequencing between Ctr and Phy 
group at week 8 in the cecal samples (Ctr, n = 12; Phy, n = 11)
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abundance as the pigs aged. Faecalibacterium demonstrated 
increasing abundance with age in both control and treatment 
groups, as evidenced by higher correlation values in both 
groups. Escherichia-Shigella showed a negative correlation 
coefficient in both the control and treatment groups, suggest-
ing a decrease in abundance as the pigs aged. Clostridium 
sensu stricto 1 exhibited a positive temporal correlation in 
both groups, indicating increased abundance with age. These 
results emphasise the correlation between specific micro-
biota and age (weeks 3 to 8) in both groups, showing the 
temporal changes in gut microbiota composition in response 
to PFA-supplemented and non-PFA-supplemented animals.

Alpha diversity

Alpha diversity was assessed to evaluate the diversity and 
richness of gut microbiota species across faecal, caecal, 
colonic, and duodenal samples (Fig. 4). While there were 
no significant differences noted in the observed species and 
Chao1 index metrics with the exception of faecal samples, 
the control group demonstrated higher index values in the 
cecum, colon, and duodenum compared to the treatment 
group, indicating possible higher richness and diversity in 
the microbiota profile. This observation could benefit from 
an increase in sample size. In faecal samples, the treatment 
group demonstrated significantly higher values for both 
Shannon and Simpson indices (p = 0.0479 and p = 0.0097, 
respectively). Notably, for the Simpson index, we employed 
the diversity version (‘1-λ′’), where values closer to 1 
indicate greater species diversity. The results suggest an 
enhanced species diversity of gut microbiota in the treat-
ment group.

Faecal microbiota composition changes over time

A relative abundance stacked bar chart was created to evalu-
ate the microbial genera in faecal samples across three dis-
tinct age groups (weeks 3, 5, and 8). In Fig. 5, the stacked 
bar chart provides insight into the changes in the relative 

abundance of microbial genera over time between the two 
groups. The most abundant genus in both groups at weeks 
3 and 5 was Escherichia-Shigella; however, at week 8, the 
most abundant genus shifted to Prevotella, and Escherichia-
Shigella was no longer present in the top ten most abundant 
genera. Prevotella was highly abundant in the control group 
in week 5 compared to the treatment group, but in week 8, 
this genus was more abundant in the treatment group.

The similarity percentage (SIMPER) analysis was per-
formed on faecal samples collected at week 8 to assess the 
contribution of each genus (%) to the dissimilarity between 
the two groups (Supplementary Table S2). The dissimilarity 
was calculated using the Bray–Curtis dissimilarity matrix. 
Based on the SIMPER analysis, Prevotella contributed the 
highest followed by Muribaculaceae and Roseburia, in the 
differences in microbial profile between the control and 
treatment groups. All these genera had higher abundances in 
the treatment group. Other important genera contributing to 
the differences were Streptococcus, Clostridium sensu stricto 
1, and UCG-005 with higher abundances in the control.

Beta diversity

The assessment of beta diversity was conducted by PER-
MANOVA and non-parametric multidimensional scaling 
(NMDS) of the weighted and unweighted UniFrac distances 
metrics (Table 1, and Fig. 6). These metrics consider both 
the presence or absence and the relative abundance of micro-
bial taxa, enabling a detailed understanding of the similari-
ties and dissimilarities in gut microbiota composition under 
the influence of various factors tested, including treatment, 
gender, age, and origin of samples.

In unweighted UniFrac distance analyses, there were 
significant differences (p < 0.0001) in the gut microbiota 
composition between the two groups at week 8. The non-
significant findings at weeks 3 and 5 of unweighted UniFrac 
analysis indicate no substantial differences in the overall 
microbial community structure between both groups during 
these time points.

Fig. 3  Correlation heatmap 
displaying the eight genera 
with the most notable temporal 
correlation patterns after week 
8 of the trial period, reflecting 
changes from weeks 3 to 8. 
Age is correlated with changes 
in microbiota in both Ctr and 
Phy groups. Significance levels 
are marked with an asterisk: 
**p < 0.001, ***p < 0.0001
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Fig. 4  Comparison of alpha diversity measures across gut sections between Ctr and Phy groups. a Observed species, b Cho1, c Shannon index, 
and d Simpson index

Fig. 5  Stacked bar chart displaying the relative abundance of the top ten genera in faecal samples across three age groups. a Week 3, b week 5, 
and c week 8
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The NMDS analysis plots were generated to assess the 
gut microbiota changes based on weighted and unweighted 
UniFrac distances between the control and treatment groups 
from the faecal samples at week 8 (Fig. 6). The NMDS plots 
illustrated contrasting points between the control and treat-
ment groups in unweighted UniFrac analyses, indicating a 
degree of dissimilarity in the gut microbiota composition 
aligning with the PERMANOVA result. However, faecal 
microbiota did not show clear separation in microbial com-
munity composition for the weighted UniFrac distance.

LEfSe analysis: identifying microbial biomarkers 
in pig gut microbiota

The linear discriminant analysis effect size (Dethlefsen 
and Relman) histogram in Fig. 7 displays the bacterial taxa 

that showed the most significant differential abundance 
between the control and treatment groups. The LEfSe 
too uses non-parametric factorial Kruskal–Wallis (KW) 
sum-rank test and Wilcoxon rank-sum test followed by 
the linear discriminant analysis (LDA) to rank the differ-
entially abundant taxa based on LDA in the control group. 
Clostridium sensu stricto 1 had the highest LDA score, 
followed by [Eubacterium] nodatum group, Streptococ-
cus, UCG-005, Lactobacillus, Alloprevotella, Terrisporo-
bacter, Campylobacter, and Coprococcus. On the other 
hand, in the treatment group, the discriminative genera 
that stood out compared to the control group were Rose-
buria, Prevotella, Muribaculaceae, Faecalibacterium, 
Megasphaera, and Subdoligranulum.

Sex‑specific univariate analysis

In the experiment, we conducted a sex-specific univariate 
analysis to compare taxa abundance between the control 
and treatment groups, using faecal samples. In male piglets 
(Supplementary Fig. S1A), our analysis revealed that the 
control group had a higher abundance of the [Eubacte-
rium] nodatum group and Streptococcus than the treat-
ment group. In contrast, Roseburia was more abundant in 
the treatment group. In the female piglets (Supplementary 
Fig. S1B), we identified a higher abundance of UCG-005 
and Alloprevotella in the control group, compared to the 
treatment group. Meanwhile, Faecalibacterium was higher 
in abundance in the treatment group.

