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Abstract. The paper considers the possibility of using multiplex virtual PCR to 

barcode the genomes of T4-type bacteriophages. The method of multiplex virtual PCR 

was compared to the phylogenomic analysis based on an alignment-free approach. The 

dataset analyzed was a set of genomes of phages of the genus Tequatrovirus, which 

were previously selected for pangenomic analysis. The genomes used were pre-

checked for adequate annotation and, accordingly, sequencing accuracy. A total of 67 

Straboviridae genomes were analyzed using multiplex virtual PCR; their barcodes 

were generated, and similarity parameters were determined. The results were 

represented in the form of two trees: a phylogenetic tree constructed on the basis of the 

neighbor-joining algorithm, and a phylogenomic tree based on the pairwise distance 

matrix between the sets of nucleotide 10-mers. The comparison of the two trees 

revealed some differences: in the branches of Mosigvirus and Dhakavirus (two 

distantly related genera taken as a reference) and the Tequatrovirus branch. A 

supposition was made that the differences pertained to the very algorithm of multiplex 

virtual PCR – which, in general, is more applicable for assessing similarity of closely 

related (with identity degree over 75 %), rather than distant genomes. Overall, the 

method of multiplex virtual PCR seems reliable enough to distinguish between 

taxonomic groups of large-genome (~170 kb) bacteriophages (including T4-type 

phages) at the level of genus. From a practical standpoint, the method is convinient and 

suitable for generating barcodes, which can then be included in the bacteriophage 

passport and used in the practice of phage therapy. 

Key words: bacteriophage T4, genome barcoding, multiplex virtual PCR, bacteriophage 

phylogenomics, Tequatrovirus. 
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INTRODUCTION 

A wide spread of antibiotic resistance genes among relevant human and veterinary bacterial 

pathogens has greatly limited the use of antimicrobial drugs in clinical practice, animal 

husbandry and aquaculture. The “era of antibiotics” approaches a crisis [1]. As a result, we see a 

revival of interest to bacteriophages as therapeutic agents, which started in Western medicine at 

the end of the 20
th

 century [2–4]. In the USSR and the Russian Federation, phage preparations 

targeting various bacterial pathogens have been steadily produced since the 1930s and are freely 

available at the drugstores. Some of the most common bacteria targeted by such preparations are 

pathogenic strains of E. coli, which cause diarrhea [5]. 

Today, researchers are exploring the potential of phage therapy to suppress specific 

pathogenic bacteria in the microbiome. Bacteriophages are viruses that infect and kill bacteria 

and, strain-specific as they are, phages can selectively target harmful microorganisms while 

sparing beneficial ones. Correspondingly, phage therapy could be used to treat infectious diseases 

without disturbing the delicate balance of the microbiome. This makes phage preparations an 

attractive alternative to antibiotics [6, 7]. 

The viral nature of bacteriophages was discovered at the end of the 19
th

 century. First, the 

British scientist Ernest H. Hankin discovered that waters of the Indian rivers Ganges and Yamuna 

possessed bactericidal properties. Investigating this intriguing phenomenon, Hankin passed the 

river water through a filter that retained bacteria and then heated the filtrate to 60°C. As it turned 

out, filtering did not reduce the bactericidal potency of water; heating, on the other hand, 

completely eliminated the antibacterial effect [8]. Next, the Russian microbiologist 

N. F. Gamaleya found out that lysates of the Bacillus anthracis culture contained some kind of a 

“lytic enzyme”, exhibiting properties similar to those of the Ganges water [9]. The one who 

actually discovered bacterial viruses was the British microbiologist Frederik W. Twort. He 

published a paper in The Lancet [10], putting forward a hypothesis about the viral nature of the 

“bacteria-dissolving enzyme”. The hypothesis was based on the observation that the efficiency of 

the “enzyme” was unusually high: “they (the colonies) dissolved even before they reached a size 

visible to the eye”, and "some of these cultures, slightly infected with the dissolving material, 

quickly became transparent and died”. In 1917, Félix d'Herelle introduced the term 

“bacteriophage” [11], which has become established as the name for bacterial viruses. 

In his paper [10], F. W. Twort emphasized the importance of studying bacteriophages as a 

mean to combat infections of bacterial etiology. Elaborating this idea, he made two points of 

practical importance: 

1) to study the toxicity of cocci and bacilli, one should separate them from bacteriophages; 

2) it is possible and perspective to produce bacteriophage-based bacteriolytic drugs. 

Phage therapy implies isolation and purification of specific phages – those that are known to 

target and kill the pathogenic bacteria causing the infection [12, 13]. These phages are then 

administered to the patient orally, topically or intravenously. The phages then selectively 

replicate within the target bacteria, causing their lysis and subsequent elimination from the body. 

