www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Exploring the impact of forage-to-
concentrate ratios on the ruminal
bacteriome in vitro focusing on
ciliate-associated bacteria

Geonwoo Kim, Woohyung Lee & Tansol Park™

Ruminal ciliates are linked to methane production and nitrogen utilization efficiency in ruminants due
to their association with other ruminal microorganisms. However, research on the specific interplay
between ruminal bacteria and ciliates is still limited, particularly in different dietary conditions. This
study examines the effect of the forage-to-concentrate (F:C) ratio on the ruminal bacteriome in vitro,
focusing on bacteria associated with Isotricha spp. and small entodinia. The rumen fluid used as the
inoculum for this experiment was collected from two cannulated Hanwoo cows. Dietary treatments
included high-forage (HF, F:C of 7:3), high-concentrate (HC, F:C of 3:7), and control (CON, F:C of 5:5).
After 24-hour incubation, fractions for entodinia-associated bacteria (EAB), Isotricha-associated
bacteria (IAB), and total bacteria (TB) were collected for bacteriome analysis using QIIME2 with
full-length 16S rRNA gene sequences on the PacBio system. All fermentation parameters, except

for NH;-N, showed linear changes with increasing F:C ratios (p=<0.05). F:C ratio affected Isotricha
spp. and Dasytricha spp. counts. Ciliate-associated bacterial fractions were significantly less diverse
than the total bacterial group, as indicated by richness, phylogenetic diversity, and evenness indices.
This suggests potential specific associations within ciliate-provided microhabitats. Both diet and
ciliate fractions significantly influenced the overall bacteriome (p <0.05). More bacteriome features
were differentially abundant due to the ciliate fraction effect rather than diet (q < 0.05). Our newly
proposed washing procedure, using higher ciliate cell counts and minimal bacterial contamination,
effectively removed free-living or loosely associated bacteria. This allows focus on ciliate-associated
bacterial populations, which may include potential symbionts or engulfed bacteria of host ruminal
ciliates. Verifying these associations could provide insights into rumen microbiome dynamics, nitrogen
utilization, hydrogen balance, and microbiome variation under different F:C ratios.
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Ruminants, unlike monogastric animals, have a rumen that serves as the primary site for anaerobic fermentation
of dietary fiber and starch!2 Although ruminants lack enzymes with lignocellulolytic capabilities, they
can utilize lignocellulose through a symbiotic relationship with the bacteria, archaea, fungi, and protozoa
that inhabit the rumen, aided by the enzymes these microorganisms secrete. Among these, ruminal ciliate
protozoa, which constitute up to 50% of the ruminal microbial biomass® play significant roles such as fiber
degradation®’. Additionally, they are negatively associated with nitrogen utilization efficiency by preying on
other microorganisms>® interact with hyper-ammonia-producing bacteria’ and contribute to enteric methane
emissions through their close association with methanogens®. Due to their symbiotic relationship with
methanogens, ruminal ciliates are involved in 9-37% of ruminal methane production®!?. However, research on
ruminal ciliates is limited due to cultivation constraints and insufficient databases'!.

Therefore, studying ciliate-associated bacteria, such as engulfed bacteria and endo- or ecto-symbionts, is
crucial for understanding rumen microbial communities alongside ruminal ciliates!>'>. However, culturing
these ruminal ciliates is impossible without live bacteria!*!°. Due to the lack of successful cultivation methods to
maintain monocultures of isotrichids, additional efforts are needed to elucidate interactions, such as metabolic
exchanges or symbiotic relationships between ruminal ciliates and bacteria, through culture-independent
methods. To address these cultivation-dependent limitations, several studies have utilized monofaunated
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ruminants to investigate ruminal metabolic exchanges such as nutrient digestibility, methane production and
microbial protein flow, as well as to elucidate ciliate-associated bacteria'®~1°.

Furthermore, two previous studies?*?! were conducted in vivo to investigate the impact of isotrichidsand overall
ruminal ciliates on the microbial community within the rumen, providing valuable insights into the potential
influence of ruminal ciliates on rumen microbiota and fermentation. Of the two early studies investigating the
relationship between ruminal ciliates and prokaryotic communities, one study®’ utilized terminal restriction
fragment length polymorphism (T-RFLP) for fingerprinting analysis about ruminal bacteriota and archaeota,
while another study?! compared T-RFLP with Ion Torrent-based for next-generation sequencing to examine
ruminal bacteriota. Despite these efforts to elucidate the influence of ruminal ciliates on ruminal prokaryotic
communities, the result of previous study'® that ruminal ciliates rely on bacteria for their growth underscores the
necessity for preliminary studies to elucidate the composition and functions of the bacteria associated with them
before defining their roles and characteristics. However, neither study successfully identified the prokaryotes
specifically associated with ruminal ciliates, and the limitations of molecular techniques at the time hindered
microbiome analysis based on full-length 16S rRNA gene sequencing accompanied with predicted functional
profiles. Therefore, the research is required that simultaneously addresses these two limitations.

To overcome these limitations, it is essential to create fractions with a sufficient number of specific ciliate
genera to identify ciliate-associated bacteria, especially those ciliate genera implicated in methane production
or nitrogen utilization efficiency in ruminants, such as isotrichids and small entodinia'®?>23, Furthermore, an
improved bacterial washing step is required to effectively remove free-living bacteria.

Thus, this study sought to investigate the effect of forage-to-concentrate (F:C) ratios on the ruminal
bacteriome in vitro, focusing on bacterial communities and their functions associated with different ciliate
groups, represented by total bacteria (TB), small entodinia-associated bacteria (EAB), and Isotricha-associated
bacteria (IAB), as well as their interactions. Ciliate-associated bacteria refers either to symbiotic bacteria that
exist in endo- or ectosymbiotic relationships with ciliate cells, or to bacteria specifically engulfed by ciliates,
which provide metabolic end-products to their host ciliates. Verifying specific bacteria-ciliate associations
will provide key insights into the metabolic dynamics of the rumen microbiome, including limited nitrogen
utilization efficiency, hydrogen balance related to methane production, and overall rumen microbiome variations
in response to different F:C ratios.

Results
Effect of F:C ratios on in vitro fermentation parameters and ciliate counts
All in vitro fermentation parameters, except for NH;-N, exhibited significant linear changes with increasing F:C
ratios (Table 1, p<0.01). Specifically, dry matter digestibility (DMD) and neutral detergent fiber digestibility
(NDEFD) significantly decreased as the F:C ratio increased linearly (Table 1, p<0.01). In particular, DMD and
NDFD were significantly decreased in response to an increasing F:C ratio, whereas the acetate-to-propionate
(A:P) ratio were significantly lower in HC group compared to CON and HC groups (DMD, NDFD and A:P ratio,
p<0.001). Furthermore, methane yield [CH, (mL/g of degraded dry matter)] and pH were significantly higher
in the high-forage (HF) group compared to the control (CON) and high-concentrate (HC) groups, whereas
methane production [CH, (mL)] was significantly higher in the HC group than in the CON and HF groups.
Additionally, total gas production and total volatile fatty acid (VFA) concentration were lowest in the HF group.
Ammonia nitrogen (NH3-N) levels did not show any significant change across F:C ratios (p >0.05).

