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Abstract

Antibiotics may be used for gastrointestinal enteropathies but research has demonstrated
significant microbiota dysmetabolism, fermentation pattern alterations, and prolonged
dysbiosis following treatment. The objective of this study was to determine how dietary
fiber or fecal microbial transplant (FMT) treatments impacted the fecal characteristics,
metabolite concentrations, and microbiota populations of cats treated with metronidazole.
Twenty-five healthy adult cats (6.75 ± 1.20 yr) were fed a commercial kibble diet for 2 wk,
administered metronidazole (20 mg/kg BW BID) for 2 wk, then monitored for 4 wk. Cats
were allotted to one of three interventions (diet, diet + beet pulp, diet + FMT) for 1 wk,
interventions ceased, then recovery was monitored for 4 wk. Fresh fecal samples were
collected at the end of each phase and at the mid-points of recovery. As anticipated,
metronidazole increased fecal scores and moisture (p < 0.05), reduced fecal bacterial alpha
diversity (p < 0.0001), and reduced fecal metabolite concentrations. Few treatment effects
were detected, with antibiotic recovery contributing to many of the results observed.
Dysbiosis was persistent throughout the study, with 4/25 cats still demonstrating mild
dysbiosis after 9 wk. Overall, dietary or FMT treatments may aid in accelerated antibiotic
recovery in cats but further research is needed to refine treatments for greater efficacy.

Keywords: antibiotic; dietary fiber; feline nutrition; feline microbiome; gut health; metronidazole

1. Introduction
Focus on the gastrointestinal (GI) microbiome has increased within the last several

years, due to its well-known relationships with and roles in host metabolism. In healthy
individuals, the GI microbiome has a wide variety of functions in maintaining host GI
homeostasis, synthesis of metabolites [i.e., short-chain fatty acids (SCFA), secondary bile
acids (BA)] and is involved in gut barrier function. The composition of the microbiome
can influence its ability to serve in these roles and when imbalanced, can be referred to as
dysbiosis. Mostly defined by a reduction in overall microbial diversity, loss of beneficial
bacteria, and an increase in pathobionts and alteration of GI metabolism, dysbiosis is
prevalent in many forms of GI disease and has been suggested to play a role in GI disease
progression [1–7]. In more recent years, analysis of the GI microbiome using quantitative
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polymerase chain reaction (qPCR) analysis has demonstrated common and negatively asso-
ciated shifts in microbial abundances in cats with chronic enteropathies (CE). Discussed in
Sung et al. [7], abundances of Escherichia coli and Streptococcus increase while Bacteroides,
Bifidobacterium, Faecalibacterium, Peptacetobacter (Clostridium) hiranonis, and Turicibacter de-
crease during dysbiosis in cats with CE. While not necessarily an indication of CE or GI
diseases, dysbiosis is considered to be a primary contributor to antibiotic-associated GI
signs in cats [8].

Clinical signs often vary between forms of CE but can present as weight loss, vomit-
ing, hyporexia, and diarrhea over a prolonged (≥3-wk duration) period of time, and are
often diagnosed through elimination of extra-intestinal diseases [7,9–12]. Treatment of CE
can range but common methods include steroid/immunosuppressive therapies, dietary
treatment, or antibiotic treatment. While antibiotics continue to be a crucial treatment in
veterinary medicine, the type of antibiotics prescribed is traditionally based on published
guidelines (i.e., case presentation, clinical signs) and mechanistic classification (bacterio-
static or bactericidal). In a recent analysis [13] reported that 72% (1724 total prescriptions)
of antibiotics prescribed to dogs and cats at the time of study were bactericidal agents and
either penicillins (691/1724) or fluoroquinolones (574/1724). Of the antibiotics prescribed
to cats, urinary (23.3%), GI (21.6%), and respiratory (13.1%) tracts were among the most
common targets for treatment [13]. Despite high efficacy in reducing microbial diversity,
previous studies have associated antibiotic use with profound and prolonged imbalances
to the fecal microbiome and metabolome of humans and animals, which can increase the
risk of developing antibiotic-induced dysbiosis, relapse for bacterial infections and/or
development of antibiotic resistance [14–22].

As an alternative treatment, the incorporation of functional dietary ingredients (i.e., di-
etary fiber or “biotics” such as pre-, pro- and post-biotics) or alterations to diet composition
(i.e., protein, fat, or fiber content) may be considered for nutrition-based interventions. The
International Scientific Association for Probiotics and Prebiotics have defined each of these
“biotics”. Prebiotics are substrates that are selectively utilized by host microorganisms
conferring a health benefit [23], whereas probiotics are live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host [24]. More recently
defined are postbiotics, which are preparations of inanimate microorganisms and/or their
components that confer a health benefit on the host [25]. Commonly used to beneficially
modulate the GI microbiota, the literature regarding the benefits observed through func-
tional ingredient inclusion are conflicting, suggesting highly individualized responses,
with some of the reported differences more emphasized within target populations (i.e.,
animals with bacterial infection, gastroenteritis, diarrhea or constipation) [26,27]. Mostly
studied in dogs with CE, evidence supporting the use of nutrition or diet-based interven-
tions suggests that these interventions may be useful in animals with food-responsive
enteropathies [28–30]. It should be noted that there is very limited research using di-
etary intervention in cats with CE but of the studies available, elimination or hydrolyzed
diets have evidence supporting resolution of GI signs and/or improvements to clinical
markers [9,11,31,32].

Gaining traction for use in severe cases of GI disease, the application of fecal microbial
transplant (FMT) procedures is based around the transfer of microbiota collected from a
healthy donor and provided to a diseased patient as an alternative to drug-based treatments
and is presently used in human medicine [33]. Currently, there are no standards or methods
for performing FMT in small animals and many aspects (i.e., donor selection, preparation
and administration techniques) should be considered prior to and during treatment [34,35].
FMT research is greatly limited in clinically ill dogs with even less available research in
cats [36–42]. Overall conclusions from those studies have suggested quicker recovery,
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with major limitations involving different disease phenotypes and the lack of consistent
preparation and handling techniques.

