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ABSTRACT

Microbial composition of the gastrointestinal tracts is an important factor affecting the variation in feed
efficiency in ruminants. Several studies have investigated the composition of the ruminal and fecal micro-
biotas, as well as their impacts on feed efficiency and digestion. In addition, next-generation DNA
sequencing techniques have allowed us to gain a better understanding of such microbiomes. In this study,
the beef cattle microbiome data were analyzed using both a multivariate and a univariate approach and
the results were compared. Moreover, a statistical procedure to classify calves in two groups with
extreme Residual Feed Intake (RFI) values, using their microbiota profile, was developed. Both fecal
and ruminal samples were collected from 63 Angus steers at two different time points for evaluation
of their microbiomes: at the beginning and at the end of the feedlot. An additional fecal sample was col-
lected at weaning. A total of 149 and 119 bacterial families (BFs) were retrieved from the ruminal and
fecal samples, respectively. A Canonical Discriminant Analysis (CDA) was used to investigate whether
BFs were able to distinguish between rumen and fecal samples. A sub-sample of 28 steers was divided
in two groups based on their feed efficiency status: positive or negative for RFI. Fecal samples collected
at weaning were used to assign the positive and negative RFI animals to their corresponding groups using
both Stepwise Discriminant Analysis and CDA. Results revealed that CDA was able to distinguish between
rumen and fecal samples. Peptostreptococcaceae was the family most associated with the fecal samples,
whereas Prevotellaceae the most associated with the ruminal samples. The CDA using 19 BFs selected
from the stepwise was able to correctly assign all animals to the proper RFI groups (negative or positive).
Rhizobiaceae was the family most associated with negative RFI, whereas Comamonadacea was the family
most linked with positive RFI. The results from this study showed that the multivariate approach can be
used to improve microbiome data analysis, as well as to predict feed efficiency in beef cattle using infor-

mation derived from the fecal microbiome.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Implications

Introduction

Microbiome composition represents one of the biological fac-
tors associated with feed efficiency in ruminants. In recent years,
this association has become a major research topic. This study
demonstrated how to use a multivariate approach to highlight dif-
ferences between rumen and fecal samples, as well as to predict
feed efficiency. Our results, which need to be verified using both
larger samples and different breeding situations, showed that it
is possible to predict feed efficiency in steers based on the compo-
sition of their fecal microbiomes.

* Corresponding author at: Viale Italia 39, Sassari (SS) 07100, Italy.
E-mail address: acesarani@uniss.it (A. Cesarani).
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In recent years, the number of studies on livestock microbiome
has rapidly increased due to the assessment of relevant associa-
tions between microbiota composition and production traits
(Lourenco et al., 2019, Krause et al.,, 2020, Welch et al., 2020,
Williamson et al., 2022). Several studies have also investigated
the relationship between the microbiota and dietary changes
(Correddu et al., 2019; Buffa et al., 2020; Monteiro et al., 2022). Sig-
nificant technological achievements have contributed to improve
the amount and quality of data available to study the microbiota.
The development of next-generation DNA sequencing techniques
and the wide utilization of metagenomics represents a fundamen-
tal step in microbiome investigation: they allow the identification
of a larger number of microorganisms compared to previous

1751-7311/© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.animal.2024.101102&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.animal.2024.101102
http://creativecommons.org/licenses/by/4.0/
mailto:acesarani@uniss.it
https://doi.org/10.1016/j.animal.2024.101102
http://www.sciencedirect.com/science/journal/17517311

M. Congiu, J. Lourenco, A. Cesarani et al.

technologies based on in vitro methods (Escobar-Zepeda et al.,
2015) and to identify microbes present in complex biological
matrices through DNA sequencing (Matthews et al., 2019). More
recently, most of the studies investigating the rumen or fecal
microbiomes have been based on methods of high-throughput
sequencing, particularly of the 16S rRNA gene, which allows the
characterization of prokaryotes in complex biological mixtures
such as gastrointestinal samples.

Knowing the microbial composition of the gastrointestinal tract
is of great importance for the evaluation of feed efficiency and
digestion. Many studies have reported a close relationship between
feed efficiency and the bovine microbiota (Myer et al., 2015, Welch
et al., 2020). Residual feed intake (RFI) is a measure of feed effi-
ciency that is defined as the difference between actual and pre-
dicted feed intake based on body size and growth (Nkrumah
et al., 2006; Arthur and Herd, 2008). Therefore, animals with low
RFI, i.e., those that eat less than expected, are considered more effi-
cient in their use of feed than those with high RFI. Selecting ani-
mals for feed efficiency could improve the sustainability of
livestock farms. However, phenotyping of individual feed intake
is expensive and time consuming, so, the identification of effi-
ciency predictors is crucial, especially if an animal feed efficiency
potential can be evaluated earlier in life, such as at weaning.

