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Abstract

A study investigating the use of a nonviable Lactobacillus acidophilus (NVL: Culbac; TransAgra, Storm Lake, IA) and a mixed
prebiotic (MP) blend (beet pulp, fructooligosaccharide (FOS), mannanoligosaccharide (MOS), inulin, and kelp) was done

to evaluate changes in fecal microbiota, fermentative end products, and gut immune health in healthy female and male
adult Beagle dogs (n = 24; 5.74 + 2.18 yr; 9.30 + 1.32 kg). The study protocol was first approved by the facility’s Institutional
Animal Care and Use Committee (Summit Ridge Farms; Susquehanna, PA) and followed throughout. Each of four test diets
(control, NVL, MP, and MP + NVL [formulated to crude protein 25%, crude fat 14%, crude fiber 10% as-fed]) was fed once daily
to maintain body weight for 21 d in a randomized-crossover design (four treatment periods and four washout periods).
Fecal samples were collected on days 0 and 21 only for immunoglobulin A (IgA) and microbiota evaluation (16S rRNA V4
region and qPCR for Escherichia coli and Bifidobacterium), and fecal fermentative end-products and fecal pH were assessed
only on day 21. Over the test periods, apparent total tract nutrient digestibility and stool quality were assessed. Data were
analyzed by ANOVA (SAS v9.4, Cary, NC) or Kruskal-Wallis for between-diet effects, and paired t-test or Wilcoxon for time
effects. Statistical significance was set at P < 0.05. Apparent total tract nutrient digestibility revealed feeding MP-containing
diets resulted in lower (P < 0.05) crude protein and fat digestibility vs. control and NVL diets. When dogs were fed MP, they
had lower (P < 0.05) fecal pH compared with control and NVL diets, whereas fecal pH was lower in (P < 0.05) MP + NVL- vs.
NVL-fed dogs. Fecal E. coli was (P < 0.05) lower at day 21 vs. day 0 when dogs were fed MP. Fecal Fusobacterium spp. was lower
(P < 0.05) in both MP diets vs. control. Fecal Lactobacillus spp. increased (P < 0.05) from baseline with MP. Both diets with

MP elicited greater (P < 0.05) fecal acetate and propionate concentration vs. control diet. At day 21, fecal IgA was greater

(P < 0.05) in MP and MP + NVL compared with NVL diet. Only when dogs were fed MP did they have increased (P < 0.05)
fecal IgA from day 21 vs. day 0. The MP + NVL diet decreased (P < 0.05) fecal isovalerate, isobutyrate, phenol, and indole vs.
control. Overall, the MP elicited the most changes on microbiota, fermentative end-products, and IgA. Further investigation
into NVL’s gut health benefits is warranted.
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Abbreviations

AOAC Association of Official American
Chemists

BCFA branched-chain fatty acids

FOS fructooligosaccharide

IgA immunoglobulin A

MP mixed prebiotic

MOS mannanoligosaccharide

OTU operational taxonomic units

PCoA principal coordinate analysis

gPCR quantitative polymerase chain
reaction

SCFA short-chain fatty acids

Introduction

Pet humanization has made for higher demand for nutrition
beyond the basic requirements of the animal. Specifically,
digestive health has been an area often studied to bring these
added benefits. Pre- and probiotic ingredients are often at the
forefront in delivering gut health benefits. Prebiotics are defined
as carbohydrates that resist hydrolytic/enzymatic digestion and
absorption in the small intestine, stimulate the growth and/or
activity of beneficial gut microorganisms, and are fermented
in the large bowel to promote fermentation end-product
production (Gibson et al., 2017). Conversely, probiotics are
viable bacteria that when consumed in adequate concentration
confer a health benefit to the host (Hill et al., 2014). Indeed,
many common fiber ingredients in pet food including beet pulp,
fructooligosaccharide (FOS), mannanoligosaccharide (MOS), and
inulin have been studied extensively for their application in pet
foods on nutrient digestibility, fecal fermentative end-products,
and fecal microbiota (Fahey et al., 1990; Swanson et al., 2002b;
Flickinger et al., 2003; Middelbos et al., 2007a). However, pet food
formulations are often complex in that they can contain multiple
fermentable fiber sources and prebiotics that collectively are
delivering the stimulus for gut health.

Previous studies feeding viable Lactobacillus acidophilus to
healthy dogs have produced mixed results. Healthy adult dogs
when fed L. acidophilus strain DSM13241 via oil mixture coated
on extruded kibble vs. control resulted in numerous changes in
immune parameters including increased serum neutrophils,
monocytes and serum immunoglobulin G, as well as reduced
serum nitric oxide concentrations and red blood cell fragility
(Baillon et al., 2004). Healthy dogs administered FOS and a
combination of FOS + L. acidophilus strain NCFM via gelatin
capsule resulted in lower fecal protein metabolites and increases
in fecal bifidobacteria and lactobacilli, whereas L. acidophilus
strain NCFM alone showed minimal changes in fecal outcomes
(Swanson et al., 2002a). German Shorthaired Pointers with
nonspecific dietary sensitivity exhibited improvements in fecal
consistency, fecal DM, and stool frequency when provided
L. acidophilus strain DSM 13241; however, no changes were
observed in fecal microbiota (Pascher et al., 2008).

