
ABSTRACT 

KITTSON, MOLLY ANNE. “Fecal Specimen Investigation of Gastrointestinal Microbiome 

Populations in the Domestic Cat (Felis catus)” (Under the direction of Dr. Kimberly Ange-van 

Heugten). 

 

Overpopulation of the domestic cat (Felis catus) has been a reoccurring problem in many 

societies. Therefore, more cats are found in animal shelters. Many of these shelter cats are not 

healthy which leads to decreased adoption rates. In order to better understand feline health and 

biological functions, the fecal microbiome was studied as an indicator of the gastrointestinal 

(gut) microbiome in shelter cats and owned cats (all residing in Wake County, NC, USA). The 

gut microbiome and the health of the host are linked and the study of this connection could 

illuminate ways to promote positive health through gut microbe alterations. The objective of the 

current research was to add to the lack of robust microbiome data on the gut microbiome of the 

domestic cat and to test the following novel questions regarding the feline fecal microbiome 

populations within a large community within a consistent geographical region: 1) how the 

microbiome differed among cats that were feral versus stray versus owned, 2) how does the 

feline microbiome differ among age groups, 3) how does the feline microbiome differ among 

body condition scores, 4) how does the feline microbiome differ among fecal scores? Fecal 

samples were collected at the Wake County Animal Center in Raleigh, NC from February to 

July, 2021 three times a week. Each sample was collected within 1 hr of assumed defecation and 

each container was labeled with an identification number/ barcode and placed into a refrigerator 

at the animal shelter where they were kept cold at 4º C. All samples were processed and 

sequenced in a single batch at Diversigen Labs (New Brighton, MN, USA) and then Shotgun 

metagenomic sequencing was performed. Alpha diversity, beta diversity, differential abundance 

analysis and operational taxonomic units were assessed. Among the 



shelter and owned cats, the most abundant phyla were Actinobacteriota, Bacteroidota, 

Firmicutes, Firmicutes_A and Proteobacteria. Between the populations, the phyla had the 

following averages; Actinobacteria (51.49%), Firmicutes (7.41%), Firmicutes_A (24.46%), and 

Proteobacteria (0.06%). No significant alpha diversity was detected among the samples but beta 

diversity was found to be significantly different. This study supports our hypothesis that the fecal 

microbiome does correlate with age, body condition score and fecal score. These results possess 

the ability to change the way researchers view the feline microbiome in relation to comparisons 

of pothologic states of the gut, how they approach disease treatment and how to better 

accommodate the gastrointestinal health of domestic felines around the world.
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Literature Review  

Background of the mammalian gastrointestinal microbiome 

The microbiome is defined as a collection of genetic information contained within microbiota, 

these domains include bacteria, viruses, and fungi as well as archaea and other eukaryotes 

residing in or on the body (Berg et al., 2020; Shanahan et al., 2021; Rogers, 2021). While 

microbiomes live in different places around the body, i.e., the skin, mouth, nose, lungs and 

digestive system, this review focuses on the microbiome of the gastrointestinal tract and how that 

influences the diet and health of the domestic cat (Felis catus). The gastrointestinal microbiome 

holds a direct correlation to the genetics of the host and is also a reflection of the host’s 

environmental conditions, as well as the host's lifestyle and health (Lyu et al., 2020; Shanahan et 

al., 2021). These conditions may include, but are not limited to, species, breed, geographic 

location, body condition and diet (Lyu et al., 2020; Shanahan et al., 2021). These 

microorganisms are responsible for many bodily functions including colonization resistance, host 

metabolism, immune response and development, “communication” between organs, and 

manifestation of diseases (Stavroulaki et al., 2021). For example, microbiota, the 

microorganisms living within and on a host, have previously been used to predict how an 

individual’s metabolism responds to different dietary elements (Shanahan et al., 2021). There is 

no single microbe combination that is considered healthy, instead there are various combinations 

that are consistent with a healthy host (Lloyd-Price et al., 2016). It is important to note that a 

“healthy” microbiome is normally defined as one that does not contribute to disease (Lloyd-Price 

et al., 2016). There are two phylae of bacteria that are commonly found in a “healthy” 

microbiome; Bacteroidetes and Firmicutes (Lloyd-Price et al., 2016). For many bacteria, it is 

normal to have similar functions and an important characteristic for the overall microbial 
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population as it provides stability in the microbiome and protects the microbial community from 

collapse should one species die (Shanahan et al., 2021). The metabolic functions of the 

gastrointestinal microbiome are conserved and homogeneous (Shanahan et al., 2021). Over an 

individual’s lifetime the microbiome will continually change. There are two main forms of 

microbe inoculation (the act of introducing the microbes to the body): vertical transmission, and 

horizontal dispersal (Shanahan et al., 2021). Vertical transmission usually occurs at the start of 

life either by natural birth, cesarean section and/or by breastfeeding/ suckling (Hooda et al., 

2013; Isolauri et al., 2017; Shanahan et al., 2021). Vertical transmission can also occur from the 

use of antibiotics (Lyu et al., 2020; Shanahan et al., 2021). Horizontal dispersal is also referred to 

as microbe sharing. This occurs when a large population of individuals are living together, 

usually in close quarters (Deusch et al., 2015; Shanahan et al., 2021). Microbe sharing can occur 

among human populations and animal populations, or between people and animals if they are 

exposed to each other long enough (Deusch et al., 2015). Housing conditions may also promote 

the transmission of microbes among individuals. When a kitten is conceived the microbiome 

immediately starts to assemble (Hooda et al., 2013). The microbiome will shift as the kitten 

matures due to a number of factors including weaning, environmental change, housing and feed 

(Hooda et al., 2013). Depending on subject species the core microbiome is typically collected 

and assembled during the first three yrs of life (Shanahan et al., 2021). In cats this development 

occurs within the first 2 yr (Bermingham et al., 2018). As the host matures, the microbial 

diversity will peak (young adult (6mo – adult)) and then gradually decrease (Stavroulaki et al., 

2021). This could be correlated to a decrease in dietary diversity, presence of disease, and 

decreased metabolic functions (Fahey et al., 2008; Shanahan et al., 2021).  
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Testing methods to examine the gastrointestinal microbiome 

There are several testing methods that can be used to collect microbial data. One of the most 

common methods of microbiome analysis is by fecal sample collection. Fecal samples are often 

used as proxies to examine the gastrointestinal microbiome (Hale et al., 2016; Tang et al., 2020). 

Fecal samples are a popular way to collect data on the microbiome as they are non-invasive, 

naturally collected, cost effective and can be sampled repeatedly (Moon et al., 2018; Tang et al., 

2020). They also contain some reflections of the mucosa microbiota in addition to the fecal 

microbiota (Tang et al., 2020). There is some bias in the analysis of intestinal microbiome 

through fecal samples as the fecal microbes are not equal in their distribution throughout the 

feces (Tang et al., 2020). They are also not necessarily indicators of composition and function of 

microbiota throughout the entire intestinal tract (Hale et al., 2016; Tang et al., 2020). When fecal 

analysis is being used it is important to properly preserve the samples, especially if they are not 

being analyzed immediately (Tang et al., 2020). Fecal samples are ideally frozen at -80º C which 

allows for the integrity of the microbes to be properly preserved (Hale et al., 2015; Tang et al., 

2020). It is important to remember the storage conditions of the sample, including temperature, 

humidity, light exposure and time in storage, will have a direct impact on the microbial 

population within the sample (Holland et al., 2003; Prakash et al., 2020; Tang et al., 2020). In 

some cases, fecal samples are immediately frozen at -20º C until DNA extraction is achieved 

(Song et al., 2016). If the samples do not have access to stable freezing, stabilization through 

preservatives, such as ethanol solutions or FTA (Finders Technology Associates) kits, may be 

the proper alternative (Song et al., 2016). It has been found in dogs and humans that freezing a 

sample at -20 º C, either immediately or a week from extraction, with the use of a preservative 

(95% ethanol solution, OMNIgene gut stabilizer or FTA cards), causes little change in the 
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microbiota present (Song et al., 2016; Wang et al., 2018). Other forms of preservation include 

using an ethanol solution, the use of FTA cards, OMNIgene gut collection kits and RNAlater 

which is a tissue storage reagent (Song et al., 2016; Wang et al., 2018). Fecal samples preserved 

in 95% ethanol had minute changes to the microbial communities while preservation in 70% 

ethanol resulted in changes to the microbial communities that mimic the use of no preservations 

except if the sample was frozen or kept cool at about 4º C (Song et al., 2016; Prakash et al., 

2020). While any sample can be corrupted with extreme fluctuations in temperature, three of the 

best preservation methods for long term storage are the FTA cards, OMNIgene gut collection 

kits, and the use of 95% ethanol (Song et al., 2016).  

Biopsy is another way to investigate the mucosal microbiome in different locations within the 

gastrointestinal tract (Fu et al., 2016). This form of collection is not usually recommended as it 

allows for many forms of microbial contamination (Tang et al., 2020). Usually in preparation of 

this type of procedure the patient will undergo bowel cleansing to clean out the gastrointestinal 

tract (Tang et al., 2020). This also has a direct effect on the microbial population present in the 

gastrointestinal tract. In addition, the standard endoscopic procedures allow for contamination 

via the luminal fluid located in the endoscopic channel (Tang et al., 2020). It has also been noted 

that when an endoscopy tube enters from either the mouth or the anus into the sampling site 

bacteria is always brought in and contaminates (Tang et al., 2020). The endoscope also cannot 

reach all the segments of the intestines and is therefore limited in its ability (Tang et al., 2020). 

Luminal brushing is a technique to assess the colonic microbiome variability (Fu et al., 2016; 

Tang et al., 2020). This is accomplished by using a protected specimen brush technique and 

combining it with mucosal biopsy (Tang et al., 2020). Unlike in biopsy, luminal brushing has 

reduced risk in factors such as bleeding and infection; it also provides a more complete 
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representative sample of the microbiota (Tang et al., 2020). Additionally, luminal brushing 

usually has a large bacteria-to-host DNA ratio meaning that the researcher or collector can gain a 

large amount of data from a relatively small sample (Tang et al., 2020). 

Laser capture microdissection is a form of collection that sticks materials to a thin, transparent 

film that sits over a specific area of tissue which then uses a pulse from an infrared laser (Tang et 

al., 2020). The film is then removed and treated with either DNA, RNA or enzyme buffer (Tang 

et al., 2020). This form of data collection allows for a simple, accurate sampling (Tang et al., 

2020). It is efficient for examining the bacteria in the mucosal region but is a long and expensive 

process and often has some form of contamination (Tang et al., 2020).  

Aspirated intestinal fluid collection can also be used to collect data for microbiome analysis. 

When using this technique, a capsule with a cap and a hollow connection is used (Tang et al., 

2020). The cap is on the distal end and the hollow connector is on the proximal end (Tang et al., 

2020). The connector provides a negative pressure through the tube. Once the capsule reaches 

the sample site, the negative pressure opens the tube channel allowing fluid to enter (Tang et al., 

2020). After the fluid enters the capsule closes and the samples are removed which provides 

minimal contamination but overall is very complex and time consuming (Tang et al., 2020). 

Samples collected during surgery can be used for microbiome analysis as well but surgery is 

often very invasive. Needle aspiration or mucosal biopsies are the common methods utilized 

(Tang et al., 2020). Theoretically this procedure should not affect the microbiome although 

presurgical preparations can affect the microbial populations (Tang et al., 2020). These 

preparations can include fasting, bowel cleansing and antibiotic use (Tang et al., 2020). This type 

of data collection also can be expensive.  
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Swallowable devices can be used as microbiome analysis tools by a capsule that uses micro 

electromechanical systems to collect intestinal fluid (Tang et al., 2020). While this can provide 

an accurate description of the microbial populations and is relatively non-invasive, it is 

expensive and difficult (Tang et al., 2020). This device can be flawed in that the samples it 

collects can be polluted (Tang et al., 2020). While there are pros and cons to each of these 

methods, fecal collection and sampling is the most popular method due to the reasons described.  

Progress of microbiome research 

In 1970, researchers were able to recover over 300 bacterial species from the human microbiome 

population (Lloyd-Price et al., 2016). With the incorporation of new studies and techniques, such 

as DNA extraction and sequencing, fluorescence in situ hybridization, 16S sequencing, and 

genome shotgun sequencing, scientists and researchers have been able to recognize a minimum 

of 1150 bacterial species, thousands of phylotypes and have characterized over 1000 

gastrointestinal bacteria species (Lloyd-Price et al., 2016; Hillman et al., 2017; Ruan et al., 

2020). The primary historical form of data analysis has been 16S sequencing. This form of 

analysis uses the rRNA region of the sample and amplifies it using polymerase chain reaction 

(PCR)(Ranjan et al., 2016). The primers in addition to the PCR will identify regions of the gene 

and sequence (Ranjan et al., 2016). 16S sequencing is limited in that it will only sequence a 

single region and has a generalized association with operational taxonomic units (OTU) (Ranjan 

et al., 2016). It also is less sensitive than some more recent methods in detecting a larger 

diversity (Ranjan et al., 2016). While these limitations exist for 16S sequencing, it is still a 

commonly used method for microbial analysis (Ranjan et al., 2016; Durazzi et al., 2021). This is 

due to it having a large database archived, being cost effective for many researchers, and analysis 

being performed by preexisting standard data pipelines (Ranjan et al., 2016; Durazzi et al., 
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2021). Data pipelines, such as batch or cloud systems, will take the data entered by the user and 

move it to a preferred destination for storage, analysis, and even filtration. A newer and less 

commonly used form of data analysis is genome shotgun sequencing. Shotgun sequencing is 

used to sequence random fragments of the genome (Ranjan et al., 2016). With the use of shotgun 

sequencing, there is a greater ability to identify taxa, accurately identify them at their species 

level and provide functional/ metabolic information on the microbiota (Mitra et al., 2013; Ranjan 

et al., 2016; Hillmann et al., 2018). It can also effectively identify viruses, fungi and protozoa 

(Ranjan et al., 2016). Shotgun sequencing can provide higher diversity counts in both Shannon 

diversity and the Simpson index (Ranjan et al., 2016; Tessler et al., 2017). Shannon diversity 

indicates the diversity of the species present while the Simpson index measures the species 

present and the abundance of said species. Evenness is also reported to be higher in shotgun 

sequencing (Ranjan et al., 2016). Evenness compares the data among each species and indicates 

how close the numbers are to each other. Another characteristic of shotgun sequencing that 

makes it an asset is its ability to identify specific genes in the microbiota (Ranjan et al., 2016). 

These results can then be compared to function databases such as SEED, KEGG, COG and Pfam 

and aid in building more complete microbial taxonomic profiles (Moon et al., 2018). Shotgun 

sequencing is not always used since it is more expensive and newer (Hillmann et al., 2018). 

Previous research conducted has suggested that in multiple species, each individual has a 

microbiome that is specific to them. They have their own personal microbial cloud (Grześkowiak 

et al., 2015; Meadow et al., 2015; Garcia-Mazcorro et al., 2017; Stavroulaki et al., 2021). That 

being said, all individuals within a specific family or population will host a common set of 

microbial genes that can considered a “core microbiome” (Lloyd-Price et al., 2016). These 

common microbial genes are often defined by their function and not by their taxonomy (Lloyd-
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Price, et al., 2016). Many microbiotas are unknown/ unidentified but it is estimated that a human 

usually carries around 160 different microbiotas in their GUT (Lloyd-Price et al., 2016). 

The human microbiome 

Humans are estimated to have about a hundred trillion microorganisms living in their 

gastrointestinal tract and about 5% of that contributes to the virome (Turnbaugh et al., 2007; 

Lloyd-Price et al., 2016; Thursby & Juge, 2017). This 5% equals approximately 5 trillion viral 

organisms. Due to the hypervariable and inconsistent lifestyle of viruses, each individual is 

predicted to have a virome that is their own (Lloyd-Price et al., 2016). Of the archaea in the 

gastrointestinal tract, only a small number of those categorized in the methanobrevibactor genus 

have been identified (Lloyd-Price et al., 2016). For eukaryotes, the most common 

microorganisms found on and in the body are fungi and protists (Lloyd-Price et al., 2016). An 

improper balance of specific microbes has been correlated to many human diseases including, 

but not limited to, inflammatory bowel disease (IBD), diabetes, and allergies (Lloyd-Price et al., 

2016). When a microbial population is balanced or normal, the microbiota located in all the 

various locations of the body work together to achieve homeostasis (Wallis et al., 2017; 

Alhusain, 2021). For example, the microbes in the gastrointestinal tract work to digest ingested 

material. The microbiota achieves this in part by enzymatically fermenting carbohydrates and 

produces fatty acids from complex fats (Alhusain, 2021).  

When examining the three main anatomical areas of the human gastrointestinal tract, the gastric 

stomach, the small intestine and the large intestine, it has been recorded that all locations have 

differing levels of microbial populations, as well as activity (Wallis et al., 2017; Alhusain, 2021). 

The gastric stomach has the lowest microbial population due to the acidic pH (Alhusain, 2021). 
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The pH of the stomach can range from 1 to less than 4 because of the hydrochloric acid and 

pepsin present (Fallingborg, 1999). Of the microbes that can survive in the gastric stomach the 

most common are streptococcus, staphylococcus, lactobacillus, peptostreptococcus and candida 

(Alhusain, 2021). The small intestine has a moderate number of microbes present, while the large 

intestine has the highest amount in the body (~70%) (Hillman et al., 2017; Alhusain, 2021). 

The feline microbiome 

The feline host provides a hospitable environment for microbiota by regulating temperatures, 

oxygen levels, controlling peristalsis, and providing protection against pathogens (Wernimont et 

al., 2020). The feline overall anatomical structure is optimal as a habitat for the gut microbiome 

(Wernimont et al., 2020). Part of this structure is the mucus lined epithelial barrier which 

provides a space where the host and the microbes interact (Wernimont et al., 2020).  

The most common phyla associated with the cat are Firmicutes, Bacteroidetes, Proteobacteria, 

and Actinobacteria (Ramadan et al., 2014; Barko et al., 2018; Wernimont et al., 2020). The most 

common genera are Prevotella, Lactobacillus, Bifidobacterium and Bacteroides (Deusch et al., 

2015). Microbial populations and concentrations increase throughout the gastrointestinal tract 

(Grześkowiak et al., 2015). Within the small intestines, the microbe populations primarily consist 

of aerobes and facultative anaerobes, aerobes are only able to reproduce in the presence of free 

oxygen and facultative anaerobes are able to reproduce with or without free oxygen present 

(Hentges, 1996; Britannica, 2007; Wernimont et al., 2020). In the descending colon and cecum, 

the microbial populations primarily consist of facultative anaerobes and strict anaerobes, strict 

anaerobes, also known as obligate anaerobes, can only reproduce when oxygen is absent 

(Hentges, 1996; Alessandri et al., 2020; Wernimont et al., 2020). These aerobes and anaerobes 
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are incredibly important in energy production, fermentation and respiration. The proportions of 

these microbial populations will differ among hosts due to factors such as age, breed, diet, 

health, probiotic consumption, living environment and differing research collection and/ or 

analysis practices (Kieler et al., 2016). All of these factors have been linked to the relative 

amounts of specific bacterial species reported in feline microbiomes (Kieler et al., 2016). 

Generally, populations are evaluated through alpha and beta diversity. Alpha diversity is the 

diversity of species within a sample and beta diversity is the comparison among sample 

populations. Evidence supports the theory that cats have a higher alpha diversity than that of 

dogs (Jha et al., 2020). Phyla noted in the domestic feline microbiome include Bifidobacterium, 

Collinsella, Desulfovibrio, Faecalibacterium, Peptococcus, Peptostreptococcus, Ruminococcs, 

and Sutterella (Jha et al., 2020; Wernimont et al., 2020). The microbiomes of lean cats and 

overweight cats were compared (Kieler et al., 2016). In lean cats Clostridium cluster XIVa 

groups (a sub group of Clostridium), Bacteroidetes, and Fusobacteria were more prevalent. In the 

overweight and obese cats bacteria belonging to Enterobacteriaceae, Faecalibacterium, and 

Clostridium cluster IV groups were more prevalent (Bermingham et al., 2018; Wernimont et al., 

2020). It should be noted that in adult domestic cats, the most common species and subgroups 

present within the gastrointestinal tract are Bacteroides subspecies (spp.), Bifidobacterium spp., 

Clostridium histolyticum subgroup, Desulfovibrio spp., Lactobacillus–Enterococcus subgroup, 

Prevotella 9, and Romboutsia (Deng & Swanson, 2015; Alessandri et al., 2020).  

In a kitten microbiome study, 88 kitten fecal matter samples were collected and analyzed 

(Deusch et al., 2015). An abundance of different prokaryotes were found in the gastrointestinal 

tract of the kittens: 33 phyla, 238 families, 605 genera, and 1113 species were identified (Deusch 

et al., 2015). Of those, the four most prevalent genera were Bacteroides, Bifidobacterium, 
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Lactobacillus, and Prevotella (Deusch et al., 2015; Bermingham et al., 2018). Of the phyla 

present, Actinobacteria, Firmicutes, Fusobacteria and Proteobacteria were the most abundant 

(Hooda et al., 2013). It was also noted that as feline age increased (samples were collected and 

analyzed at 18, 30 and 42 weeks of age), there was an overall increase in Bacteroides and 

Prevotella, as well as a decrease in Bifidobacterium and Lactobacillus (Deusch et al., 2015; 

Bermingham et al., 2018). Kittens that received antibiotics showed a large increase in 

Lactobacillus. It took approximately 12 weeks for their microbiome to return to normal after 

antibiotic discontinuation, in adult cats this usually occurs one month after discontinuation 

(Deusch et al., 2015). The overuse of antibiotics is a concern since excessive use can lead to 

antibiotic resistant genes (Stavroulaki et al., 2021). Antibiotic resistance is a form of GI 

dysbiosis which causes a decrease in bacteria that are considered beneficial and provide an 

opportunity for the potentially pathogenic bacteria population to grow. This bacterial growth 

causes a shift in the microbially derived metabolic products (Stavroulaki et al., 2021). This is 

very troublesome for the host as the microbial shift can become a chronic condition and in some 

cases some of the original bacterial taxa in the host may never return to their former state 

(Stavroulaki et al., 2021). Antibiotic usage affects the mycobiome (the fungal community in the 

microbiome) and the virome as well (Stavroulaki et al., 2021). Dysbiosis may differ between 

individuals due to numerous factors including antibacterial activity, dosage, duration, type, route 

of administration and the hosts individual microbial makeup (Stavroulaki et al., 2021). In the 

cat’s early life, their gastrointestinal microbiome is more susceptible to antibiotics; since this is 

when the maturation of the immune system and the microbiome take place (Stavroulaki et al., 

2021). Research has found that in cats that have not reached maturation (up to 6 months old) that 

antibiotic usage causes a delay in maturation (Stavroulaki et al., 2021). This delay in maturation 
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was connected to a decrease in the taxa belonging to Firmicutes and an increase in taxa 

belonging to Proteobacteria (Stavroulaki et al., 2021). In cats of 2-3 months old, treatment of 

amoxicillin/ clavulanic acid caused delay whereas in cats of 3-6 months of age doxycycline 

caused delay in maturation (Stavroulaki et al., 2021). Amoxicillin is a form of penicillin and is 

active against some bacteria. If a beta lactamase is added to the amoxicillin, it has an increased 

efficacy (Stavroulaki et al., 2021). Some research had found that with the administration of 

antibiotics there is a negative effect on the families belonging to Clostridiales, these include 

unclassified Lachnospiraceae (Stavroulaki et al., 2021). It was also seen that there was an 

increase in Actinobacteria. Additionally, this study noted that in the antibiotic treated groups 

there was generally an increase in fecal scores/ watery stools (Stavroulaki et al., 2021).  

One study investigated the short- and long-term effects of amoxicillin/ clavulanic acid or 

doxycycline usage in the gastrointestinal microbiome of growing cats (Stavroulaki et al., 2021). 

Historically in humans and gnotobiotic animals, amoxicillin is known to show increased fecal 

numbers of Proteobacteria species and a decrease in Firmicutes and Actinobacteria (Stavroulaki 

et al., 2021). Doxycycline is a class of bacteriostatic antibiotic and has a broad efficacy against 

bacteria, rickettsiae (small bacterial groups that contain the agents that some diseases such as 

typhus) and protozoal activity (Stavroulaki et al., 2021). In one study conducted, a population of 

cats was infected with enteropathogenic Escherichia coli (E.coli) and then treated with 

amoxicillin/ clavulanic acid and pradofloxacin. All of the cats treated developed diarrhea, 

supporting the idea that antibiotic created dysbiosis reduces colonization resistance in cats 

(Stavroulaki et al., 2021). Another study conducted found that when clindamycin was 

administered to cats that there were long term effects which resulted in the decrease in 

Prevotellaceae, Veillonelaceae, Enterobacteria and Porphyromonadaceae (Stavroulaki et al., 
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2021). This persisted for at least 2 yr after the antibiotic treatment ended. One study found that 

the use of amoxicillin/ clavulanic acid in cats caused an increase in Enterobacteriaceae and 

Enterococcus spp. and that these levels remained consistent seven days after the discontinuation 

of the treatment (Stavroulaki et al., 2021). Use of amoxicillin/clavulanic acid is found to reduce 

species richness and evenness or has no major effect, whereas the use of doxycycline was found 

to increase species richness (Stavroulaki et al., 2021). Both amoxicillin/ clavulanic acid and 

doxycycline administration is found to decrease Erysipelotrichales and its sub-groups 

Erysipelotrichaceae, as well as Catenibacterium spp (Stavroulaki et al., 2021). 

Feline diet, digestion, and bodily responses 

In felines, specifically the domestic cat, the physiological utilization and digestibility of the 

primary nutrients has been thoroughly studied (Morris et al., 1977; De-Oliveira et al., 2008). 

This is important because research shows that the dietary profile of the animal has a direct effect 

on the gastrointestinal microbiome (Swanson, 2016). Understanding the components of a diet is 

essential in studying how the feed provided to the microbiota affects which populations will 

flourish and how they will impact bodily functions and overall health. 

In one particular study glucose, sucrose, lactose, dextrin, maize starch, and cellulose were 

evaluated (Morris et al., 1977). Cellulose is insoluble fiber that has low fermentability (Barry et 

al., 2010). Morris et al., 1977, found that even though cats are carnivores and therefore have 

relatively low carbohydrate diets, they are still able to efficiently digest five of the six 

carbohydrates (glucose, sucrose, lactose, dextrin and starch). The study also indicated that, as 

with most animals, when the starch was finely ground it allowed for greater digestibility (Morris 

et al., 1977). In adult cats, starch digestibility can range from 40-100% (Verbrugghe & Hesta, 
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2017). Although starch is not naturally found in the feline diet, many dry foods (30-60%) and 

wet foods (~30%) contain a significant amount of carbohydrates most of which is starch 

(Verbrugghe & Hesta, 2017). Another study tested how different carbohydrate sources consisting 

of cassava flour, brewers rice, corn, sorghum, peas, and lentils, affected the postprandial glucose 

and insulin responses in cats (De-Oliveira et al., 2008). The average starch content of the diets 

provided to the cats was approximately 35.1% with the sorghum-based feed containing 5% more 

starch than the pea diet (De-Oliveira et al., 2008). Among all the cats in the study there was 

virtually no differences found in dry matter, organic matter, crude protein, metabolizable energy 

or starch content upon consumption (De-Oliveira et al., 2008). In the lentil-based feed fat 

ingestion was lower than that of the brewer’s rice-based feed. In the sorghum, lentil, and pea 

diets there was greater total digestible fiber ingestion than that of the brewer’s rice and cassava 

flour diets (De-Oliveira et al., 2008). This may have had an effect in the delaying and prolonging 

of the glucose absorption period in addition to the glucose and insulin concentration (De-Oliveira 

et al., 2008). It is important to remember that fiber plays a part in postprandial glucose and 

insulin responses within the body (De-Oliveira et al., 2008). Bacteria in the gastrointestinal 

microbiome that are known to ferment fiber for short chain fatty acids and/or conversion of 

primary bile acids into secondary bile acids are Faecalibacterium spp., Turicibacter spp., Blautia 

spp., Bacteroides spp., and Clostridium hiranonis (Stavroulaki et al., 2021). Any microbes 

belonging to the Erysipelotrichaceae family contain bile salt hydrolase genes and possess the 

ability to break down primary bile acids (Stavroulaki et al., 2021). Significant decreases in these 

populations may result in decreased function (Stavroulaki et al., 2021).  

The glucose response analysis had several results, the first being that the corn-based feed had a 

higher average glucose concentration than the cassava flour, sorghum, lentil, or pea diets (De-
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Oliveira et al., 2008). The corn-based feed also had a higher average incremental glucose 

concentration than the lentil diet. When compared it was determined that only the corn-based 

feed stimulated a notable glucose response (De-Oliveira et al., 2008). The corn-based diet 

resulted in an increased maximum incremental insulin concentration especially over the lentil 

diet (De-Oliveira et al., 2008). The corn, sorghum, pea and brewers rice formulas caused an 

increase in plasma insulin concentrations that were above the basal values for cats (De-Oliveira 

et al., 2008). When evaluating the bodily responses in the cats, other factors need to be taken into 

consideration including digestion rate, the amylase to amylopectin ratio, resistant starch, the 

starch processing method, diet composition and the amount consumed (De-Oliveira et al., 2008). 

While there were differences in the cat’s physiological responses to the different types of 

starches, the results are still considered minor when compared to dogs or humans (De-Oliveira et 

al., 2008). This is possibly due to the unique metabolic functions in the cat. These functions 

include the favored usage of amino acids as an energy source and the lower enzymatic abilities to 

breakdown starch and metabolize glucose (De-Oliveira et al., 2008). If a feed provided includes 

an increased quantity of starch, research had shown that there is an increase in the abundance of 

the genus Bifidobacterium and the genus Lactobacillus (Alessandri et al., 2020).  

While there has been significant research done on carbohydrates in the feline diet, cats consume 

minimal amounts of carbohydrates in their free ranging diets compared to dogs and omnivores 

which have lower metabolic usage of carbohydrates (Zoran, 2002). Felines are adapted to 

consume high levels of protein and moderate amounts of fat. Even when protein availability is 

limited, the feline body will use protein for the maintenance of the blood glucose concentrations 

(Zoran, 2002). Cats also have an increased requirement for taurine, arginine, methionine and 

cystine. Taurine is an essential amino acid for felines and is essential for vision, heart, nerve, 
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reproduction, and immune system functions (Zoran, 2002). Cats also require a large amount of 

arginine in their diet. High quantities of arginine are used in the urea cycle due to the fact that, 

even if food is withheld or the diet is low protein, the urea cycle will not be reduced or 

suppressed (Zoran, 2002). If a cat is arginine deficient, within hours it will start to exhibit 

symptoms of hyperammonemia and if left untreated death can occur (Zoran, 2002). In the cat 

methionine and cystine are gluconeogenic amino acids that are catabolized and then oxidized to 

create energy (Zoran, 2002). Cystine requirements are especially high due to the fact that it is 

required for the production of hair and felinine (Zoran, 2002). Felinine is an amino acid that is 

found in the urine of cats (Zoran, 2002). Intact males have the highest concentrations found in 

their urine followed by altered males, intact females and then altered females (Zoran, 2002). 

Research supports the finding that the addition of dietary fructans to a diet can lower felinine 

concentrations (Barry et al., 2014). While the function of felinine is unknown, it is believed that 

it may play an important part in territorial marking (Zoran, 2002). Microbes belonging to the 

families Clostridiales and Lachnospiraceae play a large part in the fermentation of carbohydrates 

which leads to the production of butyrate (Stavroulaki et al., 2021).  

Fat is considered the most energy dense macronutrient and also is used to increase palatability of 

food. Carnivore meat-based diets supply the felines dietary essential fatty acids. These include 

linoleic acid, linolenic acid, and arachidonic acid. (Zoran, 2002; Wernimont et al., 2020).  In 

humans and mice, it has been recorded that those fed a high fat diet (one that accounts for ~45-

65% of their daily caloric intake) exhibit a quick and dramatic shift in microbial populations, this 

usually occurs within 2-3 days of the diet change (Wernimont et al., 2020). In addition to fatty 

acids cats also require an increased amount of water-soluble B vitamins. These include thiamin, 

niacin, pyridoxine, and cobalamin (Zoran, 2002). Pyridoxine is essential in the feline body for 
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transaminase reactions (Zoran, 2002). While niacin is synthesized in the cat, they require four 

times that of dogs due to their elevated catabolism of vitamin precursors (Zoran, 2002). Of the 

fat-soluble vitamins, cats have a special requirement for vitamin A and vitamin D (Zoran, 2002). 