In cattle, differences in both ruminal and fecal microbiotas have
been reported based on RFI classification (Shabat et al., 2016,
Lourenco et al., 2022a, Zhou et al., 2023). While the collection of
ruminal samples requires an invasive method such as fistulation
or sampling through esophageal tubing to reach the rumen, fecal
samples can be easily obtained from the rectum of the animal, sim-
ply by using a sterile glove. Several studies have highlighted the
differences between the ruminal and fecal microbial taxonomic
profile, in terms of both diversity and composition of bacterial fam-
ilies (BFs) (Welch et al., 2020; Lourenco et al., 2020; Zhou et al,,
2023). This conclusion, however, was reached using univariate sta-
tistical approaches such as Student’s t-test or ANOVA models,
which do not consider the effects of other BFs when a single family
is being individually analyzed.

In the present study, a multivariate statistical procedure was
exploited to analyze BF differences in the rumen and feces of beef
cattle. Unlike the univariate approach, the multivariate one is able,
by definition, to capture multiple correlations among variables, the
BF in this case, and highlight groups of BF whose presence or abun-
dance are closely linked to each other. Then, a statistical procedure
to classify calves into two groups with extreme RFI values, using
the fecal microbiota profile, was developed.

Material and methods
Animals

The present study used animals that are part of an ongoing
research in which the purpose is to investigate the performance
of steers sired by Angus bulls that were divergently selected for
residual average daily gain and marbling scores (Detweiler et al.,
2019). For this study, 63 Angus steers, born in spring 2018 and
belonging to a line selected for marbling and feed conversion, were
enrolled (Lourenco et al., 2022b). All steers were raised together
and were part of the same contemporary group. Animals were
raised in a farm located in Calhoun (GA, US, 34°30' N, 84°57" W)
of the University of Georgia’s research and education center, and
they were weaned at 7.5 months of age. Until weaning, the steers
were raised without the addition of grains in their diets, which was
composed of milk, forage, and free-choice minerals. The forage
comprised of a mixture of Tall fescue (Festuca arundinacea) and
Bermudagrass (Cynodon dactylon). The free-choice mineral con-
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tained 14% Mg, 12% Ca, 9% NaCl, 6% P, 3% K, 0.62% S, 0.06% F,
5 075 ppm Zn, 3 055 ppm Mn, 2 500 ppm Cu, 920 ppm Fe, 120
ppm I, 46 ppm Co, and 27 ppm Se (Godfrey’s Feed, Madison, GA,
USA). After weaning, the steers were backgrounded for approxi-
mately 5 months in a pasture-based system with the inclusion of
some grains and co-products in their diet (3.6 kg/day of a mixture
of 50% corn gluten feed and 50% soybean hulls). The steers were
then transferred to a feedlot located in Brasstown (NC, US, 35°10
N, 83°23’ W) at about 13 months of age. Following an adaptation
period, feed intake of all steers was measured using a GrowSafe
system (GrowSafe Systems Ltd., Calgary, Canada) during a 110-d
finishing period. The use of this system allowed individual quan-
tification of feed intake as well as the calculation of a feed effi-
ciency metric, i.e., RFI; which was calculated as previously
described by Hoque and Suzuki (2009). This calculation took into
account the daily feed intake, metabolic BW at mid-test, average
daily gain, and the regression coefficients of steers’ daily feed
intake on metabolic BW and average daily gain. More specifically,
the equation used was:

RFIPhe = FI — Bw(phe) x MWT — Bg(phe) x ADG

where RFIphe = phenotypic residual feed intake, FI = daily feed
intake, MWT = metabolic BW at mid-test, ADG = average daily gain,
and Bw(phe) and Bg(phe) = partial regression coefficients of ani-
mal’s Fl on MWT and ADG, respectively (Hoque and Suzuki, 2009).

The feedlot-finishing diet was composed of corn (56.20%), dried
distillers grains (19.54%), corn silage (8.05%), corn gluten feed
(7.08%), vitamin/mineral mix (4.76%), and barley straw (4.37%).