This approach has shown promising results in the treatment of a variety of infectious diseases: 

first of all, intestinal and wound infections; some respiratory diseases; urinary tract infections; 

and skin pathologies of bacterial etiology [14]. 

Apart from isolating environmental phages, researchers design and test phage constructs with 

increased specificity and potency. The ability of such genetically modified phages to recognize 

and infect specific strains of bacteria is improved, which enhances the efficiency of phage 

therapy. In addition, engineered phages can be modified to carry “payloads” (e.g., antimicrobial 

peptides or genes encoding antimicrobial agents), which further enhances their ability to kill 

bacteria [12, 15]. Currently, however, the results of such promising studies do not go beyond the 

doors of research laboratories, since the use of genetically modified bacteriophages is prohibited 

by law in all countries around the world. 
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One of the first studies that revived interest to bacteriophages as therapeutic agents was 

Merrill's experiment of 1996 on spontaneous modification of a lambdoid phage upon its 

interaction with the murine immune system. The result was the production of a long-circulating 

phage λ [16]. As it turned out, this effect was achieved by a single amino acid substitution in the 

surface capsid protein D. There are almost no analogues of that study available in the literature. 

Another example of successful bacteriophage modification using the techniques of genetic 

engineering was the production of low-antigenic T4-type bacteriophages with a mutation in the 

hoc gene, encoding the main antigen protein of the phages [17]. 

The group of phages commonly used for antibacterial therapy is tailed bacteriophages. They 

are now combined into the order Caudoviricetes. Bacteriophages of this order can often be found 

in animals and humans, as well as soil and water samples. A prospective, in terms of therapy, 

subgroup of tailed bacteriophages is T4-type viruses of the genus Tequatrovirus, belonging to the 

family Straboviridae. Examples of the therapeutic use of bacteriophages of the genus 

Tequatrovirus bacteriophages and their cocktails, as well as advantages and disadvantages of 

these phages as antimicrobial agents are discussed here [18]. 

The objective of the present work was to assess suitability of multiplex virtual PCR as a 

method for generating barcodes, which could then be used for comparative phylogenetic analysis 

of complete bacteriophage genomes and their certification. 

In this work, we have demonstrated how multiplex virtual PCR and genetic barcoding based 

on the detection of DNA polymorphism can be used for the creation of a bacteriophage passport. 

Genetic barcoding was previously used for identification and classification of animals and plants 

whose genomes were quite large (from several million to several billion base pairs) [19–21]. In 

this work, we have successfully applied this approach to analyze much smaller genomes (the 

characteristic size of the genomes of T4-related phages is 160–180 kb). 

Traditionally, phage identification is based on genomic analysis, an integrated approach 

involving sequencing of the entire phage genome. Here, we have assessed the potential of genetic 

barcoding as a complementary tool to genomic analysis in the genetic characterization of phages. 

The procedure of barcoding has several advantages: it is simple, cost-effective and enables rapid 

processing of large sample arrays. Using it facilitates the pan-genomic analysis of relationships 

between bacteriophage genomes, as well as diagnostic testing of phage samples. 

METHODS AND RESULTS 

The dataset analyzed in the study contained 67 genomes of phages of the genus Tequatrovirus 

selected from a set of viral genomes previously used for pan-genomic analysis [22]. The set was 

downloaded from the NCBI Nucleotide Database and contained only properly annotated data, 

which were thoroughly checked for sequencing accuracy using cluster analysis. Initially, the 

annotations were checked for the presence of predicted ORFs and, in case of their absence, 

automatic annotation was carried out using Genome Annotation PATRIC with the parameters 

Domain: Viruses and Annotation recipe: Phage [23, 24]. Then, the amino acid sequences of 

ORFs were clustered using GET_HOMOLOGUES (with the parameters {minimum coverage, -

C: 40%}; {minimum identity, -S: 50%}, {clustering algorithm: COGtriangle} and other 

parameters at their default values) [25, 26]. All the genomes were screened for the presence of 

core genes [27]. If no ORFs of core genes were found in the genome, its nucleotide sequence was 

automatically re-annotated using PATRIC and checked again. If there was a frameshift of a core 

gene, the genome was excluded from the analysis. The final set of sequences selected for the 

analysis contained genomes of phages of the genus Tequatrovirus, as well as several genomes of 

other Straboviridae viruses taken as outgroup references. The functions of the proteins encoded 

by pangenomic genes were verified using the genome annotation of Escherichia phage T4 

(NC_000866.4) [28]. 

The reference genome of bacteriophage T4 is 168903 bp long. It contains more than 400 

protein-coding genes, 7 tRNA genes, and a number of short-RNA genes with unknown functions 
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linked to the tRNA genes. Some eukaryotic viruses (e.g., pox and herpes viruses) have genomes 

of a similar length. The files containing input data for modeling multiplex virtual PCR were in 

the FASTA format. 

