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Abstract
Clostridioides difficile is a gram-positive microorganism causing damage to the human intestinal wall, clinically 
manifesting as antibiotic-associated diarrhea and pseudomembranous colitis. C. difficile infection remains a seri-
ous problem; the increasing frequency of nosocomial outbreaks and the emergence of community-acquired forms 
heighten the need for new prevention and treatment methods. The pathogenesis of C. difficile infection is associa-
ted with the toxins produced by bacteria and a large group of proteins promoting the replication of the pathogen in 
host tissues and its spread in the human population. Recent studies show that mobile genetic elements play a key 
role in the high virulence of C. difficile. Type 4 secretion systems (T4SS) are significant components of these ele-
ments; their impressive diversity among gram-positive microorganisms in general and in C. difficile, in particular, 
implies their high evolutionary and, consequently, medical significance. Further studies of the T4SS composition 
and structure will provide a deeper insight into mechanisms underlying the development of respective infections 
and will help outline pathogenically grounded approaches to prevention and treatment of diseases caused by C. 
difficile. On the other hand, the key components of the secretion machinery of the pathogen can be used in bioin-
formatic analysis and for searching new adaptive clusters in the genome of highly virulent strains.
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Аннотация
Clostridioides difficile — грамположительный микроорганизм, вызывающий поражения стенки кишечника 
человека, которые проявляются клинически в виде антибиотикоассоциированной диареи и псевдомем-
бранозного колита. Проблема инфекции C. difficile не теряет актуальности, а с распространением внутри-
больничных вспышек и появлением внебольничных форм растёт потребность в новых видах её профи-
лактики и лечения. Патогенез инфекции C. difficile связан с продукцией бактериями токсинов и большой 
группы иных белков, благоприятствующих размножению патогена в тканях макроорганизмов и его распро-
странению в популяции людей. Исходя из исследований последних лет можно заключить, что высокой 
вирулентности C. difficile способствуют мобильные генетические элементы. Важнейшими компонентами 
этих элементов являются системы секреции 4-го типа (СС4Т), впечатляющее разнообразие которых среди 
грамположительных микроорганизмов вообще и C. difficile в частности говорит об их высокой эволюцион-
ной и, следовательно, медицинской значимости. Дальнейшее изучение состава и строения СС4Т позво-
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лит расширить понимание механизмов развития соответствующих инфекций и наметить патогенетически 
обоснованные подходы к профилактике и лечению заболеваний, вызываемых C. difficile. С другой сторо-
ны, ключевые компоненты секреторного аппарата патогена могут быть использованы для биоинформаци-
онного анализа и поиска новых адаптивных кластеров в геноме высоковирулентных штаммов.

Ключевые слова: система секреции 4-го типа, факторы патогенности, Clostridioides difficile, конъю-
гативные транспозоны, антибиотикоустойчивые штаммы
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Introduction
Clostridioides difficile is a gram-positive, motile, 

spore-forming microorganism causing intestinal lesions 
in humans – antibiotic-associated diarrhea and colitis of 
varying severity [1–3]. The pathogenicity of C. difficile 
is mediated by the ability of the pathogen to produce 
at least one of the two glucosylating toxins – TcdA and 
TcdB [4, 5] – as well as the binary toxin (CDT), though 
the role of the latter is still not clearly understood [6–8]. 
The severity of the disease, the risk of developing com-
plications and the transition into chronic forms, as well 
as the emergence of new endemic strains are often asso-
ciated with additional factors responsible for adhesive 
functions [9], spore formation [10], biofilm formation 
[11], cell wall modification [12, 13], and transcription 
[14–16]. In addition, quorum-sensing proteins play an 
important role in the pathogenesis of C. difficile infec-
tion [17, 18], regulating, among other things, toxin pro-
duction levels [19], while a large group of antibiotic 
resistance genes facilitates the unhindered development 
of infection during the antimicrobial treatment [20–23].

Nucleotide sequences presumably encoding com-
ponents of the type 4 secretion system (T4SS) have 
been found in the genomes of C. difficile strains rel-
atively recently [24]. This secretion machinery plays 
a key role in the pathogenesis of infections caused by 
gram-negative bacteria Agrobacterium tumefaciens 
[25], Legionella pneumophila [26], Helicobacter pylo
ri, and others [27]. Meanwhile, the T4SS association 
with the pathogenesis of diseases caused by gram-posi-
tive pathogens has only recently gained attention of mi-
crobiologists [28–31]. It has become increasingly clear 
that exploration of the structure and funtction of this se-
cretion machinery is important not only for deciphering 
infectious processes, but also for developing treatment 
and prevention tools [28, 30]. In our review, we tried to 
provide insights into distinctive features of the C. diffi
cile T4SS class C organization to outline avenues and 
prospects of its further research.