Upon conclusion of their period in the feedlot, the steers were
slaughtered at the University of Georgia’s Meat Science Technology
Center, located in Athens, GA, US (33°57’ N, 83°22’ W). Additional
details about the animals, as well as the composition of their diets,
are described in Lourenco et al. (2022b).

Collection and sample processing

Samples for microbial evaluations were collected at three differ-
ent time points: weaning (WEA), feedlot in (FIN) and feedlot out
(FOUT). FIN represents the feedlot starting point when animals
started receiving a high-grain diet, whereas FOUT represents the
end of the feedlot period. At WEA, only fecal samples (28) were col-
lected, whereas both ruminal and fecal samples (62 and 79, respec-
tively) were collected in FIN (77) and FOUT (64). The ruminal
contents were sampled by using an esophageal tubing introduced
through the animal’s mouth. Using a vacuum pump, about 300
ml of ruminal fluid was sampled from each animal and approxi-
mately 45 ml was transferred into a sterile conical tube
(Lourenco et al., 2019; Lourenco et al., 2020). The fecal samples
were collected from the rectum by digital palpation, and approxi-
mately 50 g of feces was put into a sterile conical tube for each ani-
mal (Welch et al., 2021). The gastrointestinal tract samples were
immediately frozen by immersion in liquid nitrogen and subse-
quently stored at —80°C.

Microbial DNA extraction and taxonomic analysis

All the procedures carried out to obtain the microbial composi-
tions of the samples have been described in Lourenco et al.
(2022b). In summary, the DNA extraction was performed following
the methodology proposed by Rothrock et al (2014), with some
minor modifications. The starting amount of sample was 350 mg,
which was placed in a bead-beating tube along with 1 mL of Inhi-
bitEX Buffer and homogenized in a FastPrep-24 instrument for
40 seconds at 6.0 m/second. Next, tubes were incubated at 95°C
for 5 minutes to maximize DNA recovery from Gram-positive
organisms. After centrifugation, 200 pL of supernatant was mixed
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with 15 pL of Proteinase K for the digestion of proteins (including
DNases and RNases). Purification steps were concluded by cen-
trifuging samples through a QIAamp spin column with the addition
of 200 Proof ethanol, buffer AW1, and buffer AW2. Purified DNA
was eluted in buffer ATE and checked by spectrophotometry using
a Synergy H4 Hybrid Multi-Mode Microplate Reader (Agilent, Santa
Clara, CA, USA). Samples with concentrations lower than 10 ng/pL,
and/or A260/A280 ratios out of the 1.7-1.9 range were disqualified,
and the DNA extraction process was repeated. The genomic DNA
was analyzed at the Georgia Genomic and Bioinformatic Core
(https://dna.uga.edu/) following the methodology described by
Akerele et al. (2022), as follows. The V3-V4 region of the 16S rRNA
gene was amplified using the primer pair S-D-Bact-0341-b-S-17
(CCTACGGGNGGCWGCAG); and S-D-Bact-0785-a-A-21 (GAC-
TACHVGGGTATCTAATCC) (Klindworth et al., 2013). Each PCR reac-
tion contained DNA, forward and reverse primers, and 2x Kapa HiFi
Hotstart readyMix (Roche Diagnostics Corporation, Indianapolis,
IN, USA). The DNA was amplified by 25 cycles of denaturation,
annealing, and extension, followed by a cleaning step and another
eight cycles of amplification to incorporate indexes (Illumina Nex-
tera XT, [llumina, Inc., San Diego, CA, USA). All PCR products were
cleaned using AMPure XP beads and ethanol. The libraries were
pooled and sequenced on a MiSeq platform (Illumina, Inc., San
Diego, CA, USA).

The resulting FASTQ files were demultiplexed and processed
using QIIME 2 version 2021.11 (Bolyen et al., 2019). The DADA2
plugin (Callahan et al., 2016) was used to remove the primers, join
sequences, denoise, and filter chimeras. Taxonomic classification
was performed using a pretrained Naive Bayes classifier
(Pedregosa et al., 2011). The SILVA 138 SSU database (Quast
et al, 2012) was used as the reference database. Amplicon
sequence variants were classified at several taxonomic levels,
and relative abundances at the family level were used in the cur-
rent study. Although less biologically informative than the genus
and species level, the family level was used in this study to evalu-
ate if our models would still generate meaningful results even with
less-than-ideal microbial data.

