FEMS Microbiology Ecology, 2024, 100, fiae002

DOI: 10.1093/femsec/fiae002
Advance access publication date: 19 February 2024

Research Article

OXFORD

Evaluating the liver abscess microbiota of beef cattle
during a reduction in tylosin supplementation shows
differences according to abscess size and fraction

Edin O’'Hara, Rahat Zaheer, Sara Andrés-Lasheras, Tim A. McAllister, Robert J. Gruninger

Lethbridge Research and Development Centre, Agriculture and Agri-Food Canada, 5403 1st Ave S, Lethbridge, AB, T1J 4B1, Canada

*Corresponding author. Lethbridge Research and Development Centre, Agriculture and Agri-Food Canada, 5403 1st Ave S, Lethbridge, AB, T1J 4B1, Canada.
E-mail: robert.gruninger@canada.ca

Editor: [Cindy Nakatsu]

Abstract

Liver abscesses (LA) resulting from bacterial infection in cattle pose a significant global challenge to the beef and dairy industries.
Economic losses from liver discounts at slaughter and reduced animal performance drive the need for effective mitigation strategies.
Tylosin phosphate supplementation is widely used to reduce LA occurrence, but concerns over antimicrobial overuse emphasize the
urgency to explore alternative approaches. Understanding the microbial ecology of LA is crucial to this, and we hypothesized that a
reduced timeframe of tylosin delivery would alter LA microbiomes. We conducted 16S rRNA sequencing to assess severe liver abscess
bacteriomes in beef cattle supplemented with in-feed tylosin. Our findings revealed that shortening tylosin supplementation did not
notably alter microbial communities. Additionally, our findings highlighted the significance of sample processing methods, showing
differing communities in bulk purulent material and the capsule-adhered material. Fusobacterium or Bacteroides ASVs dominated LA,
alongside probable opportunistic gut pathogens and other microbes. Moreover, we suggest that liver abscess size correlates with mi-
crobial community composition. These insights contribute to our understanding of factors impacting liver abscess microbial ecology
and will be valuable in identifying antibiotic alternatives. They underscore the importance of exploring varied approaches to address

LA while reducing reliance on in-feed antibiotics.
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Introduction

Liver abscesses (LA) in cattle result from bacterial infection of
the hepatic parenchyma and present a significant economic and
welfare challenge to the beef industry globally. In North Amer-
ica, LA severity is graded at slaughter using the Elanco scor-
ing system (0 = healthy, A = one or more small abscesses sur-
rounded by healthy liver tissue, A+ = one or more large abscesses
surrounded by inflamed liver tissue; Elanco, USA). Liver abscess
prevalence rose from 9.9% in 2010-2011 to 19.3% in 2016-17 (Na-
tional Beef Quality Audit 2018), and can exceed 90% in some
cohorts (Nagaraja and Lechtenberg 2007). Severe LA inhibit ani-
mal performance, causing a 5%-15% reduction in average daily
gain and a 9.7% reduction in feed efficiency (Brink et al. 1990,
Brown and Lawrence 2010, Rezac et al. 2014). In Canada, discounts
due to LA cost the industry ~ $61.2 million annually, but this is
likely an underestimate as it does not account for losses incurred
by reduced animal productivity (National Beef Quality Audit
2018).

Although LA can occur in all cattle, occurrence is most com-
mon in feedlot cattle receiving high-grain diets. It is hypothesized
that the acidotic conditions created by rapid microbial fermen-
tation of starch disrupts rumen and gut epithelial integrity, fa-
cilitating the translocation of opportunistic pathogens, including
Fusobacterium necrophorum and Trueperella pyogenes to the liver via
the portal circulation system (Pinnell and Morley 2022) The Gram-

negative bacteria F necrophorum has long been considered as the
primary etiological agent of LA, and is recovered almost univer-
sally in culture-based studies of the LA microbiota (Nagaraja and
Lechtenberg 2007, Pinnell and Morley 2022). Recent metataxo-
nomic surveys have presented a considerable body of evidence
that the microbial communities involved in LA are more complex
than initially thought and that multiple Gram-positive bacteria
likely play a role in LA etiology (Weinroth et al. 2019, Amachawadi
et al. 2021, Fuerniss et al. 2022). Moreover, a recent study has pro-
posed that LA microbiomes are almost universally dominated by
either Fusobacterium or Bacteroides and can be classified into sub-
types on this basis, challenging the long-held view of F. necropho-
rum as the primary etiological agent of LA (Pinnel et al. 2022).
However, making equitable comparisons between LA microbiome
studies is complicated by differences in the method of sample col-
lection. Most studies have focused their examination of LA mi-
crobiomes on the purulent material of the abscess (Weinroth et
al. 2017, Amachawadi et al. 2021, Stotz et al. 2021, Fuerniss et al.
2022, Pinnell et al. 2022), while one study also examined the mi-
crobial community associated with the abscess inner wall tissue
(Amachawadi et al. 2021). Further research into the microbial pro-
cesses driving LA formation is warranted to develop a comprehen-
sive understanding of the microbial ecology of LA, which will aid
in the identification of alternative methods for the prevention of
LA in beef cattle.

