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1.1 Introduction

1.1.1 Antimicrobial Resistance Genes in Microbial Populations of Recreational Waters of the
Black Sea Coastal Areas of Georgia

Antimicrobial resistance is one of the major challenges of global public health
(Mootapally et al. 2019) and is of particular concern for developing countries (Cuadrat et al.
2020). Clinical bacterial strains are increasingly becoming resistant to antibiotics, which poses
a serious threat to human health (Beceiro et al. 2013). Each year, at least 700,000 people
worldwide die from infections caused by bacterial pathogens resistant to multiple drugs
(Rodriguez-Verdugo et al. 2020), and if preventive measures are not taken, the human
mortality rate could reach 10 million by 2050 (O’Neill 2014; Jasovsky et al. 2016). Antibiotic-
resistant bacteria have been isolated from various environments, including marine ecosystems,
especially those that are exposed to human activities (Alonso et al. 2001; Dang et al. 2007; Zhao
and Dang 2012; Buschmann et al. 2012). The marine microbiome has therefore been
recognized as a complex reservoir of antimicrobial resistance genes (ARGs) (Mootapally et al.
2019). Hense, the monitoring of ARGs in aquatic environments, including coastal waters, has
being actively pursued worldwide. Recent studies on natural aquatic environments (rivers,
lakes, and coastal areas) indicate that a pollution of these ecosystems by ARGs, exhibiting a
fairly broad spectrum of diversity, is clinically significant. This has been primarily due to the
contamination of these environments by various antibiotics, and to the selective pressures that
these antibiotics exert on bacteria (Kolaf et al. 2001; Zhao and Dang 2012; Du et al. 2019; Su
et al. 2020). Moreover, in the natural aquatic environment, these ARG genes gradually become
more widespread favored partially by climate warming (McGough et al. 2018; Rodriguez-
Verdugo et al. 2020), diversifying further at fairly high rates (Hatosy and Martiny 2015; Su et
al. 2020).



The variation in the environmental resistome (a global pool of ARGs) has been due to
mutations and horizontal gene transfer (HGT) (Bengtsson-Palme et al. 2018 ) leading to the
incorporation of new DNAs into the genomes of recombinant strains (Su et al. 2020; Cuadrat
et al. 2020). HGT has contributed also to bacterial speciation (Lawrence and Retchless 2009).
Genetic variations, introduced in living organisms, can lead to phenotypic heterogeneity in a
population that is both heritable and adaptive (Payne and Wagner 2019). In this context,
genetic recombination of ARGs has already been suggested to influence antibiotic tolerance,
long-term persistence of antimicrobial resistance, and ecological fitness of different bacterial
populations (McGough et al. 2018; Rodriguez-Verdugo et al. 2020). Therefore, studying the
distribution, diversity and HGT of antibiotic resistance genes in aquatic environments,
contributes significantly to our understanding of public health crisis caused by the continued
emergence of antimicrobial resistance. Thus, more in-depth studies are needed to elucidate the
molecular-genetic mechanisms underlying the emergence and persistence of antimicrobial
resistance, its determinants, as well as the diversity of ARGs in marine microbial populations.
It must be indicated that our knowledge of the genetic diversity of ARG-carriers and that of a
spectrum of ARGS across various marine environment, especially across the recreational

waters of the Georgian Black Sea coastal area, is very limited.

The chapter 3.1 describes our first pilot study, using metagenomic approaches,
elucidating the genetic diversity of ARGs in recreational waters of the Black Sea coastal areas
of Batumi, Georgia (Gabashvili et al. 2022). Here, we also describe HGT events and their
trajectories involving these ARGs across microbial populations from the above area. In
particular, our metagenomic study, examining the Green Cape and Batumi Boulevard coastal
recreational waters, has revealed ARGs exhibiting predominantly those intrinsic antimicrobial
resistance mechanisms that can be present in microbial populations even in the absence of

selective antibiotic pressures.



Some of the ARGs from the Black Sea surface waters were found to encode both drug-
specific and multidrug efflux transporters associated with certain human pathogens (e.g., some
species from the genera of Vibrio and Aeromonas) from aquatic environments, and with non-
pathogenic marine bacteria such as Synechococcus, Rhodobacteraceae, Pseudoalteromonas,
Altererythrobacter, Erythrobacter, Altererythrobacter, Loktanella, and several other genera.
Using in si/ico recombination analyses, our studies have also shown that the bacteria that are
carriers of ARGs can be involved in the genetic recombination, transferring these ARGs across

genetically fairly distinct aquatic microbial communities.

1.1.2 Bacteriophage Transduction-Mediated Genetic Recombination of Antimicrobial
Resistance Genes

Microbes can interact better in an aquatic environment, facilitating dissemination of
antibiotic resistance genes (Coutinho et al. 2014). Acquisition of antimicrobial resistance genes
by bacteria can occur through bacteriophage transduction, although this phenomenon still
needs to be more rigorously studied. Generally, bacterial DNA is transferred from a donor
bacterium to a recipient bacterium by phages, which, along with some other environments,
also commonly takes place in aqueous environments. For example, a quantitative model
suggests that 1.3x10'phage transduction events per year can be expected in Tampa Bay (Jiang
and Paul 1998), while a global rate of the above phenomenon is estimated to equal

approximately 2x10'¢ per second (Wang et al. 2016).

Phage-mediated transduction is expected to contribute significantly to the
dissemination of ARGs (Colavecchio et al. 2017). Bacteriophages, also known as bacterial
viruses, are the most widespread organisms, including 10%' phages with tails (Hendrix et al.

