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ABSTRACT
Background: Relative levels of dietary protein and carbohydrate intake influence microbiota and their functional

capabilities, but the effect has not been well documented in cats.

Objectives: The impact of 3 foods with different protein:carbohydrate ratios on the gut microbiota and functional

attributes in healthy adult cats was evaluated.

Methods: Male and female cats (n = 30; mean age: 5.1 y; mean body weight: 5.26 kg) were fed 1 of 3 foods [P28 (28.3%

protein, dry matter basis), P35 (35.1%), and P55 (54.8%)] for 90 d in a Williams Latin Square design. Each food had a

1:1 ratio of animal (dried chicken) to plant (pea) protein; protein replaced carbohydrate as protein level increased. Fecal

microbiota and their functional capability were assessed with 16S sequencing and the Kyoto Encyclopedia of Genes and

Genomes database, respectively.

Results: Fecal pH, ammonia, and branched-chain fatty acids (BCFAs) were higher when cats consumed P55 food than

when they consumed P28 and P35. Clear separation of samples between P28 and P55 based on bacterial genera was

observed, with partitioning into saccharolytic and proteolytic functions, respectively. Significantly higher α diversity was

seen with P55 than with P28 and P35. Amino acid metabolism, mucin foraging pathways, and urea metabolism were

higher with P55 than with P28, whereas feces from cats fed P28 had higher concentrations of carbohydrate-active

enzymes and enzymes involved in SCFA pathways than with P55. Bacterial genera that showed positive associations

with amino acid catabolism also showed positive associations with mucin degradation.

Conclusions: Despite higher protein digestibility and less protein arriving to the colon, when healthy adult cats

consumed the highest level of protein (P55), their gut microbiota exhibited higher mucin glycan foraging and amino

acid metabolism, leading to higher fecal pH, ammonia, and BCFAs. This is likely due to lower availability of carbohydrate

substrates and dietary fiber as protein replaced carbohydrate in the food. J Nutr 2021;151:3637–3650.

Keywords: feline, protein concentrations, feces, microbiota, fecal pH, proteolysis, mucin foraging

Introduction

The intestinal microbiota plays an important role in host
development and health. Previous studies have demonstrated
the impact of intestinal microbiota on maintaining the overall
well-being of pets and its role in various disease conditions
(1–4). Dietary factors play a critical role in driving the
intestinal microbiota composition and function (1, 5–7), to
a greater degree than genetic factors (8). The effects of
these dietary factors on the functions and metabolites of
the intestinal microbiota have been associated with several
disease conditions (9–13). Further, the gastrointestinal (GI)
microbiota and its functional products influence host health
(14, 15).

Several studies have demonstrated the importance of deter-
mining appropriate dietary protein levels in cats, which are

obligate carnivores (16–20). Dietary protein levels can affect
the production of microbially derived toxic metabolites in the
large intestine that may serve as contributing factors for renal
insufficiency and cardiovascular disorders in dogs and cats (1,
21, 22). In humans, increased dietary protein or decreased
carbohydrates may also reduce saccharolytic fermentation (23,
24). It appears that the presence of dietary fiber is protective
against detrimental health outcomes associated with excess
colonic proteolysis (25), although additional factors such as
parasite burden may contribute.

Only a few studies have examined the impact of dietary
protein levels on the gut microbiota of adult cats (26) or
growing kittens (27, 28). These studies used isocaloric foods;
however, in addition to differing protein levels, they also had
different levels of fat and total dietary fiber. Further, the protein
level in the high-protein food was adjusted without correcting
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for animal compared with plant protein, and amino acid
compositions in tested foods were not reported.

To our knowledge, other studies have not systematically
analyzed the effects of feline foods formulated by maintaining
ratios of individual amino acids as well as animal/plant protein
sources, and compensating for protein with carbohydrates
without changing levels of fat and total fiber. Thus, the objective
of the present study was to examine the impact of foods
formulated in this manner with 3 dietary protein levels on
blood and serum chemistry, urinalysis, and the gut microbiota of
healthy adult cats followed by analysis of functional attributes.

Methods
Animals and experimental design
Thirty clinically healthy adult cats (15 male, 15 female) with mean
age 5.1 y (range: 2.1–8.9 y) and mean body weight (BW) 5.26 kg
(range: 3.1–7.5 kg), all spayed or neutered and owned by Hill’s Pet
Nutrition Inc., were included in the study. Cats had no evidence
of chronic systemic disease as determined by physical examination,
blood and serum analyses, urinalysis, and absence of fecal parasites.
Exclusion criteria were compromised renal function based on serum
symmetric dimethylarginine (SDMA) concentrations (>14 μg/dL),
known GI abnormalities, or history of food allergies and antibiotics.
All cats were individually housed with regular access to socialization
without restrictions. All animal usage protocols were approved by
Hill’s Institutional Animal Care and Use Committee and Animal
Welfare Committee (CP753a.0.0.0-A-F-D-ADH-MULTI-319-MULTI)
in compliance with the NIH guide (29).

All cats were fed Hill’s Science Diet® Feline Adult for 14 d in the
prefeed period. Cats were then randomly assigned based on age and sex
to 1 of 6 different groups of 5 cats each in a Williams Latin Square
design (30), such that each group was fed 1 of the P28 (28.3% crude
protein, dry matter basis), P35 (35.1%), or P55 (54.8%) foods for 90 d
in a distinct sequence (Supplemental Figure 1). Each cat was fed based
on caloric requirements, calculated based on BW, and had access to food
for 23 h/d. No adverse events were reported, no cats were removed from
the study, and all returned healthy to the colony at the end of the study.

Study foods
Supplemental Table 1 lists the formulations of the 3 isocaloric foods
used in this study. All met the Association of American Feed Control
Officials’ (AAFCO’s) maintenance nutrition requirements (31). The
same protein and carbohydrate source ingredients were represented
in all 3 foods and their inclusion levels varied depending upon their
crude protein levels (Supplemental Table 2). Dietary protein levels were
adjusted by changing carbohydrate [nitrogen-free extract (NFE)] levels
without altering dietary fat levels in all 3 foods. All 3 foods were made in
dry form at the experimental foods pilot plant at Hill’s Pet Nutrition Inc.
Complete nutrient profiles of all 3 foods were analyzed by a commercial
laboratory (Eurofins Scientific, Inc.) followed by AOAC methods (32).
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Sample collection and processing
Blood, urine, and fecal samples were collected at the end of the
prefeed period and on days 45 and 90 of each treatment period.
For each treatment, some samples were missing (P28: 6 cats missed
1 time point, n = 54; P35: 8 cats missed 1 time point, n = 52;
and P55: 4 cats’ samples missed; 2 missed both time points and 2
missed 1 time point, n = 54). Fecal samples were collected immediately
after defecation. Stool quality was assessed on a 5-point scale (33).
Feces were homogenized (ThinkyMixer, Thinky USA Inc.), their pH
was measured, and they were frozen as aliquots within 45 min of
collection. Samples were snap-frozen immediately in liquid nitrogen
followed by storage at −80◦C until further processing. Fecal ammonia
was measured by the indophenol blue method (34). Fecal SCFAs
were analyzed by Metabolon Inc. and fecal IgA by MD Biosciences
Inc. Cats were sedated before phlebotomy, and blood was separated
using serum separator tubes. Blood count profiles (Sysmex XN 1000-
V, Sysmex America, Inc.) and serum chemistry (Cobas c501, Roche
Diagnostics) were analyzed according to manufacturers’ instructions.
Urine samples were collected via cystocentesis, and urine specific gravity
was measured with a temperature-compensated handheld refractometer
(Reichert Technologies). Urine pH and other urinalysis measures were
assessed using standard clinical protocols.

Digestibility analyses
Digestibility tests were run according to the AAFCO digestibility
protocols (31). True protein digestibility was calculated as follows,
with integumental protein calculated as in Kendall et al. (35): true
protein digestibility = [protein intake − (fecal protein − integumental
protein)]/(protein intake). Digestibility = (nutrient intake − fecal
excretion)/(nutrient intake). Bypass protein was calculated as: bypass
protein (grams/BW kg0.75) = protein intake grams × (100 − % true
protein digestibility) × 0.01/BW kg0.75.