Received 26 June 2023; revised 4 January 2024; accepted 19 February 2024

© His Majesty the King in Right of Canada, as represented by the Minister of Agriculture and Agri-Food Canada, 2024.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original

work is properly cited.


https://doi.org/10.1093/femsec/fiae002
https://orcid.org/0000-0001-8693-6990
mailto:robert.gruninger@canada.ca
http://creativecommons.org/licenses/by-nc/4.0/

2 | FEMS Microbiology Ecology, 2024, Vol. 100, No. 4

At present, there is no ante-mortem diagnostic test for LA, and
prevention relies mainly on in-feed administration of prophylac-
tic antibiotics during the finishing period. The most widely used
antibiotic for LA prevention is tylosin phosphate, a macrolide with
broad-spectrum activity against Gram-positive bacteria (Shryock
et al. 1998). Although tylosin is widely used in beef finishing sys-
tems throughout North America, macrolides are categorized as
medically important antimicrobials (MIA) and are considered crit-
ical to human health by both Health Canada (Health Canada 2009)
and the World Health Organization (WHO 2019). There are con-
cerns that the use of MIA in food animals may contribute to an-
timicrobial resistance in human pathogens, which, coupled with
the increased frequency of LA occurrence, highlights the impor-
tance of developing alternative practices to ameliorate LA in cat-
tle. While alternative dietary formulations, feed supplements and
vaccines have been evaluated for their efficacy in this regard,
they have generally proven ineffective and have not been widely
adopted by industry (Reinhardt and Hubbert 2015, Amachawadi
and Nagaraja 2016).

We recently examined whether reductions in the amount of ty-
losin fed to beef cattle during the finishing period would increase
the occurrence of LA and found that the duration of tylosin ad-
ministration can be reduced by at least 25% without impacting
LA frequency, animal health, performance, or carcass traits (Dav-
edow et al. 2020). The present study builds on these findings by
employing a 16S metataxonomic approach to evaluate the effect
of a reduced timeframe of tylosin use on the microbiomes associ-
ated with both the purulent material and inner wall tissues of LA.
Our data confirms previous observations of a sparse bacteriome
in bovine LA, comprising ASVs of low prevalence across samples
and dominated by either Fusobacterium or Bacteroides. We present
evidence that microbial communities may vary between large and
small abscesses, but that timing of tylosin administration has only
a small impact on LA microbiota.

Materials and methods

Ethical statement

All animal procedures performed during the experiments de-
scribed herein were reviewed and approved by the Animal Care
Committees of Feedlot Health Management Services LTD (Oko-
toks, Alberta) and Lethbridge Research and Development Cen-
tre (AUP #:1642) in accordance with the guidelines set out by the
Canadian Council on Animal Care, with informed consent from
the animal owners.

Animal trial and sample collection

Details of experimental animal management have been published
previously (Davedow et al. 2020). Briefly, a total of 7576 crossbred
feedlot cattle, comprising both steers and heifers, were randomly
assigned to one of three treatment groups: (i) tylosin fed through-
out the feeding period (day 0-161; CTRL), (ii) tylosin fed during
the first 78% of the feeding period (day 0-125; F-78), and (iii) ty-
losin fed during the last 75% of the feeding period (day 41-161; L-
75). Each treatment group consisted of 10 pens, with an average of
253 animals per pen. Animals were adapted to a high-concentrate
diet using a succession of four step-up diets over 20 days, prior
to the feeding period. The finishing diet consisted of 85.8% con-
centrate, 11.5% roughage, and 2.8% supplement. The concentrate
portion consisted of 70% corn with the remainder being tempered
rolled barley / wheat. Tylosin phosphate (Tylosin 40, BioAgri Mix
LP, Mitchell, ON) was administered to cattle at a rate of 11 ppm

on a dry matter basis (as recommended for the prevention of LA
in Canadian beef cattle (CFIA 2023) according to the treatment
regimens described above. Monensin sodium was also included
in diets at 33 ppm DM over the feeding period (Monensin Pre-
mix; Bio-Agri Mix LP, Mitchell, Ontario) again as recommended in
Canadian feedlots (CFIA, 2023). Water and diets were provided ad
libitum throughout the feeding period, with diets delivered twice
daily.

After slaughter at a commercial abattoir, livers were obtained
and evaluated by a certified CFIA inspector using the Elanco Liver
Scoring System (0, A, A+). A subset of livers, ranging from 0 to
4 livers per pen within each treatment, was selected for further
analysis. Specifically, severely abscessed livers with an A+ grade
(n = 60) were chosen, with 6 out of 10 pens sampled for each treat-
ment. A mobile laboratory facility was positioned near the abat-
toir's slaughter operations wing exit, and each selected liver was
promptly transported in a sterile bag to the mobile lab immedi-
ately after retrieval. Prior to dissection, photographic records were
taken to establish the appearance of the abscessed tissue for a
subset of the samples (n = 34). Due to concerns over nucleic acid
degradation, this step was not performed on all the livers. The cat-
egorization included (i) large—a single large abscess (>50 mm in
diameter with purulent material), (i) small—1-5 small abscesses
with purulent material, (iii) small-multiple—more than five small
abscesses on the liver with purulent material, or (iv) atypical—
generally very large abscesses with solidified purulent/core mass,
differing from typical purulent material. Tissue samples were col-
lected aseptically. The liver surface was first disinfected with 70%
ethanol, and a 2-3 cm? piece of abscessed tissue, typically com-
prising half or a quarter of the abscess, including the abscess wall
and purulent material (or the entire abscess in the case of smaller
lesions), was collected using a sterile scalpel. Fresh gloves and
scalpel blades were used for each sample. Using sterile forceps,
the sample was carefully placed in the bottom of a sterile 50 ml
falcon tube and immediately snap-frozen in liquid nitrogen. The
samples were transported on dry ice to the laboratory and stored
at —80°C awaiting molecular analysis.

