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The ratio of concentrate to forage within diets is known to alter rumen microbial profiles,
but comparatively less information is available on the effect of differing sources of
individual nutrients on the microbiome. The objective of this study was to investigate
rumen microbial responses to diets composed of protein and fiber sources expected to
vary in nutrient degradability. The responses of interest included relative abundances of
bacterial taxa as well as estimations of community richness and diversity. Ten ruminally
cannulated wethers (Suffolk, Dorset, or Suffolk x Dorset) received four diet treatments
consisting of either beet pulp or timothy hay and soybean meal (SBM) or heat-treated
soybean meal (HSBM) in a partially replicated 4 x 4 Latin square experiment for 21 days.
Timothy hay and beet pulp were expected to provide differing rumen degradabilities of
neutral detergent fiber (NDF) while the soybean meals were expected to provide differing
rumen degradabilities of crude protein (CP). Solid and liquid samples of rumen contents
were collected for microbial DNA isolation and Next-Generation sequencing. Numerous
rumen bacterial population shifts were observed due to change in fiber source, with
increased abundances (P < 0.05) of fibrolytic populations associated with timothy hay
diets compared with beet pulp diets. Conversely, populations of the pectin-degrading
genera, Treponema and Lachnospira, increased on the beet pulp treatment (P = 0.015
and P = 0.0049, respectively). Limited impact on bacterial taxa was observed between
diets differing in protein source. The Paraprevotellaceae genus YRC22 was observed
to increase in abundance on HSBM diets (P = 0.023) and the phylum Spirochaetes
tended to be more abundant on SBM than HSBM diets (P = 0.071). Beet pulp decreased
rumen bacterial diversity (P = 0.0027) and tended to decrease bacterial species richness
(P =0.051) compared to timothy hay. Our results serve to further underscore the
sensitivity of rumen microbes to changes in their preferred substrates, particularly of those
associated with fiber degradation.
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INTRODUCTION

The rumen ecosystem is composed of diverse and dynamic
populations of microorganisms, including bacteria, fungi, and
protozoa, that are responsible for the vast majority of feed
digestion by the host animal (Hungate et al., 1964; Krause et al.,
2013; Jewell et al., 2015). The energy harvested from volatile
fatty acids (VFA) produced through microbial fermentation of
plant material is estimated at 70% of the total metabolic energy
used by the ruminant (Bergman, 1990). In addition, 60-85% of
amino acids reaching the small intestine are supplied by rumen
microbial protein synthesis (Storm et al., 1983). The rumen
microbiome therefore serves as an important intermediate
between diet and animal performance (Mullins et al., 2013;
Gleason and White, 2018).

High-throughput ~ or  Next-Generation  sequencing
technologies, such as Illumina, have propelled investigations
of the rumen microbiome forward with their ability to rapidly
and economically sequence the bacterial 16S rRNA gene. Along
with bioinformatics techniques and pipelines, Next-Generation
sequencing has allowed for detailed characterization of the
microbiome, which has greatly enhanced our understanding of
this complex ecosystem (Lima et al., 2015). Common targets
of investigation include relative abundances of the major
bacterial taxa, in addition to estimates of species richness and
diversity. Variations in these measurements have been linked to
variations in livestock production traits, including milk yield and
components (Indugu et al., 2017; Wu et al., 2021), average daily
gain (Min et al.,, 2019), and feed efficiency (McLoughlin et al.,
2020).

Previous research has demonstrated that the microbial
community can be influenced by diet forage-to-concentrate ratio
(de Menezes et al., 2011; Carberry et al., 2012; Petri et al., 2013)
and by alterations in amounts of specific concentrate ingredients
(Callaway et al, 2010; Petri et al., 2014). However, little
information on the effects of differing nutrient degradabilities
is currently available. Therefore, our objective was to examine
how the rumen microbiome responds to supplies of protein and
fiber sources possessing differing degradability profiles of crude
protein (CP) and neutral detergent fiber (NDF), respectively.

MATERIALS AND METHODS

Animals, Experimental Design, and

Treatments

All animal use and procedures were approved by the Virginia
Tech Institutional Animal Care and Use Committee (Protocol
#18-096). Ten ruminally cannulated commercial wethers
(Suffolk, Dorset, or Suffolk x Dorset) were housed in individual
stalls at the Smithfield Farm, Virginia Tech, Blacksburg, VA.
All wethers were consuming a basic forage diet prior to study
enrollment. Wethers were ~1.5 years of age and weighed an
average of 62.1 *+ 6.6kg at trial commencement. Wethers
were assigned to treatments in a partially replicated 4 x 4
Latin square so that treatment groups were balanced for initial
body weight. Treatments were assigned using a 2 x 2 factorial
approach and included feedstuffs intended to supply varying

rumen degradabilities of CP and NDF. Soybean meal (SBM)
and heat-treated soybean meal (HSBM) were utilized as the CP
sources with high and low rumen degradabilities, respectively
(NRC, 2016). These meals were pelleted with alfalfa, corn, barley,
wheat middlings, trace mineral salt, and a sheep vitamin premix
(Table 1). Pelleted beet pulp (BP) and long timothy hay (TH)
represented the NDF sources, with BP expected to undergo a
faster rate of fiber degradation compared to TH (Van Soest et al.,
1991; DePeters et al., 1997). Diets were prepared by combining
the appropriate protein pellet with the appropriate fiber source
to create the 4 treatments: highly degradable CP plus lowly
degradable NDF (SBM-TH), highly degradable CP plus highly
degradable NDF (SBM-BP), lowly degradable CP plus lowly
degradable NDF (HSBM-TH), and lowly degradable CP plus
highly degradable NDF (HSBM-BP). Each animal consumed
each of the 4 diets for 21 days. Gradual diet adaptation occurred
during the first 3 days (with animals receiving 25, 50, and 75%
of their ration as the new diet on each day, respectively) and
100% of the diet treatment was offered for the remaining 18 days.
Upon the completion of a period, diet adaptation for the next
period began on the following day. Animals were fed once daily
at 0800 h. Clean, fresh water was available at all times.

Sample Collection and DNA Isolation
Fluid and solid samples of rumen contents from all animals were
collected at 0730 h on day 16 of each period. The remaining days

TABLE 1 | Ingredients and nutrient inclusion for each treatment diet?°.

