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United States, 10Vet Med Labor GmbH Division, IDEXX Laboratories, Inc., Kornwestheim, Germany

Introduction: Diarrhea is the second most common cause of mortality in

shelter kittens. Studies examining prevention strategies in this population are

lacking. Probiotics are of particular interest but studies in cats are largely

limited to healthy adults or those with induced disease. Only one study in

domestic cats describes the use of host-derived bacteria as a probiotic. We

previously identified Enterococcus hirae as a dominant species colonizing

the small intestinal mucosa in healthy shelter kittens. Oral administration

of a probiotic formulation of kitten-origin E. hirae (strain 1002-2) mitigated

the increase in intestinal permeability and fecal water loss resulting from

experimental enteropathogenic E. coli infection in purpose-bred kittens. Based

on these findings, we hypothesized that administration of kitten-origin E. hirae

to weaned fostered shelter kittens could provide a measurable preventative

health benefit.

Methods: We conducted a randomized, placebo-controlled, blinded clinical

trial to determine the impact of a freeze-dried E. hirae probiotic on body

weight gain, incidence of diarrhea, carriage of potential diarrheal pathogens,

and composition of the intestinalmicrobiota inweaned fostered shelter kittens.

Results: One-hundred thirty kittens completed the study. Fifty-eight kittens

received the probiotic and 72 received the placebo. There were no
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TABLE 1 Population description of 130 kittens treated with probiotic or placebo.

Parameters evaluated Probiotic (n = 58) male =

32, female = 26

undetermined = 0

Placebo (n = 72) male =

36, female = 35,

undetermined = 1

Kruskal-Wallis

One-Way ANOVA

on Ranks p-value

Median IQR Median IQR

Estimated age (weeks) 6 5–8 6 5–7 0.429

Number of days in study 17 14–26 22 14–31 0.123

Weight at start of study (grams) 602 455–704 501 414–649 0.075

Weight at end of study (grams) 933† 883–998 964 908–1,021 0.205

Average daily gain in body weight (grams/day)a 17† 15–21 17 14–23 0.904

No. % No. % Chi-square test

p-value

Kittens examined for diarrheal illness 6b 10 20c 28 0.02

Kittens euthanized for diarrheal illness 0 0 0 0 –

Kittens euthanized for non-diarrheal illness 3 5 1 1 0.17

Kittens that survived 55 95 71 99

IQR, interquartile range.
aCalculated as= (end weight–start weight)/number of days between weight measurements.
bFrom 6 different litters.
cFrom 8 different litters.
†Excluding 2 kittens that were euthanized.

FIGURE 2

Gain in body weight by kittens receiving probiotic or placebo. (A,B) Show daily gain in body weight normalized by initial body weight for

individual kittens in each group over the course of the study. (C) Represents the average ± SD body weight of kittens comparing both groups on

each day during the first 14 days of the study. Note that each time point represents only those kittens having their body weight measured on the

given day which is indicated below the x-axis legend. (D) Demonstrates the average daily gain in body weight over the course of the study [(end

weight – start weight)/number of days between weight measurements] in individual kittens comparing both groups. Kittens that died/where

euthanized are designated by skull symbol.
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TABLE 2 Prevalence of infectious agents identified by RT-PCR or PCR in RNA/DNA extracted from voided feces collected from fostered kittens prior to (pre-study) and upon completion (post-study) of

ongoing daily treatment with a probiotic or placebo.

Selected agents Prevalence/presence of infectious agent(s)

Probiotic (n = 37) Placebo (n = 55)