Metagenomic DNA isolation

Prior to DNA isolation, each sample was processed aseptically
to collect the bulk purulent material (BLP) and capsule-adhered
(CAP) samples as follows. The BLP was collected by gently scoop-
ing or squeezing the material (pus) from already sliced (half or
quarter) abscess using a sterile scalpel, or in the case of an in-
tact abscess, cutting open the abscess in the middle and col-
lecting the content. The inner wall tissue of the abscess cap-
sule was scraped off and the scrapings were collected as the CAP
sample.

DNA was isolated as previously described (Zaheer et al. 2018).
Briefly, 325 mg of BLP/CAP was added to a sterile 2.0 ml safe-lock
tube containing 0.3 g of 0.1 mm diameter and 0.1 g of 0.5 mm
diameter zirconia beads with 1000 pL of resuspension buffer
(600 mM NaCl, 120 mM Tris-HCl, 60 mM EDTA, 200 mM guanidine
isothyocynate) and 5 pL of a 1: 1 mix of f-mercaptoethanol: resus-
pension buffer. The tubes were mixed by inversion and 200 pL of
a preheated (70°C) 10% aqueous solution of SDS was added. The
samples were homogenised using an OMNI Bead Ruptor (Omni
International, GA, USA) for 3 min at 5 m/s, followed by incuba-
tion at 70°C for 15 min with shaking at 300 r/m. Samples were
then centrifuged at 16 000 x g for 5 min at 4 °C. The supernatant
was retained, and the extraction process was repeated in its en-
tirety using the remaining pellet. Both sample lysates were mixed



with 200 pL of 10 M ammonium acetate, placed on ice for 10 min,
and centrifuged at 4°C for 10 min at 16 000 x g. The supernatant
was mixed with an equal volume of isopropanol, placed on ice for
30 min, and centrifuged at4°C for 15 min at 16 000 x g. The nucleic
acid pellet was washed with 70% ethanol and air-dried. Pellets
from the same biological sample were dissolved in a total of 200
pL of TE buffer (10 mM Tris.HCI, 1 mM EDTA; pH 8.00) and com-
bined. RNase and proteinase treatments were performed as pre-
viously described (Zaheer et al. 2018) followed by column purifi-
cation using the QIAmp DNA Stool Minikit (QIAGEN Inc., Toronto,
ON, Canada) as per the manufacturer’s instructions. DNA qual-
ity was assessed using a Quant-iT™ PicoGreen kit (Thermo Fisher
Scientific, Mississauga, ON, Canada). The purity of the DNA was
determined by measuring the ratios of absorbance at 260/280 and
260/230 using a NanoDrop spectrophotometer (Thermo Fisher
Scientific Waltham, MA, USA). Samples with a 260/280 ratio value
of between 1.7 and 2.0 and a 260/230 ratio between 2.0 and 2.2
were regarded as acceptable for downstream analysis. Purified
DNA was stored at —80°C until sequencing.

Library construction and sequencing

The primer pair 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806R
(5-GGACTACHVGGGTWTCTAAT-3') targeting the V4 region of the
16S rRNA gene were used to examine bacterial communities in
CAP and BLP samples (Caporaso et al. 2011). A 33 cycle PCR using
1 pL of a 1: 10 dilution of genomic DNA and the Fast Start High
Fidelity PCR System (Roche, Montreal, PQ) was conducted using
the following conditions: 94°C for 2 min, followed by 33 cycles of
94°C for 30 s, 58°C for 30 s, and 72°C for 30 s, with a final elon-
gation step at 72°C for 7 min. Fluidigm Corporation (San Fran-
cisco, CA, USA) barcodes were incorporated in a second PCR re-
action using the following conditions: 95°C for 10 min, followed
by 15 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 1 min,
followed by a final elongation step at 72°C for 3 min. After ampli-
fication, PCR products were assessed in a 2% agarose gel to con-
firm adequate amplification. All samples were quantified using
the Quant-iT PicoGreen dsDNA Assay Kit and were pooled in equal
proportions. Pooled samples were then purified using calibrated
Ampure XP beads (Beckman Coulter, Mississauga, ON). Libraries
were quantified using the Quant-iT PicoGreen dsDNA Assay Kit
and the Kapa Illumina GA with Revised Primers-SYBR Fast Uni-
versal kit (Kapa Biosystems, Wilmington, MA, USA). The average
fragment size was determined using a LabChip GX instrument
(PerkinElmer, Waltham, MA, USA). Paired-end (2x250 bp) ampli-
con sequencing was performed at the Genome Quebec Innova-
tion Centre (Montreal, Canada) using the Illumina MiSeq Reagent
Kit v2 (500 cycle) following the manufacturer’s guidelines, which
incorporates a 20% PhiX spike-in.