For VFA measurements (Supplementary Table S2), the acetate molar proportion was significantly lower
in the HC group compared to the CON and HF groups. Conversely, the molar proportions of butyrate and
isovalerate were significantly higher in the HC group compared to the CON and HF groups. Furthermore, the

Diet p-value
Item HC CON HF Pooled SEM | Diet Linear | Quadratic
DMD (%) 68.70% | 62.03% |52.24° |0.93 <0.001 | <0.001 |0.165
NDEFD (%) 46.49% [39.98% | 29.67¢ |1.23 <0.001 |<0.001 | 0.328
pH 5928|5968 |6.014 |0.11 <0.001 | <0.001 | 0.669
NH,-N (mg/dL) |28.50 |2891 [27.36 |0.86 0.136 | 0.150 | 0.151
CH, (mL) 14.80% | 13548 | 13.20% |0.58 0.012 | 0.005 | 0.276
CH, (mL/gdDM) | 43.11% | 43.69® |50.51* | 1.05 <0.001 | <0.001 |0.041
Total gas (mL) 150.00% | 144.30% | 135.328 | 1.47 0.002 | <0.001 | 0.550
Total VFA (mM) | 103.66* | 102.38* | 98.31% | 1.23 <0.001 | <0.001 |0.135
A:P ratio 2938 12994 2994 |0.03 <0.001 | <0.001 |0.703

Table 1. In vitro fermentation parameters after 24 h of incubation. A=C: significant differences (p < 0.05) among
diet treatments. HC, high-concentrate group; CON, control group; HF, high-forage group; DMD, dry matter
digestibility; NDFD, neutral detergent fiber digestibility; NH,-N, ammonia nitrogen; CH, (mL/g dDM), mL of
methane production per degraded gram of dry matter; total VFA (mM), total volatile fatty acid concentration;
A:P ratio, acetate to propionate ratio; Pooled SEM, pooled standard error of the mean; Diet, diet effect after

24 h of incubation (F:C ratio).
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Diet p-value
Genus HC CON | HF Pooled SEM | Diet Linear | Quadratic
Diplodinium | 541 | 7.68 |620 |0.76 0.1421 |0.1929 | 0.1257
Entodinium | 120.90 | 122.52 | 112.83 | 3.54 0.1594 | 0.0769 | 0.4718
Isotricha 3308 | 4.53% | 3.74A8 | 0.29 0.0324 | 0.0787 | 0.0362
Dasytricha | 251 |3.69° |251° 031 0.0307 | 0.0207 | 0.1504
Total ciliates | 132.12 | 138.42 | 125.28 | 4.16 0.1237 | 0.0452 | 0.9585

Table 2. Cell counts of ruminal ciliate genera (x 10*/mL) by diet treatments. A5: significant differences

(p <0.05) among diet treatments. a-b, tendency (0.05 <p < 0.10) among diet treatments. Diet, diet effect after
24 h of incubation (F:C ratio); HC, high-concentrate group; CON, control group; HE high-forage group;
Pooled SEM, pooled standard error of the mean.

Ciliate fraction (CF) Diet Pooled SEM p-value
Item TB EAB | IAB HC CON | HF Diet |CF Diet | CF Diet x CF | Linear
Observed ASVs | 470* 321° 2878 446 462 506 17.322 | 31.529 | 0.101 | <0.001 | 0.016 0.058
Chaol 4714 3228 2888 441 464 508 17.866 | 31.800 | 0.103 | <0.001 | 0.016 0.062
Evenness 0.931% | 0.9048 | 0.926% |0.933 |0.928 |0.932 0.002 | 0.005 | 0.418 | <0.001 | 0.631 0.111
Faith's PD 33.7224 | 20.575% | 22.767° | 32.496 | 33.199 | 35470 | 0.862 | 1.475 | 0.151 | <0.001 |0.021 0.110
Shannon 82614 | 7.433% | 7510 |8.191 |8.217 |8.375 0.053 | 0.187 | 0.134 | <0.001 | 0.066 0.011
Simpson 0.9954 | 0.989% | 0.9922B | 0.995 |0.995 |0.995 |<0.001 | 0.002 | 0.186 | 0.0020 | 0.734 0.076

Table 3. Alpha-diversity measurements for diet (F:C ratio), ciliate fraction, and interaction effects. A2
significant differences (p < 0.05) among groups. No significant quadratic changes were observed. Diet, diet
effect after 24 h of incubation (F:C ratio); CF, ciliate fraction effect after 24 h of incubation for microbiome;
Diet x CF, interaction between diet and ciliate fraction effects; Linear, linear effect of increasing dietary
forage-to-concentrate (F:C) ratio; TB, total bacteria; EAB, small entodinia-associated bacteria; IAB, Isotricha-
associated bacteria; HC, high-concentrate group; CON, control group; HF, high-forage group; Pooled SEM,
pooled standard error of the mean.

molar proportions of isobutyrate and valerate were significantly lower in the CON group compared to the HC
and HF groups.

Absolute ciliate cell counts of in vitro inoculum and each diet group are presented in Table 2 and
Supplementary Table S3. For the Isotricha genus, the CON group exhibited significantly higher counts than
the HC group (p <0.05). Similarly, Dasytricha counts tended to be higher in the CON group than in the HC
group (0.05<p <0.10). However, the F:C ratios had no significant influence on the genera Diplodinium, and
Entodinium, and total ciliate counts (p >0.10).

Effect of F:C ratios and ciliate fractions on alpha- and beta-diversity of ruminal bacteriome
After pre-processing of raw sequences, an average of 27,167 high-quality Amplicon sequence variants (ASVs)
were obtained for 45 samples from in vitro batch cultures (Supplementary Table S4). Using a repeatedly rarefied
BIOM table containing 7,135 ASV's per sample, alpha- and beta-diversity were analyzed. Good’s coverage of all
samples was above 99.79%.

With increasing forage proportion, none of the alpha-diversity indices exhibited quadratic changes (p >0.05),
although a linear increase in Shannon’s index was identified (p=0.011) (Table 3). For the ciliate fraction effect,
ASV richness, phylogenetic diversity, and Shannon’s index were significantly higher in the TB group than in the
EAB and IAB groups (Table 3). Additionally, the TB and IAB groups exhibited significantly greater evenness
compared to the EAB group (p <0.0001). Simpson’s index was significantly higher in the TB group than in the
EAB group. Significant interaction effects between diet and ciliate fraction were observed for richness indices
and phylogenetic diversity (p < 0.05).

The bacterial functional profiles were predicted from 16S rRNA gene sequencing data using Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) to identify changes in
bacterial metabolism in response to diet and ciliate fraction. Predicted Kyoto Encyclopedia of Genes and Genomes
(KEGG) orthologs were clustered into KEGG pathways. Only the ciliate fraction had a significant effect on the
number of functional features (KEGG pathway, p <0.0001; KEGG ortholog, p <0.0001; Supplementary Table
S5), with neither diet nor its interaction with ciliate fraction having a significant effect (p >0.05). Regarding the
effect of ciliate fraction, the number of KEGG orthologs and pathways was significantly higher in the TB group
compared to both the EAB and IAB groups (Supplementary Table S5).

