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Abstract: Milk from cows grazing on alpine pastures has higher quality than milk from
indoor-fed cows, likely due to diet-driven differences in rumen microbiota. We assessed
the effects of supplementing alpine herbs—each varying in its content of fiber, protein, and
polyphenol—on rumen microbiota via in vitro fermentation, comparing these to a grass
hay control using metagenomic sequencing. Fermentations with alpine herbs compared to
grass hay control had higher content of fibrolytic Prevotella and lower abundances of Bu-
tyrivibrio, Ruminococcaceae, Anaerovibrio, Succiniclasticum, and Desulfovibrio. Fermentations
with high starch content (Alchemilla vulgaris, Gallium odoratum and Sanguisorba officinalis)
had low, microbial diversity, while fermentations with high content of structural fibre
(Sisymbrium officinale, Tanacetum vulgare, and Cicerbita alpina) had high microbial diversity.
C. alpina, Sa. officinalis, and T. vulgare fermentations that had high lignin content showed
a higher abundance of Bacteroidetes and a lower abundance of Firmicutes. Fermenta-
tions with high protein content (G. odoratum and T. vulgare) induced higher abundance of
fibrolytic Lachnospiraceae. Sa. officinalis and A. vulgaris fermentations with high content
of polyphenols were associated with increased abundances of Streptococcus and family
RF-16 and lower abundances of family BS11 and Desulfovibrio. Fermentations with C. alpina
and Si. Officinale induced higher abundance of fibrolytic Fibrobacter succinogenes. The beta
diversity between fermentations corresponded to differences in the contents of protein,
lignin, and polyphenols in the plant material. In conclusion, different herbs can promote
the abundance of various fibrinolytic bacteria and change the microbial diversity, which
has potential to increase the feed efficiency and the robustness of microbiota and reduce
methane production.

Keywords: rumen microbiota; alpine herbs; in vitro fermentation; metagenomic sequenc-
ing; nuclear magnetic resonance spectrometry

1. Introduction

The Trentino dairy industry is an important part of the region’s economy and culture.
The cow herds are stabled indoors; however, dairy farmers regularly move part of their cow
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herd to highland farms called Malga (>1400 m.a.s.1.) from late spring to early autumn. When
moved to highland farms, cows experience a drastic change of habits (i.e., environment,
diet, and physical activity when grazing), affecting the quality, microbiota, and composition
of the milk and dairy products [1-4]. In general, the dairy cows transferred to summer
highland pastures produced a milk increased in lactic acid bacteria taxa, bifidobacteria,
and propionibacteria, and reduced in spoilage bacteria [2]. Considering the lipidic profile
of the mountain cheeses, total unsaturated fatty acids were significantly higher in the
cheeses made from milk from pastured animals than in those made from milk of animals
kept indoors, and conjugated linoleic acid isomers again were more represented in the
cheeses made with “pasture milk” [3]. The dairy products made using milk from Malga
and highland pastures are preferred by consumers because of the characteristic taste and
smell of the products [5]. These differences are believed to be driven by changes to the
cows’ diets via modulation of the rumen microbiota [6].

The rumen environment is highly complex and notoriously difficult to predict or
control; it is sometimes referred to as a “black box”. It contains a microbial population,
numbering in the trillions, that is essential for the digestion of plant fibres into volatile fatty
acid (VFA) and for the digestion of plant material by the cows [7,8]. It has been estimated
that the microbial activity in the rumen produces up to 70% of the energy requirement of
the host [9].

A global interspecies core ruminal microbiome has been observed, consisting of
Prevotella, Bacteroidales, Clostridiales, Ruminococcaceae, Lachnospiraceae, Ruminococcus, and Bu-
tyrivibrio [10]. Modulation of the rumen environment can improve feed efficiency [11-13],
reduce methane production [14], and alter VFA production in the rumen [15,16]. The
rumen microbiota and their VFA production are also directly correlated with the fatty-acid
profile of cow milk [17]. Additionally, some species of herbs found in alpine habitats are
known for their anti-microbial properties [18]. Therefore, alpine pasture herbs can be
expected to modify ruminal fermentation in general, which could also affect methanogene-
sis. On the level of individual alpine plant species, a limited variation of methanogenesis
has been demonstrated in vitro [19]. However, a direct comparison of alpine herbs with
lowland/indoor diets in terms of ruminal fermentation is lacking. Previous studies inves-
tigating the effects of pastural herbs on the rumen environment have mainly focused on
fermentation parameters and gas production. Any study of the microbial aspects has been
limited to quantification of total bacteria and/or protozoa [19-21].

In our study we aim to investigate the effects of individual alpine herbs on the cow-
rumen microbiota by means of in vitro rumen fermentation. This study attempts to test
whether herbs from alpine pastures influence ruminal microbiota differently than those of
a lowland/indoor diet, and to indicate how a diet of alpine herbs can modulate methano-
genesis. We compared in vitro rumen fermentations (RF) with additions of the alpine
herbs most frequently present on alpine pastures in Trentino, namely, Alchemilla vulgaris
(RE-Alc), Cicerbita alpina (RF-Cic), Galium odoratum (RF-Gal), Sanguisorba officinalis (RF-San),
Sisymbrium officinale (RF-Sis), and Tanacetum vulgare (RE-Tan). These herbs are typical of the
Eastern Italian Alps [22] and are known to be rich in bioactive compounds such as tannins
and other polyphenols, essential oils, and saponins. These compounds modulate microbial
activity, and thereby the rumen environment. Supplementation with Lolium multiflorum
Lam. grass hay has been used as control batch (CTRL) for the purpose of comparison with
a typical plant included in the lowland/indoor diets. In addition, those fermentations
were compared to the collected rumen (Rumen) and rumen + medium solution before
fermentation (Blank). The chemical data obtained by the same experimental plan are part
of a previous work under publication.
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2. Materials and Methods
2.1. Ethics Statement

All experiments and procedures were performed according to the Italian animal
welfare laws. The obtained cow-rumen material was collected after approval from the
Ethical Committee of the University of Padova (Italy). The approval number for these
experiments is OPBA 1312041/2022.