Bioinformatic and statistical analysis

Sequence quality was assessed using FASTQC (Andrews 2010).
Primer sequences were trimmed using BBDuk from the BBTools
suite (Bushnell 2014). Data were processed using QIIME2 v.2022.8
(Bolyen et al. 2019). Both reads were truncated to 200 nt to facili-
tate high quality read merging and sequences were denoised into
amplicon sequencing variants (ASVs) using DADA2 (Callahan et
al. 2016), with MAFFT (Katoh and Standley 2013) used to generate
a rooted phylogenetic tree. Amplicon sequencing variants were
taxonomically classified using a Naive Bayes classifier trained on
the V4 hypervariable region of the 16S rRNA gene with the SILVA
SSU 138.1 database (Quast et al. 2013). Taxonomic, phylogenetic,
and raw ASV abundance data were exported for further analysis
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in R (v.4.0.1) using Phyloseq (McMurdie and Holmes 2013). To ac-
count for uneven library size, rarefaction curves were generated to
identify an optimal point for subsampling prior to diversity anal-
yses. Principle Coordinate Analysis (PCoA) plots were generated
using both Unifrac and weighted Unifrac dissimilarity matrices
(Lozupone and Knight 2005, Lozupone et al. 2011). PERMANOVA
tests based on both distance metrics were used to identify dif-
ferences in composition according to tylosin treatment, sample
type, abscess type, and dominant genus rank using the ‘adonis2()’
function in Vegan (Oksanen et al. 2020). Beta-dispersion tests for
the same distance metrics and experimental factors were also
performed using Vegan. Alpha-diversity was measured using the
Chaol and Shannon indices on a per-sample basis, with Kruskal-
Wallis and Dunn’s post-hoc tests applied to identify statistically
significant differences according to tylosin treatment regimen, ab-
scess type, and sample type. Statistically significant differences
for all diversity metrics were declared at P < 0.05. Prior to dif-
ferential abundance (DA) testing, singleton ASVs were discarded
and data were summarized at the phylum and genus levels. Dif-
ferential abundance testing according to tylosin treatment, ab-
scess type, and sample type was performed using parametric
Wald tests implemented in DeSeq2 (Love et al. 2014), with ani-
mal included in the model. Raw, unnormalized count values were
used as input for DeSeq?2, as recommended by the authors (Love
et al. 2014). Statistically significant differences were declared at
an FDR-corrected P < 0.05. Average-linkage hierarchical cluster-
ing analysis was performed using Euclidean distances with the
MicrobiotaProcess package in R (Xu et al. 2023) (Xu et al. 2023).
Bar charts were generated using MicroViz (Barnett et al. 2021). All
figures were prepared in R using ggplot2 (Wickham 2009).

Results
Liver abscess morphology

Of the 34 livers categorised by appearance, 13 had large abscesses,
8 had multiple small abscesses, and 9 had 1-2 small abscesses.
The remaining 4 did not conform to any of these classifications
and were denoted as atypical. Example images of each abscess
type are presented in Supplementary Fig. S1, alongside an im-
age of a healthy liver from the same animal cohort. Metadata
corresponding to these livers are also provided as supplementary
material.

Data Summary

Amplicon sequencing of 16S rRNA libraries generated a total of
7 826 258 paired reads, ranging in number from 13 to 112405 and
with a median of 70159.0 sequences per sample. An average of
89.71% £8.22% of the input reads were successfully denoised by
DADA?2. Rarefaction analysis in 1000-read increments indicated
that sequencing depth was sufficient (Supplementary Fig. S1A).
Following the removal of unclassified ASVs, 242 remained which
were allocated into 19 phyla and 82 genera. Microbial diversity and
taxon prevalence was generally low, with just 6 phyla and 9 genera
present in >5% of the samples. The ASVs allocated to the Fusobac-
terium and Bacteroides genera were the most prevalent across all
the samples (Fig. 1B).

Alpha- and Beta-diversity results

Each sample was rarefied to 25000 random reads prior to alpha-
and beta-diversity testing, which excluded 2 samples (1 CAP sam-
ple, large abscess; 1 BLP sample, atypical abscess) from down-
stream analysis. Chaol and Shannon diversity indices (values
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Figure 1. (A) rarefaction curve in 1000-sequence increments with replacement. Lines represent individual samples and are colored according to
treatment group (CTRL=control, F-78 = animals who received tylosin phosphate in the first 78% of the trial, L-75 = animals who received tylosin
phosphate in the last 75% of the trial). (B) prevalence analysis at the ASV level. Fusobacterium and Bacteroides ASVs are highlighted in red and blue,
respectively. Horizontal lines represent 5% and 10% ASV detection thresholds. The vertical line denotes 50 reads in total across all samples. The x-axis
is provided on a logarithmic scale. Boxplots of (C) Chaol and (D) Shannon diversity metrics across treatment groups and sample types. Chaol values
were log10 transformed prior to plotting. CAP = capsule-adhered purulent material; BLP = bulk purulent material

provided in Supplementary Data) were compared across groups
using Kruskal-Wallis tests with Dunn'’s post-hoc tests where ap-
propriate (Table 1). Chaol and Shannon diversity indices were un-
affected by the timing of tylosin phosphate administration (Fig. 1C
and D; P > 0.05). Samples collected from steers were more diverse
than those collected from heifers (Chao1 value: 5.29 vs 3.65; Shan-
non value: 0.61 vs 0.31; Table 1; P < 0.05), but as there were sub-
stantially more samples collected from steers (n = 46) than from
heifers (n = 12) we interpret these findings of significance with
caution. CAP samples had richer bacteriomes measured by Chaol
than BLP (Fig. 1C; P < 0.05). Bacteroides-dominated samples had
higher Shannon diversity than Fusobacterium-dominated samples
(Table 1; P < 0.05). Large abscesses had more diverse communities
than single small abscesses (P < 0.05), but less diverse communi-
ties than multiple small abscesses (P < 0.05) using the Shannon
index.

Beta-diversity was evaluated using PCoA plots (Fig. 2A-D) ac-
companied by PERMANOVA and beta-dispersion tests (Table 2),
using both weighted and unweighted Unifrac distances. The tim-
ing of tylosin phosphate inclusion did not impact the composi-
tion of the LA microbiota using either test (Fig. 2A and B; P > 0.05).
Tests using weighted Unifrac (Fig. 2A and C) indicated that CAP

and BLP microbiotas differed, as well as those of Fusobacterium-
and Bacteroides-dominated abscesses (P < 0.05). In contrast, clas-
sifying samples based on whether they originated from a liver
with a single abscess, multiple abscesses or a very large abscess
(abscess type) showed a trend toward differences in microbiome
composition (Fig. 2D; P = 0.06, R2 = 0.06). Tests performed using
the unweighted Unifrac distance matrix indicated significant dif-
ferences in community composition according to both dominant
genus and abscess type (Fig. 2B and D; P < 0.05). There were also
statistically significant differences in beta dispersion according to
dominant genus when tested using unweighted Unifrac distances
(P < 0.05), and between sample types (CAP vs BLP) when tested us-
ing weighted Unifrac (P < 0.05).