Because cats cannot convert beta carotene to retinol, they must have a biologically active form of 

vitamin A added in their diet (Zoran, 2002). This would usually be satisfied through the direct 

consumption of animal tissues but because most cats’ diets do not incorporate this it must be 

added (Zoran, 2002). Cats also lack 7-dehydrocholesterol which is needed for vitamin D 

synthesis (Zoran, 2002). Vitamin C is plentiful in the liver and fatty tissue of prey that a cat 

would consume so they would be able to meet their requirement that way (Zoran, 2002; Adler et 

al., 2016). Thus, it must be added to the house cat diet in order to meet the cats’ dietary 

requirement. Another distinct characteristic of the cat is that it is less susceptible to an extreme 

thirst response or to dehydration (Zoran, 2002; Adler et al., 2016). Cats usually are able to meet 

their water requirement through their prey but can modify their water intake according to the dry 

matter content of their diet (Zoran, 2002). 

In one study when protein concentrations were increased in the cats diet their fecal volume 

increased (Paßlack et al., 2018). In carnivores, Clostridium perfringensis plays an important part 

in breaking down protein (Alessandri et al., 2020). Research suggests that there is a positive 

correlation between protein digestibility/ dietary content and Clostridiaceae (Alessandri et al., 

2020). High prevalence of Clostridiaceae in the gut demonstrates a positive correlation with 

fecal score but a negative correlation with fecal output (Alessandri et al., 2020). One study found 

that the dry matter content of the fecal matter also increased when the cats received high protein 

quality feed (Paßlack et al., 2018). Both fecal crude protein concentrations and crude protein 

excretions increased when higher protein was fed (Paßlack et al., 2018). Calcium concentrations 
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in the feces showed no change when the diet was altered (Paßlack et al., 2018). Phosphorus 

concentrations in the feces increased when high protein quality content was fed (Paßlack et al., 

2018). Fecal oxalate concentrations decreased when protein content was increased (Paßlack et 

al., 2018). Increasing protein levels led to decreased magnesium and potassium fecal 

concentrations (Paßlack et al., 2018). When low protein quality was fed the sodium fecal 

concentrations and excretions increased. Protein concentration and quality did not affect the 

digestibility of crude protein, calcium, sodium, or magnesium (Paßlack et al., 2018). It was noted 

that feed intake increased when a low protein quality was fed but body weight was not affected 

(Paßlack et al., 2018). Body weight did increase when protein concentrations increased 

regardless of protein quality (Paßlack et al., 2018). Research suggests that microbial populations 

change depending on fecal score, so analysis of both the specific fecal score microbes present 

and the fecal content concentrations could lead to interesting correlations.  

A study examined the macronutrient digestibility and total tract energy for cats fed 1–3-day old 

whole chicks, adult ground chicken, extruded chicken-based diets and canned chicken-based 

diets (Kerr et al., 2014a; Kerr et al., 2014c). This study found that the whole chicks had a lower 

nutrient digestibility than that of the extruded chicken-based diet and the canned chicken-based 

diet (Kerr et al., 2014c). The adult ground chicken diet had the greatest nutrient digestibility 

(Kerr et al., 2014c). Body weight remained constant for all of the cats throughout the trials, but 

intake and output varied depending on the diet fed (Kerr et al., 2014c). When examined, as-fed 

intake for whole chicks was greater than that of the adult ground chicken, canned, and extruded 

diets (Kerr et al., 2014c). Dry matter intake for cats fed canned and extruded diets was greater 

than that of the whole chick and adult ground chicken diets (Kerr et al., 2014c). Water intake was 

greater in cats that were fed the whole chicks leading to the greatest urinary output for all of the 
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diets (Kerr et al., 2014c). Total dry matter tract digestibility was greater in the cats that received 

the extruded and adult ground chicken diets than those fed the canned or whole chick diets (Kerr 

et al., 2014c). Digestible energy in the adult ground chicken was the highest with the canned diet 

next, followed by the whole chicks and then the extruded diet (Kerr et al., 2014c). Metabolizable 

energy was greatest in the adult ground chicken diet but metabolizable energy intake was 

greatest in the cats that were fed the canned diet (Kerr et al., 2014c). Nitrogen intake was also 

examined, and it was found that the greatest nitrogen intake was in the whole chick diet, but 

fecal nitrogen excretion was greatest in the cats fed the canned diet. Urinary nitrogen excreted 

and nitrogen absorbed was greatest in the cats fed the whole chick diet (Kerr et al., 2014c). When 

all the diets were analyzed as a whole it was found that the adult ground chicken diet had the 

greatest digestibility with 94% organic matter digestibility, followed by the whole chick diet at 

83% organic matter digestibility, and the canned and extruded diets at about 86-88% organic 

matter digestibility (Kerr et al., 2014c). It is important to remember that differences in the total 

tract macronutrient digestibility could be due to factors including but not limited to ingredient 

composition, macronutrient composition and feed processing (Kerr et al., 2014c).  

Metabolizable energy and amino acid digestibility of commercially available mammalian whole 

prey diets have also been evaluated (Kerr et al., 2014b). This diet type is typically more difficult 

to evaluate due to the possible unaccounted-for variables of the feed, as well as the exclusive 

assessment of the nutritional components of the feed through amino acid composition and 

bioavailability (Kerr et al., 2014b). A large quantity of whole prey items, 17 prey samples was 

analyzed. It was found that majority of the feed items had amino acid concentrations greater than 

the domestic cat nutrient recommendations set by The Association of American Feed Control 

Officials (AAFCO) (Kerr et al., 2014b). That being said some whole prey items had amino acid 
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concentrations below the recommendations. These prey items included ground duck, 30–65-day 

old rabbits, and 150–180-day old mice (Kerr et al., 2014b). Proper amino acid supplementation 

could resolve nutrient deficiencies (Kerr et al., 2014b). Research has shown that when these raw 

feed diets are provided there is a rapid increase in the genus Fusobacterium and the 

Clostridiaceae family. Note that these can be potentially harmful microorganisms that may lead 

to gastrointestinal disease.  

Fiber fermentability research in the domestic cat is limited, most likely due to the fact that cats 

do not naturally consume high amounts of fiber (Barry et al., 2010; Barry et al., 2012). A study 

examined fiber fermentability and its effects on energy and macronutrient digestibility, fecal 

traits, and postprandial metabolite responses (Fischer et al., 2012). While fiber is a miniscule 

portion of the cats diet, it plays an important part in the prevention of obesity by providing the 

dilution of nutrients and a decrease in digestibility (Fischer et al., 2012). Obesity can lead to 

glucose intolerance, insulin resistance, dyslipidemia, and diabetes (Fischer et al., 2012). Type 2 

diabetes is the most common form of diabetes in cats accounting for about 90% of cases. With 

the addition of fiber in the diet, diabetes numbers (blood sugar levels) can be reduced (Fischer et 

al., 2012). When fiber is introduced into the colon bacterial fermentation takes place leading to 

the formation of short-chain fatty acids and a decrease in fecal pH (Barry et al., 2011; Fischer et 

al., 2012). These biological functions may lead to the modification of microbial metabolic 

activity, as well as composition (Fischer et al., 2012). Insoluble fiber usually has a bulk function 

reducing digestibility of food and increasing the dry matter in the feces (Fischer et al., 2012). 

Soluble fiber possesses the ability to modify fermentation end product formation and it was 

found that between beet pulp, sugar cane fiber, and wheat bran, beet pulp had the greatest 

digestibility (Fischer et al., 2012). Sugar cane fiber was the second most soluble and wheat bran 
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was the least soluble due to its fiber composition which consists of arabinoxylans and uronic acid 

(Fischer et al., 2012). Research suggests that specific solubility and fermentability of a fiber 

provided influences different physiological responses (Fischer et al., 2012). For example, beet 

pulp promotes gut health by providing a substrate that the “good” bacteria capitalize on whereas 

sugar cane fiber decreases energy digestibility, favor glucose metabolism and increase the 

firmness of stool (Fischer et al., 2012). One study found that when beet pulp was used as a 

dietary fiber in a commercial manufactured feed, there was a dramatic shift in the ratio between 

Firmicutes and Fucobacteria with Firmicutes being higher. There was also an increase in 

Faecalibacterium prausnitzii that was three times the original and a rapid increase of 

Eubacterium hallii present (Middelbos et al., 2010; Alessandri et al., 2020). Feline coat length 

ingestion and how it affects nutrient digestibility has also been looked into (Kim et al., 2019). 

Short haired and long-haired cats were used in the study. Between the two, fecal hair content was 

higher in the long-haired cats (Kim et al., 2019). It was found that between the two types of cats 

there was no difference in dry matter, crude protein, crude fat, crude ash, acid detergent fiber, 

calcium or phosphorus digestibility (Kim et al., 2019). Neutral detergent fiber digestibility, 

however, was 4% higher in long-haired cats than in short haired cats (Kim et al., 2019). High 

fiber intake is generally associated with the increased presence of Prevotella, Faecalibacterium 

and the Ruminococcaceae family (Alessandri et al., 2020). 

When looking at minerals, in vitro and in vivo assays for phosphorus in feline diets have been 

conducted. While phosphorus in an essential nutrient, excess phosphorus in a diet that exceeds 

the dietary requirement of the animal can lead to the disturbance of mineral metabolism in the 

body and can even be considered nephrotoxic (Soutar et al., 2021). Recently, phosphate 

containing mineral salts are a popular way to provide phosphorus in a diet (Soutar et al., 2021). 
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These salts are also highly soluble and can be used as a palatant, buffer, texturizer, preservative 

or a water binder (Soutar et al., 2021). One form of these salts is sodium dihydrogen phosphate. 

When this mineral substrate is added to the diet exceeding the AAFCO maximum recommended 

maintenance requirements, changes to the kidneys are likely to occur (Soutar et al., 2021). These 

include structural changes, as well as physiological dysfunction (Soutar et al., 2021). It should be 

noted that the higher the dose of sodium dihydrogen phosphate, the more negative the health of 

the kidneys (Soutar et al., 2021). As indicated in recent studies, a safer alternative is the inclusion 

of sodium tripolyphosphate in an extruded feline diet (Soutar et al., 2021). Diets analyzed 

indicate a trend that wet feeds tend to have increased total P, total ash and Ca:P ratio (Soutar et 

al., 2021). Certain diets are excluded from this, including diets that are created for cats with 

chronic kidney disease as well as some experimental diet formulations (Soutar et al., 2021).  

While their bodies function the same, the nutrient profile of a feral cat (untamed, free roaming 

domestic cat that live without human contact) differs from that of a human managed domestic 

cat. Like their tamed counterparts, feral cats are obligate carnivores. Their diet generally consists 

of 52-63% crude protein, 23-46% crude fat, 2-2.8% nitrogen free extract, and 88% organic 

matter (Plantinga et al., 2011). The concentration of minerals and trace elements in the diet is 

believed to be high but remains unknown (Plantinga et al., 2011). This may be due to the 

unknown profile of the prey consumed and the geographical profile (Plantinga et al., 2011). Prey 

usually consists of mammals, birds, reptiles and amphibians, invertebrates, and fish. These make 

up 78%, 16%, 3-7%, 1-2%, and 0-3% of the diet respectively (Plantinga et al., 2011). While feral 

population diets primarily consist of mammals, feral cats that live on islands make up the 

majority of their consumed prey with birds, specifically nesting sea birds (Plantinga et al., 2011). 

Although mainland and island feral cats (and domestics) may have slightly different prey 
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preferences/availability, one fact that remains constant between all is the manner in which prey is 

consumed (Plantinga et al., 2011). Whole prey not only consists of animal tissue, organs and fur 

but also cartilage, collagen, and glycosaminoglycans (Plantinga et al., 2011). While animal tissue 

contains glucose, glycogen, glycoproteins, glycolipids, and pentose, it does not have starch 

(Plantinga et al., 2011). Starch is obtained from the gut, but the content is difficult to determine 

due to the unknown diet of the prey (Plantinga et al., 2011). In the mammalian gastrointestinal 

microbiome, diet is considered to be one of the main driving components that influences the 

biodiversity and functionality of the microbiota present. All of the different diets and dietary 

components discussed possesses this ability to influence the colonization of different microbial 

populations and therefore has the potential to enhance or damage the heath of the gut, the 

immune system and the cat’s overall quality of life (Plantinga et al., 2011).  

Influence of diet on the feline microbiome 

In regard to nutrition, the general goal of the gastrointestinal microbiome is to engage in the 

fermentation of proteins, carbohydrates and synthesize vitamins including vitamin B12 and 

vitamin K (Alhusain, 2021). Food is what influences the majority of the composition of the 

gastrointestinal microbiome and in turn effects the health of the host (Barko et al., 2018; 

Wernimont et al., 2020). It is important to note that cats do not need the microbiota in their 

gastrointestinal tract as an energy source. Because domestic cats are obligate carnivores, they 

require high protein diets as well as small amounts of glucose to satisfy their nutritional 

requirements (Wernimont et al., 2020).  

The diversity of nutrients in the gastrointestinal tract are thought of as very important factors that 

influence the growth and domination of specific microbial species (Alhusain, 2021). Diet heavily 
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influences these cultivations and the diversity of the microbiome. In cats fed kibble (extruded, 

heat processed foods) Prevotella is typically most abundant. In cats fed a raw based meat diet, 

Claustridium and Fusobacterium were most abundant and in a RBMD with added fiber, 

Prevotella and a group of unclassified Peptostreptococcaceae were most abundant (Butowski et 

al., 2019; Wernimont et al., 2020). In humans, those who consume diets high in protein generally 

have lower amounts of Bifidobacterium adolescentis present but an increase in Bacteroids and 

Clostridia populations (Singh et al., 2017). The consumption of protein is connected to an 

increase in microbial diversity (Singh et al., 2017). The most prevalent bacterial populations in 

humans were determined by the type of protein consumed, plant vs animal (Singh et al., 2017). 

When looking at dietary fats in humans, a low-fat diet is directly correlated to an increase in 

Bafidobacterium. In contrast, a high saturated fat diet is connected to an increase in 

Faecalibacterium prausnitzil (Singh et al., 2017).  

Evaluations of the changes in microbiome in cats that were supplemented plant dietary fiber into 

high protein and high fat diets has been conducted (Butowski, et al., 2019). If given the 

opportunity cats will consume the hair, bone and skin of their prey (Butowski, et al., 2019). 

These are a natural dietary fibers which promote the formation of their feces and provide 

substrate for the microbiome in the hindgut (Butowski, et al., 2019). Research has shown that 

certain dietary fibers, such as fructooligosaccharide and inulin, have increased the number of 

fermentative end products and changed the microbial population in the colon (Butowski, et al., 

2019). The fermentative end products include short chain fatty acids, branched chain fatty acids, 

lactate and succinate (Butowski, et al., 2019). In an experiment 12 cats were fed 3 different diets 

over blocks of 21 days. Their microbial populations, macronutrient digestibility, fecal 

characteristics, and pH were monitored through all stages (Butowski, et al., 2019). The 3 diets 
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provided were a raw meat diet, a raw meat and fiber (cellulose) supplemented diet, and a 

commercial kibble diet. When assessing the microbial diversity in the feces, the data showed that 

the kibble had the lowest diversity, the raw meat diet had the highest diversity, and the raw meat 

and fiber diet had a population right in between (Butowski, et al., 2019). The study found that 

among all of the cats, 31 microbial taxa were affected from the different diets provided 

(Butowski et al., 2019; Wernimont et al., 2020). The most prevalent microbiota taxa in the kibble 

diet were Prevotella, an unclassified Peptostreptococcaceae, Megasphaera, Blautia, and an 

unclassified Lachnospireaceae (Butowski, et al., 2019; Wernimont et al., 2020). In the raw meat 

and fiber diet the most prevalent were an unclassified Peptostreptococcaceae, Prevotella, 

Clostridium, Blautia, and an unclassified Lachnospireaceae (Butowski, et al., 2019; Wernimont 

et al., 2020). In the raw meat only diet the most prevalent were unclassified 

Peptostreptococcaceae, Fusobacterium, unclassified Prevotellaceae and unclassified Clostridiales 

(Butowski, et al., 2019; Wernimont et al., 2020). Classifications are important in recognizing 

what is present in the gastrointestinal tract and how those specific populations are influencing the 

health of the host and whether or not certain populations are more prevalent.  

Probiotics 

Probiotics and their influence on the gastrointestinal microbiome have also been studied (Lubbs 

et al., 2009; Garcia-Mazcorro, et al., 2011; Whittemore et al., 2018). It has been noted in humans 

that fermented foods containing lactic acid bacteria were a large source of indigestible microbes. 

These are beneficial to the overall intestinal health of the host (Singh et al., 2017). When humans 

consume probiotics, there was an increase in Bifidobacteria and/or Lactobacilli present in the 

gastrointestinal tract of the host (Singh et al., 2017). In cats, consumption of probiotics has led to 

the secretion of antimicrobial agents and changes to the gastrointestinal microbiome populations 
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(Whittemore et al., 2018). Increases in Bifidobacteria and Lactobacilli, via probiotics, produce 

antimicrobial agents which can reduce harmful bacteria (Lubbs et al., 2009). While the 

microbiome is constantly changing, some fluctuations of microbial populations are due to acute 

diet changes (Singh et al., 2017). In humans these sudden diet changes will cause a change in the 

population within 24 hr and then will revert back to the original population within 48 hr as long 

as the new diet has stopped (Singh et al., 2017). In felines it may take as long as 8 days for the 

microbiome to revert back to the original population (Garcia-Mazcorro, et al., 2011). 

Synbiotics are a supplementation to the diet that contains both probiotics and prebiotics (Garcia-

Mazcorro, et al., 2011). Synbiotics are a popular form of treatment for many physical ailments 

including gastrointestinal disorders and distress in both the human and animal world (Garcia-

Mazcorro, et al., 2011; Davison & Wischmeyer, 2019). There have been studies conducted that 

research the effects of synbiotics in both healthy dogs and cats, as well as cats that displayed 

cases of chronic diarrhea. When synbiotics were used in healthy dogs and cats it was noted that 

there was a higher prevalence of the probiotic bacteria in the fecal matter than the prebiotic 

promoted bacteria (Garcia-Mazcorro, et al., 2011). The synbiotic in this study contained a 

mixture of seven probiotic strains and a blend of other ingredients (Garcia-Mazcorro, et al., 

2011). The probiotic bacteria detected in the fecal samples were E. faecium, B. longum and 

various Lactobacillus spp. (Garcia-Mazcorro, et al., 2011). While the probiotic bacteria were 

overall higher in abundance, the number of bacteria differed among genus (Garcia-Mazcorro, et 

al., 2011). In both dogs (12) and cats (12) there was an increase in Enterococcus and 

Streptococcus spp. (Garcia-Mazcorro, et al., 2011). In cats there was a non-significant increased 

quantity of Lactobacillus and a lower number of Bifidobacterium (Garcia-Mazcorro, et al., 

2011). It was determined that the microbiota in the feces did not change on higher phylogenetic 
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levels (Garcia-Mazcorro, et al., 2011). All fecal microbiota levels returned to the animal’s 

baseline levels after the discontinuation of synbiotics (Garcia-Mazcorro, et al., 2011). When 

synbiotics were provided to 53 cats that displayed chronic diarrhea, 72% of the cats saw 

improvement within a six-month period (Hart, et al., 2012). 24% had no change and only two 

people (4%) reported that their cat’s diarrhea got worse (Hart, et al., 2012). Cats with cases of 

diarrhea had an increase in Proteobacteria and Firmicutes, while healthy cats had microbiota that 

lower in Proteobacteria, Bacteroidaceae, Roseburia and Megamonas (Hart, et al., 2012).  

The influence of age in feline digestion and microbial population 

Aging is defined as the continual changes that occur in the body after sexual maturity, which 

leads to declining performance of various organs (Patil & Cupp, 2010). Research has supported 

the conclusion that there is a negative correlation between digestibility and age (adult cats vs 

geriatric cats) (Patil & Cupp, 2010). It was found that in several different cat colonies that 30% 

of the cats 11 yr and above displayed a decrease in the ability to digest nutrients especially 

protein and fat (Patil & Cupp, 2010). The study found that within the research colonies the 

average healthy adult presented 90-95% fat digestibility. If fat digestibility fell under 80% it was 

considered low (Patil & Cupp, 2010). This same study discovered that within their colonies 10-

15% of the mature cats and 30% of the geriatric cats experience decreased fat digestibility (Patil 

& Cupp, 2010). For some of the geriatric cats, their ability to digest fat was as low as 30% (Patil 

& Cupp, 2010). Fat digestibility has a correlation to BCS, thickness of the skin and tissue fat. 

Cats with decreased fat digestibility usually have a body condition score of 2.5 or lower (out of 

nine) and skin thickness of 2mm or lower (Patil & Cupp, 2010). Cats with low fat digestibility 

also have a higher probability of renal disease, cancer and GI conditions (Patil & Cupp, 2010) 
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The same healthy adult cats in this study presented protein digestibility of 85-90% (Patil & 

Cupp, 2010). If protein digestibility fell below 77% it was low (Patil & Cupp, 2010). Mature and 

geriatric cats within the study were impacted by a decrease in protein digestibility. About 20% of 

the cats that were older than 14 had a protein digestibility level lower than 77% (Patil & Cupp, 

2010). A decrease in digestibility of nutrients over an extended period of time may result in a 

negative energy and nitrogen balance in the body (Patil & Cupp, 2010). It may also lead to a 

decrease in the amount of critical nutrients that circulate the body such as, vitamins E and B12 

(Patil & Cupp, 2010). Some other side effects of age-related weight loss include an increase in 

urine and feces, thin skin, rough fur, and low muscle mass (Patil & Cupp, 2010). There were also 

changes within the microbiome including a decrease in Bifidobacterial and Lactobacilli, and an 

increase in Clostridium perfringens (Patil & Cupp, 2010). With increased age the heart decreases 

in efficiency leading to decreased oxygen in the body. This leads to decreases in organ 

functionality and alters the microbial environment which can decrease gastrointestinal function. 

Diseases and the impact on the feline microbiome 

Cats are susceptible to a wide variety of ailments and diseases. The acquisition of these 

conditions causes alterations of the gastrointestinal microbiota (Wallis et al., 2017; Barko et al., 

2018). Some of the most researched diseases and their impact on the microbiome are irritable 

bowel disease, obesity, diabetes, kidney disease, oral disease and parasites (Nicholson et al., 

2012; Wernimont et al., 2020). In shelter animals, diarrhea is a very common issue, particularly 

among kittens. This can occur due to disease, stress, diet or bacterial, viral and parasite exposure 

(Bybee, et al., 2011). Within shelters, viruses are able to colonize and spread relatively quickly 

(Bybee, et al., 2011) The cause of diarrhea in cats is variable and could be due to a number of 

different problems including: parasites, chronic inflammatory disorder, hyperthyroidism, 
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inflammatory bowel disease, intestinal lymphoma, neoplastic disorder, etc. (Queen, et al., 2012). 

With most of these disorders and diseases there will be a form of dysbiosis (Marsilio, et al., 

2019). Dysbiosis is the reduction in bacterial diversity, the decreasing of microbial stability and a 

decrease in the number of obligately anaerobic taxa of Firmicutes and Bacteroidetes and an 

increase in the number of facultative anaerobes (Marsilio, et al., 2019). Cats with chronic 

enteropathy (intestinal inflammation) tend to have lower populations of bacteria belonging to the 

phyla Actinobacteria, Bacteroidetes, and Firmicutes (Marsilio, et al., 2019). On the other hand, 

cats with chronic enteropathy have higher populations of Enterobacteriaceae and 

Streptococcaceae (Marsilio, et al., 2019). It should be noted that most of these experiments used 

different extraction and sequencing methods which may account for variability among results. 

In orphaned kittens, diarrhea is one of the most common and deadly conditions that can be 

diagnosed (Strong et al., 2020). In one case, kittens (residing in a shelter) that had diarrhea were 

provided an oral vitamin and mineral supplement (Hi-Vite Drops) (Strong et al., 2020). By the 

end of the study, it was found that kittens provided this supplement were seven times more likely 

to survive than those who did not receive the treatment (Strong et al., 2020). Probiotics were 

used as a substitute for some of the kittens in this study (Strong et al., 2020). The probiotic 

contained vitamins, minerals and micronutrients, despite this the probiotic did not show 

increased survival rates (Strong et al., 2020). This indicated that a specific cocktail of vitamin 

and minerals possessed the ability to influence positive change within the gastrointestinal 

microbiome resulting in increased health and survival (Strong et al., 2020). Some research has 

shown that probiotics containing Enterococcus faecium strain SF68b have been beneficial in 

reducing the number of cases of diarrhea within shelter cats over an extended period of time 

(Bybee, et al., 2011; Bermingham et al., 2018).  Studies have shown that when compared to 



 

30 

 

healthy cats, cats with acute or chronic diarrhea display a decrease in microbiome species 

richness and specific bacterial taxa (Suchodolski, 2015). Most recorded feline diarrheal studies 

focus on irritable bowel disease and the gastrointestinal microbial changes associated with it 

(Suchodolski, 2015; Barko et al., 2018; Marsilio et al., 2019; Lyu et al., 2020). The mucosa 

bacteria that were present in the small intestine of IBD affected cats was evaluated and an 

increase in Enterobacteriaceae was present (Lyu et al., 2020). The changing of population size of 

the Enterobacteriaceae was found to have a correlation to severity of inflammation (Suchodolski, 

2015; Barko et al., 2018; Lyu et al., 2020). These cats with IBD were also found to have 

decreased total bacteria, Bacteroides spp., and Bifidobacterium spp., as well as, an increased 

number of Desulfovibrio spp. present (Suchodolski et al., 2015; Barko et al., 2018; Lyu et al., 

2020). It has been suggested that this increase in Desulfovibrio spp. correlates to the 

development of IBD in cats (Suchodolski et al., 2015). In a separate study, Illumina sequencing 

was used to evaluate the microbiome in cats with IBD and small cell lymphoma (Lyu et al., 

2020). Illumina sequencing is a rapid form of DNA sequencing that uses clonal amplification 

and sequencing by synthesis chemistry (https://www.illumina.com/). This study found that cats 

with IBD and small cell lymphoma had higher quantities of Enterobacteriaceae and 

Streptococcaceae present and had lower quantities of Ruminococcaceae, Turicibacteraceae, 

Bifidobacterium, and Bacteroidetes present (Marsilio et al., 2019; Lyu et al., 2020). 

Another study analyzed the feces of cats with chronic diarrhea and how the microbiota 

responded to diet change and in turn improved the fecal score (Suchodolski et al., 2015). The 

bacterial groups that were targeted belonged to the family Enterobacteriaceae, unidentified 

genera belonging to the order Clostridiales and the family Lachnospiraceae (Suchodolski et al., 

2015). Other species affected included Slackia spp., Campylobacter upsaliensis, and Collinsella 
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spp. (Suchodolski et al., 2015). Among several studies some general trends correlating to 

gastrointestinal disease were uncovered. It was found that there were a decreased number of 

Clostridium clusters XIV and IV, a decrease in Bacteroidetes, changes in the number of Bacilli, 

and an increased number of Gamma- and Beta- proteobacteria (Suchodolski et al., 2015; Lyu et 

al., 2020). This means that researchers may be able to identify disease presence through 

gastrointestinal microbial sampling and potentially alter these population totals to treat the cats to 

restore their health. There was also a significant increase of the genus Clostridium present, 

however C. perfringens numbers did not exhibit this change (Suchodolski et al., 2015). This 

suggests that C. perfringens should not be associated with gastrointestinal disease (Suchodolski 

et al., 2015). In cases of acute diarrhea increased numbers of E. coli are often found. These high 

levels of E. coli could be used as a marker of disease in the Gastrointestinal tract. The 

microbiome of cats with diarrhea also had decreased numbers of genes that are involved in the 

metabolism of various vitamins, amino acids and glycan biosynthesis (Lyu et al., 2020).  

When cases of chronic and acute diarrhea in cats was compared, researchers found that chronic 

cases of diarrhea had high levels of the class Erysipelotrichia and genus Lactobacillus whereas 

acute cases of diarrhea displayed higher levels of the phylum Bacteroidetes (Lyu et al., 2020). 

They also found that in cases of both chronic and acute diarrhea there was an increase in the 

number Burkholderiales, Enterobacteriaceae, and genera Streptococcus and Collinsella present 

(Lyu et al., 2020). Lower levels of Campylobacterales, Bacteroidaceae, Megamonas, 

Helicobacter, and Roseburia were also recorded (Wallis et al., 2017). Another study looked to 

see if there was an association between intestinal parasites and incidence of diarrhea but 

ultimately came to the conclusion that there was no outstanding correlation between the two 

(Queen et al., 2012). While these bodily afflictions may not be the cause of all diarrhetic cases, 
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researching them is a step in right direction in learning how to better accommodate the GI tract 

and reduce the number of cases. When examining the variation of bowel activity there also is 

chronic constipation. In felines constipation is defined as infrequent or no defecation, as well as 

difficulty defecating. This is usually due to the withholding of fecal matter within the colon 

and/or rectum (Rossi et al., 2018). On study has shown that in cats with chronic constipation 

there are significantly less Bifidobacterium and Bacteroides species present (Kim et al., 2015; 

Rossi et al., 2018). Lactobacillus spp., E. coli and Clostridium species populations had no 

notable changes (Kim et al., 2015; Rossi et al., 2018).  

While there has been considerable amount of research on parasite microbial influences in 

humans and canines, there are few that involve felines. One study analyzed how helminth 

infections affected the gastrointestinal microbiome (Duarte et al., 2016). This study compared 

the microbiota of cats positive for T.cati (Toxocara cati), also referred to as feline roundworm) 

with those that were negative for the parasite. 16S rRNA sequencing was conducted revealing 

that between the T.cati positive and T.cati negative, the T.cati positive had a marginal increase in 

Lactobacillales and Enterococcaceae present (Duarte et al., 2016). Overall though, there was no 

significant differences in microbiota richness and diversity between T.cati positive and T.cati 

negative individuals (Duarte et al., 2016). Due to the fact that in humans and canines there 

generally is a change in gastrointestinal microbiota when parasites are present, it stands to reason 

that this should also occur in felines (Duarte et al., 2016). Because this is a single study, it does 

not represent the gastrointestinal microbiome in all cases of parasites. More studies should be 

conducted in the future with larger, more controlled sample sizes as well as the effects of 

different parasites in order to gather a more accurate representation of the microbiome under the 

influence of parasitic habitation in the feline host.  
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Some other diseases that can affect the populations of the feline gastrointestinal microbiome 

include diabetes, feline immunodeficiency virus (FIV), feline leukemia (FeLV) and enteritis 

(particularly in kittens). From ages 6 to 10, cats typically have an increased risk of developing 

diabetes, specifically type 2 diabetes (Bermingham et al., 2018). Diabetic cats have decreased 

microbial diversity and lack butyrate producing bacteria (Kieler et al., 2019; Wernimont et al., 

2020). These include Anaerotruncus, Dialister, and unknown Ruminococcaceae (Lyu et al., 

2020). Members of Peptococcaceae tend to decrease in cats with diarrhea and diabetes. The fecal 

microbiota in cats with diabetes and treated with insulin tends to show no increases to the 

microbial composition but do show a decrease in Bacterioides and Bifidobacterium present. 

Feline immunodeficiency virus is a lentivirus that belongs to the genus Lentivirus and similar to 

HIV in humans, attacks the body’s immune system (Weese et al., 2015). Cats that contract FIV 

are four times more likely to catch FeLV (Arjona et al., 2007). With the contraction of FeLV cats 

are susceptible to FeLV related diseases which can lead to feline fatality (Arjona et al., 2007). 

One study found that cats positive for FIV have a slightly altered gastrointestinal microbiome 

when compared to negative FIV cats (Weese et al., 2015). FIV positive cats had a greater amount 

of Bifidobacteriales, Lactobacillales and Aeromonadales present (Weese et al., 2015). In the oral 

cavity, FIV positive cats have increased amounts of Fusobacteria and Actinobacteria and the taxa 

Corynebacteriaceae and Corynebacteriales (Older et al., 2020). 

Human-managed versus free-ranging exotic feline differences 

While they may seem very different, large cat species and small cat species are anatomically and 

morphologically very similar (Driscoll et al., 2009; Lamberski, 2015). Their dietary profile 

requirements are also very similar. Much of the information known about domestic cats is used 

as a guide in for caring/ managing large cats. Domestic cats are a very good model for figuring 
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out biological functions, microbial make up, and how to enhance diet formulation. This 

knowledge can then hopefully be used in the care of exotic felines and help create better 

management. This information on exotic large felids could also useful in that it might help with 

research into the biological functions and perhaps microbial makeup in the domestic cat.  

Within the 38 species of big cats in the world, lions, Bengal tigers, Siberian tigers, Malayan 

tigers, cheetahs, Indian leopards, amur leopards and North Chinese leopards have had the 

gastrointestinal microbiome studied. A study conducted in 2020 explored the microbiome of 21 

Panthera species in India (3 lions, 9 Indian leopards and 9 Bengal tigers) (Mittal et al., 2020). 

