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A Ribosomal Protein Families

In this section, an analysis was performed to analyze the prokaryotic GIs to make an overview of
the data set and how it would contribute to the research. GIs were treated as sets of protein families
and a clustering algorithm (i.e., BiMax algorithm [37]) was used to cluster these sets. There were
notable sets in some clusters with almost the same content that is Ribosomal protein families but
in different orders. It was noticed that within each species, there was one GI that contained all
of these protein families and this GI was predicted by the IslandPath-DIMOB tool for the most
part. Therefore, based on the gene annotations, this looks like a ribosomal protein operon, so, in
theory, this could be present in all cellular life. It is possible that this part of the genome had been
incorrectly predicted as a GI on one or a few genomes, and the genes that come from this part of
the genome are not horizontally transferred to the host genome, which means that they should not
be part of a GI. GIs will frequently have a sequence composition that is considerably dissimilar
compared to the host’s genome due to the different genome sequence compositions found in various
bacterial lineages. Genomic island predictors that apply the sequence composition technique are
always heavily dependent on this fact. IslandPath-DIMOB predicts GIs by using the dinucleotide
sequence composition bias technique along with the presence of mobility genes. Therefore, GIs
containing more than 50% of ribosomal protein families were eliminated from the data set used in
the research.

B A Deeper look at Protein Families

In this section, the protein families in the data set were analyzed. The GIs in the data set are
composed of protein sequences and these protein sequences belong to protein families from 9,121
different protein families.

Figure S( 1), shows that the GIs in the data set have protein sequences that belong to protein
families ranging from one protein family to 194 protein families.

This means the GIs in their structure have a number of protein families ranges from one protein
family to 194 protein families. Furthermore, the figure shows that most of the GIs in the data set
have a number of protein families ranging from 1 to 9 in their structure. It is worth mentioning that
most of the GIs, which equates to 51883 GIs in the data set, have three protein families in their
structure. Moreover, there is an outlier GI in the data set that has 947 protein families and this GI
belongs to the Lactobacillus curvatus KG6 strain (NZ_CP022475.1). Lactobacillus curvatus KG6
demonstrated phenotypic novobiocin resistance when it was isolated on de Man-Rogosa-Sharpe agar
from a fermented meat product similar to salami that was bought from a retailer in Switzerland in
1999 [21].

In general, it has been noticed in the data set that the majority of bacteria genera that have
species containing GIs in the range between 58 and 194 are Salmonella, Escherichia, and Bacillus
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Figure S(1) –Bars represent the range of protein families among the categories that are represented by
ranges of GIs

Figure S(2) –Histogram representing the distribution of protein families in genomic islands. Each bar
represents the number of protein families in the genomic islands. In the beginning, there is a peak representing
the number of 6816 protein families present in a number of genomic islands ranging from one to 200. In
general, the chart shows that most protein families are present in a number of genomic islands, less than five
thousand.

(in order).
The data set has a large number of protein families that are diverse in function. Figure S( 2)
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shows a histogram that represents the occurrence of protein families in GIs. In Figure S( 2), most
of the protein families in the data set exist in 2500 GIs or less. The protein families that are
interesting are the ones that exist in most GIs.

Figure S(3) –The top ten protein families exist in the GIs. Each percentage represents the proportion of
occurrences of the protein family in the genomic islands.

Table S(1) –Information about the top ten protein families in the GIs

Protein Family GIs Pfam Clan Gene Ontology (Molecular Function)
Phage_integrase 44605 DNA breaking-rejoining en-

zyme
DNA_binding

rve 32624 Ribonuclease H-like -
ABC_tran 26987 P-loop containing nucleoside

triphosphate hydrolase
ATP_binding

HTH_3 26010 Helix-turn-helix -
HTH_Tnp_1 23636 Helix-turn-helix DNA_binding, Transposase_activity
LysR_substrate 22401 Periplasmic binding protein -
MFS_1 20781 Major Facilitator Transmembrane_transporter_activity
Resolvase 15074 - DNA_binding,

DNA_strand_exchange_activity
Response_reg 13068 CheY-like -
Glycos_transf_2 11942 Glycosyl transferase -

Figure S( 3) shows the top ten frequent protein families in the data set. More information about
the top ten protein families can be found in Table S( 1). The table shows the name of the protein
family, the number of the GIs that have this protein family in their structure, the pfam clan (i.e.
superfamily) of the protein family, and the gene ontology about the protein family.

According to the table, there are ten protein families with numerous functions, starting with
the phage_integres protein family that exists in 44605 GIs. Phage integrases are enzymes whose
main function is to catalyze the site-specific recombination between two sequences (i.e., DNA); the
bacterial and phage attachment sites.
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Below that, we have the rve protein family, short for the retroviral integrase. The retroviral
integrase enzyme plays a significant role in a crucial phase in the replication cycle of viruses. Under
high-salt conditions, retroviral intasomes have a great deal of resistance to challenges [28].

Under the rve protein family, there is the ABC_tran protein family. The ATP-binding cas-
sette (ABC) transporters are known for being a large-sized superfamily of membrane proteins that
contain diverse functions [23]. ABC transporters can be found in prokaryotes and play numerous
roles for them. They represent efflux proteins and influx proteins. Efflux proteins are responsible
for removing toxins from the cell, whereas influx proteins are responsible for transporting nutrients
into the cell.To the present day, chemotherapy failure caused by ABC drug efflux is considered an
ongoing research topic that frequently contributes additional evidence on multiple drug resistance,
allowing scientists to tackle and overcome this matter. The efflux of drugs from the cell is the
main mechanism of resistance performed by the membrane transporters that is found among all
organisms. The membrane transporters are proteins that belong to the ABC transporter superfam-
ily.Therefore, one of the fundamental causes of chemotherapy’s unsuccess is the drug resistance that
the prokaryotic ABC transporter family causes. Furthermore, bacterial cells also contain various
families of ABC transporters which contribute to resistance to antibiotics [17].

The HTH_3 domain and HTH_Tnp_1 protein family both fall under the same superfamily
called HTH, which consists of a large variety of principally DNA binding domains that include
a helix-turn-helix motif. Many derivatives of the helix-turn-helix motif play a role in multiple
antibiotic resistance, including the DNA-binding domain discovered in multiple antibiotic resistance
regulators that form winged helix-turn-helix. Regarding HTH_Tnp_1, this protein family stands
for helix-turn-helix transposase. The HTH structure is related to DNA binding, while transposase
is needed for DNA transposition. Simply, HTH_Tnp_1 proteins bind to the nucleotide and assist
in transposition of DNA. The HTH_Tnp_1 family contains many E. coli Insertion Elements (IS)
along with various other bacterial transposases where some are members of the IS3 family, which
can operate as a mobile promoter in E. coli [14].

The next protein family is the LysR_substrate protein family. The LysR_substrate family is a
member of the clan Periplasmic Binding Proteins (PBPs). PBPs are nonenzymatic receptors that
are used by bacteria to pick up small molecules and carry them into the cytoplasm. Most PBPs
take part in transporting solute molecules to the cytoplasm by way of ABC transporters [42], where
they aim for critical nutrients such as vitamins, amino acids, carbohydrates, and ions. Macheboeuf
et al in [27] mentioned that PBPs play role in drug resistance.

