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Abstract

Diets rich in readily fermentable carbohydrates primarily impact microbial composition and activity, but can also impair the ruminal
epithelium barrier function. By combining microbiota, metabolome, and gene expression analysis, we evaluated the impact of feeding
a 65% concentrate diet for 4 weeks, with or without a phytogenic feed additive (PFA), on the rumen ecosystem of cattle. The breaking
point for rumen health seemed to be the second week of high grain (HG) diet, with a dysbiosis characterized by reduced alpha diversity.
While we did not find changes in histological evaluations, genes related with epithelial proliferation (IGF-1, IGF-1R, EGFR, and TBP)
and ZO-1 were affected by the HG feeding. Integrative analyses allowed us to define the main drivers of difference for the rumen
ecosystem in response to a HG diet, identified as ZO-1, MyD88, and genus Prevotella 1. PFA supplementation reduced the concentration
of potentially harmful compounds in the rumen (e.g. dopamine and 5-aminovaleric acid) and increased the tolerance of the epithelium
toward the microbiota by altering the expression of TLR-2, IL-6, and IL-10. The particle-associated rumen liquid microbiota showed a
quicker adaptation potential to prolonged HG feeding compared to the other microenvironments investigated, especially by the end

of the experiment.
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Introduction

Ruminants largely depend on the activity of the rumen micro-
biota to digest and utilize complex dietary polysaccharides for the
production of energy, protein, and the maintenance of a healthy
rumen ecosystem, owing to the symbiotic host-microbiome rela-
tionship (Deusch et al. 2017). The rumen itself is a complex en-
vironment, and many studies have highlighted the importance
of various niches, hosting a variety of different microorganisms
[solid-associated (SAM), liquid-associated (LAM), and epithelial-
adherent (EAM) microbiota], differing in preferred substrate for
degradation and metabolism. This differential diversity combined
with niche interaction is what allows for an optimal utilization of
ingested nutrients (De Mulder et al. 2016, Ricci et al. 2022). Despite
a significant body of work, our understanding of the metabolic role
of these ruminal microbial niches and the extent by which they
are affected by diet remains limited, also due to the fact that they
are often investigated separately.

A comprehensive characterization of the diet x microbiota in-
teractions and the way they affect the host is of particular inter-
est for feeding regimes that are based on the inclusion of large
amounts of grains, commonly fed to meet the high energy require-
ments of lactating cows. This type of feeding triggers a series of
reactions of the ruminal microbiota, that can switch its activity
and composition to process the new substrates, ending up with
an increased production of fermentation end products, such as
volatile fatty acids (VFAs) (Ametaj et al. 2010, Ricci et al. 2022).
When the ruminal homeostasis is compromised due to the ac-
cumulation of VFAs and the consequent decrease of pH, the an-
imals risk to experience subacute ruminal acidosis (SARA) (Ze-
beli et al. 2012). In order to adapt to fluctuations in the pH of
the rumen milieu, the epithelium increases its absorptive sur-
face area through the combined expression of genes related to
growth and nutrient uptake (Steele et al. 2012a, 2015, Dieho et al.
2016). However, these relatively rapid and profound modifications
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can alter the integrity of the epithelial barrier, compromising the
structure of tight junctions and desmosomes (Steele et al. 2011,
Liu et al. 2013, McCann et al. 2016). At the same time, the above
mentioned dietary challenges may induce changes in microbiota
composition and function, leading to production of other microbe-
derived compounds with proinflammatory properties such as bio-
genic amines, lipopolysaccharides (LPS) or lipoteichoic acid, which
can alter epithelial inflammation pathways resulting in both local
and systemic inflammation (Zhang et al. 2016, Zhao et al. 2018).
These alterations of the microbial composition and activity create
a perturbation of the ruminal homeostasis, defined as dysbiosis
(Sommer et al. 2017).

Given such premises, a healthy rumen depends on the com-
position of the microbiota and on the metabolites produced by
their activity, as well as on the structural and functional integrity
of the epithelium. These dynamics have been extensively stud-
ied, but usually focusing on isolated aspects, and mainly deal-
ing with only one niche of the rumen microbiota (Ametaj et al.
2010, Fernando et al. 2010, Petri et al. 2020). To overcome the
limitations of previous studies, and to characterize the response
of the rumen as a complex multifunctional organ, in this study
we characterized the microbiota composition of three ruminal
niches, the ruminal metabolome, and the rumen epithelial reac-
tion to a prolonged dietary challenge. By collecting samples con-
secutively over a period of 5 weeks, we aimed to define the precise
moment for the onset of dysbiosis, as well as to evaluate the adap-
tive capacity of the rumen alone or in association with a natural
remedy.

Among the strategies to counteract the deleterious effects
of high grain (HG) feeding, the use of phytogenic feed addi-
tives (PFA) has been demonstrated to modulate ruminal micro-
bial composition and its activity, both in vitro and in vivo (Cal-
samiglia et al. 2007, Bodas et al. 2012). Interestingly, PFA in short-
term HG feeding have also been reported to alter inflammatory
biomarkers, toxin release, and epithelial gene expression, pro-
viding positive and encouraging results, such as reduced LPS
and biogenic amines concentration, with consequent mitigation
of the inflammatory response (Drong et al. 2017, Humer et al.
2018, Petri et al. 2020). Therefore, although the mechanisms of
action of such phytogenic compounds are still not fully under-
stood, it remains to be determined if the use of PFA during pro-
longed HG feeding could provide beneficial effects for the ruminal
environment.

The aim of this study was to investigate the effects of prolonged
HG feeding challenge on various niches (SAM, LAM, and EAM) of
the ruminal ecosystem, by evaluating the structure and function-
ality of the epithelium, the composition of the microbiota and
the production of metabolites. We also evaluated the effects of
a PFA supplementation, consisting of a blend of menthol, thymol,
and eugenol, and we hypothesized that the feed additive would
support the plasticity and adaptability of the ruminal ecosystem,
helping to preserve a healthy ruminal environment. The integra-
tion of metabolome and microbiota with a panel of genes selected
to provide a comprehensive picture of the epithelial reaction al-
lowed us to characterize the ruminal response to a dietary chal-
lenge and a PFA supplementation over a period of 5 weeks, provid-
ing novel and useful insights on the critical points of the adaptive
processes of this ecosystem.

Materials and methods

Experiment design and animal housing

The trial was conducted at the research farm of the University of
Veterinary Medicine, Vienna, between June and September 2019.
The experimental procedure was approved by the Institutional
Ethics and Animal Welfare Committee of the University of Vet-
erinary Medicine Vienna and the Austrian national authority ac-
cording to the European and Austrian laws for animal experi-
ments (protocol number: BMBWF- 68.205/0003-V/3b/2019). A to-
tal of nine Holstein nonlactating cannulated cows (Bar Diamond,
Parma, ID, USA) were divided into two groups of four and five an-
imals balanced for body weight (mean body weight: 992 + 73 kg,
mean age: 10.0 &+ 0.8 years), in a cross-over design with two ex-
perimental runs consisting of 6 weeks each. The animals were fed
an only forage diet (baseline), consisting of 75% grass silage, 15%
corn silage, and 10% grass hay in dry matter basis for 1 week. Then,
the cows were transitioned to a HG diet with 65% concentrate via
stepwise daily increments of 10% concentrate over 1 week; the HG
diet was fed for the following 4 weeks. Details about the diet com-
position are given in our companion paper (Rivera-Chacon et al.
2022). In addition, one group of animals received a blended PFA
at 400 mg kg~! (dry matter basis) (Digestarom®, a mixture of es-
sential oils and extracts including menthol, thymol and eugenol;
BIOMIN Holding GmbH, which is part of DSM), and the second
group served as control; the groups were inverted between runs,
resulting in nine genuine replicates per treatment. The feed addi-
tive was dosed through the ruminal cannula during the weeks of
forage feeding and adaptation to the HG diet, while during the HG
feeding the phytogenic blend was included in the concentrate. In
the adaptation week the dosage of additive administered through
the cannula was adjusted according to the percentage of concen-
trate included in the diet to reach the targeted daily intake. Feed
was mixed and provided once daily (Trioliet Triomatic T15, the
Netherlands), and was available ad libitum, together with water
and mineral blocks. Every cow had access to a single feed bunk
and daily feed intake was recorded automatically (Insentec B.V.,
the Netherlands). Data for feed intake and ruminal pH are re-
ported in our companion paper (Rivera-Chacon et al. 2022). For
the whole duration of the experiment, the animals were housed
in a free-stall barn with deep litter cubicles (2.6 x 1.25 m, straw
litter).

