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Vaidas Oberauskas 1,3 and Rasa Želvytė 1,3,*
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Abstract

Rumen microbial fermentation plays a central role in nutrient utilization and milk produc-
tion in dairy cows. This study evaluated the effects of supplementation with exogenous
fibrolytic enzymes, alone or in combination with live yeast on rumen microbiota, fermen-
tation characteristics, nitrogen-related metabolites, and production performance during
the transition from outdoor grazing to indoor housing. Thirty Lithuanian Red dairy cows
were assigned to control (CTR), enzyme (E), or enzyme plus yeast (YE) treatments across
outdoor (OD) and transit (T) periods, while nine cows (three per group) were selected for
rumen and microbiota analysis. Rumen bacterial communities were characterized using
16S rRNA gene sequencing, and functional parameters were evaluated using linear mixed-
effects models. Supplementation resulted in selective changes in several bacterial genera,
including Blautia spp., WPS-2, Ruminococcus spp., Erysipelotrichaceae UCG-009, Sharpea spp.,
uncultured Bacteroidales, and Prevotellaceae UCG-003, and was associated with alterations in
fermentation patterns, particularly propionate concentration, and in nitrogen metabolism,
including putrescine dynamics. The transition period significantly influenced microbial
diversity and total bacterial abundance across treatments. Cows in the YE group main-
tained higher milk yield during the transition period. Overall, dietary supplementation
modulated specific rumen metabolic responses and contributed to production stability
without causing large-scale changes in overall microbial structure.

Keywords: rumen microbiota; fibrolytic enzymes; live yeast; rumen fermentation; nitrogen
metabolism
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1. Introduction
Rumen microbial fermentation is fundamental to nutrient conversion and productive

performance in dairy cattle, as it determines the production of volatile fatty acids (VFAs)
and other metabolites that support energy metabolism and milk synthesis in the host [1,2].
Rumen function depends on the activity of a complex microbial community. Therefore,
modern nutritional approaches focus not only on animal production performance but
also on indicators of rumen function, such as fermentation patterns and nitrogen-related
metabolites [1,2]. Accordingly, evaluating dietary interventions using both functional
parameters and microbial community data can strengthen biological interpretation and
enhance the relevance of findings for applied dairy nutrition [1,3]. In practical dairy systems,
one of the major challenges is the transition between feeding and management conditions,
such as the shift from outdoor grazing to indoor housing periods with dietary changes.
These transitions modify the type and amount of substrates entering the rumen, feeding
patterns, and the rumen environment, leading to changes in fermentation and microbial
community structure [4,5]. Previous research studies have demonstrated that changes
in diet and its management strongly influence the rumen microbial community. Such
shifts may reduce microbial stability and alter fermentation efficiency, particularly during
transition periods. Therefore, nutritional interventions that support fiber degradation and
stabilize rumen function may help maintain consistent fermentation patterns and animal
performance [6,7].

Exogenous fibrolytic enzymes have been proposed as a targeted dietary supplements
to improve the utilization of plant structural carbohydrates by enhancing fiber degrada-
tion and increasing the availability of fermentable substrates [8,9]. By enhancing fiber
degradation, these additives may alter fermentation end-products and improve the ef-
ficiency of nutrient utilization [8]. However, responses to enzyme supplementation are
often inconsistent across studies. The effects appear to depend on factors such as enzyme
activity and dose, diet composition and forage quality, and the physiological state of the
animal [9–11]. The variability in responses to enzyme supplementation warrants evaluation
under controlled feeding conditions, and its effects should be interpreted using relevant
functional parameters rather than being assessed solely on the basis of overall performance
outcomes [9,10]. Live yeast and yeast-derived products are commonly applied in dairy
nutrition because they are thought to help maintain rumen stability and support microbial
activity, particularly during challenging feeding conditions [12,13]. However, responses
to yeast supplementation are not consistent. Effects vary depending on the strain used,
dosage, diet, and stage of production, and benefits are not consistently observed under
all management conditions [12,14]. Consequently, the potential value of combining exoge-
nous enzymes with live yeast remains an open applied question: the combination could
yield additive or non-additive effects depending on context, and any advantages may
be reflected more clearly in functional metabolic signals than in broad community-wide
metrics alone [12,13]. Therefore, the practical value of combining exogenous enzymes with
live yeast remains unclear. From a scientific perspective, it is also uncertain whether their
combined use results in additive benefits, no interaction, or even antagonistic effects. Such
effects may become most apparent during periods of major dietary transition, when shifts
in substrate supply challenge rumen microbial stability, alter fermentation patterns, and
potentially influence production performance.

Therefore, the aim of the present study was to evaluate dietary supplementation with
exogenous enzymes, alone or in combination with live yeast, on rumen microbiota and
rumen functional indicators during the outdoor grazing and the transition in to indoor
housing. We hypothesized that supplementation with exogenous enzymes, alone or in
combination with live yeast, would modulate rumen functional responses and microbial
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community composition during the transition from outdoor grazing to indoor feeding,
thereby influencing fermentation patterns and nitrogen-related metabolism, with potential
effects on production performance.

2. Materials and Methods
2.1. Experimental Design and Animals

The experiment was conducted at a commercial organic dairy farm in the Panevėžys
region, Lithuania. The study lasted 82 days and consisted of a grazing (outdoor, OD) period
followed by a transition to indoor housing (T). All experimental procedures involving
animals were approved by the State Food and Veterinary Service of Lithuania (approval
No. G2-60).

The trial was designed as a controlled feeding experiment with three dietary treatments
and repeated measurements across experimental periods. Lithuanian Red dairy cows were
allocated to treatment groups using the principle of analogues based on parity, body
condition score (BCS), milk yield, and physiological status at the beginning of the trial. All
cows were multiparous and in early lactation (60–90 days in milk), ranging from the 2nd to
4th lactation. Body condition score ranged from 2.75 to 3.00, and average milk yield ranged
from 29 to 34 kg/day. Only clinically healthy cows were included, with somatic cell counts
below 200 × 103 cells/mL. No significant differences in these parameters were observed
among the experimental groups at the start of the trial. During the grazing period, cows
were loose-housed and grazed pasture for 6 h daily (11:00–17:00) in addition to receiving
the total mixed ration (TMR). During the transition period, cows were kept loose-housed
indoors and fed TMR exclusively. All cows were milked twice daily at 06:00 and 18:00.

Each treatment group consisted of 10 cows (total n = 30) receiving one of the following
diets: a control diet without feed additives (CTR), a diet supplemented with exogenous
enzymes (E), or a diet supplemented with exogenous enzymes combined with live yeast
(YE). Milk yield and milk composition were recorded daily throughout both experimental
periods. For rumen-related analyses, three cows per group were selected according to
the analogue principle from the larger cohort. All selected animals were multiparous
Lithuanian Red dairy cows with available production records from previous lactations.
These animals were representative of their respective groups and did not differ significantly
in baseline characteristics relevant to the experimental design.

2.2. Animal Feeding and Dietary Treatments

Diets were formulated to meet the nutritional and energy requirements of lactating
dairy cows according to their physiological status and milk production level of approxi-
mately 33 kg per day. Throughout the experiment, all cows received a total mixed ration
(TMR) providing approximately 20 kg of dry matter per cow per day. During the graz-
ing period, cows received pasture herbage during daily grazing (11:00–17:00), composed
mainly of timothy (Phleum pratense), red clover (Trifolium pratense), white clover (Trifolium
repens), and lucerne (Medicago sativa), in addition to the total mixed ration (TMR). During
the indoor period, cows were fed TMR exclusively. The TMR was offered twice daily at
07:00 and 17:00 and prepared by mixing all feed components for 10 min in a feed mixer
to ensure homogeneity. Fresh drinking water was provided ad libitum throughout both
experimental periods. The ingredient and chemical composition of the experimental diets
are presented in Table 1.
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Table 1. Ingredient and chemical composition of experimental diets during grazing (Outdoor, OD)
and indoor (Transit, T) periods.