According to the PERMANOVA (Adonis) test based on Bray-Curtis dissimilarity, the ciliate fraction had
a statistically significant effect on the overall bacterial community structure (p=0.0003; Fig. 1A). All pairwise
comparisons between the three ciliate fraction groups were also significant (Benjamini-Hochberg corrected
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Fig. 1. PCA plots for bacteriota (A) and its functional profile represented by KEGG orthologs (B), and their
statistical values based on the Bray-Curtis dissimilarity. Diet, diet effect after 24 h of incubation (F:C ratio); CE,
ciliate fraction effect after 24 h of incubation; Diet x CF, interaction between the diet and ciliate fraction effects;
TB, total bacteria; EAB, small entodinia-associated bacteria; IAB, Isotricha-associated bacteria; HC, high-
concentrate group; CON, control group; HE, high-forage group.

q<0.01). The PCA plot was used to visualize these compositional differences among groups. Different F:C ratios
also had a significant influence on the overall bacteriota (p=0.0392; Fig. 1A) but pairwise comparisons between
the three diet groups were not significantly different (q>0.05). Similarly, both diet and ciliate fraction effects
significantly influenced the overall bacterial functional profile (p=0.0382 and p=0.0069, respectively), with
significant differences observed between the TB and EAB groups and the EAB and IAB groups (q=0.0160 and
q=0.0130, respectively). Diet effects were observed only between the HC and HF groups (Fig. 1B, q =0.0124). The
interaction effect between ciliate fraction and diet was significant for both the bacteriota and its corresponding
functional profile (p=0.0001 and p=0.0136, respectively; Fig. 1A and B).

Effect of F:C ratios and ciliate fractions on the composition of ruminal bacteriota

The major bacterial taxa were identified at the phylum, genus, and species levels based on their relative abundance
(RA) of over 0.5% in each dietary or ciliate fraction group and their presence in at least 50% of the samples
within each group.

Regarding the RA of bacterial phyla in each ciliate fraction, Bacillota and Bacteroidota were the first and
second most dominant phyla in the TB and IAB groups, respectively, whereas in the EAB group, this order
was reversed (Supplementary Table S6). In the TB group, the next most abundant phyla in descending
order were Pseudomonadota, Verrucomicrobiota, and Fibrobacterota. In contrast, the EAB group showed
Cyanobacteria, Spirochaetota, and Pseudomonadota as the next most abundant phyla. Additionally, in the IAB
group, Spirochaetota, Elusimicrobiota, and Cyanobacteria were the third, fourth, and fifth most abundant phyla,
respectively (Supplementary Table S6). The results of the differential abundance test (Microbiome Multivariable
Association with Linear Models 2, MaAsLin2) revealed that Pseudomonadota, Verrucomicrobiota, and
Fibrobacterota were more abundant in the TB group compared to other groups, whereas Bacteroidota and
Cyanobacteria were more abundant in the EAB group compared to other groups. Bacillota, Spirochaetota,
Elusimicrobiota, and Planctomycetota were more abundant in the IAB group compared to other groups (Table 4).

Specifically, in the TB group, five dominant genera were observed: the Rikenellaceae RC9 gut group,
the Oscillospiraceae NK4A214 group, Prevotella, the Christensenellaceae R-7 group, and Succiniclasticum
(Supplementary Table S6). In the EAB group, five dominant genera were observed (Supplementary Table S6):
the Rikenellaceae RC9 gut group, UCG-010 (within the Oscillospirales order), the Oscillospiraceae NK4A214
group, the Christensenellaceae R-7 group, and the Oscillospiraceae UCG-005 group. For the IAB group, five
dominant genera were observed (Supplementary Table S6): the Rikenellaceae RC9 gut group, the Oscillospiraceae
NK4A214 group, Prevotella, Butyrivibrio, and Saccharofermentans.

The differential abundance test results indicated that twelve major microbial genera, including the
Christensenellaceae R-7 group, Ruminococcus, and Succinivibrio, were more abundant in the TB group. Three
major microbial genera, including [Oscillospirales] UCG-010, were more abundant in the EAB group, while six
major microbial genera, including Butyrivibrio, Saccharofermentans, and the Lachnospiraceae AC2044 group,
were more abundant in the IAB group (Table 4).
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Ciliate fraction (CF)
Relative abundance (%)
Taxa Dominant Group [ TB  [EAB [IAB | Pooled SEM
Phyla
Pseudomonadota 3.78% | 0.16° |1.30® |0.19
Verrucomicrobiota TB 1614 |0.02¢ |0.978 |243
Fibrobacterota 0.774 | 0B 0.38% | 0.12
Bacteroidota 34.57% | 51.99% | 36.24% | 0.12
Cyanobacteria FAD 0.64C | 1.85% | 1.59% |0.27
Bacillota 0.76% | 45.66° | 53.774 | 2.41
Spirochaetota IAB 0.75% 0278 |2.44A |0.12
Elusimicrobiota 0.74% | 0.03% |2.254 |0.38
Planctomycetota 0.734 | 0B 1.004 | 0.18
Genera
Christensenellaceae R-7 group 6.28% | 4.33% | 2.34% | 047
Succiniclasticum 6.194 | 0.02¢ | 1.06® |0.23
Muribaculaceae 4804 |2.60% |2.99% |0.53
Moryella 1494 | 0B 08 0.04
Ruminococcaceae CAG-352 1.374 | 0B 08 0.05
Succinivibrio TB 1.114 | 0B 0.118 |0.12
Pedosphaeraceae DEV114 0.854 | 0¢ 0.48% | 0.06
Prevotellaceae UCG-001 0.704 | 0.028 |0.10® |0.08
Anaerovoracaceae Family XIIT AD3011 group 0.604 1 0.03% |0.065 |0.06
[Eubacterium] ruminantium group 0.58% | 0P 0.06 |0.07
Veillonellaceae UCG-001 0.43% | 0B 08 0.06
Rikenellaceae RC9 gut group 13.55C | 40.384 | 21.49% | 1.90
[Oscillospirales] UCG-010 EAB 1.65% | 12.86* | 0.96% | 1.09
Prevotellaceae UCG-004 0.92% |2.674 |0.83% |0.19
Butyrivibrio 1.90 |0.04¢ |6.154 |0.76
Saccharofermentans 0.94% | 0C 5.024 | 0.60
Lachnoclostridium AB 08 08 1.54% 1 0.19
Lachnospiraceae XPB1014 group 0.63% | 0¢ 3714 1037
[Spirochaetota] MVP-15 0.53% [0.01¢ |1.18* |o0.11
Lachnospiraceae AC2044 group 0358 | 0.01® | 1.15* |0.20
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KEGG pathways
Relative abundance
(%)
KEGG pathways | Dominant group | TB | EAB | IAB | Pooled SEM | Pathway
ko05132 - 3.934 | 2.64% | 0.10® | 0.96 Salmonella infection
ko00630 1.22A | 0.438 | 0B 6.39 Glyoxylate and dicarboxylate metabolism
ko05143 1.71% | 3.814 | 1.14% | 0.12 African trypanosomiasis
ko03010 2.97% | 3.674 | 3.28% |3.25 Ribosome
ko00780 2.80¢ | 3.624 | 3.11% | 0.13 Biotin metabolism
ko04978 2,548 12,944 | 1.19% | 0.22 Mineral absorption
ko01502 2.20% | 2.834 | 2,518 | 2,58 Vancomycin resistance
ko03440 2.258 | 2.74A | 2458 | 243 Homologous recombination
k000020 EAB 1.67% | 2.46% | 1.86° | 2.40 Citrate cycle (TCA cycle)
ko04122 1.438 | 1.774 | 1.57% | 1.60 Sulfur relay system
ko00450 1.548 | 1.914 | 1.76° | 1.72 Selenocompound metabolism
ko03018 1.30% | 1.624 | 1.44® | 1.45 RNA degradation
ko00190 0.79% | 1.08* | 0.908 | 1.03 Oxidative phosphorylation
ko04141 0.10% | 0.13* | 0.11% | 0.13 Protein processing in endoplasmic reticulum
ko01040 0.05" | 0.08* | 0.06° | 0.32 Biosynthesis of unsaturated fatty acids
ko03450 0.04® | 0.074 | 0.02" | 0.18 Non-homologous end-joining
ko00040 IAB 0.68° | 0.16% | 0.84* | 2.83 Pentose and glucuronate interconversions