Research is limited in cats treated with antibiotics as well as overall research compar-
ing different intervention strategies, specifically dietary interventions compared to FMT
administration, throughout recovery. In the current study, the objective was to determine
how fiber supplementation or FMT treatment affected the fecal characteristics, metabolite
concentrations, and microbiota populations of adult cats treated with metronidazole. Given
that literature regarding FMT administration suggests quick recovery, we hypothesized
that cats allotted to FMT administration would recover quicker than cats supplemented
with fiber, with control-fed cats demonstrating the slowest recovery to fecal microbiota
and metabolite concentrations. While FMT can promote rapid microbiome colonization
and stabilization, inclusion of dietary fibers has also been shown to promote microbial
growth and metabolite production, thereby supporting a potentially more homeostatic and
healthier microbiome.

2. Materials and Methods
2.1. Animals, Diet, and Experimental Design

Twenty-five healthy domestic shorthair adult cats [mean age = 6.75 ± 1.20 yr; mean
body weight (BW) = 4.12 ± 0.66 kg] were used in a longitudinal completely randomized
study. All cats were housed in an environmentally controlled facility at the University of
Illinois Urbana-Champaign. Cats were group-housed, except for feeding times when all
cats were individually housed to measure food offered and refused to calculate intake, in
addition to days when fresh fecal samples were collected to adequately measure individu-
alized outcomes. Cats were socialized at least twice per week, which provided them with
the ability to socialize with humans and other cats.

Cats had free access to fresh water at all times and were fed twice daily (8 am; 3 pm) at a
rate to maintain BW at the beginning of the study. Cats were fed a commercial extruded dry
diet (Purina Cat Chow; Nestlé Purina PetCare Company, St. Louis, MO, USA) formulated
to meet all nutrient recommendations provided by the Association of American Feed
Control Officials (AAFCO) for adult cats at maintenance [43]. Food offered and refused
was measured each day to calculate intake and any observations of vomiting or negative
reactions were recorded.

The study was 13 wk in length (Figure 1) and began with a 2-wk baseline where all cats
consumed the basal diet only. After baseline, cats received metronidazole (Metronidazole
Compounded Oil Liquid Chicken Flavored; Chewy, Inc., Boston, MA, USA) at a dosage of
20 mg/kg orally twice daily (at meal times) for 2 wk. Recovery was monitored for 4 wk,
then cats were allotted to 1 of 3 interventions [diet only (CTRL); diet + beet pulp (FIB); diet
+ FMT (FMT)] for 1 wk. Interventions ceased and recovery was monitored for 4 wk. Cats
were weighed and body condition scores were assessed using a 9-point scale [44] once a
week prior to the morning feeding throughout the study. At d 0, 14, 28, 42, 49, 63, and
77, overnight fasted blood samples and fresh fecal samples (within 15 min of defecation)
were collected.

During intervention (d 43–49), beet pulp was top-dressed on the basal diet and was
supplemented to increase total dietary fiber (TDF) consumption up to 10% TDF [on a dry
matter (DM) basis]. The amount of fiber supplemented was calculated based on individual
intakes (range: 0.900–1.198 g beet pulp/d). FMT capsules were orally administered prior to
food offering to ensure treatment was administered and tolerated. To increase palatability
and acceptance of beet pulp supplementation, 5 mL of a bone-broth topper (Nulo FreeStyle
Grain-Free Home-Style Chicken Bone Broth Dog & Cat Topper; Nulo Pet Food, Austin,
TX, USA) was applied to the food. Broth was added to the diets of all cats to avoid
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any treatment-based confounders. All interventions were well tolerated and no adverse
reactions were recorded.

Figure 1. Experimental timeline. Fresh fecal and fasted blood samples were collected at timepoints
denoted with an asterisk (*).

Preparation of FMT Capsules
Prior to the study, fecal matter was collected from one 5-yr-old, healthy spayed female

cat consuming a mix of dry and wet foods formulated to meet the needs of an adult cat
at maintenance [43]. The donor had no known health conditions or intestinal parasites
(i.e., worms), had not received antibiotics within the past two yr, and was not actively
on medications. All donor samples were collected and screened using qPCR techniques
from Texas A&M University, measuring the abundance of total bacteria and target bacterial
taxa (Bacteroides, Blautia, Bifidobacterium, E. coli, Faecalibacterium, Fusobacterium, P. hiranonis,
Streptococcus, and Turicibacter), and calculating the dysbiosis index (DI) according to Sung
et al. [7] (Supplementary Table S1). Naturally voided fecal samples were collected, and
cleaned of any litter, hair and foreign material prior to lyophilization. Fecal powder
was encapsulated in size 4 capsules and shipped on dry ice to the University of Illinois
Urbana-Champaign. Samples were stored at −20 ◦C until time of FMT treatment.

2.2. Chemical Analyses of the Diet

Diets were subsampled and ground through a 2 mm screen using a Wiley mill (model 4,
Thomas Scientific, Swedesboro, NJ, USA). Procedures from the Association of Official
Analytic Chemists (AOAC) were used to determine DM and ash [45], with organic matter
being calculated. Crude protein content was calculated from Leco total N values (TruMac N,
Leco Corporation, St. Joseph, MI, USA) [46]. Total lipid content was determined using
acid hydrolysis and extraction methods facilitated by ANKOM Technology equipment
(Hydrolysis System, XT15 Extractor, and RD Dryer; Macedon, NY, USA). Total dietary fiber
content was measured using methods according to Prosky et al. [46]. Gross energy was
determined using an oxygen bomb calorimeter (model 6200, Parr Instruments, Moline,
IL, USA). The analyzed chemical composition of the experimental diet is reported in
Supplementary Table S2.

2.3. Blood Sample Collections and Analysis

On d 0, 14, 28, 42, 49, 63, and 77, overnight fasted blood samples were collected via
jugular or cephalic venipuncture. To collect blood, cats were sedated for at least 30 min with
a mix of dexmedetomidine (Dexdomitor; 0.02 mg/kg BW; Zoetis, Parsippany-Troy Hills, NJ,
USA) and butorphanol tartrate (Torbugesic; 0.4 mg/kg BW; Zoetis, Parsippany-Troy Hills,
NJ, USA). After samples were collected, the reversal agent, atipamezole hydrochloride (An-
tisedan; 0.2 mg/kg BW; Zoetis, Parsippany-Troy Hills, NJ, USA), was administered. Blood
was collected into serum tubes containing a clot activator and gel for serum separation
(BD Vacutainer SST Tubes #367988, Becton Dickinson, Franklin Lakes, NJ, USA) for serum
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metabolite concentrations and into whole blood tubes containing K2EDTA additive (BD
Microtainer Tubes #363706; Becton Dickinson) for complete blood count (CBC). Blood for
serum isolation was centrifuged 1800× g at 4 ◦C for 10 min (Beckman CS-6R Centrifuge;
Beckman Coulter Inc., Brea, CA, USA). Serum was then submitted to the University of
Illinois Veterinary Medicine Diagnostics Laboratory for serum chemistry analysis. Samples
in K2EDTA tubes were cooled (but not frozen) and submitted to the University of Illinois
Veterinary Medicine Diagnostics Laboratory for CBC analysis.