Below that, the MFS_1 protein family can be seen, which belongs to the Major Facilitator
Superfamily (MFS), it is one of the largest families of membrane transporters [29]. Since they take
part in an essential role in several diseases by means of drug transportation, drug resistance, or
aberrant action, members of the MFS family are central to the physiology of humans. The issue of
resistance to antibiotics is often due to the action of MFS resistance genes.It has also been observed
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that mutations in MFS transporters can cause diseases such as neurodegenerative disease [2], and
glucose storage diseases [35]. Regarding MFS_1 in bacteria, the Arsenic Resistant (AR) bacteria
species have evolved numerous efflux systems for AR. Many MFS proteins are submitted to UniPro-
tKB, such as efflux pump antibiotic resistance (TARUN_5198) and MFS multidrug transporter
(MFS_1).

Regarding the Resolvase protein family, in bacteria, resolvase proteins are commonly found on
mobile DNA elements, such as plasmids and transposons. Antibiotic resistance genes are frequently
associated with Tn3 family transposons [33].

Regarding the Response_reg protein family, the response regulators protein families form the
central family of signaling proteins in prokaryotes. A protein from the response regulator’s protein
family assists the cell of the bacteria in responding to the environment changes. This is performed by
enabling the bacteria to sense, respond, and adapt to numerous environments.There are some types
of response regulators that are related to the resistance to antibiotics and protonophores. Concern-
ing antibiotic resistance, QseB and BfmR response regulator proteins are responsible for degrees
of antibiotic resistance in Acinetobacter baumannii and Francisella novicida, respectively [30]. Re-
garding protonophores resistance, the response regulator YcbB in Bacillus subtilis is one of the
proteins whose disruption raises cell resistance to protonophores [38].

Finally, the Glycos_transf_2 protein family, glycosyl transferases (GTs), catalyse the formation
of several kinds of glycoproteins with crucial roles in cell-to-cell recognition and communication [9].
One of their important roles is to catalyze the transfer of sugar onto aglycons, and this has a sub-
stantial association for the synthesis of natural products with high value.Glycans play significant
roles in many biological processes in disease and health. There is a close relation between human
and bacteria in the intestine, and this relation can be pathogenic or symbiotic. Bacterial GTs are
considered as one of the virulence factors to humans. Therefore, understanding GTs has a signif-
icant role in vaccine production to protect against bacterial infections. Liposaccharide antibiotic
moenomycin that inhibits bacterial glycosyltransferases is considered as a promising lead [47].

Regarding the Gene ontology, as shown in the table, not all Pfam families map directly to GO
terms. As shown in the table, from the gene ontology view, the common molecular functions of the
protein families are binding and transpose.

Table S( 2) shows the top two protein families of the GIs in the data set, which means the most
frequent two protein families that exist in the GIs together. Simply, as shown in Table S( 2), proteins
that usually belong to transpose protein families and binding or insertion protein families come
together, such as in (HTH_Tnp_1, rve), (HTH_3, Phage_integrase), (ABC_tran, rve), (MFS_1,
LysR_substrate). Furthermore, another case of the two protein families with the transpose and
insertion or binding functionalities is the BPD_transp_1 and ABC_tran. BPD_transp_1 is a
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Table S(2) –The top two protein families exist together in the GIs

Protein Families The Number of GIs
HTH_Tnp_1, rve 11521

HTH_3, Phage_integrase 9730
BPD_transp_1, ABC_tran 7100

ABC_tran, rve 5882
HATPase_c, Response_reg 5512

IstB_IS21, rve 5218
MFS_1, LysR_substrate 5209

HTH_17, Phage_integrase 4744
Glycos_transf_1, Glycos_transf_2 4699

rve, Phage_integrase 4666

family that is a member of the clan BPD_transp_1, which is a clan containing families that
are included in the transport of molecules across membranes. Regarding IstB_IS21, rve protein
families, proteins belonging to the protein family IstB_IS21 contain an ATP/GTP binding P-loop
motif. This motif is found to be linked to the IS21 family insertion sequences [41]. In general,
The protein function is unknown, but there is the possibility that it can perform a transposase
function [45]. There are some cases when we have two protein families with almost the same
molecular function such as binding or insertion in the two protein families (rve, Phage_integrase),
and (HTH_17, Phage_integrase).

Furthermore, in the (HATPase_c, Response_reg) case, the two protein families mainly function
in sensing any changes in the environment and responding to these changes. HATPase_c belongs to
the Histidine kinases clan and members of this superfamily are essential components of regulatory
systems that allow bacteria to react to changes in their environment. Finally, Glycos_transf_1,
Glycos_transf_2 protein families, overall, are from a large family of enzymes called Glycosyl trans-
ferases, as mentioned previously, they catalyze the transfer of sugars to a numerous of accept or
molecules, which are important in all domains of life.

Figure S(4) –Main Functional Components in the GIs

To summarise, from all of the aforementioned information about the protein families that exist
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in the GIs in the data set, it is highly possible that the main components of the GI are Transposable,
Selective of site, Binding, and Naturally producing, as shown in Figure S( 4). This makes sense as
these are the main components that need to transfer a subsequence from one genome to another.
The transpose function that is found in proteins belonging to protein families transposes facilities
such as the MFS_1 protein family. After, there is the selection of site. The function of the proteins
in these protein families is to specify the location of the subsequence in the host genome. An example
of such a protein family is the rve. Regarding binding, which assists in binding the subsequence
in the host genome, proteins with this function belong to protein families such as phage_integres
protein family. Finally, there is the naturally producing, which could be possibly required for the
success of the whole transfer process. An example of a protein family is Glycos_transf_2. It should
be noted that the most important components are transposing and binding.

C Sets of Protein Families

Table S(3) –Top two protein families sets of each size

Support Size Sets of Protein Families Species Genuses
0.031277115 2 HTH_Tnp_1, rve 1102 438
0.02641525 2 Phage_integrase, HTH_3 1598 548
0.012076719 3 PapD_N, Fimbrial, Usher 206 42
0.01195907 3 Phage_tail_L, Lambda_tail_I, Phage_min_tail 190 60
0.008897242 4 Terminase_1, HNH, Phage_portal, Phage_capsid 465 178
0.008344289 4 Terminase_1, Phage_H_T_join, Phage_portal, Phage_capsid 471 186
0.007664864 5 Phage_tail_U, Phage_tail_T, Minor_tail_Z, Phage_TTP_12,

Phage_TAC_2
48 20

0.00701485 5 Phage_H_T_join, HNH, Terminase_1, Phage_portal, Phage_capsid 371 148
0.006526605 6 Phage_tail_U, Phage_min_tail, Phage_tail_T, Minor_tail_Z,

Phage_TTP_12, Phage_TAC_2
42 16

0.006438368 6 TMP_2, Phage_tail_U, Phage_tail_T, Minor_tail_Z,
Phage_TTP_12, Phage_TAC_2

45 18

0.006097184 7 Phage_TTP_12, Phage_tail_U, Phage_tail_T, Minor_tail_Z,
Phage_min_tail, Phage_tail_L, Phage_TAC_2

41 16

0.006100126 7 Phage_TTP_12, TMP_2, Phage_min_tail, Phage_tail_U, Mi-
nor_tail_Z, Phage_tail_T, Phage_TAC_2