Sample collection

Samples were collected at five time points, once at baseline and
once per every week of HG. Rumen content and rumen papillae
were collected 4 h after the morning feeding. To collect samples
of SAM and LAM for microbiota analyses, a handful of digesta was
sampled from the ruminal mat and the ventral sac of the rumen
(Castillo-Lopez et al. 2014). The liquid (LAM) was filtered through
four layers of sterile gauze and collected in a beaker. The solid di-
gesta (SAM) was sampled with sterile tweezers. Rumen fluid for
metabolomics was collected from the ventral sac of the rumen
using a sterile 20 ml syringe. All samples of rumen content were
snap frozen and stored at —80°C. For rumen papillae, the rumen
was partially emptied and the biopsies were collected following
a method previously described (Wetzels et al. 2016, Pacifico et al.
2022). The tissue samples for microbiota (EAM) and gene expres-
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sion analyses were snap frozen and then stored at —80°C. Sam-
ples for histology were fixed in 4% formalin solution (Liquid Pro-
duction GmbH, Germany) until further processing. Right after the
sampling, the rumen was refilled with its content. Each part of
the equipment was washed and thoroughly disinfected after ev-
ery use.

DNA extraction, sequencing, and sequences
analysis

A total of 90 samples were collected for EAM and SAM over
the 5 weeks of experiment, while 89 samples were processed
for LAM (one sample was lost due to technical issues). DNA
was extracted using DNeasy PowerSoil Kit (Qiagen, Germany)
with some modifications. Samples were preprocessed perform-
ing mechanical and enzymatic lysis, as described by Ricci et
al. (2022). The concentration of DNA extracted from each sam-
ple was measured with Qubit Fluorometer 4.0 (Life Technolo-
gies Corporation, USA) using the Qubit DNA HS Assay Kit (Invit-
rogen, Thermo Fisher Scientific, Austria). Target 16S rRNA gene
amplicon sequencing was performed in an external laboratory
(Microsynth, Switzerland), which also completed demultiplexing,
trimming of adaptors, and reads merging. Briefly, the V3-V4 hy-
pervariable regions of the bacterial 16S rRNA gene were amplified
with primers 341F-ill (5-CCTACGGGNGGCWGCAG-3') and 802R-
ill (5-GACTACHVGGGTATCTAATCC-3'), with an expected product
of ~460 bp (Klindworth et al. 2013). Barcodes and Illumina adap-
tors were added with 16S Nextera two-step PCR for library prepa-
ration. Finally, samples were distributed in equimolar pools that
were sequenced using a 250-bp paired-end reads protocol for II-
lumina MiSeq sequencing platform. Merged reads were inspected
for quality using FASTQC (Andrews and Babraham Bioinformat-
ics 2010) and were further analyzed with software QIIME 2 (v.
2020.2) (Bolyen et al. 2019). Sequences were filtered for quality
(PHRED score 20) and subsequently denoised with deblur (Amir
et al. 2017). Reads were trimmed at 400 nucleotides for SAM and
LAM samples, and at 385 nucleotides for EAM samples. Denois-
ing caused the loss of two samples for LAM (n = 87) and of one
sample for EAM. Furthermore, the latter matrix had three sam-
ples below 1000 reads, which were discarded (n = 86). All SAM
samples passed the quality filtering and denoising (n = 90). The
output tables were filtered to exclude mitochondrial contamina-
tion before taxonomy was assigned with a Naive Bayes classifier
trained for the specific 16S rRNA gene target regions against the
SILVA 132 99% OTU reference database. To calculate alpha diver-
sity, datasets were rarefied to the lowest read count that would
allow to keep the maximum number of samples with a Good’s
coverage index above 0.90 (9002 reads for SAM, five samples dis-
carded, n = 85; 8324 reads for LAM, four samples discarded, n =
83; 6526 reads for EAM, six samples discarded, n = 80) (Table S1,
Supporting Information). Diversity was calculated with “diversity
core-metrics-phylogenetic” function in QIIME 2. Beta diversity was
calculated in R, using phyloseq package (1.42.0) (McMurdie and
Holmes 2013) for weighted and unweighted UniFrac and vegan
package (2.6.4) (Oksanen et al. 2020) for Aitchison distance (based
on CLR transformation) (Aitchison et al. 2000).

RNA extraction, reverse transcription, and qPCR

RNA was extracted using RNeasy Mini Qiacube Kit (Qiagen) with
some minor modifications. About 25 mg of papillae were mixed
with 350 pl RLT buffer in 2 ml safe lock tubes containing 0.6 g of
ceramic beads. After homogenization in a Fastprep-24 instrument
(MP Biomedicals, USA), samples were centrifuged at 10000 x g for
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1 min. The lysate was transferred to a 2-ml tube and centrifuged
again at 14 680 x g for 3 min. The following steps were performed
as described by the manufacturers, but with centrifugation times
increased from 15 to 30 s. After the final addition of 500 pl of buffer
RPE, the column was centrifuged at full speed for 1 min to dry the
membrane. The filter was placed into a new 1.5 ml tube and was
left to dry for 1 min. Finally, 30 pl of RNase-free water were added
to the filter and incubated for 1 min. RNA was eluted by centrifu-
gation at 10000 g for 1 min and stored at —20°C. Genomic DNA
was removed using DNAse I (Ambion® TURBO DNA free), then
RNA integrity was assessed using the Qubit RNA IQ Assay Kit and
extracted RNA was quantified with the Qubit RNA HS Assay Kit
(Invitrogen, Thermo Fisher Scientific) on the Qubit Fluorometer
4.0 (Life Technologies Corporation). Reverse transcription was per-
formed using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems™, Thermo Fisher Scientific, USA), with the
addition of 500 pl of RNAse inhibitor (20000 U, Biozym, Austria) in
a thermocycler (Nexus, Eppendorf, Germany) with the following
conditions: 25°C for 10 min, 37°C for 2 h, 85°C for 5 min, and finally
4°C. Per each sample, 10 pl of template were mixed with 10 ul of
2x mastermix (2 pl of 10x buffer, 0.8 pl of 25x ANTP mix (100 mM),
2 pl of 10x RT random primers, 0.5 pl RNAse inhibitor, 1 pl Mul-
tiScribe RT, and 3.7 pl H,O, for a total volume of 10 pl), to which
were added 80 pl of RNAse free water, to reach a concentration of
10ng pl—*. Gene expression analyses were performed using CFX96
Touch Real-Time PCR Detection System (BioRad, USA), with 10 ul
reaction mix (2 pl cDNA as template, 0.8 pl of 100 nM primers,
reverse and forward respectively, and Biozym Blue S'Green qPCR
master mix). Thermocycler conditions were set for 3 min at 95°C
for initial denaturation, followed by 40 cycles of 95°C for 5 s and
60°C for 30 s. Finally, samples were brought to 95°C for 1 min
and to 55°C for 5 s; melt curve analysis was set to increment of
0.5°C cycle™!. Per each gene, samples were run in two technical
replicates and the mean Ct value was used for further calcula-
tions. Negative control and reverse transcription control (minus
RT) were included in each assay. To normalize for mRNA content,
hypoxanthine phosphoribosyltransferase 1 (HPRT1) and tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation pro-
tein zeta (YWHAZ) were used as housekeeping genes. Primers for
the tested genes are reported in Table 1. Primer design was per-
formed for IL-6, TLR-4, MyD88, EGFR, IGF-1, HPRT1, and YWHAZ
with Primer3Plus (version: 3.2.6) (Untergasser et al. 2012), target-
ing cDNA regions spanning between two exons (when possible)
based on published cow sequences [Ensembl, Genome assembly:
ARS-UCD1.2 (GCA_002263795.2)]. Gradient qPCRs were run per
each new primer pair for estimation of optimal annealing temper-
ature and validation of primer specificity by melting curve analy-
sis.

Metabolomics analyses

Metabolite profiling was performed as described in Ricci et al.
(2022). For determination of carboxylic acids, sugar phosphates
and sugars, 20 pl aliquots of rumen fluid were shaken with 980 pl
of acetonitrile/water (80:20, v/v) at 4°C for 10 min, centrifuged at
14350 x g for 10 min and the supernatants were diluted 10-fold
with acetonitrile/water (20:80, v/v). Analysis was performed by an-
ion exchange chromatography on a Dionex Integrion HPIC system
coupled to a Q Exactive Orbitrap mass spectrometer (both Thermo
Scientific). Compounds were quantified based on external calibra-
tion curves established between 3 and 9000 ng ml~!. Apparent re-
coveries (determined by comparing peak areas of *C-labeled in-
ternal standards of acetic acid, propionic acid, and butyric acid
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added prior to work-up with peak areas in pure solvent solutions
containing the same concentrations) were close to 100%.

Biogenic amines were determined by high-performance lig-
uid chromatography coupled to tandem mass spectrometry (LC-
MS/MS) after derivatization with phenyl isothiocyanate. Sample
preparation was carried out in 96-well plates and LC-MS/MS anal-
ysis was performed on an Agilent 1290 series UHPLC system
(Agilent Technologies, Waldbronn, Germany) coupled to a SCIEX
6500+ QTrap mass spectrometer equipped with a Turbo V ion
source (SCIEX, Foster City, CA, USA) as outlined in Ricci et al.
(2022). Biogenic amines were quantified on the basis of external
calibration curves (0.6-1000 ng ml~! in measurement solution)
prepared on the same plate. *C-putrescin was added to every
sample and standard solution prior to work-up and was used as
internal standard for recovery determination. An in-house pre-
pared sample was worked-up and measured three times on each
sample preparation day and served as inter- and intraday qual-
ity control sample. Metabolome data for integrative analyses were
normalized by row sums and Pareto scaling. Missing values and
zeros were replaced by the half of the minimum detection limit
per each compound.