The phylogenomic tree was constructed in MEGA X [29] using the neighbor-joining method 

[30]. The tree was based on the pairwise distance matrix between the genomes of 67 

bacteriophages; the distances were calculated with the IGPDE program, using an alignment-free 

approach [31]. The procedure of calculation was as follows. First, for each genome, a set of k-

mers (k = 10) was generated with a 1-nucleotide step (direct and inverted sequences were 

considered as identical). Then, similarity indices (S) were determined between the pairs of sets of 

10-mers using the Sorensen formula [32]. The distances were calculated using the formula  

D = 1 – S. 

MEGA X [29] was also used to construct two phylogenetic trees; they were generated using 

the maximum-likelihood method [33], on the basis of aligned nucleotide/amino acid sequences 

for the major capsid protein. The sequences were aligned using the MUSCLE algorithm [34]. 

Models of optimal substitution were obtained using the built-in MEGA X test based on the 

Bayesian information criterion [35]. The levels of statistical support for branches were calculated 

after 2000 bootstrap replicates [36]. 

The method used in this work was based on a virtual multiplex RAPD analysis, allowing one 

to create barcodes of bacteriophage genomes. The computer modeling of multiplex virtual PCR 

revealed the primer annealing sites, as well as amplicon lengths (in the range from 51 to 500 bp). 

The range, in which amplicon lengths are identified, was based on the data of multiplex virtual 

PCR experiments, in which the length of reaction products was determined with a sequencing gel 

electrophoresis (accuracy, ±1 bp). The method is described in more detail in [20]. More 

specifically, it implies a number of assumptions and limitations: 

­ Complete annealing of primers. The model assumes that the primer is fully complementary 

to the DNA fragment found. Incomplete annealing, hairpin formation and other factors that 

may affect PCR efficiency are not taken into account. 

­ Creation of a barcode. The results obtained are converted into a barcode format, where a 

strip corresponds to the detection of an amplicon of a certain length, and a space corresponds 

to its absence. The multiplicity of amplicon detection is not taken into account; the codified 

information only reflects the very fact of detection (presence/absence of an amplicon, in 

binary format). 

­ The multiplex version of PCR makes it possible to increase the amount of the reaction 

product and, hence, to create more detailed barcodes. It is important, since insufficient 

number of bands would complicate barcode comparison, making its results unclear and 

difficult to interpret. 

­ Selection of primers. Since the information content of the barcode depends on the primers, 

they should be selected carefully in regard to their nucleotide composition and length. 

Advantages of the method: 

­ Simplicity and affordability. Virtual analysis does not require expensive equipment and 

reagents, which makes it affordable for many a research group.  

­ Speed. Computer modeling allows one to quickly obtain results without conducting time-

consuming experiments. 

­ Informativeness. The barcode is a compact and informative “snapshot” of the genome, which 

can be used for various purposes. 

The information about amplicon lengths was converted into the binary format according to 

the following procedure: the range of 51–500 bp was matched with a binary sequence of 450 

positions. If an amplicon of a specific length was found during the analysis, it counted as 1 (or a 

stripe on the barcode); otherwise, as 0 (a space on the barcode). The resulting binary sequences 

were numerical snapshots of genomes, enabling their comparative analysis. Table 1 shows an 

example of the results obtained for the genome of the Enterobacteria phage JS10. 
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The results of multiplex virtual PCR were presented as a table in the .CSV format, which 

allowed one to determine the primers that would make the greatest contribution to the detected 

DNA polymorphism, as well as those whose contribution would be low or zero (i.e., 

unrecommended for the use in actual experiments). Figure 1 shows the results of such analysis 

obtained for the Enterobacteria phage Aplg8. One can see the annealing positions of 5'-ends of 

forward and reverse primers and the size of the resulting amplicon. 

  

Table 1. A barcode generated for the Enterobacteria genome phage JS10 

Genome 
Amplicons 

b.p.  
Binary sequence Barcode 

Enterobacteria 

phage JS10 
059 067 094 109 
116 117 120 124 
130 132 150 152 
169 188 196 197 
200 203 205 220 
230 232 233 237 
253 265 267 271 
287 291 295 296 
310 314 318 328 
330 335 338 339 
341 353 355 361 
363 368 370 374 
376 377 392 395 
402 417 422 427 
435 436 442 447 
458 472 495 497 
500 

000000001000000010000000000 
000000000000000010000000000 

000010000001100100010000010 
100000000000000000010100000 

000000000000100000000000000 

000010000000110010010100000 

000000000100000000001011000 

100000000000000001000000000 

000101000100000000000000001 

000100011000000000000001000 

100010000000001010000100110 

100000000000101000001010000 

101000101100000000000000100 

100000010000000000000010000 

100001000000011000001000010 

000000000100000000000000100 

000000000000000000000101001 

  

 

 

 
Fig. 1. An example of file generated by the program BARCODE DNA ANALYZER (BDANALYZER) with 

the results of the analysis [37]. 