The bacteria, fungi and metagenome in the gut was assessed. They were all located in the same 

human managed facility and provided the same diet (Mittal et al., 2020). The microbiome was 

assessed through fecal samples using 16s rRNA, shotgun sequencing, ITS1 region amplicon 

sequencing and virus like particle sequencing (Mittal et al., 2020). After analysis it was 

determined that among the animals, 2,727 bacterial species were identified. The most prevalent 

phylum in the lions were Fusobacteria (Mittal et al., 2020). In the leopards and tigers the most 

prevalent phylum was Firmicutes (Mittal et al., 2020). When looking at the genus level, lions and 

leopards displayed Fusobacterium as being the most abundant. The highest abundance of 

bacteria present in the tigers was Collinsella (Mittal et al., 2020). The second most abundant 

genus detected in the gut microbiome of all the animals in the study was Fusarium (Mittal et al., 

2020). Other bacteria genera present included Clostridium, Fusibacter, Peptostreptococcus, 

Phascolarctobacterium and Sutterella (Mittal et al., 2020). These made up approximately 

between 1-7% of the genera present in the gastrointestinal microbiome. Additionally, 

Aspergillus, Chaetomium, Cladosporium, Cutaneotrichosporon, Edenia, Phoma, and 

Rhodosporidiobolus were detected in the gut making up >2% of the genera present (Mittal et al., 
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2020). The virus particle sequencing detected a variety of overlapping virome DNA sequences 

(Mittal et al., 2020). Only 13% of these could be classified under a taxonomic level (Mittal et al., 

2020). Within the lions, Caudovirales made up 32% of the viruses detected; Microviridae made 

up 14% and Poxviridae made up 6% (Mittal et al., 2020). Caudovirales made up 41% of the 

viruses detected in the leopards (Mittal et al., 2020).  

Collinsella aids in the alteration of cholesterol absorption within the intestines and reduces 

glycogenesis in the liver (Mittal et al., 2020). In humans, Collinsella helps increase triglyceride 

synthesis (Mittal et al., 2020). In tigers the increase in Collinsella could aid in the storage of 

unused calories. This is important as tigers hunt large game about once a week and gorge 

themselves on it. This eating behavior means that they will need all of the unused calories stored 

so that they can use them throughout the “week” until they catch their next large prey item. 

Regardless of species, the greater the diet is in fiber rich food, the lower the population of 

Collinsella. This correlation is logical as in felids fiber intake is minimal (Mittal et al., 2020). It 

should be noted that there is a negative correlation between Collinsella and Caudovirales, which 

was evident in the data collected (Mittal et al., 2020). This also follows trends in the domestic cat 

as high levels of Clostridium and Collinsella (which are in the same class) are required due to a 

high protein diet requirement. Low levels of these would indicate low protein.  

Several studies have researched the gastrointestinal microbiome of the North China leopard and 

the Amur leopard. These studies assessed the microbiome of these free ranging animals through 

fecal samples using 16s rRNA gene sequencing (Han et al., 2019). In one study a collection of 

sequenced samples resulted in 28 phyla, 55 classes, 88 orders and 344 genera of bacteria being 

identified (Han et al., 2019). In the North China leopard, the most common phyla were 

Firmicutes making up 68.60% of the microbial population (Han et al., 2019). This was followed 
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by Actinobacteria at 11.60%, Fusobacteria as 6.40%, Proteobacteria as 6.20% and Bacteroidetes 

as 6.0% (Han et al., 2019). The three most predominant genera found were Clostridium sensu 

stricto, Sporosarcina, and Peptoclostridium, with Clostridium being the most abundant at 19.40% 

(Han et al., 2019). In the Amur leopard the most common phyla found were Firmicutes which 

composed 78.40% of the microbial population (Han et al., 2019). Proteobacteria followed 

making up about 9.60%, Actinobacteria at 7.60%, Bacteroidetes at 2.60% and Fusobacteria at 

1.70% (Han et al., 2019). The three most predominant genera identified were Sporosarcina at 

22.80%, Clostridium sensu stricto at 17.10%, and Peptoclostridium at 10.20% (Han et al., 2019). 

Both the Amur leopard and the North China leopard had very similar gastrointestinal microbial 

profiles with Firmicutes being the most abundant. It is believed that the relatively high levels of 

Clostridium sensu stricto reflects the animal’s high protein diet (Han et al., 2019). Determining 

an appropriate level of Clostridium in the gut could help determine whether or not felines are 

receiving enough protein in their diet. 

The gastrointestinal microbiome of the North China leopard, through fecal collection, has also 

been studied in both wild (3) and captive animals (3). This study used 16S rRNA gene 

sequencing and there was a difference between the wild and captive microbiomes (Hua et al., 

2020). In the captive population, the gut microbiome was comprised of Firmicutes as 41%, 

Bacteroidetes as 17.80%, Actinobacteria at 13.80%, Proteobacteria at 11.50% and 

Saccharibacteria at 8.98% (Hua et al., 2020). In the wild population, the microbiome was 

comprised of Firmicutes at 34.30%, Actinobacteria at 23.40%, Proteobacteria at 21.80%, 

Bacteroidetes at 19.20% and Saccharibacteria at 8.98% (Hua et al., 2020). It was conjectured that 

the difference in Firmicute and Bacteroidetes abundance populations was due to the captive 

animals being fed a calculated quantity of food resulting in higher body fat while the wild 
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population hunted (Hua et al., 2020). When analyzing the microbial population at the genus level 

there were 21 dominant genera in the captive population and 23 in the wild population (Hua et 

al., 2020). Both populations contained Bacteroides, Lactobacillus, Desulfovibrio, Escherichia - 

Shigella, Lachnospiraceae, bacteroidales, Lachnospiraceae, Erysipelotrichaceae and Clostridium 

sensu stricto 1 (Hua et al., 2020). Alternately, both populations contained dominant genera that 

were specific to their groups. The captive population had Fusobacterium, Bacteroides and 

Collinsella present in large quantities while the wild population had Kurthia, Glutamicibacter, 

Pseudomonas and Lactobacillus present (Hua et al., 2020). Bifidobacterium and Lactobacillus 

are known to prevent and inhibit growth of unfavorable bacteria. They help prevent infection via 

pathogenic bacteria and aid in disease resistance (Hua et al., 2020). This study compared to 

previous work other carnivores, including snow leopards and healthy cats, and found that the 

composition of the phylums were very similar but in different proportions (Hua et al., 2020). 

Fecal microbiome analysis has also been conducted on Amur tigers (Siberian tigers). In the wild, 

Amur tigers do not consume food on a regular basis, they may gorge themselves on a meal and 

then not eat anything several days after (Zhu et al., 2021). This directly influences the gut 

microbiome and the microbiotas abilities to adapt to changes in diet. In the study conducted by 

He et al., the focused population was 3 captive Amur tigers in China. Whole metagenomic 

shotgun sequencing was used to analyze the fecal samples (He et al., 2018). Phylogenetic 

computation of the samples determined that the microbiome of the tigers was 98.10% bacteria, 

1.89% viruses, 0.01% eukaryotes, and 0.003% archaea (He et al., 2018). The results showed that 

the four most abundant phyla were Proteobacteria at 44.39%, Firmicutes at 31.38%, 

Actinobacteria at 9.92% and Fusobacteria at 8.20% (He et al., 2018). The most abundant at the 

genus level were Escherichia, Collinsella and Fusobacterium. At the species level the most 
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abundant were Escherichia coli, Fusobacterium ulcerans and Fusobacterium varium (He et al., 

2018). In another study a population of 9 tigers had fecal samples analyzed using 16S ribosomal 

RNA gene amplicon sequencing (Zhu et al., 2021). The tigers were split up into three groups 

according to their ages, 1-yr-olds, 2–3-yr-olds, and those over 4 yr of age (Zhu et al., 2021). 

Their diet consisted of raw meats and eggs with the implementation of fasting in order to 

simulate a diet like that of their wild counterparts (Zhu et al., 2021). Analysis of their samples 

revealed that diversity and richness of the microbiome increased with age (Zhu et al., 2021). The 

most dominant phyla in the samples were Firmicutes and Actinobacteria with Firmicutes 

populations increasing with age (Zhu et al., 2021). As expected, genus populations differed 

between the age groups as well (Zhu et al., 2021). In the 1-yr-old groups the largest genus 

population was Fusobacterium at 11.01% followed by Clostridium sensu stricto 1 at 9.12%, 

Faecalibacterium at 8.65%, Collinsella at 8.52%, and Paeniclostridium at 7.77% (Zhu et al., 

2021). In the 2–3-yr-old group the largest genus population was Collinsella followed by the 

gnavus group at 13.01%, Bacteroides at 10.74%, Fusobacterium at 7.09%, Alloprevotella at 

6.83%, and Clostridium sensu stricto 1 at 6.69% (Zhu et al., 2021). In the 4-yr-old group the 

largest genus population was Collinsella followed by Peptoccostridium at 12.90%, Catenisphaera 

at 8.93%, Blautia at 8.38%, Paeniclostridium at 8.14% and Clostridium sensu stricto 1 at 8.13% 

(Zhu et al., 2021). Between these three groups, 55 genera were shared (Zhu et al., 2021). 

Research goals and objectives 

After reviewing the available literature on the feline microbiome and determining areas with 

limited or unknown data, the goal of this current MS thesis research was to further study the 

gastrointestinal microbiome in domestic felines. It was determined that analyzing microbiome 

data from a large population of felines to study the effects of age, sex, body condition score, 
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fecal score, previous lifestyle (i.e., feral vs stray vs owned), instances of diarrhea, and location 

within a shelter was needed to better understand shifts that may affect animal health. The current 

research project was designed to test the following novel feline microbiome questions within a 

large population within a consistent geographical region (Wake County, NC):  

1) How does the feline microbiome differ among age groups? 

2) How does the feline microbiome differ among body condition scores? 

3) How does the feline microbiome differ among fecal scores? 

4) How the microbiome differs among cats that were feral versus stray versus owned? 
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Manuscript 1: Potential fecal microbiome correlations with age, body condition score and 

fecal score in the domestic cat (Felis catus) 

Abstract 

There are few studies that delve into the gastrointestinal (gut) microbiome of domestic cats. Most 

feline specific studies are hampered by small study sizes of cats (approximatly 15-100). This 

research is the largest feline study conducted to date and investigated the fecal microbiome for a 

large shelter cat population (n= 339) in Raleigh, NC, USA affording a robust data set. It was 

hypothesized that the feline gut microbiome may reflect the age, body condition score, and fecal 

score of the host. This study found that while there were no significant differences among alpha 

diversity, there were significant differences in beta diversity for age, body condition score and 

fecal score. This data is significant to feline health as it has the potential to help regulate and 

monitor the health of the animal, as well as, indicate what microbial populations need to be 

adjusted in order to return the gut to a healthy state. In shelter cats this is especially important as 

it will increase adoption rates and potentially decrease the homeless cat population. 

Introduction  

The feline gastrointestinal microbiome has a direct relationship to the cat’s genetics and is a 

reflection of the cats living environment, species, breed/ breed type, body condition, age and 

diet. When compared to humans and canines, few feline studies have been conducted regarding 

the gastrointestinal microbiome in the domestic feline. In addition, the studies that do focus on 

felines have relatively small study populations. Since approximately 85.8 million felines are 

owned by Americans and 3.2 million cats enter US shelters each year, it is important to learn 

more about what constitutes the healthy microbiome in felines in order to develop more 
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advanced diagnostic tools and solutions to health problems that correspond to the gastrointestinal 

microbiome (ASPCA, 2022). 

Previous research has reported that the most common phyla associated with the feline 

microbiome are Actinobacteria, Bacteriodetes, Firmicutes, and Proteobacteria (Ramadan et al., 

2014; Barko et al., 2018; Wernimont et al., 2020). While the most common genera are 

Bacteroides, Bafidobacterium, Lactobacillus and Prevotella (Deusch et al., 2015). However, the 

microbiome can differ due to specific body condition scores (BCS) as lean cats have been noted 

to have greater populations of Bacteroidetes, Clostridium cluster XIVa groups and Fusobacteria 

whereas overweight/ obese cats are more likely to have higher volumes of Clostridium cluster IV 

groups, Enterobacteriaceae, and Faecalibacterium (Kieler et al., 2016). Health problems in 

felines such as diabetes, irritable bowel disease, kidney disease, parasites, obesity and oral 

disease have also been shown to cause alterations in the gastrointestinal microbiome (Nicholson 

et al., 2012; Wernimont et al., 2020). One of the most common conditions among cats in shelters 

is diarrhea (Andersen et al., 2018; Strong et al., 2020). Diarrhea cases are classified as either 

acute or chronic, in acute cases Bacteroidetes are more prevalent while the class Erysipelotrichia 

and genus Lactobacillus are more prevalent in chronic cases (Lyu et al., 2020). However, in both 

diarrheal cases there is generally an increase in Burkholderiales, Enterobacteriaceae, and genera 

Streptococcus and Collinsella present, as well as a decrease in Campylobacterales, 

Bacteroidaceae, Megamonas, Helicobacter, and Roseburia present (Lyu et al., 2020).  

This research, to the best of our knowledge, is the largest feline study conducted to date. Using 

the large population of shelter cats at the Wake County Animal Center in Raleigh, NC, USA, and 

shotgun sequencing data, this project aims to assess fecal microbiome correlations via age, body 

condition score (BCS), and fecal score classifications. Knowing the normal gastrointestinal 
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microbiome populations within cat populations, especially in shelter cats, is paramount to 

understanding how to better accommodate the microbiome and improve health. 

Materials and Methods  

Animal population, diet and fecal collections 

Fecal samples were collected at the Wake County Animal Center in Raleigh, NC from February 

to July, 2021 three times a week starting at 6 am. All samples were collected by the same two 

individuals to ensure samples were collected using consistent methodology. Upon admission to 

the animal shelter, cats were divided into four rooms: adoption (animals in this room are 

immediately available for adoption by the public), feral (animals in this room were deemed feral 

at intake although can be adopted if their demeanor is considered acceptable), isolation (animals 

in this room were either orphaned kittens, cats that were being held to go into surgery or had 

some type of chronic illness/ injury) and quarantine (animals that had infectious diseases or acute 

illnesses). Unless otherwise specified, all cats were offered a daily diet of Hills Science Diet can 

(savory chicken entre adult 1 - 6) & Hill’s Science Diet dry kibble (Topeka, KS, USA). All fecal 

samples were collected using Nom Nom Plus Microbiome Testing Kits (Nashville, TN, USA) 

(Jha et al., 2020). Each sample was collected within 1 hr of assumed defecation to achieve an 

accurate representation of microbial populations present. Litter pans were replaced each day, 

once a day before the opening of the animal shelter to the public (approximately at the same time 

the researchers were collecting samples). Since the cats in the study did not defecate in front of 

the researchers collecting the samples, samples were collected using physical characteristics that 

indicated a fresh sample (i.e. absence of litter or debris and visual appearance). The Bristol fecal 

scale was used to assess and categorize each fecal sample collected (1-7, where 1 was assigned 
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for hard, round pellet like feces to 7 which was assigned for water like diarrhea) (Lewis & 

Heaton, 1997). Each sample was collected using a fresh sterile swab. Each swab was rotated in 

the fecal sample approximately 3 times or, if the fecal score was low, as many times as it took to 

transfer fecal matter onto the swab. A pea size amount of fecal matter was collected and both the 

swab and the fecal sample were placed into a microbiome collection tube which contained a 

proprietary buffer solution which was included to preserve the integrity of the microbial 

populations present. The tube containing the sample and buffer solution was then shaken for 

approximately 30 seconds in an attempt to effectively mix the contents together. After collection 

each container was labeled with an identification number/ barcode and then placed into a 

refrigerator at the animal shelter where they were kept cold at 4º C. Each sample then had its data 

entered into the NomNomNow (Nashville, TN, USA) data system and had an individual 

characteristics survey filled out. This survey included age (< 1 yr (kitten), 1 to 5 yr (young adult), 

6 to 9 yr (mature adult) and ≥ 10 yr (senior or/ geriatric)), sex, alteration status, coat color, fecal 

score (classified as dense:1-2, normal: 2.5-4.5, and watery: 5-7), BCS (classified as underweight 

(BCS 1-3.5), healthy weight (BCS 4-5), overweight (BCS 6-7) and obese (BCS 8-9)), weight, 

identification number, feed provided, health status, health history and medications used. At the 

end of each month, the fecal samples were overnight mailed in chilled cooler boxes to 

Diversigen Labs (New Brighton, MN, USA) where they were once again placed into storage at 

4º C until analysis.  

DNA extraction, GM metagenomic shotgun sequencing, and taxonomy identification 

All samples were processed and sequenced in a single batch at Diversigen Labs (New Brighton, 

MN, USA). DNA extraction and library construction protocols were performed, except the DNA 

that was extracted using the Zymogen Quick-DNA Fecal/Soil Microbe 96 Mag Bead kit (Zymo 
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Research, Irvine, CA, USA) which used Powerbead Pro (Qiagen, Redwood City, CA, USA) 

plates with 0.5 and 0.1 mm ceramic beads. Extraction controls included a no template control 

(water) and a characterized homogenized stool. All samples were quantified using Quant-iT 

Picogreen dsDNA Assay (Invitrogen, Carlsbad, CA, USA). DNA amplification and library 

construction used the Nextera XT DNA Library Preparation Kit (Illumina Inc, Foster City, CA, 

USA). Shotgun metagenomic sequencing was carried out by Diversigen Labs (New Brighton, 

MN, USA) using a Boostershot shallow metagenomic sequencing service (2 million 

reads/sample). Single-end shotgun reads were trimmed and processed using Shi7 for quality 

control (Al-Ghalith et al., 2018). The sequences were aligned to a previously created database 

containing all representative genomes in RefSeq for bacteria with additional manually curated 

strains. Alignments were made at 97% identity against all reference genomes. Every input 

sequence was compared to every reference sequence. This was done in the Diversigen Venti 

database using fully gapped alignment with BURST using default settings (Al-Ghalith & 

Knights, 2017). Ties were broken by minimizing the overall number of Operational Taxonomic 

Units (OTUs). For taxonomy assignment, each input sequence was assigned the lowest common 

ancestor that was consistent across at least 80% of all reference sequences tied for best hit using 

the Genome Taxonomy Database toolkit (GTDB-Tk) (Chaumeil et al., 2019). 

A filtering step was performed to remove taxa (at the OTU level) present in <5% of the samples 

and those belonging to unknown phyla. After filtering, a total of 1,722 taxa were used for the 

analysis. The average sequencing depth was 1,584,301 ± 573,120 per sample, and the depth per 

sample ranged from 228,407 to 3,617,134 reads. The resulting taxonomy table was also 

aggregated at higher taxonomic levels (i.e. species, genus, family).   
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Statistical methods 

For continuous variables (quantitative variables) the data are presented as the mean ± the 

standard deviation or the interquartile range. For categorical variables (qualitative variables) the 

data presented as count percentage. The Kruskal- Wallis test (Kruskal & Wallis, 1952) was used 

when one or more groups were compared. The Dunn’s test (Dunn, 1964) with Benjamini-

Hochberg correction (Benjamini & Hochberg, 1995) of the p-value was used when the null 

hypothesis of the Kruskal- Wallis test was rejected. Fisher’s exact test (Fisher, 1992) was 

performed to assess the association between two categorical variables. Generalized linear models 

(GLM) were used when analyzing the following variables: age, body condition, body weight, 

breed, coat color, coat pattern, fecal score (constipation- diarrhea), eye issues, intestinal 

parasites, pregnant/ lactation, probiotics, Science Diet food and shelter room residence. The 

statistical significance level was α=0.05 and R version 4.1.0 (Boston, MA, USA) was used to 

perform all analysis. It should be noted that statistical calculations were performed using all cats 

(excepting those described in the exclusion parameters) and then repeated for specific groups of 

cats (which in one case did include cats >= 10y).  

Alpha Diversity 

To determine a sample’s estimate of Pielou’s evenness, Shannon diversity and species richness 

indices were evaluated by rarefying the samples to various sequence read depths sequences. 

These depth sequences ranged from 10,000 – 220,000 reads per sample in increments of 10,000 

reads. At each depth, 100 iterations were executed. The mean values of the depth levels were 

used as an estimate of these measures in each individual sample. Optimal rarefaction depth 
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(220K) was then determined and used to compute the final alpha diversity at 220,000 sequences 

per sample. 

Beta Diversity 

The non-rarefied count data was log-10 transformed and principal coordinate analysis (PCoA) 

was conducted with Bray-Curtis dissimilarity (Bray & Curtis, 1957). Permutational multivariate 

analysis of variance (PERMANOVA) with 10,000 randomizations was used to assess differences 

in beta-diversity of microbial community by variables of interest. PCoA and PERMANOVA 

were executed via the vegan (Okasanen et al., 2020) package in R at the species level. 

Predicting Alpha and Beta Diversity 

Supervised machine learning with GLMs, random forest and conditional random forest 

algorithms, and XGBoost (Chen & Guestrin, 2016) were used to predict alpha diversity indices 

(Shannon, richness, and evenness) and beta diversity axes (PCoA axes) with aforementioned 

metadata (Statistical methods) as input variables. 80% of the samples were used to train the 

model and the remaining samples were used to test the accuracy and performance of said model. 

The model with the smallest root mean squared error (RMSE) were further assessed to determine 

variable importance. Variables that are deemed important were those that reduced the RMSE.  

Differential abundance analysis 

Among shelter cats, distinct bacteria were assessed at the species level. This was achieved using 

a negative binomial GLM. This GLM used differential expression analysis for sequence count 

data version 2 package (DESeq2) (Love et al., 2014). Taxa with absolute log2(fold change (FC)) 

greater than 2 and FDR-adjusted p-values less than 0.05 were deemed significant. 



 

55 

 

Taxa Multivariable Association 

Each taxa at the species level was log10 normalized and assessed for associations with multiple 

variables (including age, body condition, gastrointestinal health, residence, and 

supplement/medication consumption) using the MaAsLin2 (Mallick et al., 2021) package in R. 

Default parameters were used in MaAsLin2 with the exception of the following: 

analysis_method = “LM”, normalization=” NONE”, transform=” NONE”, min_prevalence = 

0.05. Taxa with an FDR-adjusted p value < 0.05 were considered significant. 

Exclusion parameters 

To examine the associations between microbiome and subject characteristics including BCS, 

fecal score, and age, cats were excluded if they were: >=10 y (due to small population size) or 

missing age information, not on Hill’s Science Diet at the time of sample collection, diagnosed 

with intestinal parasites, pregnant or lactating, overweight (BCS 5.5-9) or missing BCS 

assessment, missing stool consistency assessment, vomiting at the time of sample collection, 

using probiotics, diagnosed with kidney diseases or urinary tract infection, given medications 

including antibiotics (Minocycline (Aurobindo, India), Terramycin, Covenia (Zoetis, USA)), 

dewormer (Praziquantel/Drontal (Shawnee Mission, Kansas, USA)), and anti-protozoal 

(Boehringer Ingelheim, Canada). 

Results 

Analysis of the shelter cat fecal samples revealed the phylums Acidobacteriota, Actinobacteria, 

Actinobacteriota, Bacteroidetes, Bacteroidota, Bdellovibrionota, Campylobacterota, 

Chloroflexota, Cloacimonadota, Cyanobacteria, Deinococcota, Desulfobacterota, 
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Elusimicrobiota, Fibrobacterota, Firmicutes, Firmicutes_A, Firmicutes_B, Firmicutes_C, 

Firmicutes_E, Firmicutes_F, Firmicutes_G, Fusobacteriota, Myxococcota, Patescibacteria, 

Planctomycetota, Proteobacteria, Spirochaetota, Synergistota, Thermotogota, Verrucomicrobiota 

and Verrucomicrobiota_A (Figure 1). After this initial analysis the taxa with low prevalence/ 

abundance were filtered out. This filtering step left taxa that included the phylum 

Actinobacteriota, Bacteroidota, Campylobacterota, Desulfobacterota, Firmicutes, Firmicutes_A, 

Firmicutes_C, Fusobacteriota, Proteobacteria, Spirochaetota, Verrucomicrobiota and 

Verrucomicrobiota_A (Supplementary Figure 1). After the filtration step 1,722 taxa were 

detected throughout 339 fecal samples. The most prevalent phyla detected were Firmicutes, 

Actinobacteria, Bacteroidota and Proteobacteria. Figure 2 demonstrates that the most abundant 

phylum detected was Actinobacteria with an average relative abundance of 50.56%. Firmicutes 

follow at 21.54%, Firmicutes_A at 20.87%, Bacteroidota at 4.44% and Proteobacteria at 1.73%.  

Findings related to age: 

In the analysis of age and microbiome bacterial species richness, 266 individual cats were 

included. This dataset utilized 174 samples, since 92 samples were excluded due to 

characteristics previously described. It should be noted that BCS and fecal score are associated 

with age and therefore may confound associations between age and microbiome residence. Our 

analysis indicated that among the samples analyzed by age groups, Blautia_A, Bifidobacterium, 

Collinsella, Ligilactobacillus and Prevotella were the most common genera. 

At the time of sample collection there were 31 kittens, 118 young adult cats, and 25 mature adult 

cats. Subject characteristics of the 174 cats in this analysis are described in Supplementary Table 

1. The subject characteristics among the ages groups was very different. Kittens were more likely 
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to be residing in the adoption room while a smaller portion were in the feral room. Kittens less 

than one month of age in the shelter were less likely to be spayed or neutered, have a vaccination 

record and have less skin issues when compared to the adult cat population. In comparison, the 

adult cats in the shelter were likely to receive fewer medications, except for Pyrantel 

(dewormer), and had a stool consistency that was denser than the kittens. A PCoA plot of the 

first two axis displayed significant separation of samples by age (p=0.015, PERMANOVA using 

the Bray-Curtis distance matrices) (Figure 3). When analyzing the scores among the three age 

groups, it was found that they were significantly different along the PCoA2 axis (p=0.039, 

Kruskal-Wallis test), with the kittens differing greatly from the mature adults in the post-hoc 

comparisons (Figure 4). Along the PCoA1 and PCoA3-5 axes, the groups were not different.  

When kitten gut bacteria samples were compared to young adult samples, 36 species and 43 

species were significantly higher and lower in kittens respectively (Figure 5 and Table 1). The 

top five most increased species were unknown (Genus: Burkholderia), sartorii (Genus: 

Phocaeicola), sp900543175 (Genus: Fusobacterium_A), ilei (Genus: Phocaeicola) and unknown 

(Genus: Ralstonia). The top five decreased species pasteurianus (Genus: Streptococcus), baratii 

(Genus: Clostridium), saermneri (Genus: Ligilactobacillus), stercoricanis (Genus: Allobaculum) 

and hirae (Genus: Enterococcus_B). Kittens compared to mature adults had 87 species and 13 

species that were significantly higher and lower respectively (Figure 7 and Table 3). The top five 

increased species were antri (Genus: Limosilactobacillus), wadsworthia (Genus: Bilophila), 

equinus (Genus: Streptococcus), tertium (Genus: Clostridium) and taiwanensis (Genus: 

Lactobacillus). The top five decreased species were unknown (Genus: Succinvibrio), hirae 

(Genus: Enterococcus_B), mucogenicum_B (Genus: Mycobacterium), unknown (Genus: 

Enterococcus_B) and faecium_B (Genus: Enterococcus_B).  
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When young adults and mature adults’ samples were compared, 3 species and 48 species were 

significantly higher and lower in young adults respectively (Figure 6 and Table 2). Mature adults 

compared to young adults only had three increased species, these were mastitidis (Genus: 

Corynebacterium), faecium_B (Genus: Enterococcus_B) and hallii_A (Genus: 

Anaerobutyricum). The top five decreased species in mature adult cats all belonged to the 

phylum Firmicutes and were as follows gallolyticus (Genus: Streptococcus), unknown (Genus: 

Streptococcus), pasteuianus (Genus: Streptococcus), saerimneri (Genus: Ligilactobacillus) and 

equinus (Genus: Streptococcus). At a read depth of 220K, there was no significant difference in 

alpha diversity among the various cat samples in regards to age (Figure 8). 

Alpha Diversity 

There was not significant fecal microbiome correlation between age and species richness (log-

transformed) (Figure 9, r=0.144, p=0.018), evenness (Figure 10, r=0.100, p=0.104) or Shannon 

H (Figure 11, r=0.113, p=0.065). To gain a more comprehensive understanding of the alpha 

diversity, another round of analysis was conducted. This analysis used a subset of the fecal 

samples in which the age was greater than 1. These parameters resulted in 209 samples being 

analyzed. When examined there was neither a correlation between age and species richness (log-

transformed) (r= -0.033, p= 0.640), evenness (r= -0.023, p= 0.741), or Shannon H (r= -0.023, p= 

0.735). When compared to species richness in the cats that were less than 1yr (n= 57), it was 

found that species richness in the less than 1 yr category was significantly lower than that of the 

greater than 1 age category (Figure 12, p= 0.011). This drove the correlation observed in all 

samples. Additionally, senior cats had comparable alpha diversity metrics as other age groups 

(Figures 13- 15) (p>0.05).  
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Beta Diversity 

In the shelter samples there was a significant correlation between age and PCoA1 score (log-

transformed) (Figure 16, r= 0.233, p<0.001), as well as PCoA2 score (Figure 17, r= 0.132, p= 

0.201). This analysis used the 1yr + subset described above. These parameters resulted in 209 

samples being analyzed. It was found that there was neither correlation between age (log-

transformed) and PCoA1 (r= 0.088, p= 0.201) nor PCoA2 (r= -0.002, p= 0.974). When all cats 

were compared however there was significant clustering between kitten (age less than 1 yr old, 

n=57) and adult samples (age greater than 1 yr, n= 209) (Figure 18, p<0.001) (PERMANOVA 

using the Bray-Curtis distance matrices). PCoA1 in the kitten samples was significantly lower 

than those that were greater than 1 yr (Figure 19, p= 0.006). PCoA2 in the kitten samples was not 

significantly different from adults (Figure 20, p= 0.154). Age was analyzed as a categorical 

variable which indicated that senior cats had a comparable PCoA1 score with other groups 

(Figure 21) but had a PCoA2 score that was lower than mature adults (Figure 22, p= 0.034).  

Findings related to body condition score: 

Out of the 174 cats compared via BCS, 61 were underweight and 113 had normal weight 

(Supplementary Table 2). Subject characteristics between these two BCS groups were similar, 

except that higher proportions of underweight cats were known to have a history of receiving the 

rabies vaccine (p=0.030). A PCoA plot of the first axes displayed a borderline significant 

separation of samples by BCS groups (p=0.067, PERMANOVA using the Bray-Curtis distance 

matrices) (Figure 23). When analyzing samples between the underweight and healthy weight 

cats, data showed a significant difference along the PCoA1 axis but not along the PCoA2 - 

PCoA5 axes (Supplementary figure 5).  
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The use of a multivariate model to adjust for coat color/pattern, medication use, sex and shelter 

room housing showed that there was a significant difference along the PCoA1 between cats who 

were at a healthy weight and those that were underweight (beta= 0.053, p-value= 0.0135). 

Additionally, there was a significant difference along the PCoA3 by body weight of the cats 

(beta= -7.05 * 10-3, p-value= 0.027). Differential abundance analysis in cats that were classified 

underweight, when compared to healthy weight cats, showed that, at the bacterial species level, 

there were 8 species and 10 species to be significantly higher and lower respectively (Figure 23 

and Table 4). The 8 species that were higher were jensenii (Genus: Lactobacillus), sp000753455 

(Genus: Clostridium), paseurianus (Genus: Streptococcus), tertium (Genus: Clostridium), 

anginosus_C (Genus: Streptococcus), immunogenum (Genus: Mycobacterium), mastitidis 

(Genus: Corynebacterium) and suis (Genus: Streptococcus). The 10 species that were lower were 

wadsworthia (Genus: Bilophila), putredinis (Genus: Alistipes), obesi (Genus: Alistipes), shahii 

(Genus: Alistipes), massiliensis (Genus: Enterococcus_C), fragilis (Genus: Bacteroides), 

ventriculi (Genus: Clostridium_P), onderdonkii (Genus: Alistipes), garvieae (Genus: 

Lactococcus) and hydrogenotrophica (Genus: Blautia_A). At a read depth of 220K, alpha 

diversity was not found to differ between the underweight and healthy weight cats (Figure 24).  

Alpha Diversity 

BCS was available for 271 shelter cats. Scores were divided into 3 categories, underweight 

(BCS: 1-3.5, n= 104), healthy/normal weight (BCS: 4-5, n= 155) and overweight/obese (BCS: 

5.5 – 9, n= 12).  After analysis at depth 220K, shelter samples indicated no difference in alpha 

diversity among the cats in the three BCS classifications. (Supplementary figures 6 &7).  
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Beta Diversity 

When examining beta diversity in the 271 fecal samples, a significant clustering by BCS was 

observed (Figure 25, p=0.007). Along the PCoA1 axis (Figure 25), the score was different 

between categories underweight and healthy/normal weight (p= 0.017), as well as between 

categories underweight and overweight/obese (p= 0.022). However, the score was not different 

between categories healthy/normal and overweight/obese (p= 0.190). The score along the PCoA2 

axis was not different among the BCS groups.  