Ingredient Composition (% of Diet)

Parameter OD T

Grass silage 1 26.0 42.8
Maize silage 1 9.0 12.3
Wheat straw 1 3.0 5.1
Crushed maize grain 1 5.0 9.1
Concentrate mixture 1,2 29.0 30.7
Pasture herbage 3 28.0 0.0

Chemical Composition

Parameter OD T

Dry matter (DM, %) 40.5 44.1
Organic matter (OM, % DM) 71.1 74.6
Crude protein (CP, % DM) 15.08 13.6
Neutral detergent fiber (NDF, % DM) 43.11 37.1
Acid detergent fiber (ADF, % DM) 27.46 22.2

1 Included in the total mixed ration (TMR). 2 Concentrate mixture consisted of cereal grains (wheat, triticale,
oats), pea grain, field beans, rapeseed meal, soybean meal, sodium bicarbonate, limestone, sodium chloride, and
vitamin–mineral premix. 3 Botanical composition of grass silage and of pasture herbage: timothy (Phleum pratense),
red clover (Trifolium pratense), white clover (Trifolium repens), and lucerne (Medicago sativa).

The CTR group received the basal TMR. The enzyme-supplemented diet (group E)
contained a fungal enzyme complex derived from Trichoderma reesei, providing endo-β-
xylanase (3.7 × 105 U/cow per day), endo-cellulase (4.5 × 105 U/cow per day), and
endo-β-glucanase (1.2 × 105 U/cow per day) (Vilzim®NSP, “Biorro”, Vilnius, Lithuania).
In the yeast + enzyme treatment (group YE), the same enzyme doses were applied in
combination with live yeast (Saccharomyces cerevisiae CNCM I-1077) (Levucell SC, Lalle-
mand Animal Nutrition, Blagnac, France) at a dose of 1.0 × 1010 CFU per cow per day.
Total mixed ration (TMR) was prepared separately for each treatment group, with feed
additives incorporated according to the number of cows to achieve the intended dose per
cow. Additives were uniformly applied and mixed for 10 min prior to feeding to ensure
homogeneous distribution. Cows were group-fed within their respective treatment groups;
therefore, although individual intake was not measured, the average additive intake per
cow corresponded to the intended dosage.

2.3. Sampling Strategy and Experimental Timeline

The experimental timeline was structured to capture both baseline conditions and
temporal responses to dietary treatments during the grazing outdoor period (OD) and the
subsequent transition period (T) to indoor housing.

Baseline samples were collected on day 0 (OD-0) prior to the initiation of dietary
supplementation, then on day 31 (OD-31) and at the end of the grazing phase on day 62
(OD-62) to assess mid-term and cumulative treatment effects under outdoor conditions.
Following the transition to indoor housing, sampling was performed on day 72 (T-72) and
day 82 (T-82), corresponding to 10 and 20 days after housing transition, respectively, in
order to evaluate short-term adaptation responses to indoor management.

Rumen fluid (approximately 1 L) was obtained using a rumen probe (Ruminator, Profs-
Products, Wittibreut, Germany) from the caudoventral region of the rumen approximately
2 h before the morning feeding to minimize diurnal variation associated with feed intake.
A subsample of 200 mL (in triplicate) for volatile fatty acid (VFA), biogenic amines and
nitrogen analysis was stored at −20 ◦C until laboratory testing. For microbial analysis,
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2 mL aliquots (in triplicate) were transferred into sterile cryogenic tubes, snap-frozen in
liquid nitrogen, and stored at −80 ◦C until DNA extraction.

Fecal samples (2 L per cow) were collected immediately after rumen content sampling
by obtaining them directly from the rectum of the same cows. After the samples had been
collected, in vivo feed digestibility was analyzed.

Milk samples were taken during morning milking from all experimental cows (n = 30)
on the planned sampling days. The milk sample was taken by following the control milk
sampling rules [15].

2.4. Rumen Fermentation and Nitrogen Analyses

The pH of freshly collected rumen fluid was measured immediately after sampling
using a portable pH meter (Twin pH meter, Horiba, Kyoto, Japan) following the manufac-
turer’s instructions. Immediate pH determination was performed to avoid post-sampling
alterations associated with microbial activity and gas exchange. Volatile fatty acid (VFA)
concentrations in rumen fluid were determined by gas chromatography according to the
methodology described by Bureenok et al. [16]. Acetate, propionate, isobutyrate, bu-
tyrate, valerate, methyl-valerate, caproate, and enanthate concentrations were quantified
(mmol/L) using a GC-2010 Plus gas chromatograph equipped with a mass spectrometry
detector (GCMS-QP2010; Shimadzu Corp., Kyoto, Japan).

Biogenic amines, including tryptamine, phenylethylamine, putrescine, cadaverine,
histamine, tyramine, spermidine, and spermine, were analyzed following the method
procedures developed by Ben-Gigirey et al. [17] and are described by Bartkiene et al. [18].
Biogenic amines were analyzed as indicators of rumen nitrogen metabolism to provide
additional information on protein degradation pathways and microbial metabolic responses
under different dietary conditions, as well as in response to exogenous fibrolytic enzymes
and live yeast.

Total nitrogen (TN) and ammonia nitrogen (NH3–N) concentrations in rumen fluid
were determined according to the method described by Stern and Endres and expressed as
mg/dL [19].

2.5. Rumen Contents DNA Analysis

DNA was isolated from 600 µm rumen contents following the protocol described by
Ruis et al. [20]. The amount of rumen bacteria was estimated using quantitative real-time
PCR (qPCR) by quantifying rRNA gene copy numbers in 1 ng of extracted DNA as de-
scribed by Huuki et al. [21]. Briefly, total bacterial abundance was quantified using universal
bacterial primers 520F (AGCAGCCGCGGTAAT) and 799R (CAGGGTATCTAATCCTGTT)
as previously described by Edwards et al. [22].

qPCR reactions were performed using SYBR Green chemistry (PowerUp™ SYBR
Green PCR Master Mix, Thermo Fisher Scientific, Waltham, MA, USA) on a ViiA™ 7 Real-
Time PCR System (Applied Biosystems, Waltham, MA, USA). Each reaction was carried
out in a final volume of 20 µL, containing 10 µL of SYBR Green master mix, 0.3 µL of each
primer (10 µM), molecular biology grade water, and 2 µL of template DNA (20 ng per
reaction). All samples were analyzed in triplicate, and non-template controls were included
in each run.

Thermal cycling conditions consisted of an initial denaturation at 95 ◦C for 10 min,
followed by 40 cycles of denaturation at 95 ◦C for 15 s and annealing/extension at 60 ◦C
for 1 min. A melt curve analysis was performed at the end of each run to confirm
amplification specificity.
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Quantification was based on cycle threshold (Ct) values and calculated relative to
calibration curves generated using quality control standards to run under identical PCR con-
ditions. Results were expressed as 16S rRNA gene copy numbers per ng of genomic DNA.