Histology and immunohistochemistry

Papillae biopsies for histology were fixed in neutral buffered for-
malin (4% v/v) and then transferred to 70% ethanol and cleared in
xylene before embedding in paraffin wax. Histological sections, 3-
pum thick, were stained with DeadEnd™ Colorimetric TUNEL Sys-
tem (Promega Italia Stl, Italy) for the evaluation of cellular apop-
tosis. For each sample, three papillae were evaluated and count
of the immunolabeled cells was performed on three microscopic
fields (Leica DM2500 microscope, Germany). The same samples
were immunostained with monoclonal mouse antihuman Cytok-
eratin antibody, clone AE1/AE3 (diluted 1:200, Agilent, USA), to
evaluate the thickness of the keratin layer. This evaluation was
performed on three papillae per each sample, on three micro-
scopic fields (the apex of each selected papilla and in both lateral
sides). The same three papillae were considered for the measure-
ment of the stratum corneum thickness.

Statistical analyses

Alpha diversity, metabolite profiles, and histology data were ana-
lyzed in SAS (v. 9.4). Normality was checked with PROC UNIVARI-
ATE and the PROC REG procedure was used to calculate a lin-
ear regression as well as Cook’s distance (Cook’s D). Values were
considered outliers with a Cook’s D above 0.08. A linear mixed
model was run with the PROC MIXED procedure, with cow, run,
treatment, diet within week, and the interaction between diet and
treatment within week as fixed effects. Cow within run and group
were random effects. Measurements taken on the same cow at dif-
ferent time points were considered as repeated measure, and post
hoc Tukey correction for P-values was applied. Nonrarefied fea-
ture tables were used to compute differential abundance analysis
with Microbiome Multivariable Associations with Linear Models
(MaAsLin2) package (1.7.3) in R (Mallick et al. 2021). Differential
abundance was calculated using Centered Log-Ratio (CLR) nor-
malization and LM method, while False Discovery Rate was calcu-
lated with Benjamini-Hochberg method (Benjamini and Hochberg
1995). The model was run with diet, treatment, and week as fixed
effects and individual animal and experimental run as random
effects. To assess the differential abundance between consecutive
weeks in HG, the analysis was repeated on subsets of data consid-
ering only the 4 weeks in HG for the control and the PFA groups.
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The model was run with week as categorical fixed effect, individ-
ual animal and experimental run as random effects, and changing
the reference level in order to assess the changes between consec-
utive weeks. Nonparametric MANOVA (PERMANOVA) was used to
analyze beta diversity (Anderson 2001), through adonis function
of vegan package (Oksanen et al. 2020). Differences were tested for
fixed effects of diet, treatment, week, and their interaction. Func-
tional prediction for the microbiota data was performed through
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States 2 (PICRUSt2), run using the QIIME2 plugin (v.
2019.10), with the default options (average NSTI was 0.26 for SAM
samples, 0.28 for LAM samples, and 0.24 for EAM samples) (Bolyen
et al. 2019, Douglas et al. 2020).

Principal components analysis (PCA) of metabolites normalized
counts was performed to identify the major responsible for distri-
bution variation between the weeks through package stats (4.2.2)
(Millard 2013).

For gene expression data, one sample from Run 2 was excluded
because of technical issues. Rosner’s test was applied on the Ct
values to detect possible outliers (rosnerTest function of EnvStats
package, 2.7.0) (Millard 2013), and a total of three observations
were removed from the dataset (for EGFR, IFN-y, and TLR-2). Gene
relative expression was calculated applying the AACt method
(Pfaffl 2001), using two reference genes (HPRT1 and YWHAZ) to cal-
culate the ACt. The external calibrator was the mean ACt value
of each group (treatment or control) on the first week (baseline)
per each run, to normalize data considering the crossover design
(Petri et al. 2019). Lastly, the relative expression was calculated
as value = 27 #2Ct The obtained values per each run were then
merged into a single dataset on which statistical analyses were
performed. A further statistical test was performed on the rela-
tive expression values to identify possible outliers, using the PROC
REG procedure of SAS to calculate Cook’s D. Values with a Cook’s D
above 0.10 were removed from the dataset for downstream analy-
ses (one observation removed from each gene, with the exception
of IFN-y, TLR-4, IGF-1, IL-6, and IL-10 for which two observations
were removed, and ZO-1 for which four values were removed). The
linear mixed model was run with PROC MIXED using the same
fixed and random effects described above and with post hoc Tukey
correction for P-values. Significance was considered for P < .05 and
tendencies were discussed for .05 < P < .10.

Data integration between microbiota, metabolome and gene
expression was performed using unsupervised and supervised ap-
proaches. For the first approach, normalized counts of the iden-
tified metabolites were used to compute canonical correspon-
dence analysis (CCA) between metabolites and microbiome data
for LAM and SAM and EAM using vegan package. Significance
was tested with function anova.cca(). The supervised approach
was implemented with the function block.splsda() of package
MixOmics (Rohart et al. 2017), which performs a multiblock sPLS-
DA (Sparse Partial Least Squares Discriminant Analysis). Before
running the analysis, the microbial datasets were filtered to retain
features with a relative abundance above 0.01% across the whole
dataset and normalized with CLR transformation. The normalized
metabolome and gene expression were analyzed in combination
with LAM, SAM, and EAM separately and with two different re-
sponse variables (treatment and week), resulting in six different
models (three for each explanatory variable). The optimization of
the number of components was obtained through perf() function
with 10-fold cross-validation and 50 repetitions while the num-
ber of features to retain was obtained with the tune.block.splsda()
function with 3-fold cross-validation and 50 repetitions. The re-
sults of the analysis were evaluated to establish the correlations
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between datasets by comparing the coefficients for each of the
components of each model. The loadings per each component
were also evaluated to identify the most discriminant variables.
The ASVs are discussed if they resulted among the most influen-
tial loadings in at least two of the model components. Relevance
networks were obtained with function network() with a cutoff of
0.7 and implemented for visualization using packages igraph and
ggraph (Csardi and Nepusz 2006, Pedersen 2022). Other graphs
were produced with package ggplot2 (Wickham 2016).

Results

Microbial diversity

SAM samples generated 3240905 reads, grouped in 18155 am-
plicon sequence variants (ASVs). In LAM samples, 4 077 333 reads
were grouped in 18623 ASVs, while in the EAM samples 2 589 625
reads were grouped in 12182 ASVs.

All alpha diversity indices were affected by the diet in LAM and
SAM samples (Table 2; Table S1, Supporting Information). In LAM
samples, all the alpha diversity indices decreased over the first 2
weeks of HG, and significantly increased in the last 2 weeks of ex-
periment. The same pattern was visible for the SAM samples, with
the lowest values reached on the second week of HG, and values
numerically increasing in the last week. In EAM samples, Pielou’s
evenness and Faith’s Phylogenetic Diversity were affected by the
diet (P = .05 and P = .03, respectively). Shannon index tended to
be higher in EAM in the PFA group (P = .10). Both weighted and
unweighted UniFrac distances were affected by the diet and the
experimental week in all the ruminal microenvironments (P < .01
for both in LAM and SAM and unweighted UniFrac in EAM; P < .01
and P = .03 for diet and week, respectively, for weighted UniFrac
in EAM). The Aitchison distance matrix results were in agreement
with the canonical methods (Fig. 1). The phytogenic treatment did
not affect any beta diversity matrices.

Microbiota composition and differential
abundance in response to the dietary challenge

The dietary challenge caused major changes in the microbiota
composition in all the three niches at each taxonomic level eval-
uated (phylum, family, and genus). The shifts in phyla relative
abundances are presented in Figure S1 (Supporting Information).
In EAM samples, phylum Euryarchaeota (Archaea) tended to in-
crease due to the diet (0.7% in forage and 1.3% in HG, P < .01)
(Figure S1, Supporting Information). The three ruminal microen-
vironments reacted differently to the HG diet, with 42, 71, and 18
families significantly affected in the SAM, LAM, and EAM sam-
ples, respectively. The three most abundant families in rumen di-
gesta (both SAM and LAM) were Lachnospiraceae, Ruminococcaceae,
and Prevotellaceae, and were all increased from forage to HG (P <
.01). The most frequent families over all the EAM samples were
Lachnospiraceae (31.0%), Ruminococcaceae (11.1%), Clostridiales Fam-
ily XIII (9.5%), and Campylobacteraceae (7.5%). Families Prevotellaceae
(2.5%in forage and 6.4% in HG, P < .01) and Clostridiales Family XIII
(13.5% in forage and 8.5% in HG, P = .03) were affected by the diet.