1999). They are widely distributed and are found in oceans, lakes, soils, sewage, drinking
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water, and microbial plant populations (Wommack and Colwell 2000; Briissow and Hendrix
2002; Hendrix 2002; Wilhelm et al. 2002; Hambly and Suttle 2005; Suttle 2005; Clokie et al.
2011). Phages, as agents of horizontal gene transfer, are thought to have a significant impact
on the evolution of microbes. Phage transduction can occur even when the donor and recipient
bacteria are not in the same location or at the same time, as the free phage particles can carry
ARG(s) before infecting the recipient strain. In addition, free phages have been found to persist
longer in the environment than their hosts (Muniesa et al. 2011; Marti et al. 2014). Moreover,
HGT can be mediated by transducing phages regardless of their lifestyle (Chiang et al. 2019).
Therefore, bacteriophages may play an important role in the dissemination of ARGs among
bacteria. For example, monovalent phages, infecting only one species of bacterial host, have
been found to transfer ARG(s) within £. co/i natural populations (Colavecchio et al. 2017). In
addition to monovalent phages, there exist also polyvalent bacteriophages that can infect a
wide range of bacterial strains, not only from a single genus, but also from different bacterial
genera (Jensen et al. 1998; Sullivan et al. 2003; Bielke et al. 2007; Grose and Casjens 2014).
Some polyvalent phages with various host species are suggested to facilitate the spread of ARGs
on both the inter-species and even intergeneric levels (Muniesa et al. 2013). ARGs
dissmeniation by polyvalent phages on the interspecies levels within the genera Enterococcus
(Mazaheri Nezhad Fard et al. 2011), Staphylococcus, (Zeman et al. 2017) and Salmonella

(Zhang and LeJeune 2008) have been studied under laboratory conditions.

Our analyses (Gabashvili et al. 2020), using in silico recombination detection methods,
showed that polyvalent phages can exchange ARGs not only at the intra- and inter-species
levels, but also at intergeneric levels in natural populations of bacteria. We found that genetic
recombination of b/aCTX-M (broad-spectrum f-lactamase-encoding gene), mel/ (ABC-type

efflux-permease-encoding gene) and tefM (ribosome-protective protein-encoding gene), can
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be mediated by bacteriophages between the genetically very diverse strains collectively

representing Escherichia, Salmonella, Streptococcus, Bacillus and Erysipelothrix.

Our study also strongly suggested that the Sa/monella phage can serve as a vehicle for
the transmission of the 5/aCTX-M gene between E. coli and S. enterica at the intergeneric
levels. Moreover, the recombination tests suggested that in natural populations of S. suis and
E. faecium, the tetM gene could be propagated by the Erysipelothrix phage. Furthermore, our
study detected an exchange of the me/ gene between phages from different genera, namely

Erysipelothrix and Streptococcus.

Antimicrobial resistance in bacteria can be caused not only by acquired resistance
genes, but also by a bacteria-specific intrinsic resistance mechanism associated with inherited
structural and/or functional traits, such as efflux pumps (Lynch et al. 2013), which can be
sometimes also acquired. The efflux pump transporters in gram-positive and gram-negative
bacteria expel toxic compounds and antibiotics from their intracellular environment (Webber
2003). In bacteria, efflux pumps are commonly implicated in generating antimicrobial
resistance and biofilm formation (Poole 2007; Nikaido and Pages 2012; Soto 2013; Alcalde-
Rico et al. 2016; Alav et al. 2018). These genes, encoding for membrane transport proteins, are
not restricted to bacteria phyla. They are also present in some viruses including certain
bacterial viruses, bacteriophages (Greiner et al. 2018). Various membrane transporters have
been discovered in phages, including K* channel, Mg? transporter, sodium glucose transporter,

sodium calcium transporter, and nucleotide transporters (Greiner et al. 2018).

Efflux pumps encoded by some genes found in certain genomes of both bacteria and
bacteriophages could also serve as antibiotic transporters. Antibiotic efflux pump genes (MFS
[Major Facilitator Superfamily], the ATP-binding cassette family, and RND family [resistance-
nodulation-division]) were identified in A. baumannii prophages elements (Costa et al. 2018).

The prophages represent integrated phage genomes in the bacterial chromosome.
12



Nevertheless, the presence of efflux antibiotic resistance genes in phages remains
controversial, because such prophages genomes can be affected and modified by bacterial
defense systems during integration into a bacterial chromosome as a prophage, and thus can
sometime become defective (Canchaya et al. 2004; Pfeifer et al. 2021). We have yet to
determine whether phages contribute to the dissemination of the genetic loci encoding for

antibiotic efflux pumps, especially those that confer multi-drug resistance, in bacteria.

We have conducted meta-analysis screening for antimicrobial resistance-associated
efflux pump genes across phage genomes deposited to the NCBI viral database, which includes

the genomes of lytic and temperate phages, as well as induced prophage genomes.

Our study (Gabashvili et al. 2021a) demonstrated that bacteriophages can acquire genes
encoding for efflux pumps leading to antimicrobial resistance, such as the Major Facilitator
Superfamily (MFS) tranposters, ATP-binding cassette (ABC) transporters, resistance-
nodulation-division (RND) family transporters. The phages containing efflux transporter genes
are isolated from a wide range of pathogens, including Salmonella enterica, Staphylococcus
aureus, Pseudomonas aeruginosa, and Burkholderia pseudomallei, and they can spread these

genes even further.

The array of recombination analysis, performed in silico, revealed that antimicrobial
resistance efflux pump genes are transferred by bacteriophages at both intra- and inter- species
levels in the natural bacterial population, represented by Sa/monella enterica, Mycobacterium
smegmatis, Pseudomonas aeruginosa, Burkholderia pseudomallei, Staphylococcus aureus,

Staphylococcus epidermidis, Streptococcus suis, and Streptococcus gallolyticus.