2.2. Herb Samples and Composition

The herbs chosen for the experiment belong to herbal varieties found in the alpine
pastures of the Vezzena highland (Trento, Italy). Six herbs have been chosen: Alchemilla
vulgaris L. (Alc), Sanguisorba officinalis L. (San), Tanacetum vulgare L. (Tan), Cicerbita alpina
(L.) Wallr. (Cic), Galium odoratum (L.) Scop. (Gal), and Sisymbrium officinale (L.) Scop (Sis);
all were harvested at beginning of the earing stage. Along with these, Poaceae grass hay
(Lolium multiflorum Lam.) was used as the control treatment (CTRL). Our herbal samples
were collected at their balsamic period, using leaves and top shoots, while the grass hay
CTRL was collected at the beginning of flowering stage.

All of the tested herbs were supplied as dry samples by the Edmund Mach Foundation
(FEM, San Michele all” Adige, Trento, Italy). The samples were ground using an ultra-
centrifugal mill (Retsch ZM 200, Retsch GmbH, Haan, Germany) with a grinding grid of
1 mm. The ground samples were used for both in vitro fermentation and chemical analysis.

The chemical composition of these herbs is part of a work presently accepted by
Massaro et al. [23] The dry matter (DM) content was similar in all supplements (89.7-94.1 g).
A. vulgaris and G. odoratum had the highest contents of non-structural carbohydrates (NSC),
consisting mainly of starch (431 and 328 g/Kg DM, respectively), and the lowest contents
of cellulose, hemicellulose, and lignin (~382 and ~406 g/Kg DM, respectively). C. alpina
and T. vulgare showed the highest contents of lignin (100 and 108 g/Kg DM, respectively).
The content of hemicellulose was calculated to be highest in the CTRL (~260 g/Kg DM),
and between 123 and 189 g/kg DM in the alpine herbs.

The content of crude protein was lowest in Sa. officinalis (~60 g/Kg DM), highest in G.
odoratum (~133 g/Kg DM), and between 71 and 98 g/Kg DM for all other alpine herbs. Sa.
officinalis and A. vulgaris had the highest contents of total polyphenols (TP) (32 and 14 g/Kg
DM, respectively) and S. officinalis and the CTRL had the lowest (0.9 and 1.4 g/Kg DM,
respectively). All of the other alpine herbs had approximately 6.2-6.6 g/kg DM of TP.

2.3. Experimental Design and Incubation Procedure

The full procedure of the in vitro cow-rumen experiment was carried on at the Depart-
ment of Agronomy, Food, Natural Resources, Animals and Environment (DAFNAE) of
Padova University, (Legnaro, Padova, Italy).

Three lactating Simmental cows in the experimental farm “Lucio Toniolo” of the
University of Padova (Legnaro, Padova, Italy) were chosen as rumen fluid donors. The
rumen fluids were collected from the cows by use of an esophageal probe. The collected
rumen fluid (approximately 1 L per cow) was maintained at 39.0 °C in a thermos and
promptly transported to the laboratory. Upon arrival, it underwent filtration using four
layers of cheesecloth to remove coarse particles. All procedures were carried out under
anaerobic conditions using a flow of carbon dioxide (CO,) and were completed in less than
40 min to ensure the preservation of microflora activity. Following the methods of Menke
and Steingass [24], artificial buffered inoculum was prepared and then mixed with the
rumen fluid at a volume ratio of 2:1 for a total of 150 mL before being kept at 39 °C under
the flux of CO, for 45 min to maintain anaerobic conditions. Afterward, 1.00 £ 0.01 g of
each herb was weighed and added to the fermentation flask. Finally, the bottle headspace
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(pre-heated to 39 °C) was filled with nitrogen (Ny), instead of CO,, to maintain anaerobic
conditions and avoid interference with the total-gas and methane quantification [25]. A
control bottle (CTRL) supplemented with Poaceae grass hay and a bottle (BLANK) with
no supplementation were incubated under the same conditions alongside the samples.
In vitro ruminal fermentation was performed at 39 °C for 48 h. This setup was repeated
in triplicate for three consecutive weeks for a total of 72 in vitro ruminal fermentations
(6 herbs x 3 rumen fluids x 3 replicates + 9 BLANKSs + 9 CTRLs).

2.4. DNA Extraction, 16S rRNA Gene Amplification, and MiSeq Illumina Sequencing

Total genomic DNA was extracted from 1 mL of each 24 h incubation sample by using
the QIAamp PowerFecal DNA kit (Qiagen, Milan, Italy) according to the kit instructions.
The yield and purity of the extracted DNA were determined by the Nanodrop8800 fluo-
rospectrometer (Thermo Scientific, Waltham, MA, USA).

Amplicon library preparation, the determination of the quality and quantification
of pooled libraries, and pair-end sequencing using the Illumina MiSeq system (Illumina,
San Diego, CA, USA) were performed at the Sequencing Platform, Fondazione Edmund
Mach (FEM, San Michele a/Adige, Italy).

PCR amplification was performed by targeting 16S rRNA gene V3-V4 variable re-
gions [26,27], with the bacterial primers 341F (5'-CCTACGGGNGGCWGCAG-3') and 806R
(5’-GACTACNVGGGTWTCTAATCC-3'). PCR amplification of each sample was carried
out in 25 pL of reaction volume, with 12.5 uL of 2X KAPA Hifi HotStart Ready Mix (Kapa
Biosystems Ltd., London, UK), 1 uM of each primer, 2 uL. of DNA (10 ng/uL), and 9.5 pL
of ddH20. All PCR reactions were carried out using a Verity™ 96-well Thermal Cycler,
according to the following protocol: 95 °C for 5 min and 25 cycles of 95 °C for 30 s, 55 °C
for 30 s, and 72 °C for 40 s, with a final elongation step of 72 °C for 5 min. PCR products
were checked by gel electrophoresis and cleaned using an Agencourt AMPure XP sys-
tem (Beckman Coulter, Brea, CA, USA), following the manufacturer’s instructions. After
seven PCR cycles (16S metataxonomic Sequencing Library Preparation, Illumina), lllumina
adaptors were attached (Illumina Nextera XT Index Primer). Libraries were purified using
Agencourt AMPure XP (Beckman Coulter, Brea, CA, USA), and then sequenced on an
Mlumina® MiSeq (Run Chemistry: 2 x 300 PE) platform (MiSeq Control Software 2.0.5 and
Real-Time Analysis software 1.16.18, Illumina, San Diego, CA, USA).