Table 1  Summary of PERMANOVA analysis on faecal samples 
across different age groups to assess treatment effects. ‘ns’ denotes 
non-significant differences

***p < 0.0001

Age (weeks) Measure (UniFrac) p-value Significance

3 Weighted 0.787 ns
Unweighted 0.316 ns

5 Weighted 0.061 ns
Unweighted 0.095 ns

8 Weighted 0.119 ns
Unweighted 0.001 ***

Fig. 6  Non-parametric multidimensional scaling (NMDS) ordination of samples based on weighted (a) and unweighted (b) UniFrac distances at 
week 8. The stress value for NMDS is shown in the corresponding plots
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Histological evaluation of ileal morphology

The histomorphology analysis looked at several param-
eters, including villus height (Fig.  8a), crypt depth 
(Fig. 8b), villus area (Fig. 8c), villus/crypt ratio (Fig. 8d), 
number of goblet cells in villus and crypt (Fig. 8e), and 
goblet cell ratio of villus/crypt (Fig. 8f), to gain insights 
into the changes in the structural organisation of the intes-
tinal epithelium between the control and treatment group. 
In comparison to the control group, the treatment group 
exhibited notable alterations in the structural organisa-
tion of the intestinal epithelium. Specifically, the treat-
ment group demonstrated higher values of villus height, 
villus area, and villus/crypt ratio, indicating increased 
dimensions and architectural complexity of the villi. 
Conversely, the crypt depth in the treatment group was 
substantially lower, suggesting a shallower depth of the 
intestinal crypts. There was no difference in the number 
of goblet cells along the villus/crypt axis between groups. 
However, in the treatment group, goblet cells were mainly 
located in the crypt epithelium and there was a statistically 
significant difference (p < 0.0001) in villus goblet cells/
crypt goblet cells ratio (Fig. 8).

Metabolic pathway analysis

In our examination of metabolic pathways, several signifi-
cant differences were observed between the control and 
treatment groups (Fig. 9). Statistically significant pathways 
that showed higher abundance in the PFA-supplemented 
group included PWY-5392 (reductive tricarboxylic acid 
(TCA) cycle II), DENOVOPURINE2 PWY (superpathway 
of purine nucleotides de novo biosynthesis II), PRPP PWY 
(superpathway of histidine, purine, and pyrimidine biosyn-
thesis), PWY-7187 (pyrimidine deoxyribonucleotides de 
novo biosynthesis II), and PWY-5723 (Rubisco shunt). In 
contrast, the control group demonstrated an elevated abun-
dance of the P185-PWY (formaldehyde assimilation III 
dihydroxyacetone cycle).

Additional pathways were identified with noticeable but 
not statically significant shifts in abundance between the 
two groups (Supplementary Fig. S2). The control group 
showed a slightly higher abundance of the PWY-3781 
(aerobic respiration I (cytochrome c)) and PWY-5505 
(L-glutamate and L-glutamine biosynthesis). On the other 
hand, the treatment group demonstrated an increase in 
the RUMP PWY (formaldehyde oxidation I), PWY-5028 

Fig. 7  LEfSe histogram repre-
senting taxonomic biomarkers 
in the pig gut microbiota. The 
analysis was conducted using an 
LDA score threshold of > 3.3
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(L-histidine degradation II), and PWY-6328 (L-lysine deg-
radation X). These results underscore the potential impact 
of PFAs on the metabolic functionality within the pig gut 
microbiota.

Discussion

In this study, we explored the influence of PFA on the gut 
microbiota, metabolic pathways, gut histomorphology, and 

Fig. 8  Comparative histological analysis of ileal tissue from Ctr and 
Phy groups. a Representative histology of ileal villi and crypt from 
the Ctr group. b Representative histology of ileal villi and crypt from 
the Phy group. Scale bar = 50 µm. c Villus height distribution across 
both groups. d Crypt depth distribution across both groups. e Villus 

area distribution across both groups. f Villus/crypt ratio across both 
groups. g Boxplot showing the number of goblet cells in villus and 
crypt for both groups. h Boxplot showing the ratio of villus/crypt 
goblet cells for both groups. Statistical significance is indicated with 
**** (p < 0.00001)



Applied Microbiology and Biotechnology         (2024) 108:142  Page 11 of 17   142 

overall performance of weaned piglets. We aimed to inves-
tigate how early intervention with PFA could shape the gut 
microbiota composition and subsequently influence the health 
and growth of the pigs at the weaning phase. This stage has 
been numerously reported as associated with intestinal inflam-
mation and systemic proinflammatory response, which are 
risk factors increasing the incidence of digestive disorders, 
where bacterial diseases usually play a major role (McCracken 
et al. 1999). Therefore, by manipulating the pigs’ gut envi-
ronment using PFA, we aimed to achieve a more favourable 
microbial balance and enhance their well-being.

Beta diversity analysis was employed to investigate the 
overall composition of the gut microbiota in both the con-
trol and treatment groups at three time points: weeks 3, 5, 
and 8. Notably, the unweighted UniFrac distance measure-
ment indicated a significant divergence (p < 0.0001) in the 

microbial community structures between the two groups at 
week 8. The distinct microbial profiles for each group at 
this age are potentially linked to variations in the abundance 
or prevalence of certain key taxa. These variations likely 
contribute to the measurable divergence in gut microbiota 
composition, suggesting that the introduction of PFA may 
have influenced the presence or absence of specific micro-
bial species in the gut microbiota of the weaned piglets 
over time. However, our PERMANOVA analysis found no 
significant differences at the earlier time points of weeks 
3 and 5. While this lack of statistical significance does not 
conclusively demonstrate the absence of an effect of PFA on 
microbial abundance or proportional representation during 
these periods, it does indicate that any such effects were not 
severely altering overall microbial structure but were instead 
more targeted at specific taxa.

Fig. 9  Differential abundance of metabolic pathways between Ctr and 
Phy groups as revealed by metagenomic analysis. a Reductive TCA 
cycle II; b superpathway of purine nucleotides de novo biosynthesis 
II; c superpathway of histidine, purine, and pyrimidine biosynthe-

sis; d pyrimidine deoxyribonucleotides de novo biosynthesis II; e 
Rubisco shunt; and f formaldehyde assimilation III dihydroxyacetone 
cycle pathway. Statistical significance is indicated by asterisks where 
*p < 0.05 and **p < 0.001
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Alpha diversity was higher in the treatment group as 
measured by the Shannon and Simpson indices in the fae-
ces. The higher Shannon index in the treatment group points 
to a more diverse and evenly spread microbial community. 
Using the Simpson index (‘1-λ′’), where a value nearing 1 
represents higher species diversity, our findings also dem-
onstrated increased diversity in the treatment group. It is 
widely accepted that enhanced microbial diversity is typi-
cally advantageous for the host. For instance, there has been 
an observed inverse correlation between the richness of the 
gut microbiome and triglyceride (TG) concentrations, sug-
gesting that increased microbial diversity correlates with 
reduced TG levels (Fu et al. 2015). Additionally, a positive 
relationship between the diversity of the gut microbiome 
and high-density lipoprotein cholesterol (HDL-C) quanti-
ties has been documented, illustrating the potential benefits 
of a diverse microbial community (Matey-Hernandez et al. 
2018).