Ingredient, % of DM SBM-TH HSBM-TH SBM-BP HSBM-BP
Alfalfa hay 10.0 9.9 10.1 10.1
Corn 16.0 15.7 19.2 19.9
Barley 16.0 15.7 19.2 19.9
Soybean meal 13.9 0.00 16.1 0.00
Soyplus 0.00 14.4 0.00 18.1
Timothy hay 235 20.6 0.00 0.00
Beet pulp 0.00 0.00 42.0 41.0
Wheat middlings 20.0 23.0 2.20 0.50
Trace mineral salt 0.74 0.88 0.54 0.55
Vitamin premix 0.74 0.88 0.54 0.55
Nutrient, %°

DM 96.2 96.2 96.2 96.2
CP 17.0 16.8 16.6 16.1
NDF 29.8 30.7 29.6 31.0
ADF 13.5 12.9 18.7 14.2
Lignin 2.1 1.80 1.96 2.19
Starch 27.3 26.6 27.9 24.9
Ash 4.87 4.22 4.79 4.96

aHSBM-TH, heat treated soybean meal and timothy hay;, SBM-TH, soybean meal and
timothy hay; HSBM-BR, heat treated soybean meal and beet pulp; SBM-BF, heat treated
soybean meal and beet puip.

bAlfalfa hay, corn, barley, wheat middlings, trace mineral salt, and vitamin premix were
incorporated into pellets along with either soybean meal or Soyplus to create the SBM
and HSBM treatments, respectively.

®Nutrient percentages are expressed on a DM basis except for DM, which is expressed
on an AF basis.
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of the period through d 21 were devoted to investigations into
rumen fermentation responses (Gleason et al., unpublished). The
early timing of rumen sampling in relation to feeding was chosen
so as to not interfere with other experimental activities that were
occurring around the same time (ruminal infusions and bolusing,
etc., intended for the separate publication mentioned). Contents
were collected via the cannula from the dorsal sac after slight
hand mixing and strained through 1 layer of gauze to separate
the fluid and solid fractions. Samples were stored in cryovials
at —80°C until total DNA extraction. Extraction was performed
on 0.5g of a liquid or solid sample using a QIAamp DNA stool
minikit (Qiagen, Valencia, CA) following the manufacturer’s
protocol. Sample DNA concentrations and 260/280 ratios were
obtained using a spectrophotometer (Epoch2 Microplate Reader,
Biotek, Winooski, VT). Extracted DNA was stored at —80°C until
further processing.

PCR Amplification, Next-Generation

Sequencing, and Bioinformatic Analysis

The universal primers 515F and 926R were chosen to amplify
the V4-V5 region of the 16S rRNA gene following the Earth
Microbiome Project protocol (https://www.earthmicrobiome.
org/). The PCR reaction mixture included 13.0 pL of PCR-
grade water, 1.0 pL of template DNA, 10 uM of each primer,
and 10.0 wL of 5PRIME HotMasterMix (2x) (Quantabio,
Beverly, MA). Samples were amplified in duplicate under
the following thermocycler conditions: 94°C for 3min for
initial denaturing, then 35 cycles of 94°C for 45s, 50°C for
60s, and 72°C for 90s. A final elongation step occurred at
72°C for 10min followed by a hold at 4°C. After pooling
duplicates, all amplicons were visualized on a 2% agarose
gel and quantitated on a Qubit fluorometer (Fisher Scientific,
Hampton, NH). Normalization was performed based on Qubit
results, and amplicons were purified on a Pippin Prep (Sage
Science, Beverly, MA) targeting a 520 bp range. Quantitative
PCR was then run on the pool. Amplicons were loaded
at 9.5 pM and sequenced using the MiSeq v3 600-cycle
kit on the Miseq platform (Illumina, Inc., San Diego, CA).
All sequences were submitted to the NCBI Sequence Read
Archive (accession# PRJNA753122). Sequence analyses were
conducted using the QIIME 2 bioinformatics platform version
2019.10 (Bolyen et al.,, 2019) following the protocol of Estaki
et al. (2020). Sequence quality filtering and denoising was
performed using Deblur (Amir et al,, 2017). Sequences were
then clustered into OTUs and taxonomic identities assigned
at a 97% identity cut-off using a naive Bayes classifier with
the Greengenes database as a reference (DeSantis et al., 2006).
Relative abundances of taxa were obtained by dividing the reads
assigned to a given taxon by the total number of reads present.
Richness and diversity estimates were obtained using the Core
Diversity command.

Statistical Analysis

Results were analyzed using the nlme package (Pinheiro et al.,
2020) in R version 3.6.1 (R Core Team, 2019). Response variables
included percent relative abundances of bacterial taxa at the
phylum, family, and genus levels, number of observed OTUs, and

Shannon diversity index value. Response variables were analyzed
using the linear model:

Vi =+ ai+ Bj +afij + e + di + eij,

where p represents the overall mean, «; is the effect of the
ith CP source, f; is the effect of the jth NDF source, af;; is
the interaction of CP source i and NDF source j, ¢, represents
the random effect of animal k, d; represents the random effect
of period I, and ey is the residual error associated with CP
source i, NDF source j, animal k, and period . Compound
Symmetry, Unstructured, and 1st Order Autoregressive residual
error variance structures were compared for each response
variable and the Akaike information criterion (AIC) was used to
assess model quality (Hurvich and Tsai, 1989). The model with
the lowest AIC value was subjected to ANOVA and least square
means were determined. Statistical significance was considered
when P < 0.05 and a tendency considered when 0.05 < P < 0.10.

RESULTS

Demultiplexed sequence counts totaled 14,851,796 reads with
a median length of 300 nucleotides and an average of 198,024
sequences per sample. The predominant bacterial phylum
identified was Bacteroidetes, ranging between 73.1 and 78.5%
relative abundance across treatment means in rumen fluid
(Table 2) and between 52.4 and 74.5% in rumen solids (Table 3).
Other phyla representing at least 1% mean relative abundance
included Firmicutes, Fibrobacteres, Proteobacteria, Spirochaetes,
Tenericutes, and Cyanobacteria in both fractions. Populations
of Fibrobacteres and Spirochaetes were considerably more
pronounced in the solid fraction than in fluid (Figures 1A,B),
which is consistent with previous observations (de Menezes et al.,
2011). Their representatives at the family level (Figures 2A,B)
and genus level (Figures 3A,B) also reflected these differences.
A number of taxonomic lines were found to display variation in
response to the different diet treatments. These belonged largely
to the predominant phyla identified, including Bacteroidetes,
Firmicutes, Spirochaetes, Tenericutes, and Verrucomicrobia.
Increases in relative abundance were mainly associated with
the TH treatment and decreases with the BP treatment, with
few exceptions.