Findings related to fecal score: 

The subject characteristics of 174 cats were categorized into three fecal score groups 

(Supplementary Table 3). Age was a significant factor in fecal score (p=0.035), this may 

confound the relationship between fecal score and microbiome. In order to minimize the 

confounding effects of age, kitten samples were excluded from this analysis. 31 kittens were 

removed, leaving a total of 143 (Supplementary Table 4). Out of the 143 cats, 85 cats had stools 

that classified under dense, 34 were normal consistency and 24 were loose or had a watery 

consistency, at the time of sampling. Among the three fecal categories, all three consisted of 

similar subject characteristics.  

A PCoA plot of the first two axes display a significant separation of samples by fecal 

categorization (p=0.019, PERMANOVA using the Bray-Curtis distance matrices) (Figure 27). 

Samples that indicated constipation, normal fecal consistency and diarrhea were significantly 

different along the PCoA1 axis (p=0.036, Kruskal-Wallis test), but were not in post-hoc 

familywise comparisons (Figure 29). Along the PCoA3 axis, samples of the varying fecal 

categories were significantly different (p=0.012), with the diarrhea samples having significantly 
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lower PCoA3 scores than the other two groups. This association between PCoA3 and diarrhea 

(beta= -0.0383, p-value= 0.0056) was upheld in a multivariate model which included variables 

related to coat patterns/colors, body weight, BCS, age, medication, sex and location within the 

shelter. Along the PCoA2, PCoA4 and PCoA5 axes, the groups were not different.  

When fecal samples that were classified under constipation were compared to those under 

normal fecal consistency, it was found that 12 species and 13 species were significantly higher 

and lower respectively (Figure 30 and Table 5). When fecal samples that were classified under 

diarrhea were compared to those under normal fecal consistency, it was found that 9 species and 

2 species were significantly higher and lower respectively (Figure 31 and Table 5). At a read 

depth of 220K, alpha diversity indicated that there were no significant differences among the 

fecal categorization groups (Figure 32). Examination of the fecal bacterial species with 

differential abundances between diarrhea related cases (Bristol Stool Scale, 5-7) and normal 

fecal score cases (Bristol Stool Scale, 2.5- 4.5) found that there are 9 species and 2 species that 

are higher and lower respectively (Table 5). The increased species were comes (Genus: 

Bariatricus), hadrus (Genus: Anaerostipes), faecis (Genus: Mediterraneibacter), gallolyticus 

(Genus: Streptococcus), bovis_A (Genus: Lachnobacterium), sp900113385 (Genus: 

Lachnobacterium), bovis (Genus: Lachnobacterium), gallicum (Genus: Bifidobacterium) and 

pasteurianus (Genus: Streptococcus) (Table 5). The two decreased species were faecium (Genus: 

Enterococcus_B) and lituseburensis (Genus: Romboutsia) (Table 5). Species with differential 

abundances between constipation (Bristol Stool Scale 1-2) and normal stool consistency (Bristol 

Stool Scale 2.5-4.5) found that there are 12 species and 13 species that were higher and lower 

respectively (Table 1). The top five of the 12 species that were higher were putredinis (Genus: 

Alistipes), piger (Genus: Desulfovibrio), shahii (Genus: Alistipes), piger_A (Genus: 
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Desulfovibrio) and unknown (Genus: Desulfovibrio) (Table 1). The top five of the 13 species 

that decreased were saerimneri (Genus: Ligilactobacillus), salivarius (Genus: Ligilactobacillus), 

sanguinis (Genus: Turicibacter), ingluviei (Genus: Limosilactobacillus) and johnsonii (Genus: 

Lactobacillus) (Table 1). 

Alpha Diversity 

Fecal score was available for 287 shelter cats (when the exclusion factors were not 

implemented). It was found that species richness was not significant among the three fecal score 

groups (Figure 33). However, the cats that had a fecal score within the 1-2 range did have higher 

evenness than those with fecal scores between 5-7 but not those with a fecal score between 2.5-

4.5 (p= 0.112) (Figure 34). The cats with a fecal score between 1-2 did have a higher Shannon H 

than those with fecal scores belonging to the 2.5-4.5 range (p= 0.012) and the 5-7 range (p= 

0.008). For the cats belonging to the 2.5-4.5 and 5-7 ranges, both evenness and Shannon H were 

not found to be different (p= 0.186 and p= 0.227, respectively). Multivariate GLM constructed 

indicated that shelter cats exhibiting constipation, rather than those that did not, displayed 

significantly higher Shannon Diversity (P-value < 0.05) which is likely driven by a significantly 

higher evenness (P-value < 0.01). Diarrhea recency was categorized by occurrence within the 24 

hr of sampling or longer than the last 24 hr Alpha diversity analysis of diarrhea occurrence was 

conducted in 288 cats. Analysis conducted at 220K showed that species richness was not 

significant among the diarrhea recency groups (Figure 35, p= 0.643) but evenness was lower in 

the cats that had recent diarrhea (Figure 36, p= 0.035). Shannon Diversity Index was borderline 

lower in cats with diarrhea in the last 24 hr when compared to those that did not (p= 0.080, 

Figure 37).  
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Beta Diversity 

Beta diversity analysis of fecal scores within the shelter showed significant clustering by fecal 

categorization (Figure 38, p< 0.001). Along the PCoA1 axis, the score is higher for samples 

classified under 1-2 than those classified under 2.5-4.5 (p= 0.730) and 5-7 (p= 0.008, Figure 39). 

Between categories 2.5-4.5 and 5-7 no difference was observed (p=0.730). Along the PCoA2 

axis, the score was higher for fecal scores within the 1-2 range rather than the 5-7 range (p= 

0.005, Figure 40). No difference was observed between the categories 1-2 and 2.5-4.5 (p=0.072) 

or 2.5-4.5 and 5-7 (p= 0.632). Multivariate GLMs constructed indicated that shelter cats 

exhibiting diarrhea displayed lower values of PCoA axis2 (p-value= 0.02) and axis3 (p-value= 

0.0003). Beta diversity analysis of diarrhea indicated significant clustering by diarrhea recency 

(Figure 41, p< 0.001). There was no difference observed among groups along the PCoA1 axis 

(Figure 42). However, the PCoA2 axis, the score was lower in the cats with diarrhea recency 

within the last 24 hr (at sampling) when compared to those that did not (p= 0.003, Figure 43).  

The functionality of the data with KO (KEGG Orthology) terms: 

After the 288 feline fecal samples were finished filtering, a total of 4,017 terms were found to be 

present. Terms are KO identifiers that are defined by characterized proteins and genes in specific 

organisms. Once these terms were discovered, a PCoA was performed. The scree plot displays 

25 PCoA axes containing the highest variances (Supplementary Figure 2). The first four axes of 

the scree plot explained >5.00% of the variance. The first two axes were 30.9% and 12.5%. A 

PCoA plot of the first two axes displayed significant separation of samples among the four 

rooms at the shelter (p= 3.00e-4, PERMANOVA using the Bray-Curtis distance matrices) (Figure 
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44). Based on the first two PCoA axes (using the Bray-Curtis distance matrices) there was no 

significant separation of the samples by BCS, fecal score, or age (Supplementary Figures 7-9).  

PCoA scores were not significantly different by BCS or fecal score (Supplementary Figures 10 

& 11). Along the PCoA1 axis, samples throughout the age groups were significantly different 

(p=0.032) (Supplementary Figure 12). Mature adults were significantly different from kittens 

and young adults, there was however no difference observed between kittens and young adults 

along the PCoA1 axis. PCoA2-4 scores were not significantly different by BCS, fecal score or 

age. The abundance of KO terms (were further compared by BCS, fecal score and age using 

differential abundance analysis. One KO terms was detected to be lower in underweight cats 

rather than healthy weight cats, this term was K05830 (LysW-y-L-lysine/LysW-L-ornithine 

aminotransferase). It should be noted that no KO terms were observed to be statistically higher in 

underweight cats. The abundance of KO terms was similar among the three fecal consistency 

groups. Kittens were found to have 1 term higher and 11 terms lower than young adults. Mature 

adults were found to have 61 terms lower than young adults. When compared to mature adults, 

kittens were found to be 8 terms higher. 

Discussion 

The microbiome dataset presented here is the largest feline analysis to date and it both 

supplements as well as supports prior research. Primarily, the most common phyla associated 

with the gastrointestinal microbiome in the domestic cat are Firmicutes, Bacteroidetes, 

Proteobacteria and Actinobacteria (Ramadan et al., 2014; Barko et al., 2018; Wernimont et al., 

2020). Additionally, it has been reported in literature that the most common genera in cats are 

Bacteroides, Bifidobacterium, Lactobacillus and Prevotella (Deusch et al., 2015). Our analysis 
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indicated that among the samples Blautia_A, Bifidobacterium, Collinsella, Ligilactobacillus and 

Prevotella were the most common genera. Some of the known functions for Blautia are 

fermentation of fibers for short chain fatty acids and/or conversion of primary bile acids into 

secondary bile acids (Stavroulaki et al., 2021). Blautia are commonly associated with kibble diets 

(Butowski, et al., 2019; Wernimont et al., 2020). Bifidobacterium and Lactobacillus are 

generally present and increase when increased quantities of starch are present within the feline 

gastrointestinal tract (Alessandri et al., 2020). They also are commonly found in probiotics and 

when consumed by cats could lead to the secretion of antimicrobial agents which in turn may 

reduce the presence of harmful bacteria (Lubbs et al., 2009). Because Ligilactobacillus and 

Lactobacillus are so closely related, it is reasonable to assume these two genera have similar 

functions in the gastrointestinal tract of cats. Lactobacillus are also known to aid in the 

breakdown of food and have a positive effect in immune health (Lubbs et al., 2009; Alessandri et 

al., 2020). Prevotella is usually associated with high fiber intake and is also commonly seen in 

correlation with the consumption of kibble diets (Butowski et al., 2019; Wernimont et al., 2020). 

Collinsella aids in the alteration of cholesterol absorption, reduces glycogenesis in the liver and 

in some of the larger carnivore species helps increase triglyceride synthesis (Mittal et al., 2020). 

Increased levels of Collinsella in the feline GI tract have also been associated with diarrheal 

cases (Lyu et al., 2020).  

The differences in the most abundant genera noted in this current study could be due to 

collection and sequencing techniques or factors such as geographic location, age and the overall 

health of the cats. With all of these samples collected at an animal shelter, many of the animals 

may not have been at their peak health at time of admission. While there is no exact definition of 

a healthy microbiome, the veterinary staff at the Wake County Animal Center were able to make 
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observations and determine the general health of the shelter cat population based on factors such 

as BCS, fecal score, diet provided and disease presence. With these recorded observations and 

fecal microbial analysis, specific correlations were observed and were used to help determine 

how specific microbial populations can influence characteristics of the body and vice versa.  

This study does not necessarily support previous research in that species richness and, in some 

cases, evenness within felines can affect or be affected by age, BCS and fecal score. Species 

richness is the number of different species present whereas evenness is the abundance of said 

species. A similar abundance of species equals increased evenness. Kittens compared to young 

adult samples had 36 species higher and 43 species lower, respectively. These results support the 

idea that while kittens have a unique microbial population, it changes until a individualistic core 

microbiome is established. With this information it could be possible to inoculate kittens with 

specific microbes to help prevent disease during this vulnerable time of physical development.  

Data analysis in this study indicated that cats with a BCS of 4-5, had increased diversity, richness 

and evenness, whereas those with a BCS of 1-3.5 had decreased richness and evenness in the 

microbiome. Due to the fact that there were so few overweight/ obese cats in this study, they 

were not included as the data lacked statistical significance.  It would have also been a 

misrepresentation of a specific population and therefore further research of overweight animals is 

recommended. The data shows that as age increases towards young adult, the BCS increases as 

well. This indicates how, in consensus with other studies, the microbiome begins to accumulate 

and assemble its core populations and eventually reach their peak in microbial diversity after 1-3 

yr (Bermingham et al., 2018; Shanahan et al., 2021). The assembly of the core microbiome 

allows for the cat to efficiently utilize the dietary elements provided and in turn reach a healthy 

weight and BCS. Established research has indicated that after that peak has been reached, 
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increasing age, and in turn decreasing microbial composition and richness (Figures 13 & 14), 

leads to a decrease in BCS (Stavroulaki et al., 2021). This decrease in microbial richness and 

composition is believed to occur due to a decrease in metabolic function, dietary diversity and 

presence of disease (Fahey et al., 2008; Shanahan et al., 2021). While previous research indicates 

that increasing age leads to decreasing BCS, the limited population size of senior/geriatric cats 

(6) in this study was not substantial enough to provide statistically significant data to support this 

claim. There were also not enough samples in this study of cats with acknowledged diseases to 

be statistically significant and therefore that data was excluded. If this decrease in microbial 

richness leads to decreased BCS in felines, then theoretically it is possible to reintroduce 

previously present microbes to the gut and help improve BCS, especially among geriatric cats. 

This proposed improvement in feline metabolic function could promote a healthier and longer 

life expectancy. Reintroduction of microbes to the feline gut could cause improvement of feline 

health in shelters and therefore increase adoption rates. 

The current research suggests that microbial populations differ by fecal score. A high prevalence 

of Clostridiaceae in the GI tract demonstrates a positive correlation with fecal score (Alessandri 

et al., 2020). Thus, an increased population of Clostridiaceae may lead to a healthier gut.  

Diarrhea is caused by a form of dysbiosis in the gastrointestinal tract (Marsilio, et al., 2019). 

Dysbiosis is the reduction of bacterial diversity, reduction of microbial stability, a decrease in the 

number of obligately anaerobic taxa present within the gastrointestinal tract and an increase in 

the number of facultative anaerobes within the gastrointestinal tract (Marsilio, et al., 2019). 

Decreases in Actinobacteria, Bacteroidetes and firmicutes, as well as increases in 

Enterobacteriaceae and Streptococcaceae has been linked to cases of dysbiosis within the 

gastrointestinal tract (Marsilio, et al., 2019). Based off of this study and other previous studies, 
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decreases in microbial functions, richness and evenness leads to cases of diarrhea (Figure 42). In 

orphaned kittens, diarrhea is an incredibly deadly condition and unfortunately one of the most 

common to be diagnosed (Strong et al., 2020). Supplementary Table 3 displays how fecal scores, 

according to the Bristol scale, can correlate to age, especially kittens. Of the 31 kittens in our 

study, 42% experienced diarrhea. Our data indicates that as fecal score increases (towards 

category 5-7) the diversity, richness and evenness decreases (Figures 31, 37, 38). Fortunately, in 

a study conducted by Strong et al., kittens that were provided with an oral vitamin and mineral 

supplement were seven times more likely to survive than those that did not receive the 

supplement (Strong et al., 2020). This indicated that while dysbiosis may occur, steps can be 

taken to restore balance to the microbiome and therefore the health of the animal. While cases of 

dysbiosis are common in kittens, it is also a common occurrence among the other populations of 

cats. Supplementary Table 4 displays the cats’ characteristics and how they correlate to fecal 

scores according to the Bristol scale but excludes the kittens. This data indicates that of the 143 

cats included, 59% of them experienced constipation while 17% experienced diarrhea. This 

leaves a mere 24% of cats that had normal stool consistency. Further analysis indicated that the 

cats included in this study that experienced constipation had a relative abundance of 

Actinobacteriota at 56.87%, Firmicutes_A at 22.51%, Firmicutes at 14.94%, Bacteroidota at 

4.04% and Proteobacteria at 1.23%. The cats that had normal/healthy stools had a relative 

abundance of Actinobacteriota at 54.80%, Firmicutes at 20.20%, Firmicutes_A at 19.82%, 

Bacteroidota at 4.11% and Proteobacteria at 0.66%. The cats with diarrhea in this study had a 

relative abundance of Actinobacteriota at 52.22%, Firmicutes at 22.90%, Firmicutes_A at 

16.46%, Bacteroidota at 6.97%, Campylobacterota at 0.88% and Proteobacteria at 0.42%.  
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After analyzing the relative abundances of bacteria between each fecal classification a pattern 

emerges when analyzing from low fecal score to high fecal score. The populations of 

Actinobacteriota, Firmicutes_A and Proteobacteria decrease while the populations of Firmicutes, 

Bacteroidota, Campylobacterota and Desulfobacterota increase. Functionality of all of these 

bacteria provide better insight as to why these groups of cats have the microbial compositions 

that they do. Actinobacteriota, specifically Collinsella, is believed to be associated with lipid 

metabolism (Pereira et al., 2020). Actinobacteria is the highest phyla present in cats which may 

be due to a high fat diet in carnivores (Pereira et al., 2020). Firmicutes were also a significant 

portion of bacteria present and are involved in protein degradation, preservation of 

gastrointestinal homeostasis, and host immunity development (Pereira et al., 2020). Clostridia, 

which belong to the phylum Firmicutes_A, are known to breakdown carbohydrates and proteins, 

as well as promote nutrient absorption (Pereira et al., 2020). Fusobacteria are known to ferment 

carbohydrates and amino acids (Pereira et al., 2020). This fermentation process produces acids, 

such as acetic acid, formic acid, butyric acid and short-chain fatty acids (Pereira et al., 2020). 

These products play a role in the metabolism of glucose, cholesterol, fatty acids, and act as 

energy sources for the host (Pereira et al., 2020). Proteobacteria are most known for their ability 

to breakdown complex sugars, ferment them and then produce vitamins (Pereira et al., 2020).  

The KEGG database can be used to further explain the complex pathways within the body that 

these organisms influence. With the use of the KEGG database biological responses to specific 

microbial introductions could be anticipated as well as interactions among microbial populations.  

Limitations 

Throughout this research it was noted that the cats included would not defecate when humans 

were present. Physical characteristics were used to determine whether or not the samples were 
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fresh enough (collected within approximately 1 hr after defecation) to be included. Thus, the 

exact time of defecation, how long the fecal sample sat out or how this may have affected the 

microbial profile is unknown. Diet was not consistent among the animals. For example, some 

animals had samples collected shortly after entering the shelter and thus had been consuming 

unknown diets while other cats had been consuming shelter food for several days. Additionally, 

we were not able to measure feed or water intake, therefore diet related changes to the 

microbiome within the shelter could not be accurately assessed. In regards to age, many of the 

cats came into the shelter with no previous background information. Thus, the majority of age 

determinations were made on the educational guesses of the veterinary staff and therefore may 

be slightly confounded. 

Conclusion 

To conclude, this study is the largest feline microbiome dataset to date and it supports previous 

literature that the most prevalent phyla within the domestic cat are Firmicutes, Bacteroidetes, 

Proteobacteria and Actinobacteria. This study also established that species richness, evenness 

and diversity within felines is not affected by age, BCS and fecal score while beta diversity is. 

With the addition of these results to the information database regarding the domestic feline 

gastrointestinal microbiome, perhaps in the future we will be able to better accommodate the 

needs of the gut microbes and aid in the pursuit of improved health.   
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Figure 1. Total abundance of feline (Felis cattus) fecal microbiome taxa from cats at the Wake County Animal Center, NC 
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Figure 2. Relative abundance of feline fecal microbiome taxa from cats at the Wake County Animal Center, NC 
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Figure 3. PCoA plot displaying separation by age among feline fecal samples from cats (Felis catus) at the Wake County Animal Center, 

NC 
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Figure 4. PCoA axes 1-5; Separation of feline fecal microbiome samples by age classifications, collected from cats at the Wake County 

Animal Center, NC 
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Figure 5. Fecal microbiome bacterial abundance of kittens (Felis catus) from the Wake County Animal Center, NC 
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Figure 6. Fecal microbiome bacterial abundance of young adults cats from the Wake County Animal Center, NC 
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Figure 7. Fecal microbiome bacterial abundance of mature adult felines from the Wake County Animal Center, NC 
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Figure 8. Alpha diversity among feline fecal samples collected from Wake County Animal Center, NC, according to age classification 
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Figure 9. Log Transformed plot of 

species richness detected in feline fecal 

samples among feline ages from cats at 

the Wake County Animal Center, NC 

Figure 10. Log Transformed plot of 

evenness detected in feline fecal samples 

among feline ages from cats at the Wake 

County Animal Center, NC 

Figure 11. Log Transformed plot of 

Shannon H. diversity detected in feline 

fecal samples among feline ages from 

cats at the Wake County Animal Center, 

NC 
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Figure 12. Species richness detected in feline fecal samples 

among felines <1 yr from the Wake County Animal Center, NC 

Figure 13. Species richness among all feline age groups detected 

in feline fecal samples from cats at the Wake County Animal 

Center, NC 

 

  Fig. 12        Fig. 13 
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Figure 14. Evenness among all feline age groups detected in 

feline fecal samples from cats at the Wake County Animal 

Center, NC 

Figure 15. Shannon’s H. among all feline age groups detected in 

feline fecal samples from cats at the Wake County Animal 

Center, NC 
 

   Fig. 14         Fig. 15 
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Figure 16. Log- transformed correlation between PcoA1 score 

and age of felines from cats at the Wake County Animal Center, 

NC  

Figure 17. Log- transformed correlation between PcoA2 score 

and age of felines from cats at the Wake County Animal Center, 

NC

Fig. 16         Fig. 17 
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Figure 18. PERMANOVA using Bray-Curtis matrices between kitten and adult feline fecal microbiome samples collected from cats at the 

Wake County Animal Center, NC 
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Figure 19. PCoA1 comparison between kitten and adult felines 

fecal microbiome samples collected from cats at the Wake 

County Animal Center, NC 

Figure 20. PCoA2 comparison between kitten and adult felines 

fecal microbiome samples collected from cats at the Wake 

County Animal Center, NC 

 

   Fig. 19         Fig. 20 
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Figure 21. PCoA1 compared as a categorical variable, including senior/geriatric felines with fecal 

microbiome samples collected from cats at the Wake County Animal Center, NC 
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Figure 22. PCoA2 plot of species richness of fecal microbiome samples among the feline BCS 

groups at the Wake County Animal Center, NC 
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Figure 23. PCoA1-5 comparing felines at the Wake County Animal Center, NC classified as underweight to those classified as healthy 

weight 
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Figure 24. Differential abundance analysis on feline fecal samples between underweight and healthy felines located at the Wake County 

Animal Center, NC 
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Figure 25. Alpha diversity of feline fecal samples among underweight and healthy felines located at the Wake County Animal Center, NC 
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Figure 26. PCoA1 beta diversity in feline fecal samples compared to BCS of cats at the Wake 

County Animal Center, NC 
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Figure 27. Species richness in the feline fecal samples among the three feline fecal classifications of 

cats at the Wake County Animal Center, NC 
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Figure 28. PCoA plot of feline fecal samples at the Wake County Animal Center, NC by fecal group classification 
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Figure 29. PCoA1-5 comparisons of feline fecal samples from cats at the Wake County Animal Center, NC among fecal score 

classifications  
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Figure 30. Differential abundance analysis of bacterial species in feline fecal samples for felines classified as constipated at the Wake 

County Animal Center, NC 
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Figure 31. Differential abundance analysis of bacterial species in feline fecal samples for felines classified under diarrheal at the Wake 

County Animal Center, NC 
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Figure 32. Alpha diversity in feline fecal samples among the feline fecal classification groups of cats at the Wake County Animal Center, 

NC 
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Figure 33. Species evenness in feline fecal samples among feline 

fecal classifications for cats at the Wake County Animal Center, 

NC 

Figure 34. Shannon’s H. diversity of feline fecal samples among 

feline fecal classifications for cats at the Wake County Animal 

Center, NC 

 

   Fig. 33         Fig. 34 
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Figure 35. Species richness of feline fecal samples, at 220K depth, 

among the three feline fecal classifications for cats at the Wake 

County Animal Center, NC 

Figure 36. Species evenness in feline fecal samples at 220K depth, 

among the three feline fecal classifications for cats at the Wake 

County Animal Center, NC 

 

  Fig. 35          Fig. 36 
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Figure 37. Species richness (220K depth) 

of feline fecal samples between diarrheal 

recency groups of cats at the Wake 

County Animal Center, NC  

Figure 38. Species evenness (220K 

depth) of feline fecal samples between 

diarrheal recency groups of cats at the 

Wake County Animal Center, NC 

Figure 39. Shannon’s H. (220K depth) 

for feline fecal samples between 

diarrheal recency groups of cats at the 

Wake County Animal Center, NC 

 

 Fig. 37       Fig. 38      Fig. 39 
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Figure 40. Beta diversity analysis of feline fecal samples of diarrhea recency in Wake County Animal Center, NC felines 
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Figure 41. PCoA1 plot of diarrheal recency in felines at the 

Wake County Animal Center, NC 

Figure 42. PCoA2 plot of diarrheal recency of feline at the Wake 

County Animal Center, NC 

 

  Fig. 41          Fig. 42 
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Figure 43. Species richness (220K depth) of feline fecal samples in felines > 1 yr at the Wake County 

Animal Center, NC 
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Figure 44. PCoA plot indicating separation of feline fecal samples among the four rooms at the Wake County Animal Center, NC 
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Table 1. Species with differential abundances between kittens (< 1 y, n=31) and young adults (≥1&<6 y, n=118). Fold changes (FC) were 

calculated using young adults as a reference group. 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in kittens (36 species) 

Proteobacteria Gammaproteobacteria Burkholderiales Burkholderiaceae Burkholderia unknown 8.19±1.19 4.29E-10 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola sartorii 5.17±1.16 2.15E-04 

Fusobacteriota Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium_A sp900543175 5.05±0.47 1.76E-24 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola ilei 4.76±0.61 9.12E-13 

Proteobacteria Gammaproteobacteria Burkholderiales Burkholderiaceae Ralstonia unknown 4.63±0.64 5.07E-11 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus pettenkoferi 4.49±0.57 3.45E-13 

Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Bosea sp002220095 4.40±0.52 4.72E-15 

Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Afipia broomeae 4.33±1.21 3.69E-03 

Proteobacteria Gammaproteobacteria Burkholderiales Burkholderiaceae Burkholderia cenocepacia 4.27±0.40 1.07E-23 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fluxus 4.15±1.15 3.55E-03 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium_P sp001403635 4.06±1.17 4.95E-03 

Actinobacteriota Actinomycetia Propionibacteriales Propionibacteriaceae Cutibacterium acnes 3.93±0.61 1.04E-08 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia coli 3.80±0.84 1.83E-04 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus suis 3.80±1.06 3.60E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus taiwanensis 3.78±1.12 6.91E-03 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes onderdonkii 3.77±0.79 5.97E-05 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium bifidum 3.68±0.92 9.58E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_E cecorum 3.64±0.96 1.85E-03 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium tertium 3.63±0.69 7.88E-06 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_E unknown 3.55±0.46 9.04E-13 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis_A 3.33±1.04 1.16E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Citrobacter freundii 3.26±1.22 4.42E-02 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes putredinis 2.98±0.60 2.19E-05 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_E columbae 2.90±0.75 1.55E-03 
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Table 1. Species with differential abundances between kittens (< 1 y, n=31) and young adults (≥1&<6 y, n=118). Fold changes (FC) were 

calculated using young adults as a reference group continued. 

Firmicutes_A Clostridia Eubacteriales Eubacteriaceae Eubacterium unknown 2.86±0.67 3.68E-04 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes obesi 2.62±0.76 5.37E-03 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes unknown 2.52±0.64 1.28E-03 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Anaerostipes caccae 2.47±0.42 1.56E-07 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Klebsiella_B aerogenes 2.23±0.50 2.35E-04 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Enterocloster aldenensis 2.20±0.64 6.22E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides caccae 2.18±0.80 3.95E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus hyovaginalis 2.17±0.52 4.93E-04 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis 2.16±0.52 5.66E-04 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Sellimonas intestinalis 2.15±0.61 4.16E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus antri 2.06±0.72 2.76E-02 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Bilophila wadsworthia 2.05±0.49 5.66E-04 

Decreased in kittens (43 species) 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus pasteurianus -5.98±0.69 0.69 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium baratii -5.80±1.05 1.05 

Firmicutes c__Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus saerimneri -5.19±1.67 1.67 

Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Allobaculum stercoricanis -5.08±0.99 0.99 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B hirae -5.07±0.77 0.77 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B villorum -4.95±1.31 1.31 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium sp000753455 -4.85±1.48 1.48 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus gallolyticus -4.07±1.04 1.04 

Firmicutes Bacilli Haloplasmatales Turicibacteraceae Turicibacter sp001543345 -3.91±0.95 0.95 

Firmicutes_A Clostridia Peptostreptococcales Peptostreptococcaceae Paeniclostridium sordellii -3.88±0.63 0.63 

Proteobacteria Gammaproteobacteria Enterobacterales Succinivibrionaceae Succinivibrio unknown -3.87±0.94 0.94 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium mucogenicum_B -3.82±0.89 0.89 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus mucosae -3.66±0.93 0.93 
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Table 1. Species with differential abundances between kittens (< 1 y, n=31) and young adults (≥1&<6 y, n=118). Fold changes (FC) were 

calculated using young adults as a reference group continued. 

Campylobacterota Campylobacteria Campylobacterales Helicobacteraceae Helicobacter_B canis_A -3.64±0.81 0.81 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_C massiliensis -3.53±1.29 1.29 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B pernyi -3.43±1.21 1.21 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus garvieae -3.30±0.79 0.79 

Firmicutes_A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium unknown -3.29±0.74 0.74 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium_P ventriculi -3.11±1.07 1.07 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B unknown -3.05±0.68 0.68 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium saudiense -3.02±0.84 0.84 

Campylobacterota Campylobacteria Campylobacterales Helicobacteraceae Helicobacter_B unknown -3.01±0.94 0.94 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus animalis -2.98±0.96 0.96 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus macedonicus -2.90±0.91 0.91 

Campylobacterota Campylobacteria Campylobacterales Helicobacteraceae unknown unknown -2.88±0.77 0.77 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium immunogenum -2.84±0.96 0.96 

Firmicutes Bacilli Lactobacillales Enterococcaceae unknown unknown -2.79±0.61 0.61 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B durans -2.77±0.92 0.92 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus petauri -2.77±0.95 0.95 

Campylobacterota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter_D upsaliensis -2.75±0.68 0.68 

Firmicutes_A Clostridia Oscillospirales Ruminococcaceae D5 sp900113995 -2.71±0.66 0.66 

Firmicutes_C Negativicutes Acidaminococcales Acidaminococcaceae Phascolarctobacterium_A sp900544885 -2.60±0.59 0.59 

Firmicutes_C Negativicutes Selenomonadales Selenomonadaceae Mitsuokella jalaludinii -2.58±0.81 0.81 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B faecium -2.49±0.53 0.53 

Campylobacterota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter sp002139915 -2.39±0.70 0.70 

Firmicutes_C Negativicutes Veillonellales Megasphaeraceae Megasphaera_B hexanoica -2.38±0.61 0.61 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus secaliphilus -2.36±0.65 0.65 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Mediterraneibacter faecis -2.35±0.47 0.47 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus unknown -2.16±0.74 0.74 

Actinobacteriota Actinomycetia Actinomycetales Actinomycetaceae Pauljensenia odontolytica_B -2.13±0.69 0.69 
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Table 1. Species with differential abundances between kittens (< 1 y, n=31) and young adults (≥1&<6 y, n=118). Fold changes (FC) were 

calculated using young adults as a reference group continued. 

Firmicutes_C Negativicutes Veillonellales unknown unknown unknown -2.09±0.69 0.69 

Firmicutes_C Negativicutes Veillonellales Megasphaeraceae Megasphaera stantonii -2.06±0.74 0.74 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium pseudocatenulatum -2.00±0.56 0.56 
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Table 2. Species with differential abundances between mature adults (≥6&<10 y, n=25) and young adults (≥1&<6 y, n=118). Fold changes 

(FC) were calculated using young adults as a reference group. 