Fecal microbiota analysis and bioinformatics
processing
The 16S fecal microbiota analysis was performed as previously
described (21, 36). For every Miseq run, 1 mock community sample
(positive control) and water (negative control) were included to monitor
the sequence run parameters and bioinformatics processing. Sequence
runs with a quality score (Q30) >80% were processed for further
analysis. The sequences were de-multiplexed to obtain FASTQ files,
which were processed into contigs from pairs of reads, and chimeras
were removed using standard parameters (UCHIME) of Mothur,
version 1.39.5 (37, 38). All retained sequences were aligned to the
GreenGenes reference database (gg.13.5.99). Sequences were classified
against the GreenGenes database using the naïve Bayesian classifier
(39) within Mothur with a minimum confidence of 80% for each
assignment. Operational taxonomic units were identified based on
taxonomic hierarchy and further processed using the Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt) protocol (40) to correct for copy numbers of the 16S genes in
their respective taxa, followed by predicting functional attributes using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

Statistical analysis
For the microbiota analyses, the abundance data at the phyla,
family, and genera levels, and PiCRUSt-predicted functional data were
first filtered based upon prevalence (>50%) in the data set and
the percentage of reads retained per sample (>99.9%). Similarly,
the PiCRUSt-predicted functional KEGG data represented at >50%
prevalence in the data set and >90% reads per sample were further
analyzed. After data set filtering, the count data were transformed into
centered log-ratio (CLR) values to enable appropriate statistical analysis
using the ALDEx2 R package (41). α Diversity was evaluated as the
Shannon index and inverse Simpson index using unfiltered data at the
genera level.

Principal component analysis (PCA) was performed as an ex-
ploratory analysis to examine the differences by food treatment for
both microbiota composition and PICRUSt-predicted functional data
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sets. For the microbiota abundance, 59 genera and PICRUSt-predicted
functional KEGG data and 5554 KEGG orthologs were included after
filtering for the analysis. CLR-transformed values were used for both
data sets to perform PCA.

As a crossover design study, mixed-model full factorial analysis was
performed for fecal, blood/serum, and urinary analytes independently
by using food type, food feed order, and time as fixed effects with all
accompanying interaction terms and animal identification as a random
effect with false discovery rate (FDR)-corrected P values (Supplemental
Table 3). This analysis revealed that only 1 of the 4 interaction terms
in the full factorial, food type × food feed order, affected a meaningful
number of analytes (defined as ≥5% within matrix in accordance with
α = 0.05). Further, food feed order as a singular main effect showed no
impact on analytes from feces, blood/serum, or urine and time showed
no impact on fecal analytes. Thus, the full factorial model for feces was
reduced to food type as a main effect and food type × food feed order
as an interaction, whereas the model for blood/serum and urine was
reduced to food type and time as main effects and food type × food
feed order as an interaction. The resultant reduced model P values were
FDR-adjusted with the Benjamini–Hochberg correction. Tukey’s post
hoc test was used to assess pairwise differences across diet types for
each analyte.

Significant KEGG functions affected by food treatment were
identified by paired-sample Wilcoxon signed-rank test and the resultant
P values were adjusted for FDR with the Benjamini–Hochberg
correction. Two-way hierarchical clustering analyses of bacterial genera
and KEGG functions by food type were carried out using the Ward
method. The relations among genera, KEGG functions, blood and
serum chemistry, urinalysis data, and macronutrient intakes adjusted
by metabolic BW were assessed by linear regression analysis and only
those with R2 values > 0.20 and P values < 0.001 were reported. All
statistical analysis was performed using JMP Pro software version 15.0
(SAS Institute).

Results
Proximate analysis of foods and digestibility analyses

Three isocaloric foods with mean ± SD of 3940 ± 29 kcal/kg
were made by varying protein levels to 28.3% (P28), 35.1%
(P35), and 54.8% (P55) by replacing carbohydrate (NFE) levels
on a dry matter basis (Supplemental Table 2). The ratio of
animal (dried chicken) to plant protein (pea protein) was 1:1
in each of the 3 foods. With the exception of methionine
(added as a supplement), all amino acid levels were proportional
to total protein levels (Supplemental Table 2). True protein
digestibility was significantly higher in P55 than in P28, with
no difference between P35 and P55 (Supplemental Table 4).
Similarly, calculated bypass protein was significantly different
in all pairwise comparisons (P28 > P55 > P35).

No significant differences (P = 0.86) in food intake were
observed in cats fed the test foods, with mean ± SD intakes
of 63.2 ± 9.24, 62.4 ± 7.75, and 62.8 ± 7.74 kcal/kg BW0.75,
respectively. However, mean ± SD intakes of carbohydrates,
protein, and total dietary fiber (all P < 0.001) but not fat
(P = 0.18) were significantly different, with protein intakes
when cats consumed P28, P35, and P55 of 17.9 ± 2.00,
21.7 ± 2.72, and 34.8 ± 4.32 kcal/kg BW0.75, carbohydrate
intakes of 32.4 ± 4.73, 27.0 ± 3.38, and 14.6 ± 1.80 kcal/kg
BW0.75, and total dietary fiber intakes of 1.07 ± 0.15,
0.94 ± 0.11, and 0.72 ± 0.08 g/BW kg0.75, respectively. The
mean ± SD BWs for the cats at the end of the treatment periods
were 5.2 ± 1.1 (P28), 5.2 ± 1.1 (P35), and 5.4 ± 1.1 kg
(P55). These differences only reached statistical significance for
P55 compared with both P28 and P35, although Cohen’s effect
size (ES) (42) indicated that the clinical significance of these
differences was either nonexistent or at the lowest limit of the

range defined as small (P28 compared with P55, P = 0.006, ES
= −0.2; P28 compared with P35, P = 0.85, ES = −0.03; P35
compared with P55, P = 0.022, ES = −0.18).

Clinical analysis of blood and urine

Blood and serum chemistry values after consumption of the test
foods were all within normal reference ranges. However, within
those ranges, blood urea nitrogen (BUN), BUN:creatinine
ratio, mean corpuscular volume, phosphorus, globulins, and
triglycerides were significantly higher when cats consumed P55
than when they consumed P28 or P35 (Table 1). Lipemic
status was also increased with P55 compared with both P28
and P35. In contrast, blood calcium, creatinine, and SDMA
concentrations were significantly higher when cats consumed
P28 than when they consumed P55.

Similarly, urine values after consumption of the test foods
were all within normal reference ranges established from the
internal colony (Table 1). Within these ranges, however, specific
gravity and creatinine concentrations significantly differed
across the foods (Table 1); when cats consumed P55, they had
significantly lower urinary creatinine and pH than with P28 or
P35. Further, when fed P55, cats had significantly higher urine
specific gravity than with P28.

Fecal analysis

Fecal scores were within the subjective acceptable score range
(>3), although within this range the scores were significantly
different. Inclusion of more protein resulted in a dose-dependent
increase in stool firmness, with P35 and P55 significantly
firmer than with P28 (Table 1). Higher protein in the
food dose-dependently led to higher fecal ammonia and pH,
with all pairwise differences reaching significance. Fecal IgA
concentrations were significantly higher when cats consumed
P28 than when they consumed P55.

Fecal SCFA analysis showed that all 3 measured putrefactive
branched-chain fatty acids (BCFAs) were dose-dependently
higher with increasing dietary protein, with all pairwise
differences significant (Table 2). In contrast, the putrefactive
SCFA valerate was higher with P28 and P35 than with P55. The
saccharolytic SCFA butyrate was dose-dependently lower with
increasing protein, whereas propionate, which may be derived
from microbial catabolism of either dietary bypass protein or
carbohydrates, was significantly higher when cats consumed
P55 than when they consumed P28 and P35. Ratios of acetate to
propionate were significantly greater when cats consumed P28
than when they consumed P35 and P55.