2.5. lumina Data Analysis and Sequence Identification

Raw paired-end FASTQ files were demultiplexed using idemp (https://github.com/
yhwu/idemp/blob/master/idemp.cpp, last access 28 November 2024) and imported into
Quantitative Insights in Microbial Ecology (Qiime2, version 2020.11). Sequences were
quality-filtered, trimmed, de-noised, and merged using DADA?2 [28]. Chimeric sequences
were identified and removed, using the consensus method, in DADA2. Representative
sequences were aligned with MAFFT and used for phylogenetic reconstruction in FastTree,
using plugin alignment and phylogeny [29,30]. Taxonomic and compositional analyses
were conducted by using the plugin feature-classifier (https://github.com/qiime2/q2
-feature-classifier, last access 28 November 2024). A pre-trained Naive Bayes classifier
based on the Greengenes 13_8 99% operational taxonomic units (OTUs) database (http:
/ /greengenes.secondgenome.com/, last access 28 November 2024), which had previously
been trimmed to the V4 region of 165 rDNA and bound by the 341F/805R primer pair, was
applied to paired-end sequence reads to generate taxonomy tables. The data generated by
INlumina sequencing were deposited in the NCBI Sequence Reads Archive (SRA), BioProject
accession number PRJNA1175582
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2.6. Nuclear Magnetic Resonance Spectrometry of Rumen Liquid

Nuclear magnetic resonance spectroscopy analysis (NMR) was performed on rumen
liquid and rumen liquid mixed with medium solution prior to fermentation (Section 2.5).
A quantity of 900 pL of rumen liquid was thoroughly mixed with 100 puL of deuterated
water (D0, 99.9% isotopic purity containing 0.03% TMSP-d4, Deutero GmbH, Kastellaun,
Germany). Samples were centrifuged for 15 min at 12,000 rpm and 600 pL supernatant
was filtered using 0.22 pm PVDF filters (Millex-GV, polyvinylidene fluoride membrane,
Millipore, Bedford, MA, USA) into 5 mm NMR tubes (509-UP, Norell, Landisville, NJ, USA).

The NMR spectra were recorded with a Bruker Avance Neo 600 spectrometer at a
base frequency of 600.13 MHz for protons; the spectrometer was equipped with broad-
band Z-gradient probe for 5 mm sample tubes and a 24-position refrigerated SampleCase
autosampler (Bruker BioSpin GmbH, Rheinstetten, Germany).

Topspin 4.1.4 with Icon NMR 5.2.4 was used to record and process spectra, and a
deuterium lock signal was optimized for the 9:1 mixture of HyO and D,0 (v/v).

The experimental parameters for NMR were as follows: we used a noesygpprld pulse
sequence set with a power level utilized per pulse of 49.51 dB (25 Hz suppression window);
the size of the spectrum was 20.83 ppm, the time domain consisted of ~128 K data points,
64 actual scans and 4 dummy scans were performed, the time for relaxation delay was 10's,
the receiver gain for spectra was fixed at 16, and the baseopt mode was used for digitization.
Before each measurement, automatic adjustment of the probe and automatic shimming
were performed. Each spectrum was automatically processed using the TopSpin software
and the apk0.noe phase-correction program.

Analysis was performed using the AssureNMR software v. 2020.09.23 [31] using the
external standard method of the ERETIC technique (electronic reference to access in vivo
concentrations) based on PULCON (pulse length-based concentration determination prin-
ciple) [32,33]. As a standard sample, a 2 mmol sucrose solution in water, supplied by
the manufacturer, was analyzed alongside the samples. This standard was also used for
validation by comparing it against another standard (20 mmol sucrose and hippuric acid,
also in water) to evaluate the accuracy of measurement [34].

Compounds were identified using the automation mode in AssureNMR, utilizing the
Human Metabolome Database [35] and the BBIOREFCODE database of NMR metabolites
(v.2.01, Bruker BioSpin GmbH, Rheinstetten, Germany). Any unidentified peaks were
identified manually using the previous literature as reference [36,37].

The contents of the compounds of rumen liquid collected prior to fermentation are
shown in Supplementary Table S1. The contents were compared between different cows and
between the different weeks, as these factors can impact the rumen environment [38,39].
Using the Kruskal-Wallis U test, we did not detect any significant differences in the
contents of the compounds in the rumen between the rumen of different cows or among
different weeks.

2.7. Statistics

Alpha-diversity determination was performed with the observed OTUs number and
Shannon diversity index, and statistical significance between groups was evaluated by the
Kruskal-Wallis H test in QIIME2; beta-diversities were calculated using the unweighted and
weighted dissimilarity distance matrix in QIIME2. The beta-diversity distance matrix indi-
cates differences in taxa composition between samples based on either presence-absence
or quantitative species abundance data. The output matrix was ordinated using principal
coordinate analysis (PCoA) and visualized using EMPeror [40]. Statistical significance
of the beta-diversity distances between groups was assessed using PERMANOVA with
999 permutations in QIIME2.
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Statistical significance of the concentrations of compounds of rumen fluid and the
ratios of Firmicutes/Bacteroidetes between fermentations were tested using the Kruskal-
Wallis H-test with the associated Dunn test, performed using XLSTAT version 2024.3.0.
Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Composition of In Vitro Rumen Fermentation Microbiota

The relative abundances of bacterial phyla of the in vitro rumen fermentations are
shown in Table 1 and Supplementary Figure S1A. The dominant phyla of all RF samples
were Bacteroidetes and Firmicutes, with Bacteroidetes generally being the most abundant
of the two. The herbs and CTRL samples showed Bacteroidetes relative abundance to
be in the range of 47-58%. A higher abundance of Bacteroidetes associated with a lower
abundance of Firmicutes was observed for RF supplemented with Cic, San, and Tan, which
are alpine herbs with high contents of lignin. As Bacteroidetes are generally more efficient
in degrading fiber than are Firmicutes [41], this could suggest the presence of a more
efficient ruminal fermentation when these alpine herbs are present in the cow diet. In
all the RF supplemented with herbs, the relative abundance of Firmicutes was similar
(30.9-39.7%), except for RF-Cic, in which Firmicutes relative abundance was the lowest
(19.84%).