2.6. 16S rRNA Gene Sequencing and Bioinformatic Analysis

Bacterial and archaeal community composition in rumen contents was assessed by
sequencing the V4 region of the 16S rRNA gene using the universal primers 515F and
806R [23]. Amplicon libraries were prepared according to the Illumina 16S Metagenomic
Sequencing Library Preparation protocol (Illumina, San Diego, CA, USA) and described by
Huuki et al. [21].

Sequencing was performed on an Illumina MiSeq platform (Functional Genomics
Centre, University of Turku, Turku, Finland) using paired-end chemistry (2 × 250 bp).
Demultiplexing and adapter trimming were conducted by the sequencing service provider.
Raw sequencing data were processed using QIIME 2 (version 2021.8.0) [24]. Paired-end
reads were quality filtered, denoised, merged, and checked for chimeras using the DADA2
plugin, resulting in the generation of amplicon sequence variants (ASVs) [25]. Taxonomic
assignment of bacterial and archaeal sequences was performed using a naïve Bayes classifier
trained on the SILVA reference database (release 138, NR99), trimmed to the V4 [26]. Low-
abundance features and singletons were removed prior to downstream analyses. Although
both bacterial and archaeal communities were targeted, subsequent analyses focused
primarily on bacterial community composition; archaeal taxa were retained and reported
where relevant among the most abundant families.

2.7. Milk Yield and Milk Composition Analysis

Milk yield was recorded daily for all cows throughout the grazing and indoor periods
using the milking system scales integrated into the DeLaval milking system (DeLaval,
Tumba, Sweden), with data automatically recorded into the DelPro management software
(version 5.0; DeLaval, Tumba, Sweden). Milk samples for compositional analysis were
collected during the morning milking in accordance with official milk recording proce-
dures [15]. Samples were submitted to an accredited laboratory (“Pieno tyrimai”, Kaunas,
Lithuania) for analysis. Milk fat, protein, lactose, were determined by mid-infrared spec-
troscopy using a LactoScope FTIR analyzer (Delta Instruments, Drachten, The Netherlands).
Energy-corrected milk (ECM) values were calculated and provided by the same laboratory
(“Pieno tyrimai”, Kaunas, Lithuania) using a standardized equation:

ECM = milk yield (kg) × (0.122 × fat (%) + 0.077 × protein (%) + 0.253).

2.8. Physical Evaluation of Fecal Residues

The physical breakdown of feed was assessed using a fecal washing technique adapted
from Hall [27]. A calibrated 2 L sample of fresh feces was collected directly from the rectum
of each cow at predefined sampling points. Samples were obtained from the same cows
used for rumen sampling (n = 9). The sample was processed using a Nasco Digestion
Analyzer (Nasco, Fort Atkinson, WI, USA) according to the manufacturer’s instructions, by
rinsing with tap water for 5–10 min until the effluent was clear. The remaining undigested
macro-residues were returned to a same 2 L container to determine their volume (Vresidue).

The Washable Fecal Fraction (WFF) was calculated as follows:

WFF(%) =

(
Vinitial − Vresidue

Vinitial

)
× 100

where is the initial fecal volume (2 L). This metric was used as an indicator of the physical
effectiveness of the diet and particle breakdown in the rumen.
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2.9. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics (version 15; IBM Corp.,
Armonk, NY, USA), QIIME 2 (version 2021.8.0), and R (version 3.6.3; R Core Team, Vienna,
Austria). Data were analyzed using linear mixed-effects models (LMM) to account for
repeated measurements within individual cows across experimental periods. Data are
presented as mean values with standard deviation (SD). When significant main effects or
interactions were detected, additional period-specific comparisons were performed using
one-way ANOVA within each experimental period. Statistical significance was declared at
p < 0.05, and trends were discussed when 0.05 ≤ p < 0.10.

2.9.1. Linear Mixed-Effects Modeling

For continuous response variables, including ruminal fermentation parameters, qPCR-
derived bacterial abundance, milk yield, milk composition, and in vivo digestibility, linear
mixed-effects models were applied. The general model included dietary treatment (Control,
Enzyme, Yeast + Enzyme), experimental period (Outdoor, Transit), and their interaction
(Group (G) × Period (P)) as fixed effects. Cow identity was included as a random effect to
account for within-animal correlation due to repeated measurements.

The model structure was defined as:

Yijk = µ + Ti + Pj + (T × P)ij + Cowk + εijk,

where Yijk is the dependent variable, µ is the overall mean, Ti is the fixed effect of dietary
treatment, Pj is the fixed effect of experimental period, (T × P)ij is their interaction Cowk, is
the random effect of cow, and εijk is the residual error.

When repeated measurements over time were present, period-specific repeated mea-
sures were modeled within cow using an appropriate covariance structure selected based
on model convergence and goodness of fit.

2.9.2. Alpha and Beta Diversity Analysis

Alpha diversity indices of the rumen microbiota, including Observed features, Shan-
non diversity index, Faith’s phylogenetic diversity, and Pielou’s evenness, were calculated
in QIIME 2 based on rarefied ASV tables. Differences in alpha diversity metrics were
evaluated using linear mixed-effects models with dietary treatment, experimental period,
and their interaction as fixed effects, and cow included as a random effect.

Beta diversity was assessed using Bray–Curtis dissimilarities and weighted UniFrac
distances, calculated in QIIME 2 from rarefied ASV tables. Differences in microbial com-
munity structure were tested using permutational multivariate analysis of variance (PER-
MANOVA) with dietary treatment, experimental period, and their interaction included
as explanatory variables. Statistical significance was assessed using 999 permutations.
Community-level patterns were visualized using principal coordinates analysis (PCoA).

2.9.3. qPCR Data Analysis

qPCR-derived bacterial abundance data were log10-transformed prior to statistical
analysis to meet assumptions of normality and homoscedasticity. Pairwise comparisons
between dietary treatments within each experimental period were performed using the
Sidak adjustment for multiple comparisons.

2.9.4. Environmental Fitting (Envfit) and Correlation-Based Integration Analysis

To identify associations between microbial community structure and ruminal,
metabolic, and production-related variables, the envfit function was applied to PCoA
ordinations using 999 permutations. Continuous variables, including ruminal pH, volatile
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fatty acids, nitrogen fractions, and biogenic amines, were fitted as vectors. Variables with
p < 0.05 were considered significantly associated with microbial beta diversity.

To characterize dominant rumen taxa, a heatmap of the top 20 bacterial genera was
generated based on mean relative abundances (log10-transformed after addition of a pseudo
count, 1 × 10−6). Associations between genus-level relative abundance and host-related
parameters were evaluated using Spearman’s rank correlations, including fermentation
parameters, nitrogen fractions, biogenic amines, milk production traits, and digestibility.
Significant correlations (p < 0.05) were visualized in a correlation heatmap.

3. Results
3.1. Sequencing Output and Data Quality

Quality-filtered 16S rRNA gene sequencing data comprised 45 rumen samples. The
median sequencing depth was 17,961 reads per sample, with sequencing depth ranging
from 8761 to 29,473 reads. To standardize sampling effort across samples, the feature table
was rarefied to a depth of 17,000 sequences per sample prior to downstream analyses. This
rarefaction depth retained the majority of samples while ensuring sufficient coverage for
robust estimation of alpha and beta diversity metrics.

