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Abstract: The discovery of novel probiotic bacteria from free-ranging animals for the treatment of
inflammatory bowel disease in domestic pets is a unique approach. The chloroform extraction of
gastrointestinal (GI) tract material was used to inactivate vegetative cells and select for spore-forming
bacteria. A bacterium identified as a novel Paenibacillus sp. strain via small ribosomal RNA (16S)
gene sequencing was isolated from the GI tract of a gray wolf (Canis lupus). The bacterium was typed
as Gram-variable, both catalase/oxidase-positive and positive via starch hydrolysis and lipase assays.
The bacterium inhibited the growth of Staphylococcus aureus, Escherichia coli and Micrococcus luteus.
The draft whole genome sequence (WGS) assembly was 7,034,206 bp in length, encoding 6543 genes,
and is similar in size and coding capacity to other closely related Paenibacillus spp. The isolate’s
genome encodes several germination and sporulation gene products along with antimicrobials such
as a bacteriocin system and chitinase. Enzyme genes such as alpha amylase, cellulase, lipases and
pectin lyase are also present in the genome. An incomplete lysogenic bacteriophage genome was also
present in the isolate’s genome. Phenotypic characteristics combined with a WGS genotype analysis
indicate that this bacterium, designated Paenibacillus sp. ClWae2A, could be a potential candidate
probiotic for domestic dogs.
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1. Introduction

Canine inflammatory bowel disease (cIBD) is described as the chronic dysbiosis of
a dog’s gastrointestinal (GI) tract with no known cure and limited treatment options. A
variety of treatments are utilized, such as corticosteroids, fiber-enriched diets, and pre-
biotics, with no success in curing cIBD [1-3]. Underlying factors that contribute to GI
disease include an animal’s genetics, environmental factors, the immunological state of
the GI tract and, importantly, an altered GI tract microbiome [4]. Microbial metabolism
in the GI tract is important for the fermentation of various carbohydrates and the gener-
ation of short-chain fatty acids (SCFAs) that impact host health [5], such as by reducing
intestinal inflammation [6].
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The canine fecal microbiota was characterized to consist primarily of members of the
phyla Firmicutes, Bacteroidetes and Fusobacterium [7], with various genera present in the
gut [8]. The effect of a multi-species synbiotic on the canine GI tract resulted in changes
such as increases in Enterococcus spp. and Streptococcus spp., accompanied by no changes
in the major bacterial phyla or immune markers [9]. Also, certain microbial taxa such as
Clostridiaceae, Erysipelotrichaceae and Bacteroidaceae are important for protein and fat
digestion in canines [10].

Lifestyle changes that occurred during human evolution, such as diet, have resulted
in a deviation from the ancestral state that includes a depletion of the gut microflora
that has potentially included impacts on increased instances of cIBD [11]. Mammalian
adaptation and diversification during evolution altered the gut microbiota, especially
during domestication [12]. Dogs were the first domesticated animal and shared a common
ancestry with the gray wolf [13,14], which accompanied relationships with humans [15].
Consequently, the diet of the modern dog does not reflect the diet of its ancestor, the
wolf [16]. For instance, the starch in the diets of domestic dogs [17] is resistant to digestion,
which can potentially have a negative impact on gastric physiology [18].

Probiotics are defined by the FAO/WHO as “live microorganisms that, when adminis-
tered in adequate amounts, confer a health benefit on the host”, as put forth in a consensus
statement by the International Scientific Association for Probiotics and Prebiotics (ISAPP).
This includes a set of “core” benefits such as improved host immunomodulation, an im-
proved production of short-chain fatty acids in the GI tract, the competitive exclusion of
certain pathogens and the normalization of host microbiota [19]. As humans increase their
ownership of companion animals, the importance of maintaining canine health, specifically
the use of probiotics to treat cIBD, will become more important [20,21]. Since there have
been changes in the diet and environment of the domestic dog relative to its evolutionary
counterpart the gray wolf, it is conceivable that there are differences in their respective
microbiota. The results reported herein indicate we have isolated a potentially unique
probiotic bacterium from a wolf for use in dogs; this bacterium was characterized as a
Paenibacillus sp. from a gray wolf.