Fecal microbiota

For fecal microbiota abundance data, 7 phyla, 32 families,
and 59 genera were considered for statistical analyses after
meeting filtration criteria. Of these, 7 phyla (100%), 18
families (56.3%), and 31 (52.5%) genera were significantly
affected by food (Table 3). The phyla Actinobacteria and
Bacteroidetes were significantly greater when cats consumed
P28 than when they consumed P35 and P55. In contrast,
Firmicutes, Fusobacteria, and TM7 were significantly higher
in feces when cats consumed P55 than when they consumed
P28 and P35. However, no significant differences were observed
in these phyla when cats consumed P28 or P35. Eleven
families were significantly higher in the feces when cats
consumed P55 than when they consumed P28 and/or P35,
including Bacteroidaceae, Clostridiaceae, Streptococcaceae, Fu-
sobacteriaceae, and Enterococaceae. Other families, such as
Lachnospiraceae, Ruminococcaceae, Erysipelotrichaceae, and
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TABLE 1 Serum/blood, urine, and fecal analyses of cats fed P28, P35, and P55 foods each for 90 d in this study1

Overall mixed model FDR-adjusted P value

Test food Treatment × Reference

Analytes P28 P35 P55 Treatment Time food fed order range2

Serum
Albumin, g/dL 3.49 ± 0.043a 3.47 ± 0.053a 3.48 ± 0.052a 0.749 <0.001 <0.001 2.8–3.8
Albumin/globulin 1.13 ± 0.030a 1.08 ± 0.034b 1.03 ± 0.033c <0.001 <0.001 0.417 0.6–1.4
BUN, mg/dL 18.9 ± 0.531c 20.1 ± 0.420b 25.1 ± 0.449a <0.001 0.486 0.486 14.8–29.4

BUN:creatinine 13.6 ± 0.588c 14.9 ± 0.510b 19.4 ± 0.504a <0.001 0.775 0.005 11.1–25.0
Calcium, mg/dL 9.98 ± 0.160a 9.67 ± 0.108b 9.61 ± 0.071b <0.001 0.693 <0.001 8.9–11.4
Creatinine, mg/dL 1.43 ± 0.045a 1.38 ± 0.041b 1.31 ± 0.038c <0.001 0.101 <0.001 0.8–1.7
Globulin, g/dL 3.13 ± 0.068c 3.26 ± 0.073b 3.40 ± 0.081a <0.001 0.091 <0.001 2.6–4.5
Glucose, mg/dL 96.2 ± 2.360a,b 93.9 ± 2.136b 97.8 ± 2.660a 0.052 <0.001 0.213 74.0–159.0
Hemolysis, mg/dL 11.5 ± 0.759a 15.1 ± 1.699a 14.5 ± 1.150a 0.128 <0.001 0.489 —
Lipemic, mg/dL 2.73 ± 0.235b 3.41 ± 0.296b 4.60 ± 0.319a <0.001 0.351 0.004 —
Phosphorus, mg/dL 3.87 ± 0.107b 4.01 ± 0.112b 4.34 ± 0.087a <0.001 0.473 0.009 3.0–5.6
SDMA, μg/dL 12.3 ± 0.423a 11.4 ± 0.377b 10.0 ± 0.380c <0.001 0.608 0.599 <14.0
Total protein, g/dL 6.63 ± 0.067b 6.74 ± 0.070b 6.89 ± 0.077a <0.001 0.325 <0.001 5.8–7.7
Triglycerides, mg/dL 34.5 ± 1.717b 43.1 ± 3.380b 73.07 ± 9.10a <0.001 0.421 0.001 16.0–223.0

Blood
Hematocrit, % 31.2 ± 0.606b 32.2 ± 0.631a,b 32.7 ± 0.700a 0.001 0.955 0.122 26.3–45.8
Hemoglobin, g/dL 10.3 ± 0.213b 10.6 ± 0.227a,b 10.6 ± 0.244a 0.075 0.873 0.185 8.4–14.7
IRF, % 5.47 ± 0.817b 6.76 ± 0.813b 8.91 ± 0.983a <0.001 0.780 0.145 1.1–16.0
MCV, fL 41.3 ± 0.633b 41.8 ± 0.596b 43.0 ± 0.641a <0.001 0.783 0.060 37.0–52.6
RDW, fL 25.6 ± 0.265b 25.6 ± 0.235b 26.4 ± 0.321a <0.001 0.954 0.213 23.8–31.8

Urine
Creatinine, mg/dL 460 ± 16.7a 457 ± 16.1a 385 ± 14.3b <0.001 0.715 0.001 —
pH 6.45 ± 0.102a 6.45 ± 0.075a 6.25 ± 0.051b 0.018 0.955 0.018 —
Specific gravity 1.04 ± 0.001b 1.05 ± 0.001a,b 1.05 ± 0.001a 0.015 0.818 0.416 —

Feces
Ammonia, mmol/g 0.020 ± 0.001c 0.032 ± 0.001b 0.069 ± 0.001a <0.001 — 0.028 —
IgA, mg/g 5.75 ± 0.508a 4.90 ± 0.446a,b 3.12 ± 0.900b 0.010 — 0.968 —
pH 5.31 ± 0.083c 5.56 ± 0.060b 6.20 ± 0.062a <0.001 — 0.631 —
Fecal score3 4.40 ± 0.136b 4.66 ± 0.077a 4.86 ± 0.05a <0.001 — 0.012 —

1Values are means ± SEs for analytes that showed significance (P < 0.05) by mixed-model analyses. Mean values were calculated by initially averaging those from both time
points (45 and 90 d) for each cat (P28: n = 54; P35: n = 52; P55: n = 54), then averaging by a given treatment. Values in the same row with different letters are significantly
different (P < 0.05). BUN, blood urea nitrogen; FDR, false discovery rate; IRF, immature reticulocyte fraction; MCV, mean corpuscular volume; RDW, red blood cell distribution
width; SDMA, symmetric dimethylarginine.
2Reference ranges established from investigators’ internal colony.
3Fecal score measured on a 1–5 scale with 1 considered as watery and 5 as firm stool (33).

Porphyromonadaceae, were significantly higher with P55 and
significantly differed among all foods. Conversely, families
such as Veillonellaceae, Bifidobacteriaceae, Prevotellaceae, and
Lactobacillaceae were significantly greater when cats consumed
P28 or P35 rather than P55.

PCA of the 59 genera showed clear separation of the 95%
CIs between the fecal microbiota when cats consumed P28
as opposed to P55 (Figure 1A). However, no clear separation
was observed between P28 and P35 or P35 and P55. Similarly,
hierarchical clustering analysis using the Ward method showed
clustering when cats consumed P55 that distinguished this
group from P28 and P35; however, when fed the P28 and
P35 foods, the samples were indistinguishable as groups
(Supplemental Figure 2). Bacterial genera such as Clostridium,
Fusobacterium, Ruminococcus, Coprococcus, Eubacterium,
Peptococcus, Dorea, Blautia, Faecalibacterium, Adlercreutzia,
and Slackia were significantly greater when cats consumed P55
than when they consumed P28 and P35 (Table 3). Several
of these (Coprococcus, Peptococcus, Blautia, Faecalibacterium,
and Slackia) also significantly differed between P28 and
P35. In contrast, bacterial genera such as Bifidobacterium,

Megasphaera, Prevotella, Lactobacillus, Megamonas, and Sut-
terella were significantly higher when cats consumed P28 than
when they consumed P35 and/or P55.

All calculated bacterial α-diversity indexes at the genera
level, including the Shannon diversity index, inverse Simpson
index, and bacterial richness and evenness, were significantly
higher when cats consumed P55 than when they consumed P28
and P35 (Table 3).

Functional capability of the fecal microbiota

PCA of 5554 KEGG functions showed clear separation of
the 95% CIs when cats consumed P28 as opposed to P55
(Figure 1B). However, no clear separation was seen when cats
consumed P35 as opposed to P28 or P55.