3.2. Alpha Diversity of the Rumen Microbiota

Alpha diversity indices are presented in Figure 1. Pielou’s evenness was significantly
affected by experimental period (p = 0.024), indicating differences between the OD and
transit T periods, whereas the main effect of dietary treatment did not reach statistical sig-
nificance, although a tendency toward group-related differences was observed (p = 0.086).
No significant treatment × period interaction was detected (p = 0.215).

Figure 1. Alpha diversity of the rumen microbiota across dietary groups (CTR, E, and YE) and
experimental periods (Outdoor and Transit).

In contrast, richness and diversity metrics, including observed features, Faith’s
phylogenetic diversity, and Shannon entropy, were significantly influenced by both di-
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etary treatment (p = 0.007) and experimental period (p < 0.001), with no significant
treatment × period interactions (p = 0.144). Across all treatments, these indices increased
from the outdoor to the transit period. Moreover, values were consistently higher in the
YE group compared with CTR and E, whereas no consistent differences were observed
between group CTR and group E.

3.3. Beta Diversity of the Rumen Microbiota

Beta diversity patterns are shown in Figure 2. PERMANOVA indicated that experi-
mental period exerted a stronger influence on microbial community structure than dietary
treatment, whereas the treatment × period interaction was not a major source of variation.

Figure 2. PCoA of rumen microbial community structure based on Bray–Curtis dissimilarities
and weighted UniFrac distances across dietary treatments and experimental periods. Each point
represents an individual sample; colors indicate dietary groups and shapes indicate experimental
periods (outdoor vs. indoor). Ellipses represent 95% confidence intervals for each dietary group.

3.4. Relative Abundance of the Top 20 Bacterial Genus

Across the 45 rumen samples, a total of 241 bacterial genera were identified at the
genus level (Figure 3). The 20 most abundant genera were selected for further statistical
evaluation. These taxa collectively accounted for 62.07 (3.15)% of total relative abundance,
with individual samples ranging from 56.54% to 70.62%, indicating that the majority of the
rumen bacterial community was represented by a limited number of dominant genera.

 

  

Figure 3. Relative abundance of the top 20 bacterial genera in the rumen microbiota across dietary
treatments and experimental periods.
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The rumen microbiota was numerically dominated by Prevotella spp. (18.36%), fol-
lowed by Lachnospiraceae NK3A20 group (6.98%), Christensenellaceae R-7 group (4.50%),
Acetitomaculum spp. (4.49%), Lachnospiraceae NK4A214 group (3.92%), and Succinivibri-
onaceae UCG-001 (3.73%). The remaining genera in Top 20 individually contributed between
0.43% and 2.67% of the total community. Together, these findings indicate a community
structure primarily dominated by members of the phyla Bacteroidota and Firmicutes, with
lower contributions from Proteobacteria and methanogenic archaea.

A comparison of the Top 20 genera between dietary treatments (CTR, E, and YE)
revealed no significant differences. A tendency toward treatment-related variation was
observed for Ruminococcus spp., in the OD period (p = 0.058), where mean relative abun-
dance ranged from 2.05% (group E) to 3.20% (group YE). For all remaining genera, absolute
differences within each group and period were small, generally below 1–2 percentage
points, indicating limited dietary treatment influence on dominant rumen taxa.

In contrast, period-related comparisons within treatment groups revealed more pro-
nounced shifts. Notably, Ruminococcus spp. increased within the E group from 2.05% (OD)
to 3.15% (T) (p = 0.020). Additional genera exhibited tendencies toward OD–T variation
within specific treatments. In group E, Succinivibrionaceae UCG-001 (p = 0.063) and Chris-
tensenellaceae R-7 group (p = 0.057) showed near-significant shifts between periods. Within
the YE group, a tendency was observed for Christensenellaceae R-7 group (p = 0.095). In
the CTR group, period-related trends were detected for Rikenellaceae RC9 group (p = 0.053)
and Ruminococcaceae UCG-001 (p = 0.076). Although these effects did not reach statistical
significance, they consistently indicated greater sensitivity to sampling period than to
dietary treatment.

3.5. Effect of Dietary Treatment and Experimental Period on Rumen Bacterial Genera

Dietary treatment significantly affected several rumen bacterial genera (Table 2). Based
on the LMM model, significant group effects (pgroup < 0.05) were detected for Ruminococcus
spp., Prevotellaceae UCG-003, uncultured Bacteroidales, Blautia spp., WPS-2, Erysipelotrichaceae
UCG-009, and Sharpea spp. Cow groups received supplementation modified the abundance
of specific bacterial taxa, with increased values of Ruminococcus spp. and Prevotellaceae UCG-
003 in supplemented groups, whereas Blautia spp., WPS-2, and Erysipelotrichaceae UCG-009
were reduced compared with group CTR. Several additional genera showed trend-level
effects (0.05 < p ≤ 0.10), indicating moderate diet-associated shifts in microbial structure.

Table 2. Estimated marginal means (SD) of rumen bacterial genera relative abundance (%) according
to dietary treatment and experimental period, analyzed using linear mixed-effects models.

Treatment Group CTR E YE p Value

Genus/Period OD T OD T OD T pgroup pperiod p(g×p)

Blautia spp. 0.237 (0.14) 0.286 (0.09) 0.086 (0.04) 0.297 (0.18) 0.294 (0.14) 0.277 (0.07) 0.001 0.744 0.151
WPS-2 0.163 (0.08) 0.164 (0.13) 0.057 (0.03) 0.065 (0.04) 0.016 (0.01) 0.117 (0.13) 0.002 0.656 0.243
Ruminococcus spp. 2.361 (0.91) 2.670 (0.41) 2.047 (0.56) 3.150 (0.45) 3.198 (0.60) 2.498 (0.67) 0.009 0.274 0.012
Erysipelotrichaceae UCG-009 0.136 (0.08) 0.184 (0.05) 0.033 (0.03) 0.101 (0.02) 0.108 (0.02) 0.202 (0.12) 0.010 0.244 0.895
Sharpea spp. 1.454 (0.43) 0.460 (0.55) 0.456 (0.41) 0.492 (0.82) 1.406 (1.07) 0.895 (0.64) 0.019 0.001 0.047
Uncultured Bacteroidales 0.109 (0.07) 0.193 (0.08) 0.189 (0.10) 0.215 (0.10) 0.154 (0.03) 0.253 (0.10) 0.041 0.180 0.643
Eubacterium coprostanoligenes
group 0.438 (0.16) 0.417 (0.11) 0.627 (0.05) 0.651 (0.29) 0.704 (0.33) 0.715 (0.21) 0.062 0.985 0.927

Prevotellaceae UCG-003 0.643 (0.26) 0.908 (0.22) 0.569 (0.19) 1.049 (0.20) 0.809 (0.11) 1.012 (0.12) 0.046 0.025 0.196
Lachnospiraceae NK4A136 group 0.209 (0.06) 0.259 (0.07) 0.11 (0.05) 0.120 (0.05) 0.120 (0.02) 0.09 (0.02) 0.084 0.639 0.031
Lachnospira spp 0.389 (0.01) 0.364 (0.01) 0.253 (0.05) 0.276 (0.03) 0.277 (0.05) 0.232 (0.06) 0.086 0.956 0.490
Moryella spp 0.456 (0.03) 0.330 (0.02) 0.319 (0.04) 0.364 (0.09) 0.552 (0.31) 0.355 (0.07) 0.089 0.264 0.306
Bacteroidales RF16 group 0.898 (0.51) 1.191 (0.26) 1.320 (0.19) 1.064 (0.17) 1.057 (0.16) 1.478 (0.35) 0.098 0.100 0.175
Fibrobacter spp. 0.157 (0.08) 0.606 (0.15) 0.317 (0.15) 0.647 (0.12) 0.421 (0.18) 0.724 (0.31) 0.099 0.006 0.489
F082 1.325 (0.13) 1.390 (0.29) 1.619 (0.49) 1.693 (0.11) 1.795 (0.28) 2.381 (0.57) 0.099 0.954 0.569
Lachnospiraceae AC2044 group 0.178 (0.09) 0.261 (0.09) 0.090 (0.08) 0.358 (0.12) 0.197 (0.03) 0.267 (0.04) 0.100 0.632 0.120