The ratio of Firmicutes/Bacteroidetes was not significantly different among the RF
with a supplemented herb. The highest ratio was recorded in RF-Gal and the lowest in RF-
Cic. A higher Firmicutes/Bacteroidetes ratio in the rumen is associated with an increased
milk-fat yield in lactating cows [8], suggesting that feeding cows with G. odoratum could
increase the milk yield, and by the converse, feeding with C. alpina could decrease it.

Besides Firmicutes and Bacteroidetes, the only phyla with an abundance > 10.0% were
Proteobacteria and Fibrobacteres. The highest relative abundance of Proteobacteria was
observed in RF-San samples, in which the Proteobacteria presence has been correlated
with the high content of tannins [13]. The highest relative abundance of Fibrobacteres was
observed in RF-Cic and RF-Sis samples, and the lowest in RF-Alc and RF-Tan samples.
The other phyla with a relative abundance > 1.0% were the Tenericutes, Planctomycetes,
Spyrochaetes, SR1, and TM7 phyla. Although they have previously been observed in the
rumen, their role has not been fully explored [42-45].

Lastly, the Actinobacteria, Chloroflexi, Cyanobacteria, Elusimicrobia, Fusobacteria,
Lentisphaerae, Synergistetes, Verrucomicrobia, and Archaea phyla always showed a relative
abundance lower than 1.0%. These phyla are commonly observed in the rumen and some
have been associated with benefits to the rumen fermentation and/or cow health [46-51].
Due to the low abundance observed in this study we cannot confidently predict whether
their presence is significantly associated with the herb material supplemented in the in vitro
fermentations.

The microbial composition of the in vitro RF at the taxa level is represented in Table 1
and Supplementary Figure S1B, which show only the taxa with a relative abundance > 1%
in at least one sample. The taxonomic groups with the highest relative abundance across
all RF were Prevotella, Bacteroidales, and Clostridia. Compared to the CTRL, RF with alpine
herbs showed in all cases higher abundances of Prevotella and Gammaproteobacteria and
lower abundances of bacterial taxa belonging to the Clostridia group, such as Butyrivibrio,
Ruminococcaceae, Anaerovibrio, Succiniclasticum, and Desulfovibrio taxa.
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Table 1. Relative abundance, expressed in %, of bacterial phyla and taxa of in vitro rumen fermentation, based on Illumina Miseq identification. Composition of taxa

is reported as relative abundance % and ratios as the mean + standard deviation. Grey squares represent the relative abundances > 1.0% and dark grey squares

represent the relative abundances > 10.0%.

Phyla Rumen E};‘“k %“I‘k CTRL RF-Alc RF-Cic RF-Gal RF-San RF-Sis RF-Tan
Archaea 0.48 0.34 0.48 0.60 0.18 0.083 0.099 n.d. 0.38 0.21
Actinobacteria n.d. 0.69 0.28 0.10 n.d. 0.044 0.036 0.085 n.d. 0.26
Bacteroidetes 73.022 66.13 29.51 49.95 52.61 57.92 46.99 52.12 48.28 54.62
Chloroflexi n.d. n.d. 0.84 0.29 0.089 0.18 0.15 0.11 0.12 0.42
Cyanobacteria 0.13 n.d. n.d. n.d. n.d. n.d. n.d. 0.073 n.d. n.d.
Elusimicrobia n.d. 0.10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Fibrobacteres 0.18 n.d. 0.18 3.83 0.49 10.73 2.06 1.48 9.20 0.07
Firmicutes 19.71 23.48 44.66 33.60 37.37 19.84 39.67 30.93 31.24 34.94
Fusobacteria n.d. n.d. n.d. n.d. n.d. 0.10 n.d. n.d. n.d. 0.039
Lentisphaerae 0.13 nd. n.d. 0.044 0.12 n.d. 0.036 0.043 n.d. nd.
Planctomycetes 0.97 1.75 1.60 1.93 0.45 0.57 1.02 0.43 0.88 1.20
Proteobacteria 1.88 3.56 21.25 6.23 5.10 6.31 6.20 11.08 6.64 6.30
SR11 2.27 2.40 0.85 0.82 0.86 2.07 0.79 0.35 2.16 1.56
Spirochaetes 0.22 0.11 0.01 1.69 0.89 0.70 0.74 1.15 0.75 0.08
Synergistetes n.d. n.d. 0.13 n.d. n.d. n.d. n.d. n.d. n.d. nd.
™7 2 0.50 1.30 0.20 0.84 n.d. n.d. 0.10 0.02 0.34 0.26
Tenericutes 0.50 0.13 0.023 0.053 1.10 1.34 2.13 1.59 n.d. 0.047
Verrucomicrobia n.d. n.d. n.d. n.d. 0.75 0.12 n.d. 0.54 n.d. n.d.
Firmicutes/ 0.28 0.37 2.05 0.72 0.81 0.37 0.89 0.62 0.73 0.81
Bacteroidetes +0.13 4 +0.15 4 +1.81B +0.30 AB +0.44 AB +0.204 +0.30 AB +0.20 AB +0.34 AB +0.68 AB
Taxa Rumen ,]Is,éank ,?121“1‘ CTRL RF-Alc RF-Cic RF-Gal RF-San RF-Sis RF-Tan
Bacteroidetes; family BS1 8 1.75 1.16 1.35 3.33 0.81 1.87 141 0.94 1.70 241
Bacteroidetes; Prevotella 34.943 31.163 5.143 16.060 21.640 29.330 27.246 26.607 19.875 27.179
Bacteroidetes; 1.486 1.352 0.347 1514 1.476 3.606 3.419 3.486 1.809 0.900
Paraprevotellaceae

