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Abstract

Ruminal protozoa, especially entodiniomorphs, engulf other members of the rumen micro-
biome in large numbers; and they release oligopeptides and amino acids, which can be fer-
mented to ammonia and volatile fatty acids (VFAs) by amino acid-fermenting bacteria (AAFB).
Studies using defaunated (protozoa-free) sheep have demonstrated that ruminal protozoa
considerably increase intraruminal nitrogen recycling but decrease nitrogen utilization effi-
ciency in ruminants. However, direct interactions between ruminal protozoa and AAFB have
not been demonstrated because of their inability to establish axenic cultures of any ruminal
protozoan. Thus, this study was performed to evaluate the interaction between Entodinium
caudatum, which is the most predominant rumen ciliate species, and an AAFB consortium in
terms of feed degradation and ammonia production along with the microbial population shift
of select bacterial species (Prevotella ruminicola, Clostridium aminophilum, and Peptostrepto-
coccus anaerobius). From an Ent. caudatum culture that had been maintained by daily feed-
ing and transfers every 3 or 4 days, the bacteria and methanogens loosely associated with
Ent. caudatum cells were removed by filtration and washing. An AAFB consortium was estab-
lished by repeated transfers and enrichment with casamino acids as the sole substrate. The
cultures of Ent. caudatum alone (Ec) and AAFB alone (AAFB) and the co-culture of Ent. cau-
datum and AAFB (Ec + AAFB) were set up in three replicates and incubated at 39°C for 72 h.
The digestibility of dry matter (DM) and fiber (NDF), VFA profiles, ammonia concentrations,
pH, and microscopic counts of Ent. caudatum were compared among the three cultures. The
co-culture of AAFB and Ent. caudatum enhanced DM degradation, VFA production, and Ent.
caudatum cell counts; conversely, it decreased acetate: propionate ratio although the total
bacterial abundance was similar between Ec and the Ec + AAFB co-culture after 24 h incuba-
tion. The ammonia production and relative abundance of C. aminophilum and P. anaerobius
did not differ between AAFB alone and the Ec + AAFB co-culture. Our results indicate that
Ent. caudatum and AAFB could have a mutualistic interaction that benefited each other, but
their interactions were complex and might not increase ammoniagenesis. Further research
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should examine how such interactions affect the population dynamics of AAFB.
Keywords: Amino acid-fermenting bacteria, Co-culture, Entodinium caudatum, Intraruminal
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INTRODUCTION

Ruminant animals depend on a diverse microbial assembly, which consists of bacteria, archaea,
protozoa, and fungi, in their rumen for their survival, growth, and production of animal proteins
(beef, lamb, milk, and wool). Collectively, digestive and fermentative processes convert dietary
carbohydrates, primarily starch and cellulose, and dietary nitrogen, primarily plant protein
nitrogen, into carbon and nitrogen sources that ruminants can utilize. However, the utilization
efficiency of dietary nitrogen in ruminants is low, which is only approximately 25% [1,2]. This
low nitrogen utilization efficiency not only increases the production cost but also creates a
major environmental problem. Indeed, about 70% of NH; and 30% of N,O released into the
environment by anthropogenic activities are estimated to stem from livestock husbandry [3].
The ruminal microbiome participates and greatly affects the nitrogen utilization efficiency in
ruminants. Conceptually, two metabolic processes can lead to low nitrogen utilization efficiency:
microbial protein proteolysis and amino acid deamination. In the rumen, approximately 70% of
dietary nitrogen (primarily as protein, often referred to as rumen degradable protein (RDP) is
hydrolyzed to oligopeptides and free amino acids, which can be fermented to short-chain fatty
acid (SCFA) and ammonia. Some of these nitrogen forms are used as nitrogen sources by ruminal
microbes, primarily bacteria, to synthesize cellular proteins, which are the main direct nitrogen
source of host animals [4-6]. However, a large portion of microbial cells (about 24% of the total
ruminal bacteria daily) are engulfed by ruminal protozoa [7]; furthermore, approximately 50% of
the engulfed bacterial protein is hydrolyzed by protozoa and discharged as oligopeptides and free
amino acids [8], thereby promoting protein nitrogen recycling in the rumen. A significant portion
of oligopeptides and free amino acids are fermented by amino acid-fermenting bacteria (AAFB)
to SCFA and ammonia. Thus, ruminal protozoa can decrease the ruminal outflow of microbial
protein, which is the main protein source of host animals, to the small intestines. They also increase
the availability of substrates for AAFB and the production of ammonia, which is absorbed and
converted into urea in the liver and excreted. Ruminal protozoa and AAFB have been explored
extensively to understand their roles in nitrogen utilization efficiency in ruminant animals, but their
interactions remain poorly understood.

Ruminal protozoa have been considered a nonvital group of microbes for host animals although
they contribute to organic matter digestion and homeostasis of the rumen environment [9].
Although their peptidase and deaminase activities remain to be determined and are probably
variable among different protozoal species [10,11], all ruminal protozoa engulf and digest cells of
ruminal microbes, even small ruminal protozoa; subsequently, they degrade the microbial protein
into oligopeptides and amino acids, producing substrates for AAFB [12]. Although AAFB can
utilize carbohydrates, they can use amino acids as their sole energy and carbon sources [13]. Unlike
the predominant proteolytic bacteria that have limited deamination activity, AAFB, especially
hyper-ammonia-producing bacteria (HAB), including Clostridium aminophilum, Clostridium
sticklandii, and Peptostreptococcus anaerobius, have high deamination activities [13-15]. Numerous
studies have been conducted to understand the roles of ruminal protozoa and AAFB in ruminal
protein metabolism and decrease ruminal protozoa (primarily by defaunation) and AAFB by

using plant extracts [15-18]. However, effective and practical approaches are yet to be developed to
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decrease intraruminal protein turnover and improve nitrogen utilization efficiency.