The usage of antibiotics has been shown to exert an unfa-
vourable impact on gut microbiota diversity (Ubeda and 
Pamer 2012) causing a noticeable reduction in the faecal 
microbiota’s diversity (Dethlefsen and Relman 2011). This 
reduction of diversity can destabilise the equilibrium of the 
gut ecosystem, promoting the proliferation of select oppor-
tunistic pathogens at the loss of advantageous commensals 
(Lozupone et al. 2012). The decline in microbial diversity is 
intrinsically tied to adverse health outcomes. Specifically, a 
gut microbiota with less diversity might weaken the host’s 
resilience to the invasion of the mucosal surfaces by exter-
nal pathogens, resulting in increased susceptibility to infec-
tions in the gut (Buffie and Pamer 2013; Keesing and Ostfeld 
2015). In addition, a less heterogeneous microbiota could 
alter metabolic functions, including nutrient uptake and 
energy regulation, which are crucial roles assumed by the 
microbiota (Holmes et al. 2012). In contrast to antibiotics, 
it is noteworthy that the application of PFAs, as highlighted 
in this study, enhanced the preservation of the equilibrium 
and diversity of the microbiota in the faeces. The PFAs have 
been shown to maintain a robust and diverse microbial com-
munity, thereby allowing the beneficial commensals to thrive 
and contributing to a healthier host (Applegate et al. 2010; 
Windisch et al. 2008).

Despite initial lower weights, the treatment group dem-
onstrated slight but non-significant improvements in aver-
age weight gain by week 8, although increased variability 
was observed within the group. These phytogenic supple-
ments are designed and optimised to enhance palatability 
and promote digestibility by stimulating enzyme secretion 
in the gut (Mohana Devi et al. 2015). Consequently, several 
studies observed corresponding improvements in growth 
performance (Chang et al. 2023; Mohana Devi et al. 2015).

The capacity of PFAs to enhance piglet growth perfor-
mance is not an isolated effect. This enhancement can be 

traced back to alterations in the gut microbiota, as revealed 
by our 16S rRNA gene amplicon analysis, which showed 
a noticeable shift in specific microbial taxa in the animals 
treated with PFAs. Notably, the abundance of beneficial gen-
era Roseburia, Faecalibacterium, and Prevotella was signifi-
cantly increased in the treatment group, indicating the ben-
eficial effects of PFA treatment. These specific bacteria have 
the ability to break down various complex carbohydrates 
and produce significant amounts of short-chain fatty acids 
(SCFAs) (Dou et al. 2017). SCFAs, particularly butyrate, 
play a crucial role in maintaining gut health (Louis and Flint 
2009; Rios-Covian et al. 2016). Furthermore, these bacteria 
are known to protect against Escherichia coli-induced intes-
tinal infections (Singh et al. 2015), and their early presence 
in the GIT may equip piglets with a greater ability to digest 
glycans (Guevarra et al. 2018), preparing them for a post-
weaning diet full of complex carbohydrates. This indicates a 
mature-like microbiota that assists healthy pigs during their 
dietary transition in the weaning period (Chen et al. 2017).

Conversely, we observed a marked reduction of poten-
tially pathogenic bacteria such as Clostridium sensu stricto 
1 and Campylobacter. Many species within these genera 
have been associated with conditions such as food poisoning, 
enteritis, and other digestive disorders (Allos 2001; Rupnik 
et al. 2009). Their decrease in the PFA-fed piglets may indi-
cate a healthier, more balanced gut microbial environment, 
reducing susceptibility to infections and gut disorders.

A shift in the gut microbiota was also noted in the piglets’ 
transition from suckling to weaning. It has been reported 
that as piglets mature, the genus Prevotella progressively 
becomes more prevalent within their faecal microbial com-
munities (Alain et al. 2014). Prevotella plays a significant 
role in adult animals’ GIT, contributing significantly to the 
breakdown of starch, plant polysaccharides, and mucopro-
teins (Ivarsson et al. 2014). Research by Frese et al. (2015) 
revealed a notable increase in Prevotella abundance from 
suckling to weaning (from 0.3% on average to 14.8%). 
This observation aligns with our findings, supporting that 
increased Prevotella abundance correlates with improved 
digestion and nutrient utilisation in weaned piglets as they 
transition from milk to solid feed diets.

In addition to our initial genus-level insights, we extended 
our analysis to the species level using metagenomic sequenc-
ing, concentrating on cecum samples due to their signifi-
cant influence on microbiota composition and functionality 
(Donaldson et al. 2016). The findings from this species-level 
investigation (as illustrated in Fig. 2b) corroborated the pat-
terns observed in our caecal 16S rRNA genus-level analysis 
(Fig. 2a), underlining the consistency across different taxo-
nomic resolutions.

Our histological evaluation of ileal morphology pointed 
to significant differences between the control and treatment 
groups. We considered several parameters, including villus 
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height, crypt depth, villus area, and villus/crypt ratio, to 
assess the structural organisation of the intestinal epithe-
lium. Interestingly, the animals that received PFAs dem-
onstrated greater values of these parameters compared to 
the control group. This suggests increased dimensions and 
architectural complexity of the villi, indicative of enhanced 
nutrient absorption.

The increased villus height and area are directly corre-
lated with the intestine’s nutrient absorption capabilities due 
to their contribution to the surface area available for absorp-
tion (Montagne et al. 2003; Sklan et al. 2003). This implies 
a greater potential for nutrient utilisation and growth within 
this group. Simultaneously, a balanced crypt depth, a param-
eter indicative of cell turnover in the intestinal epithelium, 
was observed in the treatment group, suggesting a healthier 
gut environment by reflecting lower rates of cell replacement 
due to damage or loss (Pluske et al. 1997). In addition, an 
increased villus/crypt ratio, representing a mature and effi-
cient absorptive surface relative to the cell production site, 
was seen in the treatment group, a promising indication of 
an optimal gut condition and improved gut structure and 
function, hence providing a more substantial barrier against 
potential pathogens (Sakamoto et al. 2000).

As part of the epithelial lining of the intestine, goblet cells 
are responsible for the production and maintenance of the 
protective mucus layer, which acts as the first line of defence 
against pathogens and harmful substances (Johansson and 
Hansson 2016). Their primary function is the secretion of 
mucins, the major component of the mucus layer, which, 
in a well-hydrated state, facilitates the smooth passage of 
intestinal contents while providing a barrier against potential 
pathogens (Pelaseyed et al. 2014). Remarkably, our find-
ings indicate that in the treatment group, goblet cells were 
primarily localised within the crypts. This distribution may 
have substantial implications for the protective capacity of 
the gut under the stresses of weaning. It is within the crypts 
where the renewal of the intestinal epithelium occurs. Here, 
the stem cells divide and differentiate into various cell types, 
including goblet cells, which migrate upwards along the 
crypt-villus axis (Barker 2014). Therefore, having a higher 
concentration of goblet cells in the crypts could mean an 
enriched source of new cells ready to replenish the mucosal 
barrier, potentially enhancing the resilience of the gut in 
response to weaning stress (Kim and Ho 2010).