Pre-study Post-study P-value Pre-study Post-study P-value

# kittens

passing

QC

# kittens

positive

% kittens

positive

# kittens

passing

QC

# kittens

positive

% kittens

positive

# kittens

passing

QC

# kittens

positive

% kittens

positive

# kittens

passing

QC

# kittens

positive

% kittens

positive

Coronavirus 37 16 43.2 37 14 37.8 0.813 55 20 36.4 55 17 30.9 0.686

E.coli Intimin (eae) 34 10 29.4 33 6 18.2 0.429 53 8 15.1 48 7 14.6 0.835

Feline Panleukopenia 34 9 26.5 33 2† 6.1 0.054 53 10 18.9 44 0 0.0 0.002††

Salmonella spp. 34 0 0.0 33 2 6.1 – 52 4 7.7 44 6 13.6 0.505

Cryptosporidium spp. 34 2 5.9 33 0 0.0 – 53 3 5.7 44 3 6.8 –

Giardia spp. 34 0 0.0 33 0 0.0 – 52 0 0.0 45 3 6.7 –

Toxoplasma gondii 34 0 0.0 33 1 3.0 – 52 0 0.0 44 0 0.0 –

Campylobacter jejuni 34 0 0.0 33 2 6.1 – 53 2 3.8 45 2 4.4 –

Campylobacter campi 34 0 0.0 33 2 6.1 – 52 0 0.0 45 2 4.4 –

Toxocaris leoni 34 1 2.9 33 0 0.0 – 52 0 0.0 44 0 0.0 –

Toxocara malayasiensis 34 1 2.9 33 0 0.0 – 52 0 0.0 44 1 2.3 –

Toxocara cati 34 1 2.9 33 1 3.0 – 52 0 0.0 44 1 2.3 –

Ancylostoma spp. 34 0 0.0 33 0 0.0 – 52 1 1.9 44 0 0.0 –

Pythium spp. 35 2 5.7 33 3 9.1 – 52 2 3.8 45 3 6.7 –

Shigella spp. 34 0 0.0 33 0 0.0 – 52 4 7.7 44 0 0.0 –

Trichuris sp. 34 0 0.0 33 0 0.0 – 52 0 0.0 45 1 2.2 –

Clostridium perfringens

Alpha toxin

35 28 80 35 28 80 0.765 55 44 80 48 30 62.5 0.080

> 300 Thous/g feces 35 6 17.1 35 2 5.7 0.259 55 7 12.7 48 5 10.4 0.955

Clostridium perfringens

Enterotoxin

34 3 8.8 33 1 3.0 – 52 3 5.8 44 0 0 –

> 300 Thous/g feces 34 1 2.9 33 0 0 – 52 0 0 44 0 0 –

QC, Quality Control. The proportion of kittens testing PCR positive for detection of selected infectious agents in feces were compared for significant differences between pre- and post-study samples within each treatment group using a Chi Square or

Fischer Exact test.

– Infectious agents for which ≤5 kittens tested positive at both time points were not subjected to statistical analysis. †Both kittens negative for panleukopenia DNA at time of pre-study PCR testing. ††Remains significant after correction for multiple

testing using a Benjamini-Hochberg false discovery rate of 0.15.
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TABLE 3 Abundance of infectious agents identified by RT-PCR or PCR in RNA/DNA extracted from voided feces collected from fostered kittens prior to (pre-study) and upon completion (post-study) of

ongoing daily treatment with a probiotic or placebo.

Selected agents Burden of infectious agent(s)

Probiotic (n = 37) Placebo (n = 55)

Pre-study Post-study Kruskal-

Wallis

ANOVA

Pre-study Post-study Kruskal-

Wallis

ANOVAMedian

Cp

Min

Cp

Max

Cp

Median

Cp

Min

Cp

Max

Cp

Median

Cp

Min

Cp

Max

Cp

Median

Cp

Min

Cp

Max

Cp

Coronavirus 38 23 39 29 23 39 0.151 38 21 39 28 24 39 0.035†

E.coli Intimin (eae) 34 29 37 35 26 36 1.00 32 20 36 35 26 38 0.769

Feline Panleukopenia 20 17 25 20 15 26 1.00 22 16 24 – – – –

Salmonella spp. – – – 40 39 40 – 39 37 40 38 36 38 0.352

Cryptosporidium spp. 37 37 37 – – – – 38 36 38 38 36 38 –

Giardia spp. – – – – – – – – – – 35 34 40 –

Toxoplasma gondii – – – 37 37 37 – – – – – – – –

Campylobacter jejuni – – – 38 38 38 – 30 28 32 38 37 39 –

Campylobacter campi – – – 35 34 37 – – – – 36 36 36 –

Toxocaris leoni 37 37 37 – – – – – – – – – – –

Toxocara malayasiensis 36 36 36 – – – – – – – 34 34 34 –

Toxocara cati 38 38 38 35 35 35 – – – – 36 36 36 –

Ancylostoma spp. – – – – – – – 36 36 36 – – – –

Pythium spp. 39 38 40 38 37 39 – 39 39 40 39 38 39 –

Shigella spp. – – – – – – – 34 30 37 – – – –

Trichuris sp. – – – – – – – – – – 39 39 39 –

Clostridium perfringens

Alpha toxin

31 22 35 31 27 34 0.164 30 22 35 32 23 35 0.186

gene copies/ g feces 51,310 3,335 23,235,026 35,044 4,160 465,721 0.164 89,716 2,601 20,236,834 26,222 3,200 8,652,445 0.186

Clostridium perfringens

Enterotoxin

29 25 31 29 29 29 – 33 32 33 0 0 0 –

gene copies/g feces 109,174 36,401 2,547,614 157,442 157,442 157,442 – 12,827 10,212 17,624 0 0 0 –

Cp, PCR cycle threshold. – Infectious agent not detected. †Not significant after correction for multiple testing using a Benjamini-Hochberg false discovery rate of 0.15.
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FIGURE 3

Percent abundance of the major phyla observed in feces from 67 individual kittens. Each sample is designated as having been obtained from a

kitten receiving either the probiotic or placebo. Not shown in legend are phyla observed in <10 kittens and at an abundance <0.15% in all

samples (i.e., Acidobacteria, Chlamydiae, Chlorobi, Chlorflexi, Gemmatimonadetes, Tenericutes, and Verrucomicrobia).