 



KIRYANOVA et al.  

t6  

Mathematical Biology and Bioinformatics. 2024. V. 19. No. Suppl. doi: 10.17537/2024.19.t1 

The distance between the binary sequences forming the barcodes of genomic sequences can 

be used to assess the degree of their similarity. To determine the degree of proximity of genomes, 

the Levenshtein distance or edit distance  1 2 12,d S S D  was used, which was calculated using 

the formula, where two strings S1 и S2 with lengths M и N are compared: 

 

 

   

12

1 2

0, 0,  0
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
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, 

here 
1 2

1 2

1 2
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if S i S j
m S i S j
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  
 

  
, i = 1N, j = 1M. 

As a result, we obtained a square matrix of pairwise distances between the sequences of the 

sample of length n. The distance matrix S = (Dkp), k = 1,… , n , p =1,…, n was then used to 

construct a phylogenetic tree, which showed relationships between the genomes. In the tree 

constructed for our sample, two Mosigvirus phages (RB69 and vB_EcoM_JS09) and two 

Dhakavirus phages (JS10 and JS98), all from the family Straboviridae, were used as reference 

genomes. Their position on the tree allowed us to determine the foundation of the branch that 

goes to the genus Tequatrovirus.  

The phylogenetic tree was constructed with the program MEGA X [29] using the neighbor-

joining method [30]. The input data was a matrix of pairwise distances between the binary 

sequences of the sample. Multiplex virtual PCR was performed with a set of 4 primers: 

GATGAT, AGACTT, AGTCAA and ATCGTA. The primers were generated in the program 

GATCGGenerator [37], which yielded nucleotide sequences of a given structure: these were 

sequences without homopolymer regions, with a given number of dinucleotides. The required 

number of sequences, their length, GC-content, and the percentage of dinucleotides was specified 

as input data in the program. In addition, it was possible to generate sequences with the complete 

exclusion of homopolymer regions. The generator did not allow the repetition of the same motifs 

(2–5 nucleotides long) more than four times in a row. After generation of the sample, nucleotide 

sequences were manually selected out of it for further analysis. 

The number of primers was determined on the basis of the results of barcode construction 

tests. A set of 6 primers yielded a large number of amplicons, which did not allow an 

unambiguous comparative analysis. The clearest picture (about 50% of the barcode bands) was 

obtained using four primers. 

In the first simulation run, a set of primers with 50% GC-content was selected: GCTGAT, 

GGACTT, GGTCAA and GTCGTA. However, the phylogenetic tree constructed on the basis of 

the results obtained (Fig. 2) had some discrepancies with the previous data and pan-genomic 

analysis of the genomes. Therefore, taking into account that genomes of phages of the genus 

Tequatrovirus are AT-rich, we decided to adjust the parameters of search for annealing sites, 

specifying the adenine and thymine content of the primers as ≥ 50%. The results of the second 

simulation run are shown in Figure 3. 
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Fig. 2. A phylogenetic tree based on the results of 

multiplex virtual PCR using primers with 50% GC-

pairs. The phylogenetic tree was constructed in the 

program MEGA X [29] with the neighbor-joining 

method [30]. The phages of the genera Tequatrovirus, 

Mosigvirus and Dhakavirus are shown in black, blue 

and red color, respectively. 
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Fig. 3. A phylogenetic tree based on the results of multiplex virtual PCR with AT-rich primers. The 

phylogenetic tree was constructed in the program MEGA X [29] using the neighbor-joining method [30]. The 

phages of the genera Tequatrovirus, Mosigvirus and Dhakavirus are shown in black, blue and red color, 

respectively. 
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The phylogenetic tree shown in the Figure 3 has two main branches, with one of them 

containing all the genomes of bacteriophages of the genus Tequatrovirus. The genomes of 

Escherichia phage slur04, Escherichia phage slur11, Escherichia phage slur02, Escherichia phage 

slur13, Enterobacteria phage Kha5h, Enterobacteria phage Aplg8, Enterobacteria phage GiZh, 

Escherichia phage vB_EcoM_G8, Escherichia phage slur07, Escherichia phage 

vB_EcoM_R5505, Enterobacteria phage RB18, Escherichia phage UFVAREG1, Escherichia 

phage vB_EcoM-UFV13, Shigella phage Shfl2, Escherichia phage vB_EcoM_G50, Escherichia 

phage slur03, Escherichia phage slur08, Escherichia phage slur14 form one common branch. It 

should be noted that this branch mainly contains phages from two samples (slur- and vB_EcoM-

phages). 

