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Abstract

Liver abscess etiology in feedlot steers involves the escape of bacteria from the digestive tract to form a polymicrobial abscess within or on
the external surface of the liver. However, little is known about the effects of feedlot finishing systems on the microbial composition of the liver
abscess purulent material. Liver abscesses were collected at the time of harvest from steers originating from a single feedlot managed in either
a traditional program (which included tylosin phosphate supplementation) or a natural program (without tylosin phosphate supplementation).
The purulent material of liver abscesses from traditionally managed steers (N = 53 abscesses) and that of naturally managed steers (N = 62
abscesses) was characterized using the V4 region of the 16S rRNA gene. Two phyla and three genera were found in greater than 1% relative
abundance across all abscesses. The genus Fusobacterium was identified in all liver abscess samples and accounted for 64% of sequencing
reads. Bacteroides and Porphyromonas genera accounted for 33% and 1% of reads, respectively. Trueperella was more likely to be found in the
liver abscesses of naturally managed steers than traditionally managed steers (P = 0.022). Over 99% of the genus-level bacterial sequences
observed across all liver abscesses belonged to Gram-negative genera. Bacteria known to colonize both the rumen and hindgut were identified
within liver abscesses. No differences in alpha diversity or beta diversity were detected between liver abscess communities (between the two
management programs or individual pens) when tested as richness, Shannon Diversity Index, or weighted UniFrac distances (P > 0.05). These
results were consistent with previous identification of Fusobacterium necrophorum as the primary bacteriologic agent within liver abscesses
and emphasized the relationship between the gastrointestinal microbiota and liver abscess formation. Though the microbiota of the liver abscess
purulent material was similar between steers fed an antibiotic-free diet and those fed an antibiotic-containing diet from the same feedlot, diver
gence was detected in liver abscess communities with some being dominated by Fusobacterium and others being dominated by Bacteroides.

Lay Summary

As feedlot cattle consume grain, the rumen becomes more acidic. If the lining of the digestive tract is damaged, bacteria that normally remain in
the digestive tract can enter the body. Certain bacteria like Fusobacterium necrophorum are involved in the formation of liver abscesses. Feedlot
cattle are commonly fed an antibiotic (tylosin phosphate) to reduce the occurrence of liver abscesses, but increasing scrutiny is placed on the
antibiotic use. However, the effect of eliminating the antibiotic used to prevent liver abscesses on the bacterial commmunities involved in liver
abscess formation is unknown. This study compared the bacteria found within liver abscesses of cattle fed tylosin phosphate with that of cattle
not fed tylosin phosphate. All liver abscesses contained £ necrophorum, and Bacteroides was the second most commonly identified bacterium.
Trace amounts of bacteria known to colonize the mouth and digestive tract were observed. Trueperella, a bacteria targeted by tylosin phosphate,
was found more frequently in liver abscesses from cattle that received no antibiotic. While the core bacterial composition of the liver abscess
was unaffected by antibiotic supplementation to feedlot steers, reduced Trueperella in liver abscesses from cattle-fed tylosin phosphate could
be related to a reduction in liver abscess prevalence.
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Introduction al., 2019), tylosin phosphate supplementation remains the most
economical method to reduce liver abscess prevalence (Brown et
al., 1975; Nagaraja and Lechtenberg, 2007). Historically, Fuso-
bacterium necrophorum has been implicated as the primary
etiologic agent in the liver abscess formation (Nagaraja and
Lechtenberg, 2007). Although the use of culture-based microbi-

Occurrence of liver abscesses in feedlot steers is associated with
a reduction in live performance, hot carcass weight, and visceral
value (Brink et al., 1990; Brown and Lawrence, 2010). Prevalence
of liver abscesses among commercial cattle has increased from
the earliest reports of 5.3% (Smith, 1940) to 17.8% reported

by the most recent National Beef Quality Audit (Eastwood et ological techniqgeg has conﬁster{tly demonstrated F. necropho-
al., 2017). While administering in-feed antibiotics to livestock rum presence within polymicrobial abscesses, these results may