In SAM samples, 461 genera were identified, of which 22 had a
relative frequency above 1%. The most abundant genera are pre-
sented in Fig. 2(A). In LAM samples, only 21 genera had an overall
relative frequency above 1% (Fig. 2B). The most frequent genera
over all the EAM samples were classified as Butyrivibrio 2 (11.9%),
Campylobacter (7.5%), [Eubacterium] nodatum group (3.4%), Desulfob-
ulbus (3.1%), and Ruminococcaceae NK4A214 group (3.0%) (Fig. 2C).
The dietary shift from forage to HG affected 126 and 154 genera in

SAM and LAM samples, respectively, while only 51 genera were dif-
ferentially abundant due to the HG diet in EAM samples (Fig. 3A).
Only 33 genera were affected by the HG diet in all three niches
(Fig. 3B).

When considering the effect of the duration of the HG dietary
challenge 83, 74, and 28 genera were found to be differentially
abundantin SAM, LAM, and in EAM samples, respectively. Among
the most abundant genera (Fig. 2), Succinivibrionaceae UCG-001 was
affected by the prolonged HG feeding in all three niches (P < .01
in SAM, P =.10in LAM, and P = .05 in EAM). Genus Lachnospiraceae
NK3A20 group was differentially abundant in the experimental
weeks in both SAM and LAM samples (P = .08 and P < .01, re-
spectively). Genera Ruminococcus 2 and Acetitomaculum were signif-
icantly affected by the weeks in LAM samples (P < .01), while Can-
didatus saccharimonas tended to be affected by the weeks only in
EAM samples (P = .07). Genus Kandleria was significantly affected
by the weeks in all three matrices, reaching the highest concen-
trations in the first week of HG and decreasing by the end of ex-
periment (P < .01 in SAM, LAM, and EAM). Genus Ruminococcaceae
UCG-002 tended to decrease at the beginning of the HG challenge
in all three niches, but reached the highest relative abundance by
the end of experiment in SAM and LAM samples (P < .01), and on
week 3 HG in EAM samples (P = .08). On the contrary, Lachnobac-
terium increased in all three niches in the first week of HG feeding
and tended to decrease by the end of the HG challenge in LAM and
EAM samples (P < .01). In SAM samples, Lachnobacterium decreased
between week 2 (0.013%) and 3 HG (0.009%), to increase again by
week 4 HG (0.016%) (P < .01). Genus Acidaminococcus showed differ-
ent trends in each microenvironment analyzed. In SAM, it was not
present in the first 2 weeks of experiment, and showed the high-
est relative abundance in week 2 HG (0.47%, P < .01). In LAM, Aci-
daminococcus disappeared from forage feeding to week 1 HG, and
then increased again to reach the peak on week 3 HG (0.28%, P =
.01). In EAM samples, the relative abundance of Acidaminococcus
tended to increase gradually with the progression of the dietary
challenge, from a relative abundance < 0.01% in the first week of
HG feeding to reach a relative abundance of 0.19% in week 4 HG
(P =.06).

When specifically analyzing the differential abundance be-
tween each consecutive HG week, the differences between the
ruminal microenvironments were even more deepened, with dis-
tinct genera affected in each niche (Fig. 3C). Genera Schwartzia and
Prevotella 7 were the only two taxa with a significant differential
abundance between weeks 1, 2, and 3 HG in all the three niches,
reaching the highest relative frequency on week 3 HG in all the
microenvironments analyzed. In LAM, family Bacillaceae was sig-
nificantly reduced due to the duration of the HG diet. LAM sam-
ples showed a higher reactivity between week 3 HG and week 4 HG
compared to the other two ruminal niches analyzed, with higher
proportions of differentially abundant genera in both the control
and PFA groups (Fig. 3C). The microbiota attached to the rumen
wall showed the most stable composition over the 4 weeks of HG
diet, with only a few genera significantly different between each
week, and only in the control group (Fig. 3C).

Effect of the PFA on the ruminal microbiota

The PFA supplementation in SAM samples increased the over-
all relative frequency of uncultured Peptococcaceae (0.06% in PFA
and 0.03% in control, P = .04), Desulfuromonas (0.013% in PFA and
0.008% in control, P = .02) and Desulfovibrio (0.18% in PFA and
0.11% in control, P = .06). The treatment tended to decrease the
overall relative frequency of genus Coprococcus 2 (0.13% in PFA and
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Figure 1. Principal component analysis based on the Aitchison distance measured for three ruminal microenvironments (LAM = liquid associated
microbiota; SAM = solid associated microbiota; and EAM = epithelial adherent microbiota) in cows fed a forage-based diet (Forage) and a HG diet for 4
weeks. Results are presented for the control and the treatment (PFA) groups. The distance matrix was affected by the diet and the weeks in all three

ruminal niches (P < .01 for LAM, SAM, and EAM for both diet and week).

0.23% in control, P = .08), Lachnospiraceae NC2004 group (0.05% in
PFA and 0.06% in control, P = .09), Lachnospiraceae UCG-001 (0.06%
in PFA and 0.12% in control, P = .06), and Ruminococcus 1 (3.1% in
PFA and 3.9% in control, P = .06). The PFA also decreased the abun-
dance of [Eubacterium] xylanophilum group (0.12% in PFA and 0.21%
in control, P < .01) and Pseudobutyrivibrio (0.25% in PFA and 0.35%
in control, P < .01). The PFA supplementation affected 13 predicted
pathways in SAM samples (Figure S2, Supporting Information).
Overall, more taxa were affected by the prolonged dietary chal-
lenge in the control group compared to the PFA, indicating a more
stable composition over the 4 weeks of HG feeding (Fig. 3C). No ef-
fect was recorded in the PFA group in the transition between week
3 and 4 HG.

In LAM samples, Lachnospiraceae NK3A20 group tended to in-
crease in the PFA group (5.7%) compared to control (4.5%) (P =.07).
Similarly, Ruminiclostridium 9 (0.3% in PFA and 0.1% in control, P <
.01), C. saccharimonas (1.3% in PFA and 0.10% in control, P = .05),
and uncultured Peptococcaceae (0.03% in PFA and 0.01% in control,
P = .06) were more frequent in the PFA group. [Eubacterium] xy-
lanophilum group (0.14% in PFA and 0.17% in control, P = .10), and
Lachnospiraceae NC2004 group (0.03% in PFA and 0.04% in control,
P = .04) were more frequent in the control group. The PFA supple-
mentation also affected 24 predicted pathways in LAM samples
(Figure S2, Supporting Information). Like for the SAM, in LAM sam-
ples the PFA group showed a more stable composition compared
to the control group, with less genera differentially abundant be-
tween the four consecutive weeks in HG (Fig. 3C).

The PFA supplementation did not affect the microbiota compo-
sition nor the predicted activity in the EAM samples.

Metabolite profiling

All the metabolites measured in the rumen fluid, apart from carni-
tine, ethylbutyric acid, pyroglutamate, a-D-glucose-1-phosphate,
and hydroxyphenyl-propionic acid, were affected either by the
diet or by the interaction between the treatment and the diet (Ta-
ble 3). The variation of metabolite concentration over the weeks is
shown in Fig. 4. The PFA maintained or tended to maintain a sta-
ble lower level of dopamine (P = .08), kynurenine (P = .01), glyceric
acid (P = .02), and benzoic acid (P = .03) compared to the con-
trol. There was an interaction between the treatment and the diet
for six of the analyzed metabolites: 5-aminovaleric acid (5-AVA)
(P = .02), B-aminobutyric acid (BABA) (P = .04), creatine (P = .09),
phenylethylamine (P = .07), methylbutyric acid (P = .01), and suc-
cinic acid (P =.09) showed a great variation of concentration in the
different weeks. In particular, the PFA supplementation seemed
to stabilize the concentrations of 5-AVA, kynurenine and succinic
acid over the experimental weeks (Fig. 5). PCA confirmed the three
major VFAs (acetic, propionic, and butyric acid) as major respon-
sible for the metabolite distribution variation between the weeks
(Figure S3, Supporting Information). CCA performed between nor-
malized counts of these three VFAs and the microbiome data re-
vealed a significant impact for all three niches (P < .01). Signifi-
cance was tested also per each VFA, revealing a significant influ-
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Figure 2. Bar-graph showing the mean relative frequency of the most abundant genera across all SAM (A), LAM (B), and EAM (C) samples. Results are
presented for the control and the treatment (PFA) groups for the forage-based diet week (Forage) and for the four HG diet weeks.
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Figure 3. Effect of the HG diet on the ruminal microbiota composition. Venn diagram (A) showing the number of genera differentially abundant due to
the HG diet in each ruminal niche analyzed (SAM, LAM, and EAM). Mean relative abundances (B) in forage and in HG feeding of the 33 genera that
were affected by the diet in all three ruminal niches. (C) Number of genera differentially abundant during the prolonged HG feeding challenge in each
ruminal niche analyzed (SAM, LAM, and EAM). The proportion of significantly different genera between each HG feeding week is represented for the

control group and for the treatment group (PFA).

ence of each acid, despite the low variance explained (P < .01, P
= .01, and P = .03 for propionic, acetic, and butyric acid, respec-
tively in SAM; P < .01, P < .01, and P = .03 for propionic, acetic and
butyric acid, respectively in LAM; P = .03, P = .03, and P = .01 for
propionic, acetic, and butyric acid, respectively in EAM) (Fig. 6).

