Urease Activity in Anaerobic Gram-Positive Bacteria from the Human Large Intestine


ABSTRACT

[bookmark: _Hlk216262278]The human gastrointestinal tract consists of several discrete compartments including the stomach, small intestine, and large intestine or colon.  Each of these structures has its own microenvironment and microbiota and can contribute in different ways to normal nitrogen metabolism.  One important metabolite in the large intestine is urea, which is formed as a result of amino acid catabolism.  This urea can be degraded by bacteria possessing the enzyme urease (urea amidohydrolase, EC 3.5.1.5).  This review indicates that isolates of several different intestinal anaerobic Gram-positive genera including Clostridium, Paenclostridium, Bifidobacterium, and Blautia are urease-positive.  The enzymes have not been characterized biochemically in much detail but some appear to be inducible by urea.  Genomic analysis suggests that the proteins from Clostridium, Paenclostridium, and Blautia are composed of the same three types of subunits found in other bacteria.  However, the enzyme from Bifidobacterium may be more similar to that of Helicobacter pylori in that it consists of only two subunits.  Physiological studies indicate that many gastrointestinal diseases including hyperammonemia, irritable bowel syndrome, ulcerative colitis, and Crohn’s disease are associated with changes in the gut microbiome.  There is often a decrease in Gram-positive bacteria (Firmicutes) such as Clostridium and an increase in Gram-negative bacteria (Proteobacteria) such as Escherichia coli.  Attempts to treat these diseases with chemicals that inhibit urease activity or to alter the intestinal microbiome by fecal microbiota transplantation have yielded mixed results.  There is still much research to be done on the ureases from these Gram-positive bacteria and their contributions to human health and disease.  
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1. INTRODUCTION

The human gastrointestinal tract includes three major structures: the stomach, the small intestine, and the large intestine or colon.  Each of these compartments has a distinctive pH, oxygen concentration, nutrient level, and microbiota (Ohland & Jobin, 2015).  The microbial content of the colon is particularly large (up to 1012 microbes/gram of content), and while it is very diverse at the genetic level, the microbiome is dominated in adults by members of the Gram-positive Firmicutes and the Gram-negative Bacteroides (Lozupone et al., 2012; Qin et al., 2010).  These microbes are responsible for the degradation of dietary carbohydrates and proteins, the synthesis of essential amino acids and vitamins, and the metabolism of drugs (Li et al., 2016).  The exact bacterial composition of the gut can vary depending on age, diet, and geographic region.  Changes in the human gut microbiome are associated with many important diseases including diabetes, obesity, and inflammatory bowel disorders (Li et al., 2016; Ohland & Jobin, 2015; Park, 2018).  The oxygen concentration in the colon is low and many of the bacteria isolated from this site can now be cultured in the laboratory under anaerobic conditions (Browne et al. 2016; Walker et al., 2014).  	Comment by Dr Muhammad Ismail Qureshi: Try to quote new reference 	Comment by Dr Muhammad Ismail Qureshi: Research should not to be below 5-8 years old	Comment by Dr Muhammad Ismail Qureshi: italic

One important metabolite in the large intestine is urea.  This compound is formed as a by-product of amino acid metabolism using the enzymes of the urea cycle in the liver and other tissues (Wang et al., 2014).  While most of the urea formed in the body is eventually excreted in the urine after the processing of solutes and fluids in the kidneys, some remains in the large intestine and may be excreted in feces (Tomé & Bos, 2000).  The overall nitrogen balance and the intestinal urea concentration depend in large part on the amount of protein in the diet (Calloway, 1971; Waterlow, 1999),  	Comment by Dr Muhammad Ismail Qureshi: reference to old

[bookmark: _Hlk216261500]The urea in the large intestine can be degraded by bacteria possessing the enzyme urease (Brown et al., 1971; Suzuki et al., 1978; Wozny et al., 1977).  Urease (urea amidohydrolase, EC 3.5.1.5) catalyzes the chemical reaction in which urea is hydrolyzed to form two molecules of ammonia and one molecule of bicarbonate (Mobley & Hausinger, 1989).  
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The initial reaction in which one of the amino groups is removed is enzyme-catalyzed while the second reaction in which the other amino group is removed is spontaneous.  Under physiological conditions, the two ammonia products become protonated to form two ammonium ions (NH4+).  The initial carbonic acid product (H2CO3) ionizes to form bicarbonate (HCO3-) and H+.  This leads to a net decrease in the H+ concentration and raises the surrounding pH.  The urease enzyme is a nickel-containing protein that is typically composed of three types of subunits (Carlini et al., 2024; Kappuan et al., 2018; Mobley et al., 1995).  The α subunit or UreC protein (about 62 kDa) is encoded by the ureC gene; the β subunit or UreB protein (about 15 kDa) is encoded by the ureB gene; and the γ subunit or UreA protein (about 11 kDa) is encoded by ureA gene;  The complete enzyme is most often a trimer of trimers and has an (αβγ)3 structure with two Ni2+ ions at the active site.  Among the anaerobic Gram-positive bacteria in the intestine with urease activity are various species of Clostridium, Paenclostridium, Bifidobacterium, and Blautia.  The next sections summarize what is known about the structure and activity of the ureases from these and other intestinal bacteria.	Comment by Dr Muhammad Ismail Qureshi: ????	Comment by Dr Muhammad Ismail Qureshi: space > <

2. [bookmark: _Hlk213491692][bookmark: _Hlk215917197]UREASE ACTIVITIES FROM GRAM-POSITIVE ANAEROBIC INTESTINAL BACTERIA

2.1  Urease activity from Clostridium sp.

The genus Clostridium includes a large number of rod-shaped Gram-positive anaerobic endospore-forming bacteria.  There are more than 150 recognized chemoheterotrophic species that can metabolize carbohydrates, alcohols, amino acids, and other organic compounds, usually with the formation of organic acids and alcohols (Collins et al., 1994; Rainey et al., 2009).  Wozny et al. (1977) isolated urease-positive samples of C. beijerinckii and C. innocuum from human feces.  Urease activity was detected using a colorimetric test for the formation of ammonia by whole cells grown under anaerobic conditions in a medium containing urea.  Very little ammonia was formed when the bacteria were grown in a medium without urea.  Suzuki et al. (1978) identified a urease-positive sample of C. symbiosum in a collection of human fecal bacteria.  The specific activity was measured quantitatively in a cell-free extract of this bacterium using a spectrophotometric assay for ammonia formation from urea.  However, none of the proteins catalyzing these urease activities was characterized further. 	Comment by Dr Muhammad Ismail Qureshi: space > <

Dupuy et al. (1997) studied urease-positive samples of C. perfringens isolated from the laboratory collections at the Institute Pasteur and the Université de Liege.  C. perfringens is among the most commonly-studied intestinal pathogens and produces a large number of enterotoxins (Kiu & Hall,  2018).  Urease activity in 20 different strains representing five toxin types was initially demonstrated as a pH change after growth under anaerobic conditions in a medium containing urea and indole.  It was then studied quantitatively in cell extracts using a spectrophotometric assay for the formation of ammonia after growth of the bacteria in a minimal medium containing urea.  There was no activity after growth in the minimal medium without urea or in a rich medium with or without urea.  Total urease activity increased during exponential growth in the minimal medium with urea and was highest in stationary phase.  The enzyme was not isolated or characterized biochemically in more detail.  

