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Abstract. The role of Proteus bacteria in human and animal pathology has increased significantly in
recent years, causing acute intestinal diseases, respiratory, hearing, nervous and urinary systems,
as well as contributing to the formation of kidney and bladder stones, postoperative complications,
and nosocomial infections. The persistence of some issues, such as their properties and interaction
with the microbiocenosis, remains a subject of debate even after a long study of Proteus bacteria.
The research aims to identify promising areas for further study of Proteus microorganisms. The
information from scientific primary sources on the results of studying microorganisms of the genus
Proteus was used for the analysis. The study results of Proteus bacteria performed by domestic
and foreign scientists on the knowledge of their bioecology and potential pathogenicity factors
(adhesins, toxins, haemolysins, etc.), characterisation of the positive role of proteins as biodegraders
of harmful substances — bioremediators of proper environmental ecology; substantiation of
promising areas for further research of bacteria of the genus Proteus, which will contribute to the
development of an effective methodology for the prevention and treatment of diseases caused
by them, the development of rational technologies for the use of their strains — bioremediators
of the environment contaminated with harmful substances — are presented in the study. Further
study of the genomic properties of Proteus bacteria will contribute to a clear understanding of
the mechanisms of their potential pathogenicity factors and help to identify and understand the
essence of the processes that contribute to the acquisition of new pathogenicity factors and drug
resistance. The study of their interaction with representatives of the intestinal microbiocenosis of
humans and animals will help to establish the nature of such interaction, determine the feasibility,
prospects and rational directions in the creation of effective probiotics

Keywords: properties; swarming; pathogen; symbiont; biodegradation; promising areas of research

Suggested Citation:
Kozlovska, G. (2023). Bioecology and pathogenicity of Proteus bacteria: A literature. Ukrainian Journal of
Veterinary Sciences, 14(4), 91-107. doi: 10.31548/veterinary4.2023.91.

‘Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
BY

Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)



Bioecology and pathogenicity of Proteus bacteria: A literature review

Introduction

Bacteria of the genus Proteus are widespread
prokaryotes in nature. They are often isolated
from the intestines of clinically healthy humans
and animals without any symptoms of disease,
from various environmental objects such as
soil, water, etc. (Al-Kubaisi & Al-Deri, 2022).
The isolation of proteins from the intestines of
clinically healthy mammals prompts some re-
searchers to consider them representatives of
the normal microflora of the macroorganism,
but the arguments in this regard are insuffi-
cient. Currently, it would be more appropriate to
consider such cases as bacterial carriers. How-
ever, it would be incorrect to categorically deny
their possible belonging to the representatives
of the intestinal microbiocenosis of macroor-
ganisms in the future - the distinct plasticity of
the biological properties of these prokaryotes,
the presence of naturally circulating avirulent
strains of them create prerequisites for the for-
mation of the most rational variant of symbi-
osis with macroorganisms. At this stage of the
phylogeny of proteins, the opinion of experts
who consider them pathogens, causing a range
of diseases in humans and animals, should be
accepted. In particular, it concerns the natu-
rally occurring Proteus mirabilis, which causes
gastroenteritis and extraintestinal infections in
humans, such as tympanitis, meningitis, ure-
thritis, pyelonephritis, infectious cystitis, uro-
lithiasis, etc. (Girlich et al., 2020). In animals,
proteins are also an etiological factor in gastro-
intestinal diseases, urinary tract, urolithiasis,
etc. In humans and animals, they often cause
postoperative complications, colonise medical
instruments (mainly catheters) (Al-Sudani &
Abdul-Kareem, 2023), and are also involved in
foodborne toxicity (Gong et al., 2019).
Potential pathogenicity factors of differ-
ent proteus species have been studied in detail
(Beltrao et al., 2022; Liu et al., 2023). Their na-
ture and mechanism of pathogenic action have

been characterised at an acceptable methodo-
logical level. This applies, in particular, to ad-
hesins, toxins, haemolysins, and other factors
(Girlich et al., 2020; Gahlot et al., 2022). At the
same time, the circumstances (conditions) that
affect the intensity of expression of genetic
determinants of pathogenicity factors and the
possible translocation of the latter within a
species remain insufficiently characterised.

Effective prevention of infectious diseases,
including those of protean aetiology, is pos-
sible only if the biology and ecology of their
pathogens are fully comprehended. The basic
biological properties of proteins have been
thoroughly studied for a long time. Recently,
molecular genetic mechanisms of protein film
formation and drug resistance have been in-
tensively studied (Akhter et al., 2019). In this
regard, it is promising to identify the facts and
circumstances of the translocation of antibiotic
resistance factors. Studies on the ecology of Pro-
teus bacteria are also important. In this regard,
their ecological niches have been identified and
characterised both within populations of living
beings and in various objects of the avital envi-
ronment (Al-Kubaisi et al., 2022). The results of
the identification of protein strains capable of
utilising harmful substances in a polluted en-
vironment are considered extremely encourag-
ing. The creation of bioreanimator drugs based
on them will allow us to address pressing envi-
ronmental issues more effectively.

The data obtained by domestic and foreign
researchers on the biology, ecology and patho-
genicity factors of Proteus bacteria are not sys-
tematised, which hinders their effective use in
the organisation of anti-epidemiological and
anti-epizootic measures.

The research involved a comprehensive
analysis of scientific sources aimed at study-
ing the biological characteristics and patho-
genic potential of Proteus bacteria. The search
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and selection of literature included a thorough
search in scientific databases such as Web of
Science, Scopus, and PubMed and a selection
of sources that best reflected the current state
of research in this area. The sources were then
systematised to create a coherent review. This
included a thorough analysis and synthesis of
information on the biology of Proteus bacteria,
their role in natural and macrobiotic systems,
and mechanisms of pathogenicity. The study
will review both well-known and up-to-date ar-
ticles to ensure that the research on this topic is
complete and up to date. This approach allowed
us to systematise and summarise the available
knowledge and discoveries in this area, reveal-
ing key aspects of the bioecology and patho-
genicity of bacteria of the genus Proteus. The
research aims to analyse the literature reports
on the bioecology and pathogenicity of bacteria
of the genus Proteus and to identify promising
areas for further research.