From an ecological perspective, ruminal protozoa and AAFB can form two relationships: prey-
predator relationship and mutualism. In the former relationship, ruminal protozoa benefit from
preying on AAFB, but in the latter relationship, ruminal protozoa provide substrates to AAFB. We
hypothesized that a better understanding of the interactions between ruminal protozoa and AAFB
could help unravel the roles of ruminal protozoa and AAFB in intraruminal protein recycling and
improve nitrogen utilization efficiency in ruminants. This study aimed to evaluate the interaction
between Entodinium caudatum, the most predominant rumen protozoal species, and AAFB in

terms of feed degradation, ammoniagenesis, and dynamics of microbial populations.

MATERIALS AND METHODS

Entodinium caudatum monoculture and amino acid-fermenting bacteria consortium
An Ent. caudatum monoculture established from a single cell isolated from the rumen of gerenuk
[19] was maintained by daily feeding of protozoal feed containing wheat grain, alfalfa, and grass
and regular transfers into a fresh SP medium [20].

An AAFB consortium was established previously in our laboratory by using enrichment on
casamino acids as the sole substrate [21]. Briefly, rumen fluid was collected from two rumen-
fistulated Jersey dairy cows, mixed, and inoculated into a mineral medium [22] containing yeast
extract (0.5 g/L) as growth factors and casamino acids (30 g/L) as the sole substrate. The culture
was incubated anaerobically at 39°C and transferred every 24 h until the ammonia concentration
in the culture stabilized. Proteus mirabilis, Bacillus spp., Fusobacterium ulcerans, C. aminophilum,
and P, anaerobius with varying amino acid fermentation activities were identified in this AAFB
consortium through 16S rRNA gene sequencing.

Co-culture experiment

'The monoculture of Ent. caudatum and the AAFB enrichment culture were incubated individually
or as a co-culture to explore the interaction between ruminal protozoa and AAFB (Table 1).
The Ent. caudatum monoculture was washed using three filter membranes with decreasing pore
sizes (50, 25, and 10 mm; Sefar Filtration, New York, USA) to remove most prokaryotes present
in the Ent. caudatum monoculture. The washed Ent. caudatum cells retained on the 10 mm filter
membrane were then collected into the simplex buffer (modified from Williams and Coleman,
1992 [12]) and used as the Ent. caudatum inoculum. The AAFB culture was centrifuged at
21,000xg for 7 min. The pelleted cells were washed with the simplex buffer thrice followed by
centrifugation and resuspended in an SP medium [20] as the AAFB inoculum. The cell density
of the AAFB suspension was estimated based on its optical density [23]. Approximately 8.8 x 107

Table 1. Experimental design of the co-culturing experiment

Ec AAFB Ec + AAFB
Feed (g/culture) 0.1 0.1 0.1
SP medium (mL) 8 7 7
Washed Ent. caudatum monoculture (mL) 2 0 2
AAFB suspension (in SP, mL) 0 1 1
Simplex buffer (mL) 0 2 0
Total culture volume (mL) 10 10 10

Ec, Entodinium caudatum alone; AAFB, amino acid-fermenting bacterial consortium; Ec + AAFB, co-culture of Ec and AAFB.
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AAFB cells/mL were inoculated into the AAFB culture and the Ec + AAFB co-culture. Both the
medium and the buffer were made anaerobically by continuous sparging with O,-free CO, gas. The
medium conditions were similar among the three treatments except for the microbial inocula and a

higher ammonia concentration in AAFB (data not shown).

Protozoal counts

Protozoal cells in the two Ent. caudatum-containing cultures (i.e., Ec and Ec + AAFB) were fixed
and counted microscopically every 24 h of the incubation as described previously [20]. Briefly, 0.5
mL of each culture was fixed in 50% formalin solution and then mixed with 30% glycerol to dilute
the culture and prevent the rapid settlement of protozoal cells during the procedures [24]. The
protozoal cells were stained with brilliant green (10 mL of dye added to 1.5 mL of fixed protozoal
cell suspension) to facilitate microscopic counting. A 1-mL aliquot of each stained protozoal sample
was added to a Sedgewick Rafter counting chamber (no. 9851 C20, Thomas Scientific, Swedesboro,
NJ, USA), and the cells within 50 different grids were counted twice and averaged.

Fermentation characteristics

After 3 days of incubation, 1.5 mL of culture was subsampled from each replicate culture every 24
h of the incubation. Then, 1 mL of each subsample was centrifuged at 16,000xg for 10 min at 4C,
and the pellet was used for microbial DNA extraction per the repeated bead beating (RBB) + C
method [25]. The supernatant of each culture sample was used to measure pH with an Accumet
AB15 pH meter (Fisher Scientific, Suwanee, GA, USA) and determine the concentrations of VFA
using gas chromatography (HP 5890 series, Agilent Technologies, Santa Clara, CA, USA) and
ammonia using a colorimetric assay [26]. The remaining 0.5 ml culture was used to count protozoal
cells as described above. The remaining content of each culture replicate was poured into a filter bag
(Ankom Technology, USA; 25 mm porosity), and the retained solid was dried in a hot-air oven at
105C overnight [27]. The dry matter (DM) and neutral detergent fiber (NDF) content of the fresh
protozoal feed and the residual feed after fermentation were determined following the method

described by Van Soest et al. [28].