Fiber Effects on Bacterial Composition

Bacteroidetes and its family S$24-7 increased (P = 0.014
and P = 0.0050, respectively; Table 3) in animals receiving
the TH treatment compared to those on the BP treatment.
Two additional Bacteroidetes families, Bacteroidaceae and
Prevotellaceae, tended to be more prominent in response to
the TH treatment (P = 0.089 and P = 0.080, respectively;
Table 3) as well as two genera, BF311 (P = 0.092; Table 3) and
YRC22 (P = 0.052; Table 2). Similarly, Firmicutes was more
abundant on the TH treatment than on BP (P = 0.0054; Table 3),
as were its families Clostridiaceae and Veillonellaceae (P =
0.0094 and P = 0.016, respectively; Table 3). Erysipelotrichaceae
and Ruminococcaceae populations tended to be less abundant
on BP as well (P = 0.088 and P = 0.064, respectively;
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TABLE 2 | LS means + SE for percent relative abundances of bacterial taxa identified in the rumen fluid fraction as differentiated by diet along with P values for the effects of protein source, fiber source, and the

interaction of protein and fiber source®®.

Taxonomic classification Diet P value
Phylum Family Genus SBM-TH HSBM-TH SBM-BP HSBM-BP Protein Fiber Protein x Fiber
Euryarchaeota (domain Archaea) 0.0113 +0.061 0.232 +0.061 0.157 +0.064 0.129 +0.064 0.39 0.45 0.24
Euryarchaeota (domain Archaea) Methanomassilicoccaceae 0.0950 +0.058 0.230 +0.058 0.121 +£0.062 0.118 +0.061 0.23 0.32 0.26
Bacteroidetes 785 +£4.5 731 £4.4 776 £4.7 78.6 £4.7 0.61 0.61 0.47
Bacteroidetes BS11 1.20 £0.74 0.0354 +£0.74 0.391 +£0.77 0.790 +£0.77 0.46 0.95 0.19
Bacteroidetes p-2534-18B5 1.76 £3.0 1.67 £3.0 715 £3.2 3.47 £3.1 0.57 0.27 0.57
Bacteroidetes Paraprevotellaceae 255 +£1.5 220 £1.5 1.78 £1.6 460 £1.5 0.38 0.74 0.28
Bacteroidetes Paraprevotellaceae CF231 193 £1.0 1.27 £1.0 117 £1.41 0.268 +1.1 0.42 0.25 0.89
Bacteroidetes Paraprevotellaceae YRC22 0.416 +0.31 0.424 +0.31 0.112 £0.32 2.04 £0.32 0.0072 0.052 0.0056
Bacteroidetes Porphyromonadaceae 0.155 +£0.14 0.202 +0.13 0.0291 £0.14 0.00406 +0.14 0.89 0.17 0.80
Bacteroidetes Prevotellaceae 58.3 £6.6 63.7 £6.6 64.3 £7.0 649 £7.0 0.66 0.48 0.71
Bacteroidetes Prevotellaceae Prevotella 58.0 £6.6 63.4 £6.6 64.0 £7.0 64.7 £7.0 0.65 0.47 0.72
Bacteroidetes RF16 0.180 +£0.19 0.299 +£0.19 0.186 +£0.20 0.268 +£0.20 0.56 0.78 0.92
Bacteroidetes S24-7 1.07 £0.39 0.758 +0.39 0.585 +0.41 0.325 £0.41 0.49 0.23 0.95
Cyanobacteria 0.0804 +£1.2 0.0968 +1.1 217 £1.2 1.84 £1.2 0.91 0.11 0.88
Fibrobacteres 3.58 £3.6 8.45 £3.6 3.48 £3.8 6.55 £3.8 0.30 0.75 0.81
Fibrobacteres Fibrobacteraceae 3.568 £3.6 8.45 £3.6 3.48 £3.8 6.55 £3.8 0.30 0.75 0.81
Fibrobacteres Fibrobacteraceae Fibrobacter 3.68 £3.6 8.45 £3.6 3.48 £3.8 6.55 £3.8 0.30 0.75 0.81
Firmicutes 8.20 £1.8 6.00 £1.8 4.85 £1.9 6.75 +1.86 0.93 0.31 0.23
Firmicutes Erysipelotrichaceae 3.98 +1.5 111 £1.56 1.27 £1.6 3.04 £1.6 0.68 0.60 0.1
Firmicutes Erysipelotrichaceae Asteroleplasma 256 +1.6 0.151 +£1.6 0.565 +1.6 1.31 £1.6 0.52 0.67 0.25
Firmicutes Erysipelotrichaceae RFN20 1.34 £0.48 0.655 +0.48 0.562 +0.50 0.268 +0.50 0.34 0.15 0.69
Firmicutes Erysipelotrichaceae Sharpea 0.0696 +0.62 0.285 +0.61 0.153 +0.65 1.44 £0.65 0.24 0.38 0.39
Firmicutes Lachnospiraceae 1.09 +£0.45 0.547 +£0.44 117 £0.47 1.68 +£0.47 0.81 0.27 0.33
Firmicutes Lachnospiraceae Butyrivibrio 0.266 +0.36 0.161 +0.36 0.469 +0.38 0.967 +0.37 0.59 0.22 0.41
Firmicutes Lachnospiraceae Lachnospira 0.0701 £0.11 0.0253 +£0.11 0.262 +£0.12 0.318 +£0.12 0.97 0.022 0.63
Firmicutes Lachnospiraceae Roseburia 0.571 +£0.21 0.166 +0.21 0.0379 +£0.22 0.0210 £0.22 0.29 0.15 0.37
Firmicutes Ruminococcaceae 1.73 £0.64 0.931 +£0.64 0.595 +0.68 0.263 +£0.67 0.40 0.14 0.72
Firmicutes Ruminococcaceae Oscillospira 0.274 £0.095 0.239 +0.095 0.0100 £0.10 0.0277 £0.10 0.87 0.015 0.76
Firmicutes Ruminococcaceae Ruminococcus 1.37 £0.60 0.575 +£0.60 0.547 +0.63 0.0985 +0.63 0.33 0.23 0.78
Firmicutes Veillonellaceae 0.704 +0.68 2.85 +£0.68 1.62 £0.72 0.894 +0.71 0.26 0.48 0.058
Firmicutes Veillonellaceae Acidaminococcus 0.0524 4 0.060 0.205 +0.060 0.0349 +£0.064 0.0688 +£0.063 0.15 0.24 0.31
Firmicutes Veillonellaceae Megasphaera 0.0826 +0.062 0.0644 +0.062 0.0324 +0.066 0.226 +0.066 0.22 0.27 0.10
Firmicutes Veillonellaceae Selenomonas 0.368 +0.70 2.10 £0.70 1.14 £0.74 0.263 +£0.74 0.52 0.51 0.082
Firmicutes Veillonellaceae Succiniclasticum  0.123 +£0.10 0.407 +£0.10 0.173 +£0.11 0.137 +£0.11 0.17 0.23 0.1
Proteobacteria 5.65 £2.1 7.06 £21 3.33 £2.2 255 £22 0.93 0.23 0.62
(Continued)
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Protein x Fiber
0.63
0.68
0.54
0.13
0.19
0.19
0.48
0.47