The alterations in the intestinal morphology we observed 
align closely with previous studies, such as Michiels et al. 
(2010), who found a heightened ratio of villus height to 
crypt depth in the distal small intestine of piglets treated 
with PFAs. This morphological enhancement could feasi-
bly be the foundation of the improved growth performance. 
Intriguingly, the beneficial effects of PFAs on intestinal 
morphology are not restricted to swine; similar findings 
have been reported in poultry. Both Demir et al. (2003) and 

Jamroz et al. (2006) have reported improved gut morphol-
ogy in chickens upon supplementing their diets with PFAs.

These morphological changes might not occur inde-
pendently but could represent part of a more extensive 
biological response including alterations in the activity of 
metabolic pathways within the gut microbiota. By profiling 
these metabolic pathways, we aim to unravel the potentially 
complex mechanisms behind the beneficial effects of PFA 
supplementation.

Notably, we found that the administration of PFAs led to 
specific metabolic alterations within the gut microbiota of 
piglets. The enhancement of nucleotide biosynthesis path-
ways, particularly the superpathway of purine nucleotides 
de novo biosynthesis II (DENOVOPURINE2 PWY) and 
the superpathway of histidine, purine, and pyrimidine bio-
synthesis (PRPP PWY), may reflect the need for increased 
nucleic acid synthesis in response to PFA supplementation. 
PFAs, as a mixture of herbs, spices, and derived products, 
have been suggested to affect multiple biological processes 
that could influence nucleotide turnover, such as enhancing 
growth, modulating immunity, and impacting intestinal mor-
phology (Windisch et al. 2008). These nucleotide-related 
pathways could also be linked to the improved gut morphol-
ogy observed in PFA-supplemented piglets. Enhanced intes-
tinal crypt cell proliferation, which requires ample nucle-
otide supply for DNA replication, might be one possible 
mechanism underlying this observation (Moeser et al. 2017).

Aerobic respiration I (cytochrome c) (PWY-3781) was 
slightly less abundant in PFA-supplemented piglets. While 
this pathway is fundamental for energy generation through 
oxidative phosphorylation (Mitchell 2011), its downregula-
tion may reflect a shift towards alternative energy-generating 
pathways. Some of the compounds found in these additives, 
such as flavonoids and phenolic acids, may directly influence 
metabolic processes (Placha et al. 2014; Rajput et al. 2013; 
Yu et al. 2022). Studies have indicated that they can improve 
nutrient digestibility, leading to changes in metabolic rates. 
For example, a study by Rajput et al. (2013) demonstrated 
that dietary supplementation with PFAs improved the energy 
balance of broilers. These compounds may also influence 
the activity of key metabolic enzymes and modify the gut 
microbiota, leading to changes in the metabolic profile.

The L-glutamate and L-glutamine biosynthesis pathway 
(PWY-5505) was slightly less abundant in PFA-treated pig-
lets. Glutamate and glutamine are essential for numerous 
cellular functions, including protein synthesis, pH homeo-
stasis, and energy production (Newsholme et al. 2003). The 
decreased abundance of this pathway may be an adaptive 
response to altered dietary nutrient availability caused by 
PFA supplementation.

The formaldehyde oxidation I (RUMP PWY) pathway 
was more prevalent in the PFA group. Formaldehyde is a 
toxic metabolic intermediate that is produced in organisms 
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as a part of various metabolic processes, and its detoxifica-
tion is critical for cellular health (Grafstrom et al. 1983). 
An upregulation of this pathway could point towards an 
increased capacity of microbiota for formaldehyde detoxifi-
cation in PFA-treated pigs, indicating a better adaptation to 
metabolise formaldehyde into less toxic compounds.

The L-histidine degradation II (PWY-5028) pathway 
and the L-lysine degradation X (PWY-6328) pathway, both 
involved in amino acid metabolism, were also found to be 
increased in the PFA group. Amino acids are the building 
blocks of proteins and can serve as energy sources (Wu 
2013). The upregulation of these pathways might suggest 
an increased protein turnover or a shift in the metabolic 
strategies of the gut microbiota under PFA supplementation.

Our research highlights the potential of PFAs in influ-
encing the gut microbiota in weaned piglets, particularly in 
faecal samples. It suggests that PFAs may enhance microbial 
diversity, influence specific metabolic pathways such as the 
superpathway of purine nucleotides de novo biosynthesis II 
and the formaldehyde oxidation I pathway, and impact the 
structural organisation of the intestinal epithelium. These 
changes not only indicate possible improvements in gut 
health but also potentially increase resilience to weaning 
stress, contributing to the overall well-being of piglets.

In understanding the efficacy of commercially available 
PFA blend, this study remained rooted in real-world applica-
tions. We acknowledged the blend’s inherent complexities 
and synergistic effects, aiming to provide insights immedi-
ately applicable to farmers and industry professionals. We 
recognise the value of studying the individual effects of each 
component within the blend in future research efforts.

Furthermore, the insights gained here position PFAs as 
a compelling alternative to antibiotics, avoiding problems 
associated with antibiotic use. This study sheds light on 
how early dietary interventions might optimise livestock 
health. Future research should delve deeper into the long-
term implications of PFAs on livestock health and produc-
tivity, aiming to develop practical guidelines for their use 
in farming.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00253- 023- 12925-2.

Acknowledgements Our team acknowledges the invaluable role of the 
Marie Curie High-Performance Computing System at Central Queens-
land University in the analysis of our data. We express our appreciation 
to Jason Bell for his assistance with the high-performance computing 
aspects. Our gratitude is further extended to Jonothon Doubleday and 
Nathan Dwyer from AusPac Ingredients Pty Ltd, for their support in 
organising the animal trial, assistance with sample collection, and stu-
dent mentorship. We are also deeply grateful to the Riverbend Pork 
Group, who offered their expertise via consultation and assistance 
throughout the trial.

Author contribution SJY and AM conducted the investigation and 
developed the methodology. SJY also carried out the formal analysis 

and wrote the original draft of the manuscript. AM, AK, IV, and TTHV 
all contributed to the investigation, developed the methodology, and 
participated in the review and editing of the manuscript. YSB and DS 
also contributed to the investigation, developed the methodology, and 
took part in the formal analysis. In addition to this, YSB managed the 
project, and DS conceptualised the research and secured funding for 
it. Both YSB and DS also participated in the review and editing of the 
manuscript. All authors have read and approved the final version of 
the manuscript.

Funding  Open Access funding enabled and organized by CAUL and 
its Member Institutions This PhD scholarship for SJY is funded by 
AusPac Ingredients Pty Ltd.

Data availability The raw sequencing files of the microbiota are avail-
able in the NCBI SRA database under the project number https:// www. 
ncbi. nlm. nih. gov/ biopr oject/ PRJNA 997754.

Declarations 

Ethical approval All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed.