 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in mature adults (3 species) 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium mastitidis 3.63±0.79 1.61E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B faecium_B 2.24±0.56 1.82E-03 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Anaerobutyricum hallii_A 2.08±0.61 1.10E-02 

Decreased in mature adults (48 species) 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus gallolyticus -8.46±1.15 1.15 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus unknown -7.28±0.78 0.78 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus pasteurianus -7.12±0.76 0.76 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus saerimneri -6.98±1.77 1.77 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus equinus -6.95±1.42 1.42 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus animalis -6.89±1.05 1.05 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus equinus_B -6.20±1.36 1.36 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia albertii -5.58±0.92 0.92 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus lutetiensis -5.43±0.67 0.67 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia coli_D -5.16±0.86 0.86 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus macedonicus -5.02±1.06 1.06 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_A hermanniensis -4.95±1.52 1.52 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia coli -4.80±0.73 0.73 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium baratii -4.62±1.09 1.09 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus infantarius -4.56±1.12 1.12 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae unknown unknown -4.54±0.66 0.66 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus garvieae -4.30±0.92 0.92 

Firmicutes_C Negativicutes Acidaminococcales Acidaminococcaceae Phascolarctobacterium_A sp900544885 -4.21±0.66 0.66 
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Table 2. Species with differential abundances between mature adults (≥6&<10 y, n=25) and young adults (≥1&<6 y, n=118). Fold changes 

(FC) were calculated using young adults as a reference group continued. 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus crispatus -4.13±0.98 0.98 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus mucosae -3.95±1.09 1.09 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B sp002140175 -3.87±1.21 1.21 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus johnsonii -3.86±1.14 1.14 

Campylobacterota Campylobacteria Campylobacterales Helicobacteraceae Helicobacter_B canis_A -3.77±0.86 0.86 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus murinus -3.66±1.09 1.09 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium tertium -3.54±1.01 1.01 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia unknown -3.45±0.75 0.75 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia flexneri -3.44±0.70 0.70 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus acidophilus -3.43±0.97 0.97 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B faecium -3.21±0.58 0.58 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus petauri -3.16±1.12 1.12 

Firmicutes Bacilli Haloplasmatales Turicibacteraceae Turicibacter sp001543345 -3.02±0.99 0.99 

Firmicutes_C Negativicutes Selenomonadales Selenomonadaceae Megamonas funiformis -2.99±0.61 0.61 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia fergusonii -2.99±0.96 0.96 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus canis -2.91±0.85 0.85 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus unknown -2.88±0.86 0.86 

Firmicutes_C Negativicutes Selenomonadales Selenomonadaceae Megamonas hypermegale -2.86±0.99 0.99 

Firmicutes Bacilli Lactobacillales Lactobacillaceae unknown unknown -2.84±0.71 0.71 

Campylobacterota Campylobacteria Campylobacterales Helicobacteraceae Helicobacter_B canis_B -2.78±0.72 0.72 

Campylobacterota Campylobacteria Campylobacterales unknown unknown unknown -2.74±0.91 0.91 

Firmicutes Bacilli Lactobacillales Streptococcaceae unknown unknown -2.70±0.78 0.78 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus salivarius -2.65±0.90 0.90 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus unknown -2.57±0.77 0.77 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus unknown -2.53±0.67 0.67 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis -2.41±0.59 0.59 

Firmicutes_A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium unknown -2.33±0.77 0.77 
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Table 2. Species with differential abundances between mature adults (≥6&<10 y, n=25) and young adults (≥1&<6 y, n=118). Fold changes 

(FC) were calculated using young adults as a reference group continued. 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_E cecorum -2.28±0.67 0.67 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola massiliensis -2.20±0.52 0.52 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus amylovorus -2.01±0.66 0.66 

 



 

112 

 

Table 3. Species with differential abundances between kittens (< 1 y, n=31) and mature adults (≥6&<10 y, n=25). Fold changes were 

calculated using mature adults as a reference group. 

 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in kittens (87 species) 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus antri 9.95±1.59 6.48E-08 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Bilophila wadsworthia 8.32±1.61 1.08E-05 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus equinus 7.72±1.92 9.16E-04 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium tertium 7.10±1.69 5.47E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus taiwanensis 7.01±1.46 5.58E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus paragasseri 6.82±1.47 8.75E-05 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes shahii 6.78±1.65 7.43E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Levilactobacillus brevis 6.73±1.51 1.89E-04 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus unknown 6.66±0.82 2.16E-13 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus animalis 6.63±1.25 6.18E-06 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus lutetiensis 6.60±0.80 9.16E-14 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus johnsonii 6.57±1.28 1.12E-05 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus equinus_B 6.19±1.59 1.45E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia coli_D 5.56±1.05 6.18E-06 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus infantarius 5.53±1.44 1.67E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Yersinia pestis 5.26±1.58 7.97E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Klebsiella_B aerogenes 5.25±1.79 2.29E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia fergusonii 5.22±1.38 1.99E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis 5.18±0.80 1.90E-08 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus frumenti 5.15±1.54 7.95E-03 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus hyovaginalis 5.09±0.93 3.35E-06 
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Table 3. Species with differential abundances between kittens (< 1 y, n=31) and mature adults (≥6&<10 y, n=25). Fold changes were 

calculated using mature adults as a reference group continued. 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes unknown 4.97±1.44 5.68E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia flexneri 4.94±0.96 1.08E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus gasseri 4.94±1.55 1.24E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lacticaseibacillus paracasei 4.91±1.80 3.68E-02 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Enterocloster aldenensis 4.85±0.99 3.77E-05 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus suis 4.83±0.86 2.01E-06 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia sp000208585 4.77±1.41 7.28E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Citrobacter_A amalonaticus 4.68±1.28 3.06E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Citrobacter portucalensis 4.68±1.36 6.12E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae unknown unknown 4.67±0.85 3.35E-06 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides caccae 4.64±0.85 3.35E-06 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus vaginalis 4.63±1.37 7.28E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia unknown 4.57±0.99 9.73E-05 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia albertii 4.54±1.25 3.19E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia marmotae 4.54±1.45 1.40E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia dysenteriae 4.43±1.36 1.01E-02 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium_P sp001403635 4.41±1.10 9.16E-04 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Anaerostipes caccae 4.40±0.65 3.54E-09 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Sellimonas intestinalis 4.35±0.72 1.75E-07 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus gallolyticus 4.11±1.02 9.16E-04 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia coli 4.01±1.07 2.15E-03 

Proteobacteria Gammaproteobacteria Enterobacterales unknown unknown unknown 3.82±1.29 2.17E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Citrobacter_A rodentium 3.76±1.33 2.85E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus lactis_E 3.72±1.02 3.13E-03 
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Table 3. Species with differential abundances between kittens (< 1 y, n=31) and mature adults (≥6&<10 y, n=25). Fold changes were 

calculated using mature adults as a reference group continued. 

Firmicutes Bacilli Lactobacillales Streptococcaceae unknown unknown 3.68±0.84 2.29E-04 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis_A 3.62±0.90 9.16E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_E unknown 3.47±1.04 7.95E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Pediococcus acidilactici 3.40±1.13 1.96E-02 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes finegoldii 3.39±1.12 1.81E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_E cecorum 3.38±0.86 1.32E-03 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes senegalensis 3.23±1.10 2.24E-02 

Proteobacteria Gammaproteobacteria Burkholderiales Burkholderiaceae Burkholderia cenocepacia 3.19±0.62 1.08E-05 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium aurimucosum_E 3.16±0.82 1.71E-03 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium minimum 3.15±1.13 3.06E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus unknown 3.14±0.89 4.09E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola massiliensis 3.14±0.61 1.08E-05 

Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Bosea sp002220095 3.09±0.77 1.04E-03 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium tsurumiense 3.07±1.03 2.10E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_E columbae 3.07±1.08 2.79E-02 

Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Afipia broomeae 3.06±0.65 6.62E-05 

Proteobacteria Gammaproteobacteria Burkholderiales Burkholderiaceae Ralstonia unknown 3.01±0.68 2.29E-04 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides eggerthii 3.00±0.79 2.11E-03 

Proteobacteria Gammaproteobacteria Burkholderiales Burkholderiaceae Burkholderia unknown 2.96±0.62 5.94E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus kitasatonis 2.94±0.88 7.97E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides xylanisolvens 2.93±0.82 3.66E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Leuconostoc gelidum 2.91±0.94 1.53E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides uniformis 2.89±0.53 3.35E-06 

Firmicutes_C Negativicutes Selenomonadales Selenomonadaceae Megamonas funiformis 2.88±0.76 1.95E-03 
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Table 3. Species with differential abundances between kittens (< 1 y, n=31) and mature adults (≥6&<10 y, n=25). Fold changes were 

calculated using mature adults as a reference group continued. 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium_P unknown 2.78±0.59 5.94E-05 

Actinobacteriota Actinomycetia Propionibacteriales Propionibacteriaceae Cutibacterium acnes 2.75±0.94 2.29E-02 

Proteobacteria Gammaproteobacteria Burkholderiales Burkholderiaceae Ralstonia sp001078575 2.73±0.72 2.00E-03 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus minor 2.56±0.80 1.14E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola coprocola 2.55±0.69 2.79E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides sp900066265 2.54±0.84 1.95E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fluxus 2.51±0.80 1.28E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola unknown 2.43±0.58 5.47E-04 

Bacteroidota Bacteroidia Bacteroidales unknown unknown unknown 2.43±0.51 5.94E-05 

Firmicutes_A Clostridia Eubacteriales Eubacteriaceae Eubacterium unknown 2.39±0.75 1.25E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae unknown unknown 2.37±0.90 4.77E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus lactis 2.33±0.85 3.58E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola dorei 2.29±0.56 8.23E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus amylovorus 2.27±0.80 2.81E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola ilei 2.27±0.79 2.72E-02 

Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Longicatena dolichum 2.26±0.55 6.47E-04 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides unknown 2.24±0.56 9.16E-04 

Firmicutes_A Clostridia Oscillospirales Oscillospiraceae Intestinimonas butyriciproducens 2.22±0.57 1.45E-03 

Decreased in kittens (13 species) 

Proteobacteria Gammaproteobacteria Enterobacterales Succinivibrionaceae Succinivibrio unknown -5.35±1.08 2.73E-05 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B hirae -4.52±0.99 1.18E-04 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium mucogenicum_B -3.73±1.15 1.08E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B unknown -3.66±0.83 2.15E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B faecium_B -3.65±0.79 9.73E-05 
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Table 3. Species with differential abundances between kittens (< 1 y, n=31) and mature adults (≥6&<10 y, n=25). Fold changes were 

calculated using mature adults as a reference group continued. 

Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Allobaculum stercoricanis -3.32±1.13 2.29E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae unknown unknown -3.09±0.76 8.69E-04 

Actinobacteriota Coriobacteriia Coriobacteriales Eggerthellaceae Enteroscipio sp000270285 -2.98±0.61 4.20E-05 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Anaerobutyricum unknown -2.83±0.89 1.27E-02 

Firmicutes_C Negativicutes Veillonellales Megasphaeraceae Megasphaera_B hexanoica -2.69±0.75 3.66E-03 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium pseudocatenulatum -2.61±0.72 3.34E-03 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Anaerobutyricum hallii_A -2.42±0.80 1.88E-02 

Firmicutes_A Clostridia Oscillospirales Ruminococcaceae D5 sp900113995 -2.09±0.72 2.47E-02 
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Table 4. Species with differential abundances between underweight (BCS 1-3.5, n=61) and normal weight cats (BCS 4-5, n=113). Fold 

changes (FC) were calculated using normal cats as a reference group. 

 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in underweight cats (8 species) 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus jensenii 3.97±1.24 2.45E-02 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium sp000753455 3.81±1.19 2.45E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus pasteurianus 3.35±0.50 5.44E-09 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium tertium 3.19±0.79 3.58E-03 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus anginosus_C 3.03±0.80 5.43E-03 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium immunogenum 2.89±0.70 3.22E-03 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium mastitidis 2.43±0.60 3.36E-03 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus suis 2.35±0.48 9.95E-05 

Decreased in underweight cats (10 species) 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Bilophila wadsworthia -8.16±1.08 3.86E-11 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes putredinis -4.63±0.88 2.17E-05 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes obesi -3.44±0.87 4.06E-03 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes shahii -3.19±0.96 1.94E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_C massiliensis -3.16±0.97 2.06E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis -3.02±0.46 1.49E-08 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium_P ventriculi -2.80±0.79 1.14E-02 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes onderdonkii -2.25±0.76 4.14E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus garvieae -2.25±0.56 3.80E-03 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Blautia_A hydrogenotrophica -2.01±0.37 1.01E-05 
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Table 5. Species with differential abundances between constipation (BCS 1-2, n=85) and normal stool consistency (Bristol stool 

scale 2.5-4.5, n=34). Fold changes (FC) were calculated using normal stool consistency as a reference group. 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in constipation (12 species) 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes putredinis 4.97±1.11 7.36E-04 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Desulfovibrio piger 3.93±1.01 5.07E-03 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes shahii 3.86±1.14 1.84E-02 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Desulfovibrio piger_A 3.48±0.91 5.37E-03 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Desulfovibrio unknown 3.20±1.02 3.07E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus faecalis 3.19±0.85 6.01E-03 

Firmicutes Bacilli Erysipelotrichales Erysipelatoclostridiaceae Massiliomicrobiota sp002160865 2.95±0.78 6.01E-03 

Firmicutes_A Clostridia Monoglobales Monoglobaceae Monoglobus pectinilyticus 2.77±0.75 7.55E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola coprocola 2.57±0.52 2.12E-04 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Blautia_A hydrogenotrophica 2.38±0.47 1.39E-04 

Firmicutes_A Clostridia Oscillospirales Oscillospiraceae Intestinimonas butyriciproducens 2.07±0.46 7.36E-04 

Firmicutes Bacilli Erysipelotrichales Erysipelatoclostridiaceae Erysipelatoclostridium spiroforme 2.03±0.64 2.92E-02 

Decreased in constipation (13 species) 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus saerimneri -5.82±1.49 4.68E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus salivarius -5.10±0.83 6.02E-07 

Firmicutes Bacilli Haloplasmatales Turicibacteraceae Turicibacter sanguinis -4.93±1.41 1.34E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus ingluviei -4.74±0.98 2.12E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus johnsonii -3.61±0.96 6.01E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus taiwanensis -3.47±1.09 2.92E-02 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium saudiense -3.28±0.82 3.95E-03 

Firmicutes_A Clostridia Clostridiales Clostridiaceae Clostridium tertium -3.20±0.76 2.01E-03 

Firmicutes Bacilli Lactobacillales unknown unknown unknown -2.64±0.55 2.12E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_D casseliflavus -2.51±0.83 4.20E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus agilis -2.50±0.76 2.09E-02 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium aurimucosum_E -2.04±0.62 2.09E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae unknown unknown -2.02±0.67 4.18E-02 
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Table 6. Species with differential abundances between diarrhea (BCS 5-7, n=24) and normal stool consistency (Bristol stool scale 2.5-4.5, 

n=34). Fold changes (FC) were calculated using normal stool consistency as a reference group. 

 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in diarrhea (9 species) 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Bariatricus comes 2.09±0.47 1.03E-03 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Anaerostipes hadrus 2.54±0.47 2.51E-05 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Mediterraneibacter faecis 3.00±0.73 3.52E-03 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus gallolyticus 3.87±1.16 3.53E-02 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Lachnobacterium bovis_A 4.21±1.11 8.61E-03 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Lachnobacterium sp900113385 4.45±1.18 8.61E-03 

Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Lachnobacterium bovis 4.90±1.08 9.67E-04 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium gallicum 4.91±1.09 9.67E-04 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus pasteurianus 6.29±0.81 3.44E-12 

Decreased in diarrhea (2 species) 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus_B faecium -3.01±0.75 4.78E-03 

Firmicutes_A Clostridia Peptostreptococcales Peptostreptococcaceae Romboutsia lituseburensis -2.79±0.68 3.52E-03 
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Manuscript 2: The effects of environmental surroundings on the composition of the 

gastrointestinal microbiome in the domestic cat (Felis catus). 

Abstract 

The feline mcrobiome is an ever-expanding topic that has many unkowns. This current study 

assessed whether there is a correlation between environmental profile and the composition of the 

gastrointestinal (gut) microbiome in the domestic cat. Unlike many feline studies that are limited 

by small study sizes, this study used a large population of cats for the Wake County Animal 

Center in Raleigh, NC, USA, as well as a population of cats in Wake County that were owned by 

people. It was found that between pet and shelter samples there was not a significant difference 

in alpha diversity, however beta diversity was found to be different. Pairwise comparisons 

showed that each group was different from each other. This indicates that isolated groups of cats 

will have recognizable microbiome profiles. Equipped with microbiome data, veterinary doctors 

and staff (as well as other animal caretakers) could potentially use this information as a way to 

improve feline health in a non-invasive manner. In shelters, this could provide labor related relief 

to staff, as well as decrease stress in the cats while simultaneously promoting improved health. 

Introduction  

Geographical and environmental conditions are a major influence to the inoculation and 

establishment of the mammalian microbiome although little work on the domestic cat (Felis 

catus) has been conducted. Previous research indicates that geographical location and the 

immediate environment in which the animal is located, determines what microorganisms they are 

exposed to and how their microbiome is established (Hooda et al., 2013). Although still debated, 

gastrointestinal microbial accumulation likely begins in-utero (Hooda et al., 2013). After 

parturition, kittens are exposed to microbes present in the immediate vicinity including but not 
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limited to flora, fauna (including other cats), and landscape (Hooda et al., 2013). When a group 

of individuals are living together or housed in close quarters, horizontal transmission of 

microbial taxa occurs (Deusch et al., 2015; Shanahan et al., 2021). This transmission of microbes 

among cats within a discrete population usually results in a synonymous microbial community 

composition. While no individual microbiome cloud is thought to be exactly the same, animals 

of the same species generally tend to have similar microbial profile in regards to bacterial phyla. 

This current research examines how the fecal microbiomes of various populations of felines 

compare to each other through both environmental conditions and sample collection, as well as 

better determine normal bacterial populations within the domestic cat. 

Materials and Methods  

Fecal samples were collected at the Wake County Animal Center in Raleigh, NC and by cat 

owners at their residences from February to July, 2021. The cat owners that participated were 

recruited via emails sent to local friends, students and family of co-authors and employees at the 

animal shelter. Any resident of Wake County that owned a cat was welcome to participate.  

Shelter samples: Fecal samples were collected at the Wake County Animal Center in Raleigh, 

NC, USA from February to July, 2021 three times a week starting at 6 am. All samples were 

collected by the same two individuals to ensure samples were collected using consistent 

methodology. Upon admission to the animal shelter, cats were divided into four rooms: adoption, 

feral, isolation and quarantine. The cats placed in the adoption room were cats that were 

considered strays and owner surrenders. The feral room was for cats that belonged to feral cat 

colonies prior to admission and cats that were on a bite hold. The isolation room was generally 

used for cats that had highly contagious conditions including upper respiratory infections, 
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ringworm and coronavirus. The quarantine room was used for cats that were being treated for 

medical conditions classified as other. This could include pregnant queens, orphaned kittens, FIV 

positive cats, superficial flesh wounds, neurological conditions, ectoparasites or even more 

severe medical conditions that needed immediate medical attention. Unless otherwise specified, 

all cats were offered a daily diet of diet of Hills Science Diet can (savory chicken entre adult 1 - 

6) & Hill’s Science Diet dry kibble (Topeka, KS, USA). All fecal samples collected were 

collected by using Nom Nom Plus Microbiome Testing Kits (Nashville, TN, USA) (Jha et al., 

2020). Each sample was collected within 1 hr of assumed defecation to achieve an accurate 

representation of microbial populations present. Litter pans were replaced each day, once a day 

before the opening of the animal shelter to the public (approximately at the same time the 

researchers were collecting samples). Since the cats in the study did not defecate in front of the 

researchers collecting the samples, samples were collected using physical characteristics that 

indicated a fresh sample (i.e. absence of litter or debris and visual appearance). The Bristol fecal 

scale was used to assess and categorize each fecal sample collected (scores were classified as 

dense:1-2, normal: 2.5-4.5, and watery: 5-7). A fecal score of 1 indicated that the fecal was in a 

hard pellet like state whereas a 7 was very watery diarrhea. Each sample was collected using a 

sterile swab. Each swab was rotated in the fecal sample approximately 3 times or, if the fecal 

score was low (1-2.5), as many times as it took to transfer fecal matter onto the swab. A pea size 

amount of fecal matter was also collected. Both the swab and the fecal sample were placed into a 

microbiome collection tube which contained a proprietary buffer solution which was included to 

preserve the integrity of the microbial populations present. The tube containing the sample and 

buffer solution was then shaken for approximately 30 seconds in an attempt to effectively mix 

the contents together. After collection each container was labeled with an identification number/ 
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barcode and then placed into a refrigerator at the animal shelter where they were kept cold at 4º 

C. Each sample then had its data entered into the NomNomNow (Nashville, TN, USA) data 

system and had an individual survey filled out. This survey included information on age, sex, 

alteration status, coat color, fecal score, body condition score (BCS), weight, identification 

number, feed provided, health status and history and medications.  

Owned cats: The abovementioned collection steps were taken by the owners for their cat fecal 

samples. Once they had collected an adequate sample, the sample was brought to the research lab 

and placed into the refrigerator where they were kept cold at 4° C. The same survey described 

above was completed by each owner. These surveys were collected and entered into the 

NomNomNow (Nashville, TN, USA) data system. At the end of each month, the samples were 

overnight mailed in chilled cooler boxes to Diversigen Labs (New Brighton, MN, USA) where 

they were again placed in storage at 4° C until analysis. 

DNA extraction, GM metagenomic shotgun sequencing, and taxonomy identification 

All samples were processed and sequenced in a single batch at Diversigen Labs (New Brighton, 

MN, USA). DNA extraction and library construction protocols were performed, except the DNA 

that was extracted using the Zymogen Quick-DNA Fecal/Soil Microbe 96 Mag Bead kit (Zymo 

Research, Irvine, CA, USA) which used Powerbead Pro (Qiagen, Redwood City, CA, USA) 

plates with 0.5 and 0.1 mm ceramic beads. Extraction controls included a no template control 

(water) and a characterized homogenized stool. All samples were quantified using Quant-iT 

Picogreen dsDNA Assay (Invitrogen, Carlsbad, CA, USA). DNA amplification and library 

construction used the Nextera XT DNA Library Preparation Kit (Illumina Inc, Foster City, CA, 

USA). Shotgun metagenomic sequencing was carried out by Diversigen Labs (New Brighton, 
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MN, USA) using a Boostershot shallow metagenomic sequencing service (2 million 

reads/sample). Single-end shotgun reads were trimmed and processed using Shi7 for quality 

control (Al-Ghalith et al., 2018). The sequences were aligned to a previously created database 

containing all representative genomes in RefSeq for bacteria with additional manually curated 

strains. Alignments were made at 97% identity against all reference genomes. Every input 

sequence was compared to every reference sequence. This was done in the Diversigen Venti 

database using fully gapped alignment with BURST using default settings (Al-Ghalith & 

Knights, 2017). Ties were broken by minimizing the overall number of Operational Taxonomic 

Units (OTUs). For taxonomy assignment, each input sequence was assigned the lowest common 

ancestor that was consistent across at least 80% of all reference sequences tied for best hit using 

the Genome Taxonomy Database toolkit (GTDB-Tk) (Chaumeil et al., 2019). 

A filtering step was performed to remove microbial taxa (at the OTU level) present in <5% of 

the samples and those belonging to unknown phyla. After filtering, a total of 1,722 taxa were 

used for the analysis. The average sequencing depth was 1,584,301 ± 573,120 per sample, and 

the depth per sample ranged from 228,407 to 3,617,134 reads to create a taxonomy table at 

higher taxonomic levels (i.e. species, genus, family).   

Statistical Methods 

For continuous variables and count percentage for categorical variables, the data is presented as 

the mean ± the standard deviation or the interquartile range.  The Kruskal- Wallis test (Kruskal 

& Wallis, 1952) was used when one or more groups were compared. The Dunn’s test (Dunn, 

1964) with Benjamini-Hochberg correction (Benjamini & Hochberg, 1995) of the p-value was 

used when the null hypothesis of the Kruskal-Wallis test was rejected. Generalized linear models 
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(GLM) were used for the following variables; age, BCS, body weight, breed, coat color & 

pattern, fecal score, eye issues (such as eye infections or wounds), intestinal parasites, pregnant/ 

lactation, probiotic consumption, Science Diet food and shelter room residence. For the owned 

cats age, BCS, body weight, breed, coat color and pattern, fecal score, health concerns, intestinal 

parasites, pregnant/ lactation, probiotic consumption, feed and residence were used. The 

significance level was α=0.05 and R 4.1.0 (Boston, MA, USA) was used to perform analyses.  

Alpha Diversity 

All samples had their Pielou’s evenness, Shannon diversity indices and species richness 

evaluated by rarefying the samples to various depth sequences. These depth sequences ranged 

from 10,000 – 220,000 sequences per sample. The sequencing depths increased by 10,000 reads. 

At each depth 100 iterations were executed. The mean values of the depth levels were used as an 

estimate of these measures in each individual sample. Optimal rarefaction depth was determined 

and used to compute final alpha diversity. 

Beta Diversity 

The non-rarefied count data was log transformed and then principal coordinate analysis (PcoA) 

was conducted. The principal coordinate analysis used Bray-Curtis dissimilarity (Bray & Curtis, 

1957) and was calculated with the vegan package at the species level. Permutational multivariate 

analysis of variance (PERMANOVA) was carried out due to the usage of the vegan package 

(Okasanen et al., 2020). The permutational multivariate analysis of variance used Bray-Curtis 

dissimilarity with 10,000 randomizations to evaluate the microbial community composition.  
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Predicting Alpha and Beta Diversity 

In order to predict alpha diversity indices and beta diversity axes with aforementioned metadata 

as input variables, supervised machine learning was used. The supervised machine learning 

implemented random forest and conditional random forest algorithms, GLM and XGBoost (Chen 

& Guestrin, 2016) in order to make the predictions. Of the samples, 80% were used to train the 

model and the rest were used to test accuracy and performance of the model. In order to evaluate 

the variable importance, the model with the smallest root mean squared error (RMSE) was 

assessed. Variables considered important reduced the RMSE of the model. 

Differential Abundance Analysis 

Among shelter cats and pet cats, distinct bacteria were assessed at the species level. This was 

achieved using a negative binomial generalized linear model. This binomial generalized linear 

model used differential expression analysis for sequence count data version 2 package (DESeq2) 

(Love et al., 2014). Taxa with absolute log2(fold change (FC)) greater than 2 and FDR-adjusted 

p-values less than 0.05 were deemed significant. 

Taxa Multivariable Association 

At the species level, each taxa was log10 normalized and evaluated for multiple variable 

affiliations using MaAsLin2 in R. These variables include age, BCS, bowel health (in relation to 

fecal score), residence and supplement or medication consumption. In MaAsLin2 (Mallick et al., 

2021) default parameters were used except for analysis method = “LM”, normalization=” 

NONE”, transform=” NONE”, and min_prevalence = 0.05. Taxa were considered significant if it 

had an FDR-adjusted p value less than 0.05. 
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Exclusion Factors 

Due to potential effects on the microbial population data, cats were excluded from this study for 

the following reasons: intestinal parasites, pregnant or lactating, diagnosed with a severe health 

issue (cancer, diabetes, feline immunodeficiency virus, feline leukemia virus, heart disease, 

kidney disease, liver disease, pancreatitis, thyroid disorder), and/or given any of the following 

medications: antibiotics (Minocycline, Terramycin, Covenia), dewormer (Praziquantel/Drontal 

(Shawnee Mission, Kansas, USA)), and anti-protozoal (Boehringer Ingelheim, Canada).  

When microbial populations from shelter fecal samples were compared to pet samples, the 

samples were matched by a set of characteristics. These characteristics included age, body 

condition score, fecal score, and sex. Of the pet samples collected, only 36 samples were used 

when comparing against the shelter samples (n = 288). The remaining 15 cats were excluded due 

to age and/or body condition score not being comparable.  

Results 

A total of 384 fecal microbiome samples were collected and analyzed at Diversigen Labs. Of 

these samples 339 individual cat samples were included in our analysis, 288 were shelter 

samples and 51 were owned pet samples. Subject characteristics (Table 1) were comparable 

between the adoption cats, feral cats and pet cats. These characteristics included age, BCS, body 

weight and sex. The Bristol fecal scale was visually lower in the adoption and feral cats than in 

the pet cats, but was found to be not statistically significant (p= 0.177). Feral cats were more 

likely to be spayed and neutered than the pet and adoption cats. The use of probiotics differed 

among the three groups, but pairwise failed to show any difference between the groups. After 

filtering took place, the sequence coverage was found to range from 421,494- 2,931,900 reads 
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per sample and the median [IQR: Interquartile range] was 1,544,376 [1,185,106- 1,971,617] 

(Figure 1). All taxa detected in the fecal samples belonged to 13 phyla (Figure 2).  

Between both groups of cats (shelter vs. pet), the phyla Actinobacteriota, Bacteroidota, 

Firmicutes, Firmicutes_A and Proteobacteria were the most abundant. Actinobacteriota averaged 

51.49% of the population, among all of the cats the percentage range was 35.21- 69.15%. 

Bacteroidota averaged out to 1.97% with a range of 0.66- 6.31%. Firmicutes averaged out to 

7.41% with a range of 3.90- 17.46%. Firmicutes_A made up 24.46% with a range of 12.18- 

35.54%. Proteobacteria made up 0.06% with a range of 0.01- 0.33% (Figure 3).  

When examining the four different rooms of the shelter, our data showed distinct populations of 

specific bacteria. Analysis of samples taken from the adoption room indicated that 

Actinobacteriota was the greatest at 55.32%, followed by Firmicutes_A at 26.82%, Firmicutes at 

11.10%, Bacteroidota at 5.96%, Proteobacteria at 0.31%, Firmicutes_C at 0.39%, and 

Proteobacteria at 0.31%. The remaining bacteria present accounted for less than 1%. Samples 

taken from the feral room indicated that Actinobacteria were the most abundant at 56.54%, 

followed by Firmicutes_A at 20.18%, Firmicutes at 16.78%, Bacteroidota at 4.39%, 

Proteobacteria at 1.86%, and Firmicutes_C at 0.21%. The remaining bacteria present accounted 

for less than 1%. Samples collected from the isolation room indicated that Actinobacteria were 

the most abundant at 46.23%, followed by Firmicutes_A at 25.72%, Firmicutes at 20.66%, 

Bacteroidota at 3.39%, Proteobacteria at 3.16%, and Firmicutes_C at 0.76%. The remaining 

bacteria present accounted for less than 0.10%. Analysis of samples collected from the isolation 

room indicated that Actinobacteria were the most abundant, followed by Firmicutes at 28.91%, 

Firmicutes_A at 19.35%, Bacteroidota at 6.67%, Proteobacteria at 2.55%, Campylobacterota at 

0.64% and Firmicutes_C at 0.38%. The remaining bacteria present accounted for less than 1%. 
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Analysis of the pet samples indicated that Actinobacteriota were the most abundant at 46.97%, 

followed by Firmicutes_A at 27.80%, Firmicutes at 15.81%, Bacteroidota at 8.03%, 

Firmicutes_C at 0.79%, Proteobacteria at 0.37, and Desulfobacterota at 0.11%.  

Alpha and Beta Diversity 

Between the pet samples and the shelter samples no significant alpha diversity was detected at a 

read depth of 420K. Rarefaction curves demonstrate sufficient sequencing coverage to calculate 

α-diversity metrics including species richness, evenness, and the Shannon diversity index. Each 

α-diversity metric was calculated from 10,000 to 420,000 reads. Each point represents the mean 

and each error bar represents standard error of the mean at each rarefaction depth 

(Supplementary Table 4). In a scree plot created using the data, 25 principal coordinates analysis 

axes were incorporated (Figure 4). These axes were the highest variances at the species level. 

The first four axes are explained >5% of the variance, while the first two axes illustrate 20.3% 

and 7.9% of the variance respectively.   

A principal coordinate analysis (PCoA) plot of the first two axes displayed significant clustering 

within each room (p= 1-04). This was accomplished with PERMANOVA which used Bray-Curtis 

distance matrices (Figure 5). Along the PCoA1 axis, it was observed that there were significant 

differences among the three groups (p= 8.97-05, Kruskal-Wallis test) (Figure 6). Pairwise 

comparisons were conducted and also showed that each group was different from the other. 

Along the PCoA4 axis the three groups were also found to be significantly different (p= 6.27-06, 

Kruskal- Wallis test). Pairwise comparisons on this analysis showed that the pet samples were 

different from the adoption room and feral room samples, but the adoption room and feral room 

samples were not different from each other. Along the PCoA2 axis, the three groups were not 
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found to be significantly different (p= 0.148, Kruskal- Wallis test). Along the PCoA3 axis the 

three groups were shown to be different (p= 4.97-02, Kruskal- Wallis test) but pairwise 

comparisons indicated that the groups were not significantly different.  