However, the genes encoding the major urease subunits of Clostridium perfringens were studied by DNA analysis of the strain CP76 (toxin type D) genome.  The genes encoding the UreA, UreB, and UreC subunits were amplified using the polymerase chain reaction (PCR) using primers based on the Helicobacter pylori and Canavalia ensiformis (Jack bean) urease sequences.  The DNA products were cloned into an E. coli plasmid and sequenced.  Hybridization analysis indicated the urease genes were located on large plasmids of 90 to 150 kb which also carry genes for toxin formation.  The sequence of the ureA gene was predicted to encode a protein with 100 amino acids, that of the ureB gene to encode a protein with 102 amino acids, and that of the ureC gene to encode a protein with 588 amino acids.  BLAST analysis indicated that these proteins would be expected to show the most sequence identity to those from Lactobacillus fermentum, Bacillus sp TB90, and Staphylococcus xylosus.  

To confirm expression of these proteins in C. perfringens, extracts from strain CP76 were analyzed by SDS-polyacrylamide gel electrophoresis and Western blot analysis.  Antibodies raised against the large subunit from Helicobacter pylori (UreB) reacted with a protein expected to correspond to the UreC protein from C. perfringens.  Antibodies raised against the UreA subunit of H. pylori reacted with protein bands expected to correspond to the UreA and UreB subunits from C. perfringens.  No reaction occurred with proteins in extracts from a urease-negative strain of C. perfringens.   There was also no reaction with the culture supernatant from CP76, indicating that the enzyme is not secreted from the cells that produce it.  

Nishida et al. (1964) found that several strains of C. sordellii tested positive for urease activity and that this trait could be used to distinguish them from isolates identified as C. bifermentans.  C. sordellii is an important human and animal pathogen due to its ability to form a large set of toxins and hydrolytic enzymes.  It can cause infections after normal birth, spontaneous abortions, trauma, and intravenous drug use (Aldape et al., 2006).  This microbe has now been renamed Paenclostridium sordellii (Sasi Jyothsna et al., 2016) and many of its virulence factors shown to be carried on plasmids (Revitt-Mills et al., 2019).  Scaria et al. (2015) confirmed that P. sordellii is urease-positive using Biolog phenotype microarrays and showed that this trait could be used to differentiate it from C. difficile which is urease-negative.  They isolated a gene cluster from P. sordellii strain 8483 that contained sequences encoding the key urease proteins UreA, UreB, and UreC, as well as the accessory proteins UreI, UreE, UreF, UreG, and UreH needed for nickel incorporation, holoenzyme assembly, and urea uptake.  The genes were found to be homologous to those from C. perfringens.  Urease-negative strains of C. sordellii can be isolated easily (Nakamura et al., 1976), which is consistent with the possible location of the urease gene cluster on a plasmid.	Comment by Dr Muhammad Ismail Qureshi: ..?

2.2	 Urease activity from Bifidobacterium sp.

The genus Bifidobacterium includes a large number of Gram-positive nonspore-forming anaerobic microorganisms.  They are nonmotile and characterized by a curved, clubbed-shaped, or branching morphology (Biavati & Mattarelli, 2006; Lee & O’Sullivan, 2010).  There are more over 90 recognized species and subspecies that grow by the fermentation of carbohydrates to form acetic acid and lactic acid but not carbon dioxide.  These bacteria are often found as commensals in the gastrointestinal tracts of mammals but they also occur in the digestive systems of birds and insects such as bees (Duranti et al., 2021; Turroni et al., 2011).  Among the most commonly recovered species found in the guts of infant and adult humans are B. bifudum, B. infantis, and B. longum.

[bookmark: _Hlk213056295]Suzuki et al. (1978) identified urease-positive samples of  B. bifidum, B. infantis, and B. multiacidus in a collection of human fecal bacteria.  Only one of 12 strains of B. bifidum produced urease, but all of the B. infantis ones did as did three of the four samples of B. multiacidus.  The specific activity in B. multiacidus was among the highest found in this set of samples and had a pH optimum of 8.0.  However, this urease activity was not characterized further.  Crociani & Matteuzzi (1982) tested 414 strains of Bifidobacterium isolated from various habitats including human and animal feces, human vaginas, dental caries, cattle rumen, and sewage.  These isolates, representing 21 species, were tested for urease activity after growth in a rich medium containing  glucose, trypticase, and yeast extract.  Of these strains, 63 gave a positive response, most of which were B. suis, B. breve, or B. magnum.  The specific activity was not influenced by the presence of urea or ammonium in the growth medium.  George et al. (1996) studied the microbiota of fecal samples of infants who were mostly fed breast milk during the first six months of infancy.  They noted that most of the anaerobic bacteria were members of the genera Bifidobacteria or Bacteroides but some were examples of Lactobacillus or Clostridium.  Total urease activity in the fecal samples was measured in terms of the amount of ammonium formed in the presence of urea using an assay based on the reductive amination of α-ketoglutarate (2-oxoglutarate) by glutamate dehydrogenase with the concomitant oxidation of NADH.  Urease activity as µmol of ammonium per g feces was highest immediately after birth and then decreased over a period of six months.  The specific bacteria involved in this urea hydrolysis, however, were not identified.

[bookmark: _Hlk213661324]Recent studies have focused in more detail on the role of urease from B. longum subspecies infantis in the metabolism of the urea found in breast milk, which constitutes about 15% of the total available nitrogen.  Sela et al. (2008) showed that the type strain of this species (ATCC 15697) has a single large circular chromosome with large clusters of genes for the binding, uptake, and catabolism of a number of oligosaccharide found in breast milk.  The sequenced genome also contained a complete urease gene cluster.  Schimmel et al. (2021) confirmed the existence of a urease gene cluster in B. infantis and showed that it was also present in six other Bifidobacterium species, including B. infantis, B. suis, B. subtile, B. kashiwanohense, and B. scardovii.  The cluster contained sequences for a large alpha submit, a smaller gamma subunit, and for the UreE, UreF, UreG, and UreD accessory proteins.  However, the cluster was absent from other gut colonizers including B. breve and B. bifidum spp.  Isolates with this gene cluster were recovered more often from breast-fed infants than from formula-fed ones.  Strains of B. longum subsp. infantis were shown to grow in a medium containing urea as the primary nitrogen source, although not as fast as in a medium with tryptone as the nitrogen source.  Proteomic analysis confirmed the presence of the major urease-related proteins.  Urease activity in sonicated cell extracts could be efficiently measured spectrophotometrically after growth in medium containing urea but not after growth in medium lacking urea.  Analysis of the bacterial culture medium during exponential growth indicated that the urea had been partially removed.  

These results were confirmed by You et al. (2023), who showed that several isolates of B. longum subsp. infantis (here called simply B. infantis) could use urea as the primary nitrogen source and that the presence of urea in the culture medium led to an increase in urease activity as measured spectrophotometrically.  They also found that nitrogen atoms derived from urea as 15N could be assimilated into various Bifidobacterium proteins.  The presence of urea in the medium lead to increased transcription of the genes for the three subunits of urease (here called the alpha, beta, and gamma subunits) as well as the genes for a nickel transporter and for incorporation of nickel into the holoenzyme.  Lyu (2025) studied the biochemistry of the large urease subunit (now called UreC) from B. longum subsp. infantis as part of a Ph.D. dissertation at the University of Massachusetts, Amherst.  Although this work has not yet been published in a peer-reviewed journal, the properties of this protein are consistent with the other published data and indicate that the ureases from Bifidobacterium sp. are similar to those of other Gram-positive bacteria.  Urease activity varied among different isolates of B. longum subsp. infantis.  Lyu (2025) constructed an expression vector for UreC.  He expressed the protein in a urease-negative strain of B. suis and confirmed its inducibility by urea.  He also generated a urease-negative mutation of the original UreC protein in which a critical glutamate residue (E343) was replaced by a lysine residue, resulting in a loss of enzyme activity and the ability to use urea as a nitrogen source.