Statistical analysis

Bacterial family differences in feces and rumen during the feedlot

Since rumen samples were not collected at WEA; microbiome
data obtained at this timepoint were excluded. Considering only
the feedlot period, a total of 119 and 149 BFs were retrieved from
the fecal and ruminal samples, respectively. Only the 100 BFs in
common to the two compartments were used in the statistical
analysis. In the univariate approach, an ANOVA was carried out
to ascertain which BF were significantly different in rumen and
feces using the following model:

y = WL + time + type + time x type + € (1)

where y was one of the BFs, i was the overall mean, time was the
time point when BFs were quantified (FIN and FOUT), type was the
gastrointestinal compartment where BFs were obtained (feces and
rumen), time*type was the interaction factor and ¢ the random
residuals. A BF was considered significantly associated with the
type (i.e., feces or rumen) according to the Bonferroni correction
for multiple tests (P < 0.0005).

In the multivariate approach, the canonical discriminant analy-
sis (CDA) (Mardia and Jupp, 2000) was applied to test whether BFs
were able to separate microbiome samples collected in rumen
from those collected in feces. CDA is a multivariate statistical tech-
nique aimed to a) highlight differences among groups of individu-
als and b) improve understanding of the relationships among the
involved variables. If p indicates the number of groups, the CDA
derives p—1 equations (CAN) that are linear combinations of the
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original variables (X,). In this study, since we had two groups (ru-
men and feces BF), only one CAN was obtained, which structure
was:

CAN = CiX; + CoXy + o + CoXa 2)

where C; are the canonical coefficients (CCs) that provide infor-
mation about the contribution of each X; to the CAN. To better deci-
pher the role of an X; in the separation of groups, Rencher and Scott
(1990) standardized all the CC values considering the multiple cor-
relations among the original variables (X,). The standardized CC
and their corresponding absolute values can be used to character-
ize the CAN and to rank the variables according to their contribu-
tion to the function. On the other hand, the correlation between
each original variable (X,) and the newly extracted CAN can help
to biologically interpret the CAN. However, the interpretation of
this correlation is very different from that of standardized CC. As
a CC provides information about the contribution of each X; to
the CAN in the presence of the other variables (i.e., in a multivari-
ate manner), the correlation between the original variable and the
newly extracted CAN yield only a univariate information about the
importance of each X; for the CAN, independent of the other vari-
ables. The significance of the separation between the two groups
was tested by using Hotelling’s T-square test (De Maesschalck
et al., 2000). The CAN was then exploited to predict the group to
which an individual belonged to. In practice, the CAN is applied
to each individual producing a discriminant score. In our study,
an animal was assigned to rumen or feces BF if its discriminant
score was lower than the cutoff value obtained by calculating the
weighted mean distance between the centroids of the two groups
(Mardia and Jupp, 2000). Finally, the stepwise discriminant analy-
sis was used to select the minimum number of BFs able to signifi-
cantly separate feces and rumen samples and to correctly assign
them to groups.

Fecal bacterial family differences at weaning between positive and
negative residual feed intake classes

BF data collected from feces at WEA were extracted from the
complete dataset and the corresponding animals were divided into
two groups according to their estimated RFI values at the feedlot:
those with positive RFI (PRFI) and those with negative RFI (NRFI).
An ANOVA model was applied to the data to ascertain which BFs
were significantly different between PRFI and NRFI. The model
was:

y=p+G+eg

where y was one of the fecal BF at weaning, |1 was the overall mean,
G was the fixed effect of the RFI group estimated at the feedlot (PRFI
and NRFI), and € was the random residual. A BF was considered sig-
nificantly associated with the RFI class according to the Bonferroni
correction (P < 0.0005).

The stepwise discriminant procedure was then applied to select
among variables the minimum number of BFs able to significantly
separate PRFI from NRFI. The obtained BFs were then submitted to
CDA to test if the two RFI groups were significantly separated by
the selected families and if the CAN was able to correctly assign
animals to the true group of origin. Finally, to evaluate the ability
of the procedure in correctly assigning new observations to one
of the two groups, the leave-one-out cross-validation approach
was adopted. Briefly, the dataset was split into a training set and
a testing set, using all but one observation as part of the training
set. The observation left from the dataset was used as a testing
set. So, CDA was applied to the training set and the obtained
CAN was used to assign the observation in the test set. The entire
procedure was repeated until all observations were used in the test
dataset.
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Results
Bacterial family differences in rumen and feces during the feedlot

After applying all the quality-filtering steps, a total of 6 949
amplicon sequence variants were detected in the ruminal samples,
with an average frequency per sample of 28 436 sequences. On
average, each amplicon sequence variant appeared 393 times in
the ruminal samples. In the feces, a total of 6 773 amplicon
sequence variants were observed, with an average frequency per
sample of 18 173, and each amplicon sequence variant was
observed 287 times on average within the fecal samples.