Indeed, a majority of the evidence around dietary bacterial
species are administered as viable bacterial cells (i.e., probiotics).
The requirement of a probiotic needing to be viable, however, poses
challenges to pet food manufacturers due to processing conditions
of high heat, moisture, and pressure. To date, no studies in healthy
dogs have investigated the potential gut health benefits of using
a nonviable bacteria in dried extruded dog kibble. Interestingly,
unpublished data from the manufacturer show that a stabilized,
nonviable L. acidophilus (NVL; Culbac; TransAgra: Storm Lake, IA)

fermentation product elicited improvements in feed conversion
(lower feed to body weight gain ratio), lower physiological stress
responses (e.g., heat stress, co-mingling stress, and transport
stress), modulated immune responses in gut-associated lymphoid
tissues and increased IgA, and maintained gut morphology
in swine, poultry, dairy, and beef cattle. More recent studies in
production animals utilizing bacterial-derived metabolites, often
labeled as “postbiotics”, have shown similar results. Broilers fed
Lactobacillus plantarum-derived metabolites exhibited greater villi
length in duodenum, jejunum, and ileum, compared with negative
and positive controls, and upregulation of gut barrier function
genes (Humam et al, 2019, 2021). Similarly, investigations on
heat-treated, nonviable Bifidobacterium longum strain CECT-7347
exhibited an ability in vitro to protect against oxidative stress
damage, inhibit colonization of bacteria through innate immune
activation, and reduce the acute inflammatory response (Martorell
et al,, 2021). In a fermentation model of the human gut, a heat-
treated preparation from Limosilactobacillus fermentum CNCM
MAG5/4E-1b elicited a prebiotic-like effect by stimulating the
growth of various Bifidobacterium species (Warda et al., 2021).

Here our objectives of this study were to (1) evaluate the
inclusion of a nonviable L. acidophilus to dog diets and its
impacts on fecal microbiota, fecal fermentative end-products,
and fecal IgA, and (2) determine if there is an additive effect
on fecal outcomes when adding an NVL in combination with
mixed prebiotics (MPs). We hypothesized that some changes in
fecal outcomes would be observed with NVL feeding, including
increases in fecal short-chain fatty acids (SCFA) and fermentative-
bacterial phyla and genera, decreases in proteolytic fermentation
end-products, and increased fecal IgA; however, these changes
would be more robust in combination with MPs.

Materials and Methods

Animals and diets

Twenty-four (12 males and 12 females) adult spayed and
neutered Beagle dogs (age: 5.74 + 2.18 yr; BW: 9.30 + 1.32 kg)
were utilized in a 168-d, four-dietary treatment, randomized
crossover design. All animal use was first approved by the
animal facility’s Institutional Animal Care and Use Committee
(Summit Ridge Farms; Susquehanna, PA). All dogs were deemed
healthy before the study by physical examination and exhibited
normal physiologic ranges on serum chemistries before, during,
and at the end of the study. All dogs were individually housed in
a temperature-controlled room on a 12 h light: 12 h dark cycle.
Dogs were fed once per day to maintain body weight throughout
the study. Body weights were assessed weekly to determine
whether adjustments were needed to each dog’s individual food
allowance. However, over the 5 d digestibility collections, further
adjustments were not made an each dog continue to receive
their same individual amount of food throughout this period. All
dogs began the study receiving the control diet for 21 d and then
were randomized to one of four dietary treatment groups for the
21 d treatment period: control, NVL, MPs, and MP + NVL. The four
washout and four treatment periods were alternated for a total
of 168 d to complete the factorial, resulting in n = 24 per dietary
treatment. During the treatment phase, dogs were acclimated
to the diet for 14 d followed by 5 d of total fecal collections for
apparent total tract nutrient digestibility. Fecal scores were also
assessed during the 5 d total fecal collection. Body weights were
taken weekly, and food intake was assessed daily.

The NVLingredientis a fermentate derived from L. acidophilus.
Table 1 shows the chemical composition of the test diets. The



NVL, MP, and MP + NVL diets were formulated at the expense of
cellulose and pea starch to target isonitrogenous, isoenergetic,
and isofibrous concentrations across all diets. All test diets were
formulated to meet requirements set by American Association
of Feed Control Officials for adult maintenance (AAFCO, 2017).

Fecal collection and consistency scoring

During the fecal collection phase of each period, all feces were
collected, weighed, scored, and frozen at —20 °C until analyses.
Fecal samples were scored on a system as previously done by
Freel et al. (2021). Briefly, fecal samples were scored three times
daily over the 5-d total fecal collection according to a five-
point scale where 0 = none, 1 = watery diarrhea, 1.5 = diarrhea,
2 = moist, no form, 2.5 = moist, some form, 3 = moist, formed,
3.5 = well-formed, sticky, 4 = well-formed, 4.5 = hard, dry, and
5 = hard, dry, crumbly. At the beginning and end of each test
period, fresh fecal samples (within 15 min of defecation) were
collected. Each collection was done over the first or last 3 d of
the feeding period to ensure a sample was obtained from each

Table 1. Ingredient and chemical composition of control, nonviable
Lactobacillus acidophilus (NVL), mixed prebiotics (MP), and MP + NVL
diets

Ingredient Amount

%, as-is

Control NVL MP  MP + NVL

Mechanically deboned chicken ~ 18.95  18.95 18.95 18.95

Chicken meal 18.76 18.76 18.76 18.76
Brown rice 18.47 18.47 18.47 18.47
Barley 16.45 16.45 16.45 16.45
Pea starch 10.32  10.07  8.43 8.18
Chicken fat 5.67 5.67  5.67 5.67
Prebiotic package* — — 5.23 5.23
Powdered cellulose 3.98 3.98 0.65 0.65
Liquid digest 1.72 172 172 1.72
Pea protein 1.68 1.68 1.68 1.68
Fish meal 1.47 1.47 1.47 1.47
Powdered digest 0.86 0.86 0.86 0.86
Salt 0.49 0.49 0.49 0.49
Potassium chloride 0.41 041 041 0.41
NVL! — 0.25 — 0.25
Vitamin premix 0.23 023 0.23 0.23
Mineral premix 0.23 0.23 0.23 0.23
Choline chloride 0.15 0.15  0.15 0.15
Methionine (DL) 0.09 0.09 0.09 0.09
Mixed tocopherols 0.06 0.06 0.06 0.06
Analyzed composition
Dry matter, % 92 92 92 92
Metabolizable energy, kcal/g 3.56 359 353 3.45
%, DM
Organic matter 94 93 93 93
Crude fat 15.7 15.5 14.0 12.8
Crude protein 27.2 27.7  29.6 27.2
Total dietary fiber 11.1 10.2 10.7 10.9