2.3  Urease activity from Blautia sp.

The genus Blautia is a relatively new taxonomic group that was proposed in 2008 by the  combination of several species previously classified as Clostridium, Ruminococcus, or Peptostreptococcus with a new isolate from human feces designated B. wexlerae (Liu et al., 2008).  The phylogenetic relationships among these bacteria were based on 16S rRNA sequences.  The defining characteristics of the new genus Blautia include a Gram-positive staining reaction, a lack of motility, a coccoid or oval morphology with pointed ends, and chemoheterotrophic growth under anaerobic conditions by fermentation leading to a mixture of end products.  Most isolates do not form spores and the G+C content of the DNA ranges from 37 to 47 mol%.  Further studies have confirmed the basic features of this genus and established its importance in the gut microbiomes of humans and other animals (Eren et al., 2015; Liu et al., 2021; Maturana & Cárdenas 2021).  

Although the presence of urease activity is not a defining feature of this genus, several bacteria now classified as Blautia sp. have been found to be ureolytic.  Varel et al. (1974) described the isolation of urease-positive bacteria from human feces after growth in a urea-based medium under anaerobic conditions.  The isolates were Gram-positive lancet-shaped large cocci with pointed ends, which grew by fermentation of carbohydrates and could use either urea or ammonium ions as the nitrogen source.  The urease activity appeared to be repressed by ammonium or organic nitrogen sources.  The bacteria were identified as Peptostreptococcus productus, a group subsequently reclassified as Ruminosoccus productus (Ezaki et al., 1994), and now as Blautia producta (Liu et al., 2008).  Wozny et al. (1977) also recovered urease-positive isolates P. productus from the rumen of cattle and several samples of Ruminoococcus albus from human feces.  The R. albus samples all formed ammonium ions from urea.  Although some species of Ruminococcus have been incorporated in the genus Blautia, R. albus has not.  Suzuki et al. (1978) identified a urease-positive sample of Peptostreptococcus productus and a urease positive sample of Peptococcus prevotii in the collection of human fecal bacteria they studied.  Peptococcus prevotii was later transferred to the genus Peptostreptococcus (Ezaki et al., 1983) and then incorporated into the new genus Anaerococcus as A. prevotii (Ezaki et al., 2001).

More recent studies of the gut microbiota have focused on the family Lachnospiraceae, which plays a key role in the production of short-chain fatty acids in the intestine (Firth et al., 2025; Sorbara et al., 2020).  This family includes various members of the genera Blautia, Ruminococcus, and Anaerostipes.  Some of these isolates are urease-positive and were able to incorporate the carbon from urea into short-chain fatty acids including acetate.  All of the Blautia strains (MSK.15.19, MSK.23.78), MSK.20.66) were found to contain a complete set of genes encoding the urease subunits and the accessory proteins needed to assemble the holoenzyme.  The formation of ammonium from urea appears to allow the bacteria to tolerate the decrease in pH associated with acetate formation.

3. UREASE GENES FROM GRAM-POSITIVE ANAEROBIC INTESTINAL BACTERIA

[bookmark: _Hlk213686534][bookmark: _Hlk213583118][bookmark: _Hlk215996030]Although the studies cited in the last sections indicate that some Gram-positive anaerobic bacteria from the intestine have detectable urease activity, they have provided little detailed information about the structure and biochemistry of the enzyme.  To gain some insight into the possible features of this protein, amino acid sequence data for the ureases from Clostridium perfringens, Paenclostridium sordellii, Bifidobacterium longum subsp. infantis, and Blautia producta were retrieved from the UniProtKB database at www.expasy.org.  These sequences were inferred by homology from DNA genomic data.  They were then aligned with the better-characterized urease sequences from Bacillus subtilis as an example of a Gram-positive bacterium and Helicobacter pylori as a Gram-negative one from the intestinal tract (Mobley & Hausinger 1989).  The B. subtilis enzyme has three subunits (UreC or α, UreB or β, UreA or γ) with 569 amino acids, 124 amino acids, and 100 amino acids, respectively.  The H. pylori enzyme has two subunits(UreB or β, UreA or α) with 569 amino acids and 238 amino acids, respectively.  The large UreB subunit of H. pylori corresponds to the large UreC subunit of B. subtilis while the small UreA subunit of H. pylori corresponds to the two smaller subunits of B. subtilis.  Many ureases including the one from Bacillus subtilis have a (αβγ)3 three-dimensional structure (Mobley & Hausinger 1989).  This may be true of the enzymes from Clostridium perfringens, Paenclostridium sordellii, and Blautia producta.  On the other hand, the urease from H. pylori has an (α4β4) structure, although larger aggregates may occur (Austin et al., 1991; Dunn et al.,1990).  This may be the case for Bifidobacterium longum subsp. infantis which also has only two subunits. 

3.1   Alignment of UreC (α) sequences

[bookmark: _Hlk213663418]The results of the alignment of the six large subunit sequences are shown in Fig 1.  The overall sequence identity was 39.5%, while the pairs of individual sequences showed identities of about 60%.  The phylogenetic tree based on these sequences indicated that the sequences for Paenclostridium sordellii and Blautia producta were most closely related to one another as were the sequences for Clostridium perfringens and Bacillus subtilis.  The sequences for Bifidobacterium longum subsp. infantis and Helicobacter pylori were only distantly related to the other sequences.  The active site of almost all ureases has two Ni2+ ions, which are complexed with a set of histidine, lysine, and aspartate residues (Mazzei et al., 2024).  In H. pylori, they are identified as His249, His275, Asp363, His137, His139, and Lys220.  These residues are shown in bold in Fig. 1 and also appear at the same position in all of the other sequences in this sample.










sp|P94669|URE1_CLOPF                MSFEISREQYAGMFGPTTGDSIRLGDTNLFAKIEKDMTVYGDESKFGGGKCLRDGMGQSA	60
[bookmark: _Hlk215995711]tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      --MKMSREEYAELFGPTTGDKIRLGDTDLWIEVEKDFTVYGEEMIFGGGKTIRDGMGQNG	58
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      -MRTITRSDYAGMFGPTTGDRVRLGDTGLLIEVEKDYARYGDELKFGGGKSFRDGMGQSS	59
sp|P69996|URE1_HELPY                -MKKISRKEYVSMYGPTTGDKVRLGDTDLIAEVEHDYTIYGEELKFGGGKTLREGMSQSN	59
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      MTYKMSGKKYTSMFGPTTGDKIRLADTDLIIEVEKDYTVYGDEIKFGGGKTLRDGMGQCV	60
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      MSSIISGKKYAMMYGPTTGDKVRLADTSLIIEVEEDHTHYGDEIKFGGGKTIRDGMGQCV	60
                                        :: ..*. ::****** :**.**.*  ::*.* : **:*  ***** :*:**.*  