1.1.3 The Life Cycle of Phages and Their Evolutionary Divergence

Understanding the coevolution of phage-host and phage-phage is essential for phage

preparations designed for therapeutic, food safety or environmental safety applications. Recent
13



observations, as well as our own, collectively suggest that antimicrobial resistance or virulence
genes are mainly associated with phages that exhibit a temperate life cycle (de la Cruz and
Davies 2000; Boyd 2012; Beceiro et al. 2013; Brown-Jaque et al. 2015; Manaia 2017; Deng et al.
2019; Gabashvili et al. 2020; Gabashvili et al. 2021b), remaining latent for prolonged periods
when infecting their bacterial hosts.

Lytic phages are presumed to have a wide range of therapeutic applications against
pathogens given that they lyse bacteria immediately after replication of their virions.
However, recently, the traditional methods, used for classification of phages, have been
challenged by the discovery of phage plasmids, which disrupt the clear distinction between
lytic and temperate phages and highlight the impact of phages evolution on their distinct
lifestyles (Hockenberry and Wilke 2020; Pfeifer et al. 2021). The evolution of phages can be
also driven by interactions between co-infecting phages (Joseph et al. 2009; Refardt 2011; Roux
et al. 2015), which could be crucial for bacterial host cell survival. In this context, it is also
common for phages to participate in horizontal gene transfer (Worobey and Holmes 1999;
Dang et al. 2004; Casjens 2005; Ci¢in-Sain et al. 2005; Kupczok et al. 2018). Consequently,
obtaining a better understanding of host coinfections caused by specific phages and phage-
phage or phage-host interactions, which in turn affect the larger microbiome, becomes
essential.

Our study describes that intra-species, interspecies, and even intergeneric
recombination events occur not only among the virulent phages or their temperate
conspecifics, but also between phages with these different lifestyles during coinfections
(Gabashvili et al. 2021b). In addition, it provides evidence for both bi- and multi-directional
intergeneric recombination of genes involved collectively in phage morphogenesis, host

specificity, and replication.
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1.2 363960 3dLEH®sJE0

1.2.1 560303000 HgBoLEGHIbGH™dOL 396900 9530 B@30L J0zMMdME 3m3wes309ddo

56¢030360MdME0 MH7BoLEBHIBEHMdS AbMBom X 6330l JOHI-gMHO JOMOMSO
399m{39355 (Mootapally et al. 2019) @5 456L539OYO00 33539 3OMDGISL Ho0TMoA9bL
3963005609d5000 939969d0Lm30L (Cuadrat et al. 2020). dogdE9gMorero Esdgdo Lo3dsm
bdoMo 0630569096 9BoLE 0GOS 56¢0d0m 303900l 909s6M !,
6000396003690 M356 Log®Mbal ©9ddb0s6 5060l K 6IMMGEMdSL (Beceiro et al.
2013). ymgz9gefmon®ms  dbmgwomdo  dobodmd 700 000 ssdosbo 0093905
3 EGH0M9BoLEHIBGHIWO  B3JGHIOOMWO  3500Mmygbgdom  sdmfizgmEo  0bxgdzogdol
09ogpo©@  (Rodriguez-Verdugo et al. 2020) o bo3065v@9gd0s, ™3  Lomsbom
3693963090 BMIgdol 4o@sMGO0olL 2969Tg, FomQb 2ob30MHMBYOMDs  5sT0bMS
390053350 9d0L 35B396909¢0ds Fglsderms Hero®ms 10 Joerombl dospfoml 2050 {owb
(O'Neill 2014; Jasovsky et al. 2016). 56&0d0m®H03900L 803G  MHgHBOLEGHIBEH™MEO
0543960900, dgbodEMd godmYma0e» 04656 LBb35ILBZS ocgdm@sb, Joom FmMol B30l
00 93mboLEYFYd0s6, HMI9d0E 3960EOL sbOMIMYgbme Bgdmddgrgdsl (Alonso et
al. 2001; Dang et al. 2007; Zhao and Dang 2012; Buschmann et al. 2012). dglsdsdolsgo, B30l
9036Mmd0m3gd0 99339 dookbgzs  96EH0d0MEH03MMHYBoLEGHIBGH™IOL  296900L  (ARGS)
3033egdbe  MH9HgM3meMmgds (Mootapally et al. 2019). 535bmsbsgg, 2o0M9gdmdo
393639 gdMwo  353d@9M0900 3600369wMm356 Bl SLBIMEgdgh  96EH0T03MMdMWO
M9BoLEIPGHMOOL 296930l FoMOMEO 499399500  Lbbgoolbgs  dogdEgMoryen
303530580, Bom  FmMOL  5sdosbols @y 3bMgggdol  IMogoe  ZsmmMgb®
054390 Lobgmdsdo s Fs8sLosdg bgwl Mfymdgb sbEH0d0MEGH03900L dodsGmrom
9BoLEIBEGHMWMOOL  MbsGol  dJmby 9359900L  Fo6dmdabol.  Fgbodsdolo,