Quantitative real-time polymerase chain reaction

Quantitative real-time PCR assays were used to quantify the total bacteria and three selected
AAFB species (i.e., Prevotella ruminicola, C. aminophilum, and P anaerobius). The PCR primer sets
used are listed in Table 2. One sample-derived real-time PCR standard was produced using PCR
amplification for each target group of microbes with the respective specific primer set and a DNA
sample pooled from all the replicates of the three treatments as the template as described previously
[29]. Each PCR product was electrophoresed on agarose (1%) gel to check its expected size and
purified using a PCR purification kit (Qiagen, Germantown, MD, USA). The copy number
concentration of each standard was calculated based on its length (bp). A serial dilution (10-10"
copies/mL) of each standard was used to quantify the abundance of the target bacteria by using an
Mx3000 real-time PCR system (Stratagene, La Jolla, CA, USA). The thermal cycling profile and
detailed PCR conditions are the same as described previously [30], but the annealing temperatures

shown in Table 2 were used.

Statistical analysis

Data from the three replicates were shown as the mean values of each measurement and subjected
to the GLIMMIX procedure followed by Tukey’s honestly significant difference (HSD) test by
using SAS 9.4 (SAS Institute, Cary, NC, USA). The model to analyze the data was as follows:

https://doi.org/10.5187/jast.2022.e111
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Table 2. Primers used in the quantification of the total bacteria and selected bacterial species via qPCR

Target Primer Sequence, 5' to 3' Anm(aoaCI;ng T PrOd(ﬂ;t) size References

Total bacteria 27f AGAGTTTGATCMTGGCTCAG 55 1,535 [46]
1525r AAGGAGGTGWTCCARCC

Total bacteria (QPCR) Eub358f TCCTACGGGAGGCAGCAGT 60 448 [47]
Eub806r GGACTACCAGGGTATCTAATCCTGTT

Prevotella ruminicola P. rumi-F GGTTATCTTGAGTGAGTT 53 485 [48]
P. rumi-R CTGATGGCAACTAAAGAA

Clostridium aminophilum C. amin-57F ACGGAAATTACAGAAGGAAG 57 560 [49]
C. amin-616R GTTTCCAAAGCAATTCCAC

Clostridium sticklandi C. stick-185F ATCAAAGAATTTCGGATAGG 61 442 [49]
C. stick-626R CAAGTTCACCAGTTTCAGAG

Peptostreptococcus anaerobius P. anae-73F TGCTTGCAYTRATGAAAGATG 55 570 This study
P. anae-642R TCTTCCAGTTTCGGAGGCTA

gPCR, quantitative real-time polymerase chain reaction; bp, base pair.

https://doi.org/10.5187/jast.2022.e111

Y=m+T +t+(Txt)+e,
where Y is the dependent variable, m is the overall mean, T, is the fixed effect of culture treatment,
t; is the time effect, (T x t); is the interaction between culture treatment and time, and e; is residual
error. A Pearson correlation matrix was calculated for the fermentation characteristics and bacterial
abundance by using the CORR procedure in SAS and visualized in R 3.2.2 [31]. The effects of
incubation time and culture treatment were considered significant at p < 0.05.

RESULTS

Approximately 99% (about a decrease by 2 logs) of the bacteria present in the monoculture were
removed when Ent. caudatum cells were filtered and washed, but the total bacterial population
increased dramatically after 24 h of incubation (Fig. 1). Ent. caudatum grew significantly better
in the co-culture after 48 h of incubation (Fig. 2). The DM digestibility was greater in the co-
culture, especially at 48 h and thereafter, than in Ent. caudatum- or AAFB-alone cultures (Table
3). However, no overall difference in NDF digestibility was noted among the three cultures. The
ammonia concentration was higher in AAFB and Ec + AAFB co-cultures than in Ec throughout
incubation. The ammonia concentration was higher in Ec + AAFB than in AAFB at 48 h but
higher in AAFB than in Ec + AAFB at 72 h.

The total VFA production was higher in the Ent. caudatum-containing cultures, especially in
the Ec + AAFB co-culture, than in AAFB (Table 4). The molar proportions of all VFAs differed
(p < 0.01) in these two cultures and at the two incubation times. More propionate but less acetate
was produced in the Ent. caudatum-containing cultures, especially in the co-culture; as a result, the
acetate:propionate ratio in the two Ent. caudatum-containing cultures was significantly lower than
that in the AAFB culture. The proportion of branched-chain VFAs (BCVFA) was higher in the
AAFB-containing cultures than in the two other cultures at 24 h of incubation but not at 72 h of
incubation.

After analyzing the fermentation characteristics and protozoal counts, we quantified the total
bacteria and P ruminicola, C. aminophilum, and P anaerobius in the cultures. At the beginning of

incubation, the abundance of the three bacterial species was similar in the three cultures except in
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Fig. 1. Abundance of (A) total bacteria, (B) P. ruminicola, (C) C. aminophilum, and (D) P. anaerobius in
the cultures at different incubation times. Ec, Entntodinium caudatum alone; AAFB, amino acid-fermenting
bacterial consortium alone; Ec + AAFB, co-culture of Ec and AAFB.
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Fig. 2. Entntodinium caudatum cell counts in the two Entntodinium caudatum-containing cultures (Ec
alone and Ec + amino acid-fermenting bacterial consortium [AAFB]) at different time points.