Type 4 secretion system in gram-positive and 
gram-negative microorganisms

T4SS is a multicomponent transmembrane pro-
tein structure, which participates in the delivery of 
toxic effectors to the target cell [25], in the horizontal 
transfer of mobile genetic elements (MGEs) between 
microorganisms [23] and in the DNA exchange with the 
environment [27]. By their structure, the type 4 secre-
tion systems are divided into three classes: A, B, and C 
(T4SS-A, T4SS-B, T4SS-C, respectively) [32, 33]. The 
latter is found only in gram-positive bacteria and is an 
integral part of the conjugative DNA transfer elements: 
plasmids, integrative and conjugative elements, and 
pathogenicity islands [33–35]. 

T4SS-A of the gram-negative phytopathogen A. 
tumefaciens is a prototype for the type 4 secretion ma-
chinery (Fig. 1, a). It is known as VirB/VirD4 and is 
composed of 12 subunits [25]. It consists of cytoplasmic 
ATPases (VirD4, VirB4, VirB11), which provide ener-
gy for the translocation process and are the first to bind 
to effector molecules [36], inner (VirB3, VirB6, VirB8) 
and outer (VirB7, VirB9, VirB10) membrane compo-
nents forming the transmembrane channel [24], as 
well as structural pilus proteins (VirB1, VirB2, VirB5) 
[37]. This secretion machinery successfully transports 
tumor-inducing Ti-plasmid fragments into eukaryotic 
plant cells [25] and a number of auxiliary proteins [38, 
39]. In plants, both groups of molecules promote the 
development of tumor-like growths (galls) where the 
further proliferation of bacterial cells takes place [25]. 
T4SS-A is associated not only with the virulence of 
phytopathogens [40], but also with the virulence of hu-
man pathogens. For example, in Helicobacter pylori, 
T4SS-A effector molecules induce a pro-inflammatory 
response in gastric epithelial cells [41] and cause un-
controlled division of host cells [42].

Unlike A. tumefaciens T4SS-A, class B secretion 
systems deliver primarily protein effectors to eukary-
otic target cells [43] and play a critical role in the patho-
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genesis of such diseases as Legionnaires' disease [26] 
and Q fever [44, 45]. Among T4SSs-B in gram-nega-
tive bacteria, the most extensively studied secretion 
machinery is Dot/Icm in Legionella pneumophila – an 
intracellular pathogen and the causative agent of legio-
nellosis. It participates in the transport of more than 
300 effector molecules, most of which have not been 
described yet. Effector molecules are involved in for-
mation of special replicative phagosomes in eukaryotic 
cells [46] and interfere with vital activities of the host 
cell [47, 48], promoting intracellular proliferation of le-
gionella [49].

Conjugative T4SSs-C in gram-positive microor-
ganisms are similar in structure to the above systems 
and include homologs of the respective subunits [33]. 
For example, the Enterococcus sp. plasmid pIP501 
(Fig. 1, b) contains:

• TraA relaxase (required for formation of a sin-
gle-stranded DNA fragment);

• TraG hydrolase (a VirB1 homolog), which 
cleaves bonds in peptidoglycan during the for-
mation of the secretion machinery;

• proteins forming a channel through the cell wall 
– TraL (a VirB6 homolog), TraM, and TraH (the 
last two are putative VirB8 homologs);

• TraE and TraJ ATPases (VirB4 and VirD4 ho-
mologs, respectively) [50–52]. 

As the outer membrane is absent in gram-positive 
microorganisms, the T4SS-C secretion machinery can 
be represented by the so-called "minimized" structures 
comprising only 4–7 subunits [34, 35] compared to 12 
subunits in A. tumefaciens [25] or 27 in L. pneumo-
phila [53].  