Samples, which bacteriophages are isolated from, often contain closely related phage strains.  

This is reflected by the content of this tree branch. Another example is the branch containing the 

genomes of Enterobacteria phages phage Enterobacteria phage RB51, Enterobacteria phage 

RB68, Escherichia phage wV7, Escherichia phage vB EcoMSa45lw, Escherichia phage PE37, 

Escherichia phage vB_EcoM_G10400, Escherichia phage vB_EcoM_G4507, Enterobacteria 

phage RB33, Escherichia phage RB32, Enterobacteria phage RB27, Escherichia phage RB14, 

Enterobacteria phage RB10, Enterobacteria phage RB3, Enterobacteria phage RB5, 

Enterobacteria phage RB6, Enterobacteria phage RB7, Enterobacteria phage RB9. As one can 

see, this branch contains a group of RB phages [28]. Although the RB-phage group is highly 

diverse in composition and contains representatives of, at least, two genera [28], many of these 

phages, which were isolated from a lake near the Cold Spring Harbor village, are closely related. 

The branches of this tree are almost identical to the branches on the phylogenomic tree 

constructed using the alignment-free method [31] (Fig. 4) and on the trees obtained by maximum 

likelihood after alignment of genes or amino acid sequences for the major capsid proteins of the 

phages (Fig. 5 and 6, respectively). 

Another branch of the tree is almost entirely composed of vB_EcoM phages: Escherichia 

phage vB_EcoM_G2540-3, Escherichia phage vB_EcoM-G28, Enterobacteria phage 

vB_EcoM_ACG-C40, Escherichia phage vB_EcoM-fFiEco06, Escherichia phage vB_EcoM-

fHoEco02, Escherichia phage vB_EcoM_G9062, Escherichia phage vB_EcoM_JB75, 

Escherichia phage VEc20, Escherichia phage vB_EcoM_DalCa, Escherichia phage 

vB_EcoM_OE5505, Escherichia phage D5505, Escherichia phage vB_EcoM_G4498, 

Escherichia phage vB_EcoM_G4500 and Escherichia phage vB_EcoM_G29. This topology is 

another illustration of the point made above, and the mutual arrangement of these branches 

agrees well with the topology of trees obtained by alternative methods. The branches containing 

genomes of Enterobacteria phage vB_EcoM_IME340, Escherichia phage PP01, Escherichia 

phage HY03, Escherichia phage HY01, are located close to the branching base of phages of the 

genus Tequatrovirus phages, which is also similar to the topology of this branch obtained on the 

basis of phylogenomic analysis and multiple superposition of protein and gene 23. 

As can be seen, topological similarity within the branch of T4 phages is quite high. The 

similarity of genome sequences within this genus varies from 90 to 99% and, in addition, T4 

phages are known to have a very high frequency of recombination. For these reasons, comparison 

of their individual genes – even conservative ones, such as gene 23 – is more suitable to 

determine the place of the genus within Straboviridae than to analyze intrageneric relationships. 

A phylogenomic analysis (e.g., comparison of all their oligonucleotide 10-mers) seems to be 

more appropriate in this kind of situation complicated by the enhanced intragroup homologous 

recombination. The topological similarity of trees constructed on the basis of multiplex virtual 

PCR and phylogenomic analysis suggests that a limited information about the number of 

oligonucleotides and distances between them can be sufficient for an adequate comparative 

description of these genomes. 

The barcode based on the data of multiplex virtual PCR contains information sufficient for 

the precise identification of a phage and can, therefore, be written down in the phage passport as 

a code for its evolutionary history and taxonomic position. The modern ICTV taxonomy is based 
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on the evolutionary relationships between bacteriophages and is rooted in their biology, matching 

the data of pan-genome analysis [22]. 

 

  

Fig. 4. A phylogenomic tree based on the pairwise intergenomic distance matrix calculated from the analysis 

of nucleotide 10-mers. The tree was constructed with the program MEGA X [29] using the neighbor-joining 

method [30]. The phages of the genera Tequatrovirus, Mosigvirus and Dhakavirus are shown in black, blue 

and red color, respectively. The scale bar indicates the Sørensen distance (%). 
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Fig. 5. A phylogenetic tree inferred from the alignment of nucleotide sequences for the gene of major capsid 

protein. The tree was constructed with the program MEGA X [29] using the maximum likelihood method. 

The optimal substitution model is GTR + G + I [38, 39]. The levels of bootstrap support for branches are 

given as percentages of 2000 iterations. The phages of the genera Tequatrovirus, Mosigvirus and Dhakavirus 

are shown in black, blue and red color, respectively. The scale bar indicates the number of substitutions per 

site.  
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Fig. 6. A phylogenetic tree inferred from the alignment of amino acid sequences of the major capsid protein. 