P value

Fiber
0.23
0.13
0.16

0.060
0.52
0.52

0.080

0.080
0.36
0.85

0.057

0.93
.65

0.53
0
0.071
0.36
0.36
0.15
0.15

Protein

HSBM-BP
25 +22
1.06 £1.2
271 £15

0.336 +£0.15

0.593 +1.1

0.593 +1.1
2.09 £1.3
2.09 £1.3

SBM-BP
329 £2.2
0.188 +£0.15
7.84 £1.5
3.08 +£1.1
3.08 +£1.1
4.73 £1.3
473 £1.3

0.748 £1.2

Diet

HSBM-TH
7.01 £21
191 £1.4
1.27 £1.0
1.27 £1.0

0.0306 +0.14

257 £1.2
0.644 £1.2
0.644 £1.2

SBM-TH
564 +2.1
0.00372 +0.14
373 £1.2
252 +1.4
0892 +1.0
0892 +1.0
163 £1.2
162 £1.2
0611 +£1.0

Ruminobacter
Succinivibrio
Sphaerochaeta
Treponema

Genus

Succinivibrionaceae
Succinivibrionaceae
Succinivibrionaceae
Sphaerochaetaceae
Sphaerochaetaceae
Spirochaetaceae

Spirochaetaceae

Taxonomic classification
Family

TABLE 2 | Continued
Proteobacteria
Proteobacteria
Proteobacteria
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes
Spirochaetes

Phylum

0.43
0.98
0.39
0.74
0.76

0.28
0.62

0.346 +1.1 0.625 +1.07

2.50 £1.0
0.444 +0.21

Tenericutes

0.403 +£0.22
0.0151 £0.15

0.311 +£0.22
0.0408 +£0.15

0.344 +0.21

Anaeroplasmataceae

Tenericutes

0.47
0.84
0.88

0.436 +£0.14

0.204 £0.15
0.406 £0.14

Anaeroplasma

Anaeroplasmataceae

Tenericutes

0.037

0.122 +£0.14
0.121 +£0.14

0.110 +£0.14
0.108 +£0.14

0.332 +£0.14

Verrucomicrobia

0.037

0.331 £0.13

0.396 +0.13

RFP12

Verrucomicrobia

aTaxa with relative abundances >0.1% for the 4 diet groups.

bHSBM-TH, heat treated soybean meal and timothy hay; SBM-TH, soybean meal and timothy hay; HSBM-BR heat treated soybean meal and beet pulp; SBM-BP heat treated soybean meal and beet pulp.

Bolded p-values in tables are significant or trends.

Table 3). The Firmicutes genera Acidaminococcus, Clostridium,
Oscillospira, Ruminococcus, and Succiniclasticum decreased in
abundance (P < 0.05; Tables 2, 3) in response to BP treatment.
Population decreases associated with BP were also observed
in Verrucomicrobia and its family RFP12 (P = 0.037 and P
= 0.037, respectively; Table 2) and in the Tenericutes family
Anaeroplasmataceae and its genus Anaeroplasma (P = 0.020
and P = 0.0081, respectively; Table 3). Tenericutes itself, along
with the family Coriobacteriaceae, and Coriobacteriaceae’s genus
Olsenella tended to be less abundant on BP compared to
the TH treatment (P = 0.083, P = 0.089, and P = 0.085,
respectively; Table 3). Methanomassiliicoccaceae also exhibited a
population decline when BP diets were fed (P = 0.021; Table 3).
The phylum Spirochaetes increased in abundance on the BP
treatment compared to TH (P = 0.013; Table 3). The family
Spirochaetaceae and genus Treponema reflected this effect as well
(P =10.015). The Firmicutes genus Lachnospira was also observed
to increase on the BP treatment (P = 0.0049; Table 3).

Protein Effects on Bacterial Composition
Few changes in bacterial community composition were observed
when protein source was varied, contrasting with the numerous
population shifts associated with differences in fiber source. The
phylum Spirochaetes tended to increase on SBM compared to
HSBM (P = 0.071; Table 2). The Paraprevotellaceae genus YRC22
was observed to increase in abundance on HSBM diets, and
this effect was consistent both in the fluid fraction (P = 0.0072,
Table 2) and solid fraction (P = 0.023; Table 3).

Richness and Diversity Responses

Richness and diversity of the rumen microbiome varied with fiber
source, but not protein source. Shannon diversity of the solid
fraction samples was greater in animals consuming TH compared
to BP (P = 0.0027; Table 4). The number of OTUs identified
tended to increase on TH diets compared to BP diets (P = 0.051;
Table 4).