42 16

Table S( 3), shows the top two sets of each size and the support value for each pattern along
with the number of species and genuses that have this set. For example, the first row represents
a set of two protein families that exists in 3% GIs out of 368,339 GIs, along with 1102 species
and 438 genuses. In general, Table S( 3) shows numerous protein families in the patterns that are
from different molecular functions. However, this table shows the protein families that most, if not
all, of them have a very significant role in the horizontal gene transfer process. Starting with the
phage tail protein families, the tail protein of phages is significant for the interaction between host
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bacteria and phages. Phage tail proteins are responsible for host cell recognition and delivery of
the viral genome to the host cytoplasm. For example, there are a number of minor tail proteins
that have enzymatic activity. This type of activity assists the phage in recognizing the correct host.
Furthermore, pass through the cell wall or surface to inject the DNA. The other important protein
family is the Phage_portal family. The proteins of this protein family form a portal (i.e., hole or
channel) that enables DNA passage during packaging and ejection. During the bacteria infection
process, the protein family Phage_capsid plays a significant role in the success of this process
since Phage_capsid proteins protect the viral genome during entry and exit from the host cells.
Regarding Phage_integrase and rve proteins, they are responsible for the integration of a DNA
copy of the viral genome into the host genome. Terminase_1 or Phage Terminase, the majority of
the members of this family are phage proteins. In general, Terminase protein is a key component
of the DNA packaging machine found in phages. Finally, the His-Asn-His (HNH) protein family
is a common protein family that is mainly associated with endonuclease activity. It is a protein
family that is composed of small nucleic acid-binding proteins. Endonucleases are enzymes that
cleave the phosphodiester bond within a polynucleotide chain.

Table S(4) –The top ten protein families in the Sets

Protein Family The number of Sets exists in
Phage_min_tail 152
Phage_TAC_2 137
Phage_tail_T 134

Phage_TTP_12 128
Phage_tail_L 123
Phage_tail_U 121

TMP_2 100
Minor_tail_Z 100

Lambda_tail_I 80
Phage_capsid 52

It was observed that the most frequent protein families in all sets are phage protein families, as
shown in Table S( 4). This could give an indication that the origin of the GIs could be from the
phages.

D The ”Phage_integrase, HTH_Tnp_1, rve” Pattern

The pattern ( Phage_integrase, HTH_Tnp_1, rve ) exists in species that belong to eleven dif-
ferent phyla, and that leads to them being dissimilar from one another, with each one having its
own unique characteristics and living in different environments. Most of the species that have this
pattern belong to the Proteobacteria, Actinobacteria, and Firmicutes phyla as shown in the bubble
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Chart figure in the paper. Firstly, there is the Candidatus Solibacter usitatus which belongs to
the Acidobacteria phylum. In the data set the Candidatus Solibacter usitatus strain that has this
pattern is Ellin6076. Candidatus Solibacter usitatus Ellin6076, showed an abundance of genes that
are affiliated with mobile genetic elements [12]. Furthermore, after comparative genome analyses,
it was revealed that the Ellin6076 large genome came into being by HGT through the ancient
phages or/and other processes [13]. The next phylum is Spirochaetes, where from this phylum, the
species Leptospira mayottensis has this pattern in its genome. The Leptospira mayottensis species
is a pathogenic species that comes from the genus Leptospira and is isolated from humans [8].
It was discovered in 2014 and is linked to various diseases [16]. Another species that has this
pattern is Kiritimatiella glycovorans, which is from the Kiritimatiellaeota phylum. Kiritimatiella
glycovorans is a species discovered in 2016. In general, the Kiritimatiellaceae family is composed
of mainly bacteria which is found in environments that are hypersaline and anoxic. The species
of Kiritimatiellaceae have a gram-negative cell wall that contains peptidoglycan (PNG).Gram-
negative bacteria are the most prevalent primary pathogens. They possess multiple cell surface
glycans that have demonstrated their importance in the process of the biosynthesis and regula-
tion of the cell wall of pathogenic Gram-negative bacteria.The mechanical strength and shape of
bacterial cell is owed to the peptidoglycan, which and can also play a role in the pathogenesis [6].
As a greatly conserved and vital constituent of almost every bacterial cell, PG is identified as a
pathogen-associated molecular pattern by the eukaryotic immune system and is a potent activator
of innate immunity [40]. Next, there is the species Pleurocapsa sp. PCC 7327 that belongs to
the Cyanobacteria phyla. In general, the Cyanobacteria are found to be amongst the most diverse
and widely dispersed phyla of bacteria.Moreover, they are essential contributors to global nitrogen
fixation [46]. Found in a variety of marine environments, the genus Pleurocapsa is a nitrogen-fixing,
spore-forming cyanobacterium, which can grow in either freshwater or saline environments. The
other phylum that has species with this pattern is Nitrospirae, whose official name is Nitrospira
moscoviensis. Nitrospira moscoviensis was discovered in 1995 and is a non-motile, non-marine,
gram-negative, nitrite-oxidizing bacterium that has a curved rod shape [19]. The cytoplasm of
Nitrospira moscoviensis contains polyhydroxybutyrate (granules), which are crucial storage com-
pounds for carbon and energy in a number of prokaryotes, allowing for the survival of the cells
when there is an absence of appropriate carbon sources [19]. The Salinivirga cyanobacteriivorans
species that belongs to the Bacteroidetes phylum is another species that has this pattern. The
species named Salinivirga cyanobacteriivorans was initially described by Ben Hania et al. 2017
[22]. It is a species of bacteria which preys on cyanobacteria. In general, the bacteria species
of the Cyanobacteria phylum are gram-negative that obtain their energy by means of photosyn-
thesis. Cyanobacteria also known as Cyanophyta, Deferribacteres phylum has a species named
Denitrovibrio acetiphilus that has this pattern in its genome sequence. The species Denitrovibrio
acetiphilus belong to the bacterial family Deferribacteraceae and bacterial genus Denitrovibrio [25].
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Denitrovibrio acetiphilus has a curved rod-shaped structure and is a gram-negative, mesophilic,
marine, anaerobic bacterium that respires by means of nitrate reduction. Its capacity to reduce
nitrate is of economic significance, as it eradicates the requirement for expensive biocides that are
presently used in the treatment of oil reserves [32]. Next, there is the Deinococcus psychrotolerans
species that belongs to the Deinococcus-Thermus phylum. In 2019, Deinococcus psychrotolerans
was identified [43]. It is a coccus-shaped, non-motile, gram-negative, strictly aerobic bacterium.
The species of the genus Deinococcus are characterized by their resistance to ionizing radiation.

After that, there is the species Achromobacter denitrificans from the Proteobacteria phylum.
Formerly, the Achromobacter denitrificans species was known as Alcaligenes denitrificans. It was
recently reclassified under the Achromobacter genus [11]. The Achromobacter denitrificans species
are gram-negative, motile, strictly aerobic, and ubiquitous bacterium. The strains of Alcaligenes
denitrificans exist in soil; however, they can sometimes exist in human clinical samples since they
can cause human infections [15]. Later, in the Actinobacteria phylum it has been discovered
that the Gordonia bronchialis species have this pattern. Gordonia species are Gram-positive and
aerobic actinomycetes that have recently been recognized for causing human disease. The species
that belong to the Gordonia genus are gram-positive, catalase-positive, nonmotile, and aerobic [5].
There are numerous Gordonia species that have been isolated from soil [39]. Furthermore, the
bacterium species Gordonia bronchialis was discovered in a number of patients with sternal wounds,
and skin [44].Numerous laboratories for clinical microbiology could misidentify Gordonia species
for Rhodococcus and Nocardia species. This is due to the fact that the species that belong to
the Gordonia genus are closely related to the species that belong to the Rhodococcus genus and
Nocardia genus. In the data set there species from Nocardia or Rhodococcus that have this pattern.