Gene expression and histology

Gene expression analysis showed an effect of the PFA supplemen-
tation on the relative expression of two genes related with bar-
rier function [desmoglein 1 (DSG1) and claudin-4 (CLDN-4)], with

higher values for the control group (DSG1, P = .09 and CLDN-4, P
= .04). Zonula occludens-1 (ZO-1) was affected by the HG diet (P <
.01), with a significant increment between week 2 HG and week 3
HG (P < .01) (Fig. 7).

All epithelial growth-related genes were affected by the pro-
longed HG feeding (Fig. 7). Insulin-like growth factor 1 (IGF-
1) increased between week 2 HG and week 3 HG (P = .01)
and tended to be higher in the control group (P = .06). There
was a trend for interaction between diet and PFA treatment
for epidermal growth factor receptor (EGFR, P = .10), while
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Figure 4. Heatmap showing the change in concentration of metabolites measured in the rumen fluid across the five experimental weeks. Rows were
scaled to have mean zero and standard deviation one, to normalize the different concentrations of each metabolite. Values range from —1 (lowest
concentration measured) to 1 (highest concentration measured). The hierarchical clustering shows a separation between the baseline (Forage) and HG

feeding weeks (1-4 HG).

both EGFR and insulin-like growth factor 1 receptor (IGF-IR)
tended to be affected by the diet (P = .08 and P = .06, respec-
tively). Tata-box binding protein (TBP) was affected by the diet
(P < .01).

While tumor necrosis factor-a (TNF-«) was not affected by the
weeks in HG, nor by the treatment, interferon-gamma (IFN-y)
showed a higher expression in the PFA group (P = .05) (Fig. 8). IFN-y
was also affected by the diet (P = .01) and increased between week
1 HG and 2 HG (P = .02). Cluster of differentiation 14 (CD14) and
toll-like receptor 4 (TLR-4) were both affected by the diet (P < .01),
as well as myeloid differentiation primary response 88 (MyD88) (P
= .02). Toll-like receptor 2 (TLR-2) increased over the weeks, es-
pecially between week 2 HG and 3 HG (P < .01) and was more
expressed in the control group (P < .01), especially in the last 2
weeks of experiment (Fig. 8). Interleukin-6 (IL-6) and interleukin
(IL-10) showed a higher expression in the PFA group (P = .10 and P
= .02, respectively).

Statistical analyses revealed no effects on the histologi-
cal parameters evaluated, apart from a tendency for an ef-

fect of the individual cow on the thickness of the stratum
cormeum (P = .10) (Table S2, Figures S4 and S5, Supporting
Information).

Data integration analysis

The multiblock sPLS-DA revealed high correlations between mi-
crobiota and metabolome, regardless of the chosen explana-
tory variable (treatment or week) (Tables S3 and S4, Supporting
Information). The strongest correlation was observed for LAM for
both explanatory variables. This microbial niche also showed the
lowest correlation with the gene expression data. In general, the
gene expression data showed overall lower correlation coefficients
with the other datasets.

Both the loadings and the relevance networks obtained per
each microbial dataset and the two response variables were thor-
oughly examined to find the key discriminant features. The load-
ings for each model are presented in Figures S6-S8 (Supporting
Information), and the relevance networks are shown in Figures 9
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Figure 5. Variation in concentration over the experimental weeks of the metabolites affected by the phytogenic treatment (PFA). Concentrations were
measured in the rumen fluid of cows fed a forage-based diet (Forage) and a HG diet for 4 weeks. Results are presented per each metabolite for the
control and the PFA groups per each experimental week.
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and 10. The classification of the ASVs included in the model is
provided in Table S5 (Supporting Information).

sPLS-DA results for the weeks

In the model considering SAM and weeks as explanatory variable,
only eight ASVs were identified in two components. Three were
classified as Prevotella 1, and other two as Prevotellaceae UCG-003
and UCG-004. In the model for LAM and weeks, 15 ASVs were iden-
tified in more than one component, of which five were belonging
to family Prevotellaceae. For EAM, 16 ASVs were found in more than
one component, and two were classified as Prevotella. ASVs classi-
fied as Rikenellaceae RCY gut group and Christensenellaceae R-7 group
were found to be among the most influential in EAM and in SAM
and LAM, respectively.

Genes CLDN4, DSG1, IGF-1,1L-6, MyD88, and TBP were among the
most influential discriminants between weeks for SAM. Similarly,
genes DSG1, IGF-1, IL-6, and MyD88 were among the most influen-
tial in the model considering LAM. Other influential genes for this
model were ZO-1 and IGF-1R. In the model considering EAM, most
of the genes were considered discriminant in several components
of the model, while genes TLR-2 and MyD88 were considered the
most influential.

For the metabolome data in the models considering week as
explanatory variable, the most influential compounds for SAM
were succinic acid, phenylpropionic acid, kynurenine, hexanoic
acid, p-glucose-6-phosphate, b-fructose-6-phosphate, and butyric
acid. When LAM was included in the model, the metabolites that
contributed the most to the differences between groups were pro-
pionic acid and histamine. For EAM, the most influential metabo-
lites were identified as hexanoic acid, b-galacturonic acid, and bu-
tyric acid.

The relevance networks obtained using week as explanatory
variable reinforced the findings obtained by confronting the load-
ings per each model. Only a few correlations were found for genes
related with inflammation although some inflammatory genes
(IFN-y, IL-10, and TNF-a) were consistently correlated in all the
networks. Similarly, TLR-4, ZO-1, and IGF-1 were negatively corre-
lated in all three networks. Both IGF-1 and ZO-1 were highly corre-
lated with many other variables. Glucose and disaccharides were
positively correlated with EGFR and IGF-1 in the relevance net-
works obtained for SAM and EAM, respectively. Acetic acid was
negatively correlated with IGF-1 in all the networks. D-glucose-
6-phosphate and p-fructose-6-phosphate were present in all the

relevance networks and highly correlated with CLDN4, IFN-y, IL-
10, and TNF-«. Three ASVs classified as Ruminococcaceae were pos-
itively correlated with D-glucose-6-phosphate and D-fructose-6-
phosphate, IL-10 and TNF-« in the network for SAM. Benzoic acid,
iso-butyric acid, iso-valeric acid, phenylacetic acid, and acetic acid
were also present and highly correlated in all three networks and
were consistently associated with epithelial barrier or epithelial
growth genes (especially ZO-1 and IGF-1). Propionic acid was iden-
tified as major component of the relevance network only in LAM,
showing correlations with 36 ASVs. Only ASV_6805 (Solobacterium),
and ASV_9264 (Ruminococcaceae UCG-014) were shared between
LAM and SAM networks, the latter showing a strong correlation
with D-glucose-6-phosphate and D-fructose-6-phosphate in both
datasets.

sPLS-DA results for the PFA

The sPLS-DA was unable to consistently identify microbial fea-
tures responsible for the variation among treatment and control
groups in both SAM and LAM. For EAM, six ASVs were identified
as main drivers of difference (Figure S8, Supporting Information).

In the model considering SAM, ZO-1 was identified by several
components as discriminant feature for the PFA. Other discrimi-
nant genes for this niche were MyD88, IGF-1, IGF-1R, and CLDN4.
Similarly, when LAM was included in the model, ZO-1 was identi-
fied among the most important genes for discrimination among
groups, together with IL-10, TLR-4, MyD88, IGF-1, EGFR, and CD14.
When EAM was considered in the model, most of the genes were
identified as discriminant in more than five components. The
highest contributions were found for MyD88 and DSG1.

For the models considering the PFA as explanatory variable
and SAM, the highest contribution for the metabolome was
given by glyceric acid and creatine, while considering LAM, suc-
cinic acid, spermine, and glyceric acid were the most discrimi-
nant metabolites. When considering EAM in the model, only few
metabolites were found to be main drivers of difference in more
than one component. The highest contributions were given by
«- and B-aminobutyric acid, hydroxyphenilpropionic acid, and p-
galacturonic acid.