©OIBEEIMd0m  ARG-900L  dglfogers s  dmboGm®mobao  fyeol  gotqdmdo,
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396U5379MH9d0M 30 BOZ0L LobsdomM M93695:30ME HYargddo, 59EH0MS© beMM30gEYds
dbmxywomdo (Baker-Austin et al. 2009; Port et al. 2012; Hatosy and Martiny 2015; Du et al.
2019). 50b5b0dbs305, M LbgoILLIS 3969dM030 [yerol F5M9gdmL (0bsMggdo, GHdYdO
@5 DBEgol  Lsbsdomm 50 gdo)  dgbfageroliol  Asdmgergbowos  3wwobozmGae
36009369wm3560 ARG—900L 9993339030l do@owo ©mbg 53 93mbobE)dgddo, Go;
doM0MOI® 35380600905 bb3oLbZs 56EH0B0MEFH03900m 58 FoMgdmL dOBIMEYdLS
@5 96E0d0MEH03900L JogM 359FH9gM09d0Dg sOBYdME F9MmBgz00 fBgbl (Kolat et al. 2001;
Zhao and Dang 2012; Du et al. 2019; Su et al. 2020). 535b056539, dmbogrm©bgeros, ™A
3MBIOHO 3¢00T5EIO0 oMdMO0L (McGough et al. 2018; Rodriguez-Verdugo et al.
2020) bgerdghymdoom s0bodbmwo AR 896930 {geols 3690603 go09gdmdo dglsderms
300093 MBOM BHOORI© 293039w©bgb s 890d0b6mb 496930300 dMOz35wRqMM3b9ds
(Hatosy and Martiny 2015; Su et al. 2020).

29099l MH9BoLbEHMIgOOL  (ARG-gdol  amdse®mo  sb0) (3350905 MDS
d9L5d M5 458MO[30Mb MrYMOE 84939309035, 0lg 29605 3MmOHOBMBESEIMEOTS Q5537050
(HGT) (Bengtsson-Palme et al. 2018 ), 630l Mmbsi sbosewo ©b3d-ol 13Mogdgb@gdols
BoOm3s  ©93m300bsbEH ™Mo 3FsTgdol  396mTdgddo  bm®Eogwwgds  3969G03MM0
93300b65300L 4o (Su et al. 2020; Cuadrat et al. 2020). 50560865305, GMI BMYS>WO,
HGT-58  9gbodgoms 25dmofjzoml sbsewo 8og@gemoro  bobgmdgdol Bodmyserodgdss
(Lawrence and Retchless 2009). m@gbow m®msb0Bdgddo 89¢ebowds 4969@03mMs
35605309085 dgLodEMs 4965306MHMdM BgbMEH03MM0 3939MMYg6MMdS 3¢M3ws309ddo,
o3 0903300009M00m05 @5 d1939)  9I3GH0MGoso (Payne and Wagner 2019).
d9L50530b5, 653505930, Bmd ARG-gd0l 3969@0316M0 ©930830653050, Tgbodgms,
3939bs  ImIbobmlb  95630d0MEH03900L  F0dsM®  d5dBHIM00L  BHMEgMbEHMdSDY,
396LoLEIDGHMBsDY s  bbgoslbzs  d5d@gmomwo  3m3wsgool  93MEMA0M
5Q3330Mg05bg (McGough et al. 2018; Rodriguez-Verdugo et al. 2020). sd6Gogo,
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563030360MdMEo MYHoLEI6EGHMOOL 50M(396900Ls @S Fog3M39Egdol Fglsdewrm sbowo
A&®960q00L25dMBogwWbs®,  3M0E03MWos  glfogeow  0dbsl  96EGH0T03MMdIMWO
M9bobLEGHYbEHMdOL 950630609090 3969000L 39009960 Mdy, 300

361535 39MM3690505 3930 (39wgdol IMg3Mem-3969@ 0300 89doboBdgdo {ywol
39M9dmdo.  JgLodsdolo@, BoFoMms Lo®mdolgwmwo 3393900 08  FMg3MEME-

39693039600  394960BTg00L  ILIBILOSMYIOEIE, MMIGdOE LORMAZWOI©  I3L
563080360MdMo  MH9DBoLEBHIBGHMWMIOL @S 2oMgdmb  FodsMm  39MLOLEHG6EH™MdOL
LobgMAOME 5©IM(396905L {yerolidogd dod@gM0gddo, dom TmEmOL BM30L JolMMdE
3035309080, 53 M35LIBEOOLOM, Mbs 500b0dbML, MM Bggbo (3m©bs doe0sb
dfodos 00  ARG-gdol @o oo  9BHoMgdgwo  dsdBHoMogdol  3969@03MM
36535 x39MM36905H9, GMIWgdo3 9MBYEMOG6 LodoMmzguml 8530 BE3zol LobsdoGmm

Bmbols ©936M9530M fywgddo.

B39b 8096,d939396m3MM0 ©bB3-0b LogdzgboMgdol s sbsgroBols dsdmyqbgdom,
396bMM 309930y 3003900 360d369wMm3560 Ladowm@g 33939, GMIGEoE SO
Lodoomggarmdo, 8530 D@30l 350019dob  Lobsdomm bmeols Mg3Mgsgome  fywgddo
3MLgdmwo ARG-930L 2969303796 965350 x39MH™M36935L 53 396900L 3MOODBMbE OO

3905(3990L IM939E-24969303MO 99doboBIGOL s  5FSBMbS39, FoMO FoO3EIAOL
A®59JBHMM0gdL J03MMdM 3m3s30gddo (Gabashvili et al. 2022).