the Ec culture which contained a smaller population of P anaerobius (Fig. 1). Even though the Ec
culture had the lowest abundance of total bacteria (at least 70-fold lower than that in the AAFB-
containing cultures), it had a total bacterial abundance similar to that of Ec + AAFB after 24
h of incubation; conversely, AAFB alone had the smallest total bacterial population. At 24 h of
incubation, the populations of the three selected bacterial species were similar and much larger
in the Ent. caudatum-containing cultures than in the AAFB culture. After 72 h of incubation in
the AAFB culture, P ruminicola became undetectable. The initial population of C. aminophilum
in all three cultures was not different, but it was significantly higher in Ent. caudatum-containing
cultures than in the AAFB culture after 24 h of incubation and thereafter. Before co-culturing was
performed, P anaerobius was higher in AAFB-containing cultures, but this HAB species rapidly

https://doi.org/10.5187/jast.2022.e111
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Table 3. DM and NDF digestibility, NH,-N concentration, and pH in the cultures over time

Incubation times (h) =T Contrast
24 48 72 Linear Quadratic

DM digestibility (%)

Ec 67.5° 69.0° 80.4° 2.09 <0.001 0.004

AAFB 60.7° 67.9° 71.5° 1.63 <0.001 NS

Ec + AAFB 66.1° 72.6° 85.5° 2.88 <0.001 0.011
NDF digestibility (%)

Ec 36.5 391 39.9 1.19 NS NS

AAFB 35.9 43.5 445 1.88 NS NS

Ec + AAFB 33.6 43.7 44.2 1.90 0.003 NS
NHz-N (mg/dL)

Ec 7.1° 13.6° 16.5° 1.39 <0.001 0.010

AAFB 13.8° 18.7° 29.6° 2.35 <0.001 <0.001

Ec + AAFB 14.8° 21.5° 26.2° 1.66 <0.001 0.033
pH

Ec 6.41° 6.17° 6.12 0.07 NS NS

AAFB 6.81° 6.44° 6.50 0.06 0.013 0.034

Ec + AAFB 6.47° 6.27° 6.32 0.03 0.003 0.003

““Means within a row with different superscripts differ (o < 0.05).
DM, dry matter; NDF, neutral detergent fiber; Ec, Entodinium caudatum alone; AAFB, amino acid-fermenting bacterial consortium alone; NS, not significant (p > 0.05); Ec + AAFB,

co-culture of Ec and AAFB.

https://doi.org/10.5187/jast.2022.e111

grew in the Ec culture during the first 24 h of incubation. This rapid growth was maintained until
72 h of incubation, and this finding was comparable with that in the Ec-AAFB culture. Because
C. sticklandii, which was previously known as a culturable HAB [16], was not detected using its
specific primer set in the AAFB enrichment culture (AAFB inoculum), it was not quantified in the
cultures. The relative abundances of the three AAFB species are also shown in Table 5.

Correlations between the fermentation characteristics and the abundance of select bacteria are
shown in Fig. 3. Ammonia concentration was weakly correlated positively with the abundance of C.
aminophilum and P anaerobius (r = 0.33 and r = 0.38, respectively) but negatively correlated with the
abundance of P ruminicola (r = -0.34). C. aminophilum and P anaerobius were strongly correlated
positively with the total VFA concentrations (r > 0.8, p < 0.001) but negatively correlated with
the valerate concentration (r < 0.8, p < 0.001). Moreover, the two HAB species were positively
correlated with each other (p < 0.001). The cell counts of Ent. caudatum were positively correlated (r
2 0.57) with the abundance of the three quantified bacterial species.

DISCUSSION

Sitting at the top of the food chain in the rumen ecosystem, protozoa form a predator—prey
relationship with all members of the ruminal microbiome. Because of their proteolytic activity,
including the ability to degrade microbial proteins and produce oligopeptides and amino acids,
ruminal protozoa also establish other relationships with other ruminal microbes, particularly
AAFB. Conceptually, ruminal protozoa can engulf and provide substrates (i.c., oligopeptides and
free amino acids) to AAFB, forging a commensalistic relationship beneficial to AAFB. However,
these relationships have not been deterministically investigated because of the lack of and

difficulties in obtaining axenic cultures of ruminal protozoa [20]. This study was the first to explore
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Table 4. Molar proportion of volatile fatty acids (VFA) in cultures

Incubation times (h)

SEM
24 48 72 Linear Quadratic
Total VFA (mM)
Ec 33.5° 459° 70.9° 5.54 <0.001 0.008
AAFB 23.1° 28.0° 32.3° 1.40 <0.001 NS
Ec + AAFB 33.9° 59.2° 75.8° 6.15 <0.001 NS
VFA (moL/100 moL)
Acetate
Ec 76.3° 67.0° 53.8° 3.28 <0.001 0.002
AAFB 76.5° 73.5° 72.7° 0.60 <0.001 0.011
Ec + AAFB 72.5° 53.8° 46.8° 3.84 <0.001 <0.001
Propionate
Ec 15.2° 24.1° 37.8° 3.30 <0.001 0.0115
AAFB 12.10° 16.1° 15.3° 0.61 <0.001 <0.0001
Ec + AAFB 17.1° 37.2° 43.4° 3.98 <0.001 <0.0001
Butyrate
Ec 6.61° 7.29° 6.74° 0.15 NS NS
AAFB 8.75° 8.00° 9.24° 0.19 0.006 <0.001
Ec + AAFB 8.24° 7.34° 7.79 0.14 0.021 0.002
Valerate
Ec 0.66° 0.49° 0.35° 0.05 <0.001 NS
AAFB 1.00° 0.84° 0.76° 0.04 <0.001 NS
Ec +AAFB 0.67° 0.44° 0.37° 0.05 <0.001 <0.001
Total BCVFA
Ec 1.21° 1.15° 1.36 0.06 NS NS
AAFB 1.61° 1.54° 1.97 0.09 NS NS
Ec + AAFB 1.51° 1.27* 1.64 0.07 NS 0.017
Acetate:Propionate ratio
Ec 5.03° 2.79° 143° 0.53 <0.001 <0.001
AAFB 6.33° 4.57% 4.74° 0.28 <0.001 <0.001
Ec + AAFB 4.25° 1.45° 1.08° 0.50 <0.001 <0.001

““Means within a row with different superscripts differ (p < 0.05).