is scrutinized (Aarestrup, 1999; Haskell et al., 2018; Chen et oversimplify the microbial community of liver abscess purulent
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material as many unculturable microbes are not assessed (Naga-
raja and Chengappa, 1998). In recent years, a limited number
of studies have utilized high-throughput sequencing to assess
the microbiota within liver abscesses (Amachawadi et al., 2016,
2021; Weinroth et al., 2017; Stotz et al., 2021). Differences in
liver abscess microbiota have been attributed to cattle source
(ranch of origin, backgrounding location, etc.), breed composi-
tion, feedlot location, and inclusion of tylosin phosphate in the
diet (Amachawadi et al., 2017; Weinroth et al., 2017). Natural
feedlot finishing programs exclude tylosin phosphate and the use
of growth technologies (steroidal implants and beta-adrenergic
agonists). Additionally, natural programs that have specifica-
tions for cattle management before feedlot entry often require
cattle to have never been given an antibiotic. These specifications
create microbial selection pressures even before the cattle arrive
at the feedlot. Therefore, the objective of this study was to use
16S rRNA gene sequencing to compare the liver microbiota of
steers managed within a single feedlot under a traditional pro-
gram with that of steers managed in a natural program (with-
out tylosin phosphate supplementation, steroidal implants,
beta-adrenergic agonists, or antimicrobial treatments).

Materials and Methods

Animal care and use

All cattle were harvested in a commercial processing facil-
ity and samples were collected postmortem under commer-
cial conditions. All procedures were reviewed and approved
by Colorado State University Institutional Animal Care and
Use Committee via waiver (IACUC waivers #2018-888 and
#2019-773). Observations and sample collections did not
change normal commercial practices.

Cattle population

Fourteen pens of yearling steers with an average of 281 steers
per pen (range of 212 to 323 steers per pen) were identified
for observation in a commercial feedlot in the High Plains
region. Pens enrolled in a traditional management program
(N = 7) and pens enrolled in a natural management program
(N = 7) arrived at the feedlot over a 45-d period from late
August through early October 2018. Traditional and natural
pens were selected in pairs by the arrival date to minimize
temporal effects. Steers were observed in the management
program in which they were placed in accordance with man-
agement prior to feedlot arrival. Upon arrival, all steers were
sorted and vaccinated according to standard feedlot proto-
col. Traditionally managed cattle received standard hormonal
implants containing trenbolone acetate and estradiol.

All steers were fed using a step-up feeding program that
included receiving, intermediate, and finishing diets. Diet
ingredients and nutrient analysis are summarized in Sup-
plementary Table S1. Traditionally managed steers were
fed an additional diet including ractopamine hydrochloride
(Optaflexx; Elanco Animal Health; Greenfield, IN) during
the final 28 to 42 d of the finishing period. Monensin
(Rumensin; Elanco Animal Health) and tylosin phosphate
(Tylan; Elanco Animal Health) were also fed to tradition-
ally managed steers. Naturally managed cattle were not
administered growth-promoting technologies or antibiot-
ics. When treated for illness with an antibiotic, naturally
managed cattle were removed from natural pens and, con-
sequently, removed from the study population.
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Liver abscess collection

Cattle were transported to a commercial processing facility
for harvest from February through April of 2019. Tradition-
ally managed cattle were fed for an average of 179 d (SD =
12.6), and naturally managed cattle were fed for an average
of 214 d (SD = 14.4). Identities of feedlot pens were main-
tained through the harvest process to allow for the collection
of liver abscesses from cattle from each pen. Livers identified
as inedible (because of abscess, adherence to internal tissues,
cirrhosis, flukes, telangiectasias, or contamination) were
removed from the production line and evaluated by trained
personnel for abscess presence. Livers were palpated to iden-
tify abscesses that harbored purulent material. Abscesses and
surrounding liver tissue were extracted with sterile scalpels.
When the liver abscess capsule was compromised during
tissue removal, the entire abscess sample was discarded.
Abscesses from individual livers were placed in sterile col-
lection bags (VWR; Radnor, PA), sealed, and transported
in insulated containers to the Center for Meat Safety and
Quality at Colorado State University (Fort Collins, CO) for
further processing.

Liver abscess processing

On the same date as sample collection, liver abscess samples
were processed and prepared for storage. Abscess capsules or
the external surface of the liver tissue were flame sterilized
using 100% ethanol. Following sterilization, abscess cap-
sules were opened with a sterile scalpel, and purulent mate-
rial was extracted and transferred to sterile 50-mL conical
tubes (VWR) using sterile tongue depressors. Aliquots of liver
abscess purulent material were stored at —80 °C until the time
of DNA extraction.