DISCUSSION

Bacterial Population Shifts Associated
With Fiber Source

The majority of microbial variation due to fiber source was
identified in the solid ruminal fraction compared to the fluid
fraction. This was unsurprising given that fibrolytic activity
would be most prominent in the fiber mat of the rumen.
Fibrolytic activities are abundant within the Bacteroidetes
phylum (Terrapon et al., 2015). Because Bacteroidetes is generally
the most prominent phylum in the rumen and cellulose is
the main energy source of ruminants (Ensminger et al., 1990),
it is logical that this bacterial group would be sensitive to
changes in the fiber substrate provided. The responses to
alterations in fiber source demonstrated by Bacteroidetes, its
families S24-7, Bacteroidaceae and Prevotellaceae, and its genera
BF311 and YRC22 that we observed are consistent with this
logic. Bacteroidaceae, Prevotellaceae and S24-7 are known to be
involved in digestion of fiber (Lan et al., 2006; Ivarsson et al.,
2014; Gamage et al., 2018). Even though the Bacteroidaceae genus
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TABLE 3 | LS means + SE for percent relative abundances of bacterial taxa identified in the rumen solid fraction as differentiated by diet along with P values for the effects of protein source, fiber source, and the

interaction of protein and fiber source®®.

Taxonomic classification Diet P value
Phylum Family Genus SBM-TH HSBM-TH SBM-BP HSBM-BP Protein Fiber Protein x Fiber
Euryarchaeota (domain Archaea) 0.447 +0.23 0.670 +£0.22 0.408 +0.23 0.155 +£0.23 0.91 0.15 0.30
Euryarchaeota (domain Archaea) Methanomassilicoccaceae 0.436 +£0.19 0.666 +0.18 0.165 +0.19 0.129 +£0.19 0.46 0.021 0.48
Euryarchaeota (domain Archaea) Methanomassiliicoccaceae vadinCA11 0.172 £0.071 0.160 +0.067 0.0862 +0.071 0.0730 £0.071 0.95 0.17 0.99
Actinobacteria 0.334 £0.13 0.176 +£0.12 0.0471 £0.12 0.0334 +£0.13 0.43 0.12 0.55
Actinobacteria Coriobacteriaceae 0.162 £0.067 0.144 +£0.064  0.0382 £0.067  0.08310 +£0.067 0.77 0.089 0.93
Actinobacteria Coriobacteriaceae Olsenella 0.139 £0.061 0.140 +£0.058 0.0339 +0.061 0.0268 +0.061 0.90 0.085 0.94
Bacteroidetes 745 £5.7 73.3 £54 52.4 £5.7 65.9 +£5.6 0.26 0.014 0.17
Bacteroidetes BS11 0.0634 +0.33 0.0186 +0.31 0.0847 +0.33 0.657 +0.33 0.43 0.33 0.34
Bacteroidetes Bacteroidaceae 0.128 +£0.038  0.0147 +£0.086 0.00685 +0.038 0.00233 =+ 0.037 0.13 0.080 0.16
Bacteroidetes Bacteroidaceae BF311 0.122 £0.088  0.0103 £0.036 0.00369 +0.038 0.000362 +0.038 0.15 0.092 0.16
Bacteroidetes p-2534-18B5 0.0356 +1.5 112 £1.4 1.34 £1.5 278 £1.5 0.37 0.38 0.92
Bacteroidetes Paraprevotellaceae 1.77 £0.92 2.27 +£0.87 1.03 £0.92 3.16 £0.92 0.15 0.93 0.37
Bacteroidetes Paraprevotellaceae CF231 0.448 +0.26 0.419 +£0.25 0.403 +0.26 0.284 +0.26 0.81 0.54 0.85
Bacteroidetes Paraprevotellaceae YRC22 0.572 +0.30 1.12 £0.29 0.282 +0.30 1.16 +£0.30 0.023 0.71 0.57
Bacteroidetes Porphyromonadaceae 0.167 +£0.15 0.134 +£0.15 0.130 +£0.15 0.122 +£0.15 0.40 0.26 0.61
Bacteroidetes Prevotellaceae 60.0 £7.0 59.9 £6.7 426 £7.0 529 £7.0 0.43 0.089 0.42
Bacteroidetes Prevotellaceae Prevotella 58.9 £7.0 59.0 £6.7 421 £7.0 526 £7.0 0.42 0.11 0.42
Bacteroidetes RF16 0.123 +£0.11 0.128 +£0.11 0.0395 +0.11 0.220 +0.11 0.37 0.89 0.44
Bacteroidetes S24-7 4.20 £1.0 4.08 £0.97 2.04 £1.0 0.396 +1.0 0.32 0.0050 0.42
Cyanobacteria 0.199 +0.75 0.0954 +0.72 1.06 £0.76 1.36 £0.75 0.96 0.16 0.79
Elusimicrobia 0.0437 +£0.13 0.221 +£0.12 0.0297 £0.13  0.00133 £0.13 0.54 0.37 0.43
Fibrobacteres 4.60 £3.5 8.41 £3.3 141 £3.5 7.23 £35 0.71 0.24 0.14
Fibrobacteres Fibrobacteraceae 4.60 £3.5 8.41 £3.3 141 £3.5 7.23 £35 0.71 0.24 0.14
Fibrobacteres Fibrobacteraceae Fibrobacter 4.60 £3.5 8.41 £3.3 141 £3.5 7.23 £35 0.71 0.24 0.14
Firmicutes 10.3 £1.8 7.93 £1.7 467 £1.8 465 +£1.8 0.44 0.0054 0.43
Firmicutes Clostridiaceae 0.341 +£0.11 0.268 +0.11 0.0380 +0.11 0.0293 +£0.11 0.68 0.0094 0.74
Firmicutes Clostridiaceae Clostridium 0.341 £0.11 0.268 +0.11 0.0380 +0.11 0.0293 +£0.11 0.68 0.0094 0.74
Firmicutes Erysipelotrichaceae 3.13 £1.1 2.83 £1.0 1.48 £1.1 1.04 £1.1 0.71 0.088 0.94
Firmicutes Erysipelotrichaceae Asteroleplasma 0.808 +0.47 0.0383 +0.44 0.287 +£0.47 0.377 +£0.46 0.43 0.74 0.29
Firmicutes Erysipelotrichaceae RFN20 0.730 +£0.30 0.536 +0.28 0.396 +0.30 0.134 +£0.30 0.52 0.12 0.90
Firmicutes Erysipelotrichaceae Sharpea 1.66 +£0.87 2.16 +£0.83 0.766 +0.87 0.470 +£0.868 0.90 0.19 0.58
Firmicutes Lachnospiraceae 2.37 £0.46 1.69 +£0.43 1.66 +£0.46 1.62 £0.45 0.34 0.43 0.39
Firmicutes Lachnospiraceae Butyrivibrio 1.63 £0.34 0.927 +£0.32 0.797 +£0.34 0.850 +£0.34 0.32 0.19 0.26
Firmicutes Lachnospiraceae Coprococcus 0.0478 +0.030 0.107 +£0.028 0.00635 +0.030 0.0447 +0.030 0.12 0.12 0.73
Firmicutes Lachnospiraceae Lachnospira 0.0128 £0.054  0.0035 +0.051 0.163 +0.054 0.148 +£0.054 0.72 0.0049 0.99
(Continued)
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TABLE 3 | Continued