sp|P94669|URE1_CLOPF                TELRRDNPKVVDLIITSAVILDYTGIYKADIGIRDGKIVAIGNGGNPSIMDNVD--FIVG	118
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      RITGK--DGALDLVITNVVLLDYTGIVKADVGVKDGRIVGVGKSGNPDIMDGVDPHMVIG	116
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      VQ-KD--SESPDTVITNALVVDYTGIYKADIGIKNGKISAIGKAGNPQTMDGVTPGLAVG	116
sp|P69996|URE1_HELPY                NPSK----EELDLIITNALIVDYTGIYKADIGIKDGKIAGIGKGGNKDMQDGVKNNLSVG	115
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      HINSE--EGALDLVITNALIVDSTGIVKADIGIKNGNIVGIGKSGNPDIMDGVNENMIVG	118
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      KASRE--DGCLDLVITNALIVDYTGIVKADIGIRDGKIAGIGKAGNPDIMDGVTPGMTVG	118
                                               * :**..:::* *** ***:*:::*.* .:*:.** .  *.*   : :*

sp|P94669|URE1_CLOPF                SSTEALSGEGLIVTAGGIDTHVHFITPAIAYSALENGTTTIIGGGTGPADGTNSATSTPG	178
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      AGTEVISGEGKILTAGGVDTHIHFICPQQMEVALSSGVTTLLGGGTGPATGSKATTCTSG	176
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      ACTEAIAGEGLILTAGGIDTHIHFIAPQQVRTALAGGVTTMVGGGTGPADGTNATTCSPG	176
sp|P69996|URE1_HELPY                PATEALAGEGLIVTAGGIDTHIHFISPQQIPTAFASGVTTMIGGGTGPADGTNATTITPG	175
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      ASTEAISAEGLIVTAGGLDTHIHFISPQQVNTALCSGITTMIGGGTGPADGSNATTCTPG	178
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      ASTEALAGEGMIVTAGGIDSHIHFICPQQILCALYSGVTTMIGGGTGPADGTNATTCTPG	178
                                      **.::.** *:****:*:*:*** *     *: .* **::******* *::::* : *

sp|P94669|URE1_CLOPF                AWNIHQMLRAAEGMPVNMGIQGKAGGAIMDTTAEQIEAGAMALKVHEDWGATLSCIDHAL	238
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      AWYMARMLEAAEEFPINVGFLGKGNASDKAPLIEQVEAGAIGLKLHEDWGTTPSAIKTCM	236
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      AFHIARMIEAAEAMPVNVAYLGKGNGSSPEPLREQIRAGAAGLKIHEDWGATPAVIDTCL	236
sp|P69996|URE1_HELPY                RRNLKWMLRAAEEYSMNLGFLAKGNASNDASLADQIEAGAIGFKIHEDWGTTPSAINHAL	235
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      PWNIEKMLKASEEYPMNIGLFGKGNCSSEEPLIEQIKSGIIGLKIHEDWGATPKVIDTCL	238
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      PWNLEMMLKAAEEYPMNLGFLGKGNCSDERPLIEQIKAGAMGLKIHEDWGATPAVIDHCL	238
                                       :  *:.*:*   :*:.  .*.. :      :*:.:*  .:*:*****:*   *. .:

sp|P94669|URE1_CLOPF                ETADKYDVQVSLHSDTLNETGFVEDTIKSIGGRCIHSYHTEGAGGGHAPDLMKVASKNNI	298
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      EVVDEADIQVAIHTDTINEAGFLENTLDAIGDRVIHTYHIEGAGGGHAPDIMKLASYANI	296
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      GVADDMDVQVAIHTDTLNEGGCVEDTIAAFKGRTIHTYHTEGAGGGHAPDIIRAASFPNV	296
sp|P69996|URE1_HELPY                DVADKYDVQVAIHTDTLNEAGCVEDTMAAIAGRTMHTFHTEGAGGGHAPDIIKVAGEHNI	295
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      TVADKYDIQVAIHTDTLNEGGCIEDTMNAIAGRTIHTFHTEGAGGGHSPDIIKAASYGNI	298
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      NVADLYDVQTAIHTDTLNEGGCVEDTIRAIAGRTIHTYHTEGAGGGHAPDIIKAASMPNI	298
                                     ..*  *:*.::*:**:** * :*:*: :: .* :*::* *******:**::: *.  *:


sp|P94669|URE1_CLOPF                IPSSTSPTNPYTVDILPEHLDMLMVCHHLDPKIPEDVRFADSRIRKQTIAAEDVLQDMGA	358
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      LPSSTTPTIPYTVNTMDEHLDMMMVCHHLDAKVPEDVAFSHSRIRAATIAAEDILHDIGA	356
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      LPSSTNPTMPFTRNTIDEHLDMMMVTHHLDRNVPEDIAFADSRIRPETIGAEDVLHDLGL	356
sp|P69996|URE1_HELPY                LPASTNPTIPFTVNTEAEHMDMLMVCHHLDKSIKEDVQFADSRIRPQTIAAEDTLHDMGI	355
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      LPASTNPTMPYTLNTIDEHLDMLMVCHHLDKKIEEDVAFADSRIRPETIAAEDILQDLGV	358
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      LPSSTNPTMPFTVNTLDEHLDMLMVCHHLDKKIPEDVAFADSRIRPETIAAEDVLHDLGV	358
                                    :*:**.** *:* :   **:**:** **** .: **: *:.****  **.*** *:*:* 

sp|P94669|URE1_CLOPF                LSIMSSDTMAMGRIGEVIMRSWQLADKMKKQRGPLEGDSE---YIDNNRIKRYISKYTIN	415
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      ISMTSSDSQAMGRVGEVIIRTWQVADKMKKQRGALAGE----NGNDNVRAKRYIAKYTIN	412
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      ISMMSSDSQAMGRVGEVITRTWQTADKMKKQRGPLPEDAHDNNRNDNFRVKRYVSKYTIN	416
sp|P69996|URE1_HELPY                FSITSSDSQAMGRVGEVITRTWQTADKNKKEFGRLKEE-K--GDNDNFRIKRYLSKYTIN	412
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      FSIMSSDSQAMGRVGEVITRTWQSAHKMKNQRGHLPEDNK---ENDNYRVKRYIAKYTIN	415
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      FSMMSSDSQAMGRIGEVITRTWQTAGKMKDERGPLPEDVK--NGNDNFRVKRYIAKYTIN	416
                                    :*: ***: ****:**** *:** * * *.: * *  :       ** * ***::*****

sp|P94669|URE1_CLOPF                PAIAEGISDYVGSIEEGKYADLVLWEPAMFGAKPKMILKSGMIAYGVMGDSNASIPTTQP	475
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      PAITHGLSHEVGSVEKGKLADLVLWDPVFFGVKPELVLKGGMIARAQMGDPNASIPTPEP	472
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      PAITHGISDYVGSVEVGKMADLVLWQPALFGAKPEMIIKGGSILHARMGDANASIPTPEP	476
sp|P69996|URE1_HELPY                PAIAHGISEYVGSVEVGKVADLVLWSPAFFGVKPNMIIKGGFIALSQMGDANASIPTPQP	472
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      PAIAHGISNYVGSVEEGKFADLVIWNPAFFGIKPDIILKGGMIIEAKMGDPGASIPTPEP	475
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      PAVTHGISQYVGSVEKGKMADLVVWNPAFFGVRPDMIIKGGMIIASKMGDANASIPTTEP	476
                                    **::.*:*. ***:* ** ****:*.*.:** :*.:::*.* *  . *** .***** :*