2.4. Fecal Scoring and Sample Collection

On d 0, 14, 28, 42, 49, 63, and 77, fresh fecal samples were collected for measurement
of pH, DM content, microbiota populations, and SCFA, branched-chain fatty acid (BCFA),
phenol, indole, and ammonia concentrations. Fecal scores were recorded based on the
following scale: 1 = hard, dry pellets, small hard mass; 2 = hard, formed, dry stool; remains
firm and soft; 3 = soft, formed, and moist stool, retains shape; 4 = soft, unformed stool,
assumes the shape of container; and 5 = watery, liquid that can be poured. Fecal pH was
measured immediately using an AP10 pH meter (Denver Instrument, Bohemia, NY, USA)
with a Beckman Electrode (Beckman Instruments Inc., Fullerton, CA, USA). After pH was
measured, an aliquot was collected for DM determination in accordance with AOAC [46]
using a 105 ◦C oven. An aliquot for phenol and indole measurement was frozen at −20 ◦C
until analysis. An aliquot collected for SCFA, BCFA, and ammonia analyses was diluted in
a 1:1 ratio (w/v) of feces: 2 N HCl and frozen at −20 ◦C until analysis. Other aliquots were
collected into sterile cryogenic vials (Corning Inc., Corning, NY, USA), immediately frozen
in dry ice, and stored at −80 ◦C until analysis for microbiota.

2.5. Fecal SCFA, BCFA, Ammonia, Phenol, and Indole Analysis

Fecal SCFA and BCFA concentrations were determined by gas chromatography accord-
ing to Erwin et al. [47] using a gas chromatograph (Hewlett-Packard 5890A series II, Palo
Alto, CA, USA) and a glass column (180 cm × 4 mm i.d.) packed with 10% SP-1200/1%
H3PO4 on 80/100 + mesh Chromosorb WAW (Supelco Inc., Bellefonte, PA, USA). Nitrogen
was the carrier with a flow rate of 75 mL/min. Oven, detector, and injector temperatures
were 125 ◦C, 175 ◦C, and 180 ◦C, respectively. Fecal ammonia concentrations were deter-
mined according to the method of Chaney and Marbach [48]. Fecal phenol and indole
concentrations were determined using gas chromatography according to the methods
described by Flickinger et al. [49].

2.6. Fecal DNA Extraction and MiSeq Illumina Sequencing for 16S Amplicons

Fecal bacteria identification and abundances were determined with two different
methods. First, fecal bacterial DNA used for 16S rRNA sequencing was extracted from
an aliquot using the DNeasy PowerLyzer PowerSoil Kit (MoBio Laboratories, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Samples underwent bead beating
using a vortex, followed by further centrifugation to purify DNA, then quantified using
a Qubit 3.0 Fluorometer (Life Technologies, Grand Island, NY, USA). DNA quality was
determined using an E-Gel Power Snap Electrophoresis Device (Invitrogen, Waltham,
MA, USA) on E-Gel EX 1% agarose gels. Concentration of extracted DNA was quantified
using a Qubit 3.0 Fluorometer (Life Technologies) and then submitted to the Roy J. Carver
Biotechnology Center at the University of Illinois for Illumina sequencing with 16S rRNA
gene amplicons that were generated using a Fluidigm Access Array (Fluidigm Corporation,
South San Francisco, CA, USA) in combination with Roche High Fidelity Fast Start Kit
(Roche, Indianapolis, IN, USA). The primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) that target a 252 bp-fragment of the V4
region of the 16S rRNA gene were used for amplification (primers synthesized by IDT
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Corp., Coralville, IA, USA) [47]. CS1 forward tags and CS2 reverse tags were added
according to the Fluidigm protocol. The quality of the amplicons was assessed using a
Fragment Analyzer (Advanced Analytics, Ames, IA, USA) to confirm amplicon regions
and sizes. A DNA pool was generated by combining equimolar amounts of the amplicons
from each sample. The pooled samples were then size-selected on a 2% agarose E-gel
(Life Technologies) and extracted using a Qiagen gel purification kit (Qiagen, Valencia,
CA, USA). Cleaned size-selected pooled products were run on an Agilent Bioanalyzer to
confirm the appropriate profile and average size. Illumina sequencing was then performed
on a MiSeq using v3 reagents (Illumina Inc., San Diego, CA, USA) at the Roy J. Carver
Biotechnology Center at the University of Illinois.

2.7. QIIME2 Bioinformatics Analysis

Illumina 16S rRNA gene amplicon sequencing produced a total of 7,467,400 sequences,
with an average of 42,670 sequences per sample. Forward reads were trimmed using
the FASTX-Toolkit (version 0.0.14), and sequences were analyzed using QIIME 2.0 ver-
sion 2024.5 [50]. Raw sequence amplicons were imported into the QIIME2 package and an-
alyzed by the DADA2 pipeline for quality control (QC value ≥ 20) [51]. A total of 6,389,020
reads were retained after quality control, with an average of 36,508 reads (range = 21,418
to 47,333) per sample. Samples were then rarefied to 21,418 reads. On average, 58.67%
of features and 100% of the samples were retained after rarefaction. Subsequent samples
were assigned to taxonomic groups with the SILVA database (SILVA 138 99% OTU from
515F/806R region of sequences, with the QIIME2 classifier trained on 515F/806R V4 region
of 16S) [52–54]. The rarefied samples were used for alpha and beta diversity analyses.
Principal coordinates analysis was performed using weighted and unweighted unique
fraction metric (UniFrac) distances [55].