Taxonomic classification Diet P value
Phylum Family Genus SBM-TH HSBM-TH SBM-BP HSBM-BP Protein  Fiber Protein x Fiber
Firmicutes Lactobacillaceae 0.221 £0.10 0.100 £0.099  0.0200 £0.10  0.00124 +0.10 0.51 0.16 0.62
Firmicutes Lactobacillaceae Lactobacillus 0.221 £0.10 0.100 £0.099  0.0200 £0.10  0.00124 +0.10 0.51 0.16 0.62
Firmicutes Ruminococcaceae 0.985 +0.37 1.156 £0.35 0.297 +£0.37 0.443 +£0.37 0.64 0.064 0.98
Firmicutes Ruminococcaceae Ruminococcus 0.880 +£0.35 1.04 £0.33 0.176 +£0.35 0.300 +0.35 0.65 0.048 0.96
Firmicutes Veillonellaceae 1.45 +£0.27 1.36 £0.25 0.768 +0.27 0.644 +£0.27 0.72 0.016 0.95
Firmicutes Veillonellaceae Acidaminococcus 0.314 £0.074 0.236 +0.070 0.137 +£0.074 0.0965 +£0.074 0.33 0.041 0.78
Firmicutes Veillonellaceae Megasphaera 0.242 +£0.12 0.0261 £0.11 0.0433 £0.12 0.0136 £0.12 0.27 0.43 0.43
Firmicutes Veillonellaceae Mitsuokella 0.158 +0.050 0.118 £0.048  0.0835 +0.050 0.145 +£0.050 0.96 0.85 0.32
Firmicutes Veillonellaceae Selenomonas 0.200 £+0.099 0.313 +£0.094 0.221 £0.099  0.0727 £0.099 0.94 0.24 0.19
Firmicutes Veillonellaceae Succiniclasticum  0.486 +0.17 0.637 +£0.16 0.149 +£0.17 0.163 +£0.17 0.51 0.0099 0.65
Planctomycetes 0.232 £0.12  0.00466 +0.11 0.0475 £0.12  0.00170 £0.12 0.26 0.40 0.44
Planctomycetes Pirellulaceae 0.232 £0.12  0.00466 +0.11 0.0475 £0.12  0.00170 £0.12 0.26 0.40 0.44
Proteobacteria 1.63 +£0.63 1.44 £0.59 0.862 +0.63 1.23 £0.62 0.94 0.51 0.66
Proteobacteria Succinivibrionaceae 1.65 +£0.62 1.36 £0.59 0.827 +£0.62 1.20 £0.62 0.93 0.56 0.65
Proteobacteria Succinivibrionaceae Ruminobacter 0.220 +0.095 0.0332 £0.090 0.0569 +£0.95 0.0106 £0.095 0.27 0.26 0.46
Proteobacteria Succinivibrionaceae Succinivibrio 1.18 £0.49 0.327 +£0.46 0.231 +£0.49 0.930 +£0.49 0.74 0.94 0.12
Spirochaetes 6.69 +6.1 5.62 +5.8 25.6 +6.1 18.7 £6.0 0.47 0.013 0.61
Spirochaetes Sphaerochaetaceae 0.212 +£0.20 0.196 +0.19 0.571 +£0.20 0.239 +£0.20 0.30 0.27 0.34
Spirochaetes Sphaerochaetaceae Sphaerochaeta 0.212 +£0.20 0.196 +0.19 0.571 +£0.20 0.239 +£0.20 0.30 0.27 0.34
Spirochaetes Spirochaetaceae 6.50 +£6.1 542 +5.8 251 +6.1 18.5 +£6.1 0.50 0.015 0.63
Spirochaetes Spirochaetaceae Treponema 6.48 +6.1 542 +5.8 25.1 +6.1 18.5 £6.1 0.50 0.015 0.63
SR1 0.421 +£0.50 0.420 +£0.50 0.422 +£0.50 0.426 +0.50 0.64 0.16 0.38
Tenericutes 0.749 +£0.43 1.51 £0.40 0.450 +£0.43 0.244 +£0.43 0.49 0.083 0.26
Tenericutes Anaeroplasmataceae 0.442 +0.19 0.645 +0.18 0.166 +0.19 0.121 +£0.19 0.56 0.020 0.47
Tenericutes Anaeroplasmataceae Anaeroplasma 0.401 +0.18 0.644 +0.18 0.0866 +0.18 0.0159 £0.18 0.53 0.0081 0.37

aTaxa with relative abundances >0.1% for the 4 diet groups.
bSBM-TH, heat treated soybean meal and timothy hay; SBM-TH, soybean meal and timothy hay; HSBM-BF, heat treated soybean meal and beet pulp; SBM-BP. heat treated soybean meal and beet pulp.
Bolded p-values in tables are significant or trends.
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FIGURE 1 | (A) Phylum-level composition of bacteria identified in the rumen fluid fraction as differentiated by diet. The category “Other” is comprised of taxa with
relative abundances < 1.0% for all diets. (B) Phylum-level composition of bacteria identified in the rumen solid fraction as differentiated by diet. The category “Other” is

BF311’s substrate preferences have yet to be fully characterized
(Bi et al., 2018), observations of increased abundance in goats
when hay was fed also support an involvement in forage fiber
degradation (Zhang et al., 2018). The same experiment reported
similar behavior of YRC22 (Zhang et al., 2018). Our observations

of fiber effects on Bacteroidetes and its family S24-7, as well as
tendencies for Prevotellaceae, Bacteroidaceae, BF311, and YRC22
to be affected by fiber source may reflect their known (or
probable) functional roles and indicate sensitivity to changes in
their substrate.
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Like Bacteroidetes, the Firmicutes phylum was more abundant ~ known about their substrate preferences. Ruminococcus and
on the TH treatment than on BP and the population shifts that  Clostridium, both Firmicutes genera, have been established as
we observed in its members are logical given what is currently ~ prominent fiber digesters in the rumen (Preston and Leng, 1987;
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FIGURE 3 | (A) Genus-level composition of bacteria identified in the rumen fluid fraction as differentiated by diet. The category “Other” is comprised of taxa with
relative abundances < 1.0% for all diets. (B) Genus-level composition of bacteria identified in the rumen solid fraction as differentiated by diet. The category “Other” is

comprised of taxa with relative abundances < 1.0% for all diets.

