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A B S T R A C T   

The ardA genes are present in a wide variety of conjugative plasmids and play an important role 
in overcoming the restriction barrier. To date, there is no information on the chromosomal ardA 
genes. It is still unclear whether they keep their antirestriction activity and why bacterial chro
mosomes contain these genes. In the present study, we confirmed the antirestriction function of 
the ardA gene from the Bifidobacterium bifidum chromosome. Transcriptome analysis in Escherichia 
coli showed that the range of regulated genes varies significantly for ardA from conjugative 
plasmid pKM101 and from the B. bifidum chromosome. Moreover, if the targets for both ardA 
genes match, they often show an opposite effect on regulated gene expression. The results ob
tained indicate two seemingly mutually exclusive conclusions. On the one hand, the pleiotropic 
effect of ardA genes was shown not only on restriction-modification system, but also on expres
sion of a number of other genes. On the other hand, the range of affected genes varies significally 
for ardA genes from different sources, which indicates the specificity of ardA to inhibited targets. 

Author Summary. Conjugative plasmids, bacteriophages, as well as transposons, are capable to 
transfer various genes, including antibiotic resistance genes, among bacterial cells. However, 
many of those genes pose a threat to the bacterial cells, therefore bacterial cells have special 
restriction systems that limit such transfer. 

Antirestriction genes have previously been described as a part of conjugative plasmids, and 
bacteriophages and transposons. Those plasmids are able to overcome bacterial cell protection in 
the presence of antirestriction genes, which inhibit bacterial restriction systems. 
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This work unveils the antirestriction mechanisms, which play an important role in the bacterial 
life cycle. Here, we clearly show that antirestriction genes, which are able to inhibit cell pro
tection, exist not only in plasmids but also in the bacterial chromosomes themselves. 

Moreover, antirestrictases have not only an inhibitory function but also participate in the 
regulation of other bacterial genes. The regulatory function of plasmid antirestriction genes also 
helps them to overcome the bacterial cell protection against gene transfer, whereas the regulatory 
function of genomic antirestrictases has no such effect.   

1. Introduction 

Ard genes were first detected in plasmids of the N- and I-incompatibility groups (pKM101, ColIb-P9) [1] [2] and then were 
determined in I complex (IncB, I1 and K), the F complex (IncFV) and the IncN group of plasmids [3] as well as in bacterial chro
mosomes, transposons, bacteriophages [4]. The genes ardA and ardB encode antirestriction proteins, which allow plasmids to over
come restriction barrier [5, 6] and appears to play an important role in horizontal gene transfer in bacteria. While the exact 
antirestriction mechanism of ArdB has not been determined yet [7,8], it is known that the inhibition of RM systems by ArdA proteins is 
occurred by substrate-induced suppression. 

The mechanism of RMI inhibition by ArdA could be confirmed by the atomic structure which was studied by Dryden’s group [9]. 
According to this work ArdA protein looks like DNA molecule with surface negative charges which mimic phosphate groups. It was also 
shown in the work mentioned that ArdA is sterically like the DNA cleavage site and irreversibly binds to the restriction complex in the 
active site. It is known that ArdA could regulate the activity of some other proteins besides the restriction/modification systems [10, 
11]. 

A wide variety of ardA genes were found in the nucleotide sequence databases, suggesting that antirestriction genes play an 
important role in the bacterial life. However, the experimentally confirmed antirestriction function has been described only for a small 
group of highly similar ardA genes from conjugative plasmids [5, 9, 11]. But most chromosomal ardA genes were identified only by 
their homology to the plasmid ardA. Antirestriction activity of chromosomal ardA was unexplored. 

Here we compared using heterologous E. coli system the antirestriction activity of ardA gene from the conjugative plasmid pKM101 
[12] and the antirestriction activity of ardA gene from B. bifidum Ac1784 chromosome. To verify the hypothesis that DNA-mimicking 
proteins ArdA could regulate gene expression we performed transcriptome analysis. We compared the impact of ardA genes from 
B. bifidum and pKM101 on the level of gene transcription in E. coli. 

Fig. 1. ArdA sequence alignment. Aligned amino acid sequences of ArdA proteins: chromosomal ArdA_Bf, plasmid ArdA_pKM and transposal 
ArdA_Tn916. The dash (-) sign indicates the absence of a homologous amino acid at this position in the second sequence. The Cov value presents the 
percent of coverage of each sequence and Pid value is the percent of identical amino acids. The red frame indicates the antirestriction motif. 
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2. Results 

2.1. Comparison of ArdA from the B. bifidum chromosome with plasmid and transposonal antirestrictases 

As a chromosomal homologue of ardA pKM101 (hereinafter ardA_pKM) the ardA gene (MBH8618360.1) from B. bifidum Ac1784 
(hereinafter ardA_Bf) was chosen. The resulting annotation for the region containing the ardA gene is provided as a GenBank file. When 
we applied the IslandViewer program (available at https://www.pathogenomics.sfu.ca/islandviewer/browse/), it did not identify this 
region as a genomic island. Investigation using the CONJscan tool also failed to reveal the presence of genomic islands in this specific 
region. 

Here we believe that the ardA gene in the B. bifidum chromosome may have originated from mobile genetic elements, but this origin 
appears to be quite ancient. This is supported by the presence of the same gene in other Bifidobacterium species within the same 
genomic region. The fact that this gene has persisted in bacterial chromosomes over an extended period suggests its utility to bacteria. 
Therefore, it likely serves a different function within bacterial chromosomes compared to its role within mobile genetic elements. This 
longevity and retention in bacterial genomes indicate its significance within bacterial biology. 