The tree was constructed with the program MEGA X [29] using the maximum likelihood method. The 

optimal substitution model is WAG + G + I [39, 40]. The levels of bootstrap support for branches are given 

as percentages of 2000 iterations. The phages of the genera Tequatrovirus, Mosigvirus and Dhakavirus are 

shown in black, blue and red color, respectively. The scale bar indicates the number of substitutions per site.   
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The trees presented in Figures 2–6 show that the three groups of bacteriophages considered 

here form compact subbranches, with the representatives of different genera not mixing with each 

other. This confirms adequacy of all the methods used. In respect to the tree topology, their 

outcome only differs in minor details. For example, at the reference groups of Dhakavirus and 

Mosigvirus phages. On the tree built with AT-rich primers, they are on the same branch separated 

from other branches (Fig. 3). On the tree inferred from multiplex virtual PCR using primers with 

50% GC-pairs, Dhakavirus is on the same branch with Tequatrovirus, whereas Mosigvirus is on a 

separate branch (Fig. 2). The trees based on phylogenomic analysis (Fig. 4), and on alignment of 

nucleotide (Fig. 5) or amino acid sequences (Fig. 6) of the major capsid protein have a different 

arrangement of these three groups. 
  

 

Table 2. Two-dimensional maps of primer annealing sites with matching amplicon sizes obtained in 

virtual multiplex PCR simulations 

 

Enterobacteria phage JS10 and Enterobacteria phage 

JS98 

 

Enterobacteria phage RB69 and Escherichia phage 

vB_EcoM_JS09 

 

Enterobacteria phage JS10 and Escherichia phage HY01 

  

 

Enterobacteria phage JS98 and Escherichia phage HY01 
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Enterobacteria phage RB69 and Escherichia phage HY01 

 

Escherichia phage vB_EcoM_JS09 and Escherichia 

phage HY01 

 

Enterobacteria phage JS10 and Enterobacteria phage 

vB_EcoM_IME340 

 

Enterobacteria phage JS98 and Enterobacteria phage 

vB_EcoM_IME340 

 

Enterobacteria phage RB69 and Enterobacteria phage 

vB_EcoM_IME340  

 

Escherichia phage vB_EcoM_JS09 and Enterobacteria 

phage vB_EcoM_IME340 

 

 

To obtain additional information, we conducted a pairwise comparison of genomes of the 

following viruses: Escherichia phage HY01, Enterobacteria phage JS10, Enterobacteria phage 

JS98, Enterobacteria phage RB69, Escherichia phage vB_EcoM_JS09, Enterobacteria phage 

vB_EcoM_IME340. The results plotted as amplicon lengths versus their location in the genome 

are given in Table 2. 
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The percentage of amplicons that match in size and are close in location from the total 

number of amplicons of the same size is shown in Table 3. The data clearly indicate the presence 

of homologous DNA fragments in the genomes of Enterobacteria phages JS10 and JS98. It is 

noteworthy that on the phylogenetic tree, Enterobacteria phage RB69 and Escherichia phage 

vB_EcoM_JS09, belonging to the genus Mosigvirus, are in the same clade – despite the fact that 

amplicon matching in this pair is less than 13%. Perhaps, in the future, we should pay closer 

attention to amplicons that are located in identical positions in the genomes, but differ in length 

by 1-2 nucleotides. Such a difference may indicate minor nucleotide substitutions in these loci. 

Comparing reference genomes with that of Escherichia phage HY01 demonstrates that 

Dhakavirus phages (JS10 and JS98) are genetically closer to HY01 than Mosigvirus phages 

(RB69 and vB_EcoM_JS09). 

  

Table 3. Percentage of matching amplicons in coinciding genome pairs  

Pairs of genomes Match percentage 

Enterobacteria phage JS10 and Enterobacteria phage 

JS98 88.3% 

Enterobacteria phage RB69 and Escherichia phage 

vB_EcoM_JS09 
12.9% 

Enterobacteria phage JS10 and Escherichia phage 

HY01 
33.3% 

Enterobacteria phage JS98 and Escherichia phage 

HY01 
40.0% 

Enterobacteria phage RB69 and Escherichia phage 

HY01 
33.3% 

Escherichia phage vB_EcoM_JS09 and Escherichia 

phage HY01 25.8% 

Enterobacteria phage JS10 and Enterobacteria phage 

vB_EcoM_IME340 
23.5% 

Enterobacteria phage JS98 and Enterobacteria phage 

vB_EcoM_IME340 6.3% 

Enterobacteria phage RB69 and Enterobacteria phage 

vB_EcoM_IME340 13.6% 

Escherichia phage vB_EcoM_JS09 and Enterobacteria 

phage vB_EcoM_IME340 32.0% 

  