Differential Abundance Analysis 

A differential abundance analysis was conducted on the fecal bacteria which showed, at species 

level, 86 species present. Of those 86 species, 40 species and 46 species were found to be 

significantly higher and lower, respectively, in adoption room samples when compared to pet 

samples (Figure 7 and Table 1). This analysis indicated that at the phylum level, the 40 species 

that were more abundant in the adoption room samples were: Firmicutes (19) which accounted 

for 41% of the species present, Firmicutes_A (8) made up 17%, and Actinobacteria (8) made up 

17%. Three species belonged to the Proteobacteria phylum (7%), one species belonged to 

Fusobacteriota (2%), and one belonged to Verrucomicrobiota_A (2%). The 46 species that were 

more abundant in the pet samples were: Firmicutes (21) (53% of the species), Bacteroidota (10) 

(25%), and Firmicutes_A (7) (18%). No species belonging to Fusobacteriota, Proteobacteria or 

Verrucomicrobiota_A phyla were more abundant in pet samples. At the class level the 40 species 

that were more abundant in the adoption room samples were:  Bacilli (19) (41% of the species 

present), Clostridia (8) (17%), Coriobacteria (5) (11%), Actinomycetia (3) (7%), and 

Gammaproteobacteria (3) (7%). The 46 species that were more abundant in the pet samples 

were: Bacilli (21) (53% of the species present), Bacteroidia (10) (25%) and Clostridia (7) (18%).  

At the order level the 40 species that were more abundant in the adoption room samples were: 

Lactobacillales (17) (43%), Coriobacteriales (5) (13%), and Lachnospirales (4) (10%). The 46 

species that were more abundant in the pet samples were: Lactobacillales (15) (38%) and 
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Bacteroidales (10) (25%). At the family level there were 40 species that were more abundant in 

the adoption samples, the top species were: Lactobacillaceae (16) (40%), this included the 

common probiotic species L. animalis, L. acidophilus, L. reuteri, L. helveticus, L. johnsonii, and 

P. acidilactici, Atopobiaceae (5) were next at 13%, Lachnospiraceae (4) at 10% and 

Enterobacteraceae (3) at 8%. There were 46 species that were more abundant in the pet samples, 

these were: Enterococcaceae (7) at 15%, Bacteroidaceae (6) at 13%, Streptococcaceae (6) at 

13%, and Marinfilaceae (3) at 7%. Among the pet samples there was only one species of the 

Lactobacillaceae family that was more abundant, L. backii.  

The differential abundance analysis of the gastrointestinal bacteria at the species level indicated 

that 82 species and 65 species were significantly higher and lower, respectively, in feral cat 

samples compared to pet samples (Figure 8 and Table 2). This analysis indicated that of the 82 

species that were more abundant in the feral samples, at the phylum level these were: Firmicutes 

(51) at 62%, Actinobacteria (12) at 15%, Firmicutes_A (9) at 11% and Proteobacteria (7) at 9%. 

The 65 species more abundant in the pet samples were: Bacteroidota (26) at 40%, Firmicutes 

(16) at 25%, and Firmicutes_A (8) at 12%. At the class level, the species that were more 

abundant in the feral samples were: Bacilli (51) at 62%, Clostridia (9) at 11%, Actinomycia (8) 

at 10% and Gammaproteobacteria (7) at 9%. The species that were more abundant in the pet 

samples were: Bacteroidia (26) at 40%, Bacilli (16) at 25%, and Clostridia (8) at 12%. 

At the order level the species that were more abundant in the feral samples were: Lactobacillales 

(48) at 59%, Enterobacterales (7) at 9%, and Peptostreptococcales (7) at 9%. The 65 species that 

were more abundant in the pet samples consisted of: Bacteroidales (26) at 40%, Lactobacillales 

(8) at 12%, Desulfovibrionales (4) at 6%, and Oscillospirales (4) at 6%. At the family level the 

species that were more abundant in the feral samples were: Lactobacillaceae (33) at 40% (this 
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includes the common probiotic species L. animalis, L. acidophilus, L. reuteri, L. johnsonii, L. 

helveticus, P. acidilactici), Streptococcaceae (8) at 10%, Enterobacteriaceae (7) at 9%, 

Enterococcaceae (7) at 9%, and Peptostreptococcaceae (6) at 7%. The 65 species that were more 

abundant in the pet samples consisted of: Bacteroidaceae (15) at 23%, Enterococcaceae (6) at 

9%, Rikenellaceae (6) at 9%, Desulfovibrionaceae (4) at 5%, Marinfilaceae (3) at 5%, and 

Turibacteraceae (3) at 5%. 

The differential abundance analysis of the gastrointestinal bacteria at the species level indicated 

that 52 species and 6 species were also significantly higher and lower, respectively, in feral cat 

samples when compared to adoption cat samples (Figure 9 and Table 3). This analysis indicated 

that of the 52 species that were more abundant in the feral samples, the species at the phylum 

level were: Firmicutes (39) at 75%, Firmicutes_A (6) at 12%, Proteobacteria (4) at 8%, and 

Actinobacteria (3) at 6%. The 6 species that were more abundant in the adoption samples 

consisted of: Firmicutes_A (2) at 33%, Actinobacteria (2) at 33%, Bacteroidota (1) at 17%, and 

Campylobacteria (1) at 17%. At the class level the species that were more abundant in the feral 

samples were Bacilli (39) at 75%, Clostridia (6) at 12%, and Gammaproteobacteria (4) at 8%. At 

the class level the species that were more abundant in the adoption samples were: Clostridia (2) 

at 33%, Actinomycetia (2) at 33%, Bacteroidia (1) at 17% and Campylobacteria (1) at 17%.  

At the order level the species that were more abundant in the feral samples were: Lactobacillales 

(37) at 71%, Peptostreptococcales (4) at 8%, and Enterobacterales (4) at 8%. The 6 species that 

were more abundant in the adoption samples consisted of: Oscillospirales (2) at 33%, 

Mycobacteriales (2) at 33%, Bacteroidales (1) at 17%, and Campylobacterales (1) at 17%. At the 

family level the species that that were more abundant in the feral samples consisted of: 

Lactobacillaceae (21) at 40%, Streptococcaceae (10) at 19%, Enterococcaceae (5) at 8%, and 
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Peptostreptococcaceae (1) at 17%. At the family level the species that were more abundant in the 

adoption samples were: Mycobacteriaceae (2) at 33%, Ruminococcaceae (1) at 17%, 

Acutalibacteraceae (1) at 17%, Bacteroidaceae (1) at 17%, and Campylobacteraceae (1) at 17%.  

KO Term Analysis 

After filtering, there was a total of 4,035 terms present in all samples. Terms are KO identifiers 

that are defined by characterized proteins and genes in specific organisms. PCoA was performed 

on these terms. 25 PCoA axes with the highest variances are shown on the scree plot (Figure 10). 

The first five axes each explained less than 5% of the variance, with the first two axes explaining 

25.6% and 15.9%. A PCoA plot of the first two axes showed a significant separation of samples 

among the four rooms at the shelter (p= 0.009, PERMANOVA using the Bray-Curtis distance 

matrices) (Figure 11). Along the PCoA2, samples among the three groups were significantly 

different (p= 0.024, Kruskal- Wallis test) (Figure 12). Pairwise comparisons showed that there is 

a difference between the feral cat samples and pet cat samples, however, there was not a 

difference between the pet samples and adoption samples as well as between the adoption and 

feral samples. Along the PCoA4, samples among the three groups were found to be statistically 

different. Pairwise comparisons showed that there is a difference between the pet cat samples 

and the feral cat samples, however, there was not a difference between the pet cat samples and 

the adoption cat samples as well as between the adoption samples and the feral samples. Among 

the three groups there was not a difference along the PCoA1, PCoA3, and PCoA5 axes.  

KO Differential Abundance Analysis 

A differential abundance analysis of the KO terms was conducted. This showed 4 terms and 15 

terms to be significantly higher and lower, respectively, in adoption cat samples compared to pet 
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samples (Figure 13 and Table 4). This analysis also showed 83 terms higher and 81 terms lower, 

respectively, in feral cat samples compared to pet samples (Figure 14 and Table 5). Additionally, 

this analysis found that there were 14 terms and 1 term that were significantly higher and lower, 

respectively, in the feral cat samples compared to the adoption ones (Figure 15 and Table 6).  

Discussion 

It is recognized that the transmission of microbes among individuals within a discrete population 

usually results in a synonymous microbial community composition (Deusch et al., 2015; 

Shanahan et al., 2021). The data collected and analyzed in this research supports this claim. 

There was a significant difference in microbial populations between shelter cats and pet cats, as 

well as recognizable differences among the different rooms within the shelter. While we did have 

some cats included in the study that were kittens, pregnant, or lactating females the population 

size was not large enough to collect data that could at a large accurately represent this category 

of cats and they therefore were not included in the study unless stated otherwise. This research 

however allowed us to analyze the accuracy and reality of the horizontal transmission of 

microbes, as well as the impact of environment and immediate geographical location on the 

cultivation of gastrointestinal microbial populations within cats.  

When analyzing the data between all the shelter cats and the pet cats, no difference in alpha 

diversity was detected (this was at a read depth of 420K). This indicates that there is no 

difference in overall microbiome diversity between the samples. In both shelter cats and pet cats, 

the most abundant phyla were Actinobacteriota, Bacteroidota, Firmicutes, Firmicutes_A and 

Proteobacteria. It could be assumed that this is the basic microbial makeup of the domestic cat. 

Having this basic knowledge of what the general feline microbiome consists of could be used as 
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a way to determine microbial upset and the overall health of the cat. It should be noted that both 

groups of cats were located within Wake County, NC restricting our ability to compare different 

geographical locations on a wider scale. This could mean that across the world other feline 

populations microbiomes may be differently represented. Follow up research in various locations 

could determine whether this microbial makeup is unique to the locations or consistent among all 

domestic felines.  

When beta diversity was assessed, it was found that the three groups (adoption cats, feral cats 

and pet cats) did have similarities, as well as dissimilarities between microbial communities. 

Both adoption cat samples and feral cat samples had higher levels of Actinobacteriota than the 

pet samples while the adoption cats and pet cats had higher levels of Bacteroidota, Firmicutes_A, 

and Campylobacterota than the feral cats. The feral and pet cats had higher levels of Firmicutes. 

When compared to both feral and adoption cats, the pet cats had higher levels of Bacteroidota, 

Firmicutes_C, Desulfobacterota, and many species belonging to the order Lactobacillaes. 

Compared to adoption and pet cats, the feral cats had higher levels of Proteobacteria. 

Functionality of all of these bacteria could provide better insight as to why these groups of cats 

have the microbial compositions that they do. Actinobacteriota, specifically Collinsella, is 

believed associated with lipid metabolism (Pereira et al., 2020). Actinobacteria is the highest 

phyla present in cats which may be due to a high fat diet consistent with carnivores (Pereira et 

al., 2020). Firmicutes were also a significant portion of bacteria present and are involved in 

protein degradation, preservation of gastrointestinal homeostasis, and host immunity 

development (Pereira et al., 2020). Clostridia, which belong to the phylum Firmicutes_A, are 

known to breakdown carbohydrates and proteins, as well as promote nutrient absorption (Pereira 

et al., 2020). Fusobacteria were detected in the adoption cat samples and the pet cat samples. 
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Fusobacteria are known to ferment carbohydrates and amino acids (Pereira et al., 2020). This 

fermentation process produces acids, such as acetic acid, formic acid, butyric acid and short-

chain fatty acids (Pereira et al., 2020). These products play a role in the metabolism of glucose, 

cholesterol, fatty acids, and act as energy sources for the host (Pereira et al., 2020). 

Proteobacteria was detected in all samples but was significantly higher in the feral cat 

population. This data supports the theory that wild carnivores, especially those that scavenge, are 

more likely to display higher proteobacteria populations in the gut (Pereira et al., 2020). 

Proteobacteria are most known for their ability to breakdown complex sugars, ferment them and 

then produce vitamins (Pereira et al., 2020).  The KEGG database can be used to further explain 

the complex pathways within the body that these organisms influence.  

Previous studies have indicated that an individual has a microbiome that is unique to them, 

almost like a fingerprint (Grześkowiak et al., 2015; Meadow et al., 2015; Garcia-Mazcorro et al., 

2017; Stavroulaki et al., 2021). While this is true, a group of individuals (in this case cats) that 

are housed or consistently live around another with share a similar microbial profile through 

horizontal dispersion (Deusch et al., 2015; Shanahan et al., 2021). It was evident in the data that 

this was true for each group of cats within the shelter. Each room had a unique microbial profile 

indicating that even within the same building, separated populations of cats will experience 

horizontal dispersion and create a microbial make up specific to that population. This 

information is important as it could help aid in the prevention of disease transmission among 

cats. This is incredibly important among cat populations in shelters as healthy cats are generally 

the cats that get adopted. If specific bacteria are discovered to have greater viability than others 

and are known to be advantageous to gastrointestinal health, then it is possible that horizontal 

dispersion among cats could be used as a non-invasive alternative to improving gut health. With 
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a database of this knowledge, microbial profiles could be traced to specific locations and used as 

a way to trace origins. This would only for a short period of time though as the profile may 

change due to other factors outside of the environmental and immediate geographical location.  

As previously stated in the results, increases and decreases of KO terms were recorded. Further 

analysis of stated KO terms through the KEGG database allows for functionality to be uncovered 

for most terms, however not all functionalities are known. Table 4 indicated that between 

adoption cats and pet cats there were 4 increased KO terms and 15 decreased KO terms in 

adoption cats. The 4 increased terms, from highest to lowest abundance, were K12953, K19837, 

K13953, and K08324. K12953 is categorized as unclassified metabolism, whereas K19837 is 

believed to take part in xenobiotics biodegredation, atrizine degradation and metabolism. 

K13953 partakes in fatty acid degredation and pyruvate, lipid, amino acid, Tyrosine, and Retinol 

metabolism. It is also recorded to influence metabolism of cofactors, vitamins and more. K08324 

is recorded to influence metabolism of carbohydrates, Butanoate, and amino acids (such alanine, 

asparatate, and glutamate). The top 5 decreased KO terms in adoption cats were K08259, 

K21365, K01668, K05910, and K21416. K08259 takes part in peptidoglycan biosynthesis and 

degradation. K21365 is believed to influence glycan biosynthesis and metabolism. K01668 takes 

part in amino acid (tyrosine) metabolism. Both K05910 and K21416 have unclassified 

metabolisms. Table 5 analyzes KO term differential abundances between the feral cats and pet 

cats. When compared feral cats had 83 increased and 81 decreased KO terms. The top 5 

increased KO terms, from highest to lowest abundance, were K20811, K12953, K21053, 

K14195, and K00897. K20811 is believed to take part in starch, sucrose and carbohydrate 

metabolism. K12953 has an unclassified metabolism. K21053 is involved in purine metabolism. 

K14195 is classified under human disease, specifically for Staphylococcus aureus infections. 
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K00897 is associated with antimicrobial resistance genes. Analysis of decreased KO terms in the 

feral cats determined that the top 5 decreased terms were K06313, K23271, K16015, K01843, 

and K11784. K06313 takes part in signaling and cellular processes (i.e., cell growth). K23271 

has an unclassified metabolism. K16015 is believed to partake in the metabolism of terpenoids 

and polyketides, as well as engage in biosynthesis of ansamycins. K01843 is involved in amino 

acid metabolism (i.e., lysine degredation). K11784 is believed to be involved in the metabolism 

of cofactors and vitamins, as well as the biosynthesis of ubiquinone and other terpenoidquinone. 

Finally, Table 6 analyzes the differential abundance of KO terms between the feral and adoption 

cats in the shelter. It was determined that the feral cats had 14 increased KO terms and 1 

decreased KO term. The top 5 increased terms were K19975, K00335, K08996, K11746, and 

K15984. K19975 is a manganese transport substrate binding protein and is involved in 

membrane transportation. K00335 is a NADH-quinone oxidoreductase subunit F that is involved 

in energy metabolism (oxidative phosphorylation). K08996 is a putative membrane protein that 

is currently poorly characterized. K11746 is a glutathione-regulated potassium-efflux system 

ancillary protein that engages in signaling and cellular processes (i.e., transporters). K15984 is a 

16S rRNA (guanine1516-N2)- methyltransferase that is involved in genetic information 

processing (i.e., ribosome biogenesis). The single decreased KO term is K12252, which is 

arginine: pyruvate transminase. This KO term is involved in amino acid metabolism, as well as 

metabolism of amino acid related enzymes. Understanding the functionality of the microbes 

present is one of the first steps in being able to better understand the needs of the gut microbiome 

and treating health problems that are a result of gut dysbiosis. 
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Limitations 

Throughout this research it was noted that the cats included would not defecate when humans 

were around, because of this fecal samples were collected within 1 hr of assumed defecation. 

Physical characteristics were used to determine whether or not the samples were fresh enough to 

be included. Thus, the exact time of defecation, how long the fecal sample sat out or how this 

may affect the microbial profile is unknown. Cats residing in the shelter could also have 

undiagnosed internal parasites which could impact results. Variations in the fecal collection 

process was also a factor as the owned cat samples were collected by the owners and not the 

researchers. Additionally, the survey data provided by the owners could potentially be 

inaccurate. This study was conducted in Wake Country, NC alone and therefore may not be the 

same as cats in other locations around the world. 

Conclusion 

To conclude, this study is the largest feline microbiome dataset to date and it supports previous 

literature that the most prevalent phyla within the domestic cat are Actinobacteria, Bacteroidetes, 

Firmicutes, and Proteobacteria (Ramadan et al., 2014; Barko et al., 2018; Wernimont et al., 

2020). Firmicutes_A were also abundant in many of the samples collected. Through this study 

we were able to identify common phyla of bacteria present in the cat, as well as support the 

hypothesis that cats residing in different environmental conditions will have distinct 

microbiomes to that general area. This was found to occur even within a building, this research 

showed that separated feline populations restricted to a specific location had unique microbial 

profiles that were specific to the room/population of cats. In the future further research should 
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take place to add to this dataset and show how cat populations all over the world may be similar 

and/or different.  
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Figure 1. Sequence coverageon feline fecal samples post filtering on feral, adoption and pet cats in 

Wake County, NC, USA 
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Figure 2. All taxa detected in feline fecal samples belonging to feral, adoption and pet cats in Wake 

County, NC, USA 
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Figure 3. Relative abundances of bacteria detected in feral, adoption and pet feline fecal samples located in Wake County, NC, USA 
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Figure 4. Scree plot with 25 principal coordinate analysis axes incorporated of feline fecal samples of cats from Wake County, NC, USA 
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Figure 5. PCoA plot of feline fecal samples indicating clustering among the rooms of cats at the Wake County Animal Center, Raleigh, 

NC, USA 
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Figure 6. Data of of feline fecal samples for three groups of cats in Wake County, NC, USA among the PcoA1 axis using the Kruskal-

Wallis test 
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Figure 7. Differential abundance analysis on the feline fecal bacteria in adoption and pet cats in Wake County, NC, USA 
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Figure 8. Differential abundance analysis on the feline fecal bacteria in feral and pet cats in Wake County, NC, USA 
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Figure 9. Differential abundance analysis on the feline fecal bacteria in feral and adoption cats in Wake County, NC, USA 
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Figure 10. Scree plot of the 25 PcoA axes with the highest variances, post filtering for feline fecal samples of cats in Wake County, NC, 

USA 
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Figure 11. PCoA plot of feline fecal samples from the three different locations within Wake County NC, USA 
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Figure 12. PCoA2 containing the feline fecal samples from the three feline groups in Wake County, NC, USA 
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Figure 13. Differential abundance analysis of KO terms from feline fecal samples between adoption and pet cats in Wake County, NC, 

USA 
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Figure 14. Differential abundance analysis of KO terms from feline fecal samples between feral and pet cats in Wake County, NC, USA 
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Figure 15. Differential abundance analysis of KO terms from feline fecal samples between feral and adoption cats in Wake County, NC, 

USA 
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Table 1. Subject characteristics. Data expressed as median [IQR] for continuous variables and count (%) for categorical variables. 

 

Variable Pet 

(n=36) 

Adoption 

(n=36) 

Feral 

(n=36) 

p value* 

Age, in yrs 3.0 [1.8-5.0] 3.0 [2.0-5.0] 3.3 [2.0-4.0] 0.988 

Sex 

  Female 

  Male 

 

16 (44%) 

20 (56%) 

 

16 (44%) 

20 (56%) 

 

16 (44%) 

20 (56%) 

1 

Altered status 

  True 

  False 

  N/A 

 

28 (78%)a 

8 (22%) 

0 

 

20 (56%)a 

16 (44%) 

0 

 

7 (21%)b 

27 (79%) 

2 

6.54e-06 

BCS 

  1-3.5 

  4-6 

  6.5-9 

 

2 (6%) 

32 (89%) 

2 (6%) 

 

2 (6%) 

32 (89%) 

2 (6%) 

 

4 (11%) 

31 (86%) 

1 (3%) 

0.895 

Weight, in lbs 10.5 [9.0-12.3] 9.7 [8.0-12.0] 10.5 [8.9-12.0] 0.369 

Bristol scale 3.0 [2.0-4.0] 2.0 [2.0-3.0] 2.0 [2.0-3.0] 0.177 

Probiotic or cultured food 6 (17%) 1 (3%) 0 (0%) 0.016 

*p values are for Kruskal-Wallis test for continuous variables and Fisher’s exact test for categorical variables. 
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Table 2. Species with differential abundances between adoption (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet 

cats as a reference group. 

 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in adoption cats (40 species) 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus saerimneri 24.98±2.01 1.80E-32 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus animalis 11.71±1.04 6.31E-27 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus acidophilus 8.66±0.80 3.46E-25 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus reuteri 7.58±0.73 4.32E-23 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus faecalis 6.47±0.86 6.06E-12 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus johnsonii 6.42±0.88 2.82E-11 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus unknown 5.90±1.07 1.97E-06 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus murinus 5.35±1.21 2.26E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus taiwanensis 5.28±1.49 4.73E-03 

Firmicutes A Clostridia Clostridiales Clostridiaceae Clostridium AN bornimense 4.90±1.73 3.32E-02 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium immunogenum 4.87±1.11 2.36E-04 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Lachnobacterium bovis A 4.67±1.20 1.59E-03 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium gallicum 4.62±1.35 6.57E-03 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Lachnobacterium unknown 4.51±1.45 1.65E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus helveticus 4.50±0.98 1.09E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Pediococcus acidilactici 3.94±1.11 4.51E-03 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Atopobium fossor 3.83±0.90 4.36E-04 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Lachnobacterium bovis 3.76±1.06 4.51E-03 

Verrucomicrobiota A Chlamydiia Chlamydiales Chlamydiaceae Chlamydophila abortus 3.73±0.77 3.28E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus secaliphilus 3.21±0.85 2.32E-03 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Olsenella B sp000752675 3.16±0.48 3.44E-09 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus unknown 3.12±0.70 1.99E-04 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia coli D 2.94±0.85 5.87E-03 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium mucogenicum B 2.92±0.82 4.08E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia dysenteriae 2.88±1.02 3.33E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae unknown unknown 2.87±0.67 4.24E-04 
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Table 2. Species with differential abundances between adoption (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet 

cats as a reference group continued. 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Romboutsia timonensis 2.87±0.86 7.71E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia unknown 2.57±0.87 2.31E-02 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Mediterraneibacter faecis 2.56±0.62 6.85E-04 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Olsenella sp001189515 2.55±0.91 3.38E-02 

Fusobacteriota Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium A sp900543175 2.52±0.60 5.31E-04 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Olsenella B scatoligenes 2.45±0.62 1.19E-03 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus felis 2.34±0.69 6.57E-03 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus simulans 2.32±0.79 2.44E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus aviarius 2.30±0.72 1.17E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus aviarius B 2.30±0.77 2.21E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus crispatus 2.25±0.81 3.46E-02 

Firmicutes A Clostridia Peptostreptococcales Anaerovoracaceae Eubacterium T pyruvativorans 2.23±0.77 2.88E-02 

Firmicutes A Clostridia Oscillospirales Ruminococcaceae D5 sp900113995 2.23±0.55 8.05E-04 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Olsenella B sp900119625 2.22±0.53 5.26E-04 

Decreased in adoption cats (46 species) 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus equorum -26.88±2.25 2.34E-30 

Firmicutes Bacilli Bacillales Bacillaceae A Bacillus X psychrosaccharolyticus -10.68±2.91 3.07E-03 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus E cecorum -5.14±0.75 8.33E-10 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B unknown -5.06±0.99 1.35E-05 

Firmicutes Bacilli Haloplasmatales Turicibacteraceae Turicibacter sp001543345 -4.84±0.86 1.01E-06 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Bilophila wadsworthia -4.76±1.05 1.38E-04 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes putredinis -4.71±1.11 4.36E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus E unknown -4.51±0.89 1.38E-05 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus E columbae -4.22±0.89 5.45E-05 

Actinobacteriota Coriobacteriia Coriobacteriales Eggerthellaceae Adlercreutzia equolifaciens -4.10±0.79 8.34E-06 

Firmicutes Bacilli Bacillales Bacillaceae C Bacillus E coagulans A -3.69±1.34 3.83E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus orisratti -3.62±1.33 3.92E-02 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium afermentans -3.50±1.18 2.31E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus thermophilus -3.49±0.74 6.57E-05 
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Table 2. Species with differential abundances between adoption (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet 

cats as a reference group continued.  

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B faecium -3.36±0.61 1.97E-06 

Campylobacterota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter D helveticus -3.30±0.70 5.98E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Loigolactobacillus backii -3.30±1.23 4.30E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B faecium B -3.24±0.66 3.19E-05 

Actinobacteriota Actinomycetia Propionibacteriales Propionibacteriaceae Cutibacterium acnes -3.17±0.58 2.76E-06 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus piscium C -2.99±1.09 3.82E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis A -2.99±0.62 4.16E-05 

Firmicutes Bacilli Lactobacillales Enterococcaceae unknown unknown -2.99±0.77 1.60E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola massiliensis -2.98±0.55 2.21E-06 

Bacteroidota Bacteroidia Bacteroidales Marinifilaceae Butyricimonas virosa -2.96±0.95 1.53E-02 

Firmicutes A Clostridia Oscillospirales Oscillospiraceae Intestinimonas butyriciproducens -2.94±0.52 7.93E-07 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus raffinolactis -2.92±0.85 6.57E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis -2.88±0.57 1.63E-05 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Blautia A hydrogenotrophica -2.82±0.56 1.87E-05 

Firmicutes A Clostridia Clostridiales Clostridiaceae Clostridium P sp001403635 -2.81±0.89 1.46E-02 

Firmicutes C Negativicutes Acidaminococcales Acidaminococcaceae Acidaminococcus massiliensis -2.73±0.69 1.19E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola plebeius -2.67±0.50 3.40E-06 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Blautia sp003287895 -2.65±0.40 1.68E-09 

Firmicutes A Clostridia Oscillospirales Acutalibacteraceae Clostridium A leptum -2.62±0.75 5.42E-03 

Firmicutes C Negativicutes Acidaminococcales Acidaminococcaceae Phascolarctobacterium A succinatutens -2.54±0.91 3.50E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides pyogenes A -2.50±0.65 1.79E-03 

Firmicutes Bacilli Lactobacillales unknown unknown unknown -2.47±0.69 4.08E-03 

Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Longicatena dolichum -2.46±0.38 9.53E-09 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus lactis E -2.37±0.89 4.49E-02 

Firmicutes A Clostridia Oscillospirales Oscillospiraceae Oscillibacter welbionis -2.30±0.47 3.19E-05 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides sp900066265 -2.29±0.72 1.33E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus lactis -2.26±0.66 6.57E-03 

Bacteroidota Bacteroidia Bacteroidales Marinifilaceae Odoribacter massiliensis -2.21±0.59 2.28E-03 

Firmicutes A Clostridia Clostridiales Clostridiaceae Clostridium P unknown -2.13±0.52 7.67E-04 
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Table 2. Species with differential abundances between adoption (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet 

cats as a reference group continued. 

Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Faecalitalea cylindroides -2.10±0.40 6.21E-06 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium pseudocatenulatum -2.01±0.75 4.30E-02 

Bacteroidota Bacteroidia Bacteroidales Marinifilaceae Odoribacter laneus -2.00±0.54 2.49E-03 
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Table 3. Species with differential abundances between feral (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet cats 

as a reference group. 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in feral cats (82 species) 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus intestinalis 25.16±1.23 5.98E-90 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus saerimneri 23.45±1.96 6.11E-31 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus animalis 13.68±1.03 1.14E-37 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus acidophilus 13.17±0.86 9.31E-51 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus reuteri 13.15±0.79 6.07E-60 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus johnsonii 13.08±1.06 1.78E-32 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus taiwanensis 12.49±1.31 1.11E-19 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus unknown 9.48±0.97 1.39E-20 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus helveticus 8.72±1.05 1.04E-14 

Firmicutes A Clostridia Clostridiales Clostridiaceae Clostridium baratii 8.25±1.00 1.27E-14 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus unknown 7.75±0.77 1.46E-21 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus murinus 7.74±1.07 2.38E-11 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus hominis 7.65±1.26 3.15E-08 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium immunogenum 7.44±1.16 4.56E-09 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus mucosae 7.26±0.91 1.12E-13 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus crispatus 7.14±0.96 4.91E-12 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Pediococcus acidilactici 7.04±1.12 9.97E-09 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus gasseri 6.81±1.50 7.18E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus paragasseri 6.23±1.15 1.21E-06 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus amylolyticus 6.02±1.35 1.01E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus gallinarum 5.85±1.14 4.32E-06 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus equinus B 5.72±1.69 4.12E-03 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus C massiliensis 5.65±1.79 8.14E-03 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B villorum 5.62±1.18 2.70E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae unknown unknown 5.52±0.68 2.73E-14 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus felis 5.42±0.90 3.87E-08 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Liquorilactobacillus vini 5.42±1.82 1.33E-02 
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Table 3. Species with differential abundances between feral (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet cats 

as a reference group continued. 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium mucogenicum B 5.26±1.02 4.70E-06 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia flexneri 5.17±0.77 6.87E-10 

Verrucomicrobiota A Chlamydiia Chlamydiales Chlamydiaceae Chlamydophila abortus 5.13±0.80 4.56E-09 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus garvieae 4.99±0.77 3.76E-09 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paeniclostridium sordellii 4.97±0.72 1.87E-10 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus ultunensis 4.94±1.27 8.40E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus salivarius 4.70±0.99 2.70E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus kefiranofaciens 4.62±1.78 3.52E-02 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus simulans 4.55±1.02 1.01E-04 

Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Allobaculum stercoricanis 4.44±1.02 1.47E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus acetotolerans 4.40±0.98 7.76E-05 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B mundtii 4.34±1.56 2.27E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus petauri 4.32±0.92 3.23E-05 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium bifermentans 4.30±0.86 9.41E-06 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus lutetiensis 4.26±0.65 2.38E-09 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus ingluviei 4.21±0.93 7.76E-05 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B faecalis A 4.20±1.51 2.26E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus faecalis 4.15±0.69 5.06E-08 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus amylovorus 4.12±0.78 2.55E-06 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus pasteurii 4.08±1.30 8.47E-03 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus equinus 4.05±1.59 3.81E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia marmotae 3.95±1.23 6.94E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus unknown 3.90±0.83 2.96E-05 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus unknown 3.70±0.74 9.04E-06 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus unknown 3.68±0.69 2.28E-06 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Atopobium fossor 3.64±0.94 8.49E-04 

Actinobacteriota Actinomycetia Actinomycetales Microbacteriaceae Pseudoclavibacter sp002931075 3.63±0.89 4.23E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus secaliphilus 3.55±0.84 2.56E-04 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae unknown unknown 3.51±0.64 8.04E-07 
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Table 3. Species with differential abundances between feral (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet cats 

as a reference group continued. 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus kalixensis 3.48±1.34 3.35E-02 

Campylobacterota Campylobacteria Campylobacterales Helicobacteraceae Helicobacter A unknown 3.41±0.85 5.18E-04 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus infantarius 3.30±1.03 7.60E-03 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus D gallinarum 3.27±1.00 6.20E-03 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium unknown 3.18±0.76 2.99E-04 

Firmicutes C Negativicutes Selenomonadales Selenomonadaceae Mitsuokella jalaludinii 3.15±0.82 9.91E-04 

Firmicutes A Clostridia Oscillospirales Ruminococcaceae D5 sp900113995 3.14±0.62 7.46E-06 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B sp002140175 3.13±1.10 1.92E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia unknown 3.07±0.92 5.11E-03 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium bifermentans A 2.97±0.94 8.47E-03 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Romboutsia timonensis 2.95±0.65 7.67E-05 

Actinobacteriota Coriobacteriia Coriobacteriales Eggerthellaceae Raoultibacter s__Raoultibacter_timonensis 2.86±1.16 4.71E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus delbrueckii 2.82±0.90 8.47E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia albertii 2.82±1.09 3.54E-02 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium mastitidis 2.74±0.80 3.70E-03 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium gallicum 2.69±0.85 8.19E-03 

Firmicutes A Clostridia Peptostreptococcales Anaerovoracaceae Eubacterium T pyruvativorans 2.64±0.84 8.30E-03 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae unknown unknown 2.59±0.69 1.38E-03 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Terrisporobacter glycolicus A 2.57±0.71 2.14E-03 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium adolescentis 2.57±0.73 3.09E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia fergusonii 2.53±0.91 2.21E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia coli D 2.45±0.87 2.04E-02 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium boum 2.41±0.91 3.01E-02 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Olsenella B scatoligenes 2.27±0.65 3.15E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Leuconostoc gelidum 2.09±0.86 4.92E-02 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Olsenella profusa 2.02±0.39 3.81E-06 