Similar patterns were identified between the relevance net-
works based on week or treatment explanatory variables. Genes
related to epithelial growth or barrier integrity showed stronger
correlations compared to the inflammation related genes. Gene
MyD88 showed positive correlations with creatine in the net-

GZ0Z 1200190 60 UO Jasn euuaIA AlsisAlun aupIpay Ateulslap A 2£806S2/900881/Z/00 | /211e/28swal/woo dnoolwepese//:sdiy woll papeojumod


https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae006#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae006#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae006#supplementary-data

16 | FEMS Microbiology Ecology, 2024, Vol. 100, No. 2

Z01
3 Diet: P < 0.01 .
™
Q
% P <0.01 .
5 24
w
w .
[
s
B
2 ' |
5
[] -
: |
Forage Week 1 HG Week 2 HG Week 3 HG Week 4 HG
DSG1 CLDN-4
10,04
2.0+
PFA: P = 0.09 PFA: P = 0.04
% 7.54 % °
& : & g5 .
[ = : c
5 5 .
@ 2
o 5.04 . o
2 2 404
o [+
H H ﬁ
s =
8 25- a kS Q
[} [}
14 E é X 54
0.04
Forage Week 1HG  Week2HG  Week3HG  Week 4 HG Forage Week 1HG  Week2HG  Week3HG  Week 4 HG
&3 Control B8 PFA
EGFR TBP
257" Diet P =0.08 7 297 Diet; P < 0.01 P=0.01
I:P=0.10
& . &
3 20- 3
c .. c
S S
g 187 @
o . o
o [= 5
> % 1.0
o 1.0 ]
2 =
® ®
= T
05
0.5
Forage  Week 1HG Week2HG Week 3HG Week 4 HG Forage  Week 1HG Week 2HG Week3HG Week 4 HG
IGF-1 IGF-1R
4
Diet: P < 0.01 e =
s PFA: P = 0.06 = .
Q Q 1.54
k| e ‘
o 3+ ™~
o o .
c c
i=] o
w w
] o
é‘ 24 é 1.0
[¥] @
)] @
2 2
= =
& &
D 14 [}
o X 54
Forage  Week1HG Week2HG Week3HG Week 4 HG Forage  Week 1HG Week 2HG Week3HG Week 4 HG

& Control B2 PFA
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works for EAM and SAM and was correlated with several ASVs
in all three networks. For SAM, positive correlations were found
with ASV_4906, ASV_4905, ASV_4904 (all classified as Prevotella 1),
and ASV_9384 (Ruminococcaceae UCG-014). Similarly, in LAM net-
work MyD88 was positively correlated with ASV_5021 (Prevotella
1), ASV_7959, and ASV_7930 (both classified as Ruminococcaceae
UCG-010). In EAM, MyD88 showed correlations with ASV_3832,
ASV_3239, ASV_3833 (Lachnospiraceae), and ASV_2865 (Ruminococ-
caceae CAG-352).

TLR-2 in the network for EAM was positively associated with
y- and a-aminobutyric acid, which was in turn correlated with
ASV_1665 (Rikenellaceae RC9 gut group). In the same network, -
aminobutyric acid was negatively correlated with IGF-1 and with
10 ASVs. ASV_4665 (Prevotella 1) was found both in SAM and LAM,
but strongly correlated with IGF-1R in the former and with glyc-
eric acid and CLDN4 in the latter. In SAM, spermine was positively
correlated with ASV_4532 (Prevotellaceae UCG-004) and ASV_9725
(Acetitomaculum). In LAM, positive correlations for spermine were
found with IFN-y, TNF-a, ASV_4930 (Prevotella 1), and ASV_7116 (C.
saccharimonas).

Discussion

Impact of HG feeding on the ruminal microbiota
composition and activity

We investigated the microbiota composition in three ruminal mi-
croenvironments, which have been previously demonstrated to
host distinct microbial populations (De Mulder et al. 2016, Wang
et al. 2017). As expected, due to HG feeding, alpha diversity was
reduced in all the three ruminal niches, with possible implica-
tions on impaired animal health (Hook et al. 2011, Plaizier et al.
2017). Our study has also confirmed previous findings, in which
the epimural associated microbiota was less responsive to dietary
changes (Mann et al. 2018). In fact, in addition to the lower num-
ber of taxa affected by the HG diet in this niche, the relevance
network for the weeks found few significant correlations between
EAM and the other datasets.

In contrast to a previous study, we found a significant impact of
the diet on the Archaeal population in the ruminal papillae (Xue et
al. 2019). Other studies have reported that methane production is
dependent on the percentage and type of concentrates in the diet,
suggesting that the increased relative frequency of Euryarchaeota
could be explained by the composition of our diet (Hook et al. 2010,
Moate et al. 2017). However, it also needs to be considered that 16S
rRNA gene amplicon sequencing is recognized as a less accurate
way to assess the presence of Archaea in the rumen (De Mulder
et al. 2016).

According to the unsupervised data integration analysis, the
main metabolites responsible for the variation in metabolome
composition as well as of the rumen contents microbiota com-
position were acetic, propionic, and butyric acid. These VFAs are
normally the most concentrated in the rumen, and are consid-
ered the main microbial fermentation products (Aschenbach et
al. 2011). The supervised integrative analyses confirmed propionic
and butyric acid as main discriminant of difference between ex-
perimental weeks in SAM and especially in LAM.

However, VFAs were not the only metabolites identified as key
discriminant by the sPLS-DA. Microbial fermentation, especially in
case of dysbiosis, can produce harmful compounds, such as bio-
genic amines. Of the 20 biogenic amines identified in the present
study, kynurenine, phenylethylamine, and histamine were among
the most discriminant features for the HG challenge, although

we did not find significant correlations between these metabolites
and other variables. Some of these compounds, such as histamine
and ethanolamine, have been previously reported as increased
in cows with SARA, and can contribute to the development of
more severe and systemic symptoms (Nocek 1997, Ametaj et al.
2010). Statistical analyses confirmed that all biogenic amines in
our study were affected by the diet, except for carnitine and cre-
atine.

Overall, our results suggest a shift towards an imbalanced mi-
crobial composition and metabolism due to the HG diet, outlin-
ing a picture compatible with ruminal dysbiosis. Since the main
drivers for the onset of this condition in the rumen seem to be not
only VFAs, but also biogenic amines, such metabolites should be
always evaluated when investigating dysbiosis in cattle.

The effect of dysbiosis on the epithelial
expression of inflammation related genes

Toll-like receptors, among others, are receptors responsible of
the interaction with bacteria, and can promote tolerance as well
as trigger an immune reaction and relative inflammation (Mal-
muthuge et al. 2012). TLR-4 recognizes LPS and triggers a reac-
tion that depends on CD14 and results in the production of pro-
inflammatory cytokines. The expression of both genes has been
demonstrated to increase in cows with SARA (Stefanska et al.
2018). In accordance with this, CD14 relative expression increased
in parallel with TLR-4 in response to the HG diet. Interestingly, the
relevance networks showed a close connection between TLR-4 and
genes related to epithelial growth and structure (IGF-1 and ZO-
1), but not with CD14. Such cluster was identified in all the net-
works and was composed of VFAs and of a different number of
ASVs depending on the microbial niche, mostly classified as Lach-
nospiraceae and Ruminococcaceae, as well as Prevotella 1, and Rikenel-
laceae RCY gut group. Interestingly, strong correlations were found
with family Bacillaceae in LAM. Although the other families in-
cluded in this cluster were increased in all the microbial niches
due to the HG diet, Bacillaceae decreased in LAM. This family is re-
puted beneficial for the host and was positively correlated with
butyric and iso-butyric acid, benzoic acid, and iso-valeric acid in
the cluster. These organic acids have anti-inflammatory proper-
ties, which might explain the negative correlations observed with
TLR-4 (Mentschel et al. 2001, Pu et al. 2018, Zhang et al. 2021).
After the activation due to CD14 and TLR-4, the inflamma-
tion process can develop following two different pathways. The
MyD88 dependent pathway activates the signaling cascade of NF-
kB and consequently of TNF-« and other cytokines (Bjorkbacka et
al. 2004). MyD88 was identified as one of the main drivers of dif-
ference between experimental weeks. Its expression was strongly
correlated with ASVs belonging to family Prevotellaceae, and partic-
ularly Prevotella 1, indicating the major role played by this Gram-
negative family in the development of an inflammatory response
in relation to HG. Surprisingly, the increased expression of MyD&8
due to the diet was not accompanied by an increased expression
of interleukins in our study. This could be due to the fact that
despite the increased expression, especially in some individuals
during weeks 2 HG and 3 HG, by the last week of experiment the
average cytokines relative expression returned to levels more sim-
ilar to the forage feeding. The relative expression of genes such as
TLR-4 and TNF-«, as well as of other proinflammatory chemokines,
was reduced after repeated exposure to LPS (Kent-Dennis et al.
2020). This might indicate the activation of a negative feedback
loop and suggests a progressive mechanism of tolerance towards
LPS, which could explain the results of our experiment (Lv et al.
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2017, Petri et al. 2019). In contrast to our results, a study with a
shorter experimental period showed a significant increment of
proinflammatory cytokines (Zhang et al. 2016), confirming that
the tolerance toward LPS most likely occurs after over 4 weeks of
exposure. It needs to be considered that the overall abundance of
Prevotellaceae increased in the first 2 weeks of HG diet, to decrease
again towards the end of experiment: this might also explain the
expression of cytokines over the experimental weeks, given the
high prevalence of this family in the ruminal environment and
the strong association found with MyD88. Furthermore, since the
levels of LPS were not measured in the present study, it needs to be
considered that the concentration might have fluctuated over the
weeks also in relation to other Gram-negative bacteria, generating
the observed response.