Bacteroidetes; family RF16 3 599 0.76 7.64 1.49 5.010 1.70 1.82 4.086 1.97 0.62
Other Bacteroidales 28.630 31.608 15.018 27.506 23.674 21.412 15.645 16.895 22.862 23.505
Other Bacteroidetes 0.224 0.091 0.007 0.049 n.d. n.d. n.d. 0.101 0.067 0.009
Fibrobacteres; Fibrobacter 0.18 nd. 0.18 3.83 0.22 10.73 2.061 1.058 9.20 0.069

succinogenes
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Phyla Rumen TBz)a“k %ﬁ‘f‘k CTRL RF-Alc RF-Cic RF-Gal RF-San RF-Sis RF-Tan
Firmicutes: Lysinibacillus n.d. n.d. 10.103 n.d. 0.019 0.293 0.411 0.088 n.d. 0.013
Firmicutes: Rummeliibacillus  n.d. n.d. 1.893 n.d. n.d. 0.057 n.d. n.d. 0.339 2.706
Firmicutes: Solibacillus n.d. n.d. 4.691 n.d. n.d. n.d. n.d. 0.091 n.d. n.d.
Firmicutes: Planococcaceae n.d. n.d. 14.684 n.d. 4.653 0.191 n.d. n.d. n.d. n.d.
Firmicutes: Streptococcus n.d. n.d. n.d. 2.581 11.738 0.675 7.325 13.581 9.467 1.143
Firmicutes: Butyrivibrio 2.941 3.964 0.844 5.269 1.684 1.043 1.820 2.598 3.028 4.420
Firmicutes: other 1.169 1.057 1.875 5.038 4984 6.164 20575 6.683 6.221 18.434
Lachnospiraceae
Firmicutes: Ruminococcaceae = 6.597 6.700 2.763 4.615 2.665 3.121 2.137 1.434 4.070 2.063
Firmicutes: Anaerovibrio 0.191 0.170 0.571 1.359 0.460 0.699 n.d. n.d. 0.440 0.224
Firmicutes: Selenomonas n.d. n.d. n.d. n.d. n.d. n.d. 0.111 1.209 0.373 0.145
ruminantium
Firmicutes: Succiniclasticum  5.244 6.993 2.490 6.228 4.449 3.493 1.250 2.858 1.540 1.465
Other Clostridia 3.340 4.585 4.709 7.791 6.137 3.915 2.469 2.010 4.735 4.333
Other Firmicutes 0.230 0.009 0.036 0.148 0.319 0.188 0.236 0.069 0.190 n.d.
Betaproteobacteria; nd. nd. 6.632 0.163 nd. 2.736 0.178 2.869 0516 0.701
Comamonadaceae
Other Betaproteobacteria n.d. n.d. 6.263 n.d. 0.107 n.d. 0.036 n.d. n.d. 0.098
Desulfovibrionaceae; n.d. 0.143 1.247 4318 0.455 1.350 1.074 0.601 2.654 1.476
Desulfovibrio
Other Deltaproteobacteria 0.682 1.580 0.498 1.473 3.604 1.118 3.231 4.365 1.949 2.343
Gammaproteobacteria; nd. 0.073 nd. nd. 0.284 0.408 1.506 1.401 0.841 0.233
Succinivibrionaceae
Gammaprotegbacterla; n.d. n.d. 1.700 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Enterobacteriaceae
Gammaproteobacteria; n.d. n.d. 1.389 n.d. n.d. 0.087 n.d. n.d. n.d. n.d.
Moraxella
Gammaproteobacteria; 1.006 1.733 3.146 0.078 0.222 0.560 0.738 1.485 0.667 0.299
Pseudomonas
Other Gammaproteobacteria ~ 0.504 0.129 0.023 0.053 1.105 1.340 1.220 1.591 n.d. 0.047

1 SR1 is a well characterized but uncultured phyla with the candidate name Candidatus Absconditabacteria. 2 TM7 is a well characterized but uncultured phyla with the candidate name
Candidatus Saccharibacteria. 3 Uncultivated but well-characterised bacteria. n.d.: Not detected, or a relative abundance < 0.001%. Ratio values with different capital letters in superscript
are significantly different.
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The Bacteroidetes phylum was mainly represented by Prevotella and Paraprevotellaceae.
We observed RF-Cic, RF-Gal, and RF-Tan to have the highest relative abundance of Prevotella
while RF-Cic, RF-Gal and RF-San showed the highest abundance of Paraprevotellaceae.

Species belonging to the Prevotella genus are versatile fibrolytic bacteria known to
degrade plant hemicellulose, pectin, and proteins [7,8,47,48], and are part of the core micro-
biome of the rumen environment [18]. Their abundance could correlate with improved RE.

The family Bacteroidales RF16 has been associated with digestion of plant fibre [48],
and was observed in higher abundance for RF-Alc and RF-San.

The Bacteroidales family BS11 has been shown to have hemicellulolytic activity in the
rumen [50], and was found with the highest relative abundance in the CTRL and RF-Tan
and with the lowest abundance in RF-Alc.

High relative abundances have been assigned no more accurately than as being of
the Bacteroidales order. Much of the rumen microbiota is still uncharacterized [8], but
Bacteroidales are known as part of the core ruminal microbiota [18], along with Paraprevotel-
laceae [51]. Paraprevotellaceae were observed to be highest in RF-Cic, RF-Gal, and RF-San RE.

The Firmicutes phylum mainly consisted of Streptococcus, in addition to Clostridia taxa
such as Lachnospiraceae, Butyrivibrio, Ruminococcaceae, and Succiniclastum.

The highest abundance of Streptococcus was observed in RF-Alc and RF-San. The
lowest abundance (<1.0%) was observed in RF-Cic. Streptococcus is a genus known to
ferment starch and its high presence could be associated to subacute ruminal acidosis [52].
Although high relative abundance of Streptococcus was observed in some RFE, no acidity
increase was found to be associated to the RF in the batches, indicating that the increase of
Streptococcus abundance was not such that would affect the 24 h RF [22].