Relative abundances are expressed as percentages (%) of the total bacterial community. Values are presented as
mean ± (SD). p-values were obtained from linear mixed-effects models including dietary group, experimental
period, and their interaction as fixed effects, with cow included as a random effect. Pairwise comparisons were
adjusted using the Sidak correction.
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When analyzed separately by period using one-way ANOVA, dietary group differ-
ences were primarily observed during the OD period, while no significant or trend-level
differences were detected during the T period. During period OD, Blautia spp. was lower
in E compared with group CTR by 0.151% (p < 0.01), WPS-2 was reduced in group YE as
compared to group CTR by 0.147%, and Erysipelotrichaceae UCG-009 was lower in group E
compared with group CTR (by 0.103%). Trend-level differences during OD were observed
for Ruminococcus spp., Sharpea spp., uncultured Bacteroidales, and Prevotellaceae UCG-003.

3.6. Total Bacterial Abundance Assessed by qPCR

Total rumen bacterial abundance, assessed by quantitative real-time PCR and ex-
pressed as log10-transformed 16S rRNA gene copy numbers per ng of genomic DNA, was
significantly affected by experimental period (p < 0.001) (Table 3). In addition, a significant
dietary treatment × period interaction was detected (p = 0.013), whereas the main effect of
dietary treatment was not statistically significant (p = 0.298).

Table 3. Effects of dietary treatments and experimental period on rumen total bacterial abundance
assessed by qPCR.

Treatment Group CTR E YE p Value

Genus/Period OD T OD T OD T pgroup pperiod p(g×p)

log10(copies/ng DNA) 5.43 (0.08) 5.36 (0.02) 5.42 (0.03) 5.38 (0.05) 5.40 (0.02) 5.29 (0.09) 0.298 0.001 0.013

Values are presented as mean ± (SD). Data are expressed as log10-transformed 16S rRNA gene copy numbers
per ng of genomic DNA. OD—outdoor period; T—transit period. pgroup, pperiod, and p(g×p) indicate fixed effects
derived from the linear mixed-effects model. Pairwise comparisons were adjusted using the Sidak correction.

3.7. Rumen Fermentation Results

Ruminal pH was significantly affected by dietary treatment (p = 0.004) and experimen-
tal period (p < 0.001), with no significant treatment × period interaction detected (Table 4).
Across treatments, pH was lower during the transition period compared with the outdoor
period (p = 0.027) and was higher in the YE group compared with the E group (p = 0.013).

Table 4. Rumen fermentation parameters, volatile fatty acid concentrations, and nitrogen fractions in
dairy cows across treatment groups and periods.

Treatment Group CTR E YE p Value

Parameter/Period OD T OD T OD T pgroup pperiod p(g×p)

Rumen pH 6.36 (0.17) 6.25 (0.13) 6.25 (0.08) 6.03 (0.12) 6.54 (0.08) 6.27 (0.19) 0.004 0.001 0.766

Total VFA 79.73 (12.76) 79.05 (12.92) 87.43 (12.26) 73.51 (5.86) 73.87 (8.41) 65.96
(15.83) 0.025 0.125 0.343

Acetate 47.74 (4.27) 50.2 (7.3) 52.68 (2.75) 48.0 (2.95) 45.51 (5.85) 43.29
(11.23) 0.062 0.442 0.384

Propionate 14.13 (5.67) 12.32 (2.88) 15.86 (2.9) 10.08 (0.92) 11.99 (1.15) 8.41 (1.29) 0.009 0.001 0.530
Butyrate 11.32 (2.17) 10.54 (2.17) 12.66 (1.58) 10.1 (2.11) 10.96 (2.46) 9.48 (3.23) 0.325 0.661 0.733
A:P ratio 3.79 (1.12) 4.36 (0.17) 3.42 (0.8) 4.82 (0.3) 3.87 (0.65) 5.17 (0.66) 0.725 0.001 0.362
Valerate 2.35 (0.71) 1.77 (0.22) 2.1 (0.11) 1.57 (0.09) 1.91 (0.15) 1.38 (0.13) 0.073 0.018 0.680
Caproate 1.017 (0.57) 1.06 (0.09) 1.1 (0.28) 1.04 (0.02) 1.03 (0.19) 0.93 (0.09) 0.507 0.655 0.668
Isobutyrate 1.16 (0.13) 1.2 (0.18) 1.1 (0.02) 0.99 (0.13) 0.98 (0.15) 0.94 (0.06) 0.029 0.953 0.756
n-Heptanoate 0.49 (0.01) 0.49 (0.01) 0.49 (0.02) 0.5 (0.01) 0.49 (0.01) 0.48 (0.01) 0.385 0.968 0.201
3-Methylvalerate 1.52 (0.25) 1.46 (0.14) 1.35 (0.13) 1.23 (0.11) 1.01 (0.08) 1.04 (0.2) 1.0 1.0 1.0

Total N 98.16 (10.27) 66.85 (8.23) 96.27 (22.99) 94.27 (13.3) 89.76 (9.57) 89.71
(25.19) 0.752 0.036 0.002

NH3–N 18.79 (0.59) 14.05 (3.13) 17.61 (3.6) 19.18 (2.66) 20.03 (1.18) 18.85 (2.46) 0.237 0.013 0.144

Abbreviations: VFA—volatile fatty acids (mmol/L); A:P ratio—acetate-to-propionate ratio; Total N—total rumen
nitrogen (mg/dL); NH3–N—rumen ammonia nitrogen (mg/dL). Values are presented as mean (SD). pgroup, pperiod,
and p(g×p) indicate fixed effects derived from the linear mixed-effects model. Values are presented as mean ± (SD).
Pairwise comparisons were adjusted using the Sidak correction.
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VFA concentration differed among dietary treatments (p = 0.025), with higher values
observed in group E compared with group YE (p = 0.006), whereas no period or interaction
effects were detected. Propionate concentration was influenced by both dietary treatment
(p = 0.009) and experimental period (p < 0.001). The acetate-to-propionate (A:P) ratio was
significantly affected by experimental period (p < 0.001), showing higher values during
the transition period (T). Valerate concentration was also influenced by the experimental
period (p = 0.018), with higher concentrations observed during the outdoor period (OD).
Isobutyrate showed a treatment effect (p = 0.029), although pairwise comparisons did not
reveal significant differences between dietary groups.

Total rumen nitrogen concentration exhibited a significant treatment × period in-
teraction (p = 0.002) and was additionally affected by experimental period (p = 0.036).
NH3–N concentration was influenced by experimental period (p = 0.013), with higher
values observed during the outdoor period.

All other measured VFAs were not significantly affected by dietary treatment, experi-
mental period, or their interaction (p > 0.05).