INonviable Lactobacillus acidophilus, TransAgra Inc., Storm Lake, IA.
*Overall target inclusion of prebiotic package was 5.23% including
Beet pulp, La Budde, Bay City, MI; FOS, Cosucra groupe, Warcoing,
Luxembourgh, Belgium; MOS, Alltech, Nicholasville, KY; Inulin,
Beneo, Manheim, Germany; Kelp, Tasco, Dartmouth, Nova Scotia,
Canada.

All test diets were formulated at the expense of pea starch and
cellulose to target equal protein, fat, and fiber across all diets.
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dog. Dogs were not switched to the next diet until a fresh fecal
sample was obtained. Collections for fecal immunoglobulin
A (IgA) and 16S microbiota analyses were obtained at the
beginning and end of each test period, while samples for fecal
fermentative end products, pH, and DM were obtained only at
the end of each test period. Due to feasibility of collection and
variability in fecal IgA and microbiota, we chose these outcomes
for multiple timepoint collections.

All fresh fecal samples were immediately measured for
pH with a meter (Denver Instrument, Bohemia, NY) equipped
with an electrode (Beckman Instruments Inc., Fullerton, CA).
Two aliquots of fresh fecal sample were collected for fecal IgA
and microbiota and stored at —70 °C until analysis. For fecal
SCFA and branched-chain fatty acids (BCFA) concentrations,
a fresh fecal sample was mixed with 2 N hydrochloric acid in
a 1:1 (weight:weight) ratio and stored at -20 °C until analysis.
Approximately 3-5 g of fresh fecal sample was collected in
duplicate and stored at -20 °C until fecal phenol and indole
analyses. The remaining fresh fecal sample was used for DM
determination, where the sample was dried at 105 °C for 2 d.

Apparent total tract nutrient digestibility

At the end of each digestibility collection, individual fecal
samples were shipped to a contract analytical laboratory
(Eurofins US, Des Moines, Iowa). The test diets and all feces
collected were analyzed according to the Association of Official
Analytical Chemists (AOAC) approved analytical methodology
for the following: moisture, fat, protein, fiber, ash, and calories
(AOAC 930.15, AOAC 954.02, AOAC 990.03, AOAC 992.15, AOAC
991.43) (AOAC, 2006).

The digestibility calculations for nutrients and energy were:
apparent total tract nutrient digestibility (%) = [nutrient intake
(g/d) - fecal output (g/d)]/nutrient intake (g/d) x 100%.

Fecal fermentative end-products

All fecal fermentation end products were analyzed as described
previously (Lin etal.,2019). Briefly, fecal SCFA (acetate, propionate,
and butyrate), and BCFA (valerate, isovalerate, and isobutyrate)
concentrations were determined by gas chromatography
according to Erwin et al. (1961). During analyses, a gas
chromatograph (Hewlett-Packard 5890A series II, Palo Alto, CA)
and a glass column (180 cm x 4 mm i.d.) packed with 10% SP to
1,200/1% H,PO, on 80/100 mesh Chromosorb WAW (Supelco Inc.,
Bellefonte, PA) were used. Nitrogen was the carrier gas with a
flow rate of 75 mL/min. Temperatures of the oven, detector, and
injector were 125, 175, and 180 °C, respectively. Fecal phenol and
indole concentrations were evaluated by gas chromatography
according to Flickinger et al. (2003).

DNA extraction and sequencing of 16S rRNA genes

Extraction of DNA, sequencing of 16S rRNA genes, and
quantitative polymerase chain reaction (qQPCR) analysis was
carried out according to Pilla et al (2020). Briefly, a MoBio Power
soil DNA isolation kit (MoBio Laboratories; Carlsbad, CA) was used
to extract DNA from fecal samples according to manufacturer’s
instructions. Illumina sequencing was performed at the MR DNA
laboratory (Shallowater, TX) as previously described (Minamoto
etal., 2015; Kasiraj et al., 2016; Honneffer et al., 2017; Isaiah et al.,
2017). Briefly, the primers 515F (5-GTGCCAGCMGCCGCGGTAA-3')
to 806R (5-GGACTACVSGGGTATCTAAT-3") on the V4 region of
16S rRNA bacterial genes were amplified. For the PCR reaction,
a single-step 30 cycle PCR using the HotStarTaq Plus Master Mix
Kit (Qiagen, Hilden, Germany) under the following conditions:
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94 °C for 3 min, followed by 28 cycles (five cycles used on PCR
products) of 94 °C for 30 s, 53 °C for 40 s, and 72 °C for 1 min, after
which a final elongation step at 72 °C for 5 min was performed.
The Illumina TruSeq DNA’'s protocol was used to create a
DNA library, and [llumina MiSeq was utilized for sequencing
according the manufacturer’s guidelines. Analysis of sequences
was performed using QIIME 2 31 2018.8 pipeline as previously
described (Marsilio et al., 2019; Park et al., 2020). The operational
taxonomic unit (OTU) table was created using DADA2, (Callahan
etal., 2016) and rarefied to 19,200 sequences per sample based on
the lowest read depth in all samples for even depth of analysis.

Alpha diversity metrics were assessed by Chaol (richness),
observed OTUs (species richness), and Shannon diversity
(evenness). Beta diversity (diversity between samples) was
evaluated with the phylogeny-based weighted UniFrac distance
metric and plots were visualized using principal coordinate
analysis (Lozupone et al., 2005) Analysis of similarity test within
PRIMER 6 software package (PRIMER-E Ltd., Luton, UK) was used
to analyze significant differences in microbial communities
between time points.