The Clostridia class is part of the core ruminal microbiota [18], and the highest abun-
dance of total Clostridia bacteria (28-31%) was observed in the CTRL, RF-Gal, and RF-Tan,
and the lowest (17-18%) in RF-San and RF-Cic. The higher abundance of Clostridia was
mainly attributed to the Lachnospiraceae group (Butyrivibrio and other taxa) in RF-Gal
(22.40%) and RF-Tan (22.85%). Lachnospiraceae are part of the core rumen microbiota, and
associated with a pasture-based diet [7,18,53] and in the rumen, are involved in cellulose
and protein degradation [54]. In the CTRL, the relative abundance of Lachnospiraceae was
10.31% and the Clostridia group was mainly represented by taxa present in lower amounts
(or not present at all) in the other samples such as Ruminococcaceae (4.62%), Anaerovibrio
(1.36%), and Succiniclasticum (6.23%).

Bacteria belonging to the Butyrivibrio genus are able to ferment cellulose, hemicellulose,
pectin, and proteins [7,47,48] and are the main bio-hydrogenating bacteria in the rumen [7].
The relative abundance of Butyrivibrio was highest in the CTRL and RF-Tan.

The CTRL and RF-Sis showed the highest relative abundances of Ruminococcaceae
known to be both cellulolytic and hemicellulolytic [55,56]. The CTRL and RF-5is showed
the higher values of cellulose and hemicellulose suggesting these substrates could shift the
microbiota towards higher abundances of Ruminococcaceae.

Some Lachnospiraceae genera have been associated with efficient RF; by contrast, Bu-
tyrivibio has been associated with inefficiency [11,12]. RF-Gal showed a high Lachnospiraceae
relative abundance, but low Butyrivibio relative abundance, suggesting Galium odoratum as
an alpine herb able to improve RF efficiency when supplemented.

In the rumen, the bacteria belonging to Anaerovibrio, Selenomonas, and Succiniclasticum
taxa are propionate producers with respect to the reduction of methane production [7],
and are found in higher abundance in the rumen of cows at free pasture compared to
animals fed with the conventional mixed feed [53]. The relative abundances of Anaerovibrio
and Succiniclasticum were higher in the CTRL. Anaerovibrio are known to have lipolytic
activities in the rumen [7], and were observed at a relative abundance > 1.0% only in the
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CTRL samples. Succiniclasticum is a genus associated with high-starch diets and NCS
fermentation [57]. Selenomonas ruminantium is an amylolytic bacteria often found in the
rumen [50]. Its relative abundance was higher than 1.0% only in RF-San. The alpine
herb Sa. officinalis had the highest content of polyphenols, which could have selected the
population of Selenomonas in the RF-San, since S. ruminnatum has been found to be tolerant
of polyphenols and as having tannin-degrading properties [58].

Planococcaceae and Lysinibacillus are non-Clostridia taxa and were mainly observed in
Blank T24. They are fibrolytic ruminal bacteria [59,60], and we speculated that their higher
abundances in Blank T24 could be caused by the lower abundances of other fibrolytic
bacteria such as Prevotella. Other functions of these bacteria in the rumen are currently
unknown [61,62].

Fibrobacteres relative abundance was highest in RF-Cic and RF-Sis and lowest (<1.0%)
in RF-Alc and RF-Tan. Fibrobacteres were mainly represented by Fibrobacter succinogenes,
which is capable of utilizing both cellulose and pectin as substrate in the rumen [62,63].

No taxa belonging to Proteobacteria phylum were present at >10.0%; they mainly
consisted of Betaproteobacteria, Deltaproteobacteria, and Gammaproteobacteria.

Comamonadaceae, Enterobacteriaceae, Moraxella, and Pseudomonas were observed mainly
in Blank T24, and Comamonadaceae were observed with a relative abundance higher than
1.0% only in RF-Cic and RF-San. Although they have previously been observed in the
rumen, their roles have yet to be found [64-66].

Desulfovibrio relative abundance was highest in the CTRL and RF-Sis and lowest in
RF-Alc and RF-San. Desulfovibrio is a major sulphate-reducing bacteria in the rumen and
has been shown to increase with sulphur content in diet [67].

All RF samples showed the presence of Succinivibrionaceae, except for the CTRL.
Succinivibrionaceae are associated with a high-starch diet and increased feed efficiency [36]
and compete with methanogens for the use of hydrogen [63]; they were higher in RF-Gal
and RF-San, confirming the role of Galium odoratum in increasing rumen fermentation
efficiency when supplemented

The polyphenol contents of A. vulgaris and Sa. officinalis predominantly consist of
condensed tannins [68-70] and their RF showed higher relative abundances of Streptococcus
and Bacteroidales family RF16 and lower abundances of Bacteroidales family BS11 and
Desulfovibrio. A high content of tannins can inhibit the rumen fermentation [71], but can
also reduce the methane production of the rumen [72,73] possibly by shifting ruminal
metabolism toward propionate production [74].

Archaea were detected in all the samples, except for RF-San. Archaea; the abundance
in all RF samples was lower than in CTRL samples. Archaea are the primary producers of
methane in the cow rumen [75,76]. The lower abundance of Archaea may therefore be a
sign of a lowered methane production following the feeding with alpine herbs.

Feeding strategies can reduce methane production by a modulation of the rumen
microbiota. Methane mitigation strategies often focus on inhibiting the growth or activity
of Archaea methanogens, which are the main drivers of methane production [54,76,77].
Stimulating competition with methanogens is a strategy gaining traction [75,76], as mit-
igating methane production through Hy competition avoids accumulation of the gas in
the rumen, which can inhibit fermentation and thereby feed efficiency [10]. A competitive
use of hydrogen can occur by propionate production by bacteria such as Prevotellaceae and
Succinivibrionaceae [78-81], by lactate production Streptococcus [74], or by sulphate reduction
by bacteria such as S. ruminantium [82].

In our study, higher abundances of Streptococcus were in RF-San, RF-Alch, and RF-Sis;
S. ruminantium was higher in RF-San; and the propionate producers Prevotellaceae and



Fermentation 2025, 11, 83

11 0f 18

Succinivibrionaceae were higher in RF-San and RF-Gal, suggesting that except for Tanacetum
vulgare, all alpine herbs could have some positive effect in methane production reduction.