3.8. Biogenic Amines in Rumen Fluid Results

Results of rumen biogenic amine concentrations are presented in Table 5. Putrescine
concentration was significantly affected by dietary treatment (p = 0.001), experimental
period (p < 0.001), and their interaction (p = 0.001). During the outdoor period, putrescine
concentration was higher in group E compared with both CTR (p = 0.004) and YE (p = 0.002),
whereas no significant differences among dietary treatments were detected during the
transition period. Across treatments, putrescine concentrations were lower during the
transition period compared with the outdoor period. No significant effects of dietary
treatment, experimental period, or their interaction were observed for spermidine (p > 0.05).

Table 5. Rumen biogenic amine concentrations in dairy cows across treatment groups and experi-
mental periods.

Treatment Group CTR E YE p Value

Parameter/Period OD T OD T OD T pgroup pperiod p(g×p)

Putrescine 24.04 (3.38) 3.11 (0.46) 29.54 (3.79) 4.83 (0.94) 27.04 (12.24) 4.88 (1.67) 0.001 0.001 0.001

Cadaverine 28.62
(10.16) 4.98 (0.91) 21.14

(10.17) 6.56 (2.95) 23.34 (6.86) 7.33 (4.95) na * na * na *

Histamine 0.97 (0.94) 0.0 0.11 (0.18) 0.0 0.45 (0.78) 0.17 (0.3) na ** na ** na **
Tyramine 0.74 (1.28) 0.0 0.0 0.0 0.54 (0.93) 0.0 na ** na ** na **
Spermidine 6.24 (1.86) 3.06 (1.32) 4.96 (3.04) 3.1 (1.06) 7.12 (2.91) 4.42 (2.99) 0.186 0.983 0.876
Spermine 0.75 (0.65) 0.0 0.19 (0.19) 0.7 (0.47) 0.36 (0.32) 1.06 (0.66) na ** na ** na **

All biogenic amine concentrations are expressed as mg kg−1 of rumen content (mean (SD)). Tryptamine and
Phenylethylamine were not detected in rumen samples. na * Cadaverine concentrations exhibited a high propor-
tion of zero values and extreme variance heterogeneity; therefore, linear mixed-effects model assumptions were
violated, and no inferential statistics were reported. na ** Histamine, Tyramine and Spermine concentrations were
predominantly zero across samples, resulting in insufficient variability for linear mixed-effects model estimation;
therefore, statistical inference for fixed effects was not performed. pgroup, pperiod, and p(g×p) indicate fixed effects
derived from the linear mixed-effects model. Pairwise comparisons were adjusted using the Sidak correction.

Cadaverine concentrations were characterized by a high proportion of zero values and
substantial variance heterogeneity; therefore, results are reported descriptively without
inferential statistical analysis. Histamine, tyramine, and spermine concentrations were
predominantly zero across samples and were not subjected to formal statistical analysis.
Tryptamine and phenylethylamine were not detected in rumen fluids.

3.9. Milk Yield and Composition Results

Milk yield was significantly affected by dietary treatment (p = 0.001), experimental
period (p = 0.001), and their interaction (p = 0.001) (Table 6). During the OD period, milk
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yield was similar across groups (31–32 kg/d). In contrast, during the T period, cows in the
YE group maintained a higher milk yield (30.48 kg/d) compared with the CTR (25.78 kg/d)
and E (26.95 kg/d) groups.

Table 6. Milk yield and milk composition parameters in dairy cows across treatment groups
and periods.

Treatment Group CTR E YE p Value

Parameter/Period OD T OD T OD T pgroup pperiod p(g×p)

Milk yield (kg/d) 31.76 (4.02) 25.78 (5.66) 31.32 (2.58) 26.95 (3.07) 31.3 (6.96) 30.48 (6.52) 0.001 0.001 0.001
ECM (kg/d) 33.48 (4.01) 27.87 (6.08) 32.21 (2.37) 28.6 (4.81) 33.63 (8.03) 29.48 (3.67) 0.736 0.006 0.400
Milk fat (%) 4.58 (0.62) 4.63 (0.29) 4.34 (0.4) 4.6 (0.43) 4.69 (0.24) 3.81 (0.71) 0.596 0.681 0.075
Milk protein (%) 3.3 (0.13) 3.55 (0.09) 3.28 (0.29) 3.19 (0.22) 3.14 (0.26) 3.16 (0.17) 0.188 0.058 0.648
Milk lactose (%) 4.48 (0.98) 4.48 (0.08) 4.71 (0.35) 4.61 (0.08) 4.74 (0.09) 4.59 (0.19) 1.000 0.998 1.000

ECM—energy-corrected milk. Values are presented as mean ± (SD). pgroup, pperiod, and p(g×p) indicate fixed effects
derived from the linear mixed-effects model. Pairwise comparisons were adjusted using the Sidak correction.

Energy-corrected milk (ECM) yield was not affected by dietary treatment or
treatment × period interaction (p > 0.05), but was influenced by experimental period
(p = 0.006). Across all groups, ECM decreased during the transition period compared
with the outdoor period.

Milk fat, protein, and lactose percentages were not significantly affected by dietary
treatment, experimental period, or their interaction (p > 0.05). A tendency toward a treat-
ment × period interaction was observed for milk fat (p = 0.075), and milk protein showed a
tendency for a period effect (p = 0.058); however, these did not reach statistical significance.

3.10. Physical Assessment of Fecal Residues

The physical breakdown of feed, expressed as WFF, was not significantly affected by
dietary treatment (p = 0.331), experimental period (p = 0.794), or their interaction (p = 0.306).
WFF values were consistent across groups, ranging from approximately 70% to 77%. These
results indicate that the physical comminution and washout rate of fecal particles remained
stable regardless of the diet, suggesting that the fundamental rumen mechanical processing
was maintained.

3.11. Integrative Association Analysis Results Between Rumen Microbiota and
Host-Related Parameters

To evaluate associations between rumen fermentation characteristics and microbial
community structure, envfit analysis was applied to PCoA ordinations based on Bray–
Curtis and weighted UniFrac distances (Figure 4).

Based on Bray–Curtis dissimilarities, microbial community composition was signif-
icantly associated with propionate concentration (R2 = 0.20, p = 0.007) and ruminal pH
(R2 = 0.16, p = 0.027). Acetate, total VFA, and butyrate were not significantly associated
with Bray–Curtis ordination (p > 0.05). When phylogenetically weighted beta diversity
was assessed using weighted UniFrac distances, propionate concentration remained signifi-
cantly associated with microbial community structure (R2 = 0.26, p = 0.004), whereas no
significant associations were detected for ruminal pH or other VFA parameters (p > 0.05).

To examine associations between nitrogen metabolism and microbial community
structure, envfit analysis was performed using total rumen nitrogen, NH3-N, and selected
biogenic amines (Figure 5).

According to Bray–Curtis dissimilarities, a trend-level association was observed be-
tween microbial community composition and putrescine concentration (R2 = 0.11, p = 0.070).
No significant associations were detected for total nitrogen, NH3-N, cadaverine, or spermi-
dine (p > 0.05). In contrast, weighted UniFrac-based analysis revealed a significant asso-
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ciation between microbial community structure and putrescine concentration (R2 = 0.22,
p = 0.006). Total nitrogen showed a marginal association (R2 = 0.12, p = 0.077), whereas
NH3-N, cadaverine, and spermidine were not significantly associated with phylogenetically
weighted beta diversity (p > 0.05).