The choice of ardA_Bf is due to this gene is surrounded by genes that are typical for chromosomal DNA: ABC transporter, histidine 
kinase, parB etc. Blast analysis revealed presence of the B.bifidum ardA gene with high identity (from 100 % to 89.44 %) in the 
chromosome of other species of the genus Bifidobacterium, such as B. breve, B. saguini and B.longum. At the same time, this analysis did 
not reveal the presence of the ardA gene on transmissible plasmids. On the contrary, the other antirestriction gene (ardA_pKM) is 
widely presented in various transmissible plasmids according to the Blast analysis. In this regard, we considered the ardA gene from B. 
bifidum (ardA_Bf) to be a chromosomal gene, whereas the ardA_pKM is extrachromosomal one. 

Comparing the sequences of the chromosomal ArdA_Bf with the sequences of "classical" antirestrictases from conjugatve plasmid 
ArdA_pKM and conjugative transposon Tn916 (hereinafter ArdA_Tn916) demonstrated that the absolute value of the sequence sim
ilarity is quite low – just 17,8 % and 23,1 % identity of amino acid positions and the length is very different and amounts 487 versus 
169 and 166 amino acids, respectively (Fig. 1). However, certain sophisticated Hidden Markov model (HMM) search algorithms for 
calculating the sequence similarity level show that these sequences are statistically significantly similar to each other. Well-conserved 
amino acids generally match for studied proteins. Antirestriction motif [13], which represents the interface between two ArdA sub
units, is marked in a red frame. 

To date the 3D-structures of the ArdA_Bf and ArdA_pKM proteins are unknown. To compare these proteins, we used 3D-structures 
predicted by AlphaFold [14]. AlphaFold structures of ArdA_Bf and ArdA_pKM were studied and aligned with PyMOL (Fig. 2). The 
known structure of ArdA_Tn916 protein was used for comparison [8]. 

Fig. 2 shows that the 3D-structure of ArdA_pKM is highly similar to that of ArdA_Tn916. However, the structure of ArdA_Bf protein 
contains two distinct domains. The N-terminal domain is structurally similar to the ArdA_pKM and ArdA_Tn916 proteins, while the C- 
terminal domain of ArdA_Bf is located separately. 

The structures shown in Fig. 2A and B shows the similarity of the spatial arrangement of a number of structural elements of 
ArdA_pKM and the N-domain of ArdA_Bf. The antirestriction motif, marked in red in Figs. 1 and 2, is located in the region of the dimer 
interface; however, a significant difference between ArdA_Bf and ArdA_Tn916 (and ArdA_pKM) makes the dimerization questionable. 
Negatively charged amino acids of the N-terminal domain of the ArdA_Bf protein are distributed over the protein surface (Fig. 2D) in a 

Fig. 2. 3D-structures of ArdA proteins. A – alignment of the predicted structure of ArdA_pKM protein (red) and the well-known ArdA_Tn916 
(green). B – alignment of the predicted structure of ArdA_Bf protein (blue) and the well-known ArdA_Tn916 (green). The red frame indicates the 
antirestriction motif. C – the surface of ArdA_Tn916 protein with acidic residues colored red. D – the surface of the N-domain (Met1-Gly240) of the 
ArdA_Bf protein with acidic residues colored red. The structure is presented as a hypothetical dimer. 
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similar way to ArdA_pTn916 (Fig. 2C) and are obviously necessary for the DNA mimicry. 
Analysis of the putative structures of ArdA_Bf using the Predictor of Natural Disordered Regions (PONDR) showed a high internal 

disorder of the C-domain (figures S1, S2), which may indicate flexible regions of the protein. The presence of the C-domain in the 
ArdA_Bf structure can also lead to additional protein functionality compared to the plasmid ArdA_pKM. 

2.2. Antirestriction effect of ardA from B. bifidum 

The antirestriction activity was evaluated by counting the negative colonies of the unmodified bacteriophage λ (λ0) on bacterial 
strain AB1157, which contains EcoKI restriction-modification system. TG1 strain (deleted for EcoKI) was used as a negative control. 

To compare the effect of ArdA_pKM and ArdA_Bf on the RMI-system, we used E. coli K12 AB1157 cells containing hybrid plasmids 
pAB7 [2] and pArdA_Bf (this work) with the corresponding ardA genes. Promoter Plac with no IPTG induction was used for expression 
of both genes. Plac leakage in AB1157 strain was enough for complete antirestriction effect. 

The antirestriction activity of the ardA from B. bifidum is shown in Fig. 3. The efficiency of plating (ЕОР) was estimated as described 
previously [15]. 

EOPX =
NX

NTG1
(1)  

where NX-the number of λ.0 phage plaques on the Е. coli cells carrying genes ‘X’ affecting the plaque forming, NTG1 – the number of λ.0 
phage plaques on Е. coli TG1 (without any additional restriction or antirestriction genes). 

Fig. 3 represents that AB1157 strain has a fully active EcoKI restriction-modification system (about four orders of magnitude in 
phage plaquing), and in the absence of antirestriction genes, it plays the role of negative control. However, in the presence of 
ardA_pKM, the phage titer is "restored" to the level of the "restriction-free" TG1 strain. It could be seen that ardA_Bf behaves in the same 
way, almost completely removing the effect of restriction protection of the bacterial cell. 

In addition, we tested antirestriction activity of pIRDPAL-ArdA_Bifi_cutG240 construct. It determines the expression the N-domain 
(Met1-Gly240) of the ArdA_Bf protein proposed to be the main DNA-mimic part of the protein. Fig. 3 demonstrates that the N-domain 
(Met1-Gly240) of the ArdA_Bf works as a complete antirestriction protein. 