Conflict of interest The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abubucker S, Segata N, Goll J, Schubert AM, Izard J, Cantarel BL, 
Rodriguez-Mueller B, Zucker J, Thiagarajan M, Henrissat B, 
White O, Kelley ST, Methe B, Schloss PD, Gevers D, Mitreva M, 
Huttenhower C (2012) Metabolic reconstruction for metagenomic 
data and its application to the human microbiome. PLoS Comput 
Biol 8(6):e1002358. https:// doi. org/ 10. 1371/ journ al. pcbi. 10023 58

Allos BM (2001) Campylobacter jejuni infections: update on emerging 
issues and trends. Clin Infect Dis 32(8):1201–1206. https:// doi. 
org/ 10. 1086/ 319760

Anderson MJ, Clarke KR, Gorley RN (2008) PERMANOVA+ for 
PRIMER : guide to software statistical methods. PRIMER-E 
Ltd, Plymouth

Applegate TJ, Klose V, Steiner T, Ganner A, Schatzmayr G (2010) Pro-
biotics and phytogenics for poultry: myth or reality? J Appl Poul-
try Res 19(2):194–210. https:// doi. org/ 10. 3382/ japr. 2010- 00168

Barker N (2014) Adult intestinal stem cells: critical drivers of epithelial 
homeostasis and regeneration. Nat Rev Mol Cell Bio 15(1):19–33. 
https:// doi. org/ 10. 1038/ nrm37 21

Blavi L, Solà-Oriol D, Mallo JJ, Pérez JF (2016) Anethol, cinnamal-
dehyde, and eugenol inclusion in feed affects postweaning perfor-
mance and feeding behavior of piglets. J Anim Sci 94(12):5262–
5271. https:// doi. org/ 10. 2527/ jas. 2016- 0760

https://doi.org/10.1007/s00253-023-12925-2
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA997754
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA997754
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/journal.pcbi.1002358
https://doi.org/10.1086/319760
https://doi.org/10.1086/319760
https://doi.org/10.3382/japr.2010-00168
https://doi.org/10.1038/nrm3721
https://doi.org/10.2527/jas.2016-0760


Applied Microbiology and Biotechnology         (2024) 108:142  Page 15 of 17   142 

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics 30(15):2114–
2120. https:// doi. org/ 10. 1093/ bioin forma tics/ btu170

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-
Ghalith GA, Alexander H, Alm EJ, Arumugam M, Asnicar F, 
Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, Brown 
CT, Callahan BJ, Caraballo-Rodriguez AM, Chase J, Cope EK, 
Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall DM, 
Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, 
Gauglitz JM, Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, 
Guo J, Hillmann B, Holmes S, Holste H, Huttenhower C, Hut-
tley GA, Janssen S, Jarmusch AK, Jiang L, Kaehler BD, Kang 
KB, Keefe CR, Keim P, Kelley ST, Knights D, Koester I, Kosci-
olek T, Kreps J, Langille MGI, Lee J, Ley R, Liu YX, Loftfield 
E, Lozupone C, Maher M, Marotz C, Martin BD, McDonald 
D, McIver LJ, Melnik AV, Metcalf JL, Morgan SC, Morton 
JT, Naimey AT, Navas-Molina JA, Nothias LF, Orchanian SB, 
Pearson T, Peoples SL, Petras D, Preuss ML, Pruesse E, Ras-
mussen LB, Rivers A, Robeson MS 2nd, Rosenthal P, Segata 
N, Shaffer M, Shiffer A, Sinha R, Song SJ, Spear JR, Swafford 
AD, Thompson LR, Torres PJ, Trinh P, Tripathi A, Turnbaugh 
PJ, Ul-Hasan S, van der Hooft JJJ, Vargas F, Vazquez-Baeza 
Y, Vogtmann E, von Hippel M, Walters W, Wan Y, Wang M, 
Warren J, Weber KC, Williamson CHD, Willis AD, Xu ZZ, 
Zaneveld JR, Zhang Y, Zhu Q, Knight R, Caporaso JG (2019) 
Reproducible, interactive, scalable and extensible microbiome 
data science using QIIME 2. Nat Biotechnol 37(8):852–857. 
https:// doi. org/ 10. 1038/ s41587- 019- 0209-9

Buffie CG, Pamer EG (2013) Microbiota-mediated colonization 
resistance against intestinal pathogens. Nat Rev Immunol 
13(11):790–801. https:// doi. org/ 10. 1038/ nri35 35

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Hol-
mes SP (2016) DADA2: high-resolution sample inference from 
Illumina amplicon data. Nat Methods 13(7):581–583. https:// 
doi. org/ 10. 1038/ nmeth. 3869

Chang SY, Lee JH, Oh HJ, An JW, Song DC, Cho HA, Park SH, Jeon 
KH, Cho SY, Kim DJ, Kim MS, Cho JH (2023) Effect of differ-
ent ratios of phytogenic feed additives on growth performance, 
nutrient digestibility, intestinal barrier integrity, and immune 
response in weaned pigs challenged with a pathogenic Escheri-
chia coli. J Anim Sci 101. https:// doi. org/ 10. 1093/ jas/ skad1 48

Chen L, Xu Y, Chen X, Fang C, Zhao L, Chen F (2017) The maturing 
development of gut microbiota in commercial piglets during the 
weaning transition. Front Microbiol 8:1688. https:// doi. org/ 10. 
3389/ fmicb. 2017. 01688

Chen S, Zhou Y, Chen Y, Gu J (2018) fastp: an ultra-fast all-in-one 
FASTQ preprocessor. Bioinformatics 34(17):i884–i890. https:// 
doi. org/ 10. 1093/ bioin forma tics/ bty560

Demir E, Sarica Ş, Özcan M, Sui¸Mez M (2003) The use of natural feed 
additives as alternative to an antibiotic growth promoter in broiler 
diets. Br Poult Sci 44:44–5. https:// doi. org/ 10. 1080/ 71365 5288

Dethlefsen L, Relman DA (2011) Incomplete recovery and individu-
alized responses of the human distal gut microbiota to repeated 
antibiotic perturbation. Proc Natl Acad Sci USA 108(Suppl 
1):4554–4561. https:// doi. org/ 10. 1073/ pnas. 10000 87107

Dixon P (2003) VEGAN, a package of R functions for community 
ecology. J Veg Sci 14(6):927–930. https:// doi. org/ 10. 1111/j. 
1654- 1103. 2003. tb022 28.x

Donaldson GP, Lee SM, Mazmanian SK (2016) Gut biogeography 
of the bacterial microbiota. Nat Rev Microbiol 14(1):20–32. 
https:// doi. org/ 10. 1038/ nrmic ro3552

Dou S, Gadonna-Widehem P, Rome V, Hamoudi D, Rhazi L, Lakhal 
L, Larcher T, Bahi-Jaber N, Pinon-Quintana A, Guyonvarch A 
(2017) Characterisation of early-life fecal microbiota in sus-
ceptible and healthy pigs to post-weaning diarrhoea. PLoS One 
12(1):e0169851. https:// doi. org/ 10. 1371/ journ al. pone. 01698 51