Systematics, morphology, culture,
and enzymatic properties
of Proteus spp.

According to the modern taxonomy of micro-
organisms, proteins are defined: Domain -
Bacteria, Type — Proteobacteria, Class — Gam-
maproteobacteria, Order - Enterobacteriales,
Family — Enterobacteriaceae, Genus — Proteus.
Latter includes P. vulgaris, P. mirabilis, P. penneri,
and P. myxofaciens (Brenner et al., 2005).
Morphology. The Proteus bacteria are ex-
tremely polymorphic, as reported by the German
microbiologist Hauser in 1885, who first identi-
fied and characterised the main morphological
and cultural properties of Proteus vulgaris and
Proteus mirabilis (Brenner et al., 2005). Later,
due to the improvement of microbiological
research methodology, the emergence of more
advanced equipment, in particular electron
microscopes, the introduction of molecular
genetic studies, etc., the ultrastructure and all
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other properties of proteins were studied in de-
tail, revealing their biology, ecology and patho-
genicity in great detail.

Proteus are gram-negative rods 0.4-0.6 pm
by 1-3 um in size, motile (peritrichs), do not form
spores, and no typical capsules are detected. In
the process of growth and proliferation, cells
of different shapes, sizes and ultrastructure
are also observed. The membrane of bacteria
of the genus Proteus is virtually indistinguish-
able in its ultrastructural organisation from the
cell membranes of other microorganisms of the
family Enterobacteriaceae. Electron microscopy
using cryotechnology reveals the outer and cy-
toplasmic membranes with a transparent peri-
plasm 10.6-14.3 nm thick between them. The
outer membrane is wavy, with a thin, 2-3 nm
peptidoglycan layer intertwined. The cyto-
plasmic membrane is a thin bilayer structure
closely adjacent to the periplasm. The proteins
do not form typical capsules, but in P. mirabilis
a capsular polysaccharide of fibrous structure
with fibres located perpendicular to the cell
surface was found. Lipopolysaccharide of the
outer membrane (O-antigen) in P. mirabilis and
P, vulgaris, in addition to monosaccharides typ-
ical for enterobacteria — glucose, glucosamine,
D-glycero-D-manno-heptose, also contains
galacturonic acid and, often, lysine (Brenner
et al., 2005). The peptidoglycan of P. mirabilis,
unlike the peptidoglycan of other enterobac-
teria, is O-acetylated, which makes it resistant
to lysozyme. The surface structures of bacteria
of the genus Proteus are represented by flagel-
la and fimbriae. Other structures (spines, curls)
are also found (Gahlot et al., 2022).

Culture and enzymatic properties. Pro-
teins are facultative anaerobes, chemo-organo-
trophs, with both respiratory and fermentative
metabolic types. They grow in the temperature
range of 10-43°C. The temperature optimum
for populations that exist as part of microbio-
cenoses in human or animal habitats is about
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37°C. Proteins are undemanding to cultivation
conditions, growing on simple nutrient media
(pH 7.2-7.4). In meat and peptone broth, MPBs
cause diffuse turbidity; in old cultures, sedi-
ment and a surface film are detected. On dense
media, O-forms of the proteus form round,
compact colonies, and H-forms are character-
ised by “creeping” growth, the medium is grad-
ually covered with a kind of “veil” of smoky blue
colour, which is called “swarming”. During the
latter process, the primary colony undergoes
cell differentiation. Short rod-shaped bacteria
(vegetative cells) differentiate into unsegre-
gated multinucleated schwerm cells, ranging
in length from 20-30 to 80-100 um, with 50-
500 times more flagella than their predeces-
sors. The cytoplasm of the swarmer contains
about 20 nucleoids. Compared to vegetative
cells, swarmer cells are dominated by lipopol-
ysaccharides (LPS) with long O-antigenic side
chains, differences in the expression of some
proteins and enzymes, and a markedly higher
fluidity of the outer membrane (Allison et al.,
1994). The transformation of vegetative cells
into swarmer cells is only the first phase of
three observed during the swarming process.
The next phases are “bacterial mass migra-
tion” and “consolidation” (Allison et al., 1993).
The migration of proteins on the surface of a
dense medium is strictly multicellular. A group
of swarmer cells rapidly migrates radially away
from the colony on the surface of the dense me-
dium. Gradually, their movement stops, and the
swarmer cells differentiate into vegetative cells.
The latter is called the consolidation phase.
These phases are repeated, which is manifest-
ed by the formation of concentric rings on the
surface of the medium. When swarmer cells are
sown in a liquid medium, they differentiate into
vegetative cells. The translocation of P. mirabi-
lis cells on a dense surface is facilitated by a cell
surface polysaccharide enriched with galactu-
ronic acid and N-acetylgalactosamine, capsular

polysaccharide (CPS), apparently due to a de-
crease in surface friction. The latter is substan-
tiated by the fact that mutations in the 1112 bp
gene encoding the enzymes necessary for the
synthesis of LPS and the assembly of the above
polysaccharide significantly inhibit cell migra-
tion (Gygi et al.,, 1995). Based on the analysis
of cell differentiation and group motility, a
unique kinetic model of P. mirabilis swarming
was developed, the key element of which is the
proven dependence of the swarming process on
cell age (Esipov & Shapiro, 1998). The differ-
entiation of vegetative cells of uropathogenic
P. mirabilis strains into schwerm cells is accom-
panied by an increase in the activity of some of
their pathogenicity factors, in particular, ex-
tracellular haemolysin and metalloproteases,
and intensification of invasion of urogenital
epithelial cells (Allison et al., 1993). Genetic
analysis of the bases of P. mirabilis swarming
shows that this process is regulated by at least
40-60 genes. Signalling molecules were found
to initiate cell differentiation and migration.
When studying the effect of 20 amino acids on
the swarming process in proteins, it was proved
that only glutamine can initiate this process on
a minimal growth medium (Allison et al., 1993).
The authors consider glutamine to be a specific
chemoattractant for swarming cells. Other fac-
tors, such as the viscosity of the medium and
the presence of “anti-tagging” antibodies, are
also likely to be involved in cell differentiation.
It was found that with increased medium vis-
cosity and the presence of antibodies, the ro-
tational movement of flagella slows down, and
abnormal differentiation of swarm cells is ob-
served. It is believed that flagella function as
tactile sensors of external growth conditions
(Massad et al., 1996).