Finally, there is the species Halanaerobium hydrogeninformans from the phylum Firmicutes.
Halanaerobium hydrogeninformans is an obligatory anaerobic, gram positive, non motile, elon-
gated rod-shaped bacterium, that is able to tolerate exceptionally high salinity and high alkalinity
conditions within its environment [10]. Most commonly found in halo alkaline lakes, Halanaero-
bium hydrogenoformans is an alkaliphilic bacterium that can carry out biohydrogen production.
Microorganisms are currently being explored as a means of chemical and biofuel production, such
as future biohydrogen generation at industrial scales. Owing to the increase in price of fossil fu-
els and diminishing of reserves, biofuel production is viewed as a viable contribution to present
and future energy demands. Halanaerobium hydrogeninformans are able to use a number of pure
sugars for hydrogen production, and, consequently, this bacterium is potentially capable of raising
the level of efficiency and efficacy of biohydrogen production that comes from renewable biomass
resources [10].
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E Compound connection

The bacteria in this compound connection are Citrobacter amalonaticus, Enterobacter hormaechei,
Salmonella enterica and all have their own special characteristics. The Citrobacter amalonaticus
belongs to the Citrobacter genus, which is a genus of aerobic, gram-negative bacterium that is part
of the Enterobacteriaceae family. Citrobacter species have been found in sewage, water bodies, the
human gut, as well as in animal intestines [31]. The existence of Citrobacter species in sewage water
is seen as a significant public health threat, especially in areas heavily populated with humans, due
to the capacity of these bacteria to spread efficiently and quickly once an infection takes place.
Infection from Citrobacter species is associated with urinary tract infections, gastroenteritis, and
neonatal meningitis [26]. Citrobacter amalonaticus, or Levinea amalonatica, was initially described
by Young et al. in 1971. The Citrobacter amalonaticus Y19 strain was reported to have the
capability of producing hydrogen from oxidizing toxic carbon monoxide [1]. Regarding Enterobacter
hormaechei, it is a species of gram-negative, oxidase-negative bacteria which is extensively found in
the majority of temperate soils and waters [34]. Overall, Enterobacter species are widely scattered
across many areas such as soil, water, vertebrate and invertebrate hosts, and in the feces of animals
and humans. Enterobacter hormaechei is also an opportunistic infectious pathogen, as it can be
present within the intestinal tract of humans causing diseases in immunocompromised hospital
patients [18].Moreover, Enterobacter hormaechei infections have been discovered in a variety of
mammals, such as pets with respiratory disease complex [24].Finally, the Salmonella enterica,
in general, Salmonella is a gram-negative bacteria with a rod-shaped appearance and facultative
anaerobes that belong to the Enterobacteriaceae family. Salmonella species have the ability to
multiply and grow under numerous environmental conditions outside the living hosts. Salmonella
genus, which is closely related to the genus Escherichia, is known as the most prevalent foodborne
pathogen that is often detached from food-producing animals, causing zoonotic infections in humans
and various animal species including birds. Thus, infections from Salmonella are a major concern
to public health, the health of animals, as well as the global food industry [3]. The intestinal
tract of humans and farm animals is Salmonella serovars’ main niche. However, it can also be
found in the intestinal tract of reptiles, wild birds and less commonly insects [4]. Salmonella is
divided into two different groups, Salmonella bongori and Salmonella enterica. Salmonella enterica
species is a food-borne pathogen known for causing mild to serious human diseases, such as mild
gastroenteritis and severe systemic infections. One of the major disease burdens worldwide is the
human infections caused by Salmonella enterica through contaminated water or food. Salmonella
enterica is like the other salmonella species that cause foodborne illness globally and is accountable
for significant public health as well as economic damages. When testing for Salmonella enterica in
food, there are usually issues caused by the existence of background microflora that could present
themselves as Salmonella which is false-positive [20]. It is often very challenging to tell the difference
between false-positive isolates that belong to the Citrobacter genus and Salmonella genus owing
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to the similarities in their cell surface antigens, genetics, as well as other phenotypes [36]. The
core genome analysis shows that the Citrobacter and Salmonella enterica populations investigated
appear to share a common evolutionary history. As with Salmonella, Citrobacter is often isolated
from water, soil, and animals’ digestive tract [7]. In general, an ambiguous connection between
Escherichia coli, Citrobacter, and Salmonella is apparent, which presents a practical issue in the
field of medical diagnosis and food safety testing, since the identification of accurate species is
crucial to confirm the existence of pathogens [36].

F Analysis of the Phages in the connections

Figure S(5) –Case 1 phages phylogeny

In this section, the phages in the connections were analyzed. The Connections table shows
that there is a group of phages in a connection with the same bacteria species. For example,
there is a connection between Phage MF695815.1 and bacteria NZ_LS992183.1, NZ_CP020820.1.
Furthermore, the same bacteria exists in another connection with phage MK416014.1. In the
Connections table there are three cases where a group of phages is in HGT connection with the
same bacteria species. Therefore, phylogenetic trees and BLAST analysis were performed to analyze
the phages and understand the relation between these phages. Starting with the first case, blue
rows, Figure S( 5) shows the phylogeny connection between the phages in the first case in the table.
The figure shows the four phages are from different species. All the species belong to the same
taxonomy level named unclassified Myoviridae. Unclassified Myoviridae is a level with no rank
under the Myoviridae family.

Connections (Phages BLAST Analysis) table in the Supplemental document shows the BLAST
analysis for all the phages in the Connections table. The BLAST analysis shows that the E value is
zero between all the phages regarding the first case. The second case (i.e., orange) in the Connec-
tions table includes two partial genomes that belong to the same species; uncultured Caudovirales
phage. In the Connections (Phages BLAST Analysis) table, the idetity value is 99.982% and the
E value equated to zero. Moreover, the query coverage is around 100%. It is worth mention-
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ing that the difference between the length of the two phage genomes (MF417956.1=16570 bp,
MF417957.1=16537 bp) is very small. Finally, the last case include species from the same taxon-
omy level named unclassified Siphoviridae. In the BLAST analysis, as shown in the Connections
(Phages BLAST Analysis) table, the identity values above 98% and the E values equated to zero.

Overall, it is obvious from the coverage values in each case that there is a common subsequence
between the phages in each case. This sequence could be the GI in each connection in the phage
and bacteria. More information about the shared subsequence (i.e. GI) is presented in the The
Existence of a Shared Prokaryotic GI in the connection Species Section in the main text.

Figure S(6) –Connections phages phylogeny

The phylogeny of the phages in the connections is presented in Figure S( 6). The phylogeny
shows that most of the phages belong to the Caudovirales order except Bacteriophage sp.. In
general, it is clear that there is a connection between phages in each case, and this connection
deserves further investigation in the future.