2.8. qPCR and DI Analysis

The second method used for quantifying bacterial abundances was qPCR analysis of
select bacterial taxa and was performed with specific primers targeting Bacteroides, Blautia,
Bifidobacterium, E. coli, Faecalibacterium, Fusobacterium, P. hiranonis, Streptococcus, Turicibacter,
and universal bacteria as described in Sung et al. [7]. Briefly, the conditions for qPCR were
as follows: initial denaturation at 98 ◦C for 2 min, then 35 cycles with denaturation at 98 ◦C
for 3 s, and annealing for 3 s. Melt curve analysis was performed to validate the specific
generation of the qPCR product using these conditions: 60 to 90 ◦C with an increase of
0.5 ◦C for 5 s. Each reaction was run in duplicate. The qPCR data were expressed as the
log amount of DNA (fg) for each particular bacterial group/10 ng of isolated total DNA as
reported previously [56,57]. The degree of dysbiosis is represented as a single numerical
value that measures the closeness of a taxa compared to the mean abundances derived
from healthy and diseased populations and is calculated by an Euclidean distance model,
as detailed in Sung et al. [7]. Using this DI system, a score less than zero is considered
healthy and “normal”, while any score greater than > 1 denotes extreme dysbiosis. A DI of
0–1 represents an equivocal outcome.

2.9. Statistical Analysis

All data were analyzed using the Mixed Models procedure of SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA), with treatment considered a fixed effect and cat a random
effect. Reported pooled standard errors of the mean were determined according to the
Mixed Models procedure of SAS and accounted for the differences in allotted group size.
Data were tested for normality using the UNIVARIATE procedure of SAS. If data did
not meet normality criteria, a logarithmic transformation was applied. If transformation
failed, data were analyzed using npa1rway procedures and Wilcoxson statistics were used
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to determine significance. To determine the effect of metronidazole (d 0 vs. d 14), data
were analyzed to compare pre- and post-administration conditions. To determine dietary
effects (d 14 vs. d 28–77), data were analyzed as repeated measures, with the same model
parameters as above, and with identical normality and transformation methods described
above. Change from d 14 differences due to treatment, time, and treatment*time were
determined using a Fisher-protected least significant difference with a Tukey adjustment
to control for experiment-wise error. To determine statistical significance, a probability of
p < 0.05 was accepted with trends considered at p < 0.10.

3. Results
3.1. Effects of Metronidazole Administration

All animals remained clinically healthy for the duration of the study. Metronidazole did
not significantly affect food intake, BW, or body condition scores (Supplementary Table S3).

Few serum chemistry measures (Supplementary Table S4) and CBC values (Supple-
mentary Table S5) were altered by metronidazole. All serum chemistry markers were
within reference intervals, except for glucose and cholesterol concentrations, which were
slightly higher than reference ranges for adult cats prior to metronidazole administration.
Of the other serum chemistry measures, creatinine, blood urea nitrogen, albumin–globulin
ratio, gamma-glutamyl transferase, and anion gap were lower (p < 0.05) after metronidazole
administration. Following metronidazole, globulin, calcium, chloride, and alkaline phos-
phatase were higher (p < 0.05). CBC values were all within reference ranges for adult cats.
Mean corpuscular hemoglobin and eosinophils (%) were reduced following metronidazole
(p < 0.01), while all other counts were unaffected.

Fecal scores increased (p = 0.0004; looser stools) and fecal DM percentage decreased
(p = 0.0003) following metronidazole administration, but fecal pH was not affected (Table 1).
Of the fecal metabolites measured, SCFA (total, acetate, propionate, butyrate), BCFA (total,
isobutyrate, isovalerate, valerate), total phenol/indole, and ammonia concentrations were
reduced after metronidazole administration (p < 0.0001).

Metronidazole administration had a significant effect on fecal microbiota populations.
Fecal DI and qPCR-based bacterial abundances were drastically altered with metronidazole
(Table 2). The DI and fecal Bifidobacterium, E. coli, and Streptococcus abundances were
increased (p < 0.0001), while fecal Bacteroides, Blautia, Faecalibacterium, P. hiranonis, and
Turicibacter abundances were decreased (p < 0.0001) following metronidazole administration.
Fecal total bacteria and Fusobacterium abundance were not affected by metronidazole.

Microbiota databased on 16S rRNA sequencing analysis also showed the drastic ef-
fects from metronidazole administration (Supplementary Table S6). At the phylum level,
Bacteroidota, Fusobacteriota, and Proteobacteria relative abundances increased (p < 0.05),
while Desulfobacterota relative abundance decreased (p = 0.0024) following metronidazole
administration. Of the over 80 bacterial genera that were affected, fecal Bifidobacterium,
Enterococcus, Lactobacillus, Pediococcus, Streptococcus, Escherichia-Shigella, and Sutterella rela-
tive abundances were increased (p < 0.0001) following metronidazole administration. In
contrast, the relative abundances of fecal Bacteroides, Parabacteroides, Prevotella, Catenibac-
terium, [Ruminococcus]_gnavus_group, Blautia, Butyricicoccus, Faecalibacterium, Holdemanella,
Lachnospiraceae unclassified, Megamonas, Megasphaera, Negativibacillus, Peptoclostridium,
Peptococcus, Phascolarctobacterium, Subdoligranulum, Turicibacter, and Succinivibrio relative
abundances were decreased (p < 0.05) following metronidazole administration.

Metronidazole administration had a strong influence on microbial diversity, with all
bacterial alpha diversity measures [Shannon Diversity, Faith’s PD (phylogenetic diversity),
and evenness] being reduced (p ≤ 0.0001) after antibiotic administration (Supplemen-
tary Table S7). Bacterial beta diversity measures, represented by unweighted and weighted
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principal coordinate analysis plots based on UniFrac distances demonstrated separate
clustering of cats before and after antibiotic administration (p = 0.001; Supplementary
Figure S1).

Table 1. Effects of metronidazole administration on the fecal characteristics and metabolite concentra-
tions of healthy adult cats (d 0 vs. d 14).