Swarming is observed not only on solid
media but also on the surface of many dense
avital substrates, as well as in the macroor-
ganisms contaminated with proteins - on

?V/X Ukrainian Journal of Veterinary Sciences. 2023. Vol. 14, No. 4



Kozlovska

mucous membranes and other tissues (Brenner
et al., 2005). Proteins are characterised by a
distinct enzymatic activity, in particular, they
liquefy gelatin, peptidise milk, reduce nitrates
to nitrites, decompose urea with the release of
ammonia, etc. Based on the results of the enzy-
matic activity study, the genus of proteins with-
in the Enterobacteriaceae family is determined
and their species are identified.

Antigenic structure and
pathogenicity factors of Proteus spp.

The antigenic structure of Proteus bacteria is
complex, with O-, H- and, in some strains, K-an-
tigens. The somatic (O-antigen) and flagellar
(H-antigen) antigens of P. mirabilis and P. vul-
garis have been characterised in detail. The
chemical nature of the O-antigen is lipopoly-
saccharide. About 50 varieties of O- and about
20 H-antigens have been identified in proteins.
Based on O-antigens, a methodology for de-
termining the serogroup affiliation of clinical
strains of proteins and serological diagnosis of
diseases caused by them has been developed
(Knirel et al., 2011). However, this area requires
further research because antigenically distinct
strains are often isolated, especially among
P. penneri (Palusiak, 2016).

The pathogenicity factors of bacteria of the
genus Proteus are generally typical for members
of the family Enterobacteriaceae. They ensure
the ability of certain species (strains) to para-
sitise living organisms and cause pathological
phenomena. Since the latter are most often
observed under circumstances that lead to a
weakening of the defence reactions of the hu-
man or animal body, proteins are classified as
opportunistic microorganisms, and the diseas-
es caused by them are called opportunistic infec-
tions. In the presence of pathogenicity factors,
proteins adhere to the cell surface, colonising
mucous membranes or the wound surface of
the skin, form a biofilm, sometimes penetrate
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cells, and exert toxic effects directly on cells,
tissues, organs and indirectly, causing a cas-
cade of pathological phenomena in the infected
macroorganism.

Regarding the representatives of the genus
Proteus, it is worth noting their extremely pro-
nounced biological plasticity, which contributes
to the survival of bacteria in various environ-
mental conditions and parasitism in humans
and animals (Prystupa et al., 2017). The latter
is possible only if a particular strain has certain
pathogenicity factors that provide it with vir-
ulence — the ability to penetrate the body and
stay there, to resist the factors that maintain
the latter’s homeostasis, and to reproduce.

Adhesins. The primary phenomenon in the
development of any infectious process caused
by a pathogen is its adhesion to the surface of
the epithelium or other cells in the macroor-
ganism. It is ensured by physicochemical pro-
cesses that occur when molecules located on
the surface of the pathogen and molecules of
the infected cells (tissues) come into contact.
Only pathogens that synthesise adhesins, sub-
stances of protein or glycoprotein nature that
are part of certain surface structures of their
microbial cells, can attach to the cells of the
latter reliably. In bacteria of the Enterobacte-
riaceae family, including Proteus, adhesins are
concentrated mainly in the fimbriae (Massad
et al.,, 1996) and are characterised by a certain
specificity - the ability to attach to the surface
of certain cells (tissues) in an infected organ-
ism. An illustration of the latter can be found in
strains of bacteria of the genus Proteus, which
adhere intensively to urogenital epithelial
cells. In this regard, it would be appropriate to
assert that bacterial adhesins have a “targeted
function”, which is manifested by the patho-
gen’s distinct tropism to certain tissues of the
microorganism. Several types of fimbriae have
been identified in representatives of the genus
Proteus, which differ, in particular, in structure:
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thick (7 nm in diameter) and thin (4 nm in
diameter) (Armbruster et al., 2012). The former
is called MR/P (Proteus-like fimbriae), and the
latter are called MR/K (Klebsiella-like fimbriae).
It was found that MR/P fimbriae provide more
efficient adhesion of bacteria to epithelial cells
compared to MR/K fimbriae (Silverblatt & Ofek,
1978). A 21 kDa protein isolated from MR/P
fimbriae from P. mirabilis strain 3087 reacted
intensively with urethral epithelial cells of the
urinary tract in vitro. It was found that in the in-
fected human body, it causes intensive coloni-
sation of the kidneys and, as a result, pyelone-
phritis. MR/K fimbriae (MR/K haemagglutinins)
differ from MR/P fimbriae not only in structure
but also in their ability to bind to the tissues
of the infected organism. They cause intensive
adhesion of cells in the Bowman’s capsule and
basement membranes of the renal tubules and
do not adhere to other epithelial cells of the
urinary system. MR/K fimbriae are more com-
mon in P. penneri strains (Yakubu et al., 1989).
In P. mirabilis, in addition to those described
above, the following are also described: “PMF
fimbriae”, “ambient temperature fimbriae” (ATF)
and “uroepithelial cell adhesins”. PMF fimbriae
contain a polypeptide of 184 amino acids. It is
believed that by recognising certain cell recep-
tors in the infected organism, they ensure the
adhesion of P. mirabilis to the bladder epithelium.
A mutant of P. mirabilis that did not synthesise
the above polypeptide colonised the bladder of
experimentally infected mice to a much lesser
extent compared to the field strain (Massad
et al, 1996). Ambient temperature fimbriae
(ATF) are described by G. Massad et al. (1996).
Electron microscopy revealed that they look like
rod-like structures located on the surface of mi-
crobial cells. The main subunit of ATF fimbriae
is a protein with a molecular weight of 24 kDa.
The synthesis of ATF fimbriae depends on the
culture conditions, in particular the temperature
of the medium. Intensive expression of fimbriae

in Luria broth occurred at a temperature of 23°C
during the stationary phase of microbial cul-
ture growth. The pathogenetic significance of
ATF-fimbriae has not been reported.