In the ANOVA model, the difference in sampling time (FIN and
FOUT) was significant only for four BFs (Table 1), whereas 35 fam-
ilies, whose least squares means and P-values are listed in Table 2,
were significantly different between feces and rumen. No signifi-
cant interaction between time and type was detected.

The CDA carried out on 100 BFs, separated significantly
(P < 0.0001) rumen and feces samples. The univariate model, i.e.,
ANOVA, and the univariate information from the CDA (i.e., the cor-
relation between the original variable and the CDA) led to very
similar results. In fact, the 35 BFs selected by the ANOVA model
showed the largest correlation values in the CDA analysis (Table 2).
Moreover, the ranks of the BF according to the P-values from
ANOVA and according to the correlation from CDA were almost
the same. Fig. 1 shows the rank differences between CDA and
ANOVA: 84% of the 35 BFs in CDA had the same or one difference
in position compared to the rank of the ANOVA. Four BFs differed
for two positions, and the remaining two BFs were differently
ranked by three positions.

As expected, when the 35 BFs were ordered according to their
standardized CC absolute value (instead of according to the corre-
lation values), no close concordance between ANOVA and CDA
ranks was observed. The stepwise discriminant analysis selected
19 BFs that were able to significantly (P < 0.0001) separate the
two groups (i.e., feces and rumen samples). Over the 19 BFs, 13
were also significant in the ANOVA analysis (highlighted in bold
in Table 3). BFs with negative values are more associated with fecal
samples, whereas the BFs with positive values are mostly associ-
ated with rumen samples. Peptostreptococcaceae was the family
that had the strongest association with the fecal samples, whereas
Prevotellaceae was the BF that had the strongest association with
the ruminal samples. These 2 BFs were also the first 2 selected
by ANOVA.

Fig. 2 displays how microbiota samples are separated by the
CDA developed using the 19 BFs as variables: fecal samples exhib-
ited negative and rumen samples positive values, respectively.

Residual feed intake class discrimination with bacterial families in
feces collected at weaning

The two RFI groups, whose feces were collected at weaning,
contained 14 animals each. The mean and the SD of the RFI values

Table 1

ANOVA least squares means and P-values for the differences of bacterial families
collected at the feedlot starting point (FIN) and at the end of the feedlot period (FOUT)
in Angus steers.

Bacterial family ANOVA

FIN' FOUT' P-value
Bacillaceae 0.098 0.016 <0.001
Planococcaceae 0.027 0.002 <0.001
Pseudonocardiaceae 0.086 0.028 <0.001
Thermoactinomycetaceae 0.014 0.061 <0.001

! Percentage abundance.
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were —1.82 + 0.99 for NRFI and 1.57 + 0.73 for PNRFI. The ANOVA
model, used to test which BF were different between negative and
positive RFI groups, did not highlight any significant BF. However,
the stepwise discriminant analysis selected 18 BFs (Table 4) that
were able to significantly separate (P < 0.0001) the two groups in
a new run of CDA. Moreover, the CDA developed by using the 18
selected BFs correctly assigned all animals to the proper group
(i.e., NRFI and PRFI) in the leave-one-out procedure.

The Euclidean distance between the two group centroids was
88 (P < 0.0001), thus indicating a good separation between groups,
as confirmed by Fig. 3 where the scores of involved individuals, in
the space of the new CAN, are showed.

According to Table 4 and Fig. 3, BFs with negative CC values
were more abundant in animals with NRFL. On the contrary, BF
with positive CC prevailed in PRFL In particular, Rhizobiaceae was
the family most associated with the NRFI group, whereas Coma-
monadaceae was the family most associated with the PRFI group
(Table 4), respectively.