Item ABX− 1 ABX+ SEM 2 p-Value

Fecal characteristics
Fecal score 3 2.92 y 3.44 z 0.100 0.0004
Fecal pH 5.74 5.75 0.102 0.8996
Fecal dry matter (DM), % 32.67 a 27.23 b 1.044 0.0003

Fecal metabolites, µmol/g, DM
Total SCFA 4 430.29 a 197.42 b 22.844 <0.0001
Acetate 291.96 a 176.47 b 14.765 0.0003
Propionate 104.02 a 13.55 b 5.905 <0.0001
Butyrate 64.30 z 7.40 y 4.110 <0.0001
Total BCFA 4 16.75 z 0.89 y 0.911 <0.0001
Isobutyrate 4.70 z 0.26 y 0.272 <0.0001
Isovalerate 7.65 z 0.44 y 0.416 <0.0001
Valerate 4.40 z 0.20 y 0.251 <0.0001
Ammonia 135.02 a 57.23 b 7.018 <0.0001
Total phenol/indole 4 1.75 z 0.03 y 0.139 <0.0001
Total phenols 1.00 z 0.03 y 0.099 <0.0001
4-Methylphenol 1.00 z 0.03 y 0.099 <0.0001
4-Ethylphenol 0.00 0.00 0.000 1.0000
Indole 0.75 z 0.00 y 0.045 <0.0001

1 ABX− = samples collected from cats prior to antibiotic administration (d 0); ABX+ = samples collected after
receiving metronidazole (20 mg/kg body weight twice daily) for two wk (d 14); 2 SEM = pooled standard
errors of the means; 3 Fecal scores: 1 = hard, dry pellets, small hard mass; 2 = hard, formed, dry stool; remains
firm and soft; 3 = soft, formed, and moist stool, retains shape; 4 = soft, unformed stool, assumes shape of
container; and 5 = watery, liquid that can be poured; 4 Total SCFA = acetate + propionate + butyrate; total
BCFA = isobutyrate + isovalerate + valerate; total phenol/indole = 4-methylphenol + 4-ethylphenol + indole;
ab Mean values within a row with unlike superscript letters differ using parametric analysis (p < 0.05); yz Mean
values within a row with unlike superscript letters differ using non-parametric analysis (p < 0.05).

Table 2. Effects of metronidazole administration on the fecal dysbiosis index and bacterial abundances
(log DNA/gram feces) of healthy adult cats (d 0 vs. d 14).

Item ABX− 1 ABX+ SEM 2 p-Value

Dysbiosis index −3.40 b 2.55 a 0.128 <0.0001
Total bacteria 10.85 10.82 0.034 0.5051
Bacteroides 6.65 a 5.38 b 0.104 <0.0001
Blautia 10.22 z 8.00 y 0.090 <0.0001
Bifidobacterium 6.50 y 7.54 z 0.164 <0.0001
E. coli 4.10 y 6.66 z 0.157 <0.0001
Faecalibacterium 6.85 z 4.35 y 0.123 <0.0001
Fusobacterium 7.40 7.43 0.046 0.4530
P. hiranonis 5.88 z 1.36 y 0.265 <0.0001
Streptococcus 2.78 b 5.16 a 0.249 <0.0001
Turicibacter 6.58 a 4.42 b 0.126 <0.0001

1 ABX− = samples collected from cats prior to antibiotic administration (d 0); ABX+ = samples collected after
receiving metronidazole (20 mg/kg body weight twice daily) for two wk (d 14); 2 SEM = pooled standard errors of
the means; ab Mean values within a row with unlike superscript letters differ using parametric analysis (p < 0.05);
yz Mean values within a row with unlike superscript letters differ using non-parametric analysis (p < 0.05).
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3.2. Food Intake, BW, and Body Condition Scores During Metronidazole Recovery

During metronidazole recovery, there were few differences observed in food intake
and BW (Supplementary Table S8). Cats consuming CTRL or FIB had higher food intake
than those dosed with FMT (p < 0.01). Additionally, BW was altered by treatment and
time, with reductions observed in the days following antibiotic cessation in all treatment
groups. Despite having greater food intake, cats consuming FIB had lost weight by the
end of study, whereas animals consuming CTRL or dosed with FMT had greater BW.
Despite the differences to food intake and BW, no significant changes were observed to
body condition scores.

3.3. Serum Chemistry and CBC During Metronidazole Recovery

Many serum chemistry (Supplementary Table S9) and CBC (Supplementary Table S10)
changes due to treatment or time were identified following metronidazole adminis-
tration. Of the outcomes measured, only cholesterol, hemoglobin, mean corpuscular
hemoglobin (g/dL), mean cell volume, and lymphocytes (%) were affected by a treat-
ment*time interaction. Because all animals were considered healthy, these changes are not
believed to have physiological relevance.

3.4. Fecal Characteristics and Metabolites During Metronidazole Recovery

During metronidazole recovery, fecal scores were not affected (Figure 2A; Supplemen-
tary Table S11). Fecal pH increased (p = 0.0001; Figure 2B) over time in all treatment groups,
while fecal DM varied throughout recovery. Fecal DM increased (less moisture; Figure 2C)
in all animals in the days immediately following metronidazole cessation. However, fe-
cal DM initially decreased (p < 0.01; higher stool moisture) but increased in the four wk
following intervention.

Figure 2. Changes to fecal characteristics [fecal scores (A), pH values (B), and DM percentages (C)] of
healthy adult cats recovering from metronidazole administration (d 14 vs. d 28–77). Intervention
(CTRL, FIB, or FMT) was exclusively provided from d 43–49. Data are presented as change from
antibiotic administration (d 14) least square means ± SEM.

Fecal metabolite changes are represented in Supplementary Table S11 and Figure 3.
After intervention, fecal total SCFA (Figure 3A) and acetate (Figure 3B) concentrations
were increased (p ≤ 0.0001) over time, but were similar to post-metronidazole (d 14)
concentrations by the end of study. Fecal propionate (Figure 3C) and butyrate (Figure 3D)
increased following metronidazole cessation and remained increased for the remainder
of recovery. Fecal total BCFA, isobutyrate, isovalerate, valerate, and total phenol/indole
concentrations increased (p < 0.05) with time (Supplementary Table S11).
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Figure 3. Changes to fecal SCFA concentrations [total SCFA (A), acetate (B), propionate (C), and
butyrate (D)] (µmol/g, DM) of healthy adult cats recovering from metronidazole administration
(d 14 vs. d 28–77). Intervention (CTRL, FIB, or FMT) was exclusively provided from d 43–49. Data are
presented as change from antibiotic administration (d 14) least square means ± SEM.

3.5. Microbial Abundance and Diversity During Metronidazole Recovery

During metronidazole recovery, DI, qPCR data, and sequence data demonstrated
several differences to the fecal microbiota populations. Following metronidazole cessation,
a significant treatment*time interaction was observed for DI (p < 0.05; Figure 4; Supplemen-
tary Table S12). All DI decreased over time (Figure 4A), but there were slight differences
among treatments. Change to total bacterial abundance was greater (p < 0.0001; Figure 4B)
in animals allotted to FIB, followed by FMT, and with little change to CTRL cats. Blautia,
Faecalibacterium, Fusobacterium and Turicibacter abundances increased (p < 0.01; Figure 4C–F)
during recovery, whereas Bifidobacterium (Figure 4G) and E. coli (Figure 4H) abundances
decreased (p = 0.0006) during recovery. A significant treatment*time interaction was noted
for P. hiranonis abundance (p < 0.05; Figure 4I). While P. hiranonis abundance increased
over time in all cats, there were slight differences among groups. Bacteroides and Strep-
tococcus abundances were not affected by treatment or time, but did increase following
metronidazole cessation (Supplementary Table S12).