sp|P94669|URE1_CLOPF                RTMRELFGLTGKSRQHVNMTFVSTYAYEHNIKEELGLERNVLPVHNVRTVTKKDMKFNSE	535
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      VFMRQMYASYGKANRSTSITFMSQASIERGVAESLGLEKRISPVKNIRKLSKLDMKLNSA	532
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      VLYRDMFGAMGKALGSSCATFVSQAAHDDDIAGRLGLERQVLPVRHCRGIGKKDLKFNDT	536
sp|P69996|URE1_HELPY                VYYREMFAHHGKAKYDANITFVSQAAYDKGIKEELGLERQVLPVKNCRNITKKDMQFNDT	532
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      IMYRSMFGAHGSAKYDTCITFVSKDAYENGVKRKLSLKKKILPVENCRNIGKKDMVLNNA	535
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      VMYQPMFAAHGRARFSCCATFVSKAAVKEGIKEKYGLEKQILPVSNCRNIGKKDMIFNDK	536
                                       : ::.  * :      **:*  : . .:    .*::.: ** : * : * *: :*. 

sp|P94669|URE1_CLOPF                TPKIEIDPLTYDVTVDGKLITCDPARELPLAQRYLYTNLDKINILVYYKKIT	587
tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU      LPKIEIDPKTYQVFADGEELSCQPVDYVPLGQRYFLF---------------	569
tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI      IADIQVNPETFQVSVDGEPIHSEPVTELPLAQRYFLF---------------	573
sp|P69996|URE1_HELPY                TAHIEVNPETYHVFVDGKEVTSKPANKVSLAQLFSIF---------------	569
tr|A0A0C7QSE8|A0A0C7QSE8_PARSO      TPEITVDPESYTVKADGILLSCEPAEKLPLAQLYNLF---------------	572
tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM      TPQITVDPETYEVTADKEPLTSKPAKTLPLTQMYNLF---------------	573
                                      .* ::* :: * .*   : ..*.  : * * :                  
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Fig. 1.  Sequence analysis and phylogenetic tree of selected large (α) urease subunits.  sp|P94669|URE1_CLOPF refers to Clostridium perfringens, tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU refers to Bacillus subtilis, tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI refers to Bifidobacterium longum subsp. infantis, sp|P69996|URE1_HELPY refers to Helicobacter pylori, tr|A0A0C7QSE8|A0A0C7QSE8_PARSO  refers to Paenclostridium sordellii, tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM refers to Blautia producta.            


3.2  Alignment of UreB (β) sequences

[bookmark: _Hlk213669210]The results of the alignment of the six medium subunit sequences are shown in Fig. 2.  This alignment was different from the first one because the Bifidobacterium longum subsp. infantis sequence is 205 amino acids long and that of Helicobacter pylori is 238 amino acids long.  Both have long extensions at the amino-terminal end and the areas of sequence identity to the other sequences occur in the middle portion of the overall sequence.  The overall sequence identity was only 19.7%.  The pairs of individual sequences showed identities varied from about 40% to 55%.  The phylogenetic tree based on these sequences again indicated a closer relationship between the Paenclostridium sordellii and Blautia producta sequences and between the Bifidobacterium longum subsp. infantis and Helicobacter pylori sequences than to the other sequences.


sp|P71035|URE2_BACSU                ------------------------------------------------------------	0
tr|A0A0C7G690|A0A0C7G690_PARSO      ------------------------------------------------------------	0
tr|A0A7G5MPK5|A0A7G5MPK5_9FIRM      ------------------------------------------------------------	0
tr|A0A0M3T5U4|A0A0M3T5U4_BIFLI      ---------------------------MKLNYAEAIALISSEVMERAREGR-TVAELMHY	32
sp|P94668|URE2_CLOPF                ------------------------------------------------------------	0
sp|P14916|URE23_HELPY               MKLTPKELDKLMLHYAGELAKKRKEKGIKLNYVEAVALISAHIMEEARAGKKTAAELMQE	60
                                                                                                

sp|P71035|URE2_BACSU                ---------------------------------------------MKPGAFQIAEGTITI	15
tr|A0A0C7G690|A0A0C7G690_PARSO      ---------------------------------------------MIPGEIITKDREIIL	15
tr|A0A7G5MPK5|A0A7G5MPK5_9FIRM      ---------------------------------------------MKIGEIIPKDRDIIL	15
tr|A0A0M3T5U4|A0A0M3T5U4_BIFLI      GRTIVSADDVMPGVAEMISEVEVEATFPDGTKLVSIHDPIETTEALKPGEYILADDDIEL	92
sp|P94668|URE2_CLOPF                ---------------------------------------------MIPGEFKFGQGKILC	15
sp|P14916|URE23_HELPY               GRTLLKPDDVMDGVASMIHEVGIEAMFPDGTKLVTVHTPIEANGKLVPGELFLKNEDITI	120
                                                                                 :  *     :  *  

sp|P71035|URE2_BACSU                NEGREIREVTVKNTGSRSIQVGSHFHFAEANGALLFDRELAIGMRLDVPSGTSVRFEPGE	75
tr|A0A0C7G690|A0A0C7G690_PARSO      NEGKKTLTIKVENIGDRPIQVGSHFHFFEVNKLLKFNRKSSFGMRLNIPSGTSIRFEPGE	75
tr|A0A7G5MPK5|A0A7G5MPK5_9FIRM      NEGRPSLEISVTNTGDRPIQAGSHYHFFEVNRYLVFDREKAYGFRLDIPSGTSVRFEPGE	75
tr|A0A0M3T5U4|A0A0M3T5U4_BIFLI      NPDSEPIALDVTNTADRPIQVGSHFHFFEVNKYLRFDRKAAYGKHLDIAAGTAVRFEPGE	152
sp|P94668|URE2_CLOPF                NADKKAITIEVKNTGDRAVQVGSHYHFYEVNSALDFDRKLAWGKKLDIPSGAGVRFEPGD	75
sp|P14916|URE23_HELPY               NEGKKAVSVKVKNVGDRPVQIGSHFHFFEVNRCLDFDREKTFGKRLDIASGTAVRFEPGE	180
                                    * .     : * * ..* :* ***:** *.*  * *:*: : * :*:: :*:.:*****:

sp|P71035|URE2_BACSU                QKTVSLVEIRGRKTIRGLNGMADTFIDERGKEK-TLANLKQAGWMEGVIR---------	124
tr|A0A0C7G690|A0A0C7G690_PARSO      RKEVNLVELGGNKKVFGFNGLTEGQINDDNLKK-ALEFESFKSFL--------------	119
tr|A0A7G5MPK5|A0A7G5MPK5_9FIRM      TKMVSLTSMGGSGRIFGLNDLTCAQITEISKRT-ALDNAAKKGFLKEAEE---------	124
tr|A0A0M3T5U4|A0A0M3T5U4_BIFLI      SHRVELVDFRGSREMHGFNALTEGRLDDPKVREAAFARAKEQGFLGFDEETED------	205
sp|P94668|URE2_CLOPF                VKKVNLVDFTGERRIFGFHDEVNGYLD--------------------------------	102
sp|P14916|URE23_HELPY               EKSVELIDIGGNRRIFGFNALVDRQADNES-KKIALHRAKERGFHGAKSDDNYVKTIKE	238
                                     : *.* .: *   : *::  .                                     
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Fig 2.  Sequence analysis and phylogenetic tree of selected medium (β) urease subunits.  tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU refers to Bacillus subtilis, tr|A0A0C7QSE8|A0A0C7QSE8_PARSO refers to Paenclostridium sordellii, tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM refers to Blautia producta,  tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI refers to Bifidobacterium longum subsp. infantis,  sp|P94669|URE1_CLOPF refers to Clostridium perfringens, sp|P69996|URE1_HELPY refers to Helicobacter pylori.            