S.K. Wray et al. (1986) isolated a protein
from the uropathogenic isolate P. mirabilis HU
1069 and, having studied its properties, named
it uroepithelial cell adhesin (UCA). The re-
searchers found that UCA adhesin is a polypep-
tide with a molecular weight of 17.5 kDa and
causes bacterial adhesion to uroepithelial cells.
I.G.W. Bijlsma et al. (1995), studying UCA ad-
hesin synthesised by P. mirabilis strains isolat-
ed from dogs using electron microscopy, found
that it has the appearance of thin fimbriae
with a diameter of 4 nm. R. Pellegrino et al.
(2013), using a wild type uropathogenic P. mi-
rabilis strain that synthesised UCA adhesin and
a P. mirabilis mutant that was unable to express
UCA, confirmed in experiments on various bio-
logical models that UCA adhesin plays an im-
portant role in the colonisation of the urinary
tract by P. mirabilis.

Proteins adhered to the cell surface can
penetrate intracellularly under certain con-
ditions. There is no convincing evidence that
they possess the invasion factors characteristic
of enterobacteria. However, the very fact of the
ability of Proteus bacteria to penetrate macro-
organism cells is well established. It has been
proven that P. mirabilis and P. vulgaris invade
Vero and Hela cells, mouse fibroblasts L-929
and human blood lymphocytes. The intensity
of P. mirabilis invasion both in vivo and in vitro
is stimulated by urea and correlates with the
haemolytic activity of the strains. The ability of
P. mirabilis to multiply in invaded cells of the
permanent cell line L-929 and human blood
lymphocytes has been experimentally con-
firmed (Peerbooms et al., 1984).

Toxins. Bacteria of the genus Proteus syn-
thesise endotoxins and exotoxins. The endo-
toxin is an outer membrane lipopolysaccharide
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(LPS) (described previously as an O-antigen).
Its pathogenic effect in an infected organ-
ism is similar to that of endotoxins of other
gram-negative bacteria, characterised by py-
rogenicity, the ability to cause hypotension,
disseminated intravascular coagulation and le-
thal shock (Roézalski et al., 2007). Its toxic effect
on various cell types, including macrophages
and lymphocytes, is realised through the li-
pid complex A, which is part of LPS. When it
binds to the LPS-binding protein in the blood,
it activates the CD14 receptor on macrophages,
which leads to the intensive synthesis of bio-
logically active mediators (TNF-a, IL-1, IL-6,
IL-8 and IL-10). Depending on the level of ex-
pression of the latter, the effect in an infected
organism can vary from beneficial adjuvant to
toxic (Rietschel & Brade, 1992). Lipid A in P. mi-
rabilis is considered to be an important factor
of pathogenicity, characterised by mitogenic
activity, lethal toxicity, and the ability to induce
a local Schwartzman reaction (Sidorczyk et al.,
1983). A study has been published that proved
the negative effect of LPS from Proteus bacteria
on the activity of cytochrome P-450 enzymes
in mouse liver (Kaca et al., 1996). It is known
that the destabilising effect on the latter, which
is represented by a whole complex of enzymes
and plays an important role in the metabolism
of steroids, bile acids, unsaturated fatty acids,
phenolic metabolites, as well as in the neutrali-
sation of xenobiotics (poisons, drugs, etc.), leads
to a disruption of physiological processes, which
is manifested by a wide variety of pathophysio-
logical phenomena in the infected organism.
Proteinases, urease, lecithinase. Other
potential pathogenicity factors of proteins are
their proteinases, hyaluronidase, urease, lecithi-
nase, DNA and RNA nucleases. Protein strains
isolated from patient materials are usually
characterised by high proteolytic activity with
a clear specificity for muscle and connective tis-
sue proteins. They can hydrolyse gelatin, fibrin,
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albumin, and casein (Brenner et al., 2005). The
most pronounced biodestructive effect of these
enzymes is observed when they are combined
with microbial hyaluronidase. The latter, by de-
stroying hyaluronic acid, causes increased tissue
permeability in the infected organism, thus fa-
cilitating the migration of the pathogen.

The urease enzyme in Proteus mirabilis
(PMU) consists of three subunits: PmUreq,
PmUrep and PmUrey, formed into a quaternary
structure. In the course of studying urease as
a potential pathogenicity factor in bacteria of
the genus Proteus, its significant role in the pa-
thology of the kidneys and urinary organs was
proved. In particular, it was found that P. mira-
bilis and P. penneri are involved in the formation
of kidney and bladder stones due to the pres-
ence of urease (Rozalski et al., 2007). As a result
of urea hydrolysis caused by bacterial urease,
the pH of urine increases, which leads to pre-
cipitation of its components — Mg? and Ca?". As
a result, stones are formed, in particular stru-
vite (MgNH,PO,- 6H,0) (Broll et al., 2021).

Immunoglobulin proteases. IgA protease has
been found in P. mirabilis, P. vulgaris and P. renneri
strains of different origin (Senior et al., 1991). It
has also been reported that a strain of P. mira-
bilis isolated from a patient with a chronic dis-
ease secreted a proteolytic enzyme that cleaved
two classes of antibodies - IgA and IgG, as well
as gelatin, casein, and bovine serum albumin. It
turned out that proteases are metalloenzymes,
the action of which is manifested in an alkaline
environment, at a pH of 8 (Loomes et al., 1992).