Quantitative PCR analysis

Quantitative PCR assays were performed for total bacteria,
Escherichia coli, Lactobacillus, and Bifidobacterium as previously
described (AlShawaqfeh et al, 2017; Gavazza et al., 2018).
Briefly, SYBR green-based reaction mixtures were used for gPCR
reactions. The total reaction volume was 10 pL. The reaction
mix consisted of the following: 5 uL SsoFast EvaGreen supermix
(Bio-Rad Laboratories, CA), 0.4 uL of forward and reverse primer
(final concentration: 400 nM), 2.6 uL of PCR water, and 2 uL of
normalized DNA (final concentration: 5 ng/uL). Conditions for
PCR reaction were as follows: initial denaturation at 98 °C for
2 min, then 40 cycles with denaturation at 98 °C for 3 s and
annealing for 3 s. Acceptable data were considered when within
the range of the lowest standard, which was between 30 and 32
cycles. After amplification, melt curve analysis was conducted
using the following conditions: 95 °C for 1 min, 55 °C for 1 min
and increasing incremental steps of 0.5 °C for 80 cycles for 5 s
each. All samples were run in duplicate. Data were expressed as
the log amount of DNA for each bacterial group/10 ng of isolated
total DNA.

Fecal IgA extraction and quantification analysis

Fecal IgA was extracted and quantified according to Tress et al
(2006). Fecal IgA collection tubes (Sarstedt Ag & Co.; Numbrecht,
Germany) intended for collection of fecal samples from human

patients were used for collection of canine fecal samples. The exact
amount of feces added was determined by weighing the filled tube
and subtracting the weight of the empty tube. All samples were
frozen until further analysis. Validated sandwich enzyme-linked
immunosorbent assay plates that contained 96 flat-bottom wells
(Combiplate 8, Labsystems Oy; Atlsinki, Finland) were coated with
affinity-purified goat anti-dog IgA (Fc region) antibodies (Goat
anti-dog IgA (Fc) antibodies, Nordic Immunochemicals, Tilberg,
The Netherlands) that served as capture antibody. Plates were
read at a wavelength of 450 nm with an automated platereader
(Labsystems Multiskan Ascent; VWR, Plainview, NY). Standard
curves were calculated by use of a four-parameter curve fit.

Statistical analysis

Average food intake, body weight, fecal pH, apparent total
tract nutrient digestibility, fecal scores, fecal pH, and fecal
fermentative end-products were analyzed by ANOVA using
Mixed models in SAS (version 9.4; SAS Institute, Cary, NC),
where diet was considered a fixed effect and dog as a random
effect. The univariate procedure was used to evaluate normality
and heterogeneity of variance. Significant differences between
means were identified by using a Tukey’s post hoc adjustment
and values are expressed as means + pooled SEM.

For fecal microbiota and IgA, normality was first assessed
using the Shapiro-Wilk test. A paired t-test or nonparametric
Wilcoxon-Signed rank test were used for within diet time
effect (i.e., day 21 vs. day 0), and an ANOVA or nonparametric
Kruskal-Wallis tests for within-diet time effects and between
diet differences at days 0 and 21. Adjustments for multiple
comparisons were done using the Benjamini and Hochberg’s
false discovery rate at each taxonomic level, alpha diversity
parameters, and qPCR data using GraphPad Prism version 8.2.1
for Windows (GraphPad Software, San Diego, CA) (Benjamini and
Hochberg, 1995). All fecal microbiota and IgA data are presented
as means + standard errors. Statistical significance was set at P
<0.05 and q < 0.10.

Results

Animal characteristics, food intake, and apparent
total tract nutrient digestibility

Table 2 shows body weight, food intake, and apparent total
tract nutrient digestibility data. Body weight and food intake
were similar across all dietary treatments throughout the
study. Dry matter digestibility was not impacted by dietary

Table 2. Average daily food and energy intake, body weight, and apparent total tract apparent nutrient digestibility in adult dogs fed control,
nonviable Lactobacillus acidophilus (NVL), mixed prebiotics (MP), and MP + NVL diets

Dietary treatments

Item Control NVL MP MP + NVL SEM P-value
Food intake, g/d 266 237 256 267 10.1 0.10
Energy intake, kcal/d 945 849 942 883 35.7 0.13
BW, kg 9.42 9.33 9.42 9.26 0.23 0.37
Digestibility, %
DM 87.2 87.8 87.5 86.3 0.45 0.22
CP 90.0° 90.42 88.3° 87.2° 0.42 0.01
Crude fat 95.22 95.12 93.8° 92.9° 0.24 0.01
Energy 90.220 90.9° 90.5% 89.3b 0.35 0.04

®Denotes significant (P < 0.05) difference between diets.
All values are means and pooled SEM.



treatments; however, crude protein and crude fat digestibility
were lower (P < 0.05) when dogs consumed the MP and MP +
NVL diets. When dogs consumed the MP + NVL diet, they had
lower (P < 0.05) energy digestibility, compared with feeding NVL,
whereas no changes were observed with other diets.

Stool quality and fecal fermentation end-products

Fecal consistency remained ideal across all diets (Table 3);
however, when dogs were fed MP and MP + NVL diets, they had
lower (P < 0.05) fecal scores and fecal DM percent compared
with feeding control and NVL diets. Fecal pH was lower (P < 0.05)
when dogs were fed the MP diet compared with control and NVL
feeding, while MP + NVL feeding gave lower (P < 0.05) fecal pH
compared with NVL feeding. Fecal SCFA acetate and propionate
were greater (P < 0.05) when dogs were fed the MP and MP + NVL
diets, compared with control and NVL feeding. No significant
diet effect was observed in fecal butyrate concentrations. Total
fecal SCFA (acetate + propionate + butyrate) were also greater
(P < 0.05) when dogs were fed MP and MP + NVL diets versus
control and NVL diets.