FIGURE 4

Beta diversity of microbiota from 67 kittens receiving probiotic or placebo. (A) Weighted UniFrac principal coordinates analysis plot showing

similar phylogenic diversity of microbial communities from feces of kittens receiving the probiotic (blue circles) or placebo (yellow circles). Axis

1, 25.65%; Axis 2, 11.48%; Axis 3, 9.809%. (B) Weighted Unifrac distances between microbial communities shown in (A). PERMANOVA q = 0.755.

of infectious agents between the 2 groups of kittens for

fecal samples collected prior to initiation of the study. Upon

completion of the study there was a significant decrease in

prevalence of detection of panleukopenia DNA in kittens

treated with the placebo (Table 2). Decrease in abundance

of coronavirus RNA in kittens treated with placebo was not

significant after correction for multiple comparisons (Table 3).

Infectious agent PCR testing was performed on feces

collected from 16/26 kittens that developed diarrhea over

the course of the study. Identified infectious agents having

a potential to contribute to diarrhea included panleukopenia

(4 kittens from 2 litters), feline enteric coronavirus (5 kittens

from 3 litters), Campylobacter spp. (3 kittens from 2 litters),

attaching and effacing E. coli (2 kittens), and alpha-toxin positive

Clostridium perfringens (alpha toxin gene copies >30,000/gram

feces) (2 kittens).

Microbial community composition

Analysis of the fecal microbiota by 16S rRNA gene amplicon

sequencing was performed for 32/58 (55%) unrelated kittens

that received the probiotic (32/40 (80%) of litters represented)

and 35/72 (49%) unrelated kittens that received the placebo

(35/37 (94%) of litters represented). Included in the analysis

were 6 kittens from 6 individual litters that received probiotic

and were examined for diarrheal illness during the course of

the study. Eight litters in the probiotic group did not have a

kitten represented in the analysis due to lack of an end-of-study

fecal sample (5 litters) or euthanasia (3 litters). Also included

in the analysis were 7 kittens from 7 individual litters that

received placebo and were examined for diarrheal illness during

the course of the study. Two litters in the placebo group did

not have a kitten represented in the analysis due to lack of an
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FIGURE 5

Percent abundance of Enterococcus and Megamonas in feces

of 67 kittens receiving probiotic (32 kittens, blue circles) or

placebo (35 kittens, yellow circles). Data points represent

individual kittens. Bars represent median and interquartile range.

n = number of kittens having the OTU at an abundance >0.

Kruskal-Wallis ANOVA **p = 0.005 (BH-corrected p = 0.24). ***p

< 0.001 (BH-corrected p < 0.09). BH, Benjamini-Hochberg.

end-of-study fecal sample (one of which included a kitten that

developed diarrhea during the course of the study).

The sequence analysis of all 67 kittens yielded 5,675,488

quality sequences (mean ± SD = 84,709 ± 34,177). The

major phyla represented in the fecal microbiota of kittens were

Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria, and

Fusobacteria (Figure 3). There were no significant differences

in alpha diversity measures of evenness (Shannon), diversity

(Faith), or observed number of taxa between kittens receiving

the probiotic compared to placebo. Both weighted and

unweighted measures of beta diversity did not identify

significant differences in phylogenetic composition of the

microbiota between kittens receiving the probiotic vs. placebo

(Figure 4).

Kittens receiving the probiotic had a significantly higher

median relative abundance of the genus Enterococcus and

lower abundance and prevalence of Megamonas (Figure 5).

Abundance of specific taxa observed in the feces of kittens

receiving probiotic vs. placebo are shown in Table 4. Kittens

receiving the probiotic were 10.9 times less likely to have

detectable Megamonas (odds ratio = 0.157; 95%CI = 0.054–

0.453, p < 0.001, Chi-square test) present in the microbial

community compared to kittens receiving the placebo.