2. Materials and Methods

Gastrointestinal (GI) tract material was collected from the ileum of a one-day-dead
gray wolf, Canis lupus (which was killed in an automobile accident), following its necropsy
at the Oregon Veterinary Diagnostic Laboratory, College of Veterinary Medicine, Oregon
State University, Corvallis, OR, USA (https://vetmed.oregonstate.edu/ovdl, accessed
on 19 September 2023). The GI tract samples were suspended in phosphate-buffered
saline (PBS) and treated with 3% chloroform for 30 min to eliminate vegetative bacterial
cells ([22] Honda K, personal communication). Briefly, GI tract material mixed with chlo-
roform was then incubated in a 15 mL conical polypropylene tube while it was shaken
at room temperature for 60 min. The chloroform was separated via centrifugation at
500 g for 20 min, and the treated samples were drawn off with a pipette for bacterial
culture. The chloroform-treated GI tract sample aliquots were cultured on different types
of media, brucella agar with blood and vitamin K/hemin (BBHK) and tryptose—sulfite—
cycloserine (TSC), via aerobic techniques at 37 °C. These media types are routinely used to
propagate fastidious bacteria [23,24], and a total of twenty-five axenic bacterial cultures
were obtained for analyses. Subsequently, a single aerobic isolate, designated ClWae2A,
was cultured for growth on a brain heart infusion (BHI) and nutrient agar (NA), using
standard methods [23,24].

The following phenotypic characterizations were completed via standard microbial
assays: Gram stains, starch hydrolysis and catalase, lipase and oxidase assays [23,24].
Additional phenotypic characterizations included assaying for motility using a motility
indole ornithine medium (MIO), in addition to determining growth in maltose, lactose,
dextrose, nitrate broth and urea. The isolate was assayed for antibiotic sensitivities to
streptomycin, erythromycin, chloramphenicol, penicillin and tetracycline via disc diffusion
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to assay for antibiotic resistances [23,24]. Furthermore, growth inhibition assays were
completed to determine its antibacterial activity against Staphylococcus aureus, Escherichia
coli and Micrococcus luteus [25], and positive results were used to select bacterial isolates
for obtaining a genome sequence. Target bacteria and the putative spore-forming bacterial
isolate were streaked from stocks on BHI agar (Becton Dickinson). Overnight cultures of
both the target bacteria and the wolf GI tract isolate (2.5 mL) were propagated in liquid
BHI media. In total, 25 -five uL of the target bacteria (~10° cells) were inoculated into
15 mL of sterile BHI agar that had been cooled to 55 °C. The inoculated agar was poured
into a sterile petri dish and allowed to solidify under sterile conditions. The wolf test
bacterium was pelleted and suspended in 200 uL of BHI media, into which sterile filter
discs were saturated with the test bacterium and then placed on the target bacterial agar
plates. The inoculated plates with discs were incubated at 37 °C, and the formation of a
zone of clearance (ZOC) was visually assessed after 24-36 h, as described in [25].

The isolated wolf bacterial colony was assayed for bacterial typing via 165
sequencing [26-28], using IDGenomics INC. DNA was extracted from bacterial colonies
via the Illustra Nucleic Acid Purification™ system for the completion of 16S rRNA gene
sequencing, and this was repeated for whole genome sequencing (WGS). The phylogeneti-
cally nearest neighbor was determined via 165 rRNA sequence analyses, following BLAST
searches [29], and sequences were obtained for related isolates via the BLAST searches
(https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 19 September 2023). The 16S rRNA
sequences were used to infer initial phylogenetic relationships using MEGA [30].

As stated, the bacterial genomic DNA was purified using the Illustra Nucleic Acid
Purification™ system. Nucleotide sequencing was completed using 400 Mbp Illumina
Reads, with assembly (CD Genomics; https:/ /www.cd-genomics.com/microbial-whole-
genome-sequencing.html, accessed on 19 September 2023, [31]) and annotation via the JGI
IMG/MER Pipeline [32], followed by conserved domain analyses [33]. We functionally
characterized the genes present in the CIWae2A assembly by assigning genes to COG
categories [32]. Additionally, we performed a more specific functional characterization by
searching for keywords associated with certain functions of interest. The assembled scaf-
folds for the genome sequences were submitted to NCBI for BLAST and BLAST+ analyses
using microbial genome Blast analysis tools [29]. The PHAge Search Tool Enhanced Release
program was utilized to identify and annotate potential prophage sequences within the
bacterial genome [34].