Table 4. Differentially abundant major* bacterial phyla, genera, and KEGG pathways by ciliate fractions
analyzed using MaAsLin2 (p < 0.05). *Major classified taxa occupying over 0.5% average relative abundance
and present in 50% of the samples in at least one of the groups. 4~C: significant differences (q < 0.05) among
groups. Diet, diet effect after 24 h of incubation (F:C ratio); CF, ciliate fraction effect after 24 h of incubation;
TB, total bacteria; EAB, small entodinia-associated bacteria; IAB, Isotricha-associated bacteria; HC, high-
concentrate group; CON, control group; HE high-forage group; Pooled SEM, pooled standard error of the
mean.

At the species level, no specific ciliate associations were found with the RA of Fibrobacter succinogenes and
Prevotella ruminicola, whose abundance was predominant in the TB group (Fig. 2A). Additionally, well-known
cellulolytic bacteria such as Butyrivibrio fibrisolvens (2.20%) and Ruminococcus flavefaciens (1.4%) exhibited
significantly higher RA in the IAB group (Fig. 2B, p <0.05).

To confirm the absolute abundance of these bacterial species within each ciliate fraction group, real-time
quantitative PCR (qQPCR) was performed. The absolute abundance of total bacteria (expressed as log copy
number) was directly quantified for sample derived DNA (SDD) of each ciliate fraction group, while the RA
of Ruminococcus flavefaciens and Butyrivibrio fibrisolvens were calculated based on their respective absolute
abundances relative to total bacteria. These data are presented in Supplementary Table S7. The absolute
abundance of total bacteria (log copy number) differed among groups, with TB_SDD showing the highest load
(9.39+0.03), followed by EAB_SDD (7.86+0.01) and IAB_SDD (6.38+0.01). Ruminococcus flavefaciens had
the lowest RA (%) in EAB_SDD (0.21 +0.06), intermediate in TB_SDD (0.81£0.15), and highest in IAB_SDD
(2.59£0.15). Likewise, Butyrivibrio fibrisolvens was most enriched in IAB_SDD (13.64 +0.85) compared to TB_
SDD (2.63+0.12) and EAB_SDD (0.89+0.12).

Regarding the diet effect, Bacillota, Bacteroidota, and Pseudomonadota were the first, second, and third most
dominant phyla across all diet groups, respectively. Variations in the fourth and fifth most dominant phyla were
noted among the HC, CON, and HF groups, with Cyanobacteria, Spirochaetota, and Elusimicrobiota varying by
group (Supplementary Table S6).

At the genuslevel, the top five genera across all diet groups were Rikenellaceae RC9 gut group, Oscillospiraceae
NK4A214 group, Prevotella, UCG-010 (within the Oscillospirales order), and the Christensenellaceae R-7
group, differing slightly in rank across diets (Supplementary Table S6). Differential abundance test showed that
Bacillota and Fibrobacterota increased with higher F:C ratios, while Pseudomonadota decreased. Similarly,
several bacterial genera and species showed varying trends with diet including increased Ruminococcus,
Saccharofermentans, and Butyrivibrio fibrisolvens with higher F:C ratios (Supplementary Table S8 and Table S9),
although numerous uncultured and unclassified bacterial taxa also showed differential abundance across the
diet and ciliate fraction groups.

Effect of F:C ratios and ciliate fraction on the composition of predicted bacterial functions
The results of the differential abundance test for diet effect showed that as the F:C ratio increased, ko00010
exhibited a negative coefficient, whereas k002010 and ko05120 displayed positive coefficients (Supplementary
Table S8). Regarding the ciliate fraction effect, two KEGG pathways were more abundant in the TB group
compared to other groups (Table 4). Fourteen KEGG pathways had a higher RA in the EAB group compared to
other groups, whereas only one pathway was more abundant in the IAB group compared to other groups.
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Fig. 2. Relative abundance of differentially abundant major bacterial species in TB (A and A*) and IAB (B and
B*) analyzed using MaAsLin2 (p <0.05). CE, ciliate fraction effect after 24 h of incubation; TB, total bacteria;
EAB, small entodinia-associated bacteria; IAB, Isotricha-associated bacteria.

Differences in bacterial composition and its functional profile between donor inoculum and
control group
For bacterial composition, significant differences were observed between donor inoculum and control groups
(Supplementary Table S10). Using the Bray-Curtis similarity index, significant differences were found at the
phyla, genera, and species levels (p < 0.05). Similarly, the Jaccard similarity index indicated significant differences
at the genera and species levels (p<0.05), while no significant difference was observed at the phylum level
(p>0.05).

In contrast, no significant differences were detected in the functional profiles based on KEGG pathways
between the two groups. Based on both the Bray-Curtis similarity and Jaccard indices didn’t show significant
differences (p>0.05).

Correlation between bacterial genera and in vitro fermentation parameters
There were 30 significant correlations (|r| = 0.5, p <0.05) between the RA of major ruminal bacterial genera of
total bacteria group and ruminal fermentation characteristics (Fig. 3). Among these significant correlations,
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Fig. 3. Spearman’s correlation coeflicients between the in vitro rumen fermentation parameters and relative
abundance of differentially abundant major bacterial genera after 24 h of incubation (|r| = 0.5, *, p < 0.05; **,
p<0.01; **, p<0.001).

Lachnospiraceae ND3007 group, which was enriched in HF group, showed negative correlations with DMD,
NDFD, and total VFA concetration. Saccharofermentans, which was also abundant in the HF group, showed
negative correlations with NH,-N and total gas production, but positive correlations with the molar proportions
of isobutyrate and valerate. Anaerovoracaceae Family XIII AD3011 group was positively correlated with DMD,
NDFD, total gas production, and total VFA concentration, but it was negatively correlated with ruminal pH.
Butyrivibrio was positively correlated with DMD and NDFD. Similarly, Ruminococcus, which was higher with
increasing F:C ratio, was positively correlated with DMD and NDFD, but negatively correlated with methane
yield. Lachnospiraceae XPB1014 group, which was higher in CON group, showed negative correlations with
molar proportions of butyrate and isovalerate. Otherwise, Rikenellaceaea RC9 gut group was negatively correlated
with methane yield. Lachnospiraceae AC2044 group, which was abundant in the HF group, was positively
correlated with ruminal pH and methane yield, but negatively correlated with total gas production and total
VFA concentration. UCG-010 (within the Oscillospirales order) was negatively correlated with DMD, NDFD,
and the molar proportions of isovalerate and total VFA concentration. CAG-352 (within the Ruminococcaceae
order) showed negative correlations with molar proportion of butyrate and isovalerate.