Discussion

Some unique features of this study are the high-risk

target population (shelter kittens), realistic environmental

conditions, preventative strategy, naturally-occurring disease

outcome measurement, randomized controlled trial design,

and use of a host-origin probiotic. Only 2 prior studies

describe use of a host-origin probiotic in cats. The first

involved administration of Bifidobacterium pseudocatenulatum

previously isolated from the feces of adult healthy cats to other

healthy adult client-owned cats (36). In the second study, E.

faecium and Lactobacillus isolated via endoscopic duodenal

aspirate from a healthy cheetah, increased body weight and

improved fecal quality when given to 8–13 month old cheetah

cubs (37).

The present study demonstrates that feline-origin E. hirae,

administered as a probiotic, is voluntarily consumed by kittens

when added to canned cat food, maintained a stable number

of colony forming units of bacteria as kept frozen over the

course of the study, and had no adverse effects on body weight

gain during administration. Based on results of 16S rRNA

gene amplicon sequencing, kittens receiving E. hirae had a

significantly higher relative abundance of Enterococcus spp.

identified in feces compared to those receiving the placebo.

We have previously shown that administration of the same

probiotic formulation of E. hirae to purpose-bred kittens

results in significant increases in the specific identity of E.

hirae in feces using both qPCR and quantitative culture (25).

Inadequate numbers of samples had sufficient DNA remaining

after sequencing to perform a specific qPCR assay for E. hirae in

this study.

The incidence of diarrhea among foster kittens over the

course of the study was relatively low. Despite this, there

was a significantly lower incidence of diarrhea among kittens

receiving the probiotic compared to the placebo which supports

a beneficial effect. It is interesting that diarrhea in the placebo

group involved a number of litters with multiple affected

kittens whereas diarrhea occurred only among singletons in

the probiotic group. Individual kittens with diarrhea did not

undergo additional diagnostic testing as this was outside the

scope of the study. Another limitation of our study is that

data on daily fecal consistency of kittens was not obtained.

Instead, we chose to conservatively define diarrhea based on

a severity prompting examination of the kitten by the shelter

veterinary team. This is the precedent means by which the

shelter recognizes and treats diarrhea in foster kittens and

best represents the subset of kittens at risk for diarrheal

morbidity and mortality in the population. An experimental

design requiring foster care providers to first witness and

then assign a daily fecal score to individual kittens was

considered unfeasible and a probable deterrent to participation

in the study. Given the lower incidence of diarrhea in kittens

receiving the probiotic in this investigation, a targeted study

to examine fecal quality of kittens receiving E. hirae is

of interest.

Our interest in E. hirae as a probiotic was based on

identification of this species as the predominant mucosa-

associated flora in the small intestine of healthy kittens (4).

In healthy kittens, E. hirae are frequently observed to colonize

the epithelial surface (4, 24). Unknown to us at the time

of our observation was a fairly robust preexisting attraction

to use of E. hirae as a probiotic. Numerous isolates of
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TABLE 4 Relative abundance and prevalence of taxa (percent of total sequences) observed by amplification and sequencing of 16S rDNA from feces of 67 kittens randomized to treatment with daily

E. hirae probiotic (32 kittens) or placebo (35 kittens).

Phylum Family Genus Relative % abundance Prevalence among kittens

Probiotic (n =

32 kittens)

Placebo (n = 35

kittens)

Kruskal-

Wallis

ANOVA

p-value

Probiotic (n = 32

kittens)

Placebo (n =

35 kittens)

Chi-square

p-value

Median Range Median Range # % # %

Unassigned 0.0022 0–0.44 0.0 0–0.230 0.152 18 56.3 12 34.3 0.119

Bacteria 0.012 0–0.15 0.016 0–0.52 0.234 23 71.9 27 77.1 0.831

Actinobacteria 12.9 0.043–76.0 10.9 1.08–86.3 0.851 32 100 35 100 –

o__Actinomycetales 0.0 0–0.028 0.0 0–0.052 0.750 3 9.38 4 11.4 1.00

Actinomycetaceae Actinomyces 0.0 0–0.087 0.0 0–0.041 0.039 15 46.9 7 20 0.038

Corynebacteriaceae Corynebacterium 0.0 0–0.015 0.0 0–0.20 0.229 4 12.5 8 22.9 0.432

Bifidobacteriaceae Bifidobacterium 0.34 0–66.1 0.40 0–52.4 0.702 29 90.6 34 97.1 0.342