A BLAST analysis was used to find the six closest relatives and an outgroup for the
ClWae2A genome [29]. The subsequent output was created via TreeViewer [35] to generate
phylogenetic relationships. Subsequently, a conda environment was developed to install
the Mugsy alignment tool [36] with RAXML with bootstrap replications for a phylogenetic
analysis of the six closely related genomes with an outgroup [37]. Figtree was used to
visualize the phylogenetic relationships relative to CIWae2A [38].

3. Results
3.1. The Isolation of Bacteria from a Gray Wolf’s Gastointestinal Tract and Its
Phenotypic Characterisitcs

Gastrointestinal tract (GI) material collected from a North American gray wolf (Canis
lupus) was treated with chloroform. Subsequently, the chloroform-treated GI tract material
was plated on BBHK agar media to isolate potential spore-forming bacteria. From this plate,
several isolates were chosen for further characterization. A unique bacterial colony that
had grayish-white, smooth colonies with irregular forms was visually identified for further
analyses. Specifically, one was chosen that stained Gram-variable with visible spores
(Supplementary Figure S1) which also propagated on a brain heart infusion (BHI) medium
and nutrient agar (NA). Subsequently, the BHI medium was used for the propagation of
the bacterium.

The bacterial isolate was both catalase- and oxidase-positive. Catalase protects the
organism against the bactericidal effects of hydrogen peroxide and indicates that the isolate
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could be a or closely related to a Bacillus spp. The bacterial isolate, designated ClWae2A,
also digested starch (Figure 1A) and lipase via the clearing of a spirit blue agar plate
(Supplementary Figure S1). Furthermore, the isolate was phenotypically characterized as
MIO-media-positive with slight motility but would not propagate in Simmons citrate media,
which is used for differentiating Gram-negative bacteria. Isolate ClWae2A did metabolize
maltose, lactose and dextrose but was growth-negative for nitrate broth and urea. The
isolate was sensitive to several antibiotics, including tetracycline, erythromycin, penicillin,
ampicillin, kanamycin, neomycin and novobiocin, but not streptomycin (Supplementary
Figure S1).

Figure 1. Representative starch gel digestion assay and growth inhibition spot assay with a
Staphylococcus aureus target on BHI media. Data for C1Wae2A, a potential Paenibacillus sp., are
presented for starch digestion (A) and the growth inhibition of the target bacteria (B).

3.2. Growth Inhibition of the Target Bacteria

The bacterial isolate inhibited the growth of three target bacteria, including S. aureus
(Figure 1B), E. coli (Supplementary Figure S1) and M. luteus (data not shown). Clear zones
of inhibition were reproducible following three replications, while no zones of inhibition
were produced when using BHI-media-soaked discs as a control. Interestingly, zones of
inhibition were produced against two Gram-positive organisms and were also obtained
against the Gram-negative bacterium E. coli. The ClWae2A isolate routinely produced a
visibly transparent ZOC of at least 2 mm in length with a defined edge of target bacterial
growth, demonstrating that it inhibited the growth of the target bacterium.

3.3. Genomic Analyses of the Gray Wolf Bacterium

The whole genome sequence (WGS) of the Paenibacillus sp. CIWae2A is 7,034,206 bp
encoding 6543 genes, including 133 genes involved with spore formation and germination
(Table 1). Other genes identified included those encoding bacteriocins, lantibiotics, lysins
and chitinases, along with cytochrome c oxidase. The metabolic genes identified following
WGS included those encoding exoenzymes involved in starch and lipase digestion such as
alpha amylase, cellulase and pectin lyase (Table 1 and Supplementary Table S1). Genome
searches also revealed an incomplete viral lysogenic DNA with potential for antimicrobial
activity, with 48 phage-derived genes found, including a terminase, amidase, holin and
tail fiber protein genes. The phage genome sequences are most closely related (93-98%)
to those found in the Paenibacillus sp. strain, designated OVF10 (GenBank: CP094668.1).
Importantly, no toxin genes were identified in the Paenibacillus sp. ClWae2A genome, but
an antitoxin gene was also encoded in the genome (Supplementary Table S1).
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Table 1. Paenibacillus sp. ClWae2A genome sequence and a summary of the identified genes.