396dm, B396L dogc Bo@oMgdeo d93oygbmamemo 331939300 sdm3wgbogn
0g65, ®md dmngwo ®ogo 963H0d0MEH03900L 0xwsJloL  FHwAdMYdOL  To3MEOMIdJO

396900L  5MlgdMds J03MOMOIM 3MINWs30gddo,  FJodergds A9B30MMIYGIMWO 0yml
96¢0d0mEH03900L d9mBg300m0 {bgbols 206m9dgi3. F396L Joge sdmbgbowo Bmaogmmo
ARG-900 (o605 gb96  96GH0803MMdMwo  MHgBoLEBHIbGHMdOL,  dosom  FmMob
3 EG0MmBoLEHI6EHMDdOL, 3963LsBOzOg 3b6@0doMmEH03900L 0g3ogbols
GOBL3MOGHIMGOOL  F530MJOJ 29690, GMIWGOoE  9dMm393wWobgm MM
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5Q0530560L  3500M 969000 (Foqo00mdQ, Vibrio-b s Aeromonas 3560900©56) s oby
305350My9)6)M 05J39M09ddo Synechococcus-ob, Rhodobacteraceae-ol,
Pseudoalteromonas-b, Altererythrobacter-ol, Erythrobacter-olb, Altererythrobacter-ol,
Loktanellals 05 Dma09000 Lbgs 235609300b. 3603369035605 500b0dbML, MM B39
dog6 BsBHoGgdmen In Silico 6930300653000  GgbBHgdol  F9gagdol  msbsbdoco,
39003 BoBHIMS ©HT-0U 565¢0BOL 3OMYMTM 353939030, OHMYMEGdO35s Splitree,
RDP4, GARD o Simplot, 083¢9396¢06MH9dmo  sMLgdoms©  doblbgsgzgdmo
693300653006 ©9A9J300L  SWYMOHO0MTYO0m, M3 obEs 98 BBOLEHI6EHMDdOL
396990l 3mOHODMBESMMHO 4553995 OMYMEOE SbErMIMbsmglisgg, oy 39b9EH03cs©
3600369wmgbs  g9blb39398  fyarol  dog@gMom  JozOrMdoMEHST0.  5sLmobsegy,

6933006530990 3H9LEHI006 B396L o9 Jowgdmerds 89Yaxdds slig3g oBMO3E bl
B90mo0bodbmwo  BodoBby 99gbgdol  Bdo- @O FNWEHO-WOGIOMWO  F9(39doL
G59JHMM0gd0  EMbME ©s M9303096@ d5dBHgM0gdL  FmE0Ol.  OHg3mTd0bs30Eds
5b65¢0Hg0ds 3969l oboE, HMI 9HPO s 08039 d5JGIO0wo JEsdo, ghmols FbMog,
d90dgds  Ho03mo9bal  96308030MdMEo  M9HBolEIbEGHMd0L  F53m©OMgdgwo
3959303100 wMm3mlbol G9303096BHL (MG93mad0bBbAEHL), bmem dgmeg FBGHOZ, 08350
©MbMOU.

1.2.2 35g3HgM0mg3s3900L Bmeo 563 08030mdvmo M9HoldgbEmdol 4gbgdols
306H0Bmb GG 4505399530

Pgeol  go6gdm  m3EH0doeEo 306Mmgd9gdl  Jdbol 56¢3¢080360MdME0o
9BoLEI6EGHMO0L 496D MZMgo 9496900l 2536MEIEGOOLIMZ0L , MOEYSD 0go bawl
MHgmdlL F03OMOMs FMMOL 530 MOD0YMHNJI)gdsL (Coutinho et al. 2014). 36mdowoy,
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6Omd  963H00030MdMwo  HIBOLEIGHMOOL 3969008 4953995 05JGIM0gdTdo  Fglsderms
3956bMMO 309l 359BH9gM0MRBIAgO0L Foge BHMIBLEMJgool gbom, MMIzs s0bodbrywo
196m39gbo X 96 300093 9 LoMOLYY gbfogersls LoFoMMYOL. FBogmEmo GHMIBLEWIE0o,
d6033bgemgbs  Mfigmdl  bgel  56EH0d03MMdMmo  MgHBoLEBIbEHMdOL 496900l
3936039 gdsL (Colavecchio et al. 2017). s0lsb0dbs305, M go6gdmdo 253MEIL O
054390 8E5998d0, GHGMbld30rIo 3GMm3gLgd0 s Bs3gdoL FogH MBMEOHOIL
930309bGH0LM30L  dodBHgMormo  ©b3-ob  gos39ds  8B035©  F0IPOBIMGMBSL.
509bMdM030 InYwom Hgdmombodbrwo dmgzwgbol dglifogersd dobolsBmams, Gma
o3bemgdom 1.3x10M EHEGbLmJgool 99dmbggzel od3l sa0wo gmgguficrowm®so
35290mMo© 3od3sL Yol dobs®gdo (Jiang and Paul 1998), bmom aeomdseoy®o
AsLIBOd0om, RBOA900L 09 496900l  IMOHODMOBE MO0 49(39TOL QMBSO
9563969090 osbermgdom 2 x 10 /foddo 99opqbL (G. H. Wang et al. 2016).