Coriobacteriaceae 0.40 0–63.1 0.16 0–5.59 0.129 28 87.5 32 91.4 0.701

Adlercreutzia 0.022 0–1.26 0.057 0–2.88 0.381 19 59.4 23 65.7 0.777

Collinsella 6.7 0–33.0 8.46 0.75–74.9 0.16 31 96.9 35 100 0.478

Slackia 0.17 0–1.31 0.27 0–1.62 0.429 29 90.6 33 94.3 0.664

Bacteroidetes 0.43 0–24.3 1.12 0.012–33.1 0.132 31 96.9 35 100 0.478

Bacteroidaceae Bacteroides 0.031 0–23.3 0.16 0–18.5 0.097 26 81.3 31 88.6 0.501

Porphyromonadaceae Parabacteroides 0.0 0–1.0 0.0 0–4.08 0.021 6 18.8 16 45.7 0.037

Prevotellaceae Prevotella 0.19 0–10.3 0.21 0–13.7 0.372 23 71.9 26 74.3 0.957

[Prevotella] 0.0 0–2.1 0.0 0–1.53 0.557 4 12.5 6 17.1 0.736

Cyanobacteria 0.0 0–0.087 0.0 0–2.06 0.173 4 12.5 9 25.7 0.291

o__Stramenopiles 0.0 0–0.087 0.0 0–0.0 0.865 4 12.5 5 14.3 1.00

Firmicutes 81.4 23.2–99.8 78.7 13.5–96.6 0.53 32 100 35 100 –

o__Bacillales 0.00 0–0.0 0.0 0–0.14 0.105 1 3.13 5 14.3 0.200

Bacillaceae 0.015 0–0.26 0.0086 0–0.76 0.726 19 59.4 21 60 0.844

Bacillaceae Anaerobacillus 0.0 0–0.12 0.0 0–0.20 0.466 9 28.1 11 31.4 0.978

Anoxybacillus 0.0 0–0.19 0.0 0–0.61 0.525 9 28.1 11 31.4 0.978

Staphylococcus 0.0 0–0.0 0.0 0–0.25 0.090 4 12.5 10 28.6 0.188

Enterococcaceae 0.0 0–0.17 0.0 0–0.38 0.502 8 25 6 17.1 0.625

Enterococcus 0.43 0–82.5 0.10 0–56.0 0.005† 29 90.6 29 82.9 0.480

Lactobacillus 0.058 0–26.5 0.014 0–69.6 0.115 23 71.9 20 57.1 0.317

Streptococcaceae Lactococcus 0.0 0–0.29 0.0 0–0.57 0.283 10 31.3 6 17.1 0.286

(Continued)
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TABLE 4 (Continued)

Phylum Family Genus Relative % abundance Prevalence among kittens

Probiotic (n =

32 kittens)

Placebo (n = 35

kittens)

Kruskal-

Wallis

ANOVA

p-value

Probiotic (n = 32

kittens)

Placebo (n =

35 kittens)