Many KEGG functions associated with amino acid
metabolism, mucin foraging pathways, and urea metabolism
were significantly higher when cats consumed P55 than when
they consumed P28 (Tables 4 and 5, Supplemental Table 5). In
contrast, cats fed P28 had significantly greater carbohydrate-
active enzymes and many enzymes involved in SCFA pathways
compared with those fed P55 (Table 5, Supplemental Table 6).

3640 Badri et al.



TABLE 2 Fecal SCFA analysis of cats fed P28, P35, and P55 foods each for 90 d1

Overall mixed model FDR-adjusted P value

Test food Treatment ×
Fatty acids, μg/g P28 P35 P55 Treatment food fed order

BCFAs
2-Methylbutyrate 66.1 ± 6.76c 99.9 ± 6.89b 227 ± 10.3a <0.001 0.166
Isobutyrate 99.9 ± 9.61c 139 ± 7.88b 297 ± 11.8a <0.001 0.361
Isovalerate 122 ± 10.8c 172 ± 10.2b 324 ± 13.9a <0.001 0.333

SCFAs
Acetate 4300 ± 237a 3980 ± 155a 3960 ± 205a 0.264 <0.001
Propionate 909 ± 83.9c 1438 ± 125b 1900 ± 102a <0.001 0.003
Butyrate 4960 ± 364a 3390 ± 336b 1530 ± 68.1c <0.001 0.044
Valerate 973 ± 67.5a 1034 ± 73.6a 635 ± 57.1b <0.001 0.108
Hexanoate 490 ± 57.0a 305.7 ± 46.3b 52.7 ± 7.18c <0.001 0.073
C2/C3 5.66 ± 0.419a 3.47 ± 0.309b 2.13 ± 0.063c <0.001 0.040
C2/C4 3.13 ± 1.85a 3.32 ± 1.33a 2.67 ± 0.157a 0.783 0.009

1Values are means ± SEs for analytes that showed significance (P < 0.05) by mixed-model analyses. Mean values were calculated by initially averaging those from both time
points (45 and 90 d) for each cat (P28: n = 54; P35: n = 52; P55: n = 54), then averaging by a given treatment. Values in the same row with different letters are significantly
different (P < 0.05). BCFA, branched-chain fatty acid; FDR, false discovery rate.

Carbohydrate replacement with protein led to
increased metabolism of amino acids by gut microbes

Feces from cats fed P55 showed significantly greater KEGG
functions involved in glutamate family biosynthesis than with
P28 and P35 (Supplemental Table 5, Supplemental Figure
3). Both glutamate dehydrogenase (K00261) and glutamine
synthetase (K01915) were significantly higher when cats
consumed P55 than when they consumed P28 and/or P35.

Feces from when cats consumed P55 had significantly
higher KEGG functions for asparagine synthase (glutamine-
hydrolyzing) (K01953), aspartate semialdehyde dehydrogenase
(K00133), homoserine kinase (K02204), threonine synthase
(K01733), and diaminopimelate decarboxylase (K01586) than
when they consumed P28 and P35 (Supplemental Table 5,
Supplemental Figure 3). Similarly, KEGG functions involved in
serine family biosynthesis such as phosphoglycerate dehydro-
genase (K00058), phosphoserine aminotransferase (K00831),
serine O-acetyltransferase (K00640), and cysteine synthase A
(K01738) were significantly higher when cats consumed P55
than with P28 and P35.

Feces from when cats consumed P55 showed significantly
greater KEGG functions involved in pyruvate metabolism,
specifically acetolactate synthase_I/II/III subunits (K01652,
K01653), dihydroxy-acid dehydratase (K01687), branched-
chain amino acid aminotransferase (K00826), and 2-isopropyl
malate synthase (K01649), than when they consumed P28 and
P35 (Supplemental Table 5, Supplemental Figure 3).

Aromatic amino acid biosynthesis typically follows the
shikimate pathway starting from phosphoenolpyruvate and
the pentose phosphate pathway intermediate erythrose 4-
phosphate (43). Feces from cats that consumed P55 exhibited
significantly higher KEGG functions involved in biosynthesis of
l-phenylalanine, l-tryptophan, and l-tyrosine than when they
consumed P28 and P35 (Supplemental Table 5, Supplemental
Figure 3).

Feces from when cats consumed P55 had significantly
higher KEGG functions involved in catabolism of amino
acids than when they consumed P28 and P35 (Table 4).
Arginine catabolism can produce agmatine by decarboxylation
using arginine decarboxylase (K01583) or polyamines such as
putrescine, spermidine, and spermine as part of the polyamine

synthesis pathway via agmatinase (K01480), agmatine deimi-
nase (K10536), and spermidine synthase (K00797), all of which
were significantly greater when cats consumed P55 as opposed
to P28 and P35. Similarly, tyrosine and tryptophan can produce
indole, phenol, and pyruvate via tyrosine phenol-lyase (K01668)
and tryptophanase (K01667), which were significantly higher
when cats consumed P55 than when they consumed P28
and P35. Feces from when cats consumed P55 exhibited
significantly greater glycine reductase (K10670), involved in
the Stickland reaction, than when cats consumed P28 or
P35.

Urea metabolism

KEGG functions involved in the urea cycle were significantly
greater when cats consumed P55 than when they consumed
P28 and P35 (Supplemental Table 5). Specifically, all subunits
of urease (K01428, K01429, and K01430), which catalyzes
urea into ammonia and carbamate, were significantly higher
when cats consumed P55. Other enzymes involved in the rate-
limiting steps of the urea cycle, such as carbamoyl-phosphate
synthase (K01955 and K01956) and argininosuccinate synthase
(K01940), were significantly greater when cats consumed P55
than when they consumed P28.

Carbohydrate-active enzymes and mucin-foraging
enzymes

Feces from when cats consumed P28 had significantly
higher concentrations of carbohydrate-active enzymes such
as glucan 1,3-β-glucosidase (K01210), xylan 1,4-β-xylosidase
(K01198), pullulanase (K01200), chitinase (K01183), α-
amylase (K01176), endo-1,3(4)-β-glucanase (K01180), and
endoglucanase (K01179) than from when they consumed P55
(Table 5, Supplemental Figure 4).

Conversely, feces from when cats consumed P55 had
significantly higher carbohydrate-active enzymes of the mucin-
foraging type (KEGG functions) than from when they consumed
P28 and/or P35 (Table 5, Supplemental Figure 4). These
included α-mannosidase (K01191), α-l-fucosidase (K01206),
β-glucuronidase (K01195), β-fructofuranosidase (K01193),
and N-acetylneuraminate lyase (K01639).
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TABLE 3 Fecal microbiota analysis and diversity measures of cats fed P28, P35, and P55 foods each for 90 d1

Overall mixed model FDR-adjusted P value

Test food Treatment ×
Microbiota P28 P35 P55 Treatment food fed order

Phyla
Actinobacteria 6.97 ± 0.167a 6.78 ± 0.210a 4.75 ± 0.228b <0.001 0.009
Bacteria_unclassified − 0.464 ± 0.234a − 0.617 ± 0.261a − 1.86 ± 0.160b <0.001 0.007
Bacteroidetes 3.38 ± 0.151a 3.39 ± 0.226a 2.76 ± 0.172b <0.001 0.417
Firmicutes 7.14 ± 0.144b 7.07 ± 0.155b 7.78 ± 0.161a <0.001 0.001
Fusobacteria − 7.37 ± 0.355b − 7.16 ± 0.414b − 5.01 ± 0.428a <0.001 0.017
Proteobacteria − 1.15 ± 0.233a − 1.46 ± 0.211a − 1.35 ± 0.200a 0.435 0.005
TM7 − 8.13 ± 0.230b − 7.67 ± 0.290b − 6.94 ± 0.196a <0.001 0.826
Bacteroidetes/Firmicutes 0.092 ± 0.011a,b 0.139 ± 0.034a 0.054 ± 0.012b 0.006 <0.001