DNA extraction and sequencing

DNA extraction and library preparation were performed at
Colorado State University consistent with the recommenda-
tions of Weinroth et al. (2022). A randomly selected subset
of the liver abscess purulent material aliquots (N = 10 per
pen) was thawed for 16 h at 4 °C before extraction. Puru-
lent material aliquots were individually sampled with sterile
swabs (Becton, Dickinson and Company; Franklin Lakes, NJ)
and randomized and loaded into 96-well plates by cutting the
inoculated swab tip into the plate well with flame-sterilized
scissors. Cross contamination was prevented by covering all
inactive wells. Sixteen negative controls and two positive con-
trols (ZymoBIOMICS Microbial Community Standard 6300,
Zymo Research; Irvine, CA) were included. Ten technical
replicates were also included to evaluate consistency across
extraction plates; 10 randomly selected liver abscess purulent
samples were swabbed in duplicate, and duplicate swabs were
loaded on separate plates. Loaded plates were stored at =20
°C until the time of DNA extraction.

Upon thawing the loaded plates, DNA was extracted using
the DNEasy PowerSoil HTP 96 Kit (Qiagen; Hilden, Germany)
following the manufacturer’s protocol. Extracted DNA was
amplified with barcoded primers targeting the V4 region of the
16S rRNA gene. Primer constructs included the Illumina MiSeq
adaptor (Illumina; San Diego, CA), Golay barcode, spacer, and
primer. Earth Microbiome Project (EMP) primers 515F and
806R were used for amplification (Caporaso et al., 2011, 2012;
Apprill et al., 2015; Parada et al., 2016).
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Amplification was conducted in duplicate by PCR using
an Eppendorf Vapo.Protect MasterCycler Pro-S thermocy-
cler (Eppendorf; Hauppauge, NY). For the initial PCR, 25
pL of reaction mix was prepared by combining 1 puL of tem-
plate DNA, 1 uL of each barcoded primer (10 uM), 12 uL of
molecular-grade water, and 10 pL of Platinum Hot Start PCR
Master Mix (Thermo Fisher Scientific; Waltham, MA). Con-
ditions for PCR followed EMP protocol and included initial
denaturation at 94 °C for 3 min; 30 cycles of denaturation
(94 °C, 45 s), annealing (50 °C, 60 s) and elongation (72 °C,
90 s); and a final 10-min extension at 72 °C. Products of PCR
were visually evaluated for effective amplification by agarose
gel electrophoresis with expected band size of approximately
300 to 350 base pairs. Similarly, negative controls were visu-
ally evaluated for lack of banding pattern. The second PCR
process was completed using the same reaction conditions
as described above; however, 50 uL of reaction mix was
prepared by combining 2 pL template DNA, 2 pL of each
barcoded primer (10 pM), 24 pL of molecular-grade water,
and 20 pL of PCR Master Mix. The main goal of the second
amplification was to generate sufficient quantities of ampli-
cons for next-generation sequencing. Agarose gel evaluation
of the product was performed as described above.

Duplicate PCR products were combined for each sample.
The concentration of amplicon products was determined
by Quant-IT PicoGreen dsDNA Assay Kit (Thermo Fisher
Scientific) read on a Fluoroskan (Thermo Fisher Scientific)
plate reader. Pico assay concentration results were qualita-
tively verified by comparison to agarose gel banding patterns.
Amplicons from all wells of a single 96-well plate (including
samples, technical replicates, and controls) were combined
before cleaning. To combine amplicons, 300 ng of DNA from
each sample was added to a single tube for each plate (referred
to as “plate pool”). No more than 50 uL from a single sam-
ple was added to the plate pool to maintain the integrity of
the negative control. Plate pools were cleaned using MinElute
PCR Purification Kit (Qiagen) following manufacturer’s pro-
tocols. The cleaned plate pools were evaluated for DNA con-
centration by NanoDrop Lite spectrophotometer (Thermo
Fisher Scientific) and combined in equimolar concentrations
to form the final sequencing library.

The amplicon library was diluted to a loading concentra-
tion of 8 pM and combined with 15% PhiX control library.
Paired-end sequencing (2 x 250 bp) was performed using the
500 cycle MiSeq Reagent Kit v2 (Illumina; San Diego, CA) on
the Illumina MiSeq platform at the Next Generation Sequenc-
ing Core Laboratory at Colorado State University.