3.2. Microbial Diversity of In Vitro Rumen Fermentation

To evaluate differences between the bacterial microbiota from alpine herbs and Poaceae
grass hay (CTRL) within in vitro RF, comparative analyses were performed with the se-
quences generated in this study. The microbial richness (observed OTUs number) and
diversity (Shannon index) were compared between alpine herbs and Poaceae grass hay
(Table 2). Based on both the number of observed OTUs and the Shannon index, the in vitro
rumen fermentations without supplementations (Blank T24) contained the highest level of
bacterial richness and diversity. The fermentations with the highest microbial richness were
RF-Alc and RF-Cic, and those of the highest diversity were RF-Cic, RF-Sis, and RE-Tan.

Table 2. Richness expressed as observed OTU number (Obs OTUs) and diversity expressed by Cahol,
Shannon, and Evenness indices of the bacterial communities identified by 16S amplicon sequencing
of the alpine herbs and CTRL in vitro rumen fermentations. Results are shown as mean values and
standard deviations (SD) of 9 values.

Observed OTUs Shannon Cahol Evenness

Rumen 85 + 22 AB 0.586 + 0.023 B 87 + 26 AB 0.931 +0.0185B
Blank TO 70 4+ 16 AB 0.572 £+ 0.033 B 70 + 16 AB 0.937 £0.079 B

Blank T24 102 +29 B 0.594 + 0.045 B 108 + 36 B 0.903 + 0.0163 &
CTRL 79 + 26 AB 0.517 + 0.191 4B 79 + 26 AB 0.932 + 0.0084 B
RF-Alc 80 + 13 4B 0.501 + 0.182 4 81 + 14 AB 0.923 + 0.0127 AB
RE-Tan 65 +94 0.547 + 0.013 AB 65+94 0.902 + 0.0165 A
RF-Gal 66 + 20 AB 0477 +0.177 4 67 + 22 AB 0.903 + 0.0135 4
RF-San 64+ 124 0.479 + 0.175 4 64+ 124 0.923 =+ 0.0092 AB
RF-Sis 63+124 0.549 + 0.029 AB 63+124 0.937 + 0.0085 B
RF-Cic 89 + 23 AB 0.532 + 0.192 AB 90 + 25 AB 0.913 + 0.0211 AB

For each variable (Obs OTUs, Shannon, cahol, and evenness), values with different superscript letters are
significantly different (p < 0.05, one-way Anova with post hoc Tukey HSD).

A lower microbial diversity in the rumen is associated with a more efficient fermenta-
tion [11], but a higher diversity increase the redundancy and thereby the robustness of the
rumen microbiota [7]. Therefore, the lower diversity of RF-Gal, RF-San, and RF-Alc may
suggest a higher efficiency but a lower robustness of the microbiota.

Two distance matrices were created based on weighted and unweighted UniFrac
indices; these were used to calculate distances between pairs of samples, representing
how closely related those samples were. The PCoA based on weighted (Figure 1a) and
unweighted (Figure 1b) UniFrac distance matrices showed similar results. The first two axes
explained 51.20% and 19.55% of the variance of data based on the weighted and unweighted
distance matrix, respectively. Samples were colored according to the supplementation of
the rumen fermentations. Samples closer to one another are more similar than those that
are further away from each other.

Considering the weighted UniFrac distance matrix, the Blank rumen samples at TO
(black and blue) were separate from all other fermentations. Among RF samples with
alpine herbs, only RF-Gal and RF-Tan were clearly separate along the second component.
Other samples are spread across the figure.

The unweighted UniFrac distance accounts for the presence/absence of OTUs, whereas
weighted UniFrac accounts for the abundance as well. The greatest separation was observed
for the weighted UniFrac distance matrix and accounts for a higher variance fraction,
suggesting that both abundance and the presence/absence of OTUs are important for
characterization of microbiota in the different rumen fermentations with alpine herbs.
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Figure 1. Beta-diversity microbiota changes based on supplementation with herbs during rumen
fermentations. A principal coordinate analysis (PCoA) ordination using weighted (a) and unweighted
(b) distances was performed to visualize microbial community OTU differences across the different
fermented herbs. Rumen: black; Blank TO: blue; Blank T24: light blue; CTRL: yellow; RF-Alc: red;
RF-Cic: orange; RF-Gal: purple; RF-San: pink; RF-Sis: dark green; and RF-Tan: light green. For the
interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.

The PERMANOVA analysis is shown in (Table 3), showing the amount (Pseudo-F)
and significance (p) of microbial composition differences between fermentation conditions.
We observed higher average and absolute pseudo-F values with the PERMANOVA using
weighted UniFrac measurements, compared to unweighted.

The highest and significant differences (highest Pseudo-F values) were recorded
between Blank TO or Rumen when compared to Blank T24.

The RFs of all alpine herbs were significantly different when compared to the
CTRL, using both weighted and unweighted UniFrac, except for RF-Sis when using
weighted UniFrac.



Fermentation 2025, 11, 83

13 of 18

Table 3. PERMANOVA analysis (999 permutations) results for bacterial communities based on

weighted and unweighted UniFrac distances.