Family
Alcaligenaceae − 0.161 ± 0.312a − 0.932 ± 0.410a − 2.63 ± 0.389b <0.001 0.245
Bacteroidaceae 2.25 ± 0.331b 2.48 ± 0.289b 3.46 ± 0.195a <0.001 0.108
Bifidobacteriaceae 9.90 ± 0.166a 9.25 ± 0.236b 2.98 ± 0.309c <0.001 0.005
Clostridiaceae 4.55 ± 0.203c 5.16 ± 0.226b 8.03 ± 0.158a <0.001 0.027
Coriobacteriaceae 9.42 ± 0.183a 8.92 ± 0.260b 7.63 ± 0.188c <0.001 0.059
Corynebacteriaceae − 4.31 ± 0.251a − 5.14 ± 0.249b − 4.75 ± 0.269a,b 0.026 0.276
Enterococcaceae − 4.51 ± 0.314b − 3.49 ± 0.471a,b − 2.75 ± 0.674a 0.029 0.321
Erysipelotrichaceae − 4.05 ± 0.272c − 2.28 ± 0.248b − 0.494 ± 0.222a <0.001 0.276
Fusobacteriaceae − 3.62 ± 0.399b − 3.80 ± 0.412b − 2.01 ± 0.504a <0.001 0.003
Lachnospiraceae 6.88 ± 0.151c 7.71 ± 0.212b 9.96 ± 0.148a <0.001 <0.001
Lactobacillaceae 2.18 ± 0.945a 1.76 ± 0.845a 0.158 ± 0.813b 0.010 0.481
Mogibacteriaceae − 0.284 ± 0.586b 0.059 ± 0.625b 2.49 ± 0.401a <0.001 0.264
Peptococcaceae 1.75 ± 0.604c 2.94 ± 0.524b 4.56 ± 0.546a <0.001 0.060
Porphyromonadaceae − 4.11 ± 0.405c − 2.83 ± 0.563b − 0.344 ± 0.475a <0.001 0.118
Prevotellaceae 6.96 ± 0.210a 6.60 ± 0.305a 5.17 ± 0.233b <0.001 0.400
Ruminococcaceae 1.13 ± 0.239c 2.38 ± 0.269b 5.15 ± 0.182a <0.001 0.090
Streptococcaceae − 2.65 ± 0.378b − 2.50 ± 0.486b − 1.51 ± 0.579a 0.007 0.179
Veillonellaceae 10.2 ± 0.291a 9.62 ± 0.306b 7.07 ± 0.206c <0.001 0.215

Genera
Acidaminococcus 3.44 ± 0.901a 2.99 ± 0.846a − 0.918 ± 0.518b <0.001 <0.001
Actinomyces − 4.32 ± 0.252a − 4.58 ± 0.264a − 4.86 ± 0.287a 0.179 0.725
Adlercreutzia − 0.627 ± 0.314b − 0.404 ± 0.330b 0.263 ± 0.297a <0.001 0.029
Bacteroides 2.49 ± 0.329b 2.50 ± 0.273b 3.22 ± 0.217a 0.039 0.180
Bifidobacterium 10.1 ± 0.156a 9.17 ± 0.246b 1.62 ± 0.375c <0.001 0.008
Blautia 5.87 ± 0.208c 6.73 ± 0.234b 9.07 ± 0.143a <0.001 0.002
Bulleidia − 5.12 ± 0.175c − 4.22 ± 0.297b − 3.65 ± 0.392a <0.001 0.027
Catenibacterium − 4.77 ± 0.231b − 4.66 ± 0.274b − 3.97 ± 0.316a 0.012 0.304
Clostridium 4.69 ± 0.203b 5.14 ± 0.223b 7.69 ± 0.153a <0.001 0.044
Coprococcus − 1.43 ± 0.434c 0.395 ± 0.435b 4.04 ± 0.171a <0.001 0.179
Corynebacterium − 4.10 ± 0.257a − 5.09 ± 0.258b − 4.98 ± 0.260b 0.001 0.169
Dialister 4.02 ± 0.352a 3.69 ± 0.460a 2.15 ± 0.428b <0.001 0.010
Dorea 1.26 ± 0.391b 1.76 ± 0.291b 5.48 ± 0.158a <0.001 <0.001
Enterococcus − 4.36 ± 0.317a − 3.67 ± 0.502a − 3.26 ± 0.724a 0.240 0.210
Eubacterium − 4.55 ± 0.195c − 3.71 ± 0.306b − 1.73 ± 0.248a <0.001 0.095
Faecalibacterium − 3.75 ± 0.273c − 2.35 ± 0.458b 1.61 ± 0.623a <0.001 0.058
Fusobacterium − 3.58 ± 0.407a,b − 4.10 ± 0.380b − 2.75 ± 0.520a 0.009 0.008
Lactobacillus 2.43 ± 0.954a 1.77 ± 0.869a − 0.088 ± 0.810b 0.001 0.511
Megamonas 3.95 ± 0.285a 4.31 ± 0.368a 2.82 ± 0.436b <0.001 0.010
Megasphaera 9.98 ± 0.525a 8.84 ± 0.565b 6.03 ± 0.385c <0.001 0.447
Oscillospira − 1.64 ± 0.385c 0.204 ± 0.309b 2.41 ± 0.252a <0.001 0.010
Parabacteroides − 3.84 ± 0.393c − 2.84 ± 0.542b − 0.676 ± 0.490a <0.001 0.055
Peptococcus 1.98 ± 0.598c 2.96 ± 0.526b 4.32 ± 0.545a <0.001 0.113
Peptostreptococcus − 3.04 ± 0.340a − 3.65 ± 0.358a − 4.65 ± 0.318b <0.001 0.450
Prevotella 7.20 ± 0.217a 6.61 ± 0.310b 4.92 ± 0.240c <0.001 0.417
Roseburia 0.222 ± 0.331a − 0.235 ± 0.292a − 0.447 ± 0.241a 0.210 0.333
Ruminococcus 4.42 ± 0.225b 4.70 ± 0.257b 6.29 ± 0.248a <0.001 0.058

(Continued)
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TABLE 3 (Continued)

Overall mixed model FDR-adjusted P value

Test food Treatment ×
Microbiota P28 P35 P55 Treatment food fed order

Slackia 0.421 ± 0.271c 1.11 ± 0.151b 2.12 ± 0.161a <0.001 0.146
Streptococcus − 2.39 ± 0.388a − 2.45 ± 0.482a − 1.80 ± 0.590a 0.147 0.152
Sutterella 0.071 ± 0.319a − 0.928 ± 0.424a − 2.89 ± 0.408b <0.001 0.276
Turicibacter − 3.07 ± 0.699a − 2.98 ± 0.600a − 4.25 ± 0.576b 0.032 0.196

Diversity measures
Shannon index 1.74 ± 0.049c 2.01 ± 0.051b 2.30 ± 0.045a <0.001 0.055
Inverse Simpson index 3.98 ± 0.215c 5.10 ± 0.326b 6.04 ± 0.299a <0.001 0.106
Richness 54.6 ± 1.01b 57.5 ± 1.81b 66.6 ± 1.53a <0.001 0.331
Evenness 0.438 ± 0.012c 0.503 ± 0.016b 0.548 ± 0.010a <0.001 0.231

1Values are means ± SEs of center-log ratio transformations that showed significance (P < 0.05) by mixed-model analyses. Mean values were calculated by initially averaging
those from both time points (45 and 90 d) for each cat (P28: n = 54; P35: n = 52; P55: n = 54), then averaging by a given treatment. Values in the same row with different
letters are significantly different ( P < 0.05). FDR, false discovery rate.

Microbial functions involved in synthesis of SCFAs
and BCFAs

KEGG functions involved in the production of BCFAs such
as branched-chain amino acid aminotransferase (K00826)
and branched-chain amino acid transport permease protein
(K01997 and K01998) were significantly greater in the
microbiota when cats consumed P55 than when they consumed
P28 and P35 (Supplemental Table 6). Similarly, synthesis of
acetate through pyruvate was significantly higher in the fecal
microbiota when cats consumed P55 as opposed to P28 and
P35. In addition, propionate biosynthesis through the threonine
and valine catabolic pathway KEGG functions was significantly
higher in the fecal microbiota when cats consumed P55 than
when they consumed P28 and P35. However, an alternate
pathway for propionate production, the acrylate pathway, was
greater in feces from when cats consumed P28 than from when
they consumed P55. Similarly, cats that consumed P28 showed
many significantly higher microbial KEGG functions involved in
4-aminobutanoate degradation to produce butyrate than those
that consumed P55.