G Supplemental Algorithms

See the main document for the purpose of these algorithms and for the references to the pseudocode
by algorithm number.
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Algorithm 1: Patterns
Input: GIs, GIs_Proteins
Output: Patterns Files

1 Apriori_Sets ← Apriori(GIs Proteins)
2 Patterns=[]
3 for S in Apriori_Sets do
4 Set_Patterns=itertools.permutations(S)
5 for SP in list(Set_Patterns) do
6 Patterns.append(SP)
7 end
8 end
9 Interesting_Patterns=[]

10 for P in Patterns do
11 if 3 ≤ length(P ) ≤ 5 then
12 Pattern_GIs=[]
13 for GI in GIs do
14 if P in GI then
15 Pattern_GIs.append(GI)
16 end
17 end
18 (Superkingdom,Phylum,Class,Order,Family,Genus,Species) ← Taxonomy(Pattern_GIs)
19 if len(Pattern_GIs) > 10 then
20 if Most_Frq_Order = 7 then
21 Interesting_Patterns.append(P,Superkingdom,Phylum,Class,Order,Family,Genus,Species,

len(Pattern_GIs))
22 end
23 end
24 end
25 end
26 return Interesting_Patterns
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Algorithm 2: Presence of Phages in the Patterns
Input: Patterns Files
Output: Patterns_Phages Proteins Files

1 for P in Patterns do
2 Pattern_GIs ← Retrieve_GIs(P) ▷ Retrieve the GIs that have the P pattern
3 for GI in Pattern_GIs do
4 GI_Proteins ← Pattern_GI_Proteins(GI,P) ▷ Retrieve the proteins of the GI
5 InputFile_GI_Proteins=open(Input_File.txt,w)
6 InputFile_GI_Proteins.write(GI_Proteins)
7 OutputFile_GI_Viral_Proteins=open(P+‘_’+GI+‘.txt’,w)
8 blastp -db Viral_DataBase -query InputFile_GI_Proteins -out OutputFile_GI_Viral_Proteins

-evalue 10e-10
9 end

10 end
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Algorithm 3: Patterns — Phage Information
Input: Patterns_PhagesProteins Files
Output: Patterns_PhagesProteinsInfo Files

1 for P in Patterns do
2 PatternFile=open(P+‘.txt’)
3 Pattern_GIs ← Retrieve_GIs(P)
4 for GI in Pattern_GIs do
5 File=read(P+‘_’+GI+‘.txt’)
6 index = −1
7 BP =‘’
8 for Line in File do
9 (BacteriaProtein, PhageProteinAccessoin, Evalue) = Get_Line_Data(Line)

10 (OrganismName , OrganismAccession)=EFetch(PhageProteinAccessoin)
11 if index==-1 or BacteriaProtein != BP then
12 index=index+1
13 Organism_Name.append([])
14 Organism_Acc.append([])
15 Protein_Acc.append([])
16 Protein_Evalue.append([])
17 end
18 Organism_Name[index].append(OrganismName)
19 Organism_Acc[index].append(OrganismAccession)
20 Protein_Acc[index].append(PhageAccessoin)
21 Protein_Evalue[index].append(Evalue)
22 BP=BacteriaProteiny
23 end
24 if index ==length(P) then
25 GI_Phage_Intersection=Intersection(Organism_Acc)
26 for Phage in GI_Phage_Intersection do
27 PatternFile.write(GI, Phage, Max(E value))
28 end
29 end
30 end
31 end
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Algorithm 4: Extracting HGT Connections
Input: Patterns_PhagesProteinsInfo Files
Output: Phage_Bacteria_Connections File

1 for P in Patterns do
2 PatternFile=read(P+‘.txt’)
3 PatternPhageInfo=write(‘PhagesInGIs’+P+‘.txt’)
4 Phages=[], Seen=[], P_Phages=[], P_GIs=[], P_Evalue=[]
5 for Line in PatternFile do
6 (Phage, GI, Evalue) ← Get_Data(Line)
7 P_Phages.append(Phage), P_GIs.append(GI), P_Evalue.append(Evalue)
8 if Phage not in Seen then
9 Phages.append(Phage), Seen.append(Phage)

10 end
11 end
12 for Phage in Phages do
13 P_Index=0, Bacteria_GIs=[], Evalues=[]
14 for PP in P_Phages do
15 P_Index+=1
16 if Phage == PP then
17 Bacteria_GIs.append(P_GIs[P_Index])
18 Evalues.append(P_Evalue[P_Index])
19 end
20 end
21 PatternPhageInfo.write(P, Phage, Bacteria_GIs, Evalues)
22 end
23 end
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Algorithm 5: Filtering HGT Connections — Taxonomy
Input: Phage_Bacteria_connections File
Output: Phage_Bacteria_connections_TaxFilter File

1 for P in Interesting_Patterns do
2 PatternFile=read(‘PhagesInGIs’+P+‘.txt’)
3 GIsLineageFile=write(‘GIsLineage’+P+‘.txt’)
4 GIsEvaluesFile=write(‘GIsLineageEvalues’+P+‘.txt’)
5 for Line in PatternFile do
6 Bacteria_List ← Get_Bacteria(Line)
7 Lineage=[]
8 for B in Bacteria_List do
9 Lineage.append(Get_Lineage(B))

10 end
11 Common_Lineage=Intersection(Lineage)
12 if Length (Common_Lineage) <5 then
13 GIsLineageFile.write(Line, Common_Lineage)
14 Bacteria_GIs=[], Bacteria_Evalues=[]
15 for B in Bacteria_List do
16 if Evalue <10e-100 then
17 Bacteria.append(B)
18 end
19 end
20 Phage ← GetPhage(Line)
21 GIsEvaluesFile.write(Phage, Bacteria_GIs, Bacteria_Evalues)
22 end
23 end
24 end
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Algorithm 6: Connections
Input: Phage_Bacteria_connections_TaxFilter File
Output: Novel_HGT_connections File

1 PatternFile=read(‘GIsLineageEvalues’+P+‘.txt’)
2 Phages_vs_Bacteria=write(PhagesVSBacteria’+P+‘.txt’)
3 Bacteria_vs_Bacteria=write(BacteriaVSBacteria’+P+‘.txt’)
4 HGT=write(HGT.txt)
5 for Line in PatternFile do
6 (Phage, GIs, Bacteria_Name) ← Get_Data(Line)
7 (Phage_Proteins) ← Get_Proteins(Phage)
8 (Bacteria_Proteins) ← Get_Proteins(GIs)
9 Flage1=0, Flage2=0

10 PhageVSBacteria=BLAST(Phage_Proteins , Bacteria_Proteins)
11 for FB in PhageVSBacteria do
12 if (FB.ScientificName == Bacteria_Name) and (FB.Identity ≥ 85) and

(TextSimilarity(FB.ScientificName,Bacteria_Name) <0.4) then
13 Phages_vs_Bacteria.write(Phage, FB.GI)
14 Flage1=1
15 end
16 end
17 BacteriaVSBacteria=BLAST_BothDirections(Bacteria_Proteins , Bacteria_Proteins)
18 for FB in PhageVSBacteria do
19 if (FB.ScientificName == Bacteria_Name) and (FB.Identity ≥ 85) and