Discussion

Differences between fecal and ruminal BF were analyzed both
with univariate and multivariate statistical techniques. In the uni-
variate approach, ANOVA tested if the abundance of a single BF was
significantly different in rumen and feces, regardless of the pres-
ence of other families. Among the approximately 100 BFs analyzed,
a total of 35 (Table 2) was significantly different between the two
compartments. On the other hand, the CDA was able to success-
fully differentiate the ruminal sample from the fecal ones. More-
over, the CDA, although it is a multivariate technique, also
produces some univariate results as the correlation between the
single original variable (the BF) and the CAN. As displayed in
Table 2, ANOVA and correlation between original variables and
CAN gave very similar results because the lower ANOVA P-values
were associated with the higher the correlation absolute values.
This trend is confirmed by Fig. 1 that displays the number of BFs
which ranking differed between ANOVA and CDA. Only 6 of 35
BFs had a different rank of 2 or 3 positions. The family Prevotel-
laceae had the largest positive (0.75) correlation with the extracted
CAN. Welch et al. (2020) found that Prevotellaceae was the most
abundant family in the rumen of Angus steers, regardless of their
feed efficiency classification; however, this family had only a minor
presence in the steers’ hindgut (cecum and rectum). In a study
involving creep-fed beef cattle, Lourenco et al. (2019) found a pos-
itive association between Prevotella and average daily gain. Seidel
et al. (2022) observed that Prevotellaceae was the family with the
greatest overall abundance in the rumen fluid of goats. Therefore,
there is much evidence that the family Prevotellaceae plays a major
biological role in the rumen, which may be explained by its broad
substrate utilization capabilities (Seidel et al., 2022), and thus, this
is one of the most typical bacterial family of the ruminal
environment.

The Peptostreptococcaceae had the greatest negative correlation
with the CAN and was the family more closely associated with the
fecal samples. Welch et al. (2020) found that this family was the
third most abundant in the fecal material of Angus steers collected
during slaughter/evisceration process, with an average abundance
varying between 11.7 and 12.7%; however, Peptostreptococcaceae
was not among the top 10 families found in the rumen, indicating
the strong association with the fecal material. Lourenco et al.
(2022a) reported the average relative abundances of this family
to be approximately 12% in the feces of feedlot steers during the
feedlot phase, making it the third most abundant family in their
fecal material. Moreover, the authors mentioned that many fer-
menters of structural carbohydrates prefer ammonia as their



M. Congiu, J. Lourenco, A. Cesarani et al.

Table 2
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ANOVA least squares means and P-values for 35 bacterial families' significantly different in fecal and ruminal samples” and correlations between the single bacterial family and
the canonical function from the canonical discriminant analysis (CDA) carried out on Angus steers.

Bacterial family ANOVA CDA
Feces® Rumen’® P-value Correlation

Prevotellaceae 10.553 40.125 1.2E-26 0.748
Peptostreptococcaceae 9.355 0.008 1.8E-19 —0.677
Lachnospiraceae 18.633 7.068 3.3E-17 —0.645
Erysipelotrichaceae 2.516 0.157 6.4E-17 —0.641
Bacteroidales_UCG_001 0.000 0.123 2.5E-14 0.590
Saccharimonadaceae 0.128 0.994 2.6E-14 0.588
Clostridiaceae 5419 0.039 3.4E-14 -0.594
Tannerellaceae 0.918 0.000 3.6E-14 —0.542
Bacteroidales_RF16_group 0.081 2.731 4.9E-14 0.588
Hungateiclostridiaceae 0.038 0.224 3.9E-13 0.566
Gastranaerophilales 0.036 0.302 1.7E-10 0.496
Fibrobacteraceae 0.000 0.105 2.3E-10 0.503
F082 0.003 2419 2.1E-09 0.469
Bacteroidaceae 2.539 0.005 1.1E-08 —0.434
Oscillospiraceae 11.333 5.582 2.5E-08 —0.463
WCHB1_41 0.000 0.165 4.0E-08 0.449
Monoglobaceae 0.471 0.063 6.3E-08 -0.430
Pirellulaceae 0.001 0.708 6.5E-08 0.442
Butyricicoccaceae 0.202 0.012 3.4E-07 -0.424
Peptococcaceae 0.227 0.012 3.5E-07 -0.399
VadinBE97 0.000 0.100 3.9E-07 0.417
Enterobacteriaceae 0.514 0.011 4.4E-07 -0.404
Christensenellaceae 1.046 2.082 7.9E-07 0.411
Eubacterium coprostanoligenes group 2.390 5.073 8.9E-07 0.396
Desulfovibrionaceae 0.000 0.022 3.4E-06 0.383
Moraxellaceae 0.001 0.062 4.1E-06 0.380
Defluviitaleaceae 0.026 0.075 5.6E-06 0.356
Weeksellaceae 0.000 0.011 3.6E-05 0.345
Synergistaceae 0.000 0.021 4.4E-05 0.342
Eubacteriaceae 0.002 0.013 9.9E-05 0.319
Streptococcaceae 1.260 0.301 2.1E-04 -0.326
Lactobacillaceae 3.260 0.882 2.6E-04 -0.316
Mycoplasmataceae 0.003 0.161 2.8E-04 0.298
Paracaedibacteraceae 0.000 0.006 3.1E-04 0.300
Clostridium methylpentosum_group 0.087 0.304 4.2E-04 0.288

1100 bacterial families commonly detected in rumen and feces.
2 79 fecal and 62 ruminal samples.
3 Percentage abundance.