Fadrosh DW, Ma B, Gajer P, Sengamalay N, Ott S, Brotman RM, Ravel 
J (2014) An improved dual-indexing approach for multiplexed 16S 
rRNA gene sequencing on the Illumina MiSeq platform. Microbi-
ome 2(1):6. https:// doi. org/ 10. 1186/ 2049- 2618-2-6

Fransen F, Van Beek AA, Borghuis T, Meijer B, Hugenholtz F, van 
der Gaast-de Jongh CE, Savelkoul HFJ, de Jonge MI, Faas 
MM, Boekschoten MV, Smidt H, El Aidy S, de Vos P (2017) 
The impact of gut microbiota on gender-specific differences in 
immunity. Front Immunol 8:754. https:// doi. org/ 10. 3389/ fimmu. 
2017. 00754

Frese SA, Parker K, Calvert CC, Mills DA (2015) Diet shapes the gut 
microbiome of pigs during nursing and weaning. Microbiome 
3(1):28. https:// doi. org/ 10. 1186/ s40168- 015- 0091-8

Fu J, Bonder MJ, Cenit MC, Tigchelaar EF, Maatman A, Dekens JA, 
Brandsma E, Marczynska J, Imhann F, Weersma RK, Franke L, 
Poon TW, Xavier RJ, Gevers D, Hofker MH, Wijmenga C, Zher-
nakova A (2015) The gut microbiome contributes to a substantial 
proportion of the variation in blood lipids. Circ Res 117(9):817–
824. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 115. 306807

Grafstrom RC, Fornace AJ Jr, Autrup H, Lechner JF, Harris CC (1983) 
Formaldehyde damage to DNA and inhibition of DNA repair in 
human bronchial cells. Science 220(4593):216–218. https:// doi. 
org/ 10. 1126/ scien ce. 68288 90

Gresse R, Chaucheyras-Durand F, Fleury MA, Van de Wiele T, Forano 
E, Blanquet-Diot S (2017) Gut microbiota dysbiosis in postwean-
ing piglets: understanding the keys to health. Trends Microbiol 
25(10):851–873. https:// doi. org/ 10. 1016/j. tim. 2017. 05. 004

Guevarra RB, Hong SH, Cho JH, Kim B-R, Shin J, Lee JH, Kang 
BN, Kim YH, Wattanaphansak S, Isaacson RE, Song M, Kim 
HB (2018) The dynamics of the piglet gut microbiome during 
the weaning transition in association with health and nutri-
tion. J Anim Sci Biotechnol 9(1):54. https:// doi. org/ 10. 1186/ 
s40104- 018- 0269-6

Heo JM, Opapeju FO, Pluske JR, Kim JC, Hampson DJ, Nyachoti 
CM (2013) Gastrointestinal health and function in weaned pigs: 
a review of feeding strategies to control post-weaning diarrhoea 
without using in-feed antimicrobial compounds. J Anim Physiol 
Anim Nutr 97(2):207–237. https:// doi. org/ 10. 1111/j. 1439- 0396. 
2012. 01284.x

Holmes E, Li JV, Marchesi JR, Nicholson JK (2012) Gut microbiota 
composition and activity in relation to host metabolic phenotype 
and disease risk. Cell Metab 16(5):559–564. https:// doi. org/ 10. 
1016/j. cmet. 2012. 10. 007

Ivarsson E, Roos S, Liu HY, Lindberg JE (2014) Fermentable non-
starch polysaccharides increases the abundance of Bacteroides–
Prevotella–Porphyromonas in ileal microbial community of grow-
ing pigs. Animal 8(11):1777–1787. https:// doi. org/ 10. 1017/ S1751 
73111 40018 27

Jamroz D, Wertelecki T, Houszka M, Kamel C (2006) Influence of diet 
type on the inclusion of plant origin active substances on mor-
phological and histochemical characteristics of the stomach and 
jejunum walls in chicken. J Anim Physiol Anim Nutr 90:255–268. 
https:// doi. org/ 10. 1111/j. 1439- 0396. 2005. 00603.x

Johansson MEV, Hansson GC (2016) Immunological aspects of intesti-
nal mucus and mucins. Nat Rev Immunol 16(10):639–649. https:// 
doi. org/ 10. 1038/ nri. 2016. 88

Keesing F, Ostfeld RS (2015) Is biodiversity good for your health? Sci-
ence 349(6245):235–236. https:// doi. org/ 10. 1126/ scien ce. aac78 92

Kelly J, Daly K, Moran AW, Ryan S, Bravo D, Shirazi-Beechey SP 
(2017) Composition and diversity of mucosa-associated microbi-
ota along the entire length of the pig gastrointestinal tract; dietary 
influences. Environ Microbiol 4:1425–1438. https:// doi. org/ 10. 
1111/ 1462- 2920. 13619

Kim YS, Ho SB (2010) Intestinal goblet cells and mucins in health 
and disease: recent insights and progress. Curr Gastroenterol Rep 
12(5):319–330. https:// doi. org/ 10. 1007/ s11894- 010- 0131-2

https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nri3535
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/jas/skad148
https://doi.org/10.3389/fmicb.2017.01688
https://doi.org/10.3389/fmicb.2017.01688
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1080/713655288
https://doi.org/10.1073/pnas.1000087107
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1371/journal.pone.0169851
https://doi.org/10.1186/2049-2618-2-6
https://doi.org/10.3389/fimmu.2017.00754
https://doi.org/10.3389/fimmu.2017.00754
https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.1161/CIRCRESAHA.115.306807
https://doi.org/10.1126/science.6828890
https://doi.org/10.1126/science.6828890
https://doi.org/10.1016/j.tim.2017.05.004
https://doi.org/10.1186/s40104-018-0269-6
https://doi.org/10.1186/s40104-018-0269-6
https://doi.org/10.1111/j.1439-0396.2012.01284.x
https://doi.org/10.1111/j.1439-0396.2012.01284.x
https://doi.org/10.1016/j.cmet.2012.10.007
https://doi.org/10.1016/j.cmet.2012.10.007
https://doi.org/10.1017/S1751731114001827
https://doi.org/10.1017/S1751731114001827
https://doi.org/10.1111/j.1439-0396.2005.00603.x
https://doi.org/10.1038/nri.2016.88
https://doi.org/10.1038/nri.2016.88
https://doi.org/10.1126/science.aac7892
https://doi.org/10.1111/1462-2920.13619
https://doi.org/10.1111/1462-2920.13619
https://doi.org/10.1007/s11894-010-0131-2


 Applied Microbiology and Biotechnology         (2024) 108:142   142  Page 16 of 17

Konstantinov SR, Awati AA, Williams BA, Miller BG, Jones P, Stokes 
CR, Akkermans AD, Smidt H, de Vos WM (2006) Post-natal 
development of the porcine microbiota composition and activi-
ties. Environ Microbiol 8(7):1191–1199. https:// doi. org/ 10. 1111/j. 
1462- 2920. 2006. 01009.x