The data obtained in the antirestriction test demonstrate that pArdA_Bf и pArdA_pKM plasmids provide sufficient gene expression 
for complete antirestriction effect in R+M+ strains. Also it could be assumed that disordered C-domain of ArdA-bifi (downstream 
G240) could be used for some other process but not for antirestriction. 

2.3. Transcriptome analysis of ardA impact on bacterial gene expression 

To compare the effect of ArdA_pKM and ArdA_Bf on the regulation of bacterial gene expression, we used E. coli K12 AB1157 cells 
containing hybrid plasmids pAB7 and pArdA_Bf with the corresponding ardA genes. E. coli AB1157 with pBluescript(KS+) and pKAN-T 
vectors, respectively, were used as negative controls. RNA extraction from overnight culture, cDNA library preparation and Illumina 
sequencing were done for three clones for each of the four choices. Totally, more than 600 million paired reads were produced for these 
twelve libraries (table S0). The nucleotide reads were mapped to the E. coli K12 genome, and the number of the reads mapped to it, was 
calculated for each gene. For all the genes, a differential analysis was performed and the genes whose expression significantly differs 

Fig. 3. Results of the λ.0 phage plaquing (EOP) on a lawn of E. coli cells containing EcoKI restriction-modification system and antirestriction 
constructs. The averaged results of three independent experiments are shown. Columns TG1, AB1157 – plain strains, AB1157 ardA_pKM – AB1157 
contains pAB7 plasmid, AB1157 ardA_Bf - AB1157 contains pKAN-T-ArdA_Bifi plasmid, AB1157 ardA_Bf M1-G240 – AB1157contains plasmid 
pIRDPAL-ArdA_Bifi_cutG240. 
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Fig. 4. Heatmap of significantly altered expressed genes with presence of ardA genes from pKM101 plasmid and B. bifidum chromosome. The logFC 
values is specified in the cells. The colors in the heat map indicated the log transformed values of each expression changes. 

M.V. Gladysheva-Azgari et al.                                                                                                                                                                                      



Heliyon 9 (2023) e22986

6

Table 1 
Some DE genes, related to interspecies transfer of genetic material and biofilm formation.  

Gene Gene function and regulation ardA from В. bifidum ardA from pKM101 

logFC logCPM FDR logFC logCPM FDR 

ansB The glutaminase-asparaginase AnsB were detected in anaerobically grown biofilms 
[16]. 

− 1,64 4,38 2,60E- 
04 

1,61 4,80 3,49E- 
09 

cydX As part of the cydABX operon, was obtained by E. coli cells by horizontal transfer 
[17]. 

− 2,53 2,06 2,40E- 
28 

1,93 2,99 4,34E- 
14 

nrdD Anaerobic ribonucleoside-triphosphate reductase is essential for strict anaerobic 
growth of E. coli [18]. 

− 1,93 2,72 1,06E- 
15 

1,53 2,02 1,36E- 
07 

yjjI Uncharacterized gene, which participates in anaerobic respiration [19]. − 2,11 2,86 5,37E- 
14 

1,73 2,14 7,56E- 
09 

lamB Involved in the transport of maltose and maltodextrins [20] and receptor for phage 
lambda [21,22]. 

− 3,95 2,31 2,19E- 
57 

2,33 0,03 3,43E- 
05 

crfC Regulation of diguanylate cyclase (RdcA + RdcB/DgcE - ubiquitous second 
messenger c-di-GMP) 

− 2,86 1,42 4,35E- 
35 

2,26 2,77 8,08E- 
08 

yjcZ − 3,88 1,78 1,40E- 
55 

2,48 2,77 2,93E- 
06 

fau Transcription of ygfA (fau) is induced upon biofilm formation [23]. 0,09 1,43 7,51E- 
01 

2,20 3,09 4,19E- 
04 

yjhQ Expression of yjhQ is induced in biofilms of a tqsA mutant strain [24]. − 2,03 − 1,24 7,68E- 
05 

2,58 − 0,96 2,73E- 
03 

fimA Transcription Unit: fimAICDFGH, E. coli type 1 fimbrial (pili) structural and 
regulation genes [25]. 
IscR, controls biofilm formation in response to changes in cellular Fe–S homeostasis. 
IscR regulates the FimE recombinase to control expression of type I fimbriae in E. coli. 

− 0,69 7,05 3,48E- 
01 

2,94 4,93 9,36E- 
38 

fimC − 1,45 3,49 1,25E- 
02 

2,51 1,43 2,18E- 
10 

fimD − 0,69 3,50 3,24E- 
01 

2,60 1,58 7,09E- 
14 

fimE 0,38 − 0,12 3,92E- 
01 

0,79 2,24 3,60E- 
02 

fimG 0,28 0,66 7,34E- 
01 

6,50 − 1,24 5,34E- 
05 

fimH 0,31 1,27 7,00E- 
01 

2,35 − 0,21 7,02E- 
05 

fimI − 1,04 4,44 1,34E- 
01 

2,69 2,22 1,64E- 
17 

fliA σ28 is a minor sigma factor that is responsible for initiation of transcription of a 
number of genes involved in motility and flagellar synthesis. Flagellin, is the basic 
subunit that polymerizes to form the rigid flagellar filament of E. coli. 
Activators: FlhDC, H-Ns, GadE 
FliM is one of three components of the flagellar motor’s "switch complex" [26]. 