Lecithinase. The role of lecithinase as a
pathogenicity factor in many bacteria is well
known. P. vulgaris and P. mirabilis strains with
pronounced lecithinase activity are often iso-
lated from patients with signs of purulent in-
flammatory processes. Their O-forms produce
the enzyme more intensively, especially during
the period of dissociation of strains from the
H-form to the O-form (Bozhko, 2012).
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Haemolysins. Hemolysins are considered to
be one of the leading factors in the pathogenic-
ity of microorganisms. In bacteria of the genus
Proteus, haemolytic activity correlates with
the invasiveness of their strains (Peerbooms
et al., 1984; Rozalski et al., 1993). Haemolysins
of the Proteus genus belong to the family of
pore-forming toxins (Braun & Focareta, 1991).
There is enough information on the study of
the haemolytic properties of bacteria of the ge-
nus Proteus to demonstrate the importance of
this indicator, which has long been used as a
marker of the pathogenicity of clinical strains.
In a study of 84 strains of P. mirabilis and P. vul-
garis isolated from patients with signs of uri-
nary tract infection (UTT), it was found that the
vast majority of them caused signs of a-haemol-
ysis (greenish colouration around colonies) on
dense medium (Kotetko et al., 1983). The re-
sults of a study of the haemolytic properties of
126 strains of P. mirabilis and P. vulgaris isolated
from various materials (from patients with signs
of UTI, soil, etc.) are also reported. All studied
strains haemolyse human and sheep erythro-
cytes during incubation in nutrient broth. The
10 strains of P. mirabilis studied under similar
conditions also haemolyzed erythrocytes of
guinea pigs, rabbits, mice, horses, cattle, and
chicken (Kotetko et al., 1983). A study of 45
strains of P. penneri revealed that they synthe-
sised extracellular and/or cellular haemolysins
(Senior et al., 1991). The synthesis of extracel-
lular haemolysin by P. penneri strains correlated
with their cytotoxic activity determined in vitro
on Vero cell lines and mouse fibroblasts L-929
(Rozalski et al., 1993).

Siderophores are extremely important el-
ements in the body of living things, including
microorganisms. Prokaryotes, in the event of a
deficiency of soluble iron in their environment,
in particular in the human or animal body, syn-
thesise and excrete their siderophores. The
latter binds to iron and transports it into the

microbial cell using transport mechanisms,
thus causing iron deficiency in the infected mi-
croorganism, and weakening its resistance. In
P, mirabilis, a-hydroxyisovaleric acid has been de-
scribed as a siderophore (Rozalski et al., 1993).

Peptidoglycan (murein) and a “capsular”
acetylated highly hydrated polymer are also fac-
tors in the pathogenicity of the proteins. P. mira-
bilis peptidoglycan, unlike other enterobacteria,
is glycosylated, which provides its resistance to
lysozymes. It has been established that in the
body of people infected with the protein, frag-
ments of O-glycated peptidoglycan cause several
pathological phenomena, including rheumatoid
arthritis. The pathogenicity of Proteus bacteria
also includes motility, film formation (Akhter
et al., 2019), and drug resistance.

Mobility. In the process of swarming, the
proteins intensively colonise the epithelial
membranes in the infected organism, forming
biofilms that significantly protect them from
immune defence factors and antibacterial drugs,
in particular antibiotics. In addition, during this
period, the activity of several other pathogenic-
ity factors may increase. It was found that the
differentiation of vegetative cells of uropatho-
genic P. mirabilis into schwerm cells is accom-
panied by an increase in the activity of extracel-
lular haemolysin, urease, and metalloproteases
(Allison et al., 1994). It has also been reported
that P. mirabilis swarmer cells, compared to
vegetative cells, invade urogenital epithelial
cells more intensively both in vitro and in vivo
(Allison et al., 1994). Recently, researchers de-
voted much attention to the study of virulence
genes of pathogenic microorganisms, including
the genus Proteus. It has been reported that the
genetic profile of 36 clinical isolates of Proteus
mirabilis isolated from patients with urinary
tract infections in Brazil revealed the following
genetic determinants of pathogenicity factors:
mrpG, pmfA, ucaA, nrpG and pbtA (Beltrao
et al., 2022).
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The pathogenicity factors described above
are capable of providing certain strains with a
parasitic mode of existence, usually in an in-
sufficiently protected (immunologically weak-
ened) human or animal organism. The design
of pathogenicity factors in proteins is not sta-
ble within their species (strains). Some of them
may be lost or, on the contrary, appear in the
process of circulation of their strains in nature.
The translocation of pathogenicity factors, as
well as many other traits, occurs by mechanisms
known in bacterial populations: transduction,
conjugation, and transformation. Transmission
of pathogenicity factors is possible both verti-
cally — from parental individuals, and horizon-
tally - to other strains and species. In the latter
case, it is mainly due to plasmids. The above
argues for the importance of continuous mon-
itoring of the pathogenicity of clinical strains
of proteins that cause diseases in humans and
animals. Reliable information in this regard can
be obtained both by using the modern meth-
odology of molecular genetic testing of patho-
genicity factors and the classical methodology
based on the detection of phenotypic signs of
virulence in clinical strains.

Protein-driven infection can be triggered
by the pathogenic action of bacteria in the
body’s microbiocenosis or by exogenous infec-
tion. Autoinfection occurs mainly against the
background of various other phenomena that
weaken the immune system, including local
(tissue) immunity, for example, in entero-, oral-,
coronavirus, Escherichia coli or other infec-
tions, or under the influence of various toxic
substances of avital nature, etc. Depending on
the design of the strain in terms of the con-
tent of its virulence factors, the dose and site
of penetration into the macroorganism, and
finally, the immunoresistance of the latter and
the nature of its exposure to environmental
conditions, the pathogenesis and clinical mani-
festation of the disease may be different. This is
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clearly illustrated by the peculiarities of patho-
genesis in urolithiasis and gastrointestinal dis-
orders in humans and animals (Kroemer et al.,
2014; Vozianov et al., 2016).