Markers of proteolyticfermentation, including isobutyrate,
isovalerate, valerate, and phenolic and indolic compounds, were
measured. Interestingly, fecal isobutyrate and isovalerate were
lower (P < 0.05) when dogs were fed MP + NVL diet compared
with other dietary treatments. Fecal valerate concentrations
were greater (P < 0.05) when dogs were fed prebiotics and MP +
NVL diets compared with both control and NVL diets. Total BCFA
(isobutyrate + isovalerate + valerate) fecal concentrations were
only lower (P < 0.05) when dogs were fed MP + NVL compared
with NVL feeding. Similarly, when dogs were fed MP + NVL they
exhibited lower (P < 0.05) fecal phenolic and indolic compound
concentrations compared with feeding control and NVL.

Fecal microbiota and IgA

Both «a diversity, which measures species richness and evenness
within a sample, and {3 diversity were measured at both days 0
and 21 of each test period (Figure 1A and B). No differences in
o diversity were observed at day O or day 21 between dietary
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treatments (A). Similarly, at day 0 no differences were observed
in B diversity between dietary treatments (data not shown).
However, at day 21 3 diversity as measured by weighted unifrac
distances (B) revealed that when dogs consumed MP and MP +
NVL, they were more similar (P < 0.05) to each other compared
with control and NVL diets.

For fecal microbiota, the predominant phylum present in all
dogs throughout the study was Firmicutes (56.4% to 59.1% at day
0 and 61.2% to 72.9% at day 21), followed by Fusobacteria (20.9%
to 22.3% at day 0 and 10.2% to 22.7% at day 21), Bacteroidetes
(12.1% to 14.3% at day O and 9.16% to 10.2% at day 21),
Proteobacteria (4.75% to 6.38% at day O and 4.66% to 5.95% at
day 21), and Actinobacteria (1.82% to 2.48% at day O and 2.25
to 2.64% at day 21). At the genus level, Fusobacterium (20.9% to
22.3% at day 0 and 10.2% to 22.7% at day 21), Lactobacillus (8.44%
to 14.9% at day 0 and 12.0% to 18.6% at day 21), and Bacteroides
(7.37% to 8.55% at day 0 and 5.19% to 6.26% at day 21) were most
common (Table 4).

Relative abundances of OTUs at the phylum and genus
taxonomic levels at day O showed no differences between
diets. At the phylum level, when dogs were fed prebiotics and
MP + NVL they exhibited a robust increase (P < 0.05) in fecal
Firmicutes and decrease (P < 0.05) in fecal Fusobacteria from
days 0 to 21. Both MP- and MP + NVL feeding resulted in greater
(P < 0.05) Firmicutes and lower (P < 0.05) Fusobacteria compared
with control and NVL feeding. Fecal Bacteroidetes decreased
(P < 0.05) from days 0 to 21 when dogs were fed control, NVL,
MP, and MP + NVL; however, no differences were noted between
dietary treatments. Only NVL feeding increased Actinobacteria
from days 0 to 21.

At the genus taxonomic level, fecal Bacteroides decreased
(P < 0.05) from days 0 to 21 when dogs were fed control, MP, and
MP + NVL diets. When dogs were fed control and NVL diets,
they exhibited a decrease (P < 0.05), while MP feeding increased
(P < 0.05) fecal relative abundances of Prevotella from days O to
21. Feeding both MP and MP + NVL resulted in greater (P < 0.05)
Prevotella compared with control and NVL feeding at day 21.

Table 3. Fecal characteristics, short-chain fatty acid (SCFA), branched-chain fatty acid (BCFA), phenol, and indole concentrations in adult dogs
fed test diets control, nonviable Lactobacillus acidophilus (NVL), mixed prebiotics (MP), and MP + NVL diets

Dietary treatments

Item Control NVL MP MP + NVL SEM P-value
Fecal pH 6.20% 6.42° 5.70¢ 5.97b¢ 0.48 0.01
Fecal score! 3.45° 3.422 3.31° 3.320 0.05 0.01
Fecal DM, % 33.72 34.72 29.0° 28.6° 0.62 0.01
Fecal fermentative end-products, pmol/g DM
Acetate 221.11° 230.75° 346.972 371.43? 9.43 0.01
Propionate 135.85° 146.32° 207.147 215.192 9.62 0.01
Butyrate 42.02 37.43 31.48 32.21 2.56 0.05
Total SCFA? 398.98° 414.50° 585.592 618.83? 16.0 0.01
Isobutyrate 4.37?2 4.41? 3.80 2.81° 0.31 0.01
Isovalerate 6.632 6.832 5.882® 4.57° 0.45 0.01
Valerate 0.93° 0.89° 1.312 1.38° 0.10 0.01
Total BCFA? 11.93% 12.132 11.00%° 8.77° 0.80 0.03
Phenol 0.632 0.672 0.44%® 0.14° 0.09 0.01
Indole 1.042 1.022 0.60% 0.23° 0.10 0.01

Fecal scores: 1 = watery diarrhea, 1.5 = diarrhea, 2 = moist, no form, 2.5 = moist, some form, 3 = moist, formed, 3.5 = well-formed, sticky,

4 = well-formed, 4.5 = hard, dry, and 5 = hard, dry, crumbly.

*Total short chain fatty acids (SCFA) = acetate + propionate + butyrate.