Gene Category Search Terms Hits Total Genes Percent
Antimicrobials “bacteriocin” 5 6543 0.08%
Antimicrobials “lantibiotic” 6 6543 0.09%
Antimicrobials “chitinase” 2 6543 0.03%
Antimicrobials “lysin” 22 6543 0.34%
Antimicrobials “amidase” 42 6543 0.64%
Antimicrobials Total 77 6543 1.18%
Phage-derived “phage” 40 6543 0.61%
Phage-derived “terminase” 4 6543 0.06%
Phage-derived “tail” 4 6543 0.06%
Phage-derived Total 48 6543 0.73%
Spore-formation genes “spore” 14 6543 0.21%
Spore-formation genes “sporulation” 85 6543 1.30%
Spore-formation genes Total 99 6543 1.51%
Metabolic “lactate” 13 6543 0.20%
Metabolic “lactic” 0 6543 0.00%
Metabolic “Cytochrome ¢” 69 6543 1.05%
Metabolic “catalase” 6 6543 0.09%
Metabolic “oxidase” 74 6543 1.13%
Metabolic Total 162 6543 2.48%
Germination Total 34 6543 0.52%
Antitoxin Total 12 6543 0.18%
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Domain searches within the genome confirmed the genome annotation results
(Figure 2 and Supplementary Table S2). Specifically, outer-spore-coat-protein- and sporulation-
protein-K-encoding genes were identified in the genome. Other genes identified included
those encoding penicillin-binding proteins, transport and Golgi organization and antibiotic
synthesis proteins. Although genes involved in unique metabolic properties such as the
degradation of lignin and pectin were in greater numbers, there were genes identified that
synthesize antimicrobials such as a chitinase, lantibiotic-and-bacteriocin-secretion systems
and genes involved in polyketide biosynthesis. Genes encoding lysins and amidase were
also identified in the genome (Table 1 and Supplementary Table S2).
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Figure 2. Representative identification of genes from whole genome conserved domain sequence
analyses of the wolf GI tract isolate CIWae2A. The genes identified encode (A) outer spore coat
proteins, and (B) sporulation protein K, (C) as well as penicillin binding, (D) transport and Golgi
organization and antibiotic synthesis proteins.

The DNA from the bacterium ClWae2A was initially typed via 16S rRNA gene se-
quencing as most closely related to the Paenibacillus xylanexedens strain PAMC 22703 (Gen-
Bank accession NZ_CP018620.1), with a sequence identity of 99%. Further phylogenetic
analyses of Paenibacillus sp. ClWae2A using whole genome sequences revealed that the
isolate was most closely related to a Paenibacillus amylolyticus strain, Sample 9-7 (GenBank
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accession CP121451.1) and the Paenibacillus sp. strain designated OVF10 (Genbank acces-
sion CP094668.1), as depicted in Figure 3. Interestingly, many Paenibacillus sp. such as
P. amylolyticus and P. xylanilyticus do not group as individual clades, while several mem-
bers of the genus do not yet have a species designation, resulting in a paraphyletic genus.
Also, a Lysinibacillus agricola strain, FJAT-51161, groups within the Paenibacillus spp., while
Lentibacillus sp. 25110521 (GenBank accession ZS5110521) separates as an outgroup.

0.093
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Figure 3. Phylogenetic analysis of wolf bacteria isolate CIWae2A. Topology indicates that ClWae2A is
most closely related to other strains in the Paenibacillus genus. Phylogenetic analyses were completed
using BLAST+, using the Fast Minimum Evolution phylogeny inference algorithm followed by
visualization and labeling in TreeViewer. Branch labels represent genetic distance.