0543H9MH0MAB58900, d5JGHIOOWo 30601900, FoMBmMmoygbgb Y39wsBy BoGoOM©
393639093 MOHR560DTGOL: gobolisDw3z®s, MHMA ssbmgdom 103 37900l Jmbg g3ogol
3060mb0s (Hendrix et al. 1999) 2536039090410 30mLEBgOHMT0; Lbgoalibgs 93mLoliEgdgol
dmMob, oLobo FIOMME 906 Q930 39O MEo 395699080, FHd90T0, bossdo,
WOOHMo Fysws®obgdol bolb@gdgddo, Loldger s Fob §gsewdo (Clokie et al. 2011;
Wommack and Colwell 2000; Briissow and Hendrix 2002; Wilhelm et al. 2002; Hendrix 2002;
Hambly and Suttle 2005; Suttle 2005). 9353900, ®Mym6M3 dodGHgMHor)en 303905309000
396900l 3mMH0BMbEHIMMO  505(39d0L  39dBHMMJd0, Logs®msm©om© 36033690 Mm356
39309boll  9bgbgb  Fomm  g3mEME0sDY. BOAMOO  BHMSBLIEos  Fgodegds
39bbmM 3099l 8530bs3 30, MMPILYE MBMOO s MYE303096GH0 d5dBHIM0d0 SO
0394mx3gd056 gomls s 00539 OML gOHMLS o 08539 WMIS305DY, ITMOGINP
856dobHg Joa06Mmgdwo Boaol JogH 3m@EHIbE0wcm0 M930mdd0bs6EHOLMZ0L 49b693H03M0
wmIMNLOL 25539008 ABom. oM 5ToLY, SVIMRBES, BIMT MOZ0BMBOIWO  GoY OO
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3909030 MAOH™ bsbaMdwogzs 06569396 LomaEbeolvybs®0sbmdsl, gowmg dsmo
dsb3obdegdo (Muniesa et al. 2011; Marti et al. 2014). 99@Hog, ©93300656¢do HGT
0900 gds  gobbm®mEogmgl  Bsydo  BHOMIbLMJgoom  AobmMBg3ws  dolo
Lobogmaberm 303wols (Chiang et al. 2019). sf9M0@05 MbM3zs¢96E OO Goggdol doge,
GOmdwgdog  Ibmerm 9OM0 963390 Lobgmdol  Fsb3obdgo  dsd@GHgMool
065303060930l Mbs®om  go8moMbg306,  96EGH0T03OMIMWO  MIBOLEI6EH ™ML
3963LsBO3Mgo 296900l 25(39ds E.coli-0l s S. typhimurium-b 3035309080
(Colavecchio et al. 2017). 965 500b6036ml obos, HMI IMBM35¢gbEIHO Bs3gdoL oo,
5OLYdMdI6  sbg3g  3M035BGHMMO  B5JBHIN0MBIRJB0,  BIMIJDOE  JooBbosm
dsb306dgeo  dogdBHgMomo EHsdgdol Fomomm 13gd@BHeo, M3 Fgodwgds BMmoEs3wIL
50535MFGHM MHMIGE0dg 9OHm 4356030 gogM 0569y Lobgmdgdl, Mm99  BMY0gOH
Lbgoolbgs 33560 Lobgmdgdlss (Jensen et al. 1998; Sullivan et al. 2003; Bielke et al. 2007;
Grose and Casjens 2014). 9gLodsdobo, 4o9Bbosm G5 Fsl3obIgerol godomm L3gd@®o,
3035w Ib GG  B93gd0 bol  Mfymdab  dodGHoome  3m3Ms30gddo
M9BoLEIBEGMO0L  2obALDB3MIO  g9gbgdol  FoBOME  B0dM33WBL MMM
LObgMBIMTMOOLM 0L 35MMs OOl E™bYgdDg (Muniesa, Colomer-Lluch, and Jofre
2013).

WHdMMSGHMOOI  306MdJdTo  JLHo3w0wos  BMA0IOHO  3ME035W9bEWemo
539208 8096 5630T03OMOMEo M9HBoLEI6EHMdOL 296900l JodmEgers Enterococcus-ob
(Mazaheri Nezhad Fard et al. 2011) o Staphylococcus (Zeman et al. 2017) 93569ddo
LobgMBMHTMMIOL PMBYDY , . WHBMOOGHMOOME 306MBGOTO BoMH0 BHMIBLEMJzo0l
1396m3gbo dglfogurowos sB93q Salmonella Enterica -b Lobgmdsdo (Y. Zhang and LeJeune
2008).

B39bL o9 29bbmEmE0gEgdeds 33¢09350 (Gabashvili et al. 2020), ©mdgeros
9533690m©s  bbgooslbgs In Silico 693mddobsgomwo  dgmm©gdol  459mygbgodsl,
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390053w0bs, MHMI  3035¢IbBHMM0  Foggdol dogh  39Mdm©  96EH0d03OMdMWwO
9BoLEI6EM™O0L 996900l JodmE3s 359EIM09d0L dmbxdMOZ 33309030 Tgodegds
Po68mgdal HmamemE Lobgmdol Joaboom, oly LobgMdIMETMGmOLM s 35MIMSTMMHOL
©Mbggdbyg. B396 9500M3z960bgm, MHMI 20633990 Goggdol doge blaCTX-M (gstrom
139dBHM0L B- WOEOTOBIL F53Mm©OMGdgwo g9b0), mel (ABC-Eo30l ogwsdl 396M375bsls
953m@0M909w0 2960) s tetM (H0dMLMAoL 933530 30Ol F53MmEOMYdgo 3960)
396900L  3OHODMbEHIWMMO 4553905 F9godegds [o®mdmgdgL Escherichia, Salmonella,
Streptococcus, Bacillus s Erysipelothrix -ob dbgd603 30353090d0.

B39b3s 3309350 5B39Bs, MM Loedmbgsll @ogo godegds Hocmdmoygbwgl
blaCTX-M  gqbol 4500093obL  9008sOGHMm S. enterica-8o, 50599 sg3q £. Coli-Oo.

535Lm56539, B39b0 093Mm3dD0BE0W0 565¢0BGdOL Tg9R900L Jobgz0m, 093mAdObIE0S
390mgwgbowos Erysipelothrix -ob gL, S. suis -bdy o E. faecium -l dm60OL, 6o
d0MDomMIOL  235MMMMOL  EMbgbg 3 g9gbol 4939l BodBHgdby. mel y9gbol
dodmEgws 30 godmgwobs  Streptococcus -0l @b, Erysipelothrix -ob  goal, S.
pneumoniae-bd s B. coagulans -l mEOU. 535006539, F39605 33009350 Ho®dmoBobs mel-ols
d0dm33ws  dmomm@  3oagol ImMOoLsE; 39OIM®, 39693 03P  ITMMYdIMW,
Lbgoslbgs 235Mm0b 9E539000sb Qedmymaowo Erysipelothrix s Streptococcus-ob §o3gdl
dmGob.