Bioinformatics and statistical analysis

All amplicon sequence data were bioinformatically processed
in QIIME2 version 2019.4 (Bolyen et al., 2018). Imported
and demultiplexed paired-end sequences were denoised
with DADA2 (Callahan et al., 2016) with both forward and
reverse reads trimmed to 250 bp. Taxonomy was assigned
with the g2-feature-classifier plugin (Bokulich et al., 2018)
using a pretrained naive Bayes Greengenes 13_8 classifier
(DeSantis et al., 2006; McDonald et al., 2012), a pretrained
naive Bayes Silva 132 classifier, and a Silva 132 (Quast et al.,
2013) classifier trained specifically for the primer set used
for amplification. The pretrained Silva classifier was selected
for downstream analysis due to a fewer amplicon sequence
variants (ASV) being identified as unclassified. Reads classi-
fied as mitochondria or chloroplasts were removed from the

data set; controls and technical replicates were also removed.
ASV was placed in the Greengenes 13_8 phylogenetic tree
by SEPP methodology using q2-fragment-insertion (Janssen
et al., 2018). Adequate sampling depth was justified by con-
structing a rarefaction curve with diversity metrics. Because
alpha diversity rarefaction curves showed little diversity
added with a sampling depth above 3,000 sequences per
sample, diversity analysis was standardized by subsampling
without replacement (Weiss et al., 2017) to 10,049 sequences
per sample, which allowed retention of most samples in the
analyses.

Alpha diversity was measured by richness (the number
of observed ASV) and Shannon Diversity Index (Shannon,
1948). Differences in richness and Shannon Diversity were
evaluated between management programs and pen assign-
ments with Kruskal-Wallis testing (Kruskal and Wallis, 1952)
and visualized in R version 3.4.1 (R Core Team, 2017) using
ggplot2 (Wickham, 2009). Beta diversity was measured
with unweighted UniFrac (Lozupone and Knight, 2005) and
weighted UniFrac (Lozupone et al., 2007). K-means clus-
tering was used to group samples based on the unweighted
UniFrac distance matrix (Lloyd, 1982; MacQueen, 1967).
Differences in beta diversity between management programs,
pen assignments, and K-means clusters were evaluated with
PERMANOVA testing (Anderson, 2017) using the vegan
package of R (Oksanen et al., 2022). Taxa differential abun-
dance was evaluated by ANCOM testing at both the phylum
and genus level (Mandal et al., 2015). Significance for differ-
ential abundance was evaluated as a W value indicating log-
fold change against a model-determined threshold based on a
bimodal distribution. Rarefied abundance data was exported
from QIIME2 as relative abundance and visualized in R ver-
sion 3.4.1 (R Core Team, 2017).

The sequencing depth of each negative control was eval-
uated to ensure cleanliness of extraction and library prepa-
ration; the number of reads generated by each control well
before and after denoising was recorded. The sequencing
depth of positive controls was similarly recorded. Addition-
ally, the taxa relative abundance of each positive control was
exported and visualized in R version 3.4.1 (R Core Team,
2017) using ggplot2 (Wickham, 2009) and compared to the
known composition of the mock community for qualitative
evaluation. Technical replicates were qualitatively evaluated
in pairs by taxa relative abundance to ensure consistency of
taxa relative abundance between separate extraction plates.

For each individual liver abscess microbial community,
the presence or absence of Fusobacterium, Bacteroides, and
Trueperella was determined from rarefied taxonomy tables.
Bacterial presence was compared between management pro-
grams by logistic regression in R version 3.4.1 (R Core Team,
2017) using Ime4 (Bates et al., 2015) and emmeans (Searle et
al., 1980). A mixed effects model was fit using management
program of the live steer as a fixed effect and pen assignment
of the live steer as a random effect. A predetermined alpha
level of 0.05 was used for all comparisons in the observa-
tional study.

Results and Discussion

Summary of samples processed

In total, 140 unique liver abscess purulent samples were
processed. Seventy liver abscesses from naturally managed
cattle (N = 10 from each of 7 pens) and 70 liver abscesses



from traditionally managed cattle (N = 10 from each of 7
pens) were selected for analysis.

DNA sequencing data

A total of 3,437,552 sequence reads were generated by Illu-
mina MiSeq sequencing for liver abscess purulent material
samples, technical replicates, and controls. Liver abscess
purulent material samples and replicates (N = 150) averaged
21,037 sequences per sample (range: 18 to 43,192; SD =
11,673). Negative controls (N = 16) averaged 146 sequences
per sample (range: 7 to 547; SD = 189). Positive controls (N
=2) averaged 34,636 sequences per sample (range: 31,915 to
37,356; SD = 3,847).

After denoising, filtering for sequencing depth, and remov-
ing controls, replicates, chloroplasts, and mitochondria, a
total of 1,055,145 reads mapped to 69 unique features were
included for analysis. Rarefying to 10,049 sequences per
sample resulted in retaining 53 of 70 liver abscess purulent
material samples from steers managed in the traditional pro-
gram and 62 of 70 liver abscess purulent material samples
from steers managed in the natural program. After denoising,
negative controls (N = 16) averaged 32 sequences per sample
(range: 0 to 311; SD = 77) and positive controls (N = 2) aver-
aged 24,943 sequences per sample (range: 22,272 to 27,614;
SD = 3,777).