J.N. Schaffer et al. (2016) analysed the
pathogenesis of urolithiasis and showed that
Proteus mirabilis forms urease- and man-
nose-resistant clusters in the bladder of in-
fected dogs and cats, which accumulate miner-
als, which is the starting point for the formation
of urinary stones. The role of microbial urease
in the formation of struvite stones in the kid-
neys and bladder of patients has already been
reported. In addition to the above factors,
glycocalyx substances (highly hydrated poly-
mers on the surface of microbial cells) are also
involved in the stone formation mechanism
(Beynon et al., 1992).

In the case of localisation of a protein-
driven pathological process in the gastrointes-
tinal tract, microbial toxins, in particular exo-
toxin, play a particularly important role in the
pathogenesis of the disease. The thermolabile
exotoxin synthesised by the protein penetrates
intestinal epithelial cells via receptor-depend-
ent endocytosis and causes several phenomena
that activate adenylate cyclase, which begins
to synthesise cyclic adenosine monophosphate
(cAMP). The latter triggers a signalling pathway
that leads to the outflow of chloride ions and
other ions from the cell through CFTR chan-
nels and stops the entry of sodium ions into
the cell. The latter are transported with water
molecules, so their content in the cell is signif-
icantly reduced. Disruption of the water-salt
balance leads to diarrhoea, intoxication, and re-
lated phenomena. In experiments using white
mouse intestinal explants (Skibytsky, 1993), the
toxic effect of P. mirabilis and P. vulgaris strains
isolated from the intestine of a person with
signs of gastrointestinal tract damage was man-
ifested by the destruction of mucosal epithelial
microvilli. A significant pathogenic role in the
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gastrointestinal localisation of the process
is also played by amino acid decarboxylation
products: histamine, putrescine and cadaver-
ine, which accumulate intensively as a result
of the action of decarboxylases synthesised by
proteins. Their pathogenic effect can also be
intensified by the antagonism of proteins to
representatives of the microbiocenosis of the
contaminated biotope. In the case of mixed in-
fection, in particular viral-bacterial infection,
the pathogenesis of the disease can be much
more complex, due to the nature of the direct
interaction of proteins and other pathogens, or
indirectly through the infected macroorganism.

Distribution of bacteria of the genus
Proteus in the natural environment

To assess the epidemiological (epizootological)
aspects of diseases caused by bacteria of the ge-
nus Proteus, in particular, to identify sources and
factors of pathogen transmission, it is necessary
to consider their ecological niches. First of all,
the detection of Proteus in mammals. Bacteria
of the genus Proteus are often isolated from the
intestinal contents of humans and animals with-
out any symptoms of disease. In particular, it has
been reported that 4% of faecal samples from
clinically healthy people contained bacteria of
the genus Proteus (Bartges et al., 1995). There
have also been many reports on the isolation of
Proteus from clinically healthy animals. Bacteria
of the genus Proteus have been isolated, mainly
from the intestinal contents, from gorillas
(Bittar et al., 2014), horses (Meyer et al., 2010),
cattle (Sadovsky, 1997), pigs (Kozlovska et al.,
2022), dogs (Liu et al., 2023) and other animals.
Analysing the literature on the isolation
of bacteria of the genus Proteus from various
sources, D. Drzewiecka (2016) reports their
isolation from various species of wild birds, in-
cluding sparrows, blackbirds, white storks, wild
turkey vultures, as well as from synanthropic
rodents, snakes, bees, flies, cockroaches, aquatic

animals — turtles and various fish species, in-
cluding mackerel, freshwater Nile tilapia, tila-
pia from Lake Victoria, as well as from oysters
and shrimps. Proteus spp. found in sea turtles
near the Canary Islands in Spain have been
identified as one of the causes of their deaths.
P. renneri and P. vulgaris, isolated on Jekyll Is-
land (USA), were found to be involved in em-
bryonic mortality in turtles. The etiological role
of Proteus sp. in the disease of alligators, which
led to their death, was also proved. P. hauseri
has also been reported to be involved in carp
(Cyprinus carpio) disease (Kumar et al., 2015).

Proteins are often found in food prod-
ucts (Al-Kubaisi et al., 2022). In this regard,
V.A. Bezugla (1975) carried out significant re-
search in Ukraine. In the study of 1457 samples
taken from slaughtered animals, she isolated
130 cultures of Proteus, which is 8.9% of the
total number of samples examined. More than
70% of the isolates were identified as P. mirabi-
lis, the rest were identified as P. vulgaris. Among
the 365 P. mirabilis strains isolated, 105 (29.5%)
were pathogenic to white mice, both by paren-
teral and enteral administration of the microbial
culture. More than 60% of the isolated proteus
cultures synthesised hyaluronidase, and more
than 80% caused haemolysis of erythrocytes.

In a bacteriological study of 14 samples of
minced meat and 38 samples of sausages (frank-
furters) collected in the city’s retail network,
proteins were detected in seven cases (3.6%) —
2 strains of Proteus vulgaris from minced meat
and 5 strains (4 strains of Proteus vulgaris, 1
strain of Proteus mirabilis) from the surface
of sausages and frankfurters (Kozlovska et al.,
2022). It is also important to mention the posi-
tive role of Proteus species in the environment.
Strains of Proteus spp. that protected legumes
from the pathogenic Fusarium moniliformae
and strains that produced volatile organic com-
pounds that had a detrimental effect on nem-
atodes, such as the soil-borne Caenorhabditis
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elegans and the plant-pathogenic Meloidogyne
incognita, have been identified (Lu et al., 2014).