05439609030, 963H0803MMdMo  MYHBoLEIEEGHMdS  Tgloderms ogml  BamO3
d9d9bowo, olg dolomzol 0169360350 535bslosMYOYO bdoMo
39630009003 30B0M0 0Bwsdl GHMIdMYdOL sOLgdMmdomm. (Lynch et al. 2013)..
3M50Q00©JO0m S JM9FMMYMBo®  B3dBHJM0gdT0, oFWSJs  GHFdML  Fgodegds
Po68m096@gL BHMIBL3MEMEIMO 30 gd0, HMIEGOOE MR OIVIOES J90MJIMEID oo
3999360l Lb350slb3s BogmogMgdsl, dsm FmMolL sb6EGH0doMFH0390L @S GHMJLolmE
Bogmmgdl s (Webber 2003). 35d@H96M0900L 0693603 3m3Es3090d0, 9zE«ydl
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GMIdMgdo  890dqds  8mbsfowgmdsll  0©0gdbab  5®53sOGHM  96EH0T03OMdIMWwO
M9BoLEIBEGHMO0L 2969MH06Mgdsd0, 5Msdg  domzowdol (o®mdmddbsdos (Poole 2007;
Nikaido and Pages 2012; Soto 2013; Alcalde-Rico et al. 2016; Alav et al. 2018). 99965690
Bo@GEBL3MOGHM 30 gdoL  853mE0MYdgwo 296900 sMBMBgbo 0dbs  dogdgMogdols
39605, 91939 300LgdoL 9gbmdgddoa (Greiner et al. 2018). oxwoeds Gmddmgdol
953009090 296900 300¥lgdTo FMO3OS oMb, s 3500 ImEOL obobo
503mBgb0E0s 359dBHGM0MBHA900L 496MmT90d03; 35y, B 396M39dT0 S©dmBgbogos K+
5Mbo-0l, Mg2+ &Msbl3mMGHgMol, bod®odol em3mbBol GHEMmsbldm®mEgmol, bos@mowma-
3530980l Lod3MEMEHIOOL s 630 gMEH0IOOL BHEMBL3MEMEIMGOOL Bo30EPOMGOIXO
396990 (Greiner et al. 2018). 51939, A. baumannii-ols 3OH™MPsag00L 39bMIGOTo S©IMPIBoE0s
563080360MdMwo HgHolEIbEH™MIOL 25635300Mmdgdgmo 0xwsdl Gmddmgdo MFS (major
facilitator superfamily) s RND myobgdoqsb (the resistance-nodulation-division family)
(Costa et al. 2018). oggarodls 496900l BoGo6m9d9w0 OGBS0 Tg0degds 0gmlb IB9JEHIOOS,
05dBHocoM  JOHmImbmIsdo  BmdogMo  Fogol  0bGgacsEgool  3OmEgldo  Asliby
05dBH9M0Mo 15305:330L LOLEHYIGOoL bgdmddggdol dggysw (Canchaya et al. 2004;
Pfeifer et al. 2021). 530l 0bg35, 5OBb0TDs300, MM X9M 30093 FgMLFogegE0s
dmbsfoemgmdgb vy 965 35JBG9MO0MBRGO0  96EGH0T03OMINM  M9HoLEbEHMBLMSB,
396L93M9PMHYd0® 30 M EHOMGDOLEHIBEGHMILMB, SbMEOMYGdIMWO 0FWIL &mTdMIOOL
9530090900 396900l d0dMm(33¢5d0. 39EHO-9650BMMO 33¢0g30L FoMAWqddo, B396
d930Lfogego NCBI 3060w dmbsgdoms 85580 sMLYdIMWwo Rsaq00L g9bmdgdo.
B90M50b03bmw0 d5BS bLbgs MmM360D3gd0L 3960398056 9Ho@, FMmo353L 0bBMMTSiE00l
(619309mGHO0EMM0 196300 Y3OMdOoL  Psmzwom)  womowdmo, bmdogho
06030690 (5dGH0M) 3OH:MBsA900L, 496mTd0L dglobgd.

B39BL o9 Bodo®Mgdends 33w935d (Gabashvili et al. 2021a) gbs3gm, G™J
BMa096M0 35d@G9MO0MRBIYL F9dwos gosBbogl, 39Mdmo 30 990dobml s63H0d03MMdMwo
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9BoLEIBEGHMO0L  25bLsDBPIOIo  oFWSJus  GHYIdMGOIOL  B53MPOMmYOGE0  g9gbgdo,
35290MO©  OMAMMgd03ss MF  3emsbol (Major Facilitator Superfamily), s@a3-
5953530069090 39193900l (ABC GHMobldm®GHomMgdo), resistance-nodulation-division
(RND) mxsbol ¢Mobldm®m@gmgdol 853motmgdge 296900. 083wsdl GHEMebldmM@gmadols
396990l 3B96Mgd9wo  Boaqd0L  FoL30bdgwo  FBHgd0  Fgodergds  FoMdmowybbgb
500530560L bbgoolbgs  3500myg690L oligmo LobgMdgd0Ib, OMYMEMqdOEss Salmonella

enterica, Staphylococcus aureus, Pseudomonas aeruginosa, s Burkholderia pseudomalle.