3.3 
3.4 Alignment of UreA (γ) sequences

The results of the alignment of the six small subunit sequences are shown in Fig. 3.  This alignment again was different from the first one because the Bifidobacterium longum subsp. infantis sequence is 232 amino acids long and that of Helicobacter pylori is 238 amino acids long.  Both of these have long extensions at the carboxyl-terminal end and the areas of sequence identity to the other sequences occur in the amino-terminal portion of the overall sequence.  The overall sequence identity was now 25.3%.  The pairs of individual sequences showed identities varied from about 55% to 70%.  The phylogenetic tree based on these sequences again indicated  a closer relationship between Clostridium perfringens and Bacillus subtilis sequences and between the Paenclostridium sordellii and Blautia producta sequences.  In this case, the Helicobacter pylori sequence was only distantly related to the others.  The Bifidobacterium longum subsp. infantis sequence used in this analysis (A0A564RYI9, 232 amino acids) was different from the one used for the middle size sequence (A0A0M3TSU4, 205 amino acids) because they were designated the beta and gamma subunits, respectively, in the UniProtKB database.  When these two Bifidobacterium sequences were aligned, they showed 98.5% identity with only three differences.  The longer sequence has 27 more amino acids at the amino-terminal end.


sp|P94667|URE3_CLOPF                MYLTTKEKEKLMISVVAEIARKRQARGLKLNYPEAVAIITDAILEGARDGKL-VKDLMSY	59
sp|P75030|URE3_BACSU                MKLTPVEQEKLLIFAAGELAKQRKARGVLLNYPEAAAYITCFIMEGARDGKG-VAELMEA	59
sp|P14916|URE23_HELPY               MKLTPKELDKLMLHYAGELAKKRKEKGIKLNYVEAVALISAHIMEEARAGKKTAAELMQE	60
tr|A0A564RYI9|A0A564RYI9_BIFLI      MRLTPRETDKLLLHLAGELAKERRGRGVKLNYAEAIALISSEVMERAREGRT-VAELMHY	59
tr|A0A0C7R420|A0A0C7R420_PARSO      MRITQREIEKLMLHYAGELAGKRKQRGLKLNYIESVAYISSELLELARDGKS-VTELMNL	59
tr|A0A4P6LU99|A0A4P6LU99_9FIRM      MRLTPKEQEKLMLHTAGELAAKRKARGVKLNYTEAVAYISSQLLEYARDGRD-VAELMSL	59
                                    * :*  * :**::  ..*:* :*: :*: *** *: * *:  ::* ** *:  . :**  

sp|P94667|URE3_CLOPF                GRTILKREDVMEGVPEMIEMVQVEATFLDGTKLVTVHNPIQ-------------------	100
sp|P75030|URE3_BACSU                GRHVLTEKDVMEGVPEMLDSIQVEATFPDGVKLVTVHQPISAEVKS--------------	105
sp|P14916|URE23_HELPY               GRTLLKPDDVMDGVASMIHEVGIEAMFPDGTKLVTVHTPIEANGKLVPGELFLKNEDITI	120
tr|A0A564RYI9|A0A564RYI9_BIFLI      GRTIVSADDVMPGVAEMISEVEVEATFPDGTKLVSIHDPIETTEEFKPGEYILADDDIEL	119
tr|A0A0C7R420|A0A0C7R420_PARSO      GTKLLTKEDVMEGVSEIIHEVQIEATFPDGTKLVTVHNPIK-------------------	100
tr|A0A4P6LU99|A0A4P6LU99_9FIRM      GRKLLTIDDVMDGVKDMIHEVQVEATFPDGTKLVTVHSPIQ-------------------	100
                                    *  ::. .*** ** .::  : :** * **.***::* **.                   

sp|P94667|URE3_CLOPF                ------------------------------------------------------------	100
sp|P75030|URE3_BACSU                ------------------------------------------------------------	105
sp|P14916|URE23_HELPY               NEGKKAVSVKVKNVGDRPVQIGSHFHFFEVNRCLDFDREKTFGKRLDIASGTAVRFEPGE	180
tr|A0A564RYI9|A0A564RYI9_BIFLI      NPDSEPIALDVTNTADRPIQVGSHFHFFEVNKYLRFDRKAAYGKHLDIAAGTAVRFEPGE	179
tr|A0A0C7R420|A0A0C7R420_PARSO      ------------------------------------------------------------	100
tr|A0A4P6LU99|A0A4P6LU99_9FIRM      ------------------------------------------------------------	100
                                                                                                

sp|P94667|URE3_CLOPF                -----------------------------------------------------------	100
sp|P75030|URE3_BACSU                -----------------------------------------------------------	105
sp|P14916|URE23_HELPY               EKSVELIDIGGNRRIFGFNALVDRQADN-ESKKIALHRAKERGFHGAKSDDNYVKTIKE	238
tr|A0A564RYI9|A0A564RYI9_BIFLI      SHRVELVDFRGSREMHGFNALTEGRLDDPKVREAAFARAKEQGFLGFDEETED------	232
tr|A0A0C7R420|A0A0C7R420_PARSO      -----------------------------------------------------------	100
tr|A0A4P6LU99|A0A4P6LU99_9FIRM      -----------------------------------------------------------	100
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Fig. 3.  Sequence analysis and phylogenetic tree of selected small (γ) urease subunits.  sp|P94669|URE1_CLOPF refers to Clostridium perfringens, tr|A0A6M4JPZ2|A0A6M4JPZ2_BACSU refers to Bacillus subtilis, sp|P69996|URE1_HELPY refers to Helicobacter pylori,  tr|A0AAX1LMY5|A0AAX1LMY5_BIFLI refers to Bifidobacterium longum subsp. infantis, tr|A0A0C7QSE8|A0A0C7QSE8_PARSO refers to Paenclostridium sordellii, tr|A0A4P6LTD8|A0A4P6LTD8_9FIRM refers to Blautia producta.            

4. 
5. EFFECTS OF INTESTINAL UREASES ON HUMAN HEALTH

The large intestine is one of the major sites of urea metabolism in humans (Gibson et al., 1976; Visek 1972; Walser & Bodenlos,1959).  The degradation of urea by bacterial ureases leads to the formation of ammonium, which may be incorporated into amino acids, purines and pyrimidines, and other metabolites, or excreted.  In healthy infants and adults, there is a balance between urea formation or degradation and ammonium utilization or release, so the potentially toxic effects of ammonium are avoided.  There are usually no abnormal consequences for intracellular or extracellular pH and optimal synthesis of nitrogen-containing compounds occurs (Mora & Arioli 2014).  However, genetic mutations, changes in diet, and various medical conditions may lead to an imbalance in nitrogen metabolism including alterations of the intestinal microbiome.  These may then appear as diseases.  