Core microbial composition

Taxonomic classification with the pretrained naive Bayes
Silva 132 classifier identified two phyla and three genera of
bacteria in greater than 1% relative abundance of all reads
(Figure 1A and B). The dominant phyla observed included
Fusobacteria (64% of reads) and Bacteroidetes (34% of
reads). This represented a much simpler microbial commu-
nity than was reported by Weinroth et al. (2017) and Amach-
awadi et al. (2021) based on the number of taxa observed.
The referenced studies used mean sequencing depths that
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were a magnitude of order greater than the sequencing depth
of the present study; however, alpha diversity rarefaction
curves constructed for the current study plateaued at approx-
imately 3,000 sequences per sample. Regardless of sequenc-
ing depth, other factors could have affected richness of the
microbial communities. For instance, the purulent material
analyzed in this observational study originated from steers
housed in a single feedlot over the same time period while the
purulent material analyzed by Weinroth et al. (2017) origi-
nated from cattle from five different feedlots, and Amach-
awadi et al. (2021) evaluated liver abscess representing 22
feedlots. In addition, the length of time between the initial
abscess occurrence and harvest could have affected succes-
sion of abscess microbial communities. Others have observed
decreased microbial richness as selection pressure is applied
to a microbial community (Chaillou et al., 2015). If the
abscesses evaluated in this study were chronologically older
than those of previous evaluations, action of the immune
system could have contributed to decreased alpha diversity.
Though difficult to identify the time of abscess occurrence
in the live animal, further investigation into the age of the
abscess relative to the complexity of its microbial community
could help explain observed differences in complexity of liver
abscess communities.

The genera identified in greater than 1% relative abundance
of all reads included Fusobacterium (64% of reads; 100% of
samples), Bacteroides (33% of reads; 93% of samples), and
Porphyromonas (1% of reads; 7% of samples). Bacteroides
is a Gram-negative bacterium found in the gastrointesti-
nal tracts of cattle (Miura et al., 1980; Wetzels et al., 2017,
Ozbayram et al., 2018) and has been previously associated
with liver abscesses (Simon and Stovell, 1971; Kanoe et al.,
1979; Scanlan and Hathcock, 1983; Nagaraja and Lechten-
berg, 2007). A previous study demonstrated an increase in the
relative abundance of Bacteroides on the rumen epithelium
during acidosis challenge (Wetzels et al., 2017). Porphyro-
monas is a Gram-negative ruminal bacterium closely related
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Figure 1. Average taxonomic composition (% relative abundance) of the bacterial communities within liver abscesses from steers in a single feedlot
under natural (N = 62) and traditional (N = 53) management programs averaged by management program at the phylum-level (A) and genus-level (B).
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to Bacteroides (Summanen et al., 2005) that has been found
in bovine liver abscesses (Scanlan and Hathcock, 1983; Naga-
raja and Lechtenberg, 2007; Weinroth et al., 2017). Driven by
Fusobacterium, Bacteroides, and Porphyromonas, over 99%
of the bacterial sequences observed across all liver abscesses
belonged to genera previously classified as Gram-negative by
Langworth (1977), Hofstad (1984), and Bostanci and Beliba-
sakis (2012).

Taxa of interest

The genus Fusobacterium was identified in all liver samples
from both traditionally and naturally managed steers (Table
1). Fusobacterium was the sole microbial genus in only two
of the 115 purulent material samples (2%); all other samples
(98%) were identified as mixed cultures of Fusobacterium
with other bacteria. Though bovine liver abscesses have often
been described as polymicrobial infections, E necrophorum
has historically been considered the primary etiologic agent
of liver abscesses in fed cattle (Newsom, 1938; Jensen et al.,
1954; Calkins and Dewey, 1968; Scanlan and Hathcock,
1983; Nagaraja et al., 1996; Nagaraja and Chengappa, 1998;
Nagaraja and Lechtenberg, 2007). In agreement with the
current study, Weinroth et al. (2017) found Fusobacterium
in all liver abscess samples collected from fed cattle using
molecular techniques. Similarly, Nagaraja et al. (1999) and
Amachawadi and Nagaraja (2016) found Fusobacterium in
all liver abscess samples collected from feedlot cattle using
culture-based microbiological techniques. Historically, others
have identified Fusobacterium within nearly all liver abscess
samples collected from commercial processing facilities using
culture-based microbiological techniques (Newsom, 1938;
Simon and Stovell, 1971).