− 3,50 2,27 1,86E- 
46 

1,71 2,50 1,77E- 
07 

fliC − 3,73 6,58 3,73E- 
34 

1,20 4,54 1,03E- 
05 

fliD − 4,55 3,41 2,67E- 
47 

1,73 − 0,55 1,38E- 
02 

fliE − 2,40 − 1,69 1,33E- 
06 

1,90 − 1,03 5,81E- 
02 

fliF − 3,53 1,04 2,46E- 
36 

3,41 0,11 3,47E- 
10 

fliM − 3,47 1,40 8,61E- 
48 

1,51 − 0,25 1,38E- 
02 

fliN − 4,05 0,34 8,23E- 
36 

1,68 − 1,24 1,17E- 
01 

fliO − 3,10 − 0,23 9,51E- 
21 

2,26 − 1,82 6,11E- 
02 

gadE Acid resistance system. H-NS –repressor, SdiA -activator − 0,80 − 3,38 5,05E- 
01 

2,96 − 1,42 7,37E- 
03 

cspH CspA - cold shock protein [27]. − 2,28 0,30 3,00E- 
12 

2,33 − 1,23 3,21E- 
02 

pdeH c-di-GMP phosphodiesterase/Regulation of the flagellar switching end exponential 
growth [28]. 

− 4,60 2,58 1,97E- 
55 

1,09 0,05 1,03E- 
01 

pspA The phenotypes that have been reported for cells in which the psp operon is deleted 
are as follows: lowered survival at alkaline pH in stationary phase [29], slower 
protein translocation [30,31], greater motility, and the loss of membrane potential 
when cells are subjected to a specific, proton-motive force (pmf)-depleting stress 
[31]. activator: IHF 

3,37 2,90 9,43E- 
34 

− 2,33 6,12 6,12E- 
14 

pspB 3,28 0,83 4,12E- 
38 

− 2,70 4,23 1,55E- 
19 

pspC 2,95 1,01 3,00E- 
31 

− 2,86 4,38 1,43E- 
18 

pspD 2,66 0,08 1,34E- 
19 

− 3,11 3,47 2,25E- 
23 

pspG 2,86 − 0,84 2,09E- 
16 

− 2,44 2,68 7,06E- 
11 

iscR Regulator of iron-sulfur cluster [32,33], biofilm formation, FimE recombinase [34], 
repressor of hya-operon 

0,32 2,45 2,00E- 
01 

− 1,28 4,82 2,61E- 
05 

(continued on next page) 

M.V. Gladysheva-Azgari et al.                                                                                                                                                                                      



Heliyon 9 (2023) e22986

7

between the samples with the ardA gene and the controls were identified. 
As a result, it was shown that in response to the appearance of ardA_pKM in the cell, the expression of 396 genes significantly (95 % 

confidence interval) increased and 398 significantly decreased. For ardA_Bf, 893 genes significantly increased their expression and 910 
of them were down-regulated. The list of E. coli genes, with their expression changed under acting of the ardA_Bf and ardA_pKM genes is 
presented in Supplementary Tables S1 and S2, respectively. For genes whose expression significantly differs between the experimental 
groups, the GO analysis was performed to find certain groups of genes (gene categories, gene ontologies) that are enriched with 
differential genes. The results of this analysis are presented in supplementary tables S3 and S4. Fig. 4 shows genes with a logFC value 
greater than 3 (transcriptional changes more than 8-fold) when the ardA_Bf or ardA_pKM genes are added to the cell. The transcription 
changes for these genes are compared. 

The data presented in Tables S3 and S4 and on Fig. 4 show that the introduction of the ardA_Bf or ardA_pKM genes into E. coli leads 
to a change in the transcription of different genes. There are genes whose expression is affected by both ardA_Bf and ardA_pKM, but nine 
times out of ten the impact is opposite: if in one case activation, then in another repression. 

The comparison of the impact of ardA genes from B. bifidum and pKM101 on the gene transcription in E. coli. 
An important topic of this study is to compare the impact on gene transcription in E. coli of structurally different ardA genes: 

B. bifidum and pKM101. We obtained 782 differentially expressed genes (DEGs) for the plasmid ardA variant and 1552 for the genomic 
ardA ones (two-sided p-value <0.01), Moreover, 400 DEGs from these lists overlapped between groups. It seems that they are regulated 
by both plasmid as well as genomic antirestrictases. 

Table 1 (continued ) 

Gene Gene function and regulation ardA from В. bifidum ardA from pKM101 

logFC logCPM FDR logFC logCPM FDR 

hyaA Hydrogenase 1, iscR - repressor − 0,41 − 1,02 3,22E- 
01 

3,01 1,63 1,25E- 
15 

hyaB − 1,22 − 0,72 1,83E- 
04 

2,81 1,40 5,36E- 
15 

hdeA HdeA is an energy-independent chaperone that protects periplasmic proteins from 
acid-induced aggregation. hns-dependent expression HdeA and HdeB are structural 
homologues 

− 1,67 − 2,41 5,50E- 
03 

2,47 − 0,68 1,28E- 
03 

hdeB − 3,18 − 2,84 3,86E- 
04 

2,97 − 1,74 2,20E- 
02 

hdeD − 2,81 − 3,14 6,49E- 
03 

3,35 − 1,52 3,58E- 
02 

ariR Expression of ariR is regulated by the repressor BluR [35] and the alternative sigma 
factor RpoS [35,36]. Deletion of ariR increases biofilm formation and motility, 
reduces acid resistance [37]. AI-2 repress ariR expression [23]. 