(TextSimilarity(FB.ScientificName,Bacteria_Name) <0.4) then
20 Bacteria_vs_Bacteria.write(FB.GI, FB.GI)
21 Flage2=1
22 end
23 end
24 if Flage1==1 and Flage2==1 and ((Phage,GIs) ∩ (GIs,GIs)) ̸= ∅ then
25 HGT.write((Phage,GIs),(GIs,GIs))
26 end
27 end
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Algorithm 7: Connections — Extract Species Subsequences
Input: Novel_HGT_connections File
Output: Blast Results, Clustal

1 for connection in connectionsFile do
2 for i in connectionsBacteria do
3 Coordinates ← BLAST(Phage,Bacteria)
4 end
5 //Get Phage Coordinates

6 if Phage_coordinates_Equal: then
7 (Start, End) ← Get_any_phage_coordinates()
8 end
9 else if Phage_Starts_Equal then

10 End ← Get_Phage_coordinates_End()
11 end
12 else if Phage_Ends_Equal then
13 Start ← Get_Phage_coordinates_Start()
14 end
15 else
16 //Phage_coordinates_not_Equal

17 (Start, End) ← Compute_phage_coordinates()
18 end
19 Phage subsequence ← Extract_Phage_subsequence (Start, End)
20 PhageFile ← write(Phage subsequence)
21 ClustalFile ← write(Phage subsequence)
22 //Get Bacteria Coordinates

23 if length(Bacteria)==1 then
24 //Onebacteria

25 Clustal ← write(Bacteria Subsequence)
26 end
27 else
28 //More than one bacteria

29 for i in Bacteria do
30 Difference = abs((PhageS − PhageE + 1)− (abs(Bacterium_E −Bacterium_S) + 1))

31 X = Difference/2; A = int(X); Y = X −A

32 if Bacteria_Phage_Length_Difference == 0 then
33 Clustal ← write(Bacteria Subsequence)
34 end
35 else if Bacteria_Phage_Length_Difference > 1200 then
36 New_Coordinates ← BLAST(phage, bacteria(i))
37 Clustal ← write(Bacteria Subsequence (New_Coordinates))
38 end
39 else if Bacteria_Phage_Length_Difference > 0 then
40 Clustal ← write(Bacteria_Subsequence_Extend)
41 end
42 else
43 Clustal ← write(Bacteria_Subsequence_Trim)
44 end
45 end
46 end
47 end
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H Supplemental Tables

Table S(5) –Top species in the data set

Species Genomic Islands
Escherichia coli 51152
Salmonella enterica 29225
Klebsiella pneumoniae 17238
Bordetella pertussis 16382
Pseudomonas aeruginosa 8614

Table S(6) –Patterns

Index Pattern
Size

Pattern- Protein Family Name Pattern- Protein Family Accession

1 3 Phage_capsid HK97-gp10_like HNH PF05065.14 PF04883.13 PF01844.24
2 3 Terminase_1 HK97-gp10_like HNH PF03354.16 PF04883.13 PF01844.24
3 3 Terminase_1 Phage_capsid HK97-gp10_like PF03354.16 PF05065.14 PF04883.13
4 3 Phage_H_T_join Terminase_1 HNH PF05521.12 PF03354.16 PF01844.24
5 3 HNH Phage_portal Phage_capsid PF01844.24 PF04860.13 PF05065.14
6 3 Phage_capsid HNH Phage_portal PF05065.14 PF01844.24 PF04860.13
7 3 Phage_capsid Phage_portal HNH PF05065.14 PF04860.13 PF01844.24
8 3 HNH Terminase_1 Phage_capsid PF01844.24 PF03354.16 PF05065.14
9 3 Terminase_1 Phage_capsid HNH PF03354.16 PF05065.14 PF01844.24
10 3 Phage_capsid HNH Terminase_1 PF05065.14 PF01844.24 PF03354.16
11 3 Terminase_4 Phage_capsid HNH PF05119.13 PF05065.14 PF01844.24
12 3 Phage_connect_1 Phage_portal HNH PF05135.14 PF04860.13 PF01844.24
13 3 HNH Terminase_1 Phage_portal PF01844.24 PF03354.16 PF04860.13
14 3 Terminase_4 Terminase_1 HNH PF05119.13 PF03354.16 PF01844.24
15 3 HTH_Tnp_1 rve Phage_integrase PF01527.21 PF00665.27 PF00589.23
16 3 Phage_integrase HTH_Tnp_1 rve PF00589.23 PF01527.21 PF00665.27
17 3 Terminase_1 Phage_portal Phage_capsid PF03354.16 PF04860.13 PF05065.14
18 3 Terminase_1 Phage_capsid Phage_portal PF03354.16 PF05065.14 PF04860.13
19 3 Phage_capsid Phage_portal Terminase_1 PF05065.14 PF04860.13 PF03354.16
20 4 Terminase_1 Phage_capsid HK97-gp10_like HNH PF03354.16 PF05065.14 PF04883.13 PF01844.24
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Table S(7) –Connections. Each row represents a HGT connection. This means a phage and bacteria that
have a pattern in common. The header shows the pattern index number, the pattern protein families, the
phage name, the phage genome accession number, and the bacteria genome accession numbers. Rows colored
with the same color mean that there are different phages have a connection with the same group of bacteria.

Index Pattern Phage Name Phage
Genome

Bacteria
Genomes

44 Terminase_1 Phage_portal
Phage_capsid

Bacteriophage sp. MN855837.1 NZ_CP026116.1,
NZ_AP017931.1

54 Terminase_1 Phage_portal
Phage_capsid

Enterobacteria phage SfI NC_027339.1 NZ_CP030787.1

58 Terminase_1 Phage_portal
Phage_capsid

Enterobacteria phage mEp235 NC_019708.1 NC_009778.1

64 Terminase_1 Phage_portal
Phage_capsid

Escherichia phage Henu7 LR881103.1 NZ_CP035214.1,
NC_015968.1,
NZ_CP020388.1

73 Terminase_1 Phage_portal
Phage_capsid

Klebsiella phage ST13-
OXA48phi12.2

MK422452.1 NZ_LT556084.1

92 Terminase_1 Phage_portal
Phage_capsid

Salmonella phage ST64B NC_004313.1 NZ_CP030787.1

94 Terminase_1 Phage_portal
Phage_capsid

Shigella phage SfII NC_021857.1 NZ_CP030787.1

96 Terminase_1 Phage_portal
Phage_capsid

Shigella phage SfIV NC_022749.1 NZ_CP030787.1

200 Terminase_1 Phage_portal
Phage_capsid

Uncultured Caudovirales phage
clone 7S_14

MF417956.1 NZ_CP035214.1,
NC_015968.1,
NZ_CP020388.1

201 Terminase_1 Phage_portal
Phage_capsid

Uncultured Caudovirales phage
clone 2AX_6

MF417957.1 NZ_CP035214.1,
NC_015968.1,
NZ_CP020388.1

383 Phage_capsid Phage_portal
Terminase_1

Klebsiella phage ST13-
OXA48phi12.2

MK422452.1 NZ_CP037894.1,
NZ_CP032841.1

385 Phage_capsid Phage_portal
Terminase_1

Klebsiella phage ST846-
OXA48phi9.1

MK416021.1 NZ_CP020448.2,
NZ_CP038469.1

571 Terminase_1 Phage_portal
Phage_capsid

Klebsiella phage KPP5665-2 MF695815.1 NZ_LS992183.1,
NZ_CP020820.1

573 Terminase_1 Phage_portal
Phage_capsid

Klebsiella phage ST16-
OXA48phi5.3

MK416014.1 NZ_LS992183.1,
NZ_CP020820.1

1385 HNH Phage_portal
Phage_capsid

Lactobacillus phage Sha1 NC_019489.1 NZ_CP021927.1

Table S(8) –Connections (Phages BLAST Analysis)