Chi-square

p-value

Median Range Median Range # % # %

Streptococcus 0.020 0–2.5 0.0 0–33.2 0.099 23 71.9 17 48.6 0.090

Turicibacteraceae Turicibacter 0.0 0–0.13 0.0 0–4.86 0.372 9 28.1 12 34.3 0.780

o__Clostridiales 0.0 0–1.3 0.0052 0–0.47 0.064 9 28.1 19 54.3 0.055

o__Clostridiales 0.32 0–10.1 0.15 0–14.9 0.900 28 87.5 29 82.9 0.736

Clostridiaceae 0.0 0–0.0 0.0 0–0.20 0.028 0 0.0 5 14.3 0.054

Candidatus

Arthromitus

0.0 0–0.42 0.0 0–0.57 0.618 8 25 10 28.6 0.957

Clostridium 9.50 0.22–77.5 13.0 0.40–83.2 0.280 32 100 35 100 –

Pseudoramibacter

Eubacterium

0.0 0–0.094 0.0 0–0.051 0.051 11 34.4 5 14.3 0.101

Lachnospiraceae 0.031 0–1.06 0.024 0–0.77 0.617 20 62.5 24 68.6 0.791

Lachnospiraceae 1.15 0.033–31.2 0.99 0.036–14.6 0.930 32 100 35 100 –

Blautia 7.57 0.29–35.0 7.82 0.20–30.8 0.950 32 100 35 100 –

Clostridium 1.33 0.39–50.1 0.29 0–59.9 0.023 32 100 32 91.4 0.240

Coprococcus 0.13 0–2.4 0.16 0–2.3 0.850 30 93.8 28 80 0.153

Dorea 0.87 0–15.1 1.02 0.015–15.1 0.782 31 96.9 35 100 0.478

Epulopiscium 0.0 0–0.27 0.0 0–2.40 0.356 9 28.1 12 34.3 0.780

Hespellia 0.0 0–0.081 0.0 0–0.085 0.148 8 25 4 11.4 0.259

Roseburia 0.034 0–1.44 0.0061 0–2.3 0.050 24 75 18 51.4 0.082

[Ruminococcus] 1.68 0.97–15.4 1.56 0.027–9.9 0.821 32 100 35 100 –

Peptococcaceae Peptococcus 0.023 0–3.5 0.0019 0–6.07 0.837 17 53.1 18 51.4 0.916

Peptostreptococcaceae 0.0082 0–0.49 0.0 0–0.53 0.357 17 53.1 14 40 0.406

Peptostreptococcaceae 1.37 0.11–82.5 0.50 0–42.7 0.380 32 100 34 97.1 1.00

Peptostreptococcus 0.0 0–0.63 0.0 0–0.12 0.723 9 28.1 9 25.7 0.957

Ruminococcaceae 0.13 0–6.46 0.20 0–6.5 0.518 29 90.6 32 91.4 1.00

Ruminococcaceae 0.052 0–5.49 0.18 0–4.3 0.600 25 78.1 26 74.3 0.935

Butyricicoccus 0.00 0–6.68 0.0 0–0.39 0.219 9 28.1 6 17.1 0.433

Faecalibacterium 0.0065 0–51.7 0.015 0–3.60 0.420 16 50 20 57.1 0.734

(Continued)
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TABLE 4 (Continued)

Phylum Family Genus Relative % abundance Prevalence among kittens

Probiotic (n =

32 kittens)

Placebo (n = 35

kittens)

Kruskal-

Wallis

ANOVA

p-value

Probiotic (n = 32

kittens)

Placebo (n =

35 kittens)

Chi-square

p-value

Median Range Median Range # % # %

Oscillospira 0.099 0–8.3 0.051 0–3.48 0.650 25 78.1 27 77.1 0.844

Ruminococcus 0.0095 0–0.98 0.027 0–0.89 0.350 18 56.3 26 74.3 0.195

Subdoligranulum 0.024 0–16.6 0.018 0–64.3 0.635 21 65.6 23 65.7 0.803

Acidaminococcus 0.0 0–0.39 0.0 0–0.69 0.402 10 31.3 7 20 0.438

Dialister 0.084 0–18.5 0.17 0–10.0 0.728 23 71.9 28 80 0.622

Megamonas 0.0 0–1.00 0.022 0–2.01 <0.001† 9 28.1 25 71.4 <0.001†

Megasphaera 0.31 0–31.9 0.34 0–18.5 0.970 28 87.5 28 80 0.619

Phascolarctobacterium 0.0 0–0.23 0.0 0–1.76 0.465 7 21.9 10 28.6 0.728

Veillonella 0.0 0–0.14 0.0 0–0.47 0.804 3 9.4 4 11.4 1.00

[Mogibacteriaceae] 0.0 0–3.33 0.0 0–0.050 0.653 10 31.3 10 28.6 0.978

Mogibacterium 0.0 0–1.27 0.0 0–0.93 0.659 6 18.8 8 22.9 0.911

Anaerococcus 0.0 0–0.027 0.0 0–0.011 0.344 2 6.3 5 14.3 0.431

Gallicola 0.0 0–0.035 0.0 0–0.026 0.916 4 12.5 5 14.3 1.00

Parvimonas 0.0 0–0.34 0.0 0–0.061 0.036 13 40.6 6 17.1 0.063

Erysipelotrichaceae 0.0 0–0.35 0.0 0–0.27 0.427 3 9.4 6 17.1 0.48

Bulleidia 0.0 0–3.32 0.0 0–4.22 0.805 7 21.9 7 20 0.911

Catenibacterium 0.0 0–6.28 0.0 0–3.30 0.922 13 40.6 15 42.9 0.950

Clostridium 0.0 0–0.87 0.0 0–0.32 0.989 14 43.8 16 45.7 0.933

[Eubacterium] 0.43 0.0054–6.84 0.27 0–8.31 0.660 32 100 32 91.4 0.240

p-75-a5 0.0 0–0.070 0.0 0–0.043 0.603 4 12.5 3 8.6 0.701

Fusobacteria 0.0 0–10.5 0.0 0–7.87 0.560 15 46.9 17 48.6 0.916

Fusobacteriaceae 0.0 0–0.19 0.0 0–7.37 0.156 5 15.6 10 28.6 0.329

Fusobacterium 0.0 0–10.5 0.0 0–1.19 0.954 13 40.6 13 37.1 0.967

Proteobacteria 0.29 0.0088–40.8 0.55 0.019–0–24.7 0.386 32 100 35 100 –

mitochondria 0.0 0–0.0 0.0 0–0.31 0.256 2 6.3 5 14.3 0.431

Sutterella 0.0 0–4.5 0.0031 0–2.0 0.261 14 43.8 18 51.4 0.701

Burkholderiaceae Burkholderia 0.0 0–0.0 0.0 0–0.071 0.911 7 21.9 8 22.9 0.844

(Continued)
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TABLE 4 (Continued)