Ec, Entodinium caudatum alone; AAFB, amino acid-fermenting bacterial consortium alone; NS, not significant (p > 0.05); Ec + AAFB, co-culture of both Ec and AAFB; BCVFA,

branched-chain VFAs.

394 | https://www.ejast.org

the interactions between these two important groups/guilds of ruminal microbes by using carefully
washed Ent. caudatum and an AAFB consortium.

At the beginning of incubation, the total bacterial population was about 2 logs smaller in the
Ec culture than in the two other cultures. The comparable abundance of total bacteria between the
Ec culture and the Ec + AAFB co-culture at 24 h of incubation clearly showed that the residual
bacteria remained after the Ent. caudatum inoculum was washed and grew rapidly, reaching an
abundance similar to that in the Ec culture. In previous in vitro studies, antibiotics are used to
remove prokaryotes associated with protozoa [32-34]. However, antibiotics inhibit, directly and
indirectly, the viability of Ent. caudatum by killing its prey [20]. Although bacteria recovered after
24 h of incubation, they were protozoan-associated populations rather than free-living populations,

and they probably function with ruminal protozoa. Therefore, the interactions between Ent.
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Table 5. Relative abundance (% of total bacterial copy numbers) of the three selected bacterial species in each culture

Incubation times (h) SEM p-values”
0 24 48 72 Linear Quadratic Cubic

Prevotella ruminicola

Ec 1.823° 74777 4.063° 4.370° 0.732 NS 0.024 0.018

AAFB 0.028" 0.004° 0.004° 0° 0.004 <0.001 0.006 NS

Ec + AAFB 0.027° 10.927° 5.967° 4.617° 1.285 NS 0.001 0.008
Clostridium aminophilum

Ec (x 107%) 1.96" 0.03* 0.04 0.11* 0.25 <0.001 <0.001 0.013

AAFB (x 107°) 221° 0.54° 3.55° 1.80° 0.49 NS NS 0.037

Ec +AAFB (x 10) 2.62° 7.91° 7.69° 14.6° 1.41 <0.001 NS NS
Peptostreptococcus anaerobius

Ec (x 107) 6.12° 0.76° 1.13 1.80° 0.69 <0.001 <0.001 NS

AAFB (x 107°) 1.29° 3.59° 4.34 3.10° 0.66 NS NS NS

Ec +AAFB (x 10) 1.64° 5.41% 7.00 11.3° 1.09 <0.001 NS NS

Yp-values were for the contrast of the relative abundance of each bacterial species over time.
““Means within a row with different superscripts differ (o < 0.05).
Ec, Entodinium caudatum alone; AAFB, amino acid-fermenting bacterial consortium alone; NS, not significance (p > 0.05); Ec + AAFB, co-culture of both Ec and AAFB.
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Fig. 3. Pearson correlation matrix of fermentation characteristics with molar proportions of VFAs and
abundance of bacteria. Positive and negative correlations are shown in blue and red, respectively. Only strong
correlations (r > 0.8 or r < -0.8) were indicated by a colored circle. The indicated correlation coefficients were
also stated in the text. DMD, dry matter digestibility; NDFD, neutral detergent fiber digestibility; VFA, volatile
fatty acid; BCVFA, branch-chained VFA; P. ruminicola, Prevotella ruminicola; C. aminophilum, Clostridium
aminophilum; P. anaerobius, Peptostreptococcus anaerobius.
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caudatum and AAFB could be inferred by comparing feed digestion, fermentation characteristics, or
population dynamics of bacteria between Ec and Ec + AAFB.

The Ec + AAFB co-culture had the highest DM digestibility at 48 and 72 h of incubation
possibly because of the greater abundance of Ent. caudatum, which degrades starch and
hemicellulose [12,35]. Although Ec and Ec + AAFB had a similar total bacterial abundance, the
latter had a larger Ent. caudatum population after 48 h of incubation. The NDF digestibility did not
differ among the three cultures probably because Ent. caudatum cannot degrade cellulose [36], and
neither the Ent. caudatum monoculture nor the AAFB consortium contained cellulolytic microbes.
The AAFB culture had the lowest total VFA concentration, but it had a higher molar proportion
of acetate, butyrate, valerate, and BCVFA than the two Ent. caudatum-containing cultures. Amino
acid fermenters, including HAB, produce these VFAs as their common fermentation products
[14,37]. Indeed, C. aminophilum and P anaerobius can ferment a broad range of amino acids or
casamino acids to ammonia, acetate, and butyrate [38,39].