Decreased in feral cats (65 species) 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus equorum -11.35±2.14 2.40E-06 

Firmicutes Bacilli Bacillales Bacillaceae A Bacillus X psychrosaccharolyticus -10.44±2.89 2.17E-03 
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Table 3. Species with differential abundances between feral (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet cats 

as a reference group continued. 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes onderdonkii -7.40±1.02 1.69E-11 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes putredinis -6.72±1.12 5.19E-08 

Firmicutes Bacilli Haloplasmatales Turicibacteraceae Turicibacter sanguinis -5.78±1.3 1.01E-04 

Firmicutes Bacilli Haloplasmatales Turicibacteraceae Turicibacter unknown -5.40±1.56 3.45E-03 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Bilophila wadsworthia -5.35±1.09 1.38E-05 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus G italicus -4.98±1.82 2.50E-02 

Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Methylobacterium unknown -4.58±1.26 2.14E-03 

Firmicutes Bacilli Haloplasmatales Turicibacteraceae Turicibacter sp001543345 -4.53±0.83 1.18E-06 

Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Methylobacterium sp900112625 -4.47±1.37 5.91E-03 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes unknown -4.35±0.84 4.28E-06 

Firmicutes A Clostridia Oscillospirales Acutalibacteraceae Clostridium A leptum -4.19±0.66 6.39E-09 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides sp900066265 -4.12±0.73 3.76E-07 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus E cecorum -3.82±0.79 1.59E-05 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola vulgatus -3.80±0.53 3.33E-11 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola unknown -3.61±0.47 1.31E-12 

Bacteroidota Bacteroidia Bacteroidales Marinifilaceae Butyricimonas virosa -3.52±1.02 3.61E-03 

Firmicutes C Negativicutes Acidaminococcales Acidaminococcaceae Phascolarctobacterium A succinatutens -3.51±0.86 4.09E-04 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Desulfovibrio piger -3.42±1.25 2.46E-02 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes sp900021155 -3.37±0.86 7.53E-04 

Campylobacterota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter D helveticus -3.37±0.68 1.26E-05 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Desulfovibrio unknown -3.35±1.1 1.14E-02 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Blautia A hydrogenotrophica -3.34±0.56 6.79E-08 

Campylobacterota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter D unknown -3.33±0.78 2.09E-04 

Desulfobacterota Desulfovibrionia Desulfovibrionales Desulfovibrionaceae Desulfovibrio piger A -3.28±1.1 1.33E-02 

Actinobacteriota Actinomycetia Propionibacteriales Propionibacteriaceae Cutibacterium acnes -3.27±0.63 4.28E-06 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides uniformis -3.17±0.45 9.89E-11 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus E unknown -3.17±0.91 3.32E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides eggerthii -3.14±0.62 7.45E-06 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola sartorii -3.11±0.62 9.51E-06 
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Table 3. Species with differential abundances between feral (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet cats 

as a reference group continued. 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola massiliensis -3.11±0.54 1.78E-07 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes finegoldii -3.06±0.79 8.53E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B unknown -3.05±0.88 3.56E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides faecichinchillae -2.97±0.75 7.11E-04 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola plebeius -2.94±0.49 6.79E-08 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus raffinolactis -2.85±1.03 2.29E-02 

Firmicutes A Clostridia Lachnospirales Lachnospiraceae Blautia sp003287895 -2.84±0.4 4.50E-11 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium afermentans -2.82±1.02 2.41E-02 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Peptostreptococcus russellii A -2.80±0.75 1.39E-03 

Firmicutes A Clostridia Oscillospirales Oscillospiraceae Intestinimonas butyriciproducens -2.64±0.61 1.46E-04 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides fragilis A -2.61±0.64 4.65E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus E columbae -2.56±0.85 1.22E-02 

Actinobacteriota Coriobacteriia Coriobacteriales Eggerthellaceae Adlercreutzia equolifaciens -2.56±0.71 2.42E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Levilactobacillus brevis -2.53±1.02 4.62E-02 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola barnesiae -2.50±0.57 1.38E-04 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides stercoris -2.43±0.46 2.57E-06 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides xylanisolvens -2.36±0.59 5.97E-04 

Firmicutes A Clostridia Clostridiales Clostridiaceae Clostridium P sp001403635 -2.3±0.78 1.49E-02 

Firmicutes Bacilli Erysipelotrichales Erysipelatoclostridiaceae Erysipelatoclostridium spiroforme -2.29±0.65 3.05E-03 

Bacteroidota Bacteroidia Bacteroidales Coprobacteraceae Coprobacter fastidiosus -2.28±0.74 9.72E-03 

Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Longicatena dolichum -2.28±0.37 1.51E-08 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium freiburgense -2.26±0.83 2.58E-02 

Firmicutes A Clostridia Oscillospirales Acutalibacteraceae Acutalibacter timonensis -2.21±0.66 4.91E-03 

Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes senegalensis -2.21±0.88 4.20E-02 

Firmicutes C Negativicutes Selenomonadales Selenomonadaceae Megamonas funiformis -2.20±0.65 4.25E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola sp900542985 -2.19±0.61 2.43E-03 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B faecium B -2.12±0.64 5.42E-03 

Bacteroidota Bacteroidia Bacteroidales Marinifilaceae Butyricimonas faecalis -2.10±0.63 4.86E-03 

Firmicutes Bacilli Bacillales Halobacillaceae Pontibacillus litoralis -2.10±0.59 2.65E-03 
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Table 3. Species with differential abundances between feral (n=36) and pet cats (n=36). Fold changes (FC) were calculated using pet cats 

as a reference group continued. 

Firmicutes A Clostridia Oscillospirales Oscillospiraceae Oscillibacter welbionis -2.09±0.5 3.30E-04 

Bacteroidota Bacteroidia Bacteroidales Tannerellaceae Parabacteroides johnsonii -2.09±0.59 2.87E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides oleiciplenus -2.07±0.76 2.49E-02 

Bacteroidota Bacteroidia Bacteroidales Marinifilaceae Odoribacter massiliensis -2.03±0.63 7.19E-03 

Firmicutes C Negativicutes Acidaminococcales Acidaminococcaceae Phascolarctobacterium A sp900544885 -2.02±0.66 1.11E-02 
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Table 4. Species with differential abundances between feral (n=36) and adoption cats (n=36). Fold changes (FC) were calculated using 

adoption cats as a reference group. 

Phylum Class Order Family Genus Species log2FC±SE adj p 

Increased in feral cats (52 species) 

Firmicutes A Clostridia Clostridiales Clostridiaceae Clostridium baratii 8.29±1.05 1.64E-12 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus johnsonii 6.61±1.05 2.71E-08 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus paragasseri 6.10±1.08 9.06E-07 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus taiwanensis 5.87±1.24 1.18E-04 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus unknown 5.83±0.79 3.47E-11 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus gasseri 5.82±1.32 4.11E-04 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus C massiliensis 5.79±1.53 3.06E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus mucosae 5.69±0.90 2.71E-08 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus garvieae 5.56±0.75 3.47E-11 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus petauri 5.11±0.96 5.62E-06 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus lutetiensis 5.04±0.67 2.55E-11 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus unknown 4.76±0.71 2.97E-09 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B mundtii 4.37±1.47 3.19E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus intestinalis 4.22±1.11 3.06E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus delbrueckii 4.21±1.01 9.44E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus hominis 4.18±1.22 1.00E-02 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B sp002140175 4.16±1.09 2.91E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus reuteri 4.13±0.91 2.10E-04 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia flexneri 4.11±0.73 9.06E-07 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paeniclostridium sordellii 4.01±0.66 9.72E-08 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus equinus 3.82±1.36 4.60E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus infantarius 3.75±1.18 1.98E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus lactis E 3.72±0.74 2.33E-05 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus unknown 3.66±0.97 3.06E-03 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B faecium 3.65±0.60 1.06E-07 
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Table 4. Species with differential abundances between feral (n=36) and adoption cats (n=36). Fold changes (FC) were calculated using 

adoption cats as a reference group continued. 

 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Ligilactobacillus salivarius 3.61±0.93 2.28E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus crispatus 3.56±0.92 2.45E-03 

Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus B pernyi 3.45±1.16 3.19E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus unknown 3.28±0.74 3.79E-04 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus acidophilus 3.26±0.95 9.77E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus acetotolerans 3.25±0.92 6.60E-03 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium bifermentans 3.20±0.81 1.85E-03 

Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus thermophilus 3.15±0.85 4.04E-03 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus felis 3.12±0.74 7.89E-04 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia albertii 3.08±0.96 1.74E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Pediococcus acidilactici 3.01±1.03 3.66E-02 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Citrobacter braakii 2.94±1.02 3.76E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus helveticus 2.93±0.97 2.88E-02 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium unknown 2.88±0.74 2.28E-03 

Firmicutes A Clostridia Peptostreptococcales Peptostreptococcaceae Paraclostridium bifermentans A 2.87±0.97 3.19E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus ingluviei 2.85±0.98 3.76E-02 

Actinobacteriota Actinomycetia Actinomycetales Bifidobacteriaceae Bifidobacterium boum 2.80±0.76 4.08E-03 

Firmicutes Bacilli Lactobacillales Lactobacillaceae unknown unknown 2.74±0.69 1.84E-03 

Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Escherichia unknown 2.63±0.78 1.08E-02 

Firmicutes Bacilli Lactobacillales unknown unknown unknown 2.45±0.62 1.85E-03 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium mucogenicum B 2.42±0.78 2.27E-02 

Firmicutes Bacilli Lactobacillales Streptococcaceae unknown unknown 2.38±0.71 1.13E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Limosilactobacillus fermentum 2.27±0.59 2.91E-03 

Firmicutes Bacilli Staphylococcales Staphylococcaceae Staphylococcus simulans 2.21±0.77 4.15E-02 

Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus amylovorus 2.17±0.72 2.77E-02 

Firmicutes A Clostridia Clostridiales Clostridiaceae Clostridium P perfringens 2.17±0.77 4.43E-02 

Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Atopobium deltae 2.10±0.74 4.38E-02 
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Table 4. Species with differential abundances between feral (n=36) and adoption cats (n=36). Fold changes (FC) were calculated using 

adoption cats as a reference group continued. 

Decreased in feral cats (6 species) 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Mycobacterium gordonae -3.48±0.95 4.18E-03 

Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Phocaeicola coprophilus -3.38±0.56 9.98E-08 

Firmicutes A Clostridia Oscillospirales Acutalibacteraceae Clostridium A leptum -3.13±0.72 4.52E-04 

Campylobacterota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter D upsaliensis -2.45±0.66 3.55E-03 

Actinobacteriota Actinomycetia Mycobacteriales Mycobacteriaceae Corynebacterium massiliense -2.43±0.85 4.15E-02 

Firmicutes A Clostridia Oscillospirales Ruminococcaceae Ruthenibacterium lactatiformans -2.12±0.46 1.96E-04 
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Table 5. KO terms with differential abundances between adoption (n=36) and pet cats (n=36). Fold changes (FC) were calculated using 

pet cats as a reference group. 

KO term log2FC±SE adj p 

Increased in adoption (4 KO terms) 

K12953 ctpF; cation-transporting P-type ATPase F [EC:7.2.2.-] 4.51±1.02 3.67E-03 

K19837 atzE; 1-carboxybiuret hydrolase [EC:3.5.1.131] 4.28±0.94 2.67E-03 

K13953 adhP; alcohol dehydrogenase, propanol-preferring [EC:1.1.1.1] 3.85±0.87 3.67E-03 

K08324 sad; succinate-semialdehyde dehydrogenase [EC:1.2.1.16 1.2.1.24] 2.85±0.81 4.00E-02 

Decreased in adoption (15 KO terms) 

K08259 lytM; lysostaphin [EC:3.4.24.75] -4.28±0.71 6.23E-06 

K21365 wbnH, wbiN; O86/O127-antigen biosynthesis alpha-1,3-N-acetylgalactosaminyltransferase [EC:2.4.1.306] -3.78±0.99 1.90E-02 

K01668 E4.1.99.2; tyrosine phenol-lyase [EC:4.1.99.2] -3.15±0.73 4.23E-03 

K05910 npr; NADH peroxidase [EC:1.11.1.1] -3.02±0.59 3.53E-04 

K21416 acoA; acetoin:2,6-dichlorophenolindophenol oxidoreductase subunit alpha [EC:1.1.1.-] -3.02±0.62 1.03E-03 

K01684 dgoD; galactonate dehydratase [EC:4.2.1.6] -2.72±0.73 2.44E-02 

K00090 ghrB; glyoxylate/hydroxypyruvate/2-ketogluconate reductase [EC:1.1.1.79 1.1.1.81 1.1.1.215] -2.63±0.57 2.67E-03 

K17315 gtsA, glcE; glucose/mannose transport system substrate-binding protein -2.51±0.72 4.31E-02 

K13058 mfpsA; mannosylfructose-phosphate synthase [EC:2.4.1.246] -2.4±0.63 1.90E-02 

K08093 hxlA; 3-hexulose-6-phosphate synthase [EC:4.1.2.43] -2.38±0.62 1.79E-02 

K16846 suyB; (2R)-sulfolactate sulfo-lyase subunit beta [EC:4.4.1.24] -2.38±0.63 1.94E-02 

K14698 irtA, ybtP; ATP-binding cassette, subfamily B, bacterial IrtA/YbtP [EC:7.-.-.-] -2.37±0.45 2.52E-04 

K21962 acnR; TetR/AcrR family transcriptional regulator, transcriptional repressor of aconitase -2.34±0.68 4.61E-02 

K19051 hepB; heparin/heparan-sulfate lyase [EC:4.2.2.7 4.2.2.8] -2.32±0.65 3.16E-02 

K14369 eryG; erythromycin 3''-O-methyltransferase [EC:2.1.1.254] -2.05±0.54 1.90E-02 
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Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group. 

KO term log2FC±SE adj p 

Increased in feral (83 KO terms) 

K20811 inuJ; inulosucrase [EC:2.4.1.9] 10.68±1.33 2.95E-12 

K12953 ctpF; cation-transporting P-type ATPase F [EC:7.2.2.-] 7.19±0.99 7.33E-10 

K21053 ade; adenine deaminase [EC:3.5.4.2] 5.85±1.09 1.31E-05 

K14195 sasG; surface protein G 5.67±1.12 4.60E-05 

K00897 aphA; kanamycin kinase [EC:2.7.1.95] 5.6±1.17 1.27E-04 

K08324 sad; succinate-semialdehyde dehydrogenase [EC:1.2.1.16 1.2.1.24] 5.59±0.84 2.95E-08 

K13531 adaB; methylated-DNA-[protein]-cysteine S-methyltransferase [EC:2.1.1.63] 5.54±1.06 2.52E-05 

K10906 recE; exodeoxyribonuclease VIII [EC:3.1.11.-] 5.35±1.16 2.73E-04 

K14699 irtB, ybtQ; ATP-binding cassette, subfamily B, bacterial IrtB/YbtQ [EC:7.-.-.-] 5.26±1.02 2.82E-05 

K07223 yfeX; porphyrinogen peroxidase [EC:1.11.1.-] 5.1±0.82 1.97E-07 

K03477 ulaR; DeoR family transcriptional regulator, ulaG and ulaABCDEF operon transcriptional repressor 4.94±1.14 7.48E-04 

K21481 mhuD; heme oxygenase (mycobilin-producing) [EC:1.14.99.57] 4.9±1.01 1.02E-04 

K22298 smtB; ArsR family transcriptional regulator, zinc-responsive transcriptional repressor 4.53±1.15 2.90E-03 

K14731 mlhB, chnC; epsilon-lactone hydrolase [EC:3.1.1.83] 4.43±0.82 1.02E-05 

K00335 nuoF; NADH-quinone oxidoreductase subunit F [EC:7.1.1.2] 4.41±1.07 1.56E-03 

K18702 uctC; CoA:oxalate CoA-transferase [EC:2.8.3.19] 4.36±0.65 2.28E-08 

K18364 bphH, xylJ, tesE; 2-oxopent-4-enoate/cis-2-oxohex-4-enoate hydratase [EC:4.2.1.80 4.2.1.132] 4.35±1.11 3.15E-03 

K22394 nfr2; flavin reductase (NADH) subunit 2 [EC:1.5.1.36] 4.33±0.75 2.22E-06 

K01119 cpdB; 2',3'-cyclic-nucleotide 2'-phosphodiesterase / 3'-nucleotidase [EC:3.1.4.16 3.1.3.6] 4.31±0.80 1.31E-05 

K00662 aacC; aminoglycoside 3-N-acetyltransferase [EC:2.3.1.81] 4.22±0.79 1.31E-05 
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Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group continued. 

K08996 yagU; putative membrane protein 4.19±0.80 2.52E-05 

K07002 uncharacterized protein 4.04±1.01 2.49E-03 

K21285 tagB, tarB; teichoic acid glycerol-phosphate primase [EC:2.7.8.44] 4.03±1.01 2.54E-03 

K19300 aph3-II; aminoglycoside 3'-phosphotransferase II [EC:2.7.1.95] 3.93±1.32 3.81E-02 

K16001 pikAII; narbonolide/10-deoxymethynolide synthase [EC:2.3.1.240 2.3.1.239] 3.92±0.87 4.09E-04 

K06222 dkgB; 2,5-diketo-D-gluconate reductase B [EC:1.1.1.346] 3.77±0.76 6.30E-05 

K19137 csn2; CRISPR-associated protein Csn2 3.7±1.11 1.90E-02 

K07811 torA; trimethylamine-N-oxide reductase (cytochrome c) [EC:1.7.2.3] 3.55±1.22 4.56E-02 

K12525 metL; bifunctional aspartokinase / homoserine dehydrogenase 2 [EC:2.7.2.4 1.1.1.3] 3.54±0.91 3.33E-03 

K19126 casE, cse3; CRISPR system Cascade subunit CasE 3.52±1.02 1.32E-02 

K19837 atzE; 1-carboxybiuret hydrolase [EC:3.5.1.131] 3.52±1.24 4.98E-02 

K18988 ampH; serine-type D-Ala-D-Ala carboxypeptidase/endopeptidase [EC:3.4.16.4 3.4.21.-] 3.52±0.73 1.00E-04 

K19125 casD, cse5; CRISPR system Cascade subunit CasD 3.45±1.04 1.85E-02 

K19123 casA, cse1; CRISPR system Cascade subunit CasA 3.4±1.17 4.48E-02 

K06445 fadE; acyl-CoA dehydrogenase [EC:1.3.99.-] 3.37±1.06 2.48E-02 

K19975 mntC; manganese transport system substrate-binding protein 3.36±1.06 2.53E-02 

K15984 rsmJ; 16S rRNA (guanine1516-N2)-methyltransferase [EC:2.1.1.242] 3.34±1.02 2.11E-02 

K01582 E4.1.1.18, ldcC, cadA; lysine decarboxylase [EC:4.1.1.18] 3.3±1.02 2.20E-02 

K07347 fimD, fimC, mrkC, htrE, cssD; outer membrane usher protein 3.24±0.82 2.72E-03 

K18899 mdtF; multidrug efflux pump 3.23±1.03 2.67E-02 

K20543 bcsC; cellulose synthase operon protein C 3.23±1.05 3.04E-02 

K00795 ispA; farnesyl diphosphate synthase [EC:2.5.1.1 2.5.1.10] 3.23±0.85 4.83E-03 
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Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group continued. 

K02044 phnD; phosphonate transport system substrate-binding protein 3.22±0.53 4.31E-07 

K01782 fadJ; 3-hydro-CoA dehydro / enoyl-CoA hydratase / 3-hydroxybut-CoA epi [EC:1.1.1.35 4.2.1.17 5.1.2.3] 3.21±1.07 3.77E-02 

K21090 adrB; c-di-GMP phosphodiesterase [EC:3.1.4.52] 3.15±0.98 2.28E-02 

K07393 ECM4, yqjG; glutathionyl-hydroquinone reductase [EC:1.8.5.7] 3.15±0.82 4.05E-03 

K13953 adhP; alcohol dehydrogenase, propanol-preferring [EC:1.1.1.1] 3.11±0.99 2.58E-02 

K02364 entF; L-serine---[L-seryl-carrier protein] ligase [EC:6.3.2.14 6.2.1.72] 3.1±0.91 1.40E-02 

K20073 mapZ, locZ; mid-cell-anchored protein Z 3.04±0.80 4.83E-03 

K03319 TC.DASS; divalent anion:Na+ symporter, DASS family 2.98±0.57 2.52E-05 

K09456 aidB; putative acyl-CoA dehydrogenase 2.95±0.96 3.04E-02 

K03632 mukB; chromosome partition protein MukB 2.95±0.93 2.56E-02 

K15973 mhqR; MarR family transcriptional regulator, 2-MHQ and catechol-resistance regulon repressor 2.86±0.61 1.68E-04 

K01825 fadB; 3-hydroxyacyl-CoA dehydro / enoyl-CoA hydratase / 3-hydroxybutyryl-CoA epimerase / enoyl-CoA 

iso [EC:1.1.1.35 4.2.1.17 5.1.2.3 5.3.3.8] 2.82±0.91 3.04E-02 

K05365 mrcB; penicillin-binding protein 1B [EC:2.4.1.129 3.4.16.4] 2.81±0.95 3.85E-02 

K11206 NIT1, ybeM; deaminated glutathione amidase [EC:3.5.1.128] 2.76±0.76 8.48E-03 

K01699 pduC; propanediol dehydratase large subunit [EC:4.2.1.28] 2.73±0.81 1.76E-02 

K22980 acpB; capsule synthesis positive regulator AcpB 2.71±0.94 4.85E-02 

K00631 plsB; glycerol-3-phosphate O-acyltransferase [EC:2.3.1.15] 2.68±0.90 3.85E-02 

K18286 add; aminodeoxyfutalosine deaminase [EC:3.5.4.40] 2.66±0.92 4.71E-02 

K00163 aceE; pyruvate dehydrogenase E1 component [EC:1.2.4.1] 2.62±0.80 2.12E-02 

K00111 glpA, glpD; glycerol-3-phosphate dehydrogenase [EC:1.1.5.3] 2.57±0.63 1.76E-03 

K13574 hcxB; hydroxycarboxylate dehydrogenase B [EC:1.1.1.237 1.1.1.-] 2.51±0.78 2.40E-02 
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Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group continued. 

K21839 caa43; 2-haloacrylate reductase [EC:1.3.1.103] 2.48±0.84 4.11E-02 

K01679 E4.2.1.2B, fumC, FH; fumarate hydratase, class II [EC:4.2.1.2] 2.44±0.50 8.73E-05 

K03468 aaeB; p-hydroxybenzoic acid efflux pump subunit AaeB 2.42±0.79 3.23E-02 

K10557 lsrD; AI-2 transport system permease protein 2.39±0.82 4.49E-02 

K09996 artJ; arginine transport system substrate-binding protein 2.37±0.82 4.73E-02 

K01256 pepN; aminopeptidase N [EC:3.4.11.2] 2.36±0.79 3.67E-02 

K12700 rihC; non-specific riboncleoside hydrolase [EC:3.2.2.-] 2.32±0.55 1.34E-03 

K06338 cotSA; spore coat protein SA 2.3±0.72 2.47E-02 

K13694 mepS, spr; murein DD-endopeptidase / murein LD-carboxypeptidase [EC:3.4.-.- 3.4.17.13] 2.26±0.57 2.53E-03 

K08310 nudB, ntpA; dihydroneopterin triphosphate diphosphatase [EC:3.6.1.67] 2.24±0.63 9.58E-03 

K03737 por, nifJ; pyruvate-ferredoxin/flavodoxin oxidoreductase [EC:1.2.7.1 1.2.7.-] 2.23±0.74 3.70E-02 

K20708 E5.1.1.21; isoleucine 2-epimerase [EC:5.1.1.21] 2.21±0.43 2.56E-05 

K00712 tagE; poly(glycerol-phosphate) alpha-glucosyltransferase [EC:2.4.1.52] 2.19±0.58 4.83E-03 

K06155 gntT; Gnt-I system high-affinity gluconate transporter 2.16±0.43 5.81E-05 

K06351 kipI; inhibitor of KinA 2.15±0.55 3.37E-03 

K16326 yeiL; CRP/FNR family transcriptional regulator, putaive post-exp-phase nitrogen-starvation regulator 2.12±0.67 2.46E-02 

K12679 icsA, virG; outer membrane protein IcsA 2.12±0.60 9.86E-03 

K00782 lldG; L-lactate dehydrogenase complex protein LldG 2.08±0.54 3.37E-03 

K16321 gntP; high-affinity gluconate transporter 2.05±0.67 3.09E-02 

K01218 gmuG; mannan endo-1,4-beta-mannosidase [EC:3.2.1.78] 2.05±0.70 4.39E-02 

Decreased in feral (81 KO terms) 

K06313 ypeB; spore germination protein -4.97±1.15 8.14E-04 
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Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group continued. 

K23271 eltD; erythritol/L-threitol dehydrogenase [EC:1.1.1.-] -4.86±1.08 3.97E-04 

K16015 rifL, asm44; oxidoreductase [EC:1.1.1.-] -4.85±0.88 6.70E-06 

K01843 kamA; lysine 2,3-aminomutase [EC:5.4.3.2] -4.52±1.00 3.54E-04 

K11784 mqnC; cyclic dehypoxanthinyl futalosine synthase [EC:1.21.98.1] -4.44±0.80 5.13E-06 

K12903 fom4; (S)-2-hydroxypropylphosphonic acid epoxidase [EC:1.11.1.23] -4.35±0.78 4.66E-06 

K00819 rocD, OAT; ornithine--oxo-acid transaminase [EC:2.6.1.13] -4.32±0.74 1.79E-06 

K01730 ogl; oligogalacturonide lyase [EC:4.2.2.6] -4.23±1.02 1.53E-03 

K00082 ribD2; 5-amino-6-(5-phosphoribosylamino)uracil reductase [EC:1.1.1.193] -4.16±1.33 2.78E-02 

K19426 epsI; pyruvyl transferase EpsI [EC:2.-.-.-] -4.09±1.12 7.23E-03 

K07017 K07017; uncharacterized protein -4.05±0.82 6.67E-05 

K06989 nadX, ASPDH; aspartate dehydrogenase [EC:1.4.1.21] -4.00±0.76 1.85E-05 

K01364 speB; streptopain [EC:3.4.22.10] -3.98±1.09 7.75E-03 

K11782 mqnA; chorismate dehydratase [EC:4.2.1.151] -3.94±0.92 8.26E-04 

K18197 yesW; rhamnogalacturonan endolyase [EC:4.2.2.23] -3.88±0.60 5.39E-08 

K17315 gtsA, glcE; glucose/mannose transport system substrate-binding protein -3.79±0.74 3.21E-05 

K21365 wbnH, wbiN; O86/O127-antigen biosynthesis alpha-1,3-N-acetylgalactosaminyltransferase [EC:2.4.1.306] -3.75±1.08 1.24E-02 

K17992 hndB; NADP-reducing hydrogenase subunit HndB [EC:1.12.1.3] -3.72±0.97 3.91E-03 

K18285  mqnE; aminodeoxyfutalosine synthase [EC:2.5.1.120] -3.66±0.71 2.56E-05 

K06889 K06889; uncharacterized protein -3.61±0.58 1.65E-07 

K11181  dsrB; dissimilatory sulfite reductase beta subunit [EC:1.8.99.5] -3.61±1.08 1.77E-02 

K01805 xylA; xylose isomerase [EC:5.3.1.5] -3.57±0.54 3.16E-08 

K22934 E3.2.1.28; alpha,alpha-trehalase [EC:3.2.1.28] -3.53±0.77 2.73E-04 

K01971 ligD; bifunctional non-homologous end joining protein LigD [EC:6.5.1.1] -3.47±1.15 3.41E-02 
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Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group continued. 

K01668 E4.1.99.2; tyrosine phenol-lyase [EC:4.1.99.2] -3.47±0.73 1.32E-04 

K18652  ntdC; glucose-6-phosphate 3-dehydrogenase [EC:1.1.1.361] -3.45±1.05 2.00E-02 

K02546  mecI; BlaI family transcriptional regulator, methicillin resistance regulatory protein -3.44±0.78 5.60E-04 

K19814 eam; glutamate 2,3-aminomutase [EC:5.4.3.9] -3.44±0.59 1.54E-06 

K00023 phbB; acetoacetyl-CoA reductase [EC:1.1.1.36] -3.40±0.83 1.76E-03 

K14647  vpr; minor extracellular serine protease Vpr [EC:3.4.21.-] -3.39±0.83 1.83E-03 

K19702 E3.4.11.24; aminopeptidase S [EC:3.4.11.24] -3.36±0.62 1.02E-05 

K11180  dsrA; dissimilatory sulfite reductase alpha subunit [EC:1.8.99.5] -3.16±1.10 4.85E-02 

K08259  lytM; lysostaphin [EC:3.4.24.75] -3.14±0.76 1.53E-03 

K11529 gck, gckA, GLYCTK; glycerate 2-kinase [EC:2.7.1.165] -3.13±0.75 1.34E-03 

K20455  acnD; 2-methylcitrate dehydratase (2-methyl-trans-aconitate forming) [EC:4.2.1.117] -3.13±0.55 3.21E-06 

K21364 wfeD; UDP-Gal:alpha-D-GlcNAc-diphosphoundecaprenol beta-1,4-galactosyltransferase [EC:2.4.1.304] -3.13±0.90 1.24E-02 

K18797 blaPER; beta-lactamase class A PER [EC:3.5.2.6] -3.11±0.62 5.81E-05 

K15664 ppsA, fenC; plipastatin/fengycin lipopeptide synthetase A -3.05±1.05 4.49E-02 

K15725 czcC, cusC, cnrC; outer membrane protein, heavy metal efflux system -3.05±0.76 2.49E-03 

K08093 hxlA; 3-hexulose-6-phosphate synthase [EC:4.1.2.43] -3.00±0.74 1.84E-03 

K11785 mqnD; 1,4-dihydroxy-6-naphthoate synthase [EC:1.14.-.-] -2.99±0.97 3.11E-02 

K21784 pigH, redN; 4-hydroxy-2,2'-bipyrrole-5-methanol synthase -2.98±0.97 3.18E-02 

K08961 K08961; chondroitin-sulfate-ABC endolyase/exolyase [EC:4.2.2.20 4.2.2.21] -2.96±0.80 5.95E-03 

K08717 utp; urea transporter -2.95±0.71 1.50E-03 

K19669 pphA; phosphonopyruvate hydrolase [EC:3.11.1.3] -2.94±0.98 3.52E-02 

K16846 suyB; (2R)-sulfolactate sulfo-lyase subunit beta [EC:4.4.1.24] -2.94±0.61 1.15E-04 

K00294 E1.2.1.88; 1-pyrroline-5-carboxylate dehydrogenase [EC:1.2.1.88] -2.93±0.80 6.67E-03 
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Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group continued. 

K16213 cbe, mbe; cellobiose epimerase [EC:5.1.3.11] -2.92±0.54 1.11E-05 

K21367 wbnK, wbiQ; O86/O127-antigen biosynthesis alpha-1,2-fucosyltransferase [EC:2.4.1.308 2.4.1.-] -2.92±0.72 2.09E-03 

K12234 cofE; co F420-0:L-glutamate ligase / coenzyme F420-1:gamma-L-glutamate ligase [EC:6.3.2.31 6.3.2.34] -2.91±0.92 2.48E-02 

K03731 E2.4.1.216; trehalose 6-phosphate phosphorylase [EC:2.4.1.216] -2.90±0.88 1.97E-02 

K10125 dctB; 2component system, NtrC family, C4-dicarb transport sensor histidine kinase DctB [EC:2.7.13.3 -2.85±0.71 2.24E-03 

K19051 hepB; heparin/heparan-sulfate lyase [EC:4.2.2.7 4.2.2.8] -2.73±0.77 1.00E-02 

K15654 srfAA, licA, lchAA; surfactin/lichenysin synthetase A -2.73±0.70 3.05E-03 

K21368 wbnI; O86-antigen biosynthesis alpha-1,3-galactosyltransferase [EC:2.4.1.309] -2.67±0.84 2.48E-02 

K21571 susE_F; starch-binding outer membrane protein SusE/F -2.64±0.57 2.65E-04 

K21131 colD; GDP-4-dehydro-6-deoxy-alpha-D-mannose 3-dehydratase [EC:4.2.1.168] -2.59±0.63 1.64E-03 

K00333 nuoD; NADH-quinone oxidoreductase subunit D [EC:7.1.1.2] -2.59±0.76 1.41E-02 

K03585 acrA, mexA, adeI, smeD, mtrC, cmeA; membrane fusion protein, multidrug efflux system -2.57±0.55 2.04E-04 

K14369 eryG; erythromycin 3''-O-methyltransferase [EC:2.1.1.254] -2.56±0.56 2.74E-04 

K13058 mfpsA; mannosylfructose-phosphate synthase [EC:2.4.1.246] -2.45±0.60 1.84E-03 

K20025 hadB; (R)-2-hydroxyisocaproyl-CoA dehydratase alpha subunit [EC:4.2.1.157] -2.43±0.83 4.30E-02 

K18856 vanC, vanE, vanG; D-alanine---D-serine ligase [EC:6.3.2.35] -2.42±0.70 1.32E-02 

K03296 TC.HAE1; hydrophobic/amphiphilic exporter-1 (mainly G- bacteria), HAE1 family -2.33±0.53 5.75E-04 

K21405 acoR; sigma-54 dependent transcrip regulator, acetoin dehydrogenase operon transcriptional activator Aco -2.33±0.51 2.73E-04 

K00283 gcvPB; glycine dehydrogenase subunit 2 [EC:1.4.4.2] -2.32±0.53 5.58E-04 

K12340 tolC, bepC, cyaE, raxC, sapF, rsaF, hasF; outer membrane protein -2.29±0.47 1.05E-04 

K07780 appY; AraC family transcript regulator, required for anaerobic and stationary phase induction of genes -2.26±0.52 6.33E-04 

K21416 acoA; acetoin:2,6-dichlorophenolindophenol oxidoreductase subunit alpha [EC:1.1.1.-] -2.24±0.72 2.78E-02 

K01337 E3.4.21.50; lysyl endopeptidase [EC:3.4.21.50] -2.23±0.71 2.78E-02 



 

181 

 

Table 6. KO terms with differential abundances between feral (n=36) and pet cats (n=36). Fold changes were calculated using pet cats as a 

reference group continued. 