Taxonomic composition of LA

Fusobacteriota (85.93%) and Bacteroidota (12.56%) were the most
prominent taxa detected in LA by mean relative abundance across
all samples (Fig. 3A). Other phyla present in lower abundances in-
cluded Campilobacterota (0.88%), Firmicutes (0.29%), Proteobac-
teria (0.24%), and Actinobacteria (0.05%). The mean abun-
dances of all the remaining phyla were below 0.01%. There was
considerable intersample variation in phylum abundance and
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Table 1. Alpha-diversity results
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Chao1! Shannon
chi-squared P-value chi-squared P-value
Treatment 0.05 0.976 4.95 0.084
Dominant genus 0.44 0.803 15.19 0.001
Gender 6.56 0.010 12.90 <0.001
Sample type 6.87 0.009 0.09 0.760
Abscess type 1.23 0.745 9.15 0.027
Diversity indices were compared across groups using Kruskal-Wallis tests with Dunn'’s post-hoc tests where appropriate.
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Figure 2. Principal Coordinate Analysis (PCoA) plots based on weighted (A, C) and unweighted (B, D) Unifrac distance matrices. Samples are categorized
according to tylosin phosphate treatment group, sample type, abscess size, and their predominant genus. Treatment groups: CTRL=control, animals
who received tylosin phosphate throughout the finishing period, F-78 = animals who received tylosin phosphate in the first 78% of the trial, L-75 =
animals who received tylosin phosphate in the last 75% of the trial. CAP = capsule-adhered purulent material; BLP = bulk purulent material.

Table 2. Beta-diversity results

Unweighted Unifrac

Weighted Unifrac

R2! Perm. P-value? B-disp. P-value® R2 Perm. P-value B-disp. P-value
Treatment 0.02 0.75 0.66 0.01 0.56 0.453
Sample type 0.01 0.71 0.178 0.07 <0.001 0.026
Dominant genus 0.06 0.01 0.016 0.55 <0.001 0.537
Abscess type 0.12 0.01 0.514 0.06 0.06 0.136
Gender 0.01 0.54 0.414 0.01 0.21 0.034

Variation explainable by each factor.
2PERMANOVA P-value.
3B-dispersion test P-value.
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prevalence as shown in Fig. 3A. All but 2 samples contained
<10 genera. The 9 genera detected in >5% of the samples to-
gether accounted for 99.56% of all the sequences at the genus
level. Fusobacterium (85.93%) was the most abundant overall
and was the only ubiquitous genus present (Fig. 3B). Bacteroides
(12.45%) was present in 59 of the 107 samples, with all remain-
ing genera present in <50% of the samples. Campylobacter (0.87%)
and Escherichia-Shigella (0.13%) were the other prominent genera,
with the remainder all present at < 0.1% relative abundance
(Fig. 3B).

To further evaluate relationship between abscess microbiomes,
we identified the ASVs which were shared between abscesses cat-
egorized according to size (Fig. 3C) and between BLP and CAP sam-
ples (Fig. 3D). Large abscesses had more unique ASVs (82) than
small (26) or small-multiple (18) abscesses with only 10 ASVs
ubiquitous across all abscess types (Fig. 3C). These 10 ubiquitous
ASVs accounted for >90% of the reads in the majority of the sam-
ples. There were 26 ASVs present in both BLP and CAP samples,
with 112 unique to the CAP samples, and 104 to the BLP samples
(Fig. 3D).

Impact of tylosin administration group on
microbial composition

The impact of tylosin feeding regimen was evaluated at phy-
lum and genus levels using DeSeq2. The timing of tylosin feed-
ing did not have any effect on the abundance of Fusobacteriota
(P > 0.05). Firmicutes were 3.16 times more abundant (log, fold-
change; log,FC) in F-78 samples than in the controls (P < 0.05),
while the abundance of Bacteroidota was 2.7 times greater in the
L-75 samples than in the controls (P < 0.05). No phyla exhibited
significant differences in abundance between the L-75 and F-78
treatment groups (P < 0.05). When examined at genus level, F-
78 samples tended to have greater abundances of Filifactor (1.67
log, FC) and Acinetobacter (1.35 log, FC) than the controls (P < 0.1).
There were no significant differences in the abundances of any
genera between the L-75 and control samples (P > 0.05). Acineto-
bacter was also more abundant in the F-78 samples than in the
L-75 cohort (P < 0.05; log, FC = 1.65), while the higher abundance
of Filifactor in the same group trended toward significance (P =
0.06; log,FC = 1.47). The lower abundance of Bacteroides in the F-
78 samples compared to the L-75 samples showed a similar trend
(P=0.06; log, FC = 2.49). Given the large variation in prevalence of
genera across samples, we exercise some caution in interpreting
these DA findings.

Differences between capsule-associated and
purulent material microbiomes

The abundance of Fusobacteriota didn'’t differ between sample
types (P > 0.05). The abundance of Proteobacteria was greater
(2.13 log, FC) in the CAP samples than in the BLP samples (P <
0.05). The CAP samples had higher proportions of both Acinetobac-
ter (1.48 logy FC) and Escherichia-Shigella (1.78 log, FC) versus BLP (P
< 0.05), while the higher abundances of Enterococcus (0.90 log, FC)
and Mycoplasma (0.89 log, FC) showed a tendency to be significant
(P < 0.1), but with low fold-change values.