[ S = S TS Y
o N B~ O

Number of bacterial families
N H (o)) ()

o

0 1

Ranking differences between ANOVA and CDA

2 3

Fig. 1. Number of bacterial families whose ranking differed between ANOVA and Canonical Discriminant Analysis (CDA) carried out on Angus steers.

source of nitrogen, and members of Peptostreptococcaceae have
the ability of producing large amounts of ammonia from different
nitrogen sources, allowing this family to thrive in the large intes-
tine. Therefore, our study, which found the Peptostreptococcaceae
as the BF more strongly associated with the fecal samples, con-

firmed previous reports. The stepwise was applied to data to obtain
the minimum number of BFs able to discriminate between fecal
and ruminal samples. This procedure selected the 19 BFs listed in
Table 3 with their standardized CC values. Using these families
as predictors, the microbiota samples were correctly assigned to
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Table 3

List of the 19 bacterial families, with their absolute standardized canonical coefficient
(CC) and relative abundances, able to discriminate between fecal and ruminal
samples collected from Angus steers.
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Table 4

List of the 18 bacterial families, with their absolute standardized canonical coefficient
(CC) and relative abundances, able to discriminate between Angus steers with
negative (NRFI) and positive (PRFI) residual feed intake.

Bacterial families Relative Bacterial Families Relative
abundances abundances

Standardized CC  Feces Rumen Standardized CC NRFI PRFI
Prevotellaceae’ 1.360 1045 40.13 Rhizobiaceae —403 0.01 0.00
Veillonellaceae 0.783 0.03 0.27 Erysipelatoclostridiaceae —244 0.05 0.09
Bacteroidales_RF16_group' 0.588 0.08 2.73 Acidaminococcaceae -170 1.04 0.31
Christensenellaceae’ 0.561 1.04 2.08 P_2534_18B5_gut_group -161 0.70 0.09
Saccharimonadaceae’ 0.530 0.12 0.99 Fibrobacteraceae -108 0.05 0.00
Eubacterium coprostanoligenes group'  0.519 241 5.07 Beijerinckiaceae -107 0.02 0.01
Fibrobacteraceae' 0.440 0.00 0.10 Lachnospiraceae -61 6.64 10.78
F082! 0.341 0.00 242 Enterobacteriaceae —49 0.2 0.67
Defluviitaleaceae' -0.017 0.03 0.07 Prevotellaceae -34 8.92 5.53
Erysipelatoclostridiaceae -0.207 0.46 0.25 WCHB1_41 =31 0.09 0.05
Butyricicoccaceae’ —0.340 0.20 0.01 Moraxellaceae -25 0.01 0.02
Selenomonadaceae —0.382 0.53 0.40 Campylobacteraceae -25 0.28 0.07
Monoglobaceae' -0.384 0.46 0.06 Oscillospiraceae 31 17.17 20.05
Spirochaetaceae —0.484 4.14 2.23 Acholeplasmataceae 41 0.03 0.05
Tannerellaceae' —0.556 0.87 0.00 RF39 61 0.02 0.09
Succinivibrionaceae —0.585 2.89 1.60 Succinivibrionaceae 206 0.00 0.01
Lachnospiraceae’ -0.732 18.77 7.07 Atopobiaceae 294 0.05 0.19
Acidaminococcaceae —0.733 3.90 1.68 Comamonadaceae 340 0.00 0.02
Peptostreptococcaceae’ —1.445 9.58 0.01

! Families significant also in the ANOVA. Bacterial families with negative values
are more associated with fecal samples, whereas bacterial families with positive
values are mostly associated with rumen samples.

the feces or rumen (Fig. 2). Observing both Table 3 and Fig. 2, we
can conclude that BF with negative CC values are associated with
fecal samples, whereas those with positive CC are associated with
rumen samples. However, among the 19 BFs, 13 were also signifi-
cant in the univariate approach (in bold in Table 3), whereas the
remaining six families had abundances not significantly different
in the two compartments. As an example, the abundance of the
Veillonellaceae family is not different between feces and rumen in
the univariate approach; however, its CC is the second highest
value among BFs able to separate rumen from feces samples. So,
regardless of their abundance, our results suggest that, together,
the 9 BFs with positive values are important in the rumen, whereas
the remaining 11 BFs with negative values are relevant in the feces.