4,07 − 2,83 8,22E- 
10 

− 0,82 − 0,96 4,30E- 
01 

tnaA Indole by tryptophanase [38]. Indole is a signal [39,40] that inhibits E. coli biofilms 
[41] and works in a quorum sensing fashion [37]. Activator - CRP, 

− 5,96 6,21 1,27E- 
122 

3,14 5,34 3,51E- 
15 

tnaB − 5,13 2,39 1,44E- 
72 

3,53 2,05 1,28E- 
13  

Fig. 5. Gene expression validation. The plot of logFC values, which were obtained by RNA-seq and qRT-PCR methods, for ten DEGs and house
keeping genes. Red colored captions show logFC for DEGs in presence of plasmid ardA variant from pKM101, green colored captions show logFC for 
DEGs in the presence ardA variant from B. bifidum genome. The black rectangle in the center of the plot denotes housekeeping gene logFC values. 
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Fig. 6. Biofilm formation. Optical density (OD) values distribution for E. coli cells, containing ardA_Bf and ardA_pKM genes and empty cloning 
vector. The values for 600 nm wavelength correspond to planktonic cell concentration, while values for 570 nm correspond to attached cells, biofilm 
formation. The measurement is presented on a logarithmic scale. 
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To estimate the significance of the deviation of the obtained values in 400 common DEGs from the theoretical ones, we used the 
binomial test, with the theoretical frequency of coincidence as 0.0621913 ((782/4419) × (1553/4419) – multiple frequencies of both 
gene lists). The test result revealed that true probability of intersection is higher than theoretical ones. The two-sided p-value (1.325e- 
13) shows the high reliability of this result. Thus, we determined that antirestrictases from different sources (conjugative plasmids or 
bacterial genome) regulate the gene expression to a large extent of the same genes. 

At the next step, we performed a correlation analysis of changes in gene expression (logFC changes) for genes regulated by plasmid 
and genomic ardA gene variants. We found a significant negative correlation in gene expression regulation between these two variants 
(statistical power − 0.1846632, with two-sided p-value = 7.648e-11). This means that antirestrictases from the bacterial genome and 
from the plasmids have a opposite function in the bacterial cell and regulate the same genes differently. 

The analysis of gene list with this opposite antirestrictase regulation effect, we obtained a lot of genes, which are involved in 
horizontal gene transfer (HGT), and flagellum and biofilms formation. The list of genes, which could be responsible for lateral genetic 
material transfer and biofilm formation, with their expression data and statistical test results, is present in Table 1. 

Verification of opposite regulation of E. coli genes by ArdA_Bf and ArdA_pKM antirestrictases using qRT-PCR. 
To verify RNA-seq results, we conducted qRT-PCR for several of the genes with opposite gene expression changes in presence ardA 

from pKM101 and from B. bifidum genome. The values of the gene expression (logFC), obtained by the RNA-seq and qRT-PCR methods 
had a high degree of correlation (correlation value - 0.980 for the plasmid ardA gene variant, and 0.984 for the genomic one). Fig. 5 
shows results of the comparison of logFC values, for the ten genes analyzed. In the figure no data are provided for both ardA genes, 
because they don’t valid for expression shift, since their expression is absent in controls. Also, the data of cysG gene expression changes 
is not shown in the figure, because its expression value was used as control data for normalizing expression of other genes. 

The data obtained using qRT-PCR (Fig. 5) strongly support the opposite regulation of a number of DEGs and housekeeping genes by 
antirestrictases ArdA_Bf and ArdA_pKM and confirm the data obtained using transcriptome analysis. 

2.4. The influence of ardA genes on biofilm formation 

Because of the complexity of the biofilm formation regulation it is difficult to unambiguously predict the influence of ard-gene 
introduction on the final effect. We conducted a biofilm formation assay for cells with ardA_Bf, ardA_pKM and controls with pBluescript 
KS + vector. The result of the assay is present in Fig. 6. 

We showed that in presence of the ardA genes the concentration of attached cells significantly increases. Moreover, ardA_pKM 
shows more significant effect than chromosomal ardA_Bf. The two-sided p-value of the ratio of OD600/OD570 for vector vs ardA_pKM 
is 8.238e-06, for vector vs ardA_Bf 1.406e-05. 

According to transcriptome data ardA_Bf and ardA_pKM genes affect on a number of biofilm formation genes (ansB, fau, yjhQ, fim, 
iscR, ariR, tna in Table 1). This regulation is often opposite. However the data from Fig. 6 demonstrate that both ardA_Bf and ardA_pKM 
genes enhance the biofilm formation although chromosomal ardA_Bf seems to be less effective. 

2.5. Putative mechanism of gene regulation 

The mechanism of gene regulation by antirestrictases remains unclear, however, it can be assumed that if these proteins work as 
DNA mimetic molecules, then they can interact with some affinity to different DNA-binding proteins, such as transcription factors (TF). 
Direct inhibition of transcription factors may lead to a change in the expression of these TF targeted genes. In this case, the shift in gene 
expression, in the presence of ardA, will be correlated with the regulation of TFs — genes that are regulated by some TF will change 
their expression synchronously. 

To determine whether this is the case, we assigned all the genes to their individual TF, which regulates the genes, and conducted 
ANOVA tests for these groups using the logFC value in the presence of ardA. Statistical tests are presented in Table 2. 

According to Table 2 the expression of genes, more likely, changes synchronously for groups of TF targeted genes — the intra-group 
average values significantly differ from the intergroup one. Thus, for both tested ard genes, the same mechanism of the effect on the 
gene expression takes place, which is associated with the modulation of TF activity. The effect on TF may be opposite and the range of 
inhibited TF may be different, however, the mechanism of interaction seems to be the same. 