Differences according to liver abscess
morphology

Abscess type was the only factor that distinguished the micro-
bial communities using both weighted and unweighted Unifrac
metrics (Table 2; Fig. 2C and D). Samples collected from liv-
ers with one small abscess and multiple small abscesses had
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greater abundances of Bacteroidota than those from large ab-
scesses (P < 0.05). Additionally, samples collected from livers with
multiple small abscesses had higher abundances of Proteobacte-
ria and Firmicutes compared to large abscesses (P < 0.05). The
abundance of Fusobacteriota was not impacted by liver abscess
morphology (P > 0.05). Small abscesses had more sequences as-
signed to Firmicutes than livers with multiple small abscesses
(3.66 log, fold change; P<0.05). At the genus level, large abscesses
had lower abundances of Filifactor (—5.83 log, FC) and Bacteroides
(—4.62 log, FC) compared to samples collected from livers with
one small abscess (P < 0.05). The abundance of Bacteroides was
also significantly lower when microbial profiles of large abscesses
were compared to those of livers with multiple small abscesses
(—4.44 log, FC; P < 0.05). The abundance of Filifactor was signif-
icantly higher in samples generated from livers with one small
abscess compared to those with multiple small abscesses (5.79
log, FC; P < 0.05), but this taxa was only present in three samples
overall.

Classification of LA samples according to genus
predominance

When samples were classified according to their most abundant
genus (Fig. 4), Fusobacterium predominated in 94 of the 107 sam-
ples, followed by Bacteroides (12) and Campylobacter (1). Hierarchi-
cal clustering analysis using Euclidean distances showed clear
clustering according to dominant genus classification (Fig. 4A),
in agreement with the PCoA and PERMANOVA results. Spearman
correlations showed a strong (R = —0.79) negative relationship
between the relative abundances of Fusobacterium and Bacteroides
(Fig. 4B). No other pairs of taxa exhibited strong correlations in
either direction (Fig. 4C).

Evaluation of Fusobacterium and Trueperella
abundance profiles

Of the 35 ASVs assigned to the genus Fusobacterium, 33 were
classified as F. necrophorum, while the remainder had no species-
level annotation. Fusobacterium ASVs were present in all sam-
ples (Fig. 5A), while Trueperella was detected in only one sam-
ple of BLP (BLP98; Fig. 5A), collected from a steer and contained
within a large abscess. This sample also harbored a consider-
ably richer and more diverse microbiota than any other sample,
as evidenced by its rarefaction curve (Supplementary Fig. S1A)
and taxonomic profile (Fig. S5B). It's Chaol value was 55.5, while
the average for all the other samples was 4.51 (Supplementary
Material S2). A total of 45 genera were present in this sam-
ple, while the average number of genera detected in each of
the other samples was 3.09. This was the most diverse sam-
ple in our dataset, and was dominated by Bacteroides (51.28%
of sequences), followed by Fusobacterium (26.17%), Campylobacter
(4.80%), Prophyromonas (3.38%), Peptoniphilus (2.41%), Parvinmonas
(2.24%), Psychrobacter (1.78%), and Trueperella (1.00%) (Fig. 5B). An
additional 16 genera had relative abundances of >0.1% in this
sample.

Discussion

Liver abscesses pose significant economic and welfare challenges
in beef production systems, and a comprehensive understand-
ing of the microbial basis of LA pathogenesis is key in the de-
velopment of novel mitigation strategies. This study employed
16S rRNA sequencing to characterize the bulk-purulent material
(BLP) and capsule-adhered (CAP) microbiota of LA. Our findings
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provide further information concerning the polymicrobial com-
munity inhabiting LA, and support previous studies that have
documented the predominance of Fusobacteria and Bacteroides in
LA (Stotz et al. 2021, Pinnell et al. 2022). We show that the mi-
crobial communities associated with BLP differ from that asso-
ciated with the inner CAP of the abscess. LA morphology also
appears to influence the composition of the liver abscess micro-
biome with changes in composition and diversity during abscess
development.

Liver abscesses contain a low diversity
microbiota with high individual variation, and
are dominated by a small number of bacteria.

All but one of the samples in our dataset contained a low-diversity
microbiota, with the majority containing <10 unique ASVs, and
only one containing >20. This contradicts other studies; Weinroth
et al. (2017) identified a far greater number of OTUs in their LA
samples than we did, exceeding 10000 in one sample. Rarefaction
curves for all samples analyzed in this work reached a plateau at



~25000 reads, indicating that further sequencing would not have
yielded additional ASVs in our dataset. Similarly, a more recent
study of LA microbial ecology identified 4167 OTUs and 388 gen-
era in samples from both abscessed and healthy livers (Stotz et
al. 2021). The reason for these differences is hard to ascertain and
may lie in the choice of sample type (i.e. combined sample type vs
separate capsule tissue and purulent material), laboratory pro-
cedures (e.g. DNA extraction methods, sample processing), data
analysis tools, different sampling depths, or a combination of the
above. As more studies employ high-throughput sequencing to
characterize LA microbiomes under different conditions, our un-
derstanding of the factors influencing these communities will im-
prove.