*Total branched-chain fatty acid (BCFA) = isobutyrate + isovalerate + valerate.
All values are means and pooled SEM. ®*Denotes significant (P < 0.05) difference between diets.
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Figure 1. Fecal microbial communities of dogs fed control, nonviable Lactobacillus acidophilus (NVL), mixed prebiotics (MP), and MP + NVL diets. Alpha diversity by
median values of observed operational taxonomic units (OTUs) was not impacted by diet at day 21 (A). Unweighted Unifrac distances displayed as a principal coordinate
analysis (PCoA) plot suggest MP-containing diets resulted in changes in the microbiota (P < 0.05) compared with control and MP at day 21. No differences were observed

between control and NVL, and between MP and MP + NVL (B).

Within Firmicutes, an increase (P < 0.05) in fecal relative
abundances of Lactobacillus and a decrease (P < 0.05) in fecal
Megamonas and Allobaculum from days O to 21 was evident when
dogs were fed MP. Fecal relative abundances of Streptococcus,
Turcibacter, and Eubacterium increased (P < 0.05) from days 0 to 21
when dogs were fed MP + NVL. When dogs were fed control and
MP + NVL, they exhibited a decrease (P < 0.05) in fecal relative
abundance of Phascolarctobacterium. Changes within the phylum
Fusobacteria were solely due to the genus Fusobacterium. Within
Proteobacteria, only Sutterella exhibited a decrease (P < 0.05)
when dogs were fed control diet.

Fecal IgA, a marker of gut immune function, and qPCR of
E. coli and Bifidobacterium spp. are shown in Table 5. Fecal IgA
concentrations were greater (P < 0.05) at day 21 vs. day 0 when
dogs were fed MP. At day 21, when dogs were fed NVL, lower
(P < 0.05) fecal IgA was observed compared with when dogs were
fed control, MP, and MP + NVL. When dogs were fed MP, fecal
E. coli was lower (P < 0.05) at day 21 vs. day 0. No differences were
observed in fecal Bifidobacterium spp.

Discussion

Delivering health benefits beyond the basic nutrient
requirements of the animal is a continual demand in the pet
food industry. Both pre- and probiotic ingredients are dietary
strategies that deliver benefits to gut health. Detriments to
viability of probiotics in response to manufacturing and storage
conditions have been acknowledged in both the production
animal and human nutrition areas (de Lange et al., 2010; Kechagia
et al,, 2013). In the case of dry extruded pet food, application
of probiotic ingredients presents numerous challenges to
ensuring viability of bacterial strains due to the heat, pressure,
and moisture that extrusion brings. Therefore, ingredients that
can be offered in dry mixes and not be impacted by extrusion
are intriguing. To our knowledge, no studies in healthy dogs
have investigated markers of gut health with feeding a
nonviable bacteria probiotic species (L. acidophilus; NVL). Here,
we investigated the use of NVL; an MP blend containing beet
pulp, MOS, FOS, inulin, and kelp; and the combination of both
on stool quality, apparent total tract nutrient digestibility, fecal
fermentative end-products, fecal microbiota, and fecal IgA in
healthy adult Beagle dogs. We hypothesized that the MP package
would result in more robust changes in fermentative end
products, microbiota, and fecal IgA; however, NVL would provide
some added benefits in combination with the MP package.

Feeding NVL did not result in any significant changes
to nutrient digestibility in this study. The inclusion rate
investigated here is similar in concentration to previous studies
in dogs (Swanson et al., 2002a; Baillon et al., 2004). Furthermore,
internal vendor data suggested improvements in feed to gain
and gut mucosal integrity in livestock species which was used
as the basis for inclusion in the current dog study. Previous
studies that have investigated viable L. acidophilus with FOS
supplemented to healthy dogs via a gelatin capsule exhibited a
significant lowering of fecal protein metabolites and increases
in Bifidobacterium and Lactobacillus spp. (Swanson et al., 2002a).
However, these outcomes were not observed when L. acidophilus
was fed alone (Swanson et al.,2002a). A dose-dependent response
to viable L. acidophilus was evident in pigs, with improvements
growth performance, nutrient digestibility, and increases in
Bifidobacterium spp. and E. coli (Lan et al., 2017). Furthermore,
supplementing four times greater the inclusion in the current
study (1% L. acidophilus in water) resulted in improvements in
growth performance, immune function, and cecal microbial
populations (Zhang et al., 2021). In terms of companion animal
nutrition, perhaps more investigation looking at effects of
higher inclusion doses (1% or greater) and viable vs. nonviable
forms are warranted to better understand effectiveness in dogs
and cats.

Both diets that contained the MP package had detriments in
crude protein and crude fat, while the MP + NVL diet had lower
energy apparent total tract nutrient digestibility. Indeed, FOS and
MOS have been investigated at concentrations comparable to
what was observed in our study with no detriments to apparent
total tract nutrient digestibility (Swanson et al., 2002; Grieshop
et al., 2004; Pawar et al., 2017). However, it has been observed
that feeding dogs varying combinations of cellulose, FOS, and
yeast-cell wall can result in lower crude protein, fat, and energy
digestibility compared with diets containing 2.7% beet pulp
and cellulose (Middelbos et al., 2007a). Although there is no
published research in dogs on nutrient digestibility, microalgae
sources such as kelp contain substantial amounts of alginate
oligosaccharides, which may contribute to fermentation in the
large bowel and impact nutrient digestibility. In terms of beet
pulp, a more recent study found greater acid hydrolyzed fat and
crude protein digestibility in adult dogs fed a high-cellulose
diet (10.3% inclusion as-is) vs. a high-beet pulp diet (16.6%
inclusion as is) when total dietary fiber was similar (Detweiler
et al., 2019). Other studies observed detriments in crude protein
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Table 5. Fecal gPCR (expressed as log DNA per 10 ng total DNA) for Escherichia coli and Bifidobacteria spp. and fecal immunoglobulin A (IgA; expressed as mg/g DM) concentration in adult dogs fed test

diets control, nonviable Lactobacillus acidophilus (NVL), mixed prebiotics (MP), and MP + NVL
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Dietary treatments

P-values
between diets

MP + NVL

MP

NVL

Control

P-values
day O vs.