K11083 phnU; 2-aminoethylphosphonate transport system permease protein -2.22±0.60 5.71E-03 

K14698 irtA, ybtP; ATP-binding cassette, subfamily B, bacterial IrtA/YbtP [EC:7.-.-.-] -2.17±0.58 5.50E-03 

K02051 ABC.SN.S; NitT/TauT family transport system substrate-binding protein -2.17±0.68 2.41E-02 

K00533 E1.12.7.2L; ferredoxin hydrogenase large subunit [EC:1.12.7.2] -2.15±0.53 2.15E-03 

K21573 susC; TonB-dependent starch-binding outer membrane protein SusC -2.10±0.44 1.12E-04 

K00002 AKR1A1, adh; alcohol dehydrogenase (NADP+) [EC:1.1.1.2] -2.09±0.56 5.25E-03 

K15721 fyuA; pesticin/yersiniabactin receptor -2.06±0.64 2.31E-02 

K12506 ispDF 2CmethylDerythr 4phos cytidylyltran/2CmethylDerythrit 2,4cyclodiphos syn [EC2.7.7.60 4.6.1.12] -2.04±0.68 3.59E-02 

K13797 rpoBC; DNA-directed RNA polymerase subunit beta-beta' [EC:2.7.7.6] -2.03±0.69 4.01E-02 

K20831 ugl; gellan tetrasaccharide unsaturated glucuronyl hydrolase [EC:3.2.1.179] -2.01±0.68 3.94E-02 

K20625 ahy; acetylene hydratase [EC:4.2.1.112] -2.00±0.41 9.51E-05 
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Table 7. KO terms with differential abundances between feral (n=36) and adoption cats (n=36). 

Fold changes (FC) were calculated using adoption cats as a reference group. 

 

KO term log2FC±SE adj p 

Increased in feral ( KO terms) 

K19975 mntC; manganese transport system substrate-binding protein 4.37±0.96 
3.62E-

03 

K00335 nuoF; NADH-quinone oxidoreductase subunit F [EC:7.1.1.2] 4.2±0.97 
5.66E-

03 

K08996 yagU; putative membrane protein 3.78±0.71 
3.53E-

04 

K11746 kefF; glutathione-regulated potassium-efflux system ancillary protein 
KefF 3.53±0.98 

4.86E-
02 

K15984 rsmJ; 16S rRNA (guanine1516-N2)-methyltransferase [EC:2.1.1.242] 3.5±0.86 
1.30E-

02 

K01119 cpdB; 2',3'-cyclic-nucleotide 2'-phosphodiesterase / 3'-nucleotidase 
[EC:3.1.4.16 3.1.3.6] 3.31±0.72 

3.62E-
03 

K00662 aacC; aminoglycoside 3-N-acetyltransferase [EC:2.3.1.81] 3.31±0.75 
4.32E-

03 

K13574 hcxB; hydroxycarboxylate dehydrogenase B [EC:1.1.1.237 1.1.1.-] 3.18±0.74 
6.19E-

03 

K06222 dkgB; 2,5-diketo-D-gluconate reductase B [EC:1.1.1.346] 3.09±0.69 
4.13E-

03 

K10353 E2.7.1.76, dak; deoxyadenosine kinase [EC:2.7.1.76] 3.07±0.84 
4.86E-

02 

K03319 TC.DASS; divalent anion:Na+ symporter, DASS family 2.3±0.57 
1.35E-

02 

K02044 phnD; phosphonate transport system substrate-binding protein 2.28±0.51 
4.13E-

03 

K01679 E4.2.1.2B, fumC, FH; fumarate hydratase, class II [EC:4.2.1.2] 2.27±0.5 
3.62E-

03 

K01420 fnr; CRP/FNR family transcriptional regulator, anaerobic regulatory 
protein 2.23±0.48 

3.62E-
03 

Decreased in feral (1 KO term) 

K12252 aruH; arginine:pyruvate transaminase [EC:2.6.1.84] -3.13±0.85 
4.56E-

02 
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Supplementary Figure 1. Total abundance of feline fecal microbiome taxa post filtering from cats at 

the Wake County Animal Center, NC 
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Supplementary Figure 2. Species evenness in feline fecal samples 

among the three feline BCS of cats at the Wake County Animal 

Center, NC 

Supplementary Figure 3. Shannon H. in feline fecal samples 

among the three feline BCS of cats at the Wake County Animal 

Center, NC 

 

   Fig. 2          Fig. 3 
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Supplementary Figure 4. Species richness in feline fecal samples among the three feline BCS of cats at the Wake County Animal Center, 

NC 
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Supplementary Figure 5. PCoA plot of feline BCS groups at the Wake County Animal Center, NC using PERMANOVA with Bray-Curtis 

distance matrices 

 



 

190 

 

Supplementary Figure 6. Scree plot of 25 PCoA axes with highest variances from feline fecal samples obtained from cats at the Wake 

County Animal Center, NC 
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Supplementary Figure 7. PCoA plot of feline fecal samples using the Bray- Curtis distance matrices by body condition score of cats 

located at the Wake County Animal Center, NC 
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Supplementary Figure 8. PCoA plot of feline fecal samples using the Bray- Curtis distance matrices 

by bristol scale of cats located at the Wake County Animal Center, NC 

 
 

Supplementary Figure 9. PCoA plot of feline fecal samples using the Bray- Curtis distance matrices 

by age classification of cats located at the Wake County Animal Center, NC 
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Supplementary Figure 10. PCoA comparisons of feline fecal samples from cats at the Wake County Animal Center, NC among body 

condition scores 
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Supplementary Figure 11. PCoA comparisons of feline fecal samples from cats at the Wake County Animal Center, NC among feline fecal 

scale 
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Supplementary Figure 12. PCoA comparisons of feline fecal samples from cats at the Wake County Animal Center, NC among age 

classifications 
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Supplementary Table 1. Subject characteristics of 174 cats and their comparisons by age. 

Continuous data are expressed as median [IQR] and categorical data are expressed as count (%). 

 

Variable Total 

(n=174) 

Kitten 

(<1 y, n=31) 

Young adult 

(≥1&<6 y, n=118) 

Mature adult 

(≥6&<10 y, n=25) 

p value 

Room 

  Adoption 

  Feral 

  Isolation 

  Quarantine 

 

86  (49%) 

67 (39%) 

3 (2%) 

18 (10%) 

 

22 (71%)a 

4 (13%) 

0 (0%) 

5 (16%) 

 

50 (42%)b 

55 (47%) 

3 (3%) 

10 (8%) 

 

14 (56%)a,b 

8 (32%) 

0 (0%) 

3 (12%) 

0.011 

Sex 

  Female 

  Male 

 

90 (52%) 

84 (48%) 

 

20 (65%) 

11 (35%) 

 

61 (52%) 

57 (48%) 

 

9 (36%) 

16 (64%) 

0.112 

Altered status 

  True 

  False 

  No data 

 

44 (26%) 

128 (74%) 

2 

 

1 (3%)a 

30 (97%) 

0 

 

31 (27%)b 

85 (73%) 

2 

 

12 (48%)b 

13 (52%) 

0 

2.25e-04 

BCS 4.0 [3.0-4.0] 4.0 [4.0-4.0] 4.0 [3.0-4.0] 4.0 [3.5-4.0] 0.055 

Body weight, in lbs 8.0 [6.4-10.0] 3.5 [2.7-4.9]a 8.5 [7.0-10.0]b 10.0 [8.0-11.8]c <2.2e-16 

Breed 

  DLH 

  DMH 

  DSH 

  Other 

 

12 (7%) 

5 (3%) 

156 (90%) 

1 (1%) 

 

1 (3%) 

1 (3%) 

29 (94%) 

0 

 

9 (8%) 

2 (2%) 

106 (90%) 

1 (1%) 

 

2 (8%) 

2 (8%) 

21 (84%) 

0 (0%) 

0.550 

Bristol stool scale 2.0 [2.0-3.8] 4.0 [2.3-5.0]a 2.0 [2.0-3.0]b 2.0 [1.5-3.0]b 3.33e-04 

Diarrhea recency 

  <24 hr 

  >24 hr 

 

16 (9%) 

158 (91%) 

 

6 (19%) 

25 (81%) 

 

9 (8%) 

109 (92%) 

 

1 (4%) 

24 (96%) 

0.132 

Medication 

  DBK 

  Meloxicam 

  Gabapentin 

  Antisedan 

  Pyrantel 

  Revolution 

 

104 (60%) 

106 (61%) 

7 (4%) 

44 (25%) 

132 (76%) 

154 (89%) 

 

23 (74%)a 

23 (74%)a 

0 (0%) 

20 (65%)a 

23 (74%)a,b 

25 (81%) 

 

73 (62%)a 

75 (64%)a 

5 (4%) 

22 (19%)b 

85 (72%)a 

108 (92%) 

 

8 (32%)b 

8 (32%)b 

2 (8%) 

2 (8%)b 

24 (96%)b 

24 (96%) 

 

0.004 

0.004 

0.275 

4.39e-07 

0.024 

0.148 

Vaccine 

  Rabies 

  FVRCP 

 

152 (87%) 

157 (90%) 

 

20 (65%)a 

25 (81%) 

 

108 (92%)b 

108 (92%) 

 

24 (96%)b 

24 (96%) 

 

5.05e-04 

0.148 

Health issue 

  Skin/flea/mite 

  Eye 

  Thyroid 

  Dental 

 

11 (6%) 

2 (1%) 

1 (1%) 

3  (2%) 

 

0 (0%)a 

0 (0%) 

0 (0%) 

0 (0%) 

 

6 (5%)a 

2 (2%) 

1 (1%) 

1 (1%) 

 

5 (20%)b 

0 (0%) 

0 (0%) 

2 (8%) 

 

0.012 

1 

1 

0.073 
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Supplementary Table 2. Subject characteristics of 174 cats and their comparisons by body 

condition score (BCS). Continuous data are expressed as median [IQR] and categorical data are 

expressed as count (%). 

 

Variable Total 

(n=174) 

Underweight 

(BCS 1-3.5, n=61) 

Normal weight 

(BCS 4-5, n=113) 

p value 

Room 

  Adoption 

  Feral 

  Isolation 

  Quarantine 

 

86 (49%) 

67 (39%) 

3 (2%) 

18 (10%) 

 

25 (41%) 

29 (48%) 

1 (2%)  

6 (10%) 

 

61 (54%) 

38 (34%) 

2 (2%) 

12 (11%) 

0.305 

Age, in yrs 3.0 [1.0-4.2] 2.4 [1.4-4.0] 3.0 [0.8-4.2] 0.264 

Sex 

  Female 

  Male 

 

90 (52%) 

84 (48%) 

 

31 (51%) 

30 (49%) 

 

59 (52%) 

54 (48%) 

0.875 

Altered status 

  True 

  False 

  No data 

 

44 (26%) 

128 (74%) 

2 

 

13 (21%) 

48 (79%) 

0 

 

31 (28%) 

80 (72%) 

2 

0.368 

Body weight, in lbs 8.0 [6.4-10.0] 7.5 [6.5-8.3] 9.0 [5.9-11.0] 0.001 

Breed 

  DLH 

  DMH 

  DSH 

  Other 

 

12 (7%) 

5 (3%) 

156 (90%) 

1 (1%) 

 

3 (5%) 

2 (3%) 

56 (92%) 

0 (0%) 

 

9 (8%) 

3 (3%) 

100 (88%) 

1 (1%) 

0.849 

Bristol stool scale 2.0 [2.0-3.8] 2.0 [2.0-4.0] 2.0 [2.0-3.0] 0.508 

Diarrhea recency 

  <24 hr 

  >24 hr 

 

16  (9%) 

158  (91%) 

 

6 (10%) 

55 (90%) 

 

10 (9%) 

103 (91%) 

0.791 

Medication 

  DBK 

  Meloxicam 

  Gabapentin 

  Antisedan 

  Pyrantel 

  Revolution 

 

104 (60%) 

106 (61%) 

7 (4%) 

44 (25%) 

132 (76%) 

157 (90%) 

 

39 (64%) 

40 (66%) 

4 (7%) 

11 (18%) 

51 (84%) 

58 (95%) 

 

65 (58%) 

66 (58%) 

3 (3%) 

33 (29%) 

81 (72%) 

99 (88%) 

 

0.424 

0.417 

0.242 

0.143 

0.096 

0.179 

Vaccine 

  Rabies 

  FVRCP 

 

152 (87%) 

157 (90%) 

 

58 (95%) 

58 (95%) 

 

94 (83%) 

99 (88%) 

 

0.030 

0.179 

Health issue 

  Skin/flea/mite 

  Eye 

  Thyroid 

  Dental 

 

11 (6%) 

2 (1%) 

1 (1%) 

3 (2%) 

 

4 (7%) 

2 (3%) 

1 (2%) 

1 (2%) 

 

7 (6%) 

0 (0%) 

0 (0%) 

2 (2%) 

 

1 

0.122 

0.351 

1 
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Supplementary Table 3. Subject characteristics of 174 cats by Bristol stool scale. Continuous data 

are expressed as median [IQR] and categorical data are expressed as count (%). 

 

Variable Total 

(n=174) 

Constipation 

(Bristol 1-2, n=93) 

Normal stool 

(Bristol 2.5-4.5, n=44) 

Diarrhea 

(Bristol 5-7,  n=37) 

p value 

Room 

  Adoption 

  Feral 

  Isolation 

  Quarantine 

 

86 (49%) 

67 (39%) 

3 (2%) 

18 (10%) 

 

43 (46%)a 

42 (45%) 

2 (2%) 

6 (6%) 

 

22 (50%)a,b 

18 (41%) 

0 (0%) 

4 (9%) 

 

21 (57%)b 

7 (19%) 

1 (3%) 

8 (22%) 

0.035 

Age, in yrs 3.0 [1.0-4.2] 3.0 [1.4-5.0]a 3.0 [1.0-4.3]a,b 1.1 [0.6-3.2]b 0.035 

Sex 

  Female 

  Male 

 

90 (52%) 

84 (48%) 

 

48 (52%) 

45 (48%) 

 

21 (48%) 

23 (52%) 

 

21 (57%) 

16 (43%) 

0.727 

Altered status 

  True 

  False 

  No data 

 

44 (26%) 

128 (74%) 

2 

 

25 (27%) 

67 (73%) 

1 

 

14 (32%) 

29 (66%) 

1 (2%) 

 

5 (14%) 

32 (86%) 

0 

0.114 

BCS 4.0 [3.0-4.0] 4.0 [3.5-4.0] 4.0 [3.0-4.0] 4.0 [3.0-4.0] 0.563 

Body weight, in lbs 8.0 [6.4-10.0] 8.5 [7.0-10.0]a 8.0 [6.0-10.3]a,b 6.3 [4.3-9.0]b 0.010 

Breed 

  DLH 

  DMH 

  DSH 

  Other 

 

12 (7%) 

5 (3%) 

156 (90%) 

1 (1%) 

 

9 (10%) 

4 (4%) 

80 (86%) 

0 (0%) 

 

2 (5%) 

1 (2%) 

40 (91%) 

1 (2%) 

 

1 (3%) 

0 (0%) 

36 (97%) 

0 (0%) 

0.366 

Diarrhea recency 

  <24 hr 

  >24 hr 

 

16 (9%) 

158 (91%) 

 

1 (1%)a 

92 (99%) 

 

0 (0%)a 

44 (100%) 

 

15 (41%)b 

22 (59%) 

1.03e-10 

Medication 

  DBK 

  Meloxicam 

  Gabapentin 

  Antisedan 

  Pyrantel 

  Revolution 

 

104 (60%) 

106 (61%) 

7 (4%) 

44 (25%) 

132 (76%) 

157 (90%) 

 

53 (57%) 

54 (58%) 

4 (4%) 

19 (20%) 

70 (75%) 

83 (89%) 

 

26 (59%) 

26 (59%) 

2 (5%) 

12 (27%) 

33 (75%) 

40 (91%) 

 

25 (68%) 

26 (70%) 

1 (3%) 

13 (35%) 

29 (78%) 

34 (92%) 

 

0.538 

0.455 

1 

0.203 

0.944 

0.944 

Vaccine 

  Rabies 

  FVRCP 

 

152 (87%) 

157 (90%) 

 

81 (87%) 

83 (89%) 

 

38 (86%) 

40 (91%) 

 

33 (89%) 

34 (92%) 

 

0.955 

0.944 

Health issue 

  Skin/flea/mite 

  Eye 

  Thyroid 

  Dental 

 

11 (6%) 

2 (1%) 

1 (1%) 

3 (2%) 

 

5 (5%) 

1 (1%) 

1 (1%) 

3 (3%) 

 

4 (9%) 

1 (2%) 

0 (0%) 

0 (0%) 

 

2 (5%) 

0 (0%) 

0 (0%) 

0 (0%) 

 

0.706 

0.716 

1 

0.423 
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Supplementary Table 4. Subject characteristics of 143 cats (after excluding 31 kitten samples) and 

their comparisons by Bristol stool scale. Continuous data are expressed as median [IQR] and 

categorical data are expressed as count (%). 

 

Variable Total 

(n=143) 

Constipation 

(Bristol 1-2, n=85) 

Normal stool 

(Bristol 2.5-4.5, n=34) 

Diarrhea 

(Bristol 5-7,  n=24) 

p value 

Room 

  Adoption 

  Feral 

  Isolation 

  Quarantine 

 

64 (45%) 

63 (44%) 

3 (2%) 

13 (9%) 

 

38 (45%) 

40 (47%) 

2 (2%) 

5 (6%) 

 

13 (38%) 

17 (50%) 

0 (0%) 

4 (12%) 

 

13 (54%) 

6 (25%) 

1 (4%) 

4 (17%) 

0.214 

Age, in yrs 3.0 [2.0-5.0] 3.0 [2.0-5.0] 3.3 [2.6-5.0] 3.0 [1.8-5.0] 0.308 

Sex 

  Female 

  Male 

 

70 (49%) 

73 (51%) 

 

43 (51%) 

42 (49%) 

 

15 (44%) 

19 (56%) 

 

12 (50%) 

12 (50%) 

0.797 

Altered status 

  True 

  False 

  No data 

 

43 (30%) 

98 (70%) 

2 

 

25 (30%) 

59 (70%) 

1 

 

13 (39%) 

20 (61%) 

1 

 

5 (21%) 

19 (79%) 

0 

0.323 

BCS 4.0 [3.0-4.0] 4.0 [3.0-4.0] 4.0 [3.0-4.0] 3.5 [3.0-4.0] 0.266 

Body weight, in lbs 9.0 [7.5-10.2] 9.0 [7.5-10.3] 9.0 [7.0-12.0] 8.7 [6.8-10.0] 0.578 

Breed 

  DLH 

  DMH 

  DSH 

  Other 

 

11 (8%) 

4 (3%) 

127 (89%) 

1 (1%) 

 

8 (9%) 

4 (5%) 

73 (86%) 

0 (0%) 

 

2 (6%) 

0 (0%) 

31 (91%) 

1 (3%) 

 

1 (4%) 

0 (0%) 

23 (96%) 

0 (0%) 

0.506 

Diarrhea recency 

  <24 hr 

  >24 hr 

 

10 (7%) 

133 (93%) 

 

1 (1%)a 

84 (99%) 

 

0 (0%)a 

34 (100%) 

 

9 (37%)b 

15 (63%) 

2.21e-07 

Medication 

  DBK 

  Meloxicam 

  Gabapentin 

  Antisedan 

  Pyrantel 

  Revolution 

 

81 (57%) 

83 (58%) 

7 (5%) 

24 (17%) 

109 (76%) 

132 (92%) 

 

49 (58%) 

50 (59%) 

4 (5%) 

16 (19%) 

65 (76%) 

77 (91%) 

 

17 (50%) 

17 (50%) 

2 (6%) 

4 (12%) 

25 (74%) 

31 (91%) 

 

15 (63%) 

16 (67%) 

1 (4%) 

4 (17%) 

19 (79%) 

24 (100%) 

 

0.647 

0.480 

1 

0.667 

0.890 

0.332 

Vaccine 

  Rabies 

  FVRCP 

 

132 (92%) 

132 (92%) 

 

77 (91%) 

77 (91%) 

 

31 (91%) 

31 (91%) 

 

24 (100%) 

24 (100%) 

 

0.332 

0.332 

Health issue 

  Skin/flea/mite 

  Eye 

  Thyroid 

  Dental 

 

11 (8%) 

2 (1%) 

1 (1%) 

3 (2%) 

 

5 (6%) 

1 (1%) 

1 (1%) 

3 (4%) 

 

4 (12%) 

1 (3%) 

0 (0%) 

0 (0%) 

 

2 (8%) 

0 (0%) 

0 (0%) 

0 (0%) 

 

0.505 

0.648 

1 

0.746 
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Supplementary Table 5. KO terms with differential abundances between kittens (< 1 y, 

n=31) and mature adults (≥6&<10 y, n=25). Fold changes (FC) were calculated using young 

adults as a reference group. 

 

KO term log2FC±SE adj p 

Increased in kittens (1 KO term) 

K12252 arginine:pyruvate transaminase [EC:2.6.1.84] 3.70±0.82 6.48E-06 

Decreased in kittens (11 KO terms) 

K22980 capsule synthesis positive regulator AcpB -4.48±0.89 4.61E-07 

K22977 capsule synthesis positive regulator AcpA -4.21±1.09 1.18E-04 

K21839 2-haloacrylate reductase [EC:1.3.1.103] -4.20±0.88 1.75E-06 

K21712 N-acetylglucosamine-binding protein A -3.79±0.97 8.80E-05 

K08680 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate 

synthase [EC:4.2.99.20] -3.19±0.73 1.19E-05 

K06999 phospholipase/carboxylesterase -3.01±0.77 1.01E-04 

K13797 DNA-directed RNA polymerase subunit beta-beta' 

[EC:2.7.7.6] -2.92±0.77 1.42E-04 

K10209 4,4'-diapophytoene desaturase [EC:1.3.8.2] -2.87±0.76 1.52E-04 

K06436 spore coat assemly protein -2.83±0.68 3.24E-05 

K00367 ferredoxin-nitrate reductase [EC:1.7.7.2] -2.52±0.65 1.12E-04 

K04076 ATP-dependent Lon protease [EC:3.4.21.53] -2.22±0.50 8.11E-06 
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Supplementary Table 6. KO terms with differential abundances between mature adults (≥6&<10 y, 

n=25) and young adults (≥1&<6 y, n=118). Fold changes were calculated using young adults as 

reference group. 

KO term log2FC±SE adj p 

Decreased in kittens (61 KO terms) 

K14195  surface protein G -5.30±1.23 6.85E-03 

K11746 glutathione-regulated potassium-efflux system ancillary protein KefF -5.25±1.03 1.24E-03 

K05597 glutamin-(asparagin-)ase [EC:3.5.1.38] -5.02±1.47 3.82E-02 

K15984 16S rRNA (guanine1516-N2)-methyltransferase [EC:2.1.1.242] -3.78±0.94 1.31E-02 

K16956 L-cystine transport system substrate-binding protein -3.76±1.09 3.63E-02 

K03417 methylisocitrate lyase [EC:4.1.3.30] -3.66±1.05 3.42E-02 

K13895 microcin C transport system permease protein -3.53±1.01 3.42E-02 

K13821 RHH-type transcriptional regulator, proline utilization regulon 

repressor / proline dehydrogenase / delta 1-pyrroline-5-carboxylate 

dehydrogenase [EC:1.5.5.2 1.2.1.88] -3.48±0.71 1.47E-03 

K02456 general secretion pathway protein G -3.45±0.81 8.02E-03 

K07347 outer membrane usher protein -3.38±0.91 2.39E-02 

K01433 formyltetrahydrofolate deformylase [EC:3.5.1.10] -3.30±0.94 3.42E-02 

K01666 4-hydroxy 2-oxovalerate aldolase [EC:4.1.3.39] -3.25±0.83 1.54E-02 

K12940 aminobenzoyl-glutamate utilization protein A -3.22±0.89 3.17E-02 

K07248 lactaldehyde dehydrogenase / glycolaldehyde dehydrogenase 

[EC:1.2.1.22 1.2.1.21] -3.12±0.86 2.87E-02 

K03566 LysR family transcriptional regulator, glycine cleavage system 

transcriptional activator -3.11±0.85 2.87E-02 

K16692 tyrosine-protein kinase Etk/Wzc [EC:2.7.10.3] -3.08±0.67 2.61E-03 

K00116 malate dehydrogenase (quinone) [EC:1.1.5.4] -3.07±0.85 3.22E-02 

K12975 KDO II ethanolaminephosphotransferase [EC:2.7.8.42] -3.05±0.87 3.42E-02 

K01737 6-pyruvoyltetrahydropterin/6-carboxytetrahydropterin synthase 

[EC:4.2.3.12 4.1.2.50] -3.04±0.74 1.05E-02 

K19804 lipopolysaccharide assembly protein B -3.03±0.85 3.29E-02 

K04744 LPS-assembly protein -2.90±0.72 1.31E-02 

K06894 alpha-2-macroglobulin -2.85±0.65 5.11E-03 

K05875 methyl-accepting chemotaxis protein II, aspartate sensor receptor -2.84±0.83 3.66E-02 

K01256 aminopeptidase N [EC:3.4.11.2] -2.76±0.80 3.66E-02 

K03274 ADP-L-glycero-D-manno-heptose 6-epimerase [EC:5.1.3.20] -2.74±0.76 3.15E-02 
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Supplementary Table 6. KO terms with differential abundances between mature adults (≥6&<10 y, 

n=25) and young adults (≥1&<6 y, n=118). Fold changes were calculated using young adults as 

reference group continued. 

 

K07796 outer membrane protein, copper/silver efflux system -2.73±0.69 1.46E-02 

K11904 type VI secretion system secreted protein VgrG -2.73±0.79 3.66E-02 

K19230 cationic peptide transport system ATP-binding protein -2.73±0.76 3.22E-02 

K01667 tryptophanase [EC:4.1.99.1] -2.72±0.72 2.11E-02 

K00697 trehalose 6-phosphate synthase [EC:2.4.1.15 2.4.1.347] -2.69±0.78 3.63E-02 

K03820 apolipoprotein N-acyltransferase [EC:2.3.1.269] -2.66±0.73 2.87E-02 

K07048 phosphotriesterase-related protein -2.65±0.70 2.11E-02 

K15461 tRNA 5-methylaminomethyl-2-thiouridine biosynthesis bifunctional 

protein [EC:2.1.1.61 1.5.-.-] -2.63±0.77 3.82E-02 

K12679 outer membrane protein IcsA -2.63±0.70 2.11E-02 

K21085 diguanylate cyclase [EC:2.7.7.65] -2.62±0.55 1.47E-03 

K04030 ethanolamine utilization protein EutQ -2.61±0.78 4.57E-02 

K02446 fructose-1,6-bisphosphatase II [EC:3.1.3.11] -2.59±0.61 8.57E-03 

K00113 glycerol-3-phosphate dehydrogenase subunit C -2.58±0.70 2.58E-02 

K15586 nickel transport system permease protein -2.57±0.77 4.66E-02 

K01599 uroporphyrinogen decarboxylase [EC:4.1.1.37] -2.57±0.68 2.11E-02 

K00135 succinate-semialdehyde dehydrogenase / glutarate-semialdehyde 

dehydrogenase [EC:1.2.1.16 1.2.1.79 1.2.1.20] -2.52±0.55 3.35E-03 

K17948 N-acetylneuraminate epimerase [EC:5.1.3.24] -2.49±0.72 3.66E-02 

K03272 D-beta-D-heptose 7-phosphate kinase / D-beta-D-heptose 1-phosphate 

adenosyltransferase [EC:2.7.1.167 2.7.7.70] -2.48±0.61 1.31E-02 

K16326 CRP/FNR family transcriptional regulator, putaive post-exponential-

phase nitrogen-starvation regulator -2.43±0.69 3.42E-02 

K19611 ferric enterobactin receptor -2.38±0.69 3.63E-02 

K00111 glycerol-3-phosphate dehydrogenase [EC:1.1.5.3] -2.26±0.66 3.81E-02 

K07791 anaerobic C4-dicarboxylate transporter DcuA -2.22±0.67 4.93E-02 

K02666 type IV pilus assembly protein PilQ -2.20±0.63 3.42E-02 

K18142 multidrug efflux pump -2.17±0.65 4.80E-02 

K07715 two-component system, NtrC family, response regulator GlrR -2.12±0.64 4.77E-02 

K01665 para-aminobenzoate synthetase component I [EC:2.6.1.85] -2.11±0.44 1.47E-03 

K01847 methylmalonyl-CoA mutase [EC:5.4.99.2] -2.10±0.62 3.82E-02 
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Supplementary Table 6. KO terms with differential abundances between mature adults (≥6&<10 y, 

n=25) and young adults (≥1&<6 y, n=118). Fold changes were calculated using young adults as 

reference group continued. 

 

K07264 4-amino-4-deoxy-L-arabinose transferase [EC:2.4.2.43] -2.09±0.50 1.05E-02 

K00381 sulfite reductase (NADPH) hemoprotein beta-component [EC:1.8.1.2] -2.06±0.59 3.45E-02 

K07701 two-component system, CitB family, sensor histidine kinase DcuS 

[EC:2.7.13.3] -2.05±0.54 2.11E-02 

K02395 peptidoglycan hydrolase FlgJ -2.04±0.53 2.06E-02 

K05830 LysW-gamma-L-lysine/LysW-L-ornithine aminotransferase 

[EC:2.6.1.118 2.6.1.-] -2.03±0.62 4.93E-02 

K02567 nitrate reductase (cytochrome) [EC:1.9.6.1] -2.03±0.57 3.42E-02 

K01581 ornithine decarboxylase [EC:4.1.1.17] -2.02±0.57 3.42E-02 

K08223 MFS transporter, FSR family, fosmidomycin resistance protein -2.02±0.60 4.49E-02 

K21084 diguanylate cyclase [EC:2.7.7.65] -2.01±0.49 1.07E-02 
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Supplementary Table 7. KO terms with differential abundances between kittens (< 1 y, 

n=31) and mature adults (≥6&<10 y, n=25). Fold changes (FC) were calculated using 

mature adults as a reference group. 
 

KO term log2FC±SE adj p 

Increased in kittens (8 KO terms) 

K11746 glutathione-regulated potassium-efflux system 

ancillary protein KefF 4.93±1.03 2.93E-03 

K02456 general secretion pathway protein G 3.35±0.85 3.12E-02 

K00370 nitrate reductase / nitrite oxidoreductase, alpha 

subunit [EC:1.7.5.1 1.7.99.-] 3.34±0.83 3.12E-02 

K11599 proteasome maturation protein 3.12±0.68 4.18E-03 

K05939  acyl-[acyl-carrier-protein]-phospholipid O-

acyltransferase / long-chain-fatty-acid--[acyl-carrier-protein] 

ligase [EC:2.3.1.40 6.2.1.20] 2.80±0.71 3.12E-02 

K07048 phosphotriesterase-related protein 2.77±0.68 3.12E-02 

K01847 methylmalonyl-CoA mutase [EC:5.4.99.2] 2.74±0.69 3.12E-02 

K21085 diguanylate cyclase [EC:2.7.7.65] 2.42±0.49 2.83E-03 

 