Table 2 
ANOVA analysis of the values of expression changes (logFC) in the presence of ardA_Bf and ardA_pKM genes, grouped according to the regulation by 
individual transcription factors.  

logFC_pKM101  

Df Sum Sq Mean Sq F value Pr(>F) 
TF 210 1024 4.878 3.588 <2e-16 
Residuals 4391 5969 1.359   
logFC_bifidum  

Df Sum Sq Mean Sq F value Pr(>F) 
TF 210 1914 9.113 4.963 <2e-16 
Residuals 4391 8063 1.836    
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3. Discussion 

Previously studied ardA genes were described in bacterial plasmids ([1–3]1, 2, 3). Here, for the first time, the antirestriction 
function of B. bifidum chromosome variant of the ardA gene was confirmed. Chromosomal ardA product also has the antirestriction 
effect in bacterial cells despite the weak sequence similarity and different length. The necessity of this antirestriction activity in the cell 
itself is not entirely clear, since it was previously supposed that antirestriction genes protect plasmids from host cell RM systems and 
help them to spread through bacterial cells. However, these ardA genes, located directly in the bacterial chromosome, should be useful 
for the bacteria themselves. Significant differences in the structure of ArdA_Bf and ArdA_pKM, including the presence of an additional 
C-domain in the chromosomal ArdA_Bf, suggest the differences in specificity when interacting with DNA-binding proteins. 

Perhaps some cells "intentionally" allow mobile genetic elements to enter the cell, since the exchange of genetic material in certain 
cases can be useful – for example, cells have to change fast to adapt against external stresses. This is the basis for the SOS mutagenesis 
phenomenon, which is based on inaccurate DNA synthesis using a special "mutagenic" UmuC polymerase. This mechanism is activated 
when a bacterial cell gets into stressful conditions and makes a lot of mutations during the cellular DNA synthesis [[42], 4,42]. The 
mutants can also reverse to the wild type with a high frequency, if a stressful component, which assimilation affected by the mutation, 
disappears from the environment. Perhaps, it is a good idea to increase the exchange of genetic material in stressful conditions, given 
that natural microbial communities are quite diverse and the probability that suitable genes can be found in the environment is 
relatively high. Also, accepting external genetic material could be useful sometimes, e.g. in the case of the appearance of antibiotics in 
the environment. Mobile genetic elements often contain genes, that confer resistance to antibiotics, and such acceptance should be an 
adaptive process. 

The synthesis of unmodified chromosomal DNA in the cell is possible under certain conditions. This can occur, for example, when 
cells are irradiated with UV or during cell growth in the presence of 2-aminopurine or 5-bromuracil and their analogs [43–46]. In this 
case, the cell RM system can pose a threat to the cell itself and an inhibitor of this system can help the cells survive. It is known that 
another plasmid antirestrictase, ardB, which is not a DNA mimetic, artificially introduced into a bacterial cell on a molecular vector, 
can protect the cell from damage by its own restrictases in the presence of 2-aminopurine, which induces the synthesis of unmodified 
DNA [8]. It is possible that the ardA cell antirestrictase from B. bifidum also protects cell from its own endonucleases of the RM system. 

In this study, we present a large-scale experiment of E. coli gene expression changes under the influence of ardA antirestriction 
genes. For the first time, these investigations were conducted for the new genomic variant of ardA gene and for the well-known plasmid 
ardA variant. Intriguing results were obtained regarding the regulatory function of ardA and it was shown that plasmid and bacterial 
genome antirestrictases regulate the activity of genes which can affect the transfer of genetic elements into a bacterial cell. However, 
antirestrictases from different sources regulate bacteria gene activities in their own way. Plasmid ardA regulates the genes facilitate 
HGT, while the genomic version of ardA, on the contrary, complicates this process. According to the obtained results, regulation 
activity can impact on some cell property in different ways. For example, biofilm formation, induced by plasmid ardA regulator, 
increased through c-di-GMP way, by inducing of pdeH phosphodiesterase, and through Fe/S biogenesis way, by down-regulating of 
iscR and fim gene cluster. Along with the regulation of biofilm formation, Fe/S biogenesis pathway changes, are involved in phage 
infection control. That is revealed the polygenetic and pleiotropic effects of ardA regulation. It concerns regulation activity of plasmid 
antirestrictase ardA from pKM101, but bacterial ardA often acts differently. However, we should be careful in reasoning when making 
a conclusion about the action of ardA from B. bifidum genome in this experiment, because we don’t know whether the ardA would 
regulate genes of B. bifidum in the same way as genes of E.coli. That is quite difficult to estimate because B. bifidum is an obligate 
anaerobe and special equipment is required for its cultivation. However, it could be stated from our studies that the proteins of the 
ArdA family differing in sequence and structure, are able to regulate the expression of a number of chromosomal genes. Moreover, the 
set of regulated genes varies for two studied genes ardA_Bf and ardA_pKM, i.e. they demonstrate specificity to targets. 

Our experiment shows that plasmid ardA gene variant influence on more active the biofilm formation. At the same time, in general, 
the growth rate of the bacteria in the presence of ardA is higher. This phenomenon requires further research and explanation. The 
question of the mechanisms of regulation of ardA genes remains open. The results of ANOVA test show that genes, regulated by the 
same TF, change their expression, in the presence of ardA, to a large extent, synchronously. Indirectly, this suggests that the regulatory 
function of ardA is associated with interaction to TF regulator — there is probably a direct inhibition of TF by the antirestrictase and, as 
a result, all genes regulated by this TF change their expression. This would be the most obvious explanation of the regulatory action of 
antirestrictases, especially since there is evidence that antirestrictases interact not only with type I restriction-modification systems but 
also with RNA polymerase, partially inhibiting it [11] and participate in H-NS related silencing [10]. H-NS plays an important role in 
the transcription suppression of AT-rich genes because AT enrichment is a trait of many genes involved in the HGT [47,48]. Sup
pression of the foreign gene expression by H-NS, allows bacteria to safely acquire new genetic material without compromising their 
genomic integrity [49–51]. 