Thus, the use of multiplex virtual PCR and genetic barcoding opens up new possibilities for 

the study of bacteriophage genomes. The approach ingestigated in this work provides a rapid and 

accurate test for identification of bacteriophages of the genus Tequatrovirus. After collecting 

more data on the viruses of the Straboviridae family, genetic barcoding can facilitate studies of 

their diversity, ecology and evolution. It may also serve a simple, yet important practical purpose 

of labeling bacteriophage samples used in medicine, veterinary science, sanitary treatment of 

environmental objects etc. 
DISCUSSION 

At the time of its emergence, the idea of a “genetic barcode”, corresponding to specific 

regions of the genome and serving as a marker for the biological species, looked promising. It 

seemed possible to assign unique barcodes to all the living organisms and then use them to 
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identify these species. The information included in the barcode might not be sufficient to resolve 

unsettled issues of phylogeny, but it should be enough to to quickly determine the approximate 

place of a species within the well-studied phylogenic domain. 

In bacteria, for example, the region of the genome that can be barcoded is the region around 

the gene of 16S rRNA of the small ribosomal subunit [41, 42]. Bacterial species are distinguished 

by the sequences of four genes, including the 16S rRNA gene and the internal transcribed spacer 

(ITS; see Table 1 in [43]). This genetic marker is used for the so-called 16S profiling (also known 

as 16S metagenomic research), which is currently available in many a medical laboratory around 

the world. It should be noted that, in most cases, 16S metagenomics is only genus-specific, not 

allowing one to accurately identify the species of bacteria [44, 45]. To determine the bacterial 

species, it is necessary to use additional genetic markers or conduct a whole-genome sequencing. 

Barcoding of eukaryotic microbiota is also based on rRNA of the small ribosomal subunit; 

however, it is about eukaryotic ribosomes, so the approach is called 18S metagenomics [46–48]. 

18S metagenomics is used to examine the fungal and protozoan biodiversity of medical and 

veterinary samples. 

In 2003, there emerged a new concept of DNA barcoding, which was based on nucleotide 

divergence and aimed at precise identification of organisms at the level of species [49]. To assess 

global biodiversity using the new taxonomic tool, international initiatives were launched in 

hundreds of countries. To date, more than 320,000 species: animals, plants, fungi, bacteria 

(archaea included) – have been barcoded [43]. Eight mitochondrial and five nuclear genes are 

used to distinguish animal species; two nuclear and 15 plastid genes, for plants; four 

mitochondrial and eight nuclear genes, for fungi. Ribosomal RNA and ITS genes are utilized in 

all of these classification systems. 

Other prospective approaches to the barcoding of organisms are based on the assessment of 

their conservative high-order characteristics (as has been done in this work) or whole-genome 

textual characteristics, as was done in [22]. 

However, it quickly became clear that there is no single short sequence or single genetic 

marker, which can predict the location and length of the sequence that needs to be analyzed to 

determine the virus, since the diversity of viruses in nature is many orders of magnitude greater 

than that of cellular life forms. Viruses and their groups are so diverse in various segments of 

their genomes that it is simply impossible to find common genetic markers which would be 

shared within viral taxa. Therefore, to identify a virus, a full-length genome sequencing is now 

used. Straboviridae are currently represented by 782 genomes (accessed: 18.10.2024) in 

GenBank (https://www.ncbi.nlm.nih.gov/genbank/), with at least 50 new genomes appearing per 

year. The discovery of new Straboviridae viruses is mainly driven by the prospects of their use in 

the treatment of the diseases caused by gram-negative bacteria (primarily gamma-proteobacteria 

and, in particular, pathogenic Enterobacteria). Among Straboviridae, the genus with the highest 

practical potential is Tequatrovirus, which is represented by 280 (date of access: 18.10.2024) full 

genomes (https://www.ncbi.nlm.nih.gov/taxonomy). Obviously, the analysis of this rapidly 

growing body of genomic information requires a variety of bioinformatics approaches. 

In this paper, we have used barcoding to identify bacteriophages whose genomes are much 

smaller than those of plants and animals – by six orders of magnitude [20, 21]. The results 

obtained demonstrate that the approach is universal and can be applied to genomes of any size. 

The method of multiplex virtual PCR used here is not tied to any specific marker sequence in 

the genome. Instead, it defines a quantitative characteristic reflecting the size variation of replicas 

that can theoretically be generated with the help of special primers during multiplex virtual PCR. 

To assess the efficiency of the proposed virtual multiplex PCR method, we have compared its 

results with the results of other approaches used for comparative analysis of bacteriophage 

genomes. The first approach, which we developed earlier [31], is based on estimating the 

evolutionary distance between organisms as a difference between their k-mer dictionaries. 