Associations of bacterial genera with microbial KEGG
functions, fecal and blood analytes, and
macronutrient intakes

Linear regression analysis performed with the 59 genera
and KEGG functions related to pathways of amino acid
catabolism and carbohydrate-active enzymes showed that the
bacterial genera Blautia, Clostridium, Coprococcus, Dorea,
Eubacterium, Faecalibacterium, Oscillospira, Parabacteroides,
Ruminococcus, and Slackia had positive associations with
many KEGG functions involved in amino acid catabolic
pathways (Supplemental Table 7). Others such as Megasphaera,
Prevotella, Bifidobacterium, Sutterella, and Acidaminococcus
showed negative associations with many KEGG functions
involved in amino acid catabolic pathways. Bacterial genera
that exhibited positive associations with KEGG functions
involved in amino acid catabolic pathways also showed positive
associations with KEGG functions related to mucin degrada-
tion (Supplemental Table 8). Similarly, bacterial genera that
showed negative associations with KEGG functions involved in
amino acid catabolic pathways had positive associations with
carbohydrate-active enzymes. The bacterial genera Bifidobac-
terium, Prevotella, and Sutterella had negative associations with
fecal BCFAs and ammonia (Supplemental Table 9). Notably,
Bifidobacterium also showed a negative association with fecal

pH. Bacterial genera such as Blautia, Clostridium, Copro-
coccus, Dorea, Eubacterium, Faecalibacterium, Oscillospira,
Ruminococcus, and Slackia showed positive associations with
fecal BCFAs, pH, and/or ammonia but a negative association
with the SCFA butyric acid.

Discussion

This study documented the effect of varying dietary pro-
tein:carbohydrate ratios on the composition of the gut mi-
crobiota and its functional capabilities in healthy adult cats,
while controlling for fat, fiber, amino acid proportions, and
total dietary energy. The AAFCO recommends that cat foods
exceed 26% protein (dry matter basis) for adult maintenance
(4000 kcal/kg) and 30% protein for growth and reproduction
phases (31). In general, commercially available cat foods include
30%–45% protein levels for maintenance diets, with the protein
levels sometimes reduced to 28% or increased to 50%–55% for
specific conditions such as chronic kidney disease and weight
loss/metabolic diseases, respectively (44). Hence, 3 different
protein levels were chosen for this study (28%, 35%, and 55%),
which reflect the levels in generally available cat foods.

In contrast to prior studies on cats (26–28, 45), foods
formulated in the present study used similar ratios of animal
and plant protein sources (dried chicken and pea protein).
Along with the observation that protein intakes were higher
when cats consumed P55 than when they consumed P28, the
greater apparent protein digestibility in P55 than in P28 and
P35 is expected because of higher protein intake, consistent with
previous findings in cats, kittens, and dogs (46–48). Because of
the greater protein digestibility of P55, the calculated amount
of bypass protein present in the colon was lower than with P28
but higher than with P35, suggesting that the higher protein
intake did not raise bypass protein in the colon. In addition,
the observed lower apparent protein digestibility in the cats
fed P28 is likely due to the significantly higher dietary fiber
intakes when cats consumed P28 than when they consumed
P55.

Although previous feline microbiota studies used different
sequencing technologies (27, 28, 49, 50), the predominant phyla
in previous studies, Actinobacteria, Bacteroidetes, Fusobacteria,
Firmicutes, and Proteobacteria, were similarly found here.
Consistent with prior work, Actinobacteria were lower and
Fusobacteria higher with consumption of P55 food (27, 28).
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FIGURE 1 Principal component analysis plots of the fecal microbiota (A) and its predictive Kyoto Encyclopedia of Genes and Genomes functions
derived by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (B) in cats fed P28 (green), P35 (blue), and P55
(red) foods each for 90 d. Fecal microbiota and predictive functions were represented at genera level. (A) Positional values for the samples on
PC1, which explained 29.6% of the variation, showed significant differences between P28 and P35 (P < 0.0001), P28 and P55 (P < 0.0001), and
P35 and P55 (P < 0.0001). The positional values on PC2, which explained 8.14% of the variation, showed significant differences between P28
and P35 (P = 0.016) and P35 and P55 (P = 0.002) but not between P28 and P55 (P = 0.83). (B) PC1, which explained 27.7% of the variation,
had significant differences between P28 and P35 (P < 0.01), P28 and P55 (P < 0.0001), and P35 and P55 (P < 0.0001). PC2, which explained
21.6% of the variation, showed significant differences between P28 and P55 (P < 0.0001) and P35 and P55 (P < 0.0001), but not between P28
and P35 (P = 0.50). Data are from 160 samples (P28: n = 54; P35: n = 52; P55: n = 54), which correspond to 2 samples/cat with some missing
data. Ovals represent 95% CIs. PC, principal component.

Microbial α diversity, richness, and evenness at the genera
level were significantly higher when cats consumed P55 as
opposed to P28 and P35, in agreement with a previous report
in growing kittens (27). P55 may have raised the availability
of specific substrates such as amino acids, dipeptides, and their
metabolites that may then increase the diversity and richness
of the gut microbiota, whereas P28 provided energy to the
microbiota in the form of starch, a less heterogeneous substrate
than protein.

In terms of microbiota, there appeared to be a greater
difference for P55 compared with P28 and P35 than between
the 2 latter foods. That may be due to the skewed distribution
of ratios of protein:carbohydrate in the foods (P35 is closer
to P28 than to P55). Alternatively, there may be a minimum
level of carbohydrates between those found in P35 and P55
capable of sustaining the observed saccharolytic activity of gut
microbiota. Feeding P28 or P35 resulted in significantly greater
bacterial genera Bifidobacterium, Lactobacillus, Megasphaera,
Prevotella, and Acidaminococcus than feeding P55, consistent
with high-protein food also resulting in higher concentrations of
these bacteria in growing kittens (27, 28). Similarly, significantly
more of the bacterial genera Bacteroides, Blautia, Clostridium,
Ruminococcus, Eubacterium, and Faecalibacterium (51–55)
were seen when cats consumed P55 than when they consumed
P28 or P35 in the present study as well as in growing kittens (27,
28). These genera potentially forage mucins, high-molecular-
weight glycoproteins that provide protection to the intestinal
epithelium as a mucus barrier (54) and can be used as a
microbial substrate (56). In addition to greater potential mucin-
foraging bacteria, the gut microbiota when cats consumed P55
showed significantly higher microbial mucin-foraging enzymes
than in P28 and P35. The apparent greater ability to degrade
mucin may result in more threonine in the colonic environment,
which can then be converted into propionate (57) as well as

butyrate (58); accordingly, propionate (but not butyrate) was
increased in the P55-fed cats. This, along with observed higher
threonine catabolic functions, may explain the specificity of
greater fecal propionate than butyrate concentrations found
with consumption of P55 food. Further, bacterial genera
such as Bacteroides, Blautia, Ruminococcus, Eubacterium, and
Faecalibacterium that were higher with P55 than with P28 and
P35 are generally known for potential saccharolytic activity (21,
41); however, many of these genera are capable of catabolizing
both carbohydrate and protein substrates and will utilize those
that present least competition with other microbes in a given
environment. The “restaurant hypothesis” posits that the GI
tract is not a homogeneous culture but rather different microbial
communities thrive in this environment through changes in
consumption, similar to a restaurant serving different foods
(59, 60). Thus, consumption of P55 food, which limited the
hindgut availability of carbohydrate and fiber, may have created
an environment where microbial foraging on mucin and amino
acid metabolism resulted in more proteolytic activity and
less saccharolytic activity than with P28 consumption. In line
with the restaurant hypothesis, a given microbe could exhibit
metabolic activity that best utilizes its available environmental
resources. This can affect host health; e.g., normally benign
commensal organisms can become pathobionts under specific
host conditions or in specific gut locations (61). Overall, these
findings further support the idea that microbes in the GI tract
are metabolically flexible to exploit availability of substrates,
host conditions, and location in the GI environment.