Trueperella pyogenes has been identified as the second
most frequently cultured microbe from liver abscess puru-
lent material (Berg and Scanlan, 1982; Nagaraja et al.,
1996). T. pyogenes is an opportunistic, Gram-positive bac-
terium known to inhabit ruminant gastrointestinal tracts
(Ribeiro et al., 2015). In the current study, the genus True-
perella was found more frequently within liver abscesses
from naturally managed cattle (14 of 62; 23%) than tra-
ditionally managed cattle (3 of 53; 6%; Table 1). ANCOM
testing identified Trueperella as the only genus that was
differentially abundant within liver abscesses of steers man-
aged in traditional and natural programs (W = 6). This
result is likely associated with traditionally managed cattle
receiving an ionophore and tylosin phosphate, a macrolide
antibiotic that acts as a bacteriostat against Gram-positive

bacteria (Hof, 1994). However, in a previous study, T. pyo-
genes was isolated more often in liver abscesses of cattle
fed tylosin compared to cattle not fed tylosin (Nagaraja et
al., 1999). Weinroth et al. (2017) identified T. pyogenes in
all liver abscesses sampled by molecular techniques (using
greater sequencing depth than the current study), regard-
less of cattle management program. Given the variability of
previous results, it is likely that the presence of Trueperella
within liver abscesses of feedlot cattle is not solely depen-
dent on the inclusion of tylosin in the diet. In the current
study, Trueperella comprised only 0.13% of all sequences
identified, indicating limited presence of Trueperella within
liver abscesses of the observed population.

Rare taxa

Bacteria known to inhabit the ruminant gastrointestinal tract
were found as rare taxa within liver abscess microbial com-
munities. Relative abundances of rare taxa are summarized
in Supplementary Table S2. Families Ruminococcaceae and
Prevotellaceae were identified in 26% and 3% of all liver
abscesses, respectively. Ruminococcus and Prevotella genera
are commonly identified as constituents of the rumen microbi-
ota (Firkins and Yu, 2015; Henderson et al., 2015; Ozbayram
et al., 2018; Holman and Gzyl, 2019). The genus Treponema
was identified in 9% of all liver abscesses and has been found
in the rumen, specifically on the rumen epithelium (Stanton
and Canale-Parola, 1980; Liu et al., 2016). Campylobacter
was found within 10 liver abscesses and composed 0.28%
of all reads. Campylobacter has been previously identified in
bovine liver abscesses (Weinroth et al., 2017) and has been
found more prevalently on rumen epithelium as a commensal
organism than in rumen contents or feces (Liu et al., 2016;
Pacifico et al., 2021). Generally, bacteria known to inhabit the
microbial communities of the rumen epithelium were found
more frequently within liver abscesses than bacteria known
to strictly inhabit the rumen contents. This supports the pro-
posed etiology of bovine liver abscesses with respect to the
rumenitis-liver abscess complex described by Jensen et al.
(1954) and the hypothesis that bacteria escape the rumen by
damage to epithelial tissues (Nagaraja et al., 1996).
However, many bacteria found in the rumen are also
found in the lower gastrointestinal tract and feces. Rumi-
nococcaceae and Bacteroidaceae have been found in greater
relative abundance in the feces compared to the rumen
(Ozbayram et al., 2018; Holman and Gzyl, 2019). Turici-
bacter, a genus previously identified in fecal microbial com-
munities (Liu et al., 2016), was identified in 13% of all liver

Table 1. Adjusted probability’ of an individual abscess from a steer managed in a natural? or traditional® program to harbor Fusobacterium, Bacteroides,

or Trueperella

Bacterial genus Natural Traditional P-value*
Probability of presence, % SE Probability of presence, % SE

Fusobacterium® 100.00 NA 100.00 NA NA

Bacteroides 95.56 3.422 94.71 4.326 0.850

Trueperella 23.82 8.676 4.71 3.316 0.022

'Adjusted probability generated by transforming the odds estimated by logistic regression to a probability scale.

*Program included no growth-promoting technologies or antimicrobials.

*Program included hormonal implants, tylosin phosphate, monensin, ractopamine hydrochloride, and treatment with antimicrobials when necessary.
4P-value for the test of the log odds ratio between natural and traditional management programs.
*No logistic regression analysis performed given Fusobacterium presence in all liver abscesses; unadjusted prevalence presented.
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abscesses. Additionally, Romboutsia and Clostridium sensu
stricto 1, bacteria known to colonize the hindgut in rumi-
nants as early as immediately after birth, were identified in
10% and 11% of all liver abscesses, respectively (Alipour
et al., 2018).