We can conclude that the regulatory activity of ardA from the plasmid leads to the activation of genes that promote HGT, 
whereas ardA from the bacterial chromosome induces genes that protect cell from the HGT. 

This work could have a natural applied continuation: DNA-mimic proteins regulate the transcription from the specific set of 
promoters, apparently due to interaction with regulatory DNA-binding proteins. The data obtained open the prospect for the devel
opment of drugs based on DNA-mimic proteins targeted at site-specific DNA-binding regulators. 
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4. Materials and methods 

4.1. Bacterial strains, plasmids and phages 

The strains of E. coli K12 used in the work are: strain AB1157 (F- thr-1, leu-6, proA2, his-4, thi-1, argE3, lacY1, galK2, ara14, xyl-5, 
mtl-1, tsx-33, rpsL31, supE44, r + m+); strain TG1 glnV44 thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5(rK

–mK
– ) F′ traD36 proAB + lacIq 

lacZΔM15, the bacteria B. bifidum strain Ac-1784 [52], which was obtained from the Russian National Collection of Industrial Mi
croorganisms (VKPM, https://vkpm.genetika.ru/). 

The plasmid pAB7, containing the ardA gene from conjugative plasmid pKM101 in the pBluescript (KS+) vector, was provided by 
Bacterial Genetics Laboratory of the Federal Institution "State Research Institute of Genetics and Selection of Industrial Microorgan
isms of the National Research Center" Kurchatov Institute" (GENETIKA) (Belogurov et al., 1992). 

The bacteriophage λ was provided by the Bacterial Genetics Laboratory (GENETIKA). We used unmodified phages λ0 and modified 
phages λk grown on E. coli K12, strain TG-1 and E. coli Kl2, strain AB1157, respectively. 

The ardA_Bf gene was amplified using B. bifidum chromosomal DNA and following primers: 
direct: 5’ - CGC CAT ATG GCG GAA GAC GAT CTG – 3’ and 
reverse: 5’ - GGC CTG CAG GGC GTA TGC CGT CGA GCA – 3’. 

Cleaned resulting PCR product was ligated to the pKAN-T cloning vector with T4 ligase (New England Biolabs, USA). Resulting 
construct was verified using the Applied Biosystems 3730xl genetic analyzer. 

The ardA_Bf_cutG240 gene was amplified using following primers: 
Dir_Bifi_pIRDPAL 5′-TCACCATCACCACCATATGGCGGAAGACGAT – 3′ and. 

4.1.1. Rev_Bifi_pIRDPAL_Cut_G240 5′-CAGCGGTGTCATTATTCCTTAGCCGGGCTCGT-3′ 
Cleaned resulting PCR product was ligated to pIRDPAL cloning vector [53] using Gibson Assembly with NEBuilder HiFi master mix 

(NEB). 
The resulting constructs named pKAN-T-ArdA_Bifi and pIRDPAL-ArdA_Bifi_cutG240 respectively were transformed into the E. coli 

strain AB1157 for further manipulations. 

4.2. Antirestriction activity measure by phage infection 

The antirestriction value was estimated as described previously [54] by comparing λ0 bacteriophage titers in AB1157 cells with 
ardA gene and in AB1157 cells without it, using the “double agar layer” method (or method Gratia). The control strain was E. coli K-12 
TG-1, which is usually used for phage infection experiments, since it does not have a RMI system. 

To determine the λ0 titer, a single bacterial colony of AB1157 was inoculated into falcons with 3 ml of Luria-Bertani (LB) culture 
medium with appropriate antibiotics and the culture was grown for 16 h at 37 ◦C and 190 rpm in a shaking incubator. After that, 20 ml 
of the overnight culture was transferred to 2 ml of a new LB broth and incubated at 37 ◦C and 190 rpm in a shaking incubator for 1.5 h 
to obtain bacterial cultures in the logarithmic growth phase. Then, the suspension of the bacteriophage lambda in a specific dilution 
was mixed with bacterial culture in a ratio of 1:2, introduced into a low concentration LB agar (0.7 %) and layered on the surface of the 
previously prepared 1.5 % LB agar in a Petri dish. Then the cells were incubated at 37 ◦C for 12–16 h. The amount of phage to be added 
was estimated experimentally so that no more than several hundred phage plaques were formed on the cup. It is possible to determine 
the effectiveness of anti-restriction by comparing the number of plaques on individual cultures. 

4.3. RNA-sequencing analysis 

For each ardA gene, we prepared six RNA libraries: three ardA + clones and three ardA-clones. E. coli cell cultures with the 
appropriate constructs were grown overnight at 37 ◦C in Luria-Bertani medium with the appropriate antibiotic, and 0.8 ml of overnight 
culture was taken for RNA isolation. The cells were centrifuged at 5000 rcf for 2 min, the precipitate was resuspended in ExtractRNA 
reagent (Evrogen, Russia) and incubated for 20 min at 55 ◦C. The resulting mixture was centrifuged for 10 min at 13,000 rcf, extracted 
with chloroform, precipitated with isopropyl alcohol, and washed with 80 % ethanol. The concentration and purity of the extracted 
RNA were evaluated using a Qubit4 fluorometer (ThermoFisher Scientific, USA). 