Correspondingly, to evaluate evolutionary distances, phylogenomic trees have been constructed 

for the same sample of 67 genomes, including bacteriophages from the genus Tequatrovirus, as 
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well reference genera Mosigvirus and Dhakavirus. The second approach is based on the 

alignment of nucleotide/amino acid sequences for the major capsid protein, the most frequently 

used genetic marker in T4 phages. It utilizes the maximum likelihood algorithm. Comparison of 

the trees have shown that the results produced by different methods are in good agreement with 

each other, thereby validating the methodology proposed.  

CONCLUSIONS 

An important purpose of future research in the field of therapy of infectious diseases is the 

development of specific pathogens-targeting strategies. The traditional broad-spectrum 

antibiotics can lead to the appearance of drug-resistant strains and disrupt the commensal 

microbiota. By identifying specific microbial species or virulence factors responsible for the 

infection, one can develop treatment courses which will selectively target these pathogens while 

sparing beneficial members of the microbiome. 

The use of bacteriophages as an alternative or complementary medicine for the struggle with 

infectious diseases is another area of future research. Bacteriophages have advantages over 

antibiotics, including high specificity to their bacterial hosts and a lower likelihood of developing 

resistance. Studies aimed at the isolation of new bacteriophages form natural sources, as well as 

genetical modification of the known viruses are currently underway. 

The great variety of bacteriophages and multiple areas of their use (phage processing, phage 

therapy, phage display, etc.) demand for standardization of terms, protocols – and also methods 

of bacteriophage certification. The Subcommittee on Bacterial and Archaeal Viruses of the 

International Committee on Taxonomy of Viruses (ICTV) established a systematic nomenclature 

of phage genomes and consistent annotation of phage sequences [50–54]. This service is 

supposed to form a “biospecimen navigation platform”. However, for the service to function, it is 

necessary to develop simple and effective tools (first of all, a “phage passport”) [55]. The 

passport might need to be defined within each national jurisdiction, but ideally it should be 

globally competent, covering the requirements for all the jurisdictions and using a common 

language/protocols for the genomic research. The passport system should serve as a basis for the 

phage-therapy regulatory framework, veterinary phage processing and public health needs 

requiring equal access. The developers of phage drugs are discussing the organizational and legal 

issues of such a “bacteriophage passport” based on the biological characteristics of the phages 

[56–58]. 

Bacteriophage T4 and its closest relatives (T-even bacteriophages) are classical objects of 

biological research. All the isolates of T4-type bacteriophages tested to date have a conservative 

genetic module that encodes components of the virion, including gene 23 (g23). This is the gene 

for the major capsid protein. The analysis of its sequence reveals a striking level of diversity 

among T4-type bacteriophages. 

Analysis of molecular events in T4-infected Escherichia coli revealed some of the most 

important principles of biology, including the relationship between gene structures and their 

products, virus-induced acquisition of metabolic functions, and morphogenesis of complex 

structures through sequential interactions of gene products rather than sequential activation of 

genes. T4-type bacteriophages and related strains were involved in the first formulations of many 

fundamental biological concepts: unambiguous recognition of nucleic acids as a genetic material, 

definition of the notion of “gene” by studying mutations in its fine structure, recombinational and 

functional assays, demonstration that the genetic code is triplet, discovery of mRNA, the 

importance of DNA recombination and replication, light-dependent and light-independent 

mechanisms of DNA repair, DNA restriction and modification, intron-exon self-splicing in 

prokaryotes, translational bypass etc. All these discoveries indicate how attractive this group of 

phages is when it comes to extending new approaches to such a large and diverse group of 

species as viruses. Bacteriophage T4 and related phages are among the most studied biological 

objects, which can be of help in the development of new bioinformatic approaches. In this study, 



KIRYANOVA et al.  

t18  

Mathematical Biology and Bioinformatics. 2024. V. 19. No. Suppl. doi: 10.17537/2024.19.t1 

we have investigated applicability of multiplex virtual PCR for identifying bacteriophage 

genomes, but this approach can also be applied to viruses of eukaryotes comparable in length 

with bacteriophages. The validity of such an extrapolation is based on the similarity of medium-

length viral genomes, as well as principles of evolution of viruses. 

This paper proposes a method for barcoding bacteriophage genomes, which makes it possible 

to unambiguously identify the strain of every phage species. This method of certification is 

universal: its applicability for identification of animals and plants has already been demonstrated. 

In the study, we have obtained barcodes (binary sequences) for a sample of the most conservative 

bacteriophages, and the phylogenetic trees constructed on the basis of these data are shown to be 

consistent with the previously obtained trees based on other algorithms for calculating distances 

between genomes. 
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