Figure 4. Bray–Curtis (A) and Weighted UniFrac (B) principal coordinates analysis (PCoA) of rumen
microbial community composition with environmental fitting (envfit) of ruminal pH and major
volatile fatty acids (VFA). Arrows indicate the direction and strength of associations between fermen-
tation parameters and microbial beta diversity. Solid black vectors denote statistically significant
associations (p < 0.05), whereas gray dashed vectors represent non-significant relationships. Points
are colored by dietary treatment and shaped by an experimental period.

To assess potential associations between rumen microbial community structure and
productive performance, envfit analyses were applied. None of the evaluated milk pro-
duction traits showed significant associations with microbial beta diversity based on either
Bray–Curtis dissimilarities or weighted UniFrac distances.

To further explore associations between bacterial taxa and host-related parameters,
a correlation heatmap was constructed based on Spearman’s rank correlation coefficients
between the relative abundance of the top 20 bacterial genus and rumen fermentation
parameters, nitrogen fractions, biogenic amines, and milk production traits. Statistically
significant correlations (p < 0.05) are indicated in the heatmap (Figure 6).
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Figure 5. Bray–Curtis (A) and Weighted UniFrac (B) principal coordinates analysis (PCoA) of rumen
microbial communities with environmental fitting of ammonia-related parameters and selected
biogenic amines. PCoA based on Bray–Curtis dissimilarities illustrating variation in rumen microbial
community composition across treatment groups and experimental periods. PCoA based on weighted
UniFrac distances showing phylogenetically weighted differences in rumen microbial community
structure across treatment groups and experimental periods. Envfit vectors represent significant or
near-significant associations identified by envfit analysis for total NH3, NH3-N and selected biogenic
amines (putrescine, cadaverine, and spermidine). Solid black vectors denote statistically significant
associations (p < 0.05), dashed black vectors indicate trend-level associations (0.05 ≤ p < 0.10), whereas
gray vectors represent non-significant relationships. Points are colored by dietary treatment and
shaped by experimental period.

The strongest correlations were observed with biogenic amines. Rikenellaceae RC9
group exhibited a strong negative association with putrescine (r = −0.71, p < 0.001) and
cadaverine (r = −0.65, p < 0.001), and was additionally negatively correlated with spermi-
dine (r = −0.41, p = 0.005). In contrast, Succinivibrionaceae spp. UCG-001 showed positive
correlations with putrescine (r = 0.56, p < 0.001) and cadaverine (r = 0.37, p = 0.012). Simi-
larly, Absconditabacteriales SR1 group was negatively associated with cadaverine (r = −0.48,
p < 0.001) and putrescine (r = −0.46, p = 0.001). Additional negative associations with
biogenic amines were observed for Methanobrevibacter spp. (putrescine: r = −0.42, p = 0.004;
spermidine: r = −0.37, p = 0.013) and Christensenellaceae R-7 group (putrescine: r = −0.39,
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p = 0.008). These results indicate a consistent linkage between specific genera and amine
metabolism in the rumen ecosystem.

 

Figure 6. Spearman correlation heatmap between rumen bacterial genus and ruminal, metabolic, and
production traits. Feed digestibility was estimated as the washable fecal fraction (WFF). Asterisks (*)
indicate statistically significant Spearman correlations (p < 0.05).

Associations with fermentation and production parameters were comparatively
weaker and observed only for specific taxa. Christensenellaceae R-7 group was negatively
correlated with propionic acid (r = −0.36, p = 0.016), whereas Bacteroidales RF16 group
showed a positive association with feed digestibility (r = 0.36, p = 0.015). Regarding produc-
tion traits, Acetitomaculum spp. was positively associated with ECM (r = 0.43, p = 0.004) and
milk yield (r = 0.36, p = 0.016), while Succinivibrionaceae UCG-001 was positively correlated
with milk lactose (r = 0.45, p = 0.002). Conversely, Christensenellaceae R-7 group, Rikenel-
laceae RC9 group, and unclassified Ruminococcaceae showed negative correlations with milk
lactose (r ranging from −0.41 to −0.37, p < 0.02). Overall, correlation patterns were more
pronounced for ruminal metabolic parameters, particularly biogenic amines, than for milk
production traits, indicating tighter functional links between microbial composition and
rumen metabolic activity than with downstream production outcomes.

4. Discussion
The present study evaluated the effects of dietary supplementation with exogenous

enzymes alone or in combination with live yeast on rumen microbial community structure,
fermentation characteristics, and productive performance in dairy cows during the transi-
tion from outdoor grazing to indoor housing. Rumen microbial composition was influenced
more by dietary changes associated with the experimental period than by supplementation,
whereas supplementation primarily affected specific bacterial groups and functional param-
eters. These results indicate that changes in microbial composition were not always directly
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linked to changes in fermentation or production outcomes, and therefore microbiota data
should be interpreted together with metabolic and fermentation results.

4.1. Effects of Supplementation on Microbial Community Structure and Abundance Dynamics

Beta diversity analyses based on both Bray–Curtis dissimilarities and weighted
UniFrac distances demonstrated a statistically significant separation between the out-
door (OD) and transit (T) periods (p = 0.047), whereas differences among dietary treatments
within the same period did not show consistent or statistically significant separation. This
indicates that substantial changes in rumen microbial diversity require major shifts in feed-
ing and housing conditions, whereas supplementation with enzymes or enzymes combined
with live yeast alone was not sufficient to induce comparable changes at the alpha or beta
diversity level. It should be noted that the relatively small number of animals used for
rumen microbiota analysis may have limited the ability to detect subtle differences between
dietary treatments, particularly in the context of inherent inter-animal variability. However,
the selected cows were highly comparable, as they were chosen according to the analog
principle and did not differ significantly in baseline characteristics, which helped reduce
variability within the dataset.

In this context, the observed clear separation between experimental periods, but not be-
tween dietary treatments, suggests that major shifts in feeding and management conditions
exert a stronger influence on rumen microbial community structure than supplementation
alone. Similar patterns have been reported in studies showing that transitions between
grazing and indoor feeding systems strongly influence rumen microbial dynamics [4,28].
Nevertheless, alternative experimental designs, including larger sample sizes, different
feeding strategies, or variation in breed and physiological status, may allow detection of
more subtle treatment-related effects that could not be captured in the present study.

Comparable temporal patterns have been reported in studies examining transitions
between pasture-based and indoor TMR feeding systems. Changes in forage composition,
feeding schedule, and nutrient supply were identified as major factors shaping rumen
microbiota dynamics. For example, Schären et al. [4] showed that shifts between grazing
and TMR feeding led to gradual changes in bacterial diversity and community structure, re-
flecting microbial adaptation to new substrate conditions. Similarly, Noel and Moloney [28]
reported seasonal changes in rumen bacterial communities in grazing cows. Additionally,
studies on rumen microbial colonization have shown that microbial communities gradually
change when the composition of the feed changes, reflecting adaptation of bacteria to new
substrates over time [29]. Together, these studies show that time and management changes
act as strong factors naturally shaping rumen microbiota composition, even without dietary
supplementation.

Alpha diversity results showed a similar pattern. Microbial richness and phylogenetic
diversity increased during the transition period (p < 0.001), meaning that more different
types of bacteria were detected after cows moved indoors. Dietary treatment also affected
several alpha diversity measures (p < 0.001), with the highest values observed in the YE
group. Although alpha diversity increased during the transition period and in the YE
group, these changes were not consistently associated with improvements in fermentation
parameters or production traits. This supports findings from other studies showing that
alpha diversity alone is not a reliable indicator of rumen efficiency or animal performance.
Instead, functional outcomes appear to depend more on the activity and abundance of
specific microbial groups than on overall community diversity [30].