Rare genera identified in the liver abscess samples included
bacteria of the Ruminococcaceae, Provotellaceae, Clostridia-
ceae 1, Spirochaetaceae, Erysipelotrichaceae, and Peptostrep-
tococcaceae families; the same families were also identified
in fecal samples from the same population of steers (Fuerniss
et al., unpublished data). While greater taxonomic resolution
is needed to identify potential homology between taxa pres-
ent within both feces and liver abscess purulent material, the
results suggest that escape of bacteria from the hind gut could
be a factor in the formation of polymicrobial liver abscesses.
In theory, intestinal epithelial damage from acidosis could
allow passage of microbes into the portal blood (Oba and
Wertz-Lutz, 2011). Gressley et al. (2011) suggested that hind-
gut epithelium might be more susceptible to damage caused
by fermentation products compared with ruminal epithelium
due to the lack of salivary flow, limited protozoa, and fewer
epithelial layers. Thoefner et al. (2004) induced ruminal aci-
dosis in dairy heifers and observed mild signs of inflammation
in the cecum and upper colon upon postmortem examination.
Acidosis in feedlot cattle fed high-concentrate diets could
contribute to liver abscess formation by compromising the
barrier function of the epithelium of the hind gut and promot-
ing microbial translocation to the liver.

Alpha diversity within liver abscess microbial
communities

Alpha diversity did not differ between liver abscess puru-
lent material from steers managed in traditional and natural
programs when measured as richness (P = 0.488; Figure 2A)
or Shannon Diversity Index (P = 0.356; Figure 2B). Numer-
ically, a slightly greater mean number of ASV and slightly
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greater mean Shannon Diversity Index value were found
within liver abscesses microbiota from naturally managed
steers in comparison to those of traditionally managed
steers. Richness of liver abscess communities between pens
was also similar (P = 0.855) with a range of mean rich-
ness values per pen between 5.13 and 7.22 ASV. Similarly,
Shannon Diversity Index of liver abscess communities was
also similar (P = 0.495) between pens with a range of mean
Shannon Diversity Index values per pen between 0.83 and
1.30.

Alpha diversity of the liver abscess purulent material
observed in this study was considerably lesser than values
previously observed for rumen or fecal samples (Shanks et
al.,2011; Yang et al., 2016; Azad et al., 2019). However, sim-
ilarly low levels of alpha diversity were found in bovine liver
abscesses by Amachawadi et al. (2021) and Stotz et al. (2021).
Since abscesses develop from a specific insult to the body
from an etiological agent or agents, dominance by the etio-
logical agent is expected in abscess microbial communities.
Microbial dominance and diversity are antagonistic which
supports lesser alpha diversity for abscess communities. Still,
the relative abundances of minor genera (anything other than
Fusobacterium or Bacteroides) observed in this study was less
than that of previous studies.

Beta diversity between liver abscess microbial
communities

Using UniFrac phylogenetic distances to compare microbiota,
differences between purulent material microbial communi-
ties were not observed when compared by management pro-
gram for unweighted (P = 0.169) and weighted (P = 0.799)
metrics. However, differences in microbiota were observed
between individual pens by unweighted UniFrac (P = 0.013).
Variation between pens was expected due to the intrinsic
pen-specific factors including ranch of origin, contemporary
environment, and feeding behaviors. Unweighted UniFrac
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Figure 2. Alpha diversity, depicted as richness (A) and Shannon Diversity Index (B), of the bacterial communities within liver abscess purulent material
from steers in a single feedlot within natural (N = 62) and traditional (N = 53) management programs.
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is sensitive to presence and absence of rare taxa (Lozupone
and Knight, 2005) and indicated that the observed differ-
ences in diversity of liver abscess microbiota between pens
were driven by the presence or absence of unique taxa that
could be associated with pen-specific factors such as cattle
source, prefeedlot management, and pen dynamics. However,
differences in microbiota were not observed between individ-
ual pens by weighted UniFrac (P = 0.067). Weighted UniFrac
analysis (Lozupone et al., 2007) accounts for the ecological
mass-ratio hypothesis which implies that community dynam-
ics are largely influenced by dominant species and are insen-
sitive to the abundance of rare taxa (Grime, 1998). Applied
to the context of the findings of this study, the abundance
of Fusobacterium and Bacteroides (combined average relative
abundance of 98%) characterize major differences in liver
abscess microbial communities. Together, unweighted and
weighted UniFrac results suggest more variation in abscess
communities between pens than between feedlot management
programs, especially regarding rare taxa. As such, pen-specific
factors such as cattle source, prefeedlot management, intake
patterns, and health challenges should be considered in future
studies, especially in large-pen, population-based designs.