CI1 CI2 Phage1 Acc. Phage2 Acc. Identity E Value Ph1 Len Ph2 Len Overlap Cov. 1 Cov. 2
54 58 NC_027339.1 NC_019708.1 94.737 2.43E-160 38389 37595 361 1% 1%
54 92 NC_027339.1 NC_004313.1 83.345 0 38389 40149 9649 25% 24%
54 94 NC_027339.1 NC_021857.1 98.164 0 38389 41475 12093 32% 29%
54 96 NC_027339.1 NC_022749.1 98.186 0 38389 39758 6008 16% 15%
58 73 NC_019708.1 MK422452.1 79.772 0 37595 34141 3421 9% 10%

Continued on next page
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Table 8 – continued from previous page
CI1 CI2 Phage1 Acc. Phage2 Acc. Identity E Value Ph1 Len Ph2 Len Overlap Cov. 1 Cov. 2
58 94 NC_019708.1 NC_021857.1 88.354 9.77E-135 37595 41475 395 1% 1%
58 96 NC_019708.1 NC_022749.1 87.342 4.39E-128 37595 39758 395 1% 1%
58 385 NC_019708.1 MK416021.1 75.261 0 37595 38370 1722 5% 4%
58 571 NC_019708.1 MF695815.1 75.134 0 37595 39241 1673 4% 4%
64 200 LR881103.1 MF417956.1 90.841 0 16548 16570 3188 19% 19%
64 201 LR881103.1 MF417957.1 90.841 0 16548 16537 3188 19% 19%
64 571 LR881103.1 MF695815.1 79.545 1.41E-159 16548 39241 792 5% 2%
73 571 MK422452.1 MF695815.1 92.448 4.87E-157 34141 39241 384 1% 1%
73 573 MK422452.1 MK416014.1 92.664 0 34141 29301 1445 4% 5%
92 94 NC_004313.1 NC_021857.1 83.591 0 40149 41475 9629 24% 23%
92 96 NC_004313.1 NC_022749.1 82.286 0 40149 39758 11031 27% 28%
94 96 NC_021857.1 NC_022749.1 97.284 0 41475 39758 6739 16% 17%
200 201 MF417956.1 MF417957.1 99.982 0 16570 16537 16537 99% 100%
385 571 MK416021.1 MF695815.1 92.308 1.46E-08 38370 39241 39 0% 0%
385 573 MK416021.1 MK416014.1 81.407 1.26E-82 38370 29301 398 1% 1%
571 573 MF695815.1 MK416014.1 98.891 0 39241 29301 8385 21% 29%

Table S(9) –Connections (Phages and Bacteria BLAST Analysis)

CI Species Name Species Acces-
sion

Species Name Species Acces-
sion

Ident.

44 Bacteriophage_sp. MN855837.1 Lactobacillus_curvatus NZ_CP026116.1 90.268
44 Bacteriophage_sp. MN855837.1 Lactobacillus_sakei NZ_AP017931.1 93.356
44 Lactobacillus_curvatus NZ_CP026116.1 Lactobacillus_sakei NZ_AP017931.1 93.705
54 Enterobacteria_phage_SfI NC_027339.1 Escherichia_albertii NZ_CP030787.1 96.715
58 Enterobacteria_phage_mEp235 NC_019708.1 Cronobacter_sakazakii NC_009778.1 80.314
64 Escherichia_phage_Henu7 LR881103.1 Klebsiella_michiganensis NZ_CP035214.1 94.267
64 Escherichia_phage_Henu7 LR881103.1 Enterobacter_soli NC_015968.1 90.602
64 Escherichia_phage_Henu7 LR881103.1 Pluralibacter_gergoviae NZ_CP020388.1 87.451
64 Klebsiella_michiganensis NZ_CP035214.1 Enterobacter_soli NC_015968.1 90.365
64 Klebsiella_michiganensis NZ_CP035214.1 Pluralibacter_gergoviae NZ_CP020388.1 82.271
64 Enterobacter_soli NC_015968.1 Pluralibacter_gergoviae NZ_CP020388.1 94.589
73 Klebsiella_phage_ST13-OXA48phi12.2 MK422452.1 Citrobacter_amalonaticus NZ_LT556084.1 80.409
92 Salmonella_phage_ST64B NC_004313.1 Escherichia_albertii NZ_CP030787.1 84.897
94 Shigella_phage_SfII NC_021857.1 Escherichia_albertii NZ_CP030787.1 96.734
96 Shigella_phage_SfIV NC_022749.1 Escherichia_albertii NZ_CP030787.1 96.989
200 uncultured_Caudovirales_phage MF417956.1 Klebsiella_michiganensis NZ_CP035214.1 88.169
200 uncultured_Caudovirales_phage MF417956.1 Enterobacter_soli NC_015968.1 94.426
200 uncultured_Caudovirales_phage MF417956.1 Pluralibacter_gergoviae NZ_CP020388.1 90.268
200 Klebsiella_michiganensis NZ_CP035214.1 Enterobacter_soli NC_015968.1 90.365
200 Klebsiella_michiganensis NZ_CP035214.1 Pluralibacter_gergoviae NZ_CP020388.1 82.271
200 Enterobacter_soli NC_015968.1 Pluralibacter_gergoviae NZ_CP020388.1 94.589

Continued on next page
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Table 9 – continued from previous page
CI Species Name Species Acces-

sion
Species Name Species Acces-

sion
Ident.

201 uncultured_Caudovirales_phage MF417957.1 Klebsiella_michiganensis NZ_CP035214.1 88.169
201 uncultured_Caudovirales_phage MF417957.1 Enterobacter_soli NC_015968.1 94.426
201 uncultured_Caudovirales_phage MF417957.1 Pluralibacter_gergoviae NZ_CP020388.1 90.268
201 Klebsiella_michiganensis NZ_CP035214.1 Enterobacter_soli NC_015968.1 90.365
201 Klebsiella_michiganensis NZ_CP035214.1 Pluralibacter_gergoviae NZ_CP020388.1 82.271
201 Enterobacter_soli NC_015968.1 Pluralibacter_gergoviae NZ_CP020388.1 94.589
383 Klebsiella_phage_ST13-OXA48phi12.2 MK422452.1 Salmonella_enterica NZ_CP037894.1 80.085
383 Klebsiella_phage_ST13-OXA48phi12.2 MK422452.1 Enterobacter_hormaechei NZ_CP032841.1 81.947
383 Salmonella_enterica NZ_CP037894.1 Enterobacter_hormaechei NZ_CP032841.1 90.646
385 Klebsiella_phage_ST846-OXA48phi9.1 MK416021.1 Citrobacter_braakii NZ_CP020448.2 77.904
385 Klebsiella_phage_ST846-OXA48phi9.1 MK416021.1 Citrobacter_tructae NZ_CP038469.1 77.961
385 Citrobacter_braakii NZ_CP020448.2 Citrobacter_tructae NZ_CP038469.1 91.507
571 Klebsiella_phage_KPP5665-2 MF695815.1 Citrobacter_freundii NZ_LS992183.1 84.107
571 Klebsiella_phage_KPP5665-2 MF695815.1 Pantoea_vagans NZ_CP020820.1 78.460
571 Citrobacter_freundii NZ_LS992183.1 Pantoea_vagans NZ_CP020820.1 91.307
573 Klebsiella_phage_ST16-OXA48phi5.3 MK416014.1 Citrobacter_freundii NZ_LS992183.1 83.455
573 Klebsiella_phage_ST16-OXA48phi5.3 MK416014.1 Pantoea_vagans NZ_CP020820.1 78.541
573 Citrobacter_freundii NZ_LS992183.1 Pantoea_vagans NZ_CP020820.1 91.307
1385 Lactobacillus_phage_Sha1 NC_019489.1 Pediococcus_pentosaceus NZ_CP021927.1 88.159