Recent high-throughput sequencing studies have challenged
the dogmatic view of F. necrophorum as the primary infectious agent
in LA, with evidence emerging of a polymicrobial LA microbiome,
which may originate from other regions of the gastrointestinal
tract (GIT) (Weinroth et al. 2019, Fuerniss et al. 2022, Pinnell et
al. 2022). The literature is inconsistent regarding the taxonomic
composition of LA microbiomes using NGS. Our dataset was dom-
inated by Fusobacteriota, with Bacteroidota a distant second, in
agreement with recent studies that reported these as the predom-
inant phyla in LA (Amachawadi et al. 2021, Stotz et al. 2021). Al-
though Bacteroidota was the second most abundant phylum here,
it was totally absent in almost 45% of the samples (Fig. 3A). This
contrasts with another metataxonomic study of LA, which found
that Bacteroidetes (since renamed Bacteroidota), and Proteobac-
teria were the dominant phyla, followed by Fusobacteria (Wein-
roth et al. 2017). Proteobacteria comprised just 0.24% of the reads
on average in our study, and were found in ~61% of the samples.
Stotz et al. (2021) reported that Proteobacteria was the most abun-
dant phyla presentin healthy liver tissue, and the high abundance
of Proteobacteria reported by Weinroth et al. (2017) compared to
our and other studies may reflect amplification of microbes as-
sociated with healthy liver tissue alongside those of the abscess.
This variation may also reflect systemic differences in experimen-
tal approaches used by each group.

Similar patterns were evident at genus level, where large in-
tersample variation was also clear. Sequence count sparsity (i.e.
the presence of a large number of distinct taxa, which are found
only in a small number of samples, leading to a high amount of
zeros in the taxonomic count matrix) is an inherent issue facing
microbiome NGS studies (Pan 2021), and low prevalence of many
taxa has been reported in other studies of LA (Pinnell and Morley
2022). While 82 genera were detected overall, just 9 were found
in >5% of the samples and only 2 samples contained more than
10 unique genera. Additionally, the abundance ranges of the taxa
across samples were large, particularly for the minor taxa. Re-
cent studies have reported two distinct LA community subtypes
in severely abscessed livers, a Fusobacteria-dominated subtype
and a Bacteroidetes (Bacteroidota)-dominated subtype (Stotz et al.
2021, Pinnell et al. 2022). We ranked our data according to domi-
nant genus, with Fusobacterium and Bacteroides being predominant
in all but one of the samples. This partially contradicts Pinnell
et al. (2022), who reported Porphyromonas as being the predom-
inant genus in several of the Bacteroidetes-type abscesses, our
data generally supports recent findings that many LA are domi-
nated by bacteria other than Fusobacterium. PERMANOVA tests and
accompanying R? values showed that ranking according to domi-
nant genus was substantially more discriminating of LA microbial
communities than any other factor or combination of factors in
our study. The proportions of Fusobacterium and Bacteroides were
strongly negatively correlated, further underlining the strong in-
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verse relationship between Fusobacterium and Bacteroides abun-
dances. Interestingly, one sample was dominated by Campylobac-
ter spp., a well-known human food pathogen known to reside in
the ruminant gut (Stanley and Jones 2003, Schnur 2021). Campy-
lobacter species have been implicated in liver abscess formation
in humans, and have been reported as part of the LA microbiome
in cattle (Pinnell et al. 2022). To our knowledge, this is the first
example of a Campylobacter-dominated LA in cattle and suggests
that bacteria other than Fusobacterium and Bacteroides have the po-
tential to act as major infectious agents in bovine LA syndrome.

Escherichia-Shigella, Prevotella, Pseudomonas, Acinetobacter, and
Brevundimonas were all present in a significant number of our sam-
ples. Escherichia-Shigella contains well-known pathogens like Es-
cherichia coli, and was found in ~38% of the samples and was more
abundant in LA of tylosin-fed cattle than controls in a previous
study (Amachawadi et al. 2021), suggesting that antimicrobial ac-
tion of tylosin may make animals more susceptible to translo-
cation of gut E. coli. Prevotella contains multiple important gut
species, and while they have been previously identified in bovine
LA, their role in pathogenesis is unknown (Pinnell et al. 2022).
Many of these other prominent genera contain recognised oppor-
tunistic species. Pseudomonas are Proteobacteria which have been
identified in LA using NGS (Amachawadi et al. 2021, Pinnell et
al. 2022) and contain known pathogens (Juhas 2015). Acinetobacter
are also Proteobacteria, and have been implicated in wound, blood-
stream (Wareth et al. 2019) and liver infections in humans (Singh
et al. 2016). This genus’ presence has also been reported in other
studies of cattle LA microbiomes (Stotz et al. 2021, Pinnell et al.
2022) at varying proportions. Brevundimonas has not been previ-
ously noted as a major member of bovine LA microbiomes in cat-
tle, but its capability as an opportunistic pathogen has been de-
scribed (Ryan and Pembroke 2018). The high variation in preva-
lence and abundance of the microbes across samples supports
the hypothesis that members of one or two genera act as primary
infectors in LA syndrome, with the remaining constituents of LA
microbiomes composed of opportunistic pathogens.

We detected additional taxa at high abundance in a very small
number of samples, which is reflective of the high interindividual
variation in the composition of LA microbiomes. For example, En-
terococcus has been reported to play a role in pyogenic liver abscess
syndrome in humans (Micke et al. 2017), and was as abundant
as 8.0% among 5 of the samples analyzed in the present study.
Tylosin feeding increases AMR among fecal enterococci in cattle
(Zaheer et al. 2013) and its high abundance in several samples
here suggests that it may play a role in bovine LA pathogenesis.
A companion study examining the impact of tylosin inclusion on
the level of AMR genes in fecal enterococci collected during the
same animal experiment found that their abundance linearly in-
creased during the feeding period (Davedow et al. 2020). It is possi-
ble that enterococci may have translocated from either the rumen
or hind-gut into the blood stream and established in the liver of
these animals. Little is known about the role of the hind-gut mi-
crobiome in the development of LA and this could be an area for
future study. Filifactor has also been previously linked to LA in cat-
tle (Pinnell et al. 2022) and was found in two samples in our study.
Filifactor belongs to the Firmicutes phylum and has been reported
as being discriminant of Bacteroides-dominated LA (Pinnell et al.
2022), although another study reported its correlation with the
abundance of Fusobacterium (Amachawadi and Nagaraja 2022).