Discussion

This study sought to elucidate the bacteria associated with ruminal ciliates, such as Isotricha and small entodinia,
which are potentially linked to methane production or nitrogen utilization efficiency. Previous studies have
leveraged 16S rRNA gene-based microbiome analysis to investigate prokaryotes associated with ruminal ciliates,
exploring whether they are merely prey or potential symbionts!*>?4?>. Among these, two studies?»? successfully
analyzed size-based ciliate fractions. However, they did not target specific ciliate genera and their bacterial washing
methods were insufficient for completely removing free-living or loosely associated bacteria. In contrast, another
study!? obtained single cells for each ciliate genus but was limited by the small number of single cells (only three
per genus), which did not allow for obtaining convincing representatives of associated prokaryotes. Additionally,
none of these studies examined changes in ciliate composition and associated prokaryotes in response to different
forage-to-concentrate (F:C) ratios, nor did they use full-length 16S rRNA genes for microbiome analysis, which
is recommended for resolving bacterial compositions at the species level?®. To address these gaps, this study used
full-length 16S rRNA gene data to improve taxonomic resolution and examined the impact of the F:C ratio on
ruminal ciliates and subsequent changes in ciliate-associated bacterial diversity, a topic that has remained largely
unexplored. The strength of this study lies in its use of more accurate ciliate cell counts and minimal bacterial
contamination for the characterization of the ciliate-associated bacteriome. However, despite the strengths of
our study, we were not able to completely account for the potential effects of differences between the donor
animals’ diet and the in vitro diet on the rumen microbiota. Therefore, it is important to acknowledge that abrupt
dietary changes from host rumen to in vitro conditions may have influenced the microbial community shifts in

Scientific Reports |

(2025) 15:26467 | https://doi.org/10.1038/s41598-025-10599-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

this study, although there were no significant functional profile differences of bacteriota in between the donor
inoculum and the control diet-fed samples. Additionally, this study did not directly analyze ciliate-associated
bacteria immediately after rumen fluid collection. Such an analysis could have clarified the initial microbial
associations and their subsequent adaptation to the experimental conditions. This limitation highlights the
need for future studies to include immediate post-collection analyses to better capture the dynamic interactions
between ciliates and their associated bacteria.

Nonetheless, the in vitro batch culture system used in this study could have introduced variability in
fermentation profiles, ruminal pH, digestibility, and isotrichids’ cell counts. These environmental factors
may have influenced the bacterial composition and the activity of ciliates, including their fermentation and
bacterivory behaviors.

Effect of diet on in vitro fermentation parameters and ciliate cell counts
According to previous studies, microbial fermentation tends to occur more prominently when the proportion
of dietary concentrate is higher since concentrates have more starch and fewer structural carbohydrates than
forage?”?8. Therefore, the HC group experienced relatively faster microbial fermentation, with parameters such
as DMD, NDFD, methane production, total gas, and total VFA concentration all expected to be significantly
higher. Under our experimental conditions, the linear decrease in pH with decreasing F:C ratio was primarily
associated with the higher VFA concentration?**°. The A:P ratio was expected to be significantly higher in the
HF group, as cellulolytic bacteria tended to produce more acetate than propionate in the HF group. However,
some cellulolytic bacteria, such as Ruminococcus flavefaciens, produce large amounts of succinate that can be
further converted to propionate®-*?which is consistent with previous studies®>**. This supports the lack of a
significant difference in molar proportion of propionate. Meanwhile, the higher levels of butyrate observed in
the HC group are consistent with previous studies®*3>. Acetate and butyrate can be interconverted by rumen
microbes®and the administration of a high-concentrate diet enhances their metabolism through energy
consumption, simultaneously promoting the conversion of acetate to butyrate®®. These findings would explain
why although the HC and CON groups exhibited similar total VFA levels, their molar proportions of acetate
and butyrate were significantly different. Except for Fibrobacter, the RA of most saccharolytic and cellulolytic
bacteria and NDFD were lower in the HF group, aligning with previous research®’. Specifically, the higher RA
of saccharolytic and cellulolytic bacteria in the IAB group suggests a potential symbiotic relationship or selective
engulfment by Isotricha, likely reflecting the presence of endosymbionts or engulfed bacteria. This evidence
supports the lower RA of cellulolytic bacteria (Ruminococcus spp. and Butyrivibrio fibrisolvens) and the lower
NDFD observed in the HF group.

For ciliate populations, the total ciliate cell counts significantly increased linearly with higher F:C ratios,
reflecting the cell count distribution pattern of Entodinium spp. This starch-preferring genus comprised more
than 90% of the total ciliate cell counts in all samples, which is consistent with typical rumen conditions.

Impact of diet and ciliate fraction on the composition and alpha- and beta diversity of
ruminal bacteriota

The absolute number of KEGG pathways was lower in the ciliate-associated bacteria groups (EAB, IAB), likely
due to the significantly lower alpha-diversity in these groups. Additionally, the significant differences in alpha-
diversity among each ciliate group can explain the variations in beta-diversity of the overall microbiota and
KEGG orthologs.

Diet effect

In this study, Ruminococcus abundance increased with higher F:C ratios, whereas Treponema exhibited the
opposite trend, which aligns with previous findings*. This observation can be attributed to the fact that the
members of the genus Ruminococcus are known to be cellulolytic bacteria®® whereas the genus Treponema
is recognized as saccharolytic bacteria®!. Previous research® reported a higher abundance of members of
the Lachnospiraceae family in the HF group, which is consistent with our findings that the abundance of
Lachnospiraceae (unclassified, AC2044 group, ND3007 group), excluding the Lachnospiraceae XPB1014 group,
increased with higher F:C ratios. This may also be related to the Lachnospiraceae family being a potentially
fibrolytic bacterial family*2.

Non ciliate associated bacteria (enriched in TB)

The genus Succinivibrio, enriched in the TB group, belongs to the family Succinivibrionaceae, which is associated
with low methane emissions in ruminants*?. Contrary to previous studies'*?* our findings revealed a higher RA
of Succinivibrionaceae in the TB group compared to the ciliate-associated bacteria groups (i.e., EAB and IAB).
This discrepancy could be due to the excessive washing procedure used in this study, which might have washed
away the loosely-associated Succinivibrionaceae from host ruminal ciliates. The resistance of Succinivibrionaceae
to ciliate predation, as observed in a previous study** supports this hypothesis. A previous study® reported that
Butyrivibrio fibrisolvens was predominantly consumed by ruminal ciliates other than Entodinium caudatum,
whereas Prevotella ruminicola was rarely ingested. This aligns with our findings of Prevotella ruminicola being
enriched in the TB group and Butyrivibrio fibrisolvens in the IAB group. Another study* showed that Prevotella
spp., excluding Prevotella ruminicola, were only found in faunated cattle, suggesting that ciliate-associated
Prevotella might include species other than Prevotella ruminicola. Moreover, Fibrobacter succinogenes, a major
cellulolytic bacterium in the rumen, was enriched in the TB group. This result aligns with previous findings?*®
that showed a significant decrease in Fibrobacter succinogenes presence with any type of ciliate. The slight
presence of Fibrobacter succinogenes in the IAB group might be due to the preference of Isotricha spp. for rod-
shaped bacteria®’.
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Small entodinia-associated bacteria (enriched in EAB)