Ent. caudatum grew faster in the Ec + AAFB co-culture than in the Ec culture during incubation.
This finding verified the stimulatory effects on Ent. caudatum from the AAFB consortium.
Although the Ec culture and the Ec + AAFB co-culture had similar total bacterial abundance,
the latter had a greater Ent. caudatum population than the former. Thus, the Ec + AAFB co-
culture could have higher bacterial recycling than the other culture. These findings were supported
by higher concentrations of VFA and ammonia. The higher ammonia concentration in the Ec +
AAFB co-culture than in the Ec or AAFB cultures also suggests that metabolic commensalism
occurred through which Ent. caudatum provides substrates to AAFB and that AAFB are essential
for ammonia production even though this bacterial consortium represents a small guild [40].
However, the Ec + AAFB co-culture did not increase the ammonia concentration after 72 h of
incubation; this observation was inconsistent with a previous study that showed a two-fold higher
ammonia concentration in Enfodinium-faunated rumen than in fauna-free rumen of sheep [41].
In the present study, the protein added to the cultures might have been a limiting factor; therefore,
ammoniagenesis in the Ec + AAFB co-culture could have been limited.

C. aminophilum and P. anaerobius are two of the three known HAB species [14]. Before
incubation, their relative abundance was quite low (less than 0.002%). Their relative abundance
linearly increased (p < 0.001) during incubation in the Ec culture and the Ec + AAFB co-culture
but not in the AAFB culture. These results suggest that Ent. caudatum provided the substrates for
these two species and stimulated their growth. The three quantified bacterial species had similar
abundance before incubation, but their populations increased in the Ec culture and the Ec + AAFB
co-culture but not in the AAFB culture (except for P anaerobius) at 24 h. P ruminicola gradually
decreased and became undetectable at 72 h. These results suggest that Ent. caudatum provided
the substrates for the fermentation and growth of C. aminophilum and P anaerobius but not P
ruminicola. Previous studies demonstrated the exopeptidase activity in rumen protozoal samples
[42, 43], and Entodinium species have a greater peptidase activity than large entodiniomorphs and
holotrichs [44]. However, studies have yet to determine if the stimulatory effect of Ent. caudatum
on the growth of C. aminophilum and P anaerobius observed in the present study could be attributed
to the exopeptidase activity of Ent. caudatum.

P, ruminicola can degrade dietary proteins but cannot use amino acids as its energy N source
unless peptides are provided [11]. This ability might explain the decrease in P, ruminicola abundance
in the AAFB culture and the more than 400-fold increase in P ruminicola abundance in the Ec
culture and the Ec + AAFB co-cultures during the first 24 h of incubation. Ent. caudatum counts
were also positively correlated (r 2 0.57) with the abundance of the three quantified bacterial
species. The Ec + AAFB co-culture had a higher ammonia concentration than the Ec culture, but
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both cultures had a similar abundance of the three quantified bacterial species. Therefore, uncultured
or other AAFB populations may also contribute to the deamination activity observed in this study,
as shown in another study [45].

CONCLUSION

Nitrogen utilization efficiency in ruminants is important for the economic viability of ruminant
producers and the environment. The co-habitation and interactions of ruminal protozoa and AAFB
contribute to the production of ammonia in the rumen. Our results verify that commensalism
occurs between Entodinium caudatum and AAFB which benefits both microbial groups. The
presence of Ent. caudatum in the cultures is also beneficial to HAB Prevotella ruminicola, Clostridium
aminophilum, and Peptostreptococcus anaerobius. The abundance of C. aminophilum and P anaerobius
is correlated positively with ammonia concentration, verifying their role in ammoniagenesis.
However, the prokaryotes that remained after washing the Ent. caudatum cells made it difficult
to interpret some of the results. Understanding the interactions among the microbes involved in
ruminal nitrogen metabolism remains challenging. Omics technologies, including genome-centric
metagenomics, metatranscriptomics, and metabolomics, combined with stable isotope probing
(SIP), should be used in future studies to help address this challenge.

REFERENCES

1. Kohn RA, Dinneen MM, Russek-Cohen E. Using blood urea nitrogen to predict nitrogen
excretion and efficiency of nitrogen utilization in cattle, sheep, goats, horses, pigs, and rats. J
Anim Sci. 2005;83:879-89. https://doi.org/10.2527/2005.834879x

2. Huhtanen P, Hristov AN. A meta-analysis of the effects of dietary protein concentration
and degradability on milk protein yield and milk N efficiency in dairy cows. ] Dairy Sci.
2009;92:3222-32. https://doi.org/10.3168/jds.2008-1352

3. van Aardenne JA, Dentener FJ, Olivier JGJ, Goldewijk CGMK, Lelieveld J. A 1°x1° resolution
data set of historical anthropogenic trace gas emissions for the period 1890-1990. Global
Biogeochem Cycles. 2001;15:909-28. https://doi.org/10.1029/2000GB001265

4. Storm E, Orskov ER, Smart R. The nutritive value of rumen micro-organisms in ruminants.
2.'The apparent digestibility and net utilization of microbial N for growing lambs. Br ] Nutr.
1983;50:471-8. https://doi.org/10.1079/BJN19830115

5. Leng RA, Nolan JV. Nitrogen metabolism in the rumen. ] Dairy Sci. 1984;67:1072-89. https://
doi.org/10.3168/jds.50022-0302(84)81409-5

6. Hackmann TJ, Firkins JL.. Maximizing efficiency of rumen microbial protein production. Front
Microbiol. 2015;6:465. https://doi.org/10.3389/fmicb.2015.00465

7. Hespell R, Akin D, Dehority B, Mackie R, White B, Isaacson R. Bacteria, fungi, and protozoa
of the rumen. In: Mackie RI, White BA, Isaacson RE, editors. Gastrointestinal microbiology.
Vol. 2, Gastrointestinal microbes and host interactions. New York, NY: Chapman and Hall;
1997.