Many reports have been published on the
important role of proteins in environmental
bioremediation. In particular, the participation
of Proteus spp. in the destruction of petroleum
hydrocarbons in soil has been proven (Ibrahim
et al., 2013). The strains of P. mirabilis and
P, vulgaris were found to be effective destructors
of crude oil. A strain of P. vulgaris has been re-
ported to be effective in utilising crude oil and
diesel fuel (Olajide & Ogbeifun, 2010). A strain
of P. vulgaris capable of reducing dichlorodi-
phenyltrichloroethane (DDT) to dichlorodiphe-
nyldichloroethane (DDD) was isolated from the
mouse intestine (Foght et al., 2001). The ability
of Proteus sp. to degrade dyes used in the textile
industry has also been reported (Drzewiecka,
2016). Proteins are also related to the utilisa-
tion of heavy metals. In particular, a strain of
Proteus sp. was found to be able to significantly
reduce the concentration of the toxic metal Cr
(VI) in seawater (Ge et al., 2013).

Resistance to physical and chemical
factors and drugs of bacteria of the
genus Proteus

The global spread of proteins in nature is facili-
tated by their pronounced resistance to physical
and chemical factors and drugs. Bacteria of the
Proteus genus can adapt to survive in seawater.
It has been reported that osmophilic (halotol-
erant) strains of Proteus spp. were isolated from
the water of a Salt Lake in the Algerian Sahara
(Hacene et al., 2004). The resistance of bacteria
of the genus Proteus to copper and other heavy
metals has been reported (Ge et al., 2013).

N. Rau et al. (2009) found P. mirabilis to be
resistant to arsenic, copper, chromium, cobalt,
cadmium, zinc, mercury, nickel, and lead. The
sensitivity of proteins to drugs has been deter-
mined by many researchers. When antibiotic
susceptibility of 100 strains of Proteus mirabilis
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isolated from urine was determined, 16 (16%)
were found to be multidrug-resistant to ceph-
alosporins. High resistance was observed con-
cerning co-trimoxazole (97%), nalidixic acid
(93%), cefotaxime (77%) and amoxicillin (62%).
The highest susceptibility was observed for
aminoglycosides, cephalosporins, glycopep-
tides, polypeptides, and macrolides in a study
of antibiotic susceptibility of 20 strains isolated
from animals in Ukraine (Aishpur et al., 2016).
They were less sensitive to penicillin. The ge-
netic profile of 36 clinical isolates of Proteus mi-
rabilis isolated from patients with urinary tract
infections in Brazil revealed the presence of the
following drug resistance determinants (bla,,,,
bla blaSPM’ blaGES, blaOXA-zz-like’ blaOXA»ztS-like’
bla,,, o . andbla , . ) (Beltrdo et al., 2022).

It has been proven that natural resistance
to antibiotics is due to the ability of proteins
to synthesise enzymes that inactivate antibi-
otics, in particular, B-lactamases: extracellular
penicillinase, carbenicillin hydrolysing peni-
cillinase, ampicillinase, etc. Resistance of nat-
urally circulating strains is not a stable indica-
tor and may change under certain conditions.
Mechanisms of resistance modification may be
associated with mutations in structural genes,
recombination, and the acquisition or loss of
R-plasmids (Luzzaro et al., 2006).

An analysis of literature reports on the
study of Proteus bacteria shows their widespread
distribution in the environment and their in-
volvement in diseases in humans, animals, and
other living creatures, including amphibians
and fish (Kumar et al., 2015; Drzewiecka, 2016;
Al-Kubaisi & Al-Deri, 2022). In humans, bacte-
ria of the genus Proteus affect the digestive and
respiratory organs, urinary tract, nervous sys-
tem, etc. (Hamilton et al., 2018). In animals, pro-
teins are etiological factors of gastrointestinal
diseases and the urinary tract, and often cause
secondary infection in viral enteritis in new-
born animals, etc. Proteins are also implicated
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in foodborne toxicity (Gong et al., 2019). Scien-
tists have carried out many important studies
concerning, in particular, the biology of bacteria
of the genus Proteus (Esipov & Shapiro, 1998),
factors of their pathogenicity (Armbruster et al.,
2012; Broll et al.,, 2021; Gahlot et al., 2022), in
particular, film formation and drug resistance
(Akhter et al., 2019), pathogenesis of diseases
caused by them in humans and animals (Schaffer
et al., 2016; Prystupa, 2017), and involvement in
foodborne toxicity (Gong et al., 2019).

Studies on the ecology of bacteria of the
genus Proteus are also important. In this regard,
their ecological niches have been identified and
characterised both within populations of living
beings (Drzewiecka, 2016) and in various ob-
jects of the avital environment (Lu et al., 2014;
Drzewiecka, 2016). The results of the identifica-
tion of protein strains capable of utilising harm-
ful substances in a polluted environment are
extremely encouraging (Ibrahim et al., 2013; Ge
et al., 2013). The development of bioremediation
drugs based on them will allow us to solve urgent
environmental problems more effectively.

The literature review shows that molecular
genetic methods are widely used in the study
of Proteus bacteria (Allison et al., 1994; Beltrao
et al., 2022). The results obtained have allowed
us to more clearly interpret important elements
related to both the biology of proteins and the
phenomena in nature caused by them, includ-
ing diseases in humans and animals.