Previous studies comparing defaunated and faunated fermenters in continuous culture environments*® found
that the abundance of the Rikenellaceae RC9 gut group significantly decreased in faunated fermenters, suggesting
a significant reduction due to ruminal ciliates, likely through predation. The Rikenellaceae RC9 gut group is a
highly dominant bacterium in the rumen*® with fiber degradation ability and is also related to carbohydrate
and nitrogen utilization, VFA production, and improved ruminant productivity’*->2. The negative correlation
between NH,-N and Rikenellaceae RC9 gut group abundance in previous study®® supports the hypothesis
that small entodinia ciliates (e.g., Entodinium spp. and Diplodinium spp.) might preferentially consume these
bacteria, potentially negatively impacting nitrogen utilization efficiency in ruminants?®. Furthermore, the
positive correlation between the abundance of this bacterial taxon and concentrations of acetate and propionate
observed in the same study® supports our finding ofthe negative correlation between this taxon and methane
yield.

Isotricha-associated bacteria (enriched in IAB)

In this study, Ruminococcus flavefaciens, which was enriched in the IAB group, is known to exchange hydrogen
with Methanobrevibacter ruminantium when co-cultured®. This suggests that Isotricha spp. might have a strong
metabolic relationship with methanogens by having a symbiotic association with Ruminococcus flavefaciens or
preferentially preying on this bacterium. Additionally, Butyrivibrio, including Butyrivibrio fibrisolvens as major
species, was more enriched in the IAB group, potentially due to its ability to degrade starch and its rod shape
characteristic of the members of the Vibrio genus, making it a preferred food for Isotricha spp?’. As suggested
by Matz and Kjelleberg®® ingested Butyrivibrio fibrisolvens could hypothetically adopt one of three strategies to
survive intracellularly within its host (Isotricha spp.): digestion resistance (potentially associated with bacteriocin
produced by B. fibrisolvens)® toxin release, and intracellular growth. These evidences also suggest the possibility
that members of the Butyrivibrio genus, such as Butyrivibrio fibrisolvens, may serve as endosymbionts of
Isotricha spp. Conversely, Lachnospiraceae AC2044, also enriched in the HF and IAB groups, showed a positive
correlation with CH, production, suggesting that these bacteria might be specifically consumed by Isotricha
spp. Additional studies are necessary to elucidate the relationship between Isotricha spp., Isotricha-associated
bacteria, and methanogenesis. Furthermore, saccharolytic bacteria such as Saccharofermentans were mostly
absent in the EAB group but were significantly more abundant in the IAB group compared to the TB group,
suggesting their potential role as endosymbionts in Isotricha, particularly considering the preference of Isotricha
for sucrose™.

Overall, considering the associations between the Rikenellaceae RC9 gut group and the IAB and EAB
groups, as well as the associations between Butyrivibrio fibrisolvens or Saccharofermentans and the IAB group,
our findings suggest that some bacteria may provide metabolites to ruminal ciliates either directly (through
engulfment) or indirectly (through symbiosis), indicating their interdependence. This supports previous
research findings indicating that ruminal ciliates cannot survive in environments without bacteria®®. Shifts in
the structure of the rumen microbial community due to dietary composition have been previously reported>
with high-forage diets generally increasing microbial diversity. These findings from previous studies can explain
the changes in alpha-diversity due to dietary treatment observed in our study. Furthermore, distinct ciliate-
associated bacterial communities were evident based on alpha- and beta-diversity, highlighting the diversity of
bacterial communities associated with ciliate community composition. The significantly reduced alpha-diversity
and completely separated bacteriome in ciliate-associated bacterial fractions (i.e., EAB and IAB) confirmed that
our newly proposed washing procedure successfully removed free-living or loosely associated bacteria from the
specific ciliate groups. This allows researchers to focus on the associated bacterial populations, which can be
further studied as potential symbionts.

Metabolic relationship between in vitro fermentation parameters and major bacterial genera
KEGG pathways and diet

In this study, the RA of genes associated with the ko00010 (Glycolysis/Gluconeogenesis) pathway decreased
linearly as the F:C ratio increased, likely because the HC group diet contained more readily fermentable
starch, enhancing glycolysis. This aligns with previous findings that ruminal bacteria increase glycolysis in the
presence of easily fermentable carbohydrates®’. Conversely, the RA of genes associated with the k002010 (ABC
transporters) pathway increased linearly with the F:C ratio. These findings contrast with previous studies that
have linked increased transport of sugars to VFA production®!. However, our results are consistent with the
contribution of Ruminococcus to the enrichment of ABC transporters. Additionally, the classification of ABC
transporters into various transporter types such as monosaccharide transporters, phosphate and amino acid
transporters, mineral and organic ion transporters, and oligosaccharide, polyol, and lipid transporters®? aligns
with the versatility of Ruminococcus as a carbohydrate utilizer®.

KEGG pathways, ruminal ciliates, and their associated bacteria

Rikenellaceae RC9 gut group, enriched in the EAB group, is known for producing VFAs such as acetate and
propionate®®>. The significantly higher RA of genes associated with the ko00020 (Citrate cycle (TCA cycle))
pathway in the EAB group supports the acetate production ability of the Rikenellaceae RC9 gut group, as acetate
can be converted to acetyl-CoA, a precursor for the TCA cycle®®. Previous studies have shown that ruminal
ciliate biohydrogenation of unsaturated fatty acids (USFAs) is performed by engulfed bacteria rather than the
ciliates themselves®”¢%, This suggests that the enrichment of the ko01040 (Biosynthesis of unsaturated fatty acids)
pathway in the EAB group might be due to the higher presence of bacterivore ciliates (e.g., Entodinium spp. and
Diplodinium spp.) in this group?®. Additionally, previous research has established that all cellulolytic organisms
require biotin as an essential nutrient®. Therefore, the ko00780 (Biotin metabolism) pathway, whose enrichment
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exhibited the following order in this study: EAB>IAB>TB, may be associated with the potential cellulolytic
bacteria Rikenellaceae RC9 gut group, which exhibited the same EAB >IAB > TB enrichment order®*”°. Despite
its connection to the TCA cycle”! the enrichment of the RA of genes associated with the ko00630 (Glyoxylate and
dicarboxylate metabolism) pathway in the TB group rather than the EAB group might be related to the higher
abundance of Prevotella ruminicola in the TB group”2. Isotricha spp., which prefer simple sugars such as sucrose
and glucose” might rely on metabolites from the TCA cycle produced by symbionts or engulfed bacteria (not
zero-value in RA of TCA cycle) while primarily using the ko00040 (Pentose and glucuronate interconversion)
pathway for growth.

Although PICRUSt2-based predictions offer valuable functional insights, they may be limited in accuracy,
especially for uncultured rumen bacteria lacking reference genomes. Thus, future studies using metagenomic or
metatranscriptomic approaches could help validate and refine these predicted functional profiles.

Conclusions

The present study sought to (1) identify the bacteria associated with ruminal ciliates, such as Isotricha and small
entodinia, which may be linked to methane production or nitrogen utilization efficiency and (2) elucidate the
impact of diet on the types of ciliates, their associated bacteriota, and their functional profiles. A key strength of
this study is the use of a higher number of ciliate cell counts and minimal bacterial contamination in identifying
the ciliate-associated bacteriome through a new size fractionation method and an enhanced washing procedure.
Our findings show significantly reduced alpha-diversity and distinctly separate bacteriomes in ciliate-associated
bacterial fractions (i.e., EAB and IAB), indicating that our new washing procedure effectively removed free-
living or loosely associated bacteria from these specific ciliate groups. This allows us to focus on the associated
bacterial populations, which can be further studied as potential symbionts (especially endosymbionts) or
specifically engulfed bacteria.

Materials and methods

Although this study was an in vitro experiment, the handling of animals for rumen fluid collection involved
animal procedures. And all cattle donors for this experiment were approved by Institutional Animal Care and
Use Committee (IACUC). Therefore, all animal-related procedures in this study were conducted in accordance
with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines. Our study confirmed that all
methods were performed in this experiment in accordance with relevant guidelines and regulations.

Experimental design

A completely randomized design with diet effects was used for the 24-hour fermentation experiment. Dietary
treatments included high-forage (HF, F:C of 7:3), high-concentrate (HC, F:C of 3:7), and a control diet (CON,
F:C of 5:5). Pellet feed as a concentrate and oat hay as a forage source were used in the experiment, and their
chemical compositions, along with those of complete substrates at each F:C ratio, are shown in Supplementary
Table S1. A 3 x 3 factorial design was employed for microbial analysis, with diet and ciliate fraction as the main
effects. Ciliate fractions were collected for small EAB, IAB, and TB after 24 h of incubation. All fermentation and
microbiome analyses were conducted in quintuplicate.

Preparation of in vitro ruminal inoculums and animal donors

Rumen contents were collected from two cannulated Hanwoo (Bos taurus coreanae) cows before morning
feeding. The in vitro ruminal inoculum used in the experiment was donated by two cannulated Hanwoo cows
(52 months old and weighing 346.5 + 3.5 kg). Two donor cows were provided with a Total Mixed Ration (TMR)
feed, containing 16.18% crude protein, 5.69% crude fat, 12.95% crude fiber, 17.30% acid detergent fiber (ADF),
30.58% NDF, 0.69% calcium, 0.50% phosphorus, and 79.23% TDN. The feed was offered ad libitum twice daily
(07:00 am and 04:00 pm). The donors were housed together in a single pen, with ad libitum access to a total
mixed ration (TMR), fresh water, and a mineral block. The specified diet was provided to the donors for 15
days prior to rumen fluid collection. Four ruminal sites (front, back, top, and bottom) were sampled to capture
various types of ruminal microbes, including ciliates. The collected rumen contents were filtered through two
layers of cheesecloth. The squeezed filtrate was immediately placed in a CO,-flushed thermos and quickly
transferred to the laboratory within 30 min. After further removal of existing particles with filtering through
two layers of cheesecloth again, the final filtrate was diluted by mixing with an in vitro buffer solution’ using a
modified mixing ratio, which had been previously flushed with O,-free CO, gas for 1 h. The mixture was then
bubbled with CO, gas to maintain anaerobic conditions.

In vitro digestibility experiment
After 10 min of CO,-bubbling, 50 mL of the mixed inoculum was transferred into each of the 125 mL serum
bottles containing 0.5 g of feed (strained through a 1-mm sieve). The bottles were then quickly sealed with blue
butyl rubber stoppers and aluminum caps and incubated at 39 °C for 24 h in a shaking incubator at 90 rpm.
After incubation, 0.4 mL of each sample was transferred to 1.5-mL Eppendorf tubes containing 0.4 mL of 10%
formalin and 0.4 mL of 30% glycerol, achieving a final concentration of 3.33% formalin (v/v), and stored at room
temperature until ciliate cell counts were measured. Ciliate quantification was conducted under a microscope as
outlined in previous studies”>’°,

Another 1.8 mL of each sample was transferred to 2-mL Eppendorf tubes and centrifuged at 17,278 x g
at 4 °C for 15 min. One milliliter of the supernatant was subsequently stored at —80°C with 0.2 mL of 25%
metaphosphoric acid for VFA analysis. VFA analysis was performed by gas chromatography (7890B GC, Agilent
Technologies, USA). Additionally, 0.5 mL of the supernatant was stored at —20°C with 0.1 mL of 0.2 M H,SO,
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for NH,-N measurements. After discarding the supernatant, the pellet was stored at —80 °C for metagenomic
DNA extraction.

Gas production in the headspace of fermentation bottles was measured directly using a pressure transducer
(Model SA 9305820, Data Instruments, Acton, MA, USA) connected to a rubber stopper with a 3-way cock
and a 22-gauge needle at 3, 6, 12, and 24 h during the 24-hour incubation period, in order to prevent excessive
pressure accumulation (>480 mbar) that could inhibit rumen microbial growth, after which the produced gas
was collected in a gas bag through the 3-way cock and converted to volume (mL)”’~°. CH, production (mL
and mL/g of degraded dry matter) was quantified using gas chromatography (YL6500, YOUNGIN Chromass,
Korea). Methane concentration in the headspace was determined based on calibration with standard gas
mixtures (10%, 20%, and 30% CH,). The total gas volume was measured using a gas-tight syringe, and methane
production was calculated as:

CHy production (mL) = Total gas volume (mL) x (CHj4 concentration (%) / 100)

The methane yield was expressed as mL CH, per gram of degraded dry matter (mL/g dDM). After subsampling,
the remaining inoculum was transferred to a sterile 50-mL conical tube for pH measurement using a pH meter
(MW150, Milwaukee Instruments, Inc., Rocky Mount, NC, USA). The inoculum was then transferred to a
pre-weighed nylon bag (pore size 50 um, R510, Ankom Technology, USA) for DMD measurement. To ensure
no residual particles remained, the serum bottle was rinsed with distilled water. pH measurements and the
handling of dry matter (DM) samples were performed on ice to prevent additional microbial fermentation. The
transferred particles were squeezed 2-3 times to remove excess water and then dried completely in a 65 °C dry
oven for 72 h. After measuring the DM content, the DM samples were placed in pre-weighed fiber bags (pore
size 25 pm, F57, Ankom Technology, USA) for NDF content analysis. NDF content was analyzed as described in
a previous study®® using an A220 fiber analyzer (Ankom Technology, USA).

Collection of ciliate fractions

At the time of sampling for the 24 h fermentation, 20 mL of each post-incubation inoculum was transferred to
sterile 50 mL conical tubes containing 0.5% (v/v) formalin to obtain two types of ciliate fractions (EAB and IAB).
A schematic overview of the procedures used to isolate and purify the EAB and IAB fractions, including filtration
and washing steps, is presented in Fig. 4. Approximately 20 mL of the sample was prepared for size-based ciliate
fractionation. From this sample volume, 1.5 mL was aliquoted into each of six separate 2-mL Eppendorf tubes.
In total, 9 mL of the sample was used, while the remaining 11 mL was stored at 4°C in case further washing
procedures for EAB and IAB were needed.

For the initial enrichment of Isotricha spp., the 9 mL fixed sample previously fixed using 3.33% formalin (v/v)
was centrifuged at 500 x g for 3 min and then strained sequentially through 100 um and 70 um pluristrainers
(J.One LifeScience, Korea) to remove impurities such as feed particles and to collect only Isotricha spp. cells. The
retentate on the 70 pm pluristrainer was further washed twice with 3 mL of filter-sterilized potassium phosphate
buffer (PPB) using a syringe filter (pore size 0.2 um, Hyundai Micro, Korea), making a total of three washes
through the 70 um strainer. The strainer was then inverted, and the pluristrainer was washed again with 3 mL
of PPB to collect the ciliate cells into a new 50-mL conical tube. Samples with more than 95% Isotricha cells
were used for IAB preparations. To prepare IAB and remove free-living prokaryotes, the following steps were
performed: (1) 1 mL of filter-sterilized PPB was added, (2) the samples were centrifuged at 151 x g for 3 min, (3)
950 pL of the supernatant was discarded, and (4) steps (1)-(3) were repeated 10 times.

The filtrate that passed through the 70-um strainer during IAB preparation was used to construct the EAB
fraction. After passing through a 50-pum strainer once, the process involved filtration through a 30 um strainer
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three times to remove large ciliate cells and washing the filtered cells with 3 mL of PPB. The filtrate in the 50-mL
conical tube was then transferred to two 2-mL Eppendorf tubes. To prepare EAB, the small entodinia-enriched
samples underwent the same washing procedure as for IAB preparation, but in step (3), 900 uL was discarded
instead of 950 pL, and steps (1)-(3) were repeated 13 times for more thorough washing. All washing procedures
for EAB and IAB were conducted on a clean bench. The washed samples were stored at 4°C for further DNA
extraction of EAB and IAB.

Metagenomic DNA extraction and Microbiome analysis

Metagenomic DNA from TB and EAB samples was extracted from the resulting pellets using the RBB + C method®!
whereas DNA from IAB samples was extracted using a slightly modified version of the Chelex-100 method®2.
DNA quality and quantity were measured using a Nanodrop One Microvolume UV-Vis Spectrophotometer
(Thermo Fisher Scientific, USA).

Amplicons targeting the full-length 16S rRNA genes were prepared using the 27F/1492R primer set®
after which high-fidelity long-read sequences were obtained using the PacBio Sequel Ile system (Macrogen,
Korea). Microbiome analysis was first conducted using QIIME234 with full-length 16S rRNA gene sequences.
Demultiplexed single-end reads were processed by removing adapters, quality-filtering (Q>25), denoising,
merging, and removing chimeric sequences using the DADA2 plugin®. ASVs were then taxonomically
classified using the weighted Silva-138 99% classifier®®%”, which was pre-trained with the Naive Bayes method®.
ASVs identified as unassigned, mitochondria, chloroplasts, archaea, or Pseudomonas (detected as airborne
bacterial contaminants in the final washing product) were filtered out. The resulting table in BIOM format
and representative sequences were used for downstream analysis. Only taxa with an average RA over 0.5% and
present in at least 50% of samples from at least one treatment group were examined in this study. Alpha-diversity
metrics [richness (e.g., observed ASVs and Chaol estimates), evenness, Faith’s phylogenetic diversity (Faith’s
PD), Shannon’s index, and Simpson’s index] were calculated based on averaged rarefied ASV tables, choosing
4,273 sequences for 1,000 random sampling iterations®®. Microbial metabolic functions were predicted from the
ASV sequences using PICRUSt2%°. The dissimilarity of overall functional features, represented by the KEGG
ortholog profile’! among ciliate fractions and diets was analyzed using principal component analysis (PCA).
PCA plots were generated using the ‘ggfortify’ R package®2.

Quantitative Real-Time PCR

The abundances of total bacteria, Butyrivibrio fibrisolvens, and Ruminococcus flavefaciens were determined by
quantifying their respective 16S rRNA gene copies in each ciliate fraction sample. Quantitative real-time PCR
(qPCR) was performed using universal primers targeting each microbial group: (1) 340 F (5'-TCCTACGGGA
GGCAGCAGT-3') and 806R (5'-GGACTACCAGGGTATCTAATCCTGTT-3’) for total bacteria®® (2) B.fibri-F
(5’-CCTTATGATTTGGGCCACAC-3’) and B.fibri-R (5'-TCCTTACGGTTAGGCCACTG-3') for Butyrivibrio
fibrisolvens®* and (3) Rf154f (5-TCTGGAAACGGATGGTA-3’) and Rf425r (5'-CCTTTAAGACAGGAG
TTTACAA-3') for Ruminococcus flavefaciens®. The concentration of nucleic acids in purified PCR products
was measured using a NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific,
Wilmington, NC, USA), which enabled calculation of copy numbers per milliliter for generating standard
curves. Prepared standards were stored at — 20 °C for subsequent analyses. Quantification was conducted on the
QuantStudio 1 system (Thermo Fisher Scientific), with each qPCR reaction containing 1 uL of template DNA
mixed with 15 pL of reaction solution composed of 0.075 pL of each primer (100 uM), 7.5 pL of PowerUp SYBR
Master Mix (2X), and 6.35 pL of ultrapure water. Amplification conditions were optimized individually for each
primer set to ensure accurate and reproducible quantification.

Statistical analysis

Fermentation data and ciliate cell counts were analyzed to test diet effects using the PROC GLIMMIX procedure
of SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Alpha-diversity measurements were also analyzed with diet,
ciliate fraction, and their interaction as fixed effects using PROC GLIMMIX. Tukey’s HSD test was used to
identify differences between group means. Orthogonal polynomial contrasts were employed to estimate linear or
quadratic changes in fermentation data and alpha-diversity measurements. Statistical differences in the relative
abundance (RA) of bacterial taxa and functional profiles across ciliate fractions and diet effects were identified
using the ‘MaAsLin2’ R package (v1.14.1), with a significance cutoff of q <0.05%. The RA of bacterial taxa and
KEGG pathways®” were normalized using the centered log-ratio (CLR) method and analyzed without data
transformation implemented in MaAsLin2. Permutational multivariate analysis of variance (PERMANOVA),
based on Bray-Curtis dissimilarity of bacteriota and its functional profiles represented by KEGG orthologs,
was performed using the ‘vegan’ package (Adonis with 9,999 random permutations). This analysis considered
diet, ciliate fraction, and their interaction as fixed effects. Additionally, PERMANOVA analysis to compare
the overall bacteriota and their functional profiles between donor inoculum and CON groups was analyzed
based on Jaccard dissimilarity in addition to Bray-Curtis. Multiple-test correction was conducted using the
Benjamini-Hochberg procedure for pairwise comparisons. Spearman’s correlation coeflicient between the RA
of differentially abundant bacterial genera and in vitro rumen fermentation parameters was calculated using
PROC CORR in SAS 9.4. Only medium and significant correlations (|r| = 0.5, p<0.05) were visualized using the
‘ggplot2’ R package®®. A Pp-value < 0.05 was considered significant in all statistical analyses.

Data availability

The datasets generated in this study are available in online repositories. The repository name(s) and correspond-
ing accession number(s) can be accessed in the NCBI database: https://www.ncbi.nlm.nih.gov/bioproject/PR]
NA1098888.
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