Further analyses via blocked alignments followed by the creation of phylogenies for
each block confirmed the close relationships among the Paenibacillus spp. (Supplementary
Figure S2). Only isolates which represented scaffolds that consistently aligned to the
CIWae2A genome were utilized for the analyses. Specifically, ClWae2A aligned to closely
related isolates such as the P. amylolyticus strain SQR-21 (GenBank accession CP107037.1),
which is reportedly associated with helping wheat resist drought. The P. xylanexedens strain
PAMC 22703, is a xylan-degrading bacterium (GenBank accession CP018620.1), and the
Paenibacillus sp. OVF10 (GenBank accession CP094668.1) reported in the GenBank file was
isolated from a medicinal plant. The phylogeny bootstrap confidence intervals were 83% or
greater (Supplementary Figure 52), and all the reported closely related isolates in GenBank
have genome lengths that are similar to CI1Wae2A. However, none of the isolates were
reported to have been isolated from animals, as reported in the GenBank files.

4. Discussion

The domestication of dogs includes their adaptation to processed feed high in car-
bohydrates that include cereal grains. This has resulted in the GI tracts of domestic dogs
having microbiota which now more support polysaccharide metabolism [39]. Moreover,
even when switched to a raw meat diet, a dog’s fecal microbiota only partially resembles
that of a wolf [40]. Since the gut microbiomes of captive wolves may adapt to become more
similar to domestic dogs [41,42], it makes sense to obtain new probiotics from free-ranging
species to replace microbiota lost due to domestication. Consequently, free-ranging species,
in this case, the gray wolf, could be utilized as a source of new bacterial species that might
be used as probiotics in domestic animals such as the dog.

Paenibacillus-expressed antimicrobials include antibacterials and antifungals that have
applications in both human and veterinary medicine. Importantly these bacteria also ex-
press exo-polysaccharides (EPS) and enzymes such as amylases, cellulases, hemicellulases,
lipases, pectinases and lignin-modifying enzymes that can be used as feed additives [43].
The most commonly known Paenibacillus sp. that produces known antimicrobials such
as the lipopeptide polymyxin, fusaricidins, paenilipoheptin, paenilan and tridecaptin is
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P. polymyxa [44]. For monogastric animals, a P. xylanexedens strain reportedly improved
broiler performance by impacting intestinal morphology, enhanced the overall immune
response and reduced E. coli in the cecum [45]. Also, a P. konkukensis sp., nov. SK3146,
has been proposed as a probiotic for swine [46]. For example, other Paenibacillus spp.
that produce antimicrobials [47-49] or degrade complex carbohydrates [50,51] have been
isolated from environmental or plant sources.

Herein, we report a Paenibacillus sp. we designated ClWae2A, wolf aerobe 2A, due to
its isolation from a gray wolf (Canis lupus), hence the Cl moniker. Its genome size is similar
to other closely related Paenibacillus spp. and encodes genes such as those synthesizing
antimicrobials, including bacteriocins, lantibiotics, amidases and chitinase. Other genes
encode enzymes that would be of value in digesting carbohydrates and could contribute to
energy metabolism for a monogastric animal. These are important functional attributes of
a probiotic for potential use in companion animals such as dogs [52], especially since dogs
have adapted to a starch-rich diet [53].

Prebiotics, probiotics, synbiotics and postbiotic compounds have all been proposed as
treatments for IBD in humans [54], and the same can be stated for dogs [1-3]. Consequently,
it is important to move toward a more precise delineation of bacterial probiotics to address
the heterogeneity inherent to many probiotic strains [55]. The importance of whole genome
sequencing (WGS), which enables the determination of virulence, toxin and antibiotic-
resistance genes, as well as the clear assignment of species and strain identity [54,55], is
important to help find new probiotic treatments for cIBD.

5. Conclusions

To meet the objective of characterizing potential new probiotics for dogs, we completed
a draft WGS on a new wolf GI tract bacterial isolate characterized as a Paenibacillus sp. The
bacterium inhibits the growth of other bacteria such as Staphylococcus aureus and encodes
enzymes capable of digesting complex carbohydrates along with other gene systems
expressing antimicrobials, thus indicating that this bacterial isolate could be a potential
useful probiotic for domestic dogs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/applmicrobiol3040077/s1, Figure S1: Phenotypic Characterizations
of Paenibacillus sp. ClWae2A; Figure S2: Blocked alignment followed by phylogenies for each
block [56]; Table S1: JGI IMG Genome Annotation. Table S2: Functional Genes Categories.
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