To investigate the difference between abscesses regardless
of management program, K-means clusters were evaluated.
Two distinct K-means clusters were observed (Figure 3).
K-means cluster 1 included 20 abscess communities from
naturally managed cattle and 20 microbial communities from
traditionally managed cattle. K-means cluster 2 included 42
abscess communities from naturally managed cattle and 33
microbial communities from traditionally managed cattle.
No interaction was observed between K-means cluster and
management program (P = 0.079) by PERMANOVA testing
of unweighted UniFrac distances. The relative abundances of
genera within each cluster are visualized in Figure 4, and rare
genera are summarized in Supplementary Table S3. Fusobac-
terium relative abundance was greater in K-means cluster 2

‘ Management Program

O natural
<> traditional
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' . K-means Cluster
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Figure 3. Principal coordinate analysis of liver abscess communities
from steers managed naturally (no growth-promoting technologies

or antimicrobials) or traditionally (with hormonal implants, tylosin
phosphate, monensin, ractopamine hydrochloride, and treatment with
antimicrobials when necessary). Microbiota of liver abscess samples
from naturally managed cattle was similar to microbiota of liver abscess
samples from traditionally managed cattle based on PERMANOVA
analysis of unweighted UniFrac distances (P = 0.169). Microbiota of liver
abscess samples in K-means group 1 differed from microbiota of liver
abscess samples in K-means group 2 based on PERMANOVA analysis of
unweighted UniFrac distances (P = 0.001).
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Figure 4. Average taxonomic composition (% relative abundance) of
the bacterial communities within liver abscesses from steers in a single
feedlot by K-means cluster assignment (Figure 3). K-means cluster 1
included 40 samples, and K-means cluster 2 included 75 samples.

(ANCOM W = 37; 79% vs. 39% relative abundance) while
Bacteroides relative abundance was greater in K-means clus-
ter 1 (ANCOM W = 37; 58% vs. 20% relative abundance).
While Porphyromonas relative abundance was not statis-
tically different between K-means clusters, mean relative
abundance in K-means cluster 1 was 5% and mean relative
abundance in K-means cluster 2 was 0%. While generally
more rare taxa were observed in K-means cluster 1, alpha
diversity measured as Shannon Diversity Index was not dif-
ferent between K-means clusters (P = 0.307).

Divergence of liver abscess communities, particularly
those dominated by Fusobacteria and Bacteroidetes, was
recently reported by Stotz et al. (2021) and Pinnell et al.
(2022). The findings of the present study are consistent
with that of previous authors who found greater relative
abundance of Bacteroides within liver abscess communi-
ties than previously reported. The work of Pinnell et al.
(2022) suggested that Bacteroides-dominated abscess
communities could be linked to more distal portions of
the gastrointestinal tract (the cecum through rectum) than
Fusobacterium-dominated abscess communities. The rare
taxa observed in numerically greater relative abundance
in Bacteroides-dominated K-means cluster 1 are consistent
with the genera discriminant of Bacteroides-dominated
liver abscesses reported by Pinnell et al. (2022). While the
results of this study and previous reports suggested a role
of the hind gut in liver abscess occurrence, further research
is needed with microbiota comparisons between body sites
of individual animals to definitively link gastrointestinal
microbiota to liver abscess communities.

Summary

In this observational study, Fusobacterium and Bacteroides
appeared to dominate the microbial communities of liver
abscess purulent material and could be linked to different por-
tions of the gastrointestinal tract. The liver abscess microbial
communities characterized in this study were much simpler
than in previously published studies, emphasizing the need for
further investigation. Though management program did not
influence the diversity of the microbiota of the liver abscess,
Trueperella was found more frequently within liver abscesses
from steers managed in the natural program (without


http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac252#supplementary-data

exposure to tylosin phosphate). Rare taxa identified suggest
a link between the microbiota of the gastrointestinal tract
and the microbiota of the liver abscess purulent material.
Regardless of the program, steers managed within the same
feedlot had similar liver abscess microbiota. Further research
is needed to evaluate the routes of entry of gastrointestinal-
associated bacteria into the liver. Particularly, the microbiota
of the rumen and hindgut epithelial tissues should be evalu-
ated in greater taxonomic depth and compared to bacteria
found within the liver abscess.

Supplementary Data

Supplementary data are available at Journal of Animal
Science online.
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