Chesson and Forsberg, 1997). Oscillospira and Succiniclasticum
are also cellulolytic and have been shown to increase as the
dietary forage-to-concentrate ratio increases (Mackie et al,
2003; Han et al,, 2019). Additionally, fiber has been shown to

stimulate Acidaminococcus populations in vitro (Gong et al.,
2019). Although we only observed a tendency of the family
Erysipelotrichaceae to increase on TH, previous research has
demonstrated greater prominence of this family in cattle
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TABLE 4 | LS means + SE for alpha diversity metrics of the bacterial community identified in the rumen fluid and solid fractions as differentiated by diet along with P
values for the effects of protein source, fiber source, and the interaction of protein and fiber source?®.

Diet P value

Measurement SBM-TH HSBM-TH SBM-BP HSBM-BP Protein Fiber Protein x Fiber
Fluid fraction

Observed OTUs 167 +23 172 £23 162 £24 163 +24 0.84 0.31 0.92
Shannon diversity 3.73 £0.30 411 £0.30 3.62 +£0.31 3.7 £0.31 0.27 0.19 0.52
Solid fraction

Observed OTUs 229 +30 207 +28 176 +£30 154 +29 0.53 0.051 0.99
Shannon diversity 4.62 +£0.30 4.78 +£0.29 3.87 +£0.30 3.85 +£0.30 0.69 0.0027 0.75

8HSBM-TH, heat treated soybean meal and timothy hay;, SBM-TH, soybean meal and timothy hay; HSBM-BR, heat treated soybean meal and beet pulp; SBM-BPR, heat treated soybean

meal and beet pulp, OTUs, operational taxonomic units.
Bolded p-values in tables are significant or trends.

consuming hay as a forage source compared to corn silage or
grass silage (Deusch et al., 2017). Our results serve to further
underscore the sensitivity of these taxa to changes in their
fiber substrate.

Our observations of the responses of Actinobacteria,
Tenericutes, and Verrucomicrobia members to changes in
fiber source parallel similar findings in the literature. The
Verrucomicrobia family RFP12 has been shown to decrease
in abundance as dietary forage content is decreased (Plaizier
et al., 2017). Anaeroplasma, a Tenericutes genus, has been
correlated with fiber digestion (Niu et al., 2015), and Olsenella,
an Actinobacteria genus, has been suggested to participate
prominently in the degradation of ryegrass (Huws et al,
2016). Our results indicate that these taxa are more strongly
associated with the degradation of cellulose and hemicellulose
in forages than with the degradation of soluble fiber in beet
pulp. The behavior of Methanomassiliicoccaceae in response
to forage or fiber content appears to be less clear. The sole
Archaeal family in our report, Methanomassiliicoccaceae has
been reported to decrease in abundance when dietary forage
level was reduced (Zhu et al., 2018), but has also been observed
to increase as forage fiber was replaced with wheat bran and soy
hulls as non-forage fiber sources (Wang et al., 2018), in direct
contradiction to our findings. Additional work is necessary to
fully characterize the effects of forage fiber vs. non-forage fiber
on Methanomassiliicoccaceae.

Contrasting with the previous taxa mentioned above, the
phylum Spirochaetes was approximately 3 to 4 times more
abundant in animals on the BP treatment compared to
those receiving TH. The effect was demonstrated by its
family Spirochaetaceae and genus Treponema as well. The
Firmicutes genus Lachnospira was the only other taxonomic
group displaying a population increase in association with the
BP treatment rather than a decrease. This response is most
likely due to the high pectin content of beet pulp (Codling
and Woodman, 1929). Treponema and Lachnospira are both
known to be involved in pectin degradation (Wojciechowicz
and Ziolecki, 1979; Kasperowicz, 1994). Previous research has
also demonstrated increased abundances of these genera in
response to stimulation by pectin (Liu et al., 2015; Bang et al.,
2018), and according to Liu et al. (2015), ruminal Treponema

populations were “remarkably supported” by the provision of
pectin. The positive responses we observed in these taxa provide
further evidence of their sensitivity to pectin content and broadly
underscore the significance of substrate availability in influencing
microbial population shifts.

Numerous investigations have evaluated the effects of hay
inclusion on the rumen microbial community within the context
of comparing different forage-to-concentrate ratios (Fernando
et al., 2010; Hook et al.,, 2011; Klevenhusen et al., 2017; Zhang
etal,, 2017). The recurring theme throughout these studies is that
fibrolytic bacterial populations increase when forage content is
increased, in agreement with our observations. Comparatively
less research attention, however, has been dedicated to rumen
microbial changes on beet pulp-based diets and to our
knowledge, no studies have utilized BP as a replacement for
forage in the diet and compared differences in the microbial
profiles. Studies have instead focused on using BP as a high-
fiber/low-starch energy source to replace starchy concentrate
feeds (Zhao et al., 2013; Miinnich et al., 2018). Nonetheless, these
studies have still observed reductions in fiber-degrading bacterial
populations in response to BP treatment, which is consistent with
our findings (Zhao et al, 2013; Miinnich et al., 2018). These
results suggest that the optimal type of fiber substrate likely differs
between various bacterial populations involved in its breakdown
and that fibrolytic species may not be supported as adequately
by non-forage fiber sources. This highlights the need for future
ruminant nutrition work to move away from broad classification
of nutrients and toward characterizing specific substrate supplies.