The higher fecal pH, ammonia, and microbial functions asso-
ciated with amino acid metabolism in feces when cats consumed
more dietary protein may be facilitating mucin degradation
consequent to the limited availability of carbohydrate and
dietary fiber. Further, significantly higher microbial urea cycle
KEGG functions when cats consumed P55 can help to explain
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FIGURE 2 Dietary protein and carbohydrate levels affect host gut microbiota and physiology. (A) The P28 and P55 foods fed to healthy adult
cats differed in their protein and carbohydrate (NFE) levels. The P28 food provided 4.5 g/(kg BW0.75) and P55 food provided 9.0 g/(kg BW0.75)
protein on an as-fed basis. (B) Based on true protein digestibility, 4.2 g/(kg BW0.75) and 8.5 g/(kg BW0.75) of protein was assimilated in the small
intestine from P28 and P55 foods, respectively. (C) An estimated 0.25 g/(kg BW0.75) and 0.21 g/(kg BW0.75) of protein bypassed into the large
intestine by P28 and P55 foods, respectively, and was available for microbes. (D) For P28 food, the availability of carbohydrate sources led to
microbial saccharolytic fermentation; lower BCFAs, pH, and ammonia; increased IgA; and no impact on mucin degradation or gut barrier function.
On the contrary, P55 food led to less availability of carbohydrate substrates in the large intestine, leading microbes to forage on mucin, which
led to proteolytic fermentation; higher BCFAs, pH, and ammonia; and lower IgA and beneficial commensals. BCFA, branched-chain fatty acid;
BW, body weight; NFE, nitrogen-free extract; TDF, total dietary fiber.

the greater fecal pH and ammonia concentrations as a result of
urea cycle flux along with amino acid catabolism products such
as polyamines. Prior work also showed higher fecal pH due to
proteolytic fermentation in dogs fed high-protein food (21, 62,
63).

In contrast, P28 consumption appeared to yield greater
saccharolytic activity, evident in significantly lower fecal pH and
ammonia due to the availability of carbohydrates and dietary
fiber to the colonic microbes. Obviously, all carbohydrates
are not completely digestible, but some enter into the colonic
environment as bypass and provide substrates to colonic
microbes. In this study, the carbohydrates that entered the
colon as bypass were probably in the form of resistant starch
derived from the carbohydrate sources in the food formulations.
Addition of fiber has previously been shown to increase gut
microbiota saccharolytic activity in dogs (36). Further, the fam-
ilies Bifidobacteriaceae, Lactobacillaceae, and Prevotellaceae
were higher with P28 consumption, whereas Clostridiaceae,
Ruminococcaceae, and Bacteroidaceae were higher with P55.

These results are comparable with Bermingham et al. (48) show-
ing that Clostridiaceae and Fusobacteriaceae were higher and
Prevotellaceae was lower with high meat (or protein). On the
contrary, we observed Bacteroidaceae and Ruminococcaceae
were higher in P55 (high meat or protein) in this study, whereas
they were lower with high meat in Bermingham et al. The
differences observed are probably due to the fixed ratio of plant-
to-animal protein and species differences because Bermingham
et al. completely replaced the plant protein with animal protein
without maintaining the ratio and that study was conducted in
dogs.

This study also demonstrated that fecal BCFAs, known to
be derived from amino acid metabolism, were significantly
greater with P55 than with P28, consistent with prior findings
in dogs (63). Also, the putrefactive SCFA valerate was higher
with greater levels of carbohydrates. The higher concentrations
of propionate found with P55 may have been derived from
proteolysis of mucin and subsequent putrefaction of the
constituent threonine. However, higher propionate may have
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TABLE 5 Analysis of fecal microbial carbohydrate-active and mucin-foraging enzymes from cats fed P28, P35, and P55 foods each
for 90 d1

Test food

KEGG function P28 P35 P55

Starch-, cellulose-, hemicellulose-, trehalose-, fructo-, glucan-, and mannooligosaccharide-utilizing enzymes
K00700_1,4-α-glucan branching enzyme [EC:2.4.1.18] 6.18 ± 0.04b 6.28 ± 0.04b 6.74 ± 0.05a

K01176_α-amylase [EC:3.2.1.1] 2.91 ± 0.09a 2.82 ± 0.11a 2.02 ± 0.11b

K01178_glucoamylase [EC:3.2.1.3] − 6.13 ± 0.06b − 6.02 ± 0.06b − 5.71 ± 0.07a

K01179_endoglucanase [EC:3.2.1.4] 5.10 ± 0.08a 5.12 ± 0.07a 4.83 ± 0.05b

K01180_endo-1,3(4)-β-glucanase [EC:3.2.1.6] − 4.61 ± 0.12a − 4.57 ± 0.19a − 5.25 ± 0.06b

K01181_endo-1,4-β-xylanase [EC:3.2.1.8] 1.52 ± 0.14b 1.55 ± 0.13b 2.72 ± 0.09a

K01182_oligo-1,6-glucosidase [EC:3.2.1.10] 5.90 ± 0.05c 6.17 ± 0.05b 6.90 ± 0.06a

K01183_chitinase [EC:3.2.1.14] 4.77 ± 0.06a 4.61 ± 0.07a 2.51 ± 0.07b

K01184_polygalacturonase [EC:3.2.1.15] − 4.74 ± 0.06a − 4.96 ± 0.05b − 5.14 ± 0.06b

K01185_lysozyme [EC:3.2.1.17] 3.59 ± 0.14a 3.52 ± 0.13a 2.62 ± 0.14b

K01194_α, α-trehalase [EC:3.2.1.28] − 2.15 ± 0.27a − 2.48 ± 0.24a − 2.31 ± 0.21a

K01198_xylan 1,4-β-xylosidase [EC:3.2.1.37] 5.68 ± 0.09a 5.66 ± 0.08a 4.02 ± 0.05b

K01199_glucan endo-1,3-β-D-glucosidase [EC:3.2.1.39] − 4.70 ± 0.06a − 4.77 ± 0.07a − 5.20 ± 0.07b

K01200_pullulanase [EC:3.2.1.41] 5.42 ± 0.06a 5.36 ± 0.05a 4.61 ± 0.06b

K01201_glucosylceramidase [EC:3.2.1.45] 4.77 ± 0.06a 4.65 ± 0.06a 2.60 ± 0.06b

K01207_β-N-acetylhexosaminidase [EC:3.2.1.52] 5.33 ± 0.06a 5.19 ± 0.06a 4.69 ± 0.04b

K01208_cyclomaltodextrinase [EC:3.2.1.54] − 1.16 ± 0.48a − 1.26 ± 0.45a − 1.98 ± 0.38a

K01209_α-N-arabinofuranosidase [EC:3.2.1.55] 5.43 ± 0.06b 5.57 ± 0.05a,b 5.66 ± 0.06a

K01210_glucan 1,3-β-glucosidase [EC:3.2.1.58] 5.77 ± 0.06a 5.65 ± 0.07a 3.86 ± 0.08b

K01212_levanase [EC:3.2.1.65] 3.65 ± 0.07c 4.34 ± 0.08b 5.31 ± 0.07a

K01215_glucan 1,6-α-glucosidase [EC:3.2.1.70] − 3.30 ± 0.33b − 2.79 ± 0.29a,b − 1.92 ± 0.30a

K01216_licheninase [EC:3.2.1.73] − 4.01 ± 0.23a − 4.54 ± 0.12a,b − 4.89 ± 0.13b

K01219_agarase [EC:3.2.1.81] − 6.14 ± 0.04b − 6.00 ± 0.06b − 4.78 ± 0.28a

K01220_6-phospho-β-galactosidase [EC:3.2.1.85] 5.14 ± 0.07a 5.23 ± 0.08a 4.71 ± 0.09b