Table S(10) –Connections (GIs Coordinates Information). The table includes the length of the two genomes;
the query length (Q length) and subject length (S length), the overlap or alignment length (A Len), the
start and the and of query alignment (Q Start, Q End), the start and the and of subject alignment (S Start,
S End), the start and the end of the GI that is discovered in the bacteria genome (i.e. subject genome) as
mentioned in the IslandViewer4 website.

CI Q Species S Species Q
length

S
length

A
Len

Q
Start

Q
End

S
Start

S End GI
Start

GI
End

44 MN855837.1 NZ_CP026116.1 10442 1898076 5004 1 5001 723582 718580 698993 744389
44 MN855837.1 NZ_AP017931.1 10442 1950487 4997 1 4997 477956 482951 469294 485205
44 NZ_CP026116.1 NZ_AP017931.1 1898076 1950487 15124 1340969 1356052 129474 114392 - -
54 NC_027339.1 NZ_CP030787.1 38389 4659718 5875 2 5876 1010412 1016286 994657 1036029
58 NC_019708.1 NC_009778.1 37595 4368373 5801 1 5757 988865 994638 956100 1008032
64 LR881103.1 NZ_CP035214.1 16548 5914592 4675 12126 16499 2378985 2374312 2371719 2390239
64 LR881103.1 NC_015968.1 16548 4812833 3107 12229 15327 4260640 4257536 4251287 4268785
64 LR881103.1 NZ_CP020388.1 16548 5408082 4327 12237 16548 403350 399027 395976 412314
64 NZ_CP035214.1 NC_015968.1 5914592 4812833 20031 2406622 2426580 4291618 4311590 - -
64 NZ_CP035214.1 NZ_CP020388.1 5914592 5408082 28563 2428090 2456422 1176073 1147748 - -
64 NC_015968.1 NZ_CP020388.1 4812833 5408082 14784 4296848 4311604 1192305 1177552 - -

Continued on next page
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Table 10 – continued from previous page
CI Q Species S Species Q

length
S
length

A
Len

Q
Start

Q
End

S
Start

S End GI
Start

GI
End

73 MK422452.1 NZ_LT556084.1 34141 5048670 6253 16852 23087 2178196 2184423 2174695 2191206
92 NC_004313.1 NZ_CP030787.1 40149 4659718 7813 1 7781 1010446 1018233 994657 1036029
94 NC_021857.1 NZ_CP030787.1 41475 4659718 7899 1 7898 1010336 1018233 994657 1036029
96 NC_022749.1 NZ_CP030787.1 39758 4659718 6741 1 6731 1010394 1017125 994657 1036029
200 MF417956.1 NZ_CP035214.1 16570 5914592 3271 12052 15315 2383552 2380297 2371719 2390239
200 MF417956.1 NC_015968.1 16570 4812833 3068 12248 15315 4260624 4257557 4251287 4268785
200 MF417956.1 NZ_CP020388.1 16570 5408082 3062 12248 15309 403342 400281 395976 412314
200 NZ_CP035214.1 NC_015968.1 5914592 4812833 20031 2406622 2426580 4291618 4311590 - -
200 NZ_CP035214.1 NZ_CP020388.1 5914592 5408082 28563 2428090 2456422 1176073 1147748 - -
200 NC_015968.1 NZ_CP020388.1 4812833 5408082 14784 4296848 4311604 1192305 1177552 - -
201 MF417957.1 NZ_CP035214.1 16537 5914592 3271 12023 15286 2383552 2380297 2371719 2390239
201 MF417957.1 NC_015968.1 16537 4812833 3068 12219 15286 4260624 4257557 4251287 4268785
201 MF417957.1 NZ_CP020388.1 16537 5408082 3062 12219 15280 403342 400281 395976 412314
201 NZ_CP035214.1 NC_015968.1 5914592 4812833 20031 2406622 2426580 4291618 4311590 - -
201 NZ_CP035214.1 NZ_CP020388.1 5914592 5408082 28563 2428090 2456422 1176073 1147748 - -
201 NC_015968.1 NZ_CP020388.1 4812833 5408082 14784 4296848 4311604 1192305 1177552 - -
383 MK422452.1 NZ_CP037894.1 34141 4820913 5885 16876 22738 2126051 2131911 2107250 2161140
383 MK422452.1 NZ_CP032841.1 34141 4739272 5650 16876 22509 2793064 2787434 2770640 2816045
383 NZ_CP037894.1 NZ_CP032841.1 4820913 4739272 20013 492423 512365 4258623 4238667 - -
385 MK416021.1 NZ_CP020448.2 38370 5244290 6051 7579 13591 1112570 1106562 1081621 1135661
385 MK416021.1 NZ_CP038469.1 38370 4840504 6053 7579 13591 1215983 1209974 1164030 1236449
385 NZ_CP020448.2 NZ_CP038469.1 5244290 4840504 50359 3935975 3986257 3801923 3852179 - -
571 MF695815.1 NZ_LS992183.1 39241 5009078 5776 1 5766 4549175 4554940 4546666 4571702
571 MF695815.1 NZ_CP020820.1 39241 4023751 5752 1 5714 1257421 1263131 1234925 1263088
571 NZ_LS992183.1 NZ_CP020820.1 5009078 4023751 8731 490562 499274 457932 466652 - -
573 MK416014.1 NZ_LS992183.1 29301 5009078 6419 16767 23166 4548538 4554940 4546666 4571702
573 MK416014.1 NZ_CP020820.1 29301 4023751 5853 17304 23114 1257324 1263131 1234925 1263088
573 NZ_LS992183.1 NZ_CP020820.1 5009078 4023751 8731 490562 499274 457932 466652 - -
1385 NC_019489.1 NZ_CP021927.1 41726 1757573 5574 5658 11201 809268 814806 795677 836587

26



I MUSCLE Phylogenetic Trees

(a) Connection 44 (b) Connection 64

Figure S(7) –The phylogenetic trees of connection 44 and connection 64

(a) Connection 200 (b) Connection 201

Figure S(8) –The phylogenetic trees of connection 200 and connection 201
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(a) Connection 383 (b) Connection 385

Figure S(9) –The phylogenetic trees of connection 383 and connection 385

(b) HGT connection 571 (b) HGT connection 573

Figure S(10) –The phylogenetic trees of connection 571 and connection 573
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