The high intersample variation in the microbial communities
that we observed is also exemplified in one sample that had a sub-
stantially richer microbial profile compared to the others (Fig. 1A).
While dominated by Bacteroides and Fusobacterium, this BLP sample
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also many sequences assigned to other taxa. Among them, Parvi-
monas, Helcococcus, Prophyromonas, and Trueperella have all been
previously reported in LA microbiomes (Weinroth et al. 2017,
Amachawadi and Nagaraja 2022). The fact that they were only
prominent (>1% abundance) in a single sample here again under-
lines the high degree of variability in LA microbiota even within
the same animal cohort. We were surprised to find that this was
the only sample that contained sequences assigned to Trueperella,
a genus widely implicated in bovine LA etiology (Herrick et al.
2022, Pinnell and Morley 2022). This contrasts with recent NGS
studies which have reported high abundances of Trueperella in LA
(Stotz et al. 2021, Pinnell et al. 2022) but is in agreement with the
results of Amachawadi et al. (2021) who also found this microbe to
be present in a small number of samples. Another study reported
that Trueperella was primarily isolated from samples collected
from regions with temperate climates, exemplified by cooler cli-
mates and higher rainfall (Herrick et al. 2022). Our data does not
reveal with certainty the source of these discrepancies, and the
collection of samples from multiple environments will be neces-
sary to generate a comprehensive picture of LA microbial ecology.

Sample and abscess type have more impact on
LA microbiomes than tylosin feeding duration

Agreeing with previous studies (Amachawadi et al. 2021, Fuerniss
et al. 2022), in-feed tylosin supplementation had only a marginal
effect on the LA microbiome with no impact on global diver-
sity metrics. Acinetobacter was more abundant in F-78 samples
than in either L-75 and controls, even though controls received
tylosin throughout the feeding period. Like most of the taxa
present in Fusobacterium- and Bacteroides-dominated LA, Acineto-
bacter is a gram-negative opportunistic pathogen and is implicated
in wound formation in the mammalian gut (Eliopoulos et al. 2008).
Earlier research identified this bacteria as more prevalent in the
LA of tylosin-fed cattle (Amachawadi et al. 2021). However, due to
its low prevalence in our dataset, we cannot definitively infer its
role in LA formation.

The lack of a consistent approach to sample collection (i.e. only
purulent material vs whole abscess area) may have contributed
to the variation in results from NGS-based LA microbiome stud-
ies to date. Here, we generated libraries from both inner wall cap-
sule tissue (CAP) and BLP. Weighted Unifrac dissimilarities were
different between sample types while unweighted Unifrac were
not, indicating that even with a large number of ASVs unique to
each sample type, it was differences in abundance rather than the
presence/absence of taxa which drove the separation. Addition-
ally, CAP samples were more diverse (as indicated by Chaol) and
had greater abundances of Acinetobacter and Escherichia-Shigella,
with the greater abundance of Enterococcus approaching signifi-
cance. These CAP associated genera may be more metabolically
active than those associated with the BLP (Amachawadi et al.
2021). While the differences between CAP and BLP microbiomes
were relatively small overall, these findings point to potential vari-
ation in LA microbiomes between abscess regions, which should
be considered in future studies.

We were surprised to find differences between abscess types
(small vs multiple small vs large), which has not been previously
documented to our knowledge. The separation was greater for the
unweighted Unifrac distance (R2 = 0.12 vs 0.06 for weighted), indi-
cating that this difference was likely driven by rare taxa (Lozupone
and Knight 2005). The microbiomes of large abscesses were more
diverse (Shannon index) and had considerably more ASVs than ei-
ther of the other groups though this was likely driven by the sin-

gle sample of high diversity. Additionally, they had significantly
lower abundance of Bacteroides, indicating that major LA taxa
vary between large and small abscesses. A microbiome inhabiting
healthy liver tissue has also been reported recently, and many of
the microbes found in abscessed tissue are also found in healthy
liver tissue (Stotz et al. 2021). This intriguing finding suggests that
opportunistic pathogens may be presentin the liver tissues of cat-
tle consuming high-grain diets, even in the absence of LA. The
biological mechanisms that may favor these pathogens are un-
known, and investigation of these potential stressors is warranted.

Conclusion

These data indicate that the microbiota of LA is sparsely popu-
lated by a wide range of mostly Gram-negative bacteria, and re-
flects the results of previous studies that showed LA are domi-
nated by either Fusobacteria or Bacteroides. We acknowledge that
in the absence of non-template control samples, we cannot to-
tally exclude the possibility of external contamination. However,
we took every practical precaution possible to avoid this, and have
confidence in our findings. Very few taxa were highly prevalent
across samples, and the large inter-sample variation in composi-
tion suggests that one or two bacterial taxa act as major infectors
(primarily Bacteroides and Fusobacteria), while the remainder likely
derive from the gastrointestinal tract and include opportunistic
pathogens. Timing of tylosin administration did not have a signif-
icant global effect on the LA microbiome, but some shifts in indi-
vidual taxon abundances were found. Additionally, differences in
composition between the microbiomes of BLP and inner wall tis-
sue, as well as between abscesses of divergent morphology, indi-
cate that these are confounding factors that should be considered
in future studies of LA microbiomes.
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