A visual representation of individual DIs is presented in Figure 5 and specific taxa
that were measured outside of the reference intervals (E. coli, P. hiranonis. Streptococcus,
Turicibacter) are presented in Supplementary Figure S2, respectively. Interestingly, FMT
treatment at d 49 was the only intervention to normalize DI. The effect appeared to be short-
term in a couple of cats, however, as it negatively shifted by d 63 in 2/8 FMT-dosed cats
and d 77 in 1/8 FMT-dosed cats (Figure 5). Additionally, highly individualized responses
were observed in E. coli, P. hiranonis, Streptococcus, and Turicibacter, with abundances
falling outside of established reference intervals across various time points (Supplementary
Figure S2).

During metronidazole recovery, sequence data highlighted several bacterial phyla and
genera that were affected by treatment and time (Supplementary Table S13). On a phyla
level, the relative abundances of Bacteroidota and Fusobacteriota decreased (p < 0.05) and



Pets 2025, 2, 27 11 of 21

Firmicutes abundances increased (p < 0.05) following metronidazole administration. At the
phyla level, Proteobacteria abundance was influenced by dietary treatment and had greater
(p < 0.05) reductions in cats dosed with FMT.

Figure 4. Changes to fecal dysbiosis index (A) and bacterial abundances (B–I; log DNA/gram feces)
of healthy adult cats recovering from metronidazole administration (d 14 vs. d 28–77). Intervention
(CTRL, FIB, or FMT) was exclusively provided from d 43–49. Data are presented as change from
antibiotic administration (d 14) least square means ± SEM. abc Mean values within a row with unlike
superscript letters differ using parametric analysis (p < 0.05).

Overall, recovery from metronidazole administration affected the relative abun-
dances of over 30 bacterial genera. Relative abundances of Lachnoclostridium and Lach-
nospiraceae unclassified decreased (p < 0.05) over time. In contrast, the relative abundances
of several other genera increased (p < 0.05), including Parvibacter, Clostridia_UCG-014,
[Eubacterium]_brachy_group, [Ruminococcus]_torques_group, Blautia, Candidatus_Soleaferrea,
CHKCI001, Clostridia_UCG-014, Erysipelatoclostridium, Faecalibacterium, Holdemanella, Lach-
nospiraceae uncultured, Lachnospiraceae_UCG-009, Negativibacillus, Oscillibacter, Oscil-
lospiraceae uncultured, Peptoclostridium, Peptococcus, Ruminococcaceae uncultured, Sarcina,
and Subdoligranulum. Influences of dietary treatment were observed in over 20 bacterial
genera. Cats consuming CTRL had less (p < 0.01) changes to the relative abundances of
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Bifidobacterium and Enterobacteriaceae unclassified, greater reductions (p < 0.0001) to rela-
tive abundances of Allisonella, Proteus, and Succinivibrio, lower (p < 0.01) Faecalitalea relative
abundances, and increased (p < 0.05) relative abundances of UCG-009. Relative abundances
of Fusobacterium and [Eubacterium]_coprostanoligenes_group were higher (p < 0.05) in cats
allotted to and consuming CTRL or FIB. Cats allotted to and consuming FIB had lower
(p < 0.05) Enterobacteriaceae unclassified, Odoribacter, [Ruminococcus]_torques_group rel-
ative abundances and higher (p < 0.05) relative abundances of Campylobacter, Allisonella,
and Succinovibrio. Cats allotted to FIB or dosed with FMT had higher (p < 0.05) Candida-
tus_Soleaferrea and Faecalitalea relative abundances. Cats allotted to or dosed with FMT had
higher (p < 0.05) relative abundances of Erysipelatoclostridium and Succinivibrio, greater re-
duction in Bifidobacterium relative abundance after intervention, and less (p < 0.01) changes
(i.e., more stable) to Fusobacterium and Proteus relative abundances. Lastly, cats dosed with
FMT had greater (p < 0.05) [Ruminococcus]_torques_group and [Eubacterium]_brachy_group
relative abundances.

Figure 5. Dysbiosis index values of healthy adult cats before (d 0), during (d 14), and after metronida-
zole administration (d 28–77). A score less than zero (gray area) is considered healthy and “normal,”
whereas a score of one and higher (pink) denotes extreme dysbiosis. A DI ranging from zero to one
(yellow) is indicative of a mild-to-moderate shift in the overall diversity. The top figure represents all
cats within each time point whereas the bottom figure separates cats within allotment (left to right
within time point: CTRL, FIB, FMT).

Diversity parameters were evaluated to compare d 14 to all time points and are
represented in Figure 6 and Supplementary Table S14. Shannon diversity (Figure 6A)
and Faith’s PD (Figure 6B) were influenced by time, being increased (p < 0.01) following
metronidazole administration. However, neither of these returned to initial values by the
end of recovery and no significant differences were observed with evenness.

Unweighted (Figure 7A) and weighted (Figure 7B) beta diversity plots demonstrated
how microbiota populations shifted following metronidazole administration (Figure 7;
d 14 vs. d 28–77) and across all time points (Supplementary Figure S3; d 0–77). To
exclusively compare communities after metronidazole, Figure 7 demonstrated significant
separation between samples collected immediately after metronidazole (d 14) and the
samples collected during recovery. To compare the initial baseline measures taken at
d 0, Supplementary Figure S3 demonstrated similar diversity profiles between d 0 and
d 77, with similar clustering observed in d 14 samples, shifting away from other time
points. Neither analytical method, with or without baseline measures, were influenced by
dietary treatment.
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Figure 6. Changes to fecal alpha diversity [Shannon Diversity (A), Faith’s PD (B)] measures of healthy
adult cats recovering from metronidazole administration (d 14 vs. d 28–77). Intervention (CTRL,
FIB, or FMT) was exclusively provided from d 43–49. Data are presented as change from antibiotic
administration (d 14) least square means ± SEM.