Genus-level analysis further confirmed that dietary effects were selective rather than
community-wide. The linear mixed model analysis demonstrated that several genera
responded significantly to dietary supplementation, indicating that these shifts were as-
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sociated with the applied feed additives rather than solely with the transition period. In
particular, Prevotellaceae UCG-003 increased in the supplemented groups, which is consis-
tent with previous findings showing that yeast-based direct-fed microbials can modulate
this taxon in the rumen [31]. Similarly, Blautia spp. has been reported to respond to mi-
crobial supplementation, further supporting the interpretation that this genus is sensitive
to additive-dependent metabolic changes rather than only to basal diet composition. The
increase in Ruminococcus spp. in supplemented groups may reflect enhanced substrate
availability, as members of this genus are key degraders of structural and non-structural
carbohydrates and play a central role in ruminal fermentation [32]. Moreover, the ob-
served changes in Sharpea spp. can be explained by its role in lactate and short-chain fatty
acid metabolism and its reported associations with productive performance and rumen
fermentation dynamics [33].

Quantitative PCR analysis showed that total bacterial abundance was strongly influ-
enced by the experimental period (p = 0.001), indicating an overall reduction during the
transition from outdoor to indoor conditions. The main effect of dietary treatment was not
significant (p = 0.298). However, a significant group x period interaction (p = 0.013) was
detected, suggesting that the response to supplementation depended on the experimental
period. During the outdoor period, total bacterial numbers were similar across groups. In
contrast, during the transition period, the YE group showed a greater decrease than the
other treatments. In line with other studies [13,34], this suggests that the effect of yeast
supplementation depended on the feeding period. Instead of showing a consistent effect
across periods, yeast supplementation influenced bacterial abundance specifically during
the dietary transition.

4.2. Effects of Supplementation on Rumen Fermentation and Metabolic Parameters

Dietary supplementation significantly affected several rumen fermentation parameters.
Total VFA concentration differed among groups (p = 0.025), with higher values observed
in group E compared with YE, while propionate concentration was influenced by both
dietary treatment (p = 0.009) and experimental period (p < 0.001). Ruminal pH was also
affected by treatment (p = 0.004), with higher values in the YE group compared with E.
In addition, total rumen nitrogen exhibited a significant treatment × period interaction
(p = 0.002), and putrescine concentration was strongly influenced by treatment, period, and
their interaction (p = 0.001). These findings are consistent with previous studies showing
that exogenous fibrolytic enzymes can alter rumen fermentation patterns by improving
plant fiber degradation and increasing the availability of fermentable substrates for rumen
microbes [8,10,11]. In this context, the observed increase in propionate suggests a shift
in carbohydrate fermentation toward more glucogenic pathways. This interpretation is
supported by integrative multivariate analyses, which showed that propionate was the
fermentation parameter most strongly associated with microbial community structure in
both Bray–Curtis and weighted UniFrac analyses. Together, these results indicate that
changes in fermentation profiles were linked to coordinated responses among metabolically
related microbial groups rather than occurring independently [35–37].

Putrescine was the only biogenic amine that showed clear treatment- and period-
dependent differences in our study. Its concentration was significantly influenced by
supplementation, experimental period, and their interaction, indicating that its response
depended on feeding conditions. Putrescine is formed through microbial amino acid degra-
dation and indicates nitrogen metabolism in the rumen [38,39]. The higher concentrations
observed in the only enzyme supplemented group during the outdoor period suggest that
exogenous enzymes may have enhanced substrate availability not only for carbohydrate
fermentation but also for microbial protein and amino acid turnover. At the same time, the
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strong decline in putrescine during the transition period across all groups highlights the
dominant effect of feeding changes on nitrogen-related pathways [40,41]. Integrative analy-
ses further showed that putrescine was associated with microbial community structure,
particularly in beta diversity analyses. In contrast, other nitrogen fractions and biogenic
amines did not show consistent relationships with microbial structure. This selectivity
suggests that supplementation influenced specific nitrogen metabolic pathways rather
than causing a general increase in protein breakdown [38,42]. As biogenic amines are
continuously produced and degraded in the rumen, their concentrations reflect ongoing
microbial activity. When considered together with volatile fatty acids, biogenic amines
(particularly putrescine) provide additional insight into functional changes within the
overall rumen ecosystem.

4.3. Effect of Supplementation on Milk Production and Composition

The significant group × period interaction for milk yield indicates that the diet treat-
ments differentially influenced cows’ ability to maintain production during the transit
period. This effect may be attributed to differential modulation of rumen fermentation
processes by the dietary treatments, which may have influenced nutrient availability and,
consequently, milk production responses. While milk yield declined markedly in the CTR
and E groups, cows receiving the YE treatment showed a much smaller reduction, sug-
gesting improved resilience to the physiological or environmental challenges associated
with the transit period. This finding implies that the YE treatment may support sustained
lactational performance under changing management or environmental conditions.

In contrast, ECM was primarily affected by period rather than treatment, indicating
that the overall energy output in milk declined during the transit period regardless of diet.
This suggests that although YE cows maintained higher milk volume, changes in milk
composition, particularly milk fat, partly offset the energy value of milk. The lack of a
treatment effect on ECM highlights that improvements in raw milk yield do not necessarily
translate into proportional increases in energy-corrected production.

A large analysis of publications showed that yeast culture supplementation signifi-
cantly increases milk yield across many trials in Holstein cows. This suggests that products
based on Saccharomyces cerevisiae can support lactational performance, especially when
strategically dosed and applied in specific lactation stages [43]. Several individual trials
and systematic reviews also report numerical or significant increases in milk yield with
yeast products, though the magnitude varies with dose and diet composition [9,44].

These effects are generally attributed to improved rumen fermentation efficiency,
including stabilization of ruminal pH, stimulation of fibrolytic microbial activity, and
enhanced microbial protein synthesis, which together support greater nutrient availability
for milk production. This is consistent with our findings, where the YE group maintained a
higher ruminal pH, indicating a more stable rumen environment under changing feeding
conditions. Notably, milk yield was similar across groups during the grazing period,
whereas clear differences emerged during the transition period, with the YE group showing
a smaller decline, suggesting that improved rumen stability may have supported more
consistent milk production during the transition period.

Some studies report increased milk fat with yeast culture supplementation, but re-
sponses are variable and sometimes non-significant—similar to our findings [44]. Many
trials demonstrate improved protein content when yeast products enhance rumen micro-
bial protein synthesis, though not all studies reach statistical significance [43]. Lactose
production is tightly regulated physiologically and less influenced by diet compared with
protein and fat, which fits our results and broader dairy nutrition research [9].
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5. Conclusions
This study showed that dietary supplementation with exogenous fibrolytic enzymes,

alone or in combination with live yeast, resulted in selective changes in specific rumen
bacterial genera and was associated with alterations in fermentation patterns and nitrogen-
related metabolism, particularly in propionate and putrescine concentrations. At the same
time, the transition from outdoor grazing to indoor feeding was a major factor influencing
rumen microbial dynamics. The combination of enzymes and live yeast did not produce
clear synergistic effects on microbial composition or fermentation parameters. However,
cows receiving the combined supplementation maintained milk yield more effectively dur-
ing the transition period compared with the control and enzyme-only groups. Overall, the
results partially support our hypothesis and indicate that dietary supplementation can mod-
ulate specific rumen bacterial genera and metabolic responses during the transition from
outdoor grazing to indoor feeding, thereby contributing to improved production stability.
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