While in gram-negative bacteria T4SS is strong-
ly associated with the pathogenesis of infections, in 
gram-positive bacteria this type of secretion machinery 
is primarily seen as a participant in conjugative process-
es and, consequently, as a factor in the dissemination 
of antibiotic resistance genes (Clostridium perfringens 
plasmids pCW3, Enterococcus sp. plasmids pIP501, 
and others) [51, 52, 54]. In the meantime, it can be as-
sumed that, like A. tumefaciens and H. pylori secretion 
systems, gram-positive bacteria can use the T4SS ma-
chinery both for delivery of single-stranded DNA mol-
ecules and for translocation of molecules promoting de-
velopment of infectious processes; this assumption has 
already been supported by findings of some research-
ers. It has been found that adhesins secreted by T4SS-C 
of E. faecalis plasmid pCF10 promote the formation of 
biofilms and increase the enterococcal virulence [30]. 
Another example of T4SS-C participation in the patho-
genesis of infectious diseases can be found in the data 
on the association between the Sp1 genomic pathoge-
nicity island of Streptococcus suis and the outbreaks of 
toxic shock syndrome in 1998 and 2005 [55, 56]. Sp1, 
which is responsible for adaptive and virulent proper-
ties of the streptococcus, contains homologs of only 4 

T4SS genes: VirB1, VirB4, VirD4, and VirB6 [56, 57]. 
Despite its simple structure, this minimized secretion 
system retains its functional characteristics and is not 
only involved in the conjugative transfer of the patho-
genicity island, but also plays a direct role in the viru-
lence of S. suis [28, 29]. Thus, the secretion of protein 
virulence factors and translocation of T4SS-C MGEs 
provide evidence of the participation of this machinery 
in the pathogenesis of infections caused by gram-pos-
itive microorganisms, as it has been shown earlier for 
gram-negative bacteria.

Class C type 4 secretion system  
in C. difficile

Despite its potential significance in the pathogen-
esis of infection, T4SS-C in C. difficile is still poorly 
studied [58, 24]. The detailed structure of the secretion 
machinery has not been identified so far. In addition to 
VirD4, VirB6, and VirB4 genes [24], which were iden-
tified using bioinformatics analysis, we discovered a 
gene presumably encoding a VirB1 homolog in all three 
conjugative transposons: CTn4, CTn2, and CTn5 (the 
last two are referred to as CTn2/CTn5 in this article) 
[31]. In C. difficile, the conjugative part of CTn operons 
also includes methyltransferase, relaxase, helicase, and 
topoisomerase genes. Most likely, they encode compo-
nents of relaxosome (Fig. 1, b), which is required for 
formation of transportable single-stranded DNA mol-
ecules and for DNA transfer to the secretion machin-
ery similar to the process involving the A. tumefaciens 
VirD2 protein [25] and the TraA relaxase of plasmid 
pIP501 [51]. It is still unclear whether the gene prod-
uct from the conjugative transposon, CD630_18580, 
belongs to T4SS-C, as, according to Bhatty et al. [34], 
it is an ortholog of E. faecalis adhesin pCF10 [30] and, 
by analogy with the enterococcal protein, can act as a 
virulence factor in C. difficile. 

VirB4 and VirD4 proteins are the most important 
components of bacterial T4SS; they take part in trans-
location as an energy source for transport of biomol-
ecules. Both ATPases belong to conserved proteins of 
the secretion machinery [58, 59] and, consequently, are 
the best targets for taxonomic studies [60]. The phy-
logenetic analysis of sequences of VirB4 and VirD4-
like ATPases makes it possible to identify which class  
(A, B, or C) T4SS including the above enzymes should 
be assigned to (Fig. 2). Because of the differences in 
their structure, C. difficile VirB4 and VirD4 of trans-
posons CTn4 and CTn2/CTn5 fall into different clades, 
which, together with ATPases of the pathogenicity is-
land of S. suis constitute three taxonomically important 
groups within T4SS-C, thus implying that their func-
tional significance can be different. 

The only biochemical research addressing the 
clostridial T4SS mechanism and the above proteins has 
been recently conducted in our laboratory [31]. Based 
on our findings, both enzymes have an Mg2+-dependent 
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Fig. 2. Phylogenetic trees of VirD4- (a) and VirB4-like (b) proteins of gram-positive and gram-negative bacteria. 
The green arrow indicates CTn4 ATPases; the orange arrow indicates CTn2/5. The alignment was performed using MAFFT and K-align tools; 

trees were constructed using the maximum likelihood method and the Blosum62 matrix [31].
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b
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Fig. 3. Distribution of VirB4 and VirD4 T4SS-C ATPases 
among C. difficile strains with annotated genomes in the 

NCBI database. 
In genomes, ATPases could be present in 1 (1 locus), 2 (2 loci), or 
3 (3 loci) variants. If amino acid sequences were more than 87% 
identical to WP_011861117.1 (VirD4Ctn4) and WP_011861114.1 

(VirB4Ctn4), we assigned them to the CTn4 group. If both sequences 
were more than 87% identical to WP_011860784.1 (VirD4Ctn2/5) and 
WP_042741540.1 (VirB4Ctn2/5), they were assigned to the CTn2/5 

group. At lower values, ATPases were assigned to the CTnX group. 
The amino acid sequences lacking Walker A or Walker B motifs, 
which participate in the formation of oligomeric complexes and 

constitute the active center of the enzyme, were seen as damaged.