Lallès J-P, Boudry G, Favier C, Floc’h NL, Luron I, Montagne L, 
Oswald IP, Pié S, Piel C, Sève B (2004) Gut function and dysfunc-
tion in young pigs: physiology. Anim Res 53(4):301–16. https:// 
doi. org/ 10. 1051/ animr es: 20040 18

Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR, Bircher 
JS, Schlegel ML, Tucker TA, Schrenzel MD, Knight R, Gordon 
JI (2008) Evolution of mammals and their gut microbes. Science 
320(5883):1647–1651. https:// doi. org/ 10. 1126/ scien ce. 11557 25

Li P, Piao X, Ru Y, Han X, Xue L, Zhang H (2012) Effects of adding 
essential oil to the diet of weaned pigs on performance, nutrient 
utilization, immune response and intestinal health. Asian-Austra-
las J Anim Sci 25(11):1617–1626. https:// doi. org/ 10. 5713/ ajas. 
2012. 12292

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). https:// doi. org/ 10. 1093/ femsec/ fiaa2 55

Louis P, Flint HJ (2009) Diversity, metabolism and microbial ecology 
of butyrate-producing bacteria from the human large intestine. 
FEMS Microbiol Lett 294(1):1–8. https:// doi. org/ 10. 1111/j. 1574- 
6968. 2009. 01514.x

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R (2012) 
Diversity, stability and resilience of the human gut microbiota. 
Nature 489(7415):220–230. https:// doi. org/ 10. 1038/ natur e11550

Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17(1). https:// doi. org/ 
10. 14806/ ej. 17.1. 200

Matey-Hernandez ML, Williams FMK, Potter T, Valdes AM, Spector 
TD, Menni C (2018) Genetic and microbiome influence on lipid 
metabolism and dyslipidemia. Physiol Genomics 50(2):117–126. 
https:// doi. org/ 10. 1152/ physi olgen omics. 00053. 2017

McCracken BA, Spurlock ME, Roos MA, Zuckermann FA, Gaskins 
HR (1999) Weaning anorexia may contribute to local inflamma-
tion in the piglet small intestine. J Nutr 129(3):613–619. https:// 
doi. org/ 10. 1093/ jn/ 129.3. 613

McMurdie PJ, Holmes S (2013) phyloseq: an R package for reproduc-
ible interactive analysis and graphics of microbiome census data. 
PLoS One 8(4):e61217. https:// doi. org/ 10. 1371/ journ al. pone. 
00612 17

Michiels J, Missotten J, Van Hoorick A, Ovyn A, Fremaut D, De Smet 
S, Dierick N (2010) Effects of dose and formulation of carvacrol 
and thymol on bacteria and some functional traits of the gut in 
piglets after weaning. Arch Anim Nutr 64(2):136–154. https:// doi. 
org/ 10. 1080/ 17450 39090 34999 15

Mitchell P (2011) Chemiosmotic coupling in oxidative and photosyn-
thetic phosphorylation. Biochim Biophys Acta (BBA)–Bioener-
getics 1807(12):1507–38. https:// doi. org/ 10. 1016/j. bbabio. 2011. 
09. 018

Moeser AJ, Pohl CS, Rajput M (2017) Weaning stress and gastroin-
testinal barrier development: implications for lifelong gut health 
in pigs. Anim Nutr 3(4):313–321. https:// doi. org/ 10. 1016/j. aninu. 
2017. 06. 003

Mohana Devi S, Lee SI, Kim I-S (2015) Effect of phytogenics on 
growth performance, fecal score, blood profiles, fecal noxious 
gas emission, digestibility, and intestinal morphology of wean-
ling pigs challenged with Escherichia coli K88. Pol J Vet Sci 18. 
https:// doi. org/ 10. 1515/ pjvs- 2015- 0072

Montagne L, Pluske JR, Hampson DJ (2003) A review of interactions 
between dietary fibre and the intestinal mucosa, and their con-
sequences on digestive health in young non-ruminant animals. 

Anim Feed Sci Tech 108(1):95–117. https:// doi. org/ 10. 1016/ 
S0377- 8401(03) 00163-9

Newsholme P, Procopio J, Lima MM, Pithon-Curi TC, Curi R (2003) 
Glutamine and glutamate–their central role in cell metabolism 
and function. Cell Biochem Funct 21(1):1–9. https:// doi. org/ 10. 
1002/ cbf. 1003

Niu Q, Li P, Hao S, Zhang Y, Kim SW, Li H, Ma X, Gao S, He L, Wu 
W, Huang X, Hua J, Zhou B, Huang R (2015) Dynamic distribu-
tion of the gut microbiota and the relationship with apparent crude 
fiber digestibility and growth stages in pigs. Sci Rep 5(1):9938. 
https:// doi. org/ 10. 1038/ srep0 9938

Pajarillo EAB, Chae J-P, Balolong MP, Kim HB, Kang D-K (2014) 
Assessment of fecal bacterial diversity among healthy piglets dur-
ing the weaning transition. J Gen Appl Microbiol 60(4):140–6. 
https:// doi. org/ 10. 2323/ jgam. 60. 140

Pelaseyed T, Bergström JH, Gustafsson JK, Ermund A, Birchenough 
GM, Schütte A, van der Post S, Svensson F, Rodríguez-Piñeiro 
AM, Nyström EE, Wising C, Johansson ME, Hansson GC (2014) 
The mucus and mucins of the goblet cells and enterocytes provide 
the first defense line of the gastrointestinal tract and interact with 
the immune system. Immunol Rev 260(1):8–20. https:// doi. org/ 
10. 1111/ imr. 12182

Peng C, Xu X, Li Y, Li X, Yang X, Chen H, Zhu Y, Lu N, He C (2020) 
Sex-specific association between the gut microbiome and high-fat 
diet-induced metabolic disorders in mice. Biol Sex Differ 11(1):5. 
https:// doi. org/ 10. 1186/ s13293- 020- 0281-3

Placha I, Takacova J, Ryzner M, Cobanova K, Laukova A, Strompfova 
V, Venglovska K, Faix S (2014) Effect of thyme essential oil and 
selenium on intestine integrity and antioxidant status of broilers. 
Br Poult Sci 55(1):105–114. https:// doi. org/ 10. 1080/ 00071 668. 
2013. 873772

Pluske JR, Hampson DJ, Williams IH (1997) Factors influencing the 
structure and function of the small intestine in the weaned pig: a 
review. Livest Prod Sci 51(1):215–236. https:// doi. org/ 10. 1016/ 
S0301- 6226(97) 00057-2

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, 
Glockner FO (2013) The SILVA ribosomal RNA gene database pro-
ject: improved data processing and web-based tools. Nucleic Acids 
Res 41(Database issue):D590-6. https:// doi. org/ 10. 1093/ nar/ gks12 19

Rajput N, Naeem M, Ali S, Zhang JF, Zhang L, Wang T (2013) The 
effect of dietary supplementation with the natural carotenoids cur-
cumin and lutein on broiler pigmentation and immunity. Poult Sci 
92(5):1177–1185. https:// doi. org/ 10. 3382/ ps. 2012- 02853