In  silico ©93m3d0bs30mwo  sboewobgdom  B3z96ds 33398 A9TMO3¢0bs
05d39MH0MRo900L 096 0bEME0MGdIo BgaMINbodbmwo g9gbgdols Foslsbgmd®mogo,
LobgMBIMITMEOLM 3969E03MM0 093mAdobdi0s Salmonella enterica-, Mycobacterium
smegmatis-os, Pseudomonas aeruginosa-s, Burkholderia pseudomallei-is, Staphylococcus
aureus-b, Staphylococcus epidermidis-bs, Streptococcus suis-ls, s Streptococcus gallolyticus-1s

0693603 3¢3e5309000.

1.2.3 535900l LsliogmEbenm 30360 s 85000 ©039MR9bE0s

13990l 51306396 O BoROL B 3Mg3mE300L BHMYGBYIOL AoTM3eEgbs
3600369035605 0gMo30mwo,  LYEOLsPOL  M3bgdWMdOL b PomgBMbESE30L
d0Bbgd0LsmM30L  2obLH3MPMGO0m  dMW™ ST MWgddo  FBogol  3Mg3563HOOL
06@9bLomEo 99999353930L5 s domo bbgoslbgs 93mbolEgdsdo dBsmEO dsdmyqbgdols
1Mbby. OMAMOE 95MgMwo bydg3bogHm IOMIGOoL, oLy B3zgbL Foge Bs@ocmgdreo
33193990l 8909900L dobgzom, 96EH03030MdMNwo MYHBoLEIEEGHMdOL 496900Ls vy
30601 gbG™dOL 4563L5HBW3Mgo 296900L IEHIMGOJO Fs3gd0L LoliogmEbwm (30300,

doM0MOI® HBMT0gHo G0l 396905l ©3930060©9ds, (Gabashvili et al. 2020; de la Cruz
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and Davies 2000; Beceiro, Tomas, and Bou 2013; Boyd 2012; Deng et al. 2019; Manaia 2017;
Brown-Jaque, Calero-Ciceres, and Muniesa 2015).

doBbgmeos M3, WomoM Bogqdl, MMIWIdLsEg 35000969008  Hobsswdwgy
0965300 459my9bgdolomzol 094gbgdgb, dsb30b6dwols Fsdmm 3gdB®o gosBbosm.
5358056539, bS 500B0TbMUL, MHMA Goggdol 3Eslo3MGO FgNMPII0? JeSBOTOF0MYdS
d9L5de M5 LHTMTSZM A5bYEZ0L Lobs 0J3EgL, Mg FIB30MHMBYdIMW0s 3esBT0EYdOL
ROl 7393900L 50dmBgboo (Hockenberry and Wilke 2020; Pfeifer et al. 2021). g352900L
93M@305Hg  Ggbodems  BgEogwgbs 8mebobml  GmpamME  dsldobdenol
MOH0YO0Jd9©9058, 0ol Fob3obdwol M gEdo Fommsb Lbgs  3mobgooMgdso
0399900L  MOP0gONJI)gdsd, (Joseph et al. 2009; Refardt 2011; Roux et al. 2015).
B90m0bodbmwo  3Mm3gLlgdds ™og30L dbGMOZ Fgodwgds Bgdmgdggds Imobobmls
0dmbomlb 3sL306dgaro dodBgMool MxMgOoL LoEMEbEol MbsM0SEMdSBY. 5093505,
R3990l s B5m5b  Fol30bdEgdOl  3mg3meEY300L glifogas OGO FIMGEML
Lbgoolbgs 80360:Md0MmIgdoL, Fo0d MOl dogd@gMorIeo 3s0m9bgdols g3memm30GO
0396096300l 03560930l 2oblsD3MOLS s 3OHMYBbMBOMGdOLMZ0U.

§obodgdstg 330935 SsOfgMl DBmBogho s 300WbEHWME Foggdl TmEOL
396M3MM0 ™ 39L900L 969303900 093mBdOb300L FM3egbgdls, MHMAEOLYE, OMYME3
933069© 335M9MOMOM, 9POwo 3Jmbs Fom  FoghH  d3JBIMoOol MR MHgEOL
306830300900l 3Om3gblbdo  (Gabashvili et al. 2021b). Bggbo 33crg30L FggagdoL
0565b3o,  BoaoL  FMORMAIMBYDTo,  M9303oEosLy s  FoL3obdwols B0
bgergdBHome  06x3030Mgdsdo  dmbsfoerg bmgoghmo  2969BH03MO0  wm3zMLols
93030065305 B90Mo0bodb Rs2q0L JmMol Fgodwrgds ogml do- s FMG0-

WGHIOH0 03O0 gdOL.
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2. 9900m©9d0

2.1 B30l {jgerols 6033gdol s0gds 3g¢sagbmdm®mo 33¢g3gdoLomgzols

d03969 3mbibols (N 41° 41' 29.708" E 41° 42" 15.769") 5 ds00)dolb d9engs60l (N
41° 39" 14.906" E 41° 37' 36.365") ULo6936M9530m Brmedo gammggdme odbs 2w
B9053060990 {yaol 603dgd0 2018 Herols Bogbyol (sa30LEHM) 3gMomdo. JdMsw
4obmembg Immoglgdero fywolb bodxmdgdo asoaHegbs Omega Bioservices Inc.-do,
(Norcross, GA 30071, 533) d0360mdwe0 bd-ob o8mboymazs s LMo d9Eea9bmdmemo
dmogob  Lgdzgbotgdobosmgols (PhDF2016_97 ga6Msb@ol  gstgergddo) HiSeq X 10

3o@@m®dol