Phylum Family Genus Relative % abundance Prevalence among kittens

Probiotic (n =

32 kittens)

Placebo (n = 35

kittens)

Kruskal-

Wallis

ANOVA

p-value

Probiotic (n = 32

kittens)

Placebo (n =

35 kittens)

Chi-square

p-value

Median Range Median Range # % # %

Comamonadaceae 0.0 0–0.0 0.0 0–0.19 0.982 4 12.5 4 11.4 1.00

Ralstonia 0.0 0–0.18 0.0 0–0.16 0.318 14 43.8 11 31.4 0.43

Desulfovibrio 0.0 0–0.0 0.0 0–0.18 0.462 2 6.3 4 11.4 0.675

Campylobacteraceae Campylobacter 0.0 0–2.0 0.0032 0–2.37 0.257 12 37.5 19 54.3 0.258

Helicobacteraceae Helicobacter 0.0 0–1.1 0.0 0–0.79 0.422 11 34.4 14 40 0.824

Anaerobiospirillum 0.0 0–1.3 0.0 0–2.51 0.101 6 18.8 12 34.3 0.247

Enterobacteriaceae 0.051 0–40.7 0.047 0–22.6 0.782 28 87.5 30 85.7 1.00

Morganella 0.0 0–0.088 0.0 0–0.30 0.562 3 9.4 5 14.3 0.711

Halomonadaceae Halomonas 0.0 0–0.0 0.0 0–0.13 0.016 3 9.4 11 31.4 0.055

Moraxellaceae Acinetobacter 0.0 0–0.053 0.0 0–0.049 0.306 9 28.1 6 17.1 0.433

Pseudomonas 0.0022 0–0.23 0.0074 0–0.41 0.625 16 50 20 57.1 0.734

Vibrionaceae Vibrio 0.0 0–0.0 0.0 0–0.10 0.028 0 0 5 14.3 0.054

TM7 0.0 0–0.76 0.0 0–0.089 0.135 10 31.3 6 17.1 0.286

c__TM7-3 0.0 0–0.059 0.0 0–0.008 0.017 7 21.9 1 2.9 0.023

o__CW040 0.0 0–0.57 0.0 0–0.089 0.244 6 18.8 3 8.6 0.292

Taxa present at a prevalence of <10% of kittens in both treatment groups are not shown in the table. †Benjamini-Hochberg corrected p-value <0.25.
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E. hirae, ranging in origin from the rumen (38), intestinal

tract of ocean (39) and freshwater fish (40) to goats milk

(37) have been studied for probiotic effects both in-vivo and

in-vitro. E. hirae is bile salt and acid tolerant (41) which

promotes its survival through the upper gastrointestinal tract

(25) and demonstrate cell wall hydrophobicity which enables

it to colonize by interaction with host intestinal epithelial

cells (22, 38, 40). A lipoteichoic acid of E. hirae has been

demonstrated to ameliorate the loss of barrier function caused

by the pro-inflammatory cytokine TNF-α on Caco-2 cells by

modulating the expression of tight junction regulatory proteins

(42). We have previously shown that administration of E. hirae

to purpose-bred kittens mitigates the increase in intestinal

permeability resulting from experimental infection with feline-

origin EPEC (25). Other beneficial mechanisms attributed to

E. hirae include free radical scavenging and lipase activity

(17, 40).

We previously observed a decrease in prevalence of mucosa-

associated E. hirae in the ileum of terminally-ill foster kittens.