K01222_6-phospho-β-glucosidase [EC:3.2.1.86] 2.07 ± 0.12b 2.18 ± 0.10a,b 2.52 ± 0.10a

K01223_6-phospho-β-glucosidase [EC:3.2.1.86] 6.07 ± 0.04c 6.22 ± 0.04b 6.61 ± 0.04a

K01225_cellulose 1,4-β-cellobiosidase [EC:3.2.1.91] − 1.34 ± 0.13c − 0.75 ± 0.11b 1.25 ± 0.11a

K01226_trehalose-6-phosphate hydrolase [EC:3.2.1.93] 1.94 ± 0.16a 1.87 ± 0.15a 2.19 ± 0.09a

K01227_mannosyl-glycoprotein endo-β-N-acetylglucosaminidase [EC:3.2.1.96] 3.46 ± 0.10a 2.85 ± 0.21a − 0.590 ± 0.23b

K01234_neopullulanase [EC:3.2.1.135] 2.34 ± 0.14b 2.37 ± 0.13b 3.68 ± 0.12a

K01236_maltooligosyltrehalose trehalohydrolase [EC:3.2.1.141] − 1.66 ± 0.13a − 1.70 ± 0.16a − 2.95 ± 0.09b

Mucin-foraging enzymes
K00737_β-1,4-mannosyl-glycoprotein β-1,4-N-acetylglucosaminyltransferase [EC:2.4.1.144] − 0.380 ± 0.09c 0.010 ± 0.13b 1.19 ± 0.08a

K01187_α-glucosidase [EC:3.2.1.20] 5.97 ± 0.04b 6.07 ± 0.03b 6.66 ± 0.05a

K01188_β-glucosidase [EC:3.2.1.21] 5.34 ± 0.06c 5.55 ± 0.05b 5.99 ± 0.05a

K01190_β-galactosidase [EC:3.2.1.23] 6.20 ± 0.05c 6.40 ± 0.05b 7.20 ± 0.05a

K01191_α-mannosidase [EC:3.2.1.24] 4.72 ± 0.07c 4.98 ± 0.06b 5.98 ± 0.05a

K01192_β-mannosidase [EC:3.2.1.25] 3.22 ± 0.10c 4.05 ± 0.10b 5.65 ± 0.07a

K01193_β-fructofuranosidase [EC:3.2.1.26] 6.28 ± 0.05b 6.45 ± 0.05b 7.08 ± 0.05a

K01195_β-glucuronidase [EC:3.2.1.31] 2.95 ± 0.10b 3.56 ± 0.08a 3.75 ± 0.06a

K01197_hyaluronoglucosaminidase [EC:3.2.1.35] 0.010 ± 0.19b 0.340 ± 0.19b 2.01 ± 0.17a

K01205_α-N-acetylglucosaminidase [EC:3.2.1.50] − 1.19 ± 0.20b − 1.03 ± 0.18b − 0.060 ± 0.12a

K01206_α-L-fucosidase [EC:3.2.1.51] 4.40 ± 0.07c 4.99 ± 0.08b 6.27 ± 0.06a

K01218_mannan endo-1,4-β-mannosidase [EC:3.2.1.78] 0.060 ± 0.11b 0.400 ± 0.13b 1.67 ± 0.07a

K01235_α-glucuronidase [EC:3.2.1.139] − 3.81 ± 0.11b − 3.47 ± 0.18b − 2.61 ± 0.21a

K01639_N-acetylneuraminate lyase [EC:4.1.3.3] 4.18 ± 0.07c 4.74 ± 0.07b 5.94 ± 0.05a

1Values are means ± SEs of center-log ratio transformations that showed significance (P < 0.05) by nonparametric analysis followed by the Wilcoxon significance test. Mean
values were calculated by initially averaging those from both time points (45 and 90 d) for each cat (P28: n = 54; P35: n = 52; P55: n = 54), then averaging by a given treatment.
Values in the same row with different letters are significantly different (P < 0.05). KEGG, Kyoto Encyclopedia of Genes and Genomes.

also had contributions from greater colonic microbe conversion
of acetate into propionate.

Several studies have demonstrated that SCFAs that are
derived from saccharolytic fermentation (e.g., butyrate) rather
than putrefaction (e.g., valerate) confer benefits to the host,
in particular due to inhibitory effects on pathogenic bacteria
of lowering luminal pH and anti-inflammatory properties

(64). BCFAs also have some beneficial properties such as
suppression of proinflammatory markers in intestinal cells (65)
and reduction of necrotizing colitis in neonatal rats (66). Both
SCFAs and BCFAs serve as sources of energy for colonocytes
(67). Further, these BCFAs are generated by microbes via
proteolysis of undigested dietary protein and deamination of
branched-chain amino acids, suggesting that consumption of
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P55 would lead to greater concentrations of amino acids or
dipeptides entering the colonic environment. Based on changes
in imputed microbial function, greater microbial biosynthesis
of branched-chain amino acids seems to have been occurring
alongside the observed higher fecal BCFAs when cats consumed
P55.

The genera Bifidobacterium, Megasphaera, Lactobacillus,
and Prevotella, all higher with P28, tend to produce more
saccharolytic-type SCFAs (e.g., butyrate). Bacteroides and Ru-
minococcus, greater with P55, may have been shunted toward
foraging mucin; these genera harbor genetic elements competent
to degrade mucin (68). Furthermore, greater Prevotella with P28
and greater Bacteroides with P55 are consistent with data in
which Prevotella was more abundant in people who ate more
carbohydrates and Bacteroides was more abundant in those
who consumed high levels of protein and animal fat (69).

Overall, feces from when cats consumed P28 favored gut
microbial saccharolytic activity and P55 favored more mucin-
foraging and proteolytic activity. Greater proteolytic activity
produces metabolites that are potential uremic toxins such as
polyamines, ammonia, and indoles (70) that may affect the
progression of existing renal disease (21). Further, this study
also observed significantly higher BUN, BUN:creatinine ratio,
phosphorus, total protein, and glucose in blood analyses as
well as higher urine creatinine and specific gravity when cats
consumed P55 as opposed to P28. However, consistent with a
prior study (22), these higher blood/serum and urinary analytes
are within the range of reference intervals, so they may not affect
a healthy host.

To our knowledge, this is the first study in cats to system-
atically test varying dietary protein levels with compensating
carbohydrate levels, without affecting the proportions of fat,
animal:plant protein ratio, and amino acids. Further, total
dietary fiber was similar across diets. Overall, this study
provides a model (Figure 2) in which P55 had greater protein
digestibility in the small intestine and less bypass protein in the
colon than P28. However, presumably due to lower availability
of carbohydrate substrates and dietary fiber in the colonic
environment of P55-fed cats, gut microbiota foraging of mucin
glycans and amino acid biosynthesis was higher as previously
observed (71). In parallel, amino acid catabolism was also
greater, and the production of various metabolic byproducts
resulted in higher fecal pH, ammonia, and BCFA production.
Although not tested here, it is proposed that there may have
been consequent depletion of the mucin layer.

There are a few limitations to this study. Although this
study utilized only healthy adult cats, the impact of increasing
dietary protein intake on protein digestibility in senior cats
requires further investigation because the aging process reduces
the absorption of proteins. Further, the higher concentrations
of certain blood/serum and urinary analytes when healthy cats
consumed P55 than when they consumed P28 were within
normal reference ranges, but those higher concentrations may
affect the health of cats with conditions such as chronic kidney
disease or cardiovascular disease. Hence, further studies are
needed to understand how foods with differing protein levels
with or without dietary fiber may affect these health conditions.
In addition, the functional attributes of microbiota analyzed
through PiCRUSt have constraints in terms of predicting
functional attributes by a single marker gene, in that the
sequences/annotated genomes of phylogenetically close relatives
may not be present in the reference database. However, the
microbiota functional attributes presented in this study were
partially validated by analyzing fecal pH, SCFAs, and ammonia.

Nonetheless, additional studies in this area are warranted,
specifically in metabolomics, to understand how high intake of
protein alters postbiotics and their role in the overall well-being
of cats, aligned with microbiota-predicted functional attributes.
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