Besides being able to differentiate between ruminal and fecal
samples, the classification models can be more useful whether they
are able to differentiate and predict animal performance traits,
such as feed efficiency. Differences in BF between animals with
low and high RFI, both in rumen and feces, were found by Zhou
et al. (2023) analyzing the microbiota of 10 Qinchuan cattle (5 with
low and 5 with high RFI). The study by Lourenco et al. (2022a),
which investigated the fecal microbiome of two groups of steers
with low and high RFI, suggested that differences in feed efficiency
might be at least partially ascribed to their intestinal microbial
population, as several BFs were found to have different abundances

in the two RFI groups. In the present study, the ANOVA model did
not find any significant BF in the NRFI and PRFI groups. However,
by using the stepwise, 18 highly discriminant BFs were identified
and the subsequent CDA, analyzing their correlation structure,
derived an equation (the CAN) that was able to highlight the differ-
ences among groups. The 18 BFs, which were not significant when
they were individually studied with the AVOVA model, were able
to clearly separate the two RFI groups when they were analyzed
with the CDA which, being a multivariate technique, processes
the involved variables simultaneously. Thus, the CDA approach
has proven to be a valuable tool in evaluating one of the most crit-
ical points in animal production - animal feeding. Feeding cost is
the single item that has the greatest impact on beef cattle opera-
tions (Mulliniks et al., 2020; Greenwood, 2021). Consequently,
models that precisely assign animals to their correct feed efficiency
groups based on fecal microbiome information can be very useful.
The precise measurement of individual feed intake at population
level is hampered by logistics and costs. Automatic feeding sys-
tems, i.e., mangers that recognize each animal and weigh their feed
intake, are becoming available in experimental but also commer-
cial farms (Romanzin et al., 2021; Ledda et al., 2023). The availabil-
ity of these systems coupled with the microbiome data could help
to increase the profitability of the farms. Thus, the prediction of the
feed efficiency from the microbiota sampled from the feces could
represent a valid, fast, and cheaper alternative to the individual
mangers. The cost of DNA sequencing has been decreasing very
rapidly in the last two decades, and even defying Moore’s law

-6 -4 -2 0

CAN

o feces & rumen

Fig. 2. Plot of the individual scores produced by the canonical discriminant equation (CAN) for fecal (black) or rumen (gray) samples collected from Angus steers.
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Fig. 3. Plot of the individual scores produced by the canonical discriminant equation (CAN) of Angus steers with negative (black) or positive (gray) residual feed intake (RFI)

values.

(Lourenco and Welch, 2022c). As new sequencing technologies
emerge, this cost is likely going to continue to decrease in the fore-
seeable future. Therefore, obtaining microbiome information from
cattle fecal samples is likely going to become more affordable,
which should encourage more producers to obtain it, especially if
the microbiome information can provide insights into valuable
traits such as feed efficiency. Moreover, if the microbiome test
can be performed at earlier stages of the production cycle (e.g., at
weaning, or even a few months before animals are slaughtered),
this information becomes even more valuable since it can be used
to change management decisions by producers. In addition, as the
manipulation of microbiomes becomes a reality, producers can
potentially alter unfavorable microbiomes of a certain group of
animals through prebiotics, probiotics, and other products, and
possibly change the fate of some animals by changing their gas-
trointestinal microbiomes.

Overall, CDA models can predict outcomes with a high level of
accuracy, implying that the model successfully identified the most
important variables in the dataset in order to make those accurate
predictions. As described here, our CDA model using 18 BFs found
in the feces of Angus steers did exactly that: it accurately classified
all the steers as feed efficient and inefficient based on those fami-
lies using the leave-one-out procedure. If these results are con-
firmed using larger samples in different breeding situations,
given that (1) fecal samples are easy to obtain; and (2) microbiome
evaluations are becoming more common and more affordable, this
approach may have important practical implications and help cat-
tle producers make management decisions.

Conclusions

Results of the present study demonstrated that a multivariate
approach can be used to select animals based on their residual feed
intake and suggested the possibility to predict individual feed effi-
ciency from the fecal microbiome. The recommended approach
should be validated on a larger and independent dataset.
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