P-values
day O vs.

P-values day
0vs. day 21

P-values day
0vs. day 21

Day 0 Day 21

Day 21 day 21 Day 0 Day 21 day 21

Day 0

Day 21

Day 0

Day 21

Day 0

Item

0.06
0.53

0.73
0.62

0.21
0.09

0.39+0.04 0.42 +0.03
0.25+0.01 0.31+0.03

<0.01

0.42 +0.03 0.33+0.03"
0.23+0.01 0.27 +0.02

0.83
0.08

0.45+0.03 0.43+0.04
0.28 + 0.02

0.25+0.01

0.11

0.40 +0.04 0.45+0.03
0.20

Escherichia coli

0.11

0.24+0.01 0.27 +0.02

Bifidobacterium

Spp
Immunoglobulin 37.8 +4.64 35.4 +4.61®

0.11 <0.01

0.08

30.4 +3.38 37.5+246°

<0.01

24.9 £3.25 43.6 +4.04*

24.8 +3.71° 0.15

329+4.12

0.68

*Difference (P < 0.05) between days 21 and 0 within diet.

®Denotes significant (P < 0.05) difference between diets on day 21.

All values are means + standard deviations.

apparent total tract nutrient digestibility when dogs were fed
cellulose versus beet pulp in similar concentrations (Kroger
et al.,, 2017; Middelbos et al., 2007b). Our results of lower crude
protein nutrient digestibility in the MP and MP + NVL diets are
most likely due to the increased oligosaccharide concentrations
in the diet, which increased large bowel fermentation. This in
turn causes greater bacterial nitrogen accumulation in the large
bowel and decreases crude protein digestibility (Hesta et al,,
2003; Middelbos et al., 2007b, Silvio et al., 2000).

When dogs were fed MP and MP + NVL diets, they exhibited
increases in fecal acetate, propionate, and total SCFA, as well
as a concomitant decrease in fecal pH compared with control
and NVL. Indeed, inclusion of beet pulp to dog diets at levels
comparable in this study have also elicited increased fecal
SCFA, whereas dietary FOS and MOS combinations at similar
dietary concentrations found no appreciable change (Swanson
et al., 2002a). However, recent evidence has suggested that the
fermentability of yeast cell wall extracts can be linked their
degree of solubility (Theodoro et al., 2019). Fructans with lower
degrees of polymerization will have higher fermentability in the
proximal large bowel, whereas longer degree of polymerization
fructans such as inulin will ferment longer. Overall, the
combination of beet pulp, FOS, inulin, MOS, and kelp seemed to
provide sufficient fermentable substrate to promote increases in
fecal SCFA concentrations.

Interestingly, fecal isobutyrate and isovalerate, which are
fermentative end-products of protein fermentation, were
lower in feces of when dogs were fed the MP + NVL compared
with the non-MP diets. Fecal valerate was increased in feces
when dogs were fed both MP-containing diets. Both FOS and
MOS when fed at <0.5% of the diet have elicited decreases in
fecal protein catabolites (Swanson et al., 2002b). Healthy dogs
consuming a basal diet of 3.5% beet pulp and supplemental
FOS and viable L. acidophilus in combination had lower fecal
isovalerate, total BCFA, and total indole compared with control
(Swanson et al., 2002a). Here, our data suggest that the addition
of NVL, in combination with the MP package, influenced
bacterial fermentation to lower phenol, indole, and BCFA fecal
concentrations. In reference to our observed lack of changes
in fermentation end-products from nitrogen with NVL alone,
perhaps the inclusion of NVL was influencing gut nitrogen
metabolism in a similar way to prebiotics, resulting in an
additive effect when combined with the MP diet. In livestock
species, probiotic supplementation is often added to improve
immune and gut health and lower ammonia excretion (Lan
et al., 2017). In this current study, NVL alone was not enough
of a stimulus to impact gut nitrogen metabolism, but perhaps
the combination of the prebiotics and NVL provided enough
carbohydrate substrate for gut bacteria to metabolize resulting
in lower phenol and indole. This also warrants investigating
multiple inclusion levels (e.g., 0.25, 0.5, 1, and 1.25% of the diet)
of NVL alone to confirm whether or not higher inclusions result
in similar outcomes observed in livestock species.

Indeed, dogs consuming diets containing MP resulted
in greater changes in the fecal microbiota, while NVL alone
exhibited minimal modulation of the fecal microbiota.
Consumption of MP-containing diets promoted a-diversity, which
is a measure of species richness and evenness. f3-diversity, which
is a measure of similarities between samples, revealed that when
dogs consumed the MP-containing diets they had microbiota
more similar to each other than when they did not consuming
prebiotics. The major phyla present in all dogs in this study
were Firmicutes, Fusobacteria, Bacteroides, and Proteobacteria,
which is similar to previous studies (Middelbos et al., 2010;



Panasevich et al.,, 2015; Deng and Swanson, 2015; Lin et al,
2019). However, the relative abundances of these phyla were
different from past studies. Our study shows Firmicutes as the
predominant phylum at (56.4% to 57.1% at days O and 61.2 to
72.9% at day 21), followed by Fusobacteria (20.9% to 22.3% at day
0 and 10.2% to 22.7% at day 21), Bacteroidetes (12.1% to 14.3% at
day 0 and 9.16% to 10.2% at day 21), Proteobacteria (4.75% to 6.38%
at day 0 and 4.66% to 5.95% at day 21), and Actinobacteria (1.82%
to 2.48% at day 0 and 2.25% to 2.64% at day 21). Differences in
variable regions amplified on 16S rRNA, dog breed, and dietary
treatments may explain changes in relative abundances (Deng
and Swanson, 2015).