Conclusions

The study highlights the significant growth of
the role of bacteria of the genus Proteus in the
pathology of both humans and animals. They
are known for their ability to cause a variety of
diseases, including acute intestinal diseases,
respiratory, hearing, nervous and urinary sys-
tems, and contribute to the formation of kid-
ney and bladder stones. It is noted that bac-
teria of the genus Proteus have become active

participants in nosocomial infections, which
indicates their prevalence and potential threat
to public health. The results of the literature
review also reflect the positive role of Proteus
bacteria in environmental bioremediation and
the fight against harmful substances and em-
phasise the importance of further research in
this area. It is determined that the study of their
genomic properties and interaction with the
intestinal microbiota of humans and animals
is crucial for understanding the mechanisms
of pathogenicity and the development of drug
resistance. This will also contribute to the de-
velopment of effective probiotics and rational
technologies for the use of Proteus bacterial
strains as bioremediators in the environment.
The presented analysis of literature reports
shows the relevance of scientific research on
bacteria of the genus Proteus. However, despite
the long period of study of Proteus, a significant
number of studies conducted at different meth-
odological levels, several important phenomena
related to both their biology and pathogenic po-
tential remain insufficiently deciphered. The is-
sues of understanding the mechanisms of possi-
ble antagonistic action of representatives of the
ubiquitous gastrointestinal microflora against
Proteus and the prospects for developing ef-
fective means of preventing excessive Proteus
proliferation in human and animal habitats on
their basis remain relevant. The methodology
for diagnosing diseases of protean aetiology
also needs to be improved. An important aspect
of further research on proteins is to detail the
conditions that affect the intensity of toxin for-
mation in various products and animal feed.
The natural adaptive capacity of proteins
argues for the importance of researching to
further analyse the known and likely ecolog-
ical niches for them. The latter concerns, first
of all, various water bodies, in particular, the
determination of conditions that affect the
intensity of inter-population and interspecies
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translocation of genetic determinants of path-
ogenicity and drug resistance. Intensification
of research on interspecies communication, de-
tailing the factors and circumstances that regu-

antimicrobial agents. Further study of proteins
as potential utilisers of harmful substances in
terms of developing effective environmental
bioremediators remains extremely important.

late its nature and consequences would certainly
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AHoranig. B ocTaHHi pokyu 3HAUHO 3pocia posib 6akTepiit pomy Proteus y martosnorii JroguHu i
TBapyH, CIPUYMHIOIUM TOCTPi KUIIKOBI 3aXBOPIOBaHHS, YpakeHHS OPraHiB IMXaHHS, CIyXY,
HEPBOBOI Ta CEYOBMBITHOI CUCTEM, a TAKOXK CIIPUSIIOUM YTBOPEHHIO KAMEeHiB Y HUPKaX i ceuoBOMY
Mixypi, MmicasionepauiifHMM YCKIaJHEHHSIM Ta HO30KOMiaabHMM iHekuisM. BTpumanicTh
IesKUX TUTaHb, TAKMX SK IXHi BIACTMBOCTi, B3a€MOIis 3 MiKpoO6iOllEHO30M, 3aaMIIAE€ThCS
MpeiMeTOM OUCKYCili HaBiTh MpU TPMBaJOMYy BMBUYEHHi 6akTepiit pony Proteus. Meta po6oTu —
BU3HAUYEHHSI MEPCIEKTUBHMX HAIPSIMIiB IMOAAIbIIOr0 BUBYEHHS MiKpoopraHismiB pomy Proteus.
Bysno BUKOpHMCTAHO MJig aHajiizy iH(opMmallilo B HAyKOBUX IepILIOKepesax PO pe3yabTaTu
BMBUEHHSI MipoOpraHi3mMiB pomy Proteus. Y cTaTTi BUKIaAeHi pe3yiabTaTy JOCTIIKeHb OakTepiit
pony Proteus, BUKOHAHMX BITUM3HSHMMM Ta 3apyOiKHMMM HAyKOBISIMM, IMOMO TIi3HAHHS iX
6ioekosorii Ta MOTeHNifHMX (aKTOPiB MATOTeHHOCTi (aAre3MHiB, TOKCUHIB, TeMONi3UHIB Ta
iH.), oXapaKTepyu30BaHO TMO3UTKUBHY POJIb MPOTeiB K GiomerpamaHTiB MIKiAJMBUX PEUOBUH —
6iopeaHiMaToOpiB HaJMEXKHOI eKOJMOTrii JOBKIISI; OOGIPYHTOBAHO TMEPCIEKTUBHI HaMpsSiMu
MOJAsbIIOTO NOCTiIkKeHHsT 6Gakrepiit poxy Proteus, ki CIpUSTUMYTb PO3poOLi edeKTUBHOL
MeTomosorii MpodisakTMKY Ta JIiKyBaHHSI OOGYMOBJIIOBAHMX HMMM 3aXBOPIOBaHb, pPO3poOIIi
pallioHaJIbHMX TEXHOJIOTiii BMKOPUCTAHHS iX ImTaMiB — 6GiopeaHiMaTopiB 3a6pyaHEHOTO
MIKiIJIMBYMY PeYOBMHAMM HOBKi/UIs. [Tomasblile BUBUEHHSI TEHOMHMX BJIACTUBOCTEl GakTepiit
pony Proteus cipusiTuMe 4iTKOMY PO3YMiHHIO MeXaHi3MiB peasisallii MoTeHLiitHMUX iX dhaKkTopiB
MMaTOreHHOCTi, JOTIOMOXe BUSIBJIATU Ta PO3YMITU CyThb MPOLIECIB, IO CIPUSIIOTh HAOYTTIO HUMM
HOBMX (PAKTOpPiB MATOT€HHOCTI, PE3UCTEHTHOCTI A0 JIiKapChbKMUX 3aco0iB. BuBUYEHHS B3aeMofii
ix i3 mpencTaBHMKAaMM KUIIKOBOTO MiKpOOiOI€HO3Y JIIOAVHMU i TBAPUH JO3BOIUTbH BCTAHOBUTU
XapakTep TaKoro B3a€EMOBIUINBY, BUSHAUUTD JOIIIbHICTD, IEPCIIEKTUBY Ta pallioHa/IbHI HAIIPsIMU
Y CTBOpPEHHi e(eKTUBHUX ITPO6iOTUKIB

KimiouoBi c1oBa: BIacTMBOCTi; POiHHS; MAaTOTeH; CMMOGIOHT; Giomerpapmailis; MepCIIeKTUBHI
HaTpsSIMU OOCITiI’KeHb
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