Figure 7. Unweighted (A) and weighted (B) principal coordinate analysis plots based on UniFrac
distances of healthy adult cats recovering from metronidazole administration (d 14 vs. d 28–77).
Intervention (CTRL, FIB, or FMT) was exclusively provided from d 43–49. Intervention (CTRL, FIB,
or FMT) was exclusively provided from d 43–49.

4. Discussion
Bactericidal antibiotics, such as metronidazole, are widely used in cases of GI disease

or chronic enteropathies (i.e., antibiotic-responsive or steroid-responsive enteropathies)
and function to inhibit bacterial growth, interfere with bacterial DNA or protein synthesis,
and reduce bacterial metabolism. As previously mentioned, these are commonly used
as a treatment during GI distress but may lead to several undesired health effects such
as loose stools, reduced appetite, negative shifts to fecal microbiome and alterations to
microbial metabolism [5,7,58–61]. In the current study, fecal scores were increased (looser
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stools) and bacterial abundances and metabolites were altered, but food intake and BW
were not affected.

In addition to the changes observed to individual bacterial abundances and several
microbial-derived metabolites, overall dysbiosis may be prolonged with antibiotic usage,
which will continue to disrupt host and microbial metabolism, and can lead to slower
recovery [8,18,20,21]. In a previous study conducted by Belchik et al. [22], 24 cats were
administered metronidazole (20 mg/kg BW twice daily) and 83% (20/24) of cats were
reported to have high dysbiosis values up to 4 wk post-metronidazole administration,
highlighting the persistent influence of metronidazole in the weeks following cessation.
When interpreting the dysbiosis results, evaluating the individual variability is important
as the individual values demonstrate a widespread and differing degree of dysbiosis.
Dysbiosis was prevalent in all animals on d 14, with 32% (8/25) of cats recovering to
normal DI ranges in as early as two wk (d 28) following metronidazole cessation. While the
population as a whole declined over time, 16% (4/25) of cats indicated a mild to moderate
shift in the overall diversity after 9 wk post-metronidazole administration, demonstrating a
prolonged metronidazole influence on fecal microbial communities, further agreeing with
previous results.

Sung et al. [7] provided evidence supporting common taxonomic shifts in animals
with CE, which were identical to those of the current study. Increased Bifidobacterium,
E. coli, and Streptococcus abundances and reduced P. hiranonis abundance and overall
diversity were observed after metronidazole administration. The abundances of lactic acid
bacteria, such as Bifidobacterium, Lactobacillus, and Enterococcus, were increased following
antibiotic administration, is known to be elevated in cases of GI disease, and can permit
the overgrowth of other lactic acid bacteria (i.e., Streptococcus) [62,63]. In the present study,
these lactic acid bacteria were increased following metronidazole but were near baseline
measures by the end of study so no sustained overgrowth was present, as otherwise
observed in chronic GI diseases. Similarly observed by Sung et al. [64], DI and E. coli
abundance were increased while P. hiranonis abundance was reduced in cats exposed to
antibiotics (amoxicillin-clavulanic acid or cefovecin).

Concentrations of fecal BA are greatly affected by antibiotic use, with primary BA con-
centrations being increased and secondary BA concentrations being decreased [4,22,63,65,66].
Used to aid in digestion and absorption by the host, primary BA are first synthesized by
the host and are mostly (~90–95%) reabsorbed and recycled but any that escape absorption
are later exposed to bacteria for further metabolism into secondary BA [67–69]. Many
commensal bacteria, including members of the Bacteroides, Bifidobacterium, Enterococcus,
Lactobacillus and Peptacetobacter (Clostridium) genera, are capable of deconjugating primary
BA (cholic acid, chenodeoxycholic acid) as a first step in biotransformation into secondary
BA (e.g., lithocholic acid, deoxycholic acid) [69,70]. In dogs and cats, this secondary con-
version is thought to be performed exclusively by P. hiranonis via enzymes produced in
the bai gene [71]. P. hiranonis was significantly reduced and lower than reference intervals
in 40% (10/25) of cats at the end of the current study, which has been observed in previ-
ous studies in cats with CE or antibiotic treatment [7,22,64]. Given its importance in BA
conversion, these antibiotic- or disease-induced reductions in P. hiranonis are thought to
be detrimental.

Beet pulp, which is a widely used fiber by the pet food industry for commercial for-
mulations, was selected as the fiber supplement in the present study. Derived from sugar
beet processing, beet pulp contains favorable fractions of cellulose, hemicelluloses, and
pectin [72,73]. The mixture of these fibers provides a range of benefits, including fecal
bulking and fermentation potential (i.e., ability to be utilized by microbes). Analyzed
during an in vitro fermentation assay, beet pulp was approximately 92.8% organic matter,
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63.0% TDF (DM) (17.2% soluble, 45.8% insoluble), and 7.5% crude protein (DM) [74]. Using
inoculum collected from healthy dogs, results demonstrated that beet pulp fermentation
promoted the production of SCFA (acetate > propionate > butyrate) and microbiota pop-
ulations of bifidobacteria and lactobacilli when compared with less fermentable fibers
(i.e., coconut endosperm fiber, pelletized cellulose). Fibers with mixed fractions (insoluble
and soluble components) have been shown to beneficially promote SCFA concentrations
in canines [73,75–78]. Fiber utilization is less studied in cats and is likely due to their
carnivorous nature; however, many commercially available feline diets have moderate
dietary fiber and carbohydrate inclusions. Even with all cats consuming the same com-
mercial diet in the current study, the addition of beet pulp (up to 10% TDF, DM) tended to
increase the fecal concentrations of SCFA (total SCFA, acetate, propionate) following the
7 d intervention. While these effects were not sustained after supplementation (except pro-
pionate), these results suggest that beet pulp supplementation was successful in increasing
SCFA production.

The use of FMT can be effective in canine patients with GI distress but there is limited
research in cats. Because the data can be difficult to compare across species, more research in
cats is necessary. Two individual case reports and one study utilizing 46 client-owned cats
have been published on FMT administration in cats with chronic colitis or chronic digestive
issues (i.e., vomiting, diarrhea and/or constipation). Of the case studies, FMT treatment
was successful in resolving vomiting and diarrhea in a six yr old cat [36] and chronic
ulcerative colitis in a 10 yr old cat [79]. Rojas et al. [80] evaluated FMT efficacy in 46 cats
with clinical signs of vomiting, diarrhea, constipation, or a combination thereof when
dosed with daily with FMT capsules. Those results demonstrated highly individualized
responses and were influenced largely by clinical signs, diet consumption (i.e., dry, wet or
raw food diets), and if there was previous antibiotic exposure. Previous antibiotic exposure
ultimately influenced animal FMT response in the present study. Additionally, a recent
mouse study demonstrated that diet composition (i.e., high-fat, low-fiber Western-style
diet vs. low-fat, high-fiber standard chow diet) was the predominant influencer in rapid
microbial recovery following antibiotics, despite administration of FMT treatments [81],
suggesting a strong influence of macronutrient profiles on GI microbiota resilience. Because
several limitations existed in those studies, including owner bias in clinical reporting,
diet variation, and lack of longer-term observations, more research is necessary to refine
treatments and improve the likelihood of successful recovery.