Interestingly, diets containing the MP package elicited the most
profound changes on the fecal microbiome at the phylum level.
Differences between diets at day 21 and changes from day 0 within
treatment were most apparent at the phylum taxonomic level.
Fecal Fusobacteria was significantly lowered from baseline, while
Firmicutes increased when dogs were fed MP. This is consistent
with dogs consuming moderately fermentable fibers like potato
fiber and beet pulp where an increase in the ratio of fecal Firmicutes
to Fusobacteria was observed (Middelbos et al., 2010; Panasevich
et al,, 2015). Changes and diversity within the Firmicutes phylum
are consistent with diets containing fermentable carbohydrate,
which matched our observations of increases in fecal SCFA
concentrations (Middelbos et al, 2010). Whether lower fecal
Fusobacteria is beneficial is not fully understood. Indeed, feeding of
fermentable fiber and fractions of yeast-ingredients have lowered
fecal Fusobacteria (Middelbos et al., 2010; Panasevich et al., 2015;
Lin et al., 2019). Previous studies have revealed both higher and
lower fecal concentrations in dogs and humans with inflammatory
bowel disease compared to healthy counterparts (Vazquez-Baeza
et al.,, 2016; AlShawagqfeh et al,, 2017). At the genus taxonomic
level for both 16S sequencing and gPCR, results revealed changes
in microbiota over time and between diets. Within Firmicutes,
Lactobacillus spp. increased over time within the MP diet feeding
period, while feeding the NVL and MP + NVL diets resulted in no
appreciable change in the genus. In agreement with our results,
feeding FOS as a supplement to dogs has elicited increases in fecal
Lactobacillus spp. and decreases in Clostridium perfringens (Swanson
et al, 2002a) compared with no supplementation. Our results
revealed a more robust change in the genus Prevotella with both MP
and MP + NVL feeding, which is in agreement with our observed
changes in fecal SCFA. Previous evidence in dogs fed a high protein
low carbohydrate diet revealed lower concentrations of this genus
compared with dogs fed a low protein high carbohydrate diet (Li
etal.,2017). Prevotella has been associated with greater carbohydrate
metabolism, is found in higher concentrations in plant-based
diets and is associated with improvements in glucose metabolism
in humans (De Filippo et al.,, 2010; Kovatcheva-Datchary et al,
2015). Furthermore, dogs with inflammatory bowel disease have
been found to have lower concentrations of the genus Prevotella
(Suchodolski et al., 2012; Minamoto et al., 2019).

We performed gPCR on genera not amplified in the 16S
amplification. Specifically, when dogs were fed the MP diet, we
found a significant lowering of fecal E. coli from days 0 to 21.
Escherichia coli is commonly known as a pathogenic bacterium
and is commonly considered as an indicator of improved gut
health and a prebiotic effect when decreased. Furthermore, it
is in the class of Gamma-Proteobacteria that is overrepresented
in fecal samples of dogs with chronic enteropathies (Minamoto
et al,, 2019; Pilla and Suchodolski, 2019). Overall, changes in
fecal microbiota were predominantly driven by MP and are in
agreement with the observed changes in fecal fermentative
end-product concentrations.
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Immunoglobulin A is an essential defense against allergens
and foreign antigens. Secretion of IgA from Peyer’s patches is
often used as an indicator of mucosal immunity (Norris and
Gershwin, 2003; Zaine et al., 2011). Studies using combinations of
MOS and FOS have shown an increase in fecal and systemic IgA,
and peripheral immune markers in healthy adult dogs (Swanson
et al.,, 2002b; Grieshop et al., 2004). No evidence of immune
modulation has been observed with dietary kelp in companion
animals. However, in pigs fed alginate oligosaccharide, jejunal
concentrations of IgA were increased compared with control,
although, this change was not observed in duodenum or ileal
regions (Wan et al., 2018). Interestingly, in a study that compared
diets containing fermentable fiber from beet pulp vs. soybean
meal diet in healthy dogs, dogs fed soybean meal had increased
fecal IgA, compared with the beet pulp diet (Maria et al., 2017).
Therefore, it seems most plausible that the changes in fecal IgA
are mainly driven by the oligosaccharide fractions from FOS,
inulin, MOS, and kelp in the MP package rather than beet pulp.

In conclusion, the majority of our observed changes were
a result of dogs consuming the MP-containing diets. Indeed,
feeding of prebiotics resulted in depressed apparent total
tract nutrient digestibility, most likely due to increased
fermentability of the MP-containing diets. The observed
increased concentrations in fecal SCFA with the MP-containing
diets seems to align with our changes in the fecal microbiota.
Specifically, when dogs were fed MP they had increased fecal
relative abundances of Firmicutes and decreased relative
abundances of Fusobacteria, as well as genera within these
phyla (i.e., Prevotella, Lactobacillus, and E. coli), which is a
consistent response with fermentable fiber intake. The MP
diet also promoted increased fecal IgA concentrations, which
we attribute to the sources of oligosaccharide in the diet from
FOS, inulin, MOS, and kelp. The inclusion of NVL had minimal
influence on most gut health outcomes; however, markers of
fecal bacterial protein fermentation were differentially altered
when NVL was consumed with MP. Specifically, isovalerate,
isobutyrate, and putrefactive compounds phenol and indoles
seemed to be lowest when MP were fed in combination with NVL,
suggesting perhaps that this combination lessens bacterial and
dietary nitrogen from entering the large bowel. Overall, whether
NVL can elicit similar changes as MP should be evaluated as a
titration trial where an effective dose can be established. Future
studies that look at this, as well as more challenged models (i.e.,
animals with inflammatory bowel disease), are warranted to
evaluate the efficacy of NVL in companion animal diets.
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