Loss of E. hirae was associated with colonization by virulent

genotypes of E. faecalis and ability of EPEC to attach to the

intestinal epithelium (4). The enterococci, including E. hirae

(38, 40, 43), produce peptides (i.e., bacteriocins) with a wide

range of antibacterial and in some cases antiviral activity

(44). Because bacteriocins can promote niche competition with

intestinal pathogens, their production is considered to be a

favorable attribute of a probiotic (44). For example, when

administered to hybrid catfish as a probiotic, E. hirae protected

against infection by Aeromonas hydrophila, enhanced disease

protection, and stimulated immunity-related gene expression

(45). Similarly, we sought to explore whether administration of

feline-origin E. hirae probiotic to foster kittens might augment

host defense by promoting clearance of existing infectious agents

or preventing acquisition of new infectious agents during the

course of foster care. To examine this possibility we used

a commercial multiplex qPCR-based assay to determine the

presence and quantity of intestinal microbes in fecal samples

collected prior to onset and upon conclusion of the study. A

high prevalence for carriage of several infectious agents was

demonstrated prior to onset of the study, which included feline

enteric coronavirus, attaching and effacing E. coli (presence

of eae), and panleukopenia virus. A similar prevalence for

carriage of these agents in asymptomatic communally housed

cats and kittens has been reported by others (46–50). Overall,

our study did not provide strong evidence for an impact of

E. hirae on promoting clearance or preventing acquisition of

these selected agents during the course of foster care. The

only difference observed between the placebo and E. hirae

treatment groups was a significant decrease in prevalence of

panleukopenia virus DNA among kittens that received the

placebo (p = 0.002) and a non-significant decrease among

kittens that received E. hirae (P = 0.054). Interpretation of

this finding is confounded by concurrent vaccination of kittens

with modified-live panleukopenia virus vaccine every 2–3 weeks

over the course of the study and the fact that no kittens were

clinically unwell at the time of fecal PCR testing. In effort

to distinguish between positive PCR results due to modified

live virus replication vs. those arising from clinical infection,

the reference laboratory applies an a-priori cut-off for positive

test results at a Cp value of ≤26. All panleukopenia PCR-

positive samples in the study met these criteria. However, recent

studies have shown that 21.6% of healthy cats and kittens

will shed panleukopenia virus in the positive test result range

within 7 days of vaccination (51). Remarkably, the percentage

of asymptomatic kittens testing positive for panleukopenia virus

DNA in this study is nearly identical at 21.8%. Accordingly it is

not unreasonable to conclude that vaccine-origin panleukopenia

was largely responsible for PCR-positive results in these healthy

kittens. In interpreting the results of the infectious disease

testing in this study, it is important to recognize that the

presence of microbial DNA does not prove agent viability or

measure a potential impact of E. hirae on microbial behavior.

For example we have previously documented that E. hirae can

mitigate intestinal injury caused by EPEC infection in kittens

while having no measureable impact on EPEC shedding (25).

Based on 16S rRNA gene amplicon sequencing,

administration of the E. hirae probiotic did not alter the

predominant bacterial phyla present in feces which were similar

to prior descriptions of the fecal microbiota in cats. These

phyla were represented mainly by Firmicutes, Bacteroidetes,

Proteobacteria, Actinobacteria, and Fusobacteria (20, 52–56).

The presence of E. hirae also did not affect the overall number or

diversity of different taxa present in the microbial community

which is a desirable attribute of a probiotic. Kittens receiving

E. hirae had a significant decrease in presence and relative

abundance of the genus Megamonas (phylum Firmicutes,

family Veillonellaceae). Because Megamonas was present at

low abundance among the fecal microbiota from kittens, the

clinical significance of decreased representation in kittens

receiving E. hirae is unclear. Arguably the most pertinent

location to determine an impact of the E. hirae probiotic

would be on composition of the small intestinal microbiota

where mucosa-associated E. hirae dominate the enterococci

and from which the probiotic strain was isolated. Obtaining

samples from the small intestine of kittens in this study was

not feasible using the current study design. In prior reports,

dietary supplementation with fermentable prebiotics increased

the abundance of Megamonas (57–59) while decreased in

abundance of Megamonas have been described in cats with

diarrhea (60). Interestingly, Megamonas was increased in

feces of cats that were naturally infected with the diarrheal

pathogen Tritrichomonas foetus, but decreased in feces of

cats experimentally infected with the same pathogen (56).

These collective observations suggest a vulnerability of

Megamonas to specific, albeit unidentified changes in the

feline intestinal tract. Because the enterococci are lactic acid

Frontiers in Veterinary Science 17 frontiersin.org

https://doi.org/10.3389/fvets.2022.923792
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Gookin et al. 10.3389/fvets.2022.923792

producers and Megamonas utilizes lactate to form propionate

(61) we would not have predicted a decrease in Megamonas

in kittens receiving the E. hirae probiotic. In fact, in dogs

fed a raw diet, increases in lactate production were positively

correlated with abundance of Megamonas (62). Ultimately a

deeper understanding of any interaction between E. hirae and

Megamonas and the clinical relevance of our observation will

require additional study.

In conclusion, a decreased incidence of diarrhea associated

with preventative administration of feline-origin E. hirae to

foster kittens in this study supports a rationale for use of

E. hirae for disease prevention in this large, young, and

vulnerable population.
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