Bacterial Population Shifts Associated

With Protein Source

In contrast to the microbial responses associated with fiber type,
very little microbial variation was evident when protein
source was varied. Major taxa associated with ruminal
protein degradation, including Butyrivibrio, Prevotella, and
Ruminobacter (Mackie et al., 2001; McDonald et al., 2011)
displayed similar relative abundances across diet treatments,
appearing to indicate no sensitivity to the provision of heat-
treated vs. non-treated SBM. The sole population shift that we
observed was that of the Paraprevotellaceae genus YRC22, which
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increased in abundance on the HSBM treatment compared to
SBM. A tendency for the Spirochaetes phylum to increase in
abundance on SBM was also noted. These responses may be
evidence of involvement in protein metabolism. Some members
of Spirochaetes have been observed to produce enzymes with
roles in peptide degradation, including trypsin, chymotrypsin,
and arylamidases (Nordhoff et al., 2005; Newbrook et al., 2017).
Because our observed shift in Spirochaetes was quite minimal,
however, more research is necessary to clarify the sensitivity
of this phylum to changes in protein source. YRC22 has been
described as a minor genus with relatively unknown function
(Zhu et al, 2018). Previous research has identified a strong
correlation between YRC22 abundance and concentrations
of certain amino acids in rumen fluid, leading investigators
to conclude this genus may be involved in their metabolism
to some degree (Hua et al., 2017). The sensitivity of YRC22
to changes in protein source that we observed provides
additional evidence of a potential link with the processing or
utilization of protein and, along with its response to our fiber
treatments, underscores the need for further investigation of
this genus.

As explained above, our protein treatments were represented
by SBM and heated SBM. Treating SBM with heat leads to
denaturation of proteins, which may decrease their solubility
and slow their ruminal degradation rate (Russell et al., 1992).
Decreased ruminal availability of SBM protein due to heat
treatment is well documented in both cattle (Plegge et al,
1985; Ljokjel et al., 2000; Borucki Castro et al., 2007) and
sheep (Glimp et al, 1967; Demjanec et al., 1995), but very
little research has investigated the impacts on rumen microbial
populations. Plegge et al. (1985) reported that heat treatment of
SBM did not impact rumen bacterial protein synthesis efficiency
or bacterial nitrogen flow, but no information of the effects on
the microbial populations themselves was available. Investigators
evaluating the substitution of SBM with dried distillers grains
with solubles (DDGS) observed no rumen bacterial population
changes in cattle (Castillo-Lopez et al,, 2017) or sheep (Shen
et al., 2020). Although this protein source substitution differed
from our experiment, it bears the similarity that DDGS possesses
a higher proportion of rumen-undegradable protein (RUP) to
rumen-degradable protein (RDP) compared to SBM (NRC,
2016). The results of these studies and ours indicate that the
rumen microbiome is resistant to change in terms of population
dynamics due to heat treating SBM or substituting it with another
protein feed. Additionally, the high amount of CP present in our
diets made it unlikely that the animals were deficient in RDP.
This provides another reason for the lack of sensitivity to protein
source that we observed.

Overall, our investigation was unable to detect widespread
change in bacterial population dynamics due to protein source.
A similar observation was made by Gong et al. (2019), who
reported that gut microbial growth patterns displayed a weaker
correlation with protein than with carbohydrates. Aside from
the likely absence of RDP-deficient conditions in our study,
the limited overall effect of protein source on the rumen
microbial community compared to fiber source may be due
to the fact that plant fiber is the main nutrient source that

the rumen microbiome has evolved to process and that vast
numbers of rumen bacterial taxa are directly involved in
fibrolytic activities (Hobson and Stewart, 1997). Additionally,
rumen bacteria have the capability of utilizing recycled urea
as a source of nitrogen for synthesizing their own microbial
proteins (McDonald et al., 2011). It is therefore possible that the
microbiome is comparatively less sensitive to changes in dietary
protein solubility than it is to variations in fiber characteristics.

Microbial Richness, Diversity, and Links

With Productive Efficiency

While unchanged by protein source, Shannon diversity of the
microbiome was observed to decrease in response to the BP
treatment compared to the TH treatment. Similarly, the number
of identified OTUs tended to be lower on the BP treatment.
The number of OTUs is an indication of species richness of the
microbiome whereas Shannon diversity is a measure of species
representation. Previous reports have found that richness and
diversity may be sensitive to diet forage-to-concentrate ratio,
with richness and diversity greatest on forage diets and lowest
at high levels of concentrate feeding (Petri et al., 2013; Zhang
et al., 2017). Our results indicate that the type of fiber source,
rather than just fiber concentrations, may also influence these
metrics because we balanced our experimental diets to have
similar concentrations of NDF. The decline in Shannon diversity
and the tendency for the number of OTUs to decline with
BP treatment also appears to mirror the bacterial population
decreases associated with the BP diets discussed above.

Lower levels of richness and diversity have been linked with
increased feed efficiency and reduced methane production in
cattle (Shabat et al., 2016). According to Shabat et al. (2016),
efficient rumen microbiomes are composed of a smaller number
of more dominant taxa that utilize a narrower range of metabolic
pathways and produce metabolites that are more closely aligned
with the energetic needs of the host. Less efficient microbiomes
can be characterized by more diverse populations that employ
a wide range of metabolic pathways, some of them resulting
in greater energy loss, such as through methane production
(Shabat et al.,, 2016). Methane represents wasted dietary energy
for the animal as it cannot be absorbed and also contributes
to agricultural greenhouse gas emissions (Johnson and Ward,
1996). The reduction in abundance of the methanogen family
Methanomassiliicoccaceae that we observed may be further
evidence that substituting TH with BP could potentially shift
the microbiome in a more energetically efficient direction. This
family is poorly characterized, however, and additional research
is necessary to clarify its contribution to ruminant methane
production (Huang et al., 2016). Two bacterial taxa that were
also observed to decrease in abundance on BP diets, Clostridium
and Succiniclasticum, have been previously linked with poor feed
efficiency in growing steers (Hernandez-Sanabria et al., 2012;
Myer et al., 2015). Because we utilized mature wethers in our
experiment and measuring emissions was outside our study
scope, further work will be needed to confirm if the taxonomic
shifts we observed would result in improved growth efficiency
and lower methane production.
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CONCLUSIONS

In this study, we sought to explore rumen microbial responses
to differing dietary sources of fiber and protein and, in doing
so, further the understanding of the complex relationship
between the rumen microbiome and diet. The responses
we observed indicate that nutrient source, rather than
simply nutrient concentration, exerts a marked impact
on bacterial population dynamics in the ovine rumen
microbiome. Additional research is required to determine
if the differing nutrient sources utilized in our study and their
subsequent influence on the rumen microbiome may translate
into biologically and economically relevant alterations in
livestock performance.
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