The cDNA libraries were prepared using the NEBNext Ultra II kit for Illumina (New England Biolabs, USA) according to the protocol 
for use with purified mRNA or rRNA, depleted RNA" (Chapter 4) of the kit manual. The libraries were multiplexed using the NEBNext 
oligos set (96-well tablet format, both forward and reverse). The quality and size of the library were determined using a Bioanalyzer 
2100 (Agilent, USA) using a high-sensitivity DNA Concentration Measurement Kit. The concentration of the library was determined by 
the Qubit4 fluorometer (ThermoFisher Scientific, USA). 

The cDNA libraries were sequenced on the Illumina Novaseq6000 genome analyzer (Illumina, USA) with paired-end reads of 
150 bp in length. 

4.4. ArdA structure analysis 

The prediction of the 3D structure of ArdA_Bf was performed using AlphaFold2 0. Predicted structure was further validated using 
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protein structure validation software (PSVS) tool. The structures were aligned and analyzed using PyMOL (The PyMOL Molecular 
Graphics System, Version 2.5.2, Schrödinger, LLC). Analysis of the putative structures of ArdA proteins was performed using the 
Predictor of Natural Disordered Regions (PONDR®) 

4.5. qRT-PCR validation of differentially expressed genes 

Total RNA was extracted as described previously. For each experiment (ardA+) and each control (ardA-) three different colonies 
were analyzed as biological replicas for each gene. Accordingly, for thirteen genes, seventy eight reactions were done. Real-Time 
Quantitative Reverse Transcription PCR (qRT-PCR) was performed on CFX96 qPCR instrument (Biorad, USA), using OneTube RT- 
PCR SYBR reagent kit (Evrogen, Russia) with following conditions: 

55 ◦C–15 min, reverse transcription stage; 95 ◦C–1 min reverse transcriptase deactivation and DNA polymerase activation; then 40 
cycles of amplification with 95 ◦C–15 s; 55 ◦C–20 s and 72 ◦C–20 s. 

Primer sequences were designed with web version of Primer3 software [55]. Primer sequences for each selected gene are presented 
in Table S5. 

Primer sequence for RT PCR confirmation of the gene expression changes. ardA and housekeeping gene are marked. The house
keeping genes were chosen according work [56]. 

From the qRT-PCR data, an Cq values were calculated for each gene and were normalized then to the cysG house-keeping gene Cq 
values with pcr_analyze function of ‘pcr’ R package [57]. The obtained relative expression data were used for comparing with 
RNA-sequencing data. 

4.6. Biofilm formation assay 

Biofilm formation assay was conducted as described in Ref. [34]. Overnight cultures grown in LB medium were diluted and 
normalized to an OD600 of 0.05 in fresh LB medium. Aliquots of 200 μl of diluted fresh culture were added to 96-well microtiter plates 
and cells were grown at 30 ◦C for 48 h without shaking. The level of planktonic cell growth was determined by measuring the final 
OD600 using the plate reader Clariostar (BMG Labtech, Germany) with a path length of 0.6 cm. Planktonic cells were removed, and 
wells were washed with distilled water two times to remove unattached cells. 

A total of 220 μl of 0.1 % (Weight/Volume) crystal violet (Sigma-Aldrich, USA) was used to stain the attached cells for 10 min. 
Unattached dye was rinsed away by washing three times with distilled water, the plate was dried for 30 min, and stained biomass was 
dissolved with 1:4 (vol/vol) mixture of acetone and ethanol. After 10 min, the OD570 was measured to quantify biofilm cells. 

4.7. Differential expression gene analysis of RNA sequencing data 

Genomic sequences of the B. bifidum Ac-1784 strain, as well as other strains of the VKPM collection, were obtained during another 
project [52]. Search of ardA genes was performed using PF07275 model from Pfam database [58] and hmmsearch tool from HMMER 
software package [59] with all default settings but E-value =< 1E-6 and with all heuristic filters turned off. 

Amino acid sequence alignment of the ArdA proteins, shown in Fig. 1, was done with Mview web service at EMBL-EBI site [60]. 
To analyze the gene expression, we mapped the Illumina data to the reference genome of E. coli K12 (NCBI: NC_000913. 3) using the 

bowtie2 software package version 2.3.4.1 [61] with a set of parameters "– very sensitive". Nucleotide reads in the *.sam file format, 
were converted to a binary file -*. bam, sorted and indexed using the samtools package version 1.7 [62]. The coverage of each gene was 
evaluated using “BamToBed” command of Bedtools package version 2.26.0 [63]. The number of reads for each gene was combined into 
a single table using a custom perl script, and differential analysis was performed with the edgeR [64] using Fisher’s exact test to 
differentially expressed (DE) gene estimating. 

For ANOVA analysis of changes in transcription factor (TF) target gene expression, we obtained TFs and their targets from the 
RegulonDB database [65]. Dataset with name “Datasets supported by literature with experimental evidence” were used. For each gene, 
expression differences were determined in the presence of ardA genes, as described above. The ANOVA test was performed in an 
software environment for statistical computing and graphics - R, using the aov function. The logarithm of gene expression fold change 
was used as estimated variable, TF regulon membership was used as grouping variable. 

Gene ontology (GO) analysis of DE genes with FDR<0.05 was done with David web service (v.6.8) [66],[67] ). 

Data availability 

Data are available at the NCBI SRA database: NCBI accession numbers are also presented in Supplementary Table S0. 
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