4.1	 Hyperammonemia and Hepatic Encephalopathy 

Congenital enzymatic deficiencies in the urea cycle or in glutamate and glutamine metabolism can lead to high ammonium concentrations in the blood and other tissues or hyperammonemia (Auron & Brophy, 2012).  Increased ammonnium levels also may be associated with a high-protein diet, problems with detoxification in the liver, chemotherapy, or exposure to toxins or drugs.  Hyperammonemia can lead to various acidemias and appears clinically as hypotonia, seizures, and abnormal neurological changes.  Left untreated, hyperammonemia and chronic liver diseases such as cirrhosis may lead to hepatic encephalopathy (HE), which involves brain edema and neurotoxicity and may eventually lead to death (Wijdicks, 2016).  

One approach to treating high ammonium concentrations involves inhibition of the urease activity associated with intestinal bacteria so that enzymatic ammonium formation is then reduced.  The first commonly-used urease inhibitor was acetohydroxamic acid or AHA (Summerskill et al., 1967; Wolpert et al., 1970).  While this compound could reduce blood ammonium concentrations, it was later found to be so toxic that it is no longer clinically recommended (Marien & Miller 2015).  A better approach may be to use the compound Benurestat (N-(4-clorobenzoyl)-glycine hydroxyamide) instead (Richards-Corke et al., 2025).   This compound was found to be just as effective as AHA at inhibiting the ureases from Proteus mirabilis, Lactobacillus reuteri, and Bifidobacterium longum subsp. infantis.  It did not exhibit antibacterial activity as the concentrations relevant to urease inhibition.  However, at a dose of 100 mg/kg to Wistar mice, it did reduce the ammonium concentration in fecal pellets.  It also reduced the serum ammonium concentration but not at a statistically significant level.  It was not detectable in the serum of the treated mice.  When hyperammonemia was artificially induced by treatment mice with thioacetamide, a secondary oral treatment with Benurestat reduced the ammonium concentration and prevented liver injury.  However, this compound has not yet been tested in humans.  

An alternative method for treating hyperammonemia may be to manipulate the gut microbiome by introducing an alternative population of commensal gut bacteria with reduced urease activity.  Shen et al. (2015) treated mice with a mixture of antibiotics (vancomycin and neomycin) and a solution of polyethylene glycol (PEG) to remove the normal intestinal bacterial population.  A  mixture called the altered Schaedler flora (ASF) containing eight species with low urease activity was introduced by gavage.  The mice were maintained on a normal diet for 80 days and tested for fecal ammonium concentration and urease activity periodically.  Both parameters remained very low relative to control untreated animals.  When hyperammonemia was again induced by treatment with thioacetamide, the mice with the transplanted gut microbiomes showed better survival and decreased morbidity as measured by improved behavioral performance.  

A related approach involves fecal microbiota transplantation in which a different microbial population from healthy individuals is introduced into patients in the form of feces, usually after treatment with antibiotics and bowel cleaning (Porcari et al. 2023).  Several factors limit the success of this approach including characteristics of the donor and recipient and the specific procedures employed.  Madsen et al. (2021), Tun et al. (2022), and Won et al. (2022) have reviewed the current studies with this method for the treatment of hepatic encephalopathy in both rodents and human.  Although the number of human patients in these studies has been small, some of the treated individuals have shown lower blood ammonium concentrations, fewer hospital readmission, and improved neurocognitive function (Bajaj et al., 2017; Bloom et al.. 2022; Mehta et al., 2018).  Although some changes in the microbial population have been reported, this has not been linked directly to the presence of those with or without urease activity.

4.2  Irritable Bowel Syndrome
	
Irritable Bowel Syndrome (IBS) is a common gastrointestinal disorder that is characterized by abdominal pain or discomfort, which is often chronic or recurring.  IBS can be divided into several subtypes depending on whether it is accompanied by diarrhea (IBS-D), constipation (IBS-C), mixed bowel habits (IBS-M), or unclassified (IBS-U) as defined by specific authors (Canakis et al., 2020; Kassinen et al., 2007; Zhao & Zou 2023).  All forms of IBS differ from inflammatory bowel disorders like ulcerative colitis and Crohn’s disease (see below) in that there is no inflammation or predisposition to cancer.  Hospitalization or surgery are rarely required and treatments are usually directed at the specific symptoms.

A number of studies have shown changes in the intestinal microbiota associated with IBS but there is no distinct or unique pattern.  Kassinen et al. (2007) studied 24 patients with IBS of different subtypes along with 23 volunteer controls.  Bacterial genomic samples from feces were analyzed for G+C content and sequence with PCR primers for specific groups.  The samples were divided into three groups on the basis of their G+C content: fraction 7 (25=30% G+C), fraction 10 (40-45% G+C), and fraction 13 (55-60% G+C).  The sequence libraries were then compared by Bayesian analysis.  All of the samples except for the control and IBS-M samples in fraction 7 could be clearly distinguished form one another.  IBS-M samples were characterized by Bacteroides and Allisonella sequences, IBS-C by Ruminococcus sequences, and IBS-D by Streptococcus sequences.  Bifidobacterium clones were present in all of the fraction-13 samples. Pittayanon et al. (2019) did a systematic review of all published papers on IBS and found that in general, there was a shift from Gram-positive Firmicutes to Gram-negative Protobacteria with this disorder.  Four studies showed an increase in bacteria in the Enterobacteriaceae, Lactobacilliaceae, and Bacteroides in patients with IBS.  Five studies showed a decrease in Bifidobacterium, while four found a decrease in Faecalibacterium (a clostridium).  However, many differences in individual specie were observed and it was difficult to establish a pattern with particular forms of IBS.

Various treatments have been proposed for IBS, including the changes in diet, the use of probiotics, prebiotics, synbiotics, and fecal microbiota transplantation (Brigidi et al. 2001; Canakis et al. 2020; El-Salhy & Mazzawi, 2018; Wu et al. 2024; Zhao & Zou 2020).  Of these, probiotics containing Bifidobacterium and Lactobacillus strains and fecal microbiota transplantation have been shown to be the most effective.  It is not clear, however, that this is related to the fact that Bifidobacterium longum subsp. infantis and some other intestinal bacterium included in the fecal samples are urease-positive.  Prebiotics and synbiotics had no effect. 
   
4.3  Ulcerative Colitis and Crohn’s Disease 

Inflammatory bowel diseases include ulcerative colitis (UC), and Crohn’s disease (CD).  While these disease share some of the symptoms of irritable bowel syndrome including diarrhea, abdominal pain, and weight loss, they differ in their mechanisms and effects.  UC and CD involve direct involvement of components of the immune system, often leading to tissue inflammation, blood in the stool, and an increased risk of colon cancer (Poppa et al., 2024).  UC and CD differ in their possible causes, spatial distribution, prognosis, and treatment.  Both diseases have differences in their microbiota compared to normal individuals.  In general, previous studies have shown that these diseases are associated with a decrease in Gram-positive bacteria (Firmicutes) such as Clostridium and an increase in Gram-negative bacteria (Proteobacteria) such as Escherichia coli (Nagalingam & Lynch, 2012).  More detailed analyses of the gut microbiota and metabolite changes in both UC and CD have been described (Franzosa et al., 2019; Sankarasubramanian et al., 2020) but the role of urease is unclear.  E. coli is normally urease-negative, but Ni et al. (2017) showed that introduction of a urease-positive genetically-engineered strain into mice led to dysbiosis and an exacerbation of colitis symptoms.  Ryvchin et al. (2021) assessed the level of urease-producers in the fecal microbiomes of American and Dutch patients with UC, CD, and non-IBD controls by looking for the presence of the ureA gene which encodes one of the major urease subunits.  The median abundance of urease producers was the same in patients with IBD and non-IBD controls. In the non-IBD controls and most IBD patients, the primary urease producers were Blautia and Ruminococcus sp.  Among some IBD subtypes, there was a shift towards Streptococci or Proteobacteria groups but some patients with IBD had no detectable urease producers.