The response to LPS can be mediated also by other proteins,
generating a MyD88 independent pathway (Bjorkbacka et al. 2004),
which results in the production of Type I and Type II interfer-
ons ([FN-y) (Mortellaro et al. 2015, Lee and Ashkar 2018). In con-
trast to the other cytokines, IFN-y relative expression was affected
by the diet. Studies in vitro and in mouse models suggested that
IFN-y might be strongly correlated to dysbiosis and that its ex-
pression is more stimulated by Gram-positive bacteria (Hessle
et al. 2000, Bae et al. 2020). Therefore, although Gram-negative
bacteria and LPS play a widely recognized part in SARA patho-
genesis, the role of Gram-positive bacteria in ruminal dysbiosis
should be further investigated. This seems to be confirmed also
by the strong correlation between ASVs classified as Ruminococcus
2 and Ruminococcaceae UCG-014 and IL-10 and TNF-«, since both
genes were strongly associated to [FN-y in the relevance networks.
Notably, b-glucose-6-phosphate and p-fructose-6-phosphate were
strongly associated with the same genes, suggesting that the ep-
ithelial inflammation associated with the HG diet might be indeed
related to glucose metabolism. Glucose is metabolized in glucose-
6-phosphate and subsequently in fructose-6-phosphate, and in
fact the concentration in the rumen of both metabolites increased
in week 2 HG. Thus, it seems to be the metabolization of glucose
that triggers the inflammatory reaction of the rumen epithelium,
rather than the increment of glucose concentration itself (Peir6 et
al. 2016). In fact, the activity of glucose-6-phosphate dehydroge-
nase, which is the rate-liming enzyme for the pentose phosphate
pathway, seems to be closely related to the activation of the in-
flammasome in response to bacterial infections (Yen et al. 2020).
Strong positive correlations between these metabolites and ASVs
classified as C. saccharimonas, Ruminococcus 2, and Ruminococcaceae
UCG-014 were found for both LAM and SAM. All three genera are
mainly amylolytic, suggesting that the production of D-glucose-6-
phosphate and p-fructose-6-phosphate likely derived from the in-
creased starch degradation during HG feeding (La Reau and Suen
2018, Baker 2021). The role of glucose-6-phosphate dehydroge-
nase and glucose-6-phosphate in the onset of the inflammatory
response of the ruminal epithelium warrants further research.

The rumen can adapt to the perturbation caused
by long term HG feeding

The adaptive mechanism of papillae enlargement to increase the
absorbing surface is finely regulated by several receptors that
bind a multitude of proteins. Among these, the insulin-like growth
factor axis promotes tissue growth by triggering the production
of protein kinases (Kaulfup et al. 2009, Steele et al. 2012a). This
seems to be validated by our study, since HG feeding caused a
higher expression of both IGF-1 and its receptor (IGF-1R). The up-
regulation of IGF-1 is assoclated with an increased uptake of glu-
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cose as well as with the proliferation of rumen epithelial cells
(Baldwin 1999, Shen et al. 2004, Steele et al. 2012b) and the rele-
vance networks showed correlations of glucose and disaccharides
with EGFR and IGF-1. Therefore, the increased concentration of
glucose in the rumen, together with disaccharides, seems to be
directly linked to epithelial growth.

The tendency of IGF-1R to increase in the last weeks of experi-
ment might indicate a higher cellular metabolic activity towards
the end of the trial. This higher activity of the rumen epithelial
cells was further suggested by the increased expression of EGFR
and TBP over the weeks. The latter gene is involved in the initia-
tion of the transcription processes, suggesting a higher activity of
the cells with the progression of the experiment (Akhtar and Veen-
stra 2011). Previous studies have demonstrated that some proteins
can regulate the expression of TBP, although a relationship with
the microbiota has never been investigated (Seto et al. 1992, Kerr
et al. 1993).

Despite the alterations in epithelial gene expression that we ob-
served due to the diet, and although previous studies documented
the adaptations of rumen wall when the animals are fed a HG diet
(Steele et al. 2011, 2015), we did not find any modification of the
parameters evaluated through histology and immunohistochem-
istry. It needs to be considered, however, that changes in mRNA
expression do not necessarily result in translation into proteins, as
there are numerous post-transcriptional mechanisms that could
prevent the proteins from being built (Greenbaum et al. 2003, Paci-
fico et al. 2022). Furthermore, since the samples for histology were
collected only in the first and the last weeks of experiment, it is
possible that the epithelium had already started recovering, and
therefore differences between forage and high-concentrate feed-
ing were not appreciable.

It has been demonstrated that bacterial metabolites can im-
pair the function of the ruminal epithelial barrier (Gao et al. 2022).
In our study several biogenic amines of microbial origin, such as
cadaverine, dopamine, putrescine, and histamine, showed a peak
in concentration during the third week of HG. In the relevance
networks, dopamine was positively correlated with TBP and sper-
mine with IGF-1R, but no correlations with the barrier integrity
genes were found. In fact, nor DSG1 nor CLDN-4 were affected by
the diet and the only gene associated with barrier function whose
expression was affected by the HG feeding was ZO-1. This gene
was consistently identified as an important discriminant for the
HG challenge by the sPLS-DA analysis, regardless of the microbial
niche included in the model. Therefore, the expression of ZO-1 in
the rumen epithelium seems to be a strong indicator of the health
status of the organ. After reaching the lowest relative expression
on week 2 HG, ZO-1 expression increased on the third week of HG
feeding suggesting that the barrier integrity can be restored even if
impaired in the first weeks of a HG challenge. The negative corre-
lation between IGF-1 and ZO-1 might imply a potential disruption
of the epithelial barrier due to the excessive papillae growth. How-
ever, by the end of the experiment, the metabolic capacity of the
microbiota has adapted to the levels of starch in the diet and can
metabolize it faster, limiting the growth and helping to maintain
the integrity of the barrier. In fact, our findings for the digesta mi-
crobiota seem to suggest that the rumen started adapting by the
fourth week of continuous HG feeding. In particular, in LAM, that
represents the microbial community loosely associated with feed
particles (Tafaj et al. 2004), the beta diversity showed a significant
number of samples from the last week of experiment clustering
together with the samples collected in forage feeding. This means
that, in some individuals, the microbiota of this niche by the last
week of experiment had switched to a composition more similar
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to the first week of experiment. In an analogous study that ana-
lyzed the effects of rhubarb powder on the rumen in cows fed a
HG diet, the microbiota composition recovered by the end of the
experiment, suggesting an adaptation of the microorganisms to
changing conditions (Wang et al. 2017). Furthermore, studies in
beef cattle have demonstrated that the ruminal microbiota starts
to shift toward a stable composition by the fourth week after a
change in dietary regime, and that such modifications are stable
over time (Clemmons et al. 2019, Snelling et al. 2019). It is inter-
esting to notice that, as it is known from shorter studies, also in
our prolonged dietary challenge the three ruminal microenviron-
ments showed very different adaptations, and the LAM microbiota
seemed to be the first to start the adaptation process (McCann et
al. 2016, Ricci et al. 2022). The results of the multiblock sPLS-DA
analyses also revealed a strong correlation between this ruminal
niche and the rumen metabolome, highlighting the crucial role of
LAM in the ruminal metabolic adaptation.

At the metabolome level, the changes in concentration fluctu-
ated over the weeks. Hierarchical clustering evidenced a similar-
ity between the metabolite concentration on week 1 HG and week
3 HG, and between week 2 HG and week 4 HG. The variation in
the metabolome in the first week of HG coincided with substan-
tial changes in the microbiota composition, which indicate the in-
stauration of ruminal dysbiosis, as discussed above. Even though
some metabolites and biogenic amines showed lower concentra-
tions during the second week of HG, after this time the system
seemed to collapse, aggravating the dysbiosis. This breaking point
coincided with a considerable shift in microbiota composition, as
shown in the beta diversity graphs, and with the lowest alpha di-
versity values, as well as with the highest concentration of harm-
ful compounds. Finally, in the last week of experiment, both the
microbial composition and activity seemed to stabilize, with nu-
merically higher diversity and richness indices and lower metabo-
lite concentrations. All the evidence gathered suggests that the ru-
minal microbiota can restore its composition and activity during
the course of a long term HG challenge, by optimizing the utiliza-
tion of substrates introduced with continuous HG feeding, and at
the same time preserving the integrity of the epithelium (Weimer
2015).

Effects of the phytogenic supplementation on the
ruminal microbiota composition and the
epithelial inflammatory response

The PFA supplementation contributed to maintain a stable micro-
biota composition of the epimural fraction during the HG chal-
lenge, while it affected specific taxa in the rumen digesta. [Eubac-
terium]| xylanophilum group, Lachnospiraceae NC2004 group and un-
cultured Peptococcaceae were affected in a similar way both in LAM
and SAM, but there is lack of research on the effects of phyto-
genic compounds on these taxa. Coprococcus 2 and Lachnospiraceae
NC2004 group, which were both reduced in the PFA group, have
been related to the metabolization of polyphenols (Patel et al.
1981, Burgos-Edwards et al. 2018, Liu et al. 2020). [Eubacterium] xy-
lanophilum group can metabolize only a few carbohydrates, and
preferentially contributes to the degradation of hemicellulose
(Van Gylswyk and Van Der Toorn 1985). The increased relative fre-
quency of Peptococcaceae in the rumen contents might indicate the
capacity of the PFA supplementation to preserve a physiological
composition of the microbiota, since it has been demonstrated
that this family is negatively affected by the presence of starch
(Kheirandish et al. 2022). Furthermore, the lower number of taxa
affected by the prolonged HG feeding in the PFA group compared

to the control, confirms the potential of the phytogenic supple-
mentation to preserve a more stable microbiota composition in
the rumen during a prolonged dietary challenge.