Rios-Covian D, Ruas-Madiedo P, Margolles A, Gueimonde M, de los 
Reyes-Gavilan CG, Salazar N (2016) Intestinal short chain fatty 
acids and their link with diet and human health. Front Microbiol 
7:185. https:// doi. org/ 10. 3389/ fmicb. 2016. 00185

Rivest RL (1992) The MD5 message-giest algorithm. RFC Editor 
1321:21. https:// doi. org/ 10. 17487/ RFC13 21

Rupnik M, Wilcox MH, Gerding DN (2009) Clostridium difficile infec-
tion: new developments in epidemiology and pathogenesis. Nat 
Rev Microbiol 7(7):526–536. https:// doi. org/ 10. 1038/ nrmic ro2164

Sakamoto K, Hirose H, Onizuka A, Hayashi M, Futamura N, Kawa-
mura Y, Ezaki T (2000) Quantitative study of changes in intestinal 
morphology and mucus gel on total parenteral nutrition in rats. 
J Surg Res 94(2):99–106. https:// doi. org/ 10. 1006/ jsre. 2000. 5937

Singh P, Teal TK, Marsh TL, Tiedje JM, Mosci R, Jernigan K, Zell 
A, Newton DW, Salimnia H, Lephart P, Sundin D, Khalife W, 
Britton RA, Rudrik JT, Manning SD (2015) Intestinal micro-
bial communities associated with acute enteric infections and 
disease recovery. Microbiome 3(1):45. https:// doi. org/ 10. 1186/ 
s40168- 015- 0109-2

Sklan D, Smirnov A, Plavnik I (2003) The effect of dietary fibre on the 
small intestines and apparent digestion in the turkey. Br Poult Sci 
44(5):735–740. https:// doi. org/ 10. 1080/ 00071 66031 00016 43750

https://doi.org/10.1111/j.1462-2920.2006.01009.x
https://doi.org/10.1111/j.1462-2920.2006.01009.x
https://doi.org/10.1051/animres:2004018
https://doi.org/10.1051/animres:2004018
https://doi.org/10.1126/science.1155725
https://doi.org/10.5713/ajas.2012.12292
https://doi.org/10.5713/ajas.2012.12292
https://doi.org/10.1093/femsec/fiaa255
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1038/nature11550
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1152/physiolgenomics.00053.2017
https://doi.org/10.1093/jn/129.3.613
https://doi.org/10.1093/jn/129.3.613
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1080/17450390903499915
https://doi.org/10.1080/17450390903499915
https://doi.org/10.1016/j.bbabio.2011.09.018
https://doi.org/10.1016/j.bbabio.2011.09.018
https://doi.org/10.1016/j.aninu.2017.06.003
https://doi.org/10.1016/j.aninu.2017.06.003
https://doi.org/10.1515/pjvs-2015-0072
https://doi.org/10.1016/S0377-8401(03)00163-9
https://doi.org/10.1016/S0377-8401(03)00163-9
https://doi.org/10.1002/cbf.1003
https://doi.org/10.1002/cbf.1003
https://doi.org/10.1038/srep09938
https://doi.org/10.2323/jgam.60.140
https://doi.org/10.1111/imr.12182
https://doi.org/10.1111/imr.12182
https://doi.org/10.1186/s13293-020-0281-3
https://doi.org/10.1080/00071668.2013.873772
https://doi.org/10.1080/00071668.2013.873772
https://doi.org/10.1016/S0301-6226(97)00057-2
https://doi.org/10.1016/S0301-6226(97)00057-2
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3382/ps.2012-02853
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.17487/RFC1321
https://doi.org/10.1038/nrmicro2164
https://doi.org/10.1006/jsre.2000.5937
https://doi.org/10.1186/s40168-015-0109-2
https://doi.org/10.1186/s40168-015-0109-2
https://doi.org/10.1080/00071660310001643750


Applied Microbiology and Biotechnology         (2024) 108:142  Page 17 of 17   142 

Spreeuwenberg MAM, Verdonk JMAJ, Gaskins HR, Verstegen MWA 
(2001) Small intestine epithelial barrier function is compromised 
in pigs with low feed intake at weaning. J Nutr 131(5):1520–1527. 
https:// doi. org/ 10. 1093/ jn/ 131.5. 1520

Suzek BE, Huang H, McGarvey P, Mazumder R, Wu CH (2007) 
UniRef: comprehensive and non-redundant UniProt reference 
clusters. Bioinformatics 23(10):1282–1288. https:// doi. org/ 10. 
1093/ bioin forma tics/ btm098

Ubeda C, Pamer EG (2012) Antibiotics, microbiota, and immune 
defense. Trends Immunol 33(9):459–466. https:// doi. org/ 10. 
1016/j. it. 2012. 05. 003

Valeri F, Endres K (2021) How biological sex of the host shapes its gut 
microbiota. Front Neuroendocrinol 61:100912. https:// doi. org/ 10. 
1016/j. yfrne. 2021. 100912

Windisch W, Schedle K, Plitzner C, Kroismayr A (2008) Use of phy-
togenic products as feed additives for swine and poultry. J Anim 
Sci 86(suppl 14):E140–E8. https:// doi. org/ 10. 2527/ jas. 2007- 0459

Wu G (2013) Functional amino acids in nutrition and health. Amino 
Acids 45(3):407–411. https:// doi. org/ 10. 1007/ s00726- 013- 1500-6

Yu SJ, Bajagai YS, Petranyi F, Stanley D (2022) Phytogen improves 
performance during spotty liver disease by impeding bacte-
rial metabolism and pathogenicity. Appl Environ Microbiol 
88(18):e0075822. https:// doi. org/ 10. 1128/ aem. 00758- 22

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/jn/131.5.1520
https://doi.org/10.1093/bioinformatics/btm098
https://doi.org/10.1093/bioinformatics/btm098
https://doi.org/10.1016/j.it.2012.05.003
https://doi.org/10.1016/j.it.2012.05.003
https://doi.org/10.1016/j.yfrne.2021.100912
https://doi.org/10.1016/j.yfrne.2021.100912
https://doi.org/10.2527/jas.2007-0459
https://doi.org/10.1007/s00726-013-1500-6
https://doi.org/10.1128/aem.00758-22

	Pioneering gut health improvements in piglets with phytogenic feed additives
	Abstract 
	Key points
	Introduction
	Materials and methods
	Ethical statement
	Animal trial
	DNA extraction, amplification, and sequencing
	Data analysis
	Metagenomic sequencing and analysis
	Histology
	Statistical materials and methods

	Results
	Animal health and performance
	Overall microbiota composition
	Alpha diversity
	Faecal microbiota composition changes over time
	Beta diversity
	LEfSe analysis: identifying microbial biomarkers in pig gut microbiota
	Sex-specific univariate analysis
	Histological evaluation of ileal morphology
	Metabolic pathway analysis

	Discussion
	Acknowledgements 
	References