As with irritable bowel syndrome, fecal microbiota transplantation has been considered a possible therapy for inflammatory bowel diseases including ulcerative colitis and Crohn’s disease (Imdad et al., 2023; Liang et al., 2024; Poppa et al., 2024; Zhang et al., 2023).  However, the results have again been highly variable and no case specifically related to the inclusion of anaerobic Gram-positive urease-positive 
bacteria in the fecal material. 

6. DiSCUSSION

[bookmark: _Hlk216261763][bookmark: _Hlk216259143]The gastrointestinal system includes several discrete compartments, each with its own microenvironment and microbiota.  While there is a large scientific literature about the Gram-negative urease-positive bacterium Helicobacter pylori that is commonly found in the stomach and has been implicated in several important human diseases (Clyne & O Cróinín, 2025), the role of urease activity in the distal portions of the gastrointestinal tract has not been as well studied.  The experiments summarized in this article indicate that bacteria from several different anaerobic Gram-positive genera found in the large intestine have urease activity.  These include isolates of Clostridium, Paenclostridium, Bifidobacterium, and Blautia.  The large intestine also contains many different Gram-negative bacteria.  While a few urease-positive samples of Bacteroides and Fusobacterium have been reported in feces (Suzuki et al., 1979; Wozny et al., 1977), the enzyme has not been characterized in any detail.  Most other common anaerobic or facultatively anaerobic Gram-negative intestinal bacteria such as Escherichia coli are urease-negative (Mobley & Hausinger, 1989).  

One area requiring further investigation is the biochemistry of the urease enzymes found in the Gram-positive intestinal anaerobes.  As noted above, most prior studies have only used simple colorimetric assays for urease activity.  While the genomic analysis in section 3 suggests that these bacteria have the potential to form the same types of urease subunits found in other species, there is a need for direct purification of the enzymes and comparisons of their denatured and native structures.  This is particularly true for Bifidobacterium longum subsp. infantis, which appears to be more similar to H. pylori than to other Gram-positive bacteria  and to form only two major urease subunits. Methods for doing these types of experiments are now well established (Mobley et al., 1995).

A second area worthy of further study involves the regulation of the urease enzyme in those Gram-positive anaerobic bacteria that are urease-positive.  There is an indication in the earlier studies that the urease activity in some of these bacteria including Clostridium perfringens and Peptostreptococcus productus (now Blautia producta) may be inducible by urea, but the mechanism has not been determined.  In many urease-positive Gram-negative bacteria such as Proteus mirabilis, expression of the genes for the urease subunits is controlled by the positive protein activator Ure!f which can bind to urea.(Nicholson et al., 1993).  However this protein does not occur in Bacillus subtilis, and transcription of the ureABC operon is regulated by various global  transcription factors including CodY, GlnR, TrnA, and Spo0H (Wray et al., 1997).  A search of the UniProtKB database indicates that Clostridium oryzae has a genomic sequence (A0A1V4IVI2) that may encode a homologue of UreR as does Blautia producta (A0A4P6M1C4).  There is no similar sequence listed for any Bifidobacterium or Paenclostridium species.  However, there are sequences for homologues of CodY and GlnR in various species of Clostridium, Paenclostridium, Bifidobacterium, and Blautia.

A third area in need of further investigation is the precise role of these urease-positive Gram-positive bacteria in the intestinal ecosystem and its metabolism.  Urease activity seems to be important in maintaining normal human health but excessive urease activity may lead to high levels of ammonium formation.  Current attempts to modify the colon microbiome in humans by fecal microbiota transplantation or other methods have all used complex mixtures of bacteria.  It would be helpful to use samples containing a single species for comparison, particularly if the goal is to treat hyperammonemia, Irritable bowel syndrome, or an inflammatory bowel disease.  Because the urease genes in Clostridium perfringens and some other species are carried on plasmids which also contain genes for toxins, it would be better to focus on Bifidobacterium or Blautia species that are not potentially pathogenic.  As noted above, these gastrointestinal disorders have different mechanism and so the bacteria contributing to or ameliorating their effects may not be the same.

7. CONCLUSION

[bookmark: _Hlk216260762][bookmark: _Hlk216261573]The large intestine is a complex microbial ecosystem in which Gram-positive anaerobic bacteria play a key role.  This review indicates that some isolates of several different genera including Clostridium, Paenclostridium, Bifidobacterium, and Blautia are urease-positive.  However, these microbes have not been studied in as much detail as the urease-positive Helicobacter pylori found in the stomach or other urease-positive microbial pathogens.  There is still much to be learned about the structure and biochemistry of the urease enzymes in these bacteria as well as their modes of regulation and role in nomal human nitrogen metabolism.  Physiological studies suggest that the urease activity in these bacteria is a significant factor in human health and that changes in the gut microbiome may contribute to various gastrointestinal diseases.  A better understanding of these microorganisms may therefore lead to new forms of treatment.
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ABSTRACT

 

 

The human gastrointestinal tract 

consists of

 

several discrete compartments including the stomach, small 

intestine, and large intestine or colon.  Each of these s

tructures has its own microenvironment and 

microbiota and

 

can contribute

 

in different ways

 

to normal

 

nitrogen 

metabolism

.  

One important metabolite 

in the large intestine is urea, which is

 

formed as a result of amino acid catabolism

.  This urea

 

can 

be 

degr

aded by bacteria possessing the enzyme urease

 

(

urea amidohydrolase, EC 3.5.1.5

).  

This review 

indicates that isolates of several different 

intestinal

 

anaerobic

 

Gram

-

positive

 

genera including 

Clostridium

, 

Paenclostridium

, 

Bifidobacterium

, and 

Blautia

 

are ur

ease

-

positive.

  

The 

enzymes have not been 

characterized 

biochemically in much 

detail

 

but some appear to be inducible by urea.  Genomic 

analysis 

suggests that the

 

proteins from 

Clostridium

, 

Paenclostridium

, and 

Blautia

 

are composed of the same

 

three

 

types o

f subunits found in other bacteria

.  However, the enzyme from 

Bifidobacterium

 

may be 

more 

similar to that of 

Helicobacter pylori

 

in that it consists of only two subunits. 

 

Physiological studies indicate 

that many gastrointestinal diseases including hyperam

monemia, 

irritable

 

bowel syndrome, 

ulcerative

 

colitis, and Crohn’s disease are associated with changes in the gut microbiome

.  There is often a 

decrease in Gram

-

positive bacteria (

Firmicutes

) such as 

Clostridium

 

and an increase in Gram

-

negative 

bacteria (

P

roteobacteria

) such as 

Escherichia coli

.  Attempts to treat these diseases with chemicals that 

inhibit urease activity or to alter the intestinal microbiome by fecal microbiota 

transplantation

 

have yielded 

mixed results.  There is still much research to be

 

done on the ureases from these Gram

-

positive bacteria 

and their contributions to human health and disease.  
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