Nevertheless, the effects of the PFA supplementation on the
relative expression of some genes in our study might be the re-
sult of shifts in microbiota composition due to the treatment. In-
terestingly, the PFA supplementation decreased the teichoic acid
biosynthesis predicted pathway (TEICHOICACID-PWY) as well as
the relative frequency of Gram-positive bacteria such as Coprococ-
cus 2, Ruminococcus 1, and [Eubacterium]| xylanophilum group. This
was probably related to the lower expression of TLR-2 in the PFA
group. In fact, TLR-2 reacts to Gram-positive bacteria, but its role in
the interaction with the proliferation of specific taxa especially in
HG feeding regimes requires further research (Takeuchi et al. 1999,
Petri et al. 2019). Our integrative analysis did not show any corre-
lations between this gene and specific ASVs, although it revealed a
positive correlation with e- and g-aminobutyric acid, which were
also identified as main drivers of difference between the control
and the PFA group in EAM. While e-aminobutyric acid is known
to be an agonist for TLR-2 (Santone et al. 2015), the role of the g
isomer in relation to inflammation in cattle is not well known.
B-aminobutyric acid is produced in plants in response to stress-
ing stimuli, therefore the higher concentration of this metabolite
in the PFA group might be due to its presence in the phytogenic
supplement itself (Thevenet et al. 2017). However, B-aminobutyric
acid was also positively correlated with several ASVs with very
different taxonomic classification, and its concentration was re-
duced in weeks 1 and 2 HG, suggesting its faster metabolization
by the ruminal bacteria for the production of proteins (Maeng et
al. 1976, Thevenet et al. 2017).

In goats fed highly fermentable diet, the proinflammatory cy-
tokine IL-6 decreased in parallel with the anti-inflammatory cy-
tokine IL-10 (Shen et al. 2016). Similarly, in our study both cy-
tokines showed the same trend due to PFA supplementation, al-
though they were not affected by the dietary regime. Furthermore,
the PFA treatment also decreased the expression of MyD8&8, al-
though not significantly. It is suggested that this expression pat-
tern might be aimed at incrementing the host tolerance toward
some bacterial strains that proliferate when the animals are fed
HG diets (Shen et al. 2016). MyD88 was in fact identified as one of
the main discriminants between control and PFA group in all the
sPLS-DA models and showed correlations with taxa significantly
increased by the HG diet, such as Prevotellaceae, Lachnospiraceae,
and Ruminococcaceae. Furthermore, it needs to be considered that
the production of IL-6 might also activate anti-inflammatory path-
ways: it has been suggested that the expression of this cytokine
is aimed at restoring the homeostasis by controlling the inflam-
matory response (Xing et al. 1998). Interestingly, the acute phase
proteins measured in our study were reduced by the PFA supple-
mentation, as reported in our companion study (Rivera-Chacon
et al. 2022). Although the anti-inflammatory effects of secondary
plant compounds have been reported before in cattle and other
species, the mechanisms of action of these blends have not been
elucidated yet (Petri et al. 2020, Latek et al. 2022, Wang et al. 2023).

Effects of the phytogenic supplementation on the
microbial metabolism and ruminal epithelium
structure

Although the PFA treatment affected some relatively high abun-
dant taxa, it did not significantly impact the overall rumi-
nal microbiota composition, as shown by the microbial di-
versity. On the other hand, the phytogenic supplementation
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showed effects on the microbial predicted activity and on the
measured metabolites. This might be explained as the phy-
togenics are more effective toward the microbial metabolism,
rather than affecting microbiota composition (Hassan et al.
2020).

In fact, the PFA treatment impacted several metabolites and
biogenic amines in our study. For example, the stabilization of
concentration of 5-AVA over the weeks could prevent the forma-
tion of 5-aminovaleric acid betaine, a potentially harmful com-
pound derived from the fermentation of 5-AVA by the micro-
biota (Haikonen et al. 2022). The increment in methylbutyric acid
due to the PFA, especially in the last weeks of experiment, could
improve the fermentation in the rumen, as supported by previ-
ous studies in which the supplementation with 2-methylbutyric
acid promoted the growth of cellulolytic bacteria in vitro and im-
proved feed digestion in beef cattle (Dehority et al. 1967, Wang
et al. 2012). Additionally, the PFA treatment maintained stable
lower levels of dopamine, which might contribute to increase
rumen contractions, since such metabolite has been demon-
strated to reduce rumino-reticular motility in sheep (Buéno et
al. 1983). This, in turn, could enhance the clearance of VFAs and
contribute to the buffering of ruminal pH (Rivera-Chacon et al.
2022).

Similarly, the PFA supplementation reduced the concentration
of kynurenine, a potentially harmful metabolite derived from the
metabolization of tryptophan (Mandi and Vécsei 2012, Bae et al.
2020). The production of kynurenine is stimulated by several cy-
tokines, including IFN-y (Mandi and Vécsei 2012), but the lower
concentrations measured in the rumen did not correspond to
a reduced epithelial expression of interferon in the PFA group.
The PFA supplementation also increased the L-tryptophan biosyn-
thesis pathway (TRPSYN-PWY) in LAM samples, but it is pos-
sible that the metabolism of kynurenine at the epithelial level
was not shifted toward the production of toxic metabolites. It
has in fact been observed that most of the ingested tryptophan
is processed in the intestinal epithelium as well as in the liver
through the kynurenine pathway, which results in de novo NAD*
biosynthesis (Castro-Portuguez and Sutphin 2020). Dysregulation
of tryptophan-kynurenine metabolism and NAD* synthesis may
promote mitochondrial malfunction, and consequently alter the
production of ATP (Castro-Portuguez and Sutphin 2020, Castro-
Portuguez et al. 2020). It is known that the tightness of the ep-
ithelial barrier of the gastrointestinal tract is strictly ensured by
a correct expression of ZO-1, whose activity is ensured by a con-
stant production of ATP by the mitochondria (Rossi 2022). In our
study, the immunohistochemical evaluations showed that the in-
trinsic apoptotic pathway was not activated in the ruminal ep-
ithelial cells, suggesting that the mitochondrial activity was pre-
served. Thus, the physiological expression of tight junctions was
maintained, ensuring the integrity of the epithelial barrier of the
rumen (Steele et al. 2011, McCann et al. 2016). Considering this,
although our model did not show a significant impact of the PFA
supplementation on the relative expression of ZO-1, the more
stable concentration of kynurenine observed in the PFA group
might have helped to preserve a regular expression of this tight
junction.

Studies in other species demonstrated the potential benefi-
cial effects of phytogenic compounds on the gut barrier function
(Bachinger et al. 2019, Latek et al. 2022) and the PFA supplemen-
tation in our study reduced the relative expression of CLDN-4 and
DSG1. However, this is in contrast with previous findings in cat-
tle, in which phytogenic substances did not impact genes related
with the barrier function (Petriet al. 2020), indicating that other el-
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ements, such as the experimental design, might have contributed
to the altered gene expression in the rumen. Furthermore, the rel-
evance network showed a correlation between CLDN4 and glyceric
acid. This metabolite was reduced by the PFA supplementation
and is part of the pentose phosphate pathway, implying a possi-
ble correlation between CLDN4 expression and the utilization of
starch in the rumen.

The integrative analysis performed with the treatment as ex-
planatory variable provided results largely overlapping with the
findings for the model considering the weeks. This might indi-
cate that the strong influence of the prolonged HG feeding on the
SPLS-DA model could possibly mask some of the effects of the
PFA. Further research is warranted to establish the mechanisms
of action of the phytogenic supplementation on the ruminal mi-
crobiota and epithelial structure.

Conclusion

The prolonged feeding of HG diet caused ruminal dysbiosis, which
was noticeable in the rumen digesta, both in LAM and SAM, es-
pecially after the second week of HG feeding, and decreased in
severity by the last week of experiment. The increased expression
of genes related with inflammation and with epithelial growth
indicated a reaction of the epithelium to the challenging condi-
tions. The period between weeks 2 and 3 HG was recognized as
the breaking point for the homeostasis of the ruminal ecosystem,
and our integrative analysis identified ZO-1, MyD88 and Prevotella
1 as main drivers for the ruminal response. The changes in bar-
rier integrity genes as well as the lack of significant alterations of
the rumen wall structure by the fourth week of experiment sug-
gest a process of adaptation of the ruminal environment to the
prolonged HG feeding. The metabolic adaptation of the rumen to
the diet seems to be led mostly by the microbial activity of the
LAM fraction. The PFA supplementation showed the potential to
aid this adaptive process by altering the microbial activity, specifi-
cally reducing harmful metabolites, such as dopamine and 5-AVA,
and by shifting the epithelial gene expression to increase the tol-
erance toward the microbiota, through the alteration of the ex-
pression of TLR-2, IL-6, and IL-10. Future studies should be aimed
at investigating the mechanism of action of the phytogenic com-
pounds.
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