ATPase activity, and the maximum rate of the catalytic 
reaction is reached in the presence of potassium ions 
[31]. VirD4, but not VirB4 can interact with nucleic ac-
id molecules. An important role in this interaction be-
longs to tryptophan at amino acid position 241, since 
the W241A point substitution results in a protein vari-
ant that is unable to adsorb DNA [31]. VirB4 and VirD4 
form enzymatically active oligomeric complexes, while 
the substitution of the key amino acids in the so-called 
Walker A and Walker B motifs within enzyme domains 
not only decreases the ATPase activity, but also desta-
bilizes the entire oligomeric complex [31]. The similar-
ity between both ATPases and other T4SS ATPases in 
the amino acid composition (Fig. 2), biochemical and 
structural characteristics [31] suggests that this secre-
tion machinery can translocate proteins like the secre-
tion system of S. suis and E. faecalis. However, this 
hypothesis requires further research.

The presence of VirB4 and VirD4-like ATPases 
in strain 630 is neither unique nor rare. The frequen-
cy of occurrence of T4SS-C ATPases among represen-
tatives of C. difficile can be efficiently assessed using 
sequenced annotated genomes assembled into chromo-

somes. For the C. difficile species, a total of 17,961 se-
quenced genomes were deposited to the NCBI database 
by the end of 20221; 92 of them were annotated and 
assembled to the chromosome level, while 89 genomes, 
when duplicate variants are discarded, fall within the set 
parameters (Fig. 3). Half of such genomes (45 strains) 
contain T4SS-C ATPases in conjugative transposons; 
these amino acid sequences were not found in the other 
genomes using the Blast algorithm [Sorokina et al., un-
published data]. In 38 strains, the secretion machinery 
genes are not damaged (Fig. 3), thus being most like-
ly functionally active. Only C. difficile 630 has three 
variants of genes of VirB4 and VirD4 ATPases, which 
are located in transposons CTn2, CTn4 and CTn5. In 
10 genomes, both VirB4 and VirD4 were found in 2 
loci (transposons), and, most frequently, each gene is 
represented by one copy. T4SS ATPases demonstrating 
low homology with ATPases of the known transposons 
CTn4 or CTn2/CTn5 (less than 80% of identity) are of 
special interest and require further research. By their 
structure, T4SSs-C that include the similar "new" vari-
ants of ATPases are highly similar to the systems in 
CTn4 or CTn2/CTn5, except for individual cases hav-
ing the gene with the motifs typical of cell wall proteins 
(potential virulence factors) between topoisomerase 
and helicase genes [61, 62]. In the subset of this size, 
it is impossible to estimate the homogeneity of the lat-
ter group. On the whole, our taxonomic analysis makes 
it possible not only to identify strains with ATPases, 
which belong to the known subgroups (CTn4 or CTn2/
CTn5), but also to detect new variants of the secretion 
machinery.

Conclusion
C. difficile infection remains a serious problem; 

the increasing frequency of nosocomial outbreaks and 
the emergence of community-acquired forms heighten 
the need for new prevention and treatment methods. 
Based on the findings of recent studies, we can con-
clude that MGEs contribute to high virulence C. diffi
cile. T4SSs are significant components of MGEs; their 
impressive diversity in gram-positive microorganisms 
in general and in C. difficile, in particular, implies their 
high evolutionary and, consequently, medical signifi-
cance. Initially capable of transferring genes involved 
in the adaptive response to adverse environmental fac-
tors, later on, T4SSs acquired the ability to transport 
protein molecules – virulence factors. These processes 
are convincingly described in publications addressing 
secretion systems in pathogenic gram-negative micro-
organisms. In gram-positive bacteria, specifically in C. 
difficile, this type of MGE participation in the pathogen-
esis of infectious diseases has been much more poorly 
studied. The composition of the secretion machinery 

1 URL: https://www.ncbi.nlm.nih.gov/data-hub/taxonomy/1496/
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