In the present study, diet was controlled and observation followed metronidazole
(9 wk total) and FMT intervention (4 wk total). FMT dosing decreased DI and increased
abundances of Bacteroides, P. hiranonis, and Turicibacter compared with control cats; how-
ever, few of these results were sustained for the last 4 wk of study. After FMT dosing
ceased, Bacteroides and Turicibacter did not demonstrate sustained increases, whereas DI
was reduced to near-baseline levels. During antibiotic administration, weight loss was
previously reported by Belchik et al. [22], but that was not observed in the present study.
Studies quantifying weight changes in dogs or cats receiving FMT are limited. In nursing
pigs, FMT led to increased weight gain and reduced mortality compared to control pigs
administered a mock-transplant including sterile saline and glycerol [82], suggesting a
potential improvement in host metabolism. While nutrient digestibility was not measured
in the current study, improvements to BW through FMT dosing could be of interest for
future studies.

The present study has many strengths and limitations. Strengths included the high
frequency of fecal and blood sample collections, in addition to continual observation of be-
havioral characteristics. The longitudinal analysis provided adequate timing for assessment
of potential treatment, time, and treatment*time interactions to determine relevant conclu-
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sions. Metronidazole was administered in a high dose for 2 wk (20 mg/kg BW twice daily)
and was successful in replicating clinical guidelines in veterinary practices [83,84]. For
the samples collected, many clinically relevant physiologic and microbiota-based mea-
surements permitted sufficient comparisons of pre- and post-metronidazole effects, as
well as any differences attributable to treatments. Additionally, two techniques were used
to assess fecal microbiota (i.e., 16S rRNA sequencing; qPCR), which allowed for a more
comprehensive, yet targeted, approach to understanding shifts in the microbiota.

On the other hand, there were many limitations. First and foremost, the animals
tested were healthy. Additionally, the majority of the cats enrolled (23/25) had previous
exposure to metronidazole. Although repeated use of antibiotics is not uncommon in
veterinary practice, as relapse infections or distress can occur, this could have influenced
the results observed in the current study. While metronidazole-induced results were
comparable to our previous study [22], the rate of recovery or potential resiliency from
prior exposure could have contributed to the results observed. Future studies utilizing
clinically symptomatic patients, or strict exclusion criteria based on antibiotic exposure,
are warranted to determine the efficacy of the specialized intervention strategies. Another
limitation may include the timing, duration, and frequency of dietary or FMT interventions.
Dietary trials often last for several weeks and FMT administration dose frequency can vary
based on clinical presentation or mode of delivery. Also, the dosage at which fiber was
supplemented (0.9–1.198 g per day extra; 10% TDF) may have not been enough to induce
significant changes. Twice-daily interventions for one week may not have been enough
time to allow for gradual and sustained microbial changes for long-term observations.
FMT can be very advantageous as a rapid treatment; however, the lack of standardized
guidelines can limit the applicability of treatment plans applied in the current study to
clinical settings. Lastly, a few of the cats were unable to return to baseline measures (i.e.,
P. hiranonis abundance, DI) after 9 wk. In the future, longer studies may be recommended
so that full recovery from metronidazole treatment may be possible.

5. Conclusions
In summary, metronidazole administration was effective in disrupting the GI micro-

biota and fecal metabolites of healthy adult cats, as demonstrated by increased dysbiosis
index, altered microbial abundances measured via 16S rRNA sequencing and targeted
qPCR analysis, reduced bacterial alpha diversity measures, and reduced fermentative
metabolite concentrations in fecal samples. Many of the results discussed were attributed
to recovery following metronidazole administration and microbial recovery. Of the effects
observed through dietary intervention, fiber supplementation promoted higher fecal SCFA
concentrations, FMT treatment continuously reduced DI, and both interventions increased
the abundance of beneficial bacterial taxa (i.e., Fusobacterium, P. hiranonis). Minimal differ-
ences were observed in other outcome variables, however. Bacterial diversity measures
demonstrated rapid recovery, with most cats returning to baseline levels in as early as 2 wk
after metronidazole cessation. While more research is necessary in cats, our results provide
foundational information that may be applied to clinical situations where strategies for
managing microbial recovery are needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pets2030027/s1, Supplementary Table S1: General characteristics
of feline FMT donor; Supplementary Table S2: Analyzed chemical composition of the experimental
diet; Effects of metronidazole administration on food intake, body weight, and body condition score
(Supplementary Table S3), serum chemistry measures (Supplementary Table S4), complete blood
cell count (Supplementary Table S5), fecal bacterial phyla and genera relative abundances (% of
sequences; Supplementary Table S6), and fecal alpha diversity measures (Supplementary Table S7).
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Changes to dietary intake, body weight, and body condition score (Supplementary Table S8), serum
chemistry measures (Supplementary Table S9), complete blood cell count (Supplementary Table S10),
fecal characteristics and metabolite concentrations (Supplementary Table S11), fecal dysbiosis index
and bacterial abundance (log DNA/gram feces; Supplementary Table S12), fecal bacterial phyla and
genera relative abundances (% of sequences; Supplementary Table S13), and fecal alpha diversity
measures (Supplementary Table S14); Supplementary Figure S1: Unweighted (A) and weighted
(B) principal coordinate analysis plots based on UniFrac distances of healthy adult cats before
(ABX-) and after (ABX+) metronidazole administration; Supplementary Figure S2: Abundances of
fecal bacterial taxa (log DNA/g feces) of healthy adult cats before (d 0), during (d 14), and after
metronidazole administration (d 28-77); Supplementary Figure S3: Unweighted (A) and weighted
(B) principal coordinate analysis plots based on UniFrac distances of healthy adult cats eating the
baseline diet before (d 0) and after (d 14-77) metronidazole administration.
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