Pairwise Comparisons for Weighted UniFrac Unweighted UniFrac
Herb Fermentation Pseudo-F p-Value Pseudo-F p-Value
Rumen vs. Blank TO 0.656 0.652 1.109 0.314
Rumen vs. Blank T24 19.340 0.001 ** 3.143 0.002 **
Rumen vs. RF-Alc 5.245 0.005 ** 2.908 0.002 **
Rumen vs. RF-Cic 5.164 0.003 ** 3.038 0.001 **
Rumen vs. RF-Gal 16.420 0.001 ** 4519 0.001 **
Rumen vs. RF-San 6.638 0.001 ** 2.876 0.001 **
Rumen vs. RF-Sis 6.270 0.002 ** 2.943 0.001 **
Rumen vs. RF-Tan 1.863 0.106 2.208 0.002 **
Rumen vs. CTRL 6.915 0.003 ** 2.806 0.001 **
Blank TO vs. Blank T24 16.405 0.001 ** 2.732 0.002 **
Blank TO vs. RF-Alc 4.290 0.006 ** 2.966 0.002 **
Blank TO vs. RF-Cic 4.967 0.001 ** 3.484 0.003 **
Blank TO vs. RF-Gal 13.385 0.001 ** 4.053 0.001 **
Blank TO vs. RF-San 5.347 0.001 ** 2.656 0.001 **
Blank TO vs. RF-Sis 4.835 0.003 *** 2.814 0.001 ***
Blank TO vs. RF-Tan 2.124 0.056 1.932 0.008 *
Blank TO vs. CTRL 5.178 0.001 ** 2.820 0.001 **
Blank T24 vs. RF-Alc 9.392 0.001 ** 3.114 0.001 **
Blank T24 vs. RF-Cic 16.823 0.002 ** 3.450 0.001 **
Blank T24 vs. RF-Gal 22.458 0.001 ** 4.755 0.001 **
Blank T24 vs. RF-San 13.150 0.001 ** 3.481 0.001 **
Blank T24 vs. RF-Sis 9.056 0.001 ** 2.579 0.001 **
Blank T24 vs. RF-Tan 11.966 0.001 ** 1.689 0.022 *
Blank T24 vs. CTRL 8.853 0.001 ** 2.377 0.002 **
RF-Alc vs. RF-Cic 4.299 0.010 * 1.740 0.004 **
RF-Alc vs. RF-Gal 4.965 0.002 ** 1.878 0.008 **
RF-Alc vs. RF-San 1.619 0.112 1.490 0.043 *
RF-Alc vs. RF-Sis 1.971 0.088 2.172 0.002 **
RF-Alc vs. RF-Tan 3.298 0.034 * 1.736 0.028 *
RF-Alc vs. CTRL 2.732 0.037 * 2.307 0.002 **
RF-Cic vs. RF-Gal 8.310 0.001 ** 2.004 0.002 **
RF-Cic vs. RF-San 3.884 0.005 ** 1.650 0.007 **
RF-Cic vs. RF-Sis 1.574 0.193 1.356 0.090
RF-Cic vs. RF-Tan 2.852 0.057 2.049 0.007 *
RF-Cic vs. CTRL 5.205 0.004 ** 2.080 0.002 **
RF-Gal vs. RF-San 4.447 0.001 ** 1.914 0.001 **
RF-Gal vs. RF-Sis 4.056 0.003 ** 2.133 0.002 **
RF-Gal vs. RF-Tan 7.179 0.001 ** 1.767 0.005 **
RF-Gal vs. CTRL 8.440 0.001 ** 2.510 0.001 **
RF-San vs. RF-Sis 2.548 0.020 * 2.548 0.016 *
RF-San vs. RF-Tan 3.451 0.007 ** 3.451 0.004 **
RF-San vs. CTRL 5.590 0.001 ** 2.507 0.001 **
RF-Sis vs. RF-Tan 3.698 0.022 * 1.906 0.001 **
RF-Sis vs. CTRL 1.661 0.155 1.639 0.010 *
RF-Tan vs. CTRL 4.358 0.013 * 1.711 0.029 *

Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001.

RF-Gal showed the highest Pseudo-F values, suggesting the highest differences in

terms of rumen microbiota; contrastingly, RF-Sis and RF-Alc were similar and demonstrated

the lowest level of difference when compared with the CTRL (lowest pseudo-F values).

Samples and the CTRL RF, compared to Blanks, showed high and significant difference;

from largest to the smallest difference, the order was as follows: RF-Gal, RF-Cic, RF-San,
RF-Tan, RF-Alc, RF-Sis, and CTRL.

For certain pairs (Rumen and RF-Tan, RF-Alc and RF-San, CTRL and RF-Sis, RF-5Sis
and RF-Alc, RF-Cic and RF-Tan, and Blank T0 and RF-Tan) no significant difference was
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observed by means of weighted UniFrac distance matrix, but the comparison became
significant when using an unweighted UniFrac distance matrix. This indicates that the
presence/absence of OTUs was more impactful than their abundance for the difference
between the pairs.

Considering the alpine herb composition, the most distinctive character of G. odoratum
when compared to CTRL herbs is the very high value determined for protein.

4. Conclusions

In this study the effect on microbial microbiota of the addition of alpine herbs to
in vitro rumen fermentation was examined. Herbs with different compositions of cellulose,
hemicellulose, lignin, protein, starch and polyphenols were tested.

The main differences observed for the microbiota on the phyla level was a low abun-
dance of Firmicutes in RF-Cic, a higher abundance of Fibrobacteres in RF-Cic and RF-Sis, and
a higher abundance of Proteobacteria in RF-San. The ratio of Firmicutes/Bacteroidetes was
not significantly different between alpine herb RF and the CTRL, although RF-Cic did have
a noticeably lower ratio.

The different herbs promoted the abundance of various fibrinolytic bacteria with a
variety of substrates. Contents of different carbohydrates, protein, lignin, and polyphenols
were associated with the changes in microbiota.

The addition of alpine herbs altered the diversity and richness of the microbiota in
fermentations; herbs that had a high content of structural fiber resulted in higher diversity,
indicating a more robust microbiota, while herbs rich in starch led to lower diversity,
suggesting higher efficiency. Beta diversity analyses showed that fermentations with
alpine herbs containing similar levels of protein, lignin, and/or polyphenols exhibited less
variation in microbiota composition. Differences in alpha diversity were influenced by the
content of structural and non-structural carbohydrates in the plant material, while beta
diversity between fermentations was primarily determined by the levels of protein, lignin,
and polyphenols.

Previous publications have shown tannins can reduce methane production in the
rumen. In present study we have data confirming that the tannin-rich A. vulgaris and Sa.
officinalis induced higher abundances of Streptococcus, S. ruminantium, Succinivibrionaceae,
and Prevotellaceae, which can act as competitors for hydrogen with methanogen archaea,
reducing methane production. Galium odoratum seems to drive towards higher abundance
of Succinivibrio and lower values for Butyrivibrio microbiota, increasing rumen fermentation
efficiency when supplemented.

Supplement of alpine herbs to conventional indoor winter diets could improve dairy
production by increasing efficiency or reducing methane production, but the effects ob-
served in this study need to be confirmed in vivo.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation11020083 /s1. Figure S1: Relative abundance of
microbiota of an in vitro rumen fermentation, based on Illumina Miseq identification, and shown
graphically as stack plot. Table S1: Contents of the rumen liquid before fermentation, as determined
by NMR.
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