8. Jouany JP. Effect of rumen protozoa on nitrogen utilization by ruminants. ] Nutr. 1996;126:
13355-468. https://doi.org/10.1093/in/126.suppl_4.1335S

9. Newbold CJ, de la Fuente G, Belanche A, Ramos-Morales E, McEwan NR. The role of
ciliate protozoa in the rumen. Front Microbiol. 2015;6:1313. https://doi.org/10.3389/fmicb.
2015.01313

10. Forsberg CW, Lovelock LKA, Krumholz L, Buchanan-Smith JG. Protease activities of rumen

https://www.ejast.org | 397



Interaction between Entodinium caudatum and an amino acid-fermenting bacteria

398 | https://www.ejast.org

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

protozoa. Appl Environ Microbiol. 1984;47:101-10. https://doi.org/10.1128/aem.47.1.101-
110.1984

Wallace RJ, Onodera R, Cotta MA. Metabolism of nitrogen-containing compounds. In:
Hobson PN, Stewart CS, editors. The rumen microbial ecosystem. Dordrecht: Springer; 1997. p.
283-328.

Williams AG, Coleman GS.The rumen protozoa. New York, NY: Springer; 1992.

Eschenlauer SCP, McKain N, Walker ND, McEwan NR, Newbold CJ, Wallace R]. Ammonia
production by ruminal microorganisms and enumeration, isolation, and characterization of
bacteria capable of growth on peptides and amino acids from the sheep rumen. Appl Environ
Microbiol. 2002;68:4925-31. https://doi.org/10.1128/AEM.68.10.4925-4931.2002

Attwood GT, Klieve AV, Ouwerkerk D, Patel BKC. Ammonia-hyperproducing bacteria from
New Zealand ruminants. Appl Environ Microbiol. 1998;64:1796-804. https://doi.org/10.1128/
AEM.64.5.1796-1804.1998

Harlow BE, Flythe MD, Kagan IA, Aiken GE. Biochanin A (an isoflavone produced by red
clover) promotes weight gain of steers grazed in mixed grass pastures and fed dried-distillers’
grains. Crop Sci. 2017;57:506-14. https://doi.org/10.2135/cropsci2016.07.0590

Flythe M, Kagan I. Antimicrobial effect of red clover (Trifolium pratense) phenolic extract on
the ruminal hyper ammonia-producing bacterium, Clostridium sticklandii. Curr Microbiol.
2010;61:125-31. https://doi.org/10.1007/500284-010-9586-5

Taghavi-Nezhad M, Alipour D, Flythe MD, Zamani P, Khodakaramian G. The effect of
essential oils of Zataria multiflora and Mentha spicata on the in vitro rumen fermentation, and
growth and deaminative activity of amino acid-fermenting bacteria isolated from Mehraban
sheep. Anim Prod Sci. 2014;54:299-307. https://doi.org/10.1071/AN12244

Harlow BE, Bryant RW, Cohen SD, O’Connell SP, Flythe MD. Degradation of spent craft
brewer’s yeast by caprine rumen hyper ammonia-producing bacteria. Lett Appl Microbiol.
2016;63:307-12. https://doi.org/10.1111/lam.12623

Dehority BA. Physiological characteristics of several rumen protozoa grown in vitro with
observations on within and among species variation. Eur ] Protistol. 2010;46:271-9. https://
doi.org/10.1016/j.¢jop.2010.05.002

Park T, Meulia T, Firkins JL, Yu Z. Inhibition of the rumen ciliate Entodinium caudatum by
antibiotics. Front Microbiol. 2017;8:1189. https://doi.org/10.3389/fmicb.2017.01189

Gano JM. Amino acid-fermenting bacteria from the rumen of dairy cattle-enrichment,
isolation, characterization, and interaction with Entodinium caudatum [Master’s thesis].
Columbus, OH: The Ohio State University; 2013.

Attwood GT, Reilly K. Identification of proteolytic rumen bacteria isolated from New Zealand
cattle. ] Appl Bacteriol. 1995;79:22-9. https://doi.org/10.1111/j.1365-2672.1995.tb03119.x
Sutton S. Measurement of microbial cells by optical density. ] Valid Technol. 2011;17:46-9.
Dehority BA. Ciliate protozoa. In: Makkar HPS, McSweeney CS, editors. Methods in gut
microbial ecology for ruminants. Dordrecht: Springer; 2005. p. 67-78.

Yu Z, Morrison M. Improved extraction of PCR-quality community DNA from digesta and
fecal samples. Biotechniques. 2004;36:808-12. https://doi.org/10.2144/043655T04

Chaney AL, Marbach EP. Modified reagents for determination of urea and ammonia. Clin
Chem. 1962;8:130-2. https://doi.org/10.1093/clinchem/8.2.130

AOAC [Association of Official Analytical Chemists]. Official methods of analysis. 15th ed.
Arlington, VA: Association of Official Analytical Chemists; 1990.

Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral detergent fiber, and
nonstarch polysaccharides in relation to animal nutrition. ] Dairy Sci. 1991;74:3583-97. https://

https://doi.org/10.5187/jast.2022.e111



Park and Yu

https://doi.org/10.5187/jast.2022.e111

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

doi.org/10.3168/ds.50022-0302(91)78551-2

Yu Z, Michel FC Jr, Hansen G, Wittum T, Morrison M. Development and application of real-
time PCR assays for quantification of genes encoding tetracycline resistance. Appl Environ
Microbiol. 2005;71:6926-33. https://doi.org/10.1128/AEM.71.11.6926-6933.2005

Li YF, Chen PH, Yu Z. Spatial and temporal variations of microbial community in a mixed
plug-flow loop reactor fed with dairy manure. Microb Biotechnol. 2014;7:332-46. https://doi.
org/10.1111/1751-7915.12125

R Core Team. R: a language and environment for statistical computing [Internet]. R
Foundation for Statistical Computing. 2014 [cited 2022 Sep 7]. http://www.R-project.org

Lee SS, Ha JK, Cheng KJ. Relative contributions of bacteria, protozoa, and fungi to in vitro
degradation of orchard grass cell walls and their interactions. Appl Environ Microbiol.
2000,66:3807-13. https://doi.org/10.1128/AEM.66.9.3807-3813.2000

Nagpal R, Puniya AK, Sehgal JP, Singh K. Influence of bacteria and protozoa from the rumen
of buffalo on in-vitro activities of anaerobic fungus Caecomyces sp. isolated from the feces of
elephant. ] Yeast Fungal Res. 2010;1:152-6.

Wei YQ, Long R, Yang H, Yang HJ, Shen XH, Shi REF et al. Fiber degradation potential of
natural co-cultures of Neocallimastix frontalis and Methanobrevibacter ruminantium isolated
from yaks (Bos grunniens) grazing on the Qinghai Tibetan Plateau. Anaerobe. 2016;39:158-
64. https://doi.org/10.1016/j.anaerobe.2016.03.005

Béra-Maillet C, Devillard E, Cezette M, Jouany JP, Forano E. Xylanases and
carboxymethylcellulases of the rumen protozoa Polyplastron multivesiculatum Eudiplodinium
maggii and Entodinium sp. FEMS Microbiol Lett. 2005;244:149-56. https://doi.org/10.1016/
j-femsle.2005.01.035

Coleman GS.The cellulase content of 15 species of entodiniomorphid protozoa, mixed bacteria
and plant debris isolated from the ovine rumen. J Agric Sci. 1985;104:349-60. https://doi.
0rg/10.1017/50021859600044038

Chen G, Russell JB. More monensin-sensitive, ammonia-producing bacteria from the rumen.
Appl Environ Microbiol. 1989;55:1052-7. https://doi.org/10.1128/aem.55.5.1052-1057.1989
Paster BJ, Russell JB, Yang CM]J, Chow JM, Woese CR, Tanner R. Phylogeny of the
ammonia-producing ruminal bacteria Peptostreptococcus anaerobius, Clostridium sticklandii,
and Clostridium aminophilum sp. nov. Int ] Syst Bacteriol. 1993;43:107-10. https://doi.
0rg/10.1099/00207713-43-1-107

Vos P, Garrity G, Jones D, Krieg NR, Ludwig W, Rainey FA, et al. Bergey’s manual of
systematic bacteriology. Vol. 3, The firmicutes. New York, NY: Springer; 2011.

Walker ND, Newbold CJ, Wallace RJ. Nitrogen metabolism in the rumen. In: Pfeffer E,
Hristov A, editors. Nitrogen and phosphorus nutrition of cattle: reducing the environmental
impact of cattle operations. Cambridge, MA: CABI Publishing; 2005. p. 71-115.

Ivan M. Comparison of duodenal flow and digestibility in fauna-free sheep inoculated with
Holotrich protozoa, Entodinium monofauna or total mixed protozoa population. Br ] Nutr.
2009;101:34-40. https://doi.org/10.1017/50007114508984245

Abou Akkada AR, Howard BH. The biochemistry of rumen protozoa. 3. The carbohydrate
metabolism of Entodinium. Biochem J. 1960;76:445-51. https://doi.org/10.1042/bj0760445
Nagasawa T, Uchida T, Onodera R. Exopeptidase activity of mixed rumen ciliate protozoa.
Anim Sci Technol (Jpn). 1992;63:481-7.

Newbold CJ, McKain N, Wallace R]. The role of protozoa in ruminal peptide metabolism. In:
Lloyd D, Coombs GH, Paget TA, editors. Biochemistry and molecular biology of “anaerobic”
protozoa. Chur: Harwood Academic; 1989. p.42-55.

https://www.ejast.org | 399



Interaction between Entodinium caudatum and an amino acid-fermenting bacteria

400 | https://www.ejast.org

45.

46.

47.

48.

49.

Krause DO, Russell ]B. An rRNA approach for assessing the role of obligate amino
acid-fermenting bacteria in ruminal amino acid deamination. Appl Environ Microbiol.
1996;62:815-21. https://doi.org/10.1128/aem.62.3.815-821.1996

Lane DJ. 165/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M, editors. Nucleic acid
techniques in bacterial systematics. Chichester, WS: John Wiley and Sons; 1991. p. 115-75.
Nadkarni MA, Martin FE, Jacques NA, Hunter N. Determination of bacterial load by real-
time PCR using a broad-range (universal) probe and primers set. Microbiology. 2002;148:257-
66. https://doi.org/10.1099/00221287-148-1-257

Tajima K, Aminov RI, Nagamine T, Matsui H, Nakamura M, Benno Y. Diet-dependent
shifts in the bacterial population of the rumen revealed with real-time PCR. Appl Environ
Microbiol. 2001;67:2766-74. https://doi.org/10.1128/AEM.67.6.2766-2774.2001

Patra AK, Yu Z. Effects of vanillin, quillaja saponin, and essential oils on in vitro fermentation
and protein-degrading microorganisms of the rumen. Appl Microbiol Biotechnol. 2014;
98:897-905. https://doi.org/10.1007/500253-013-4930-x

https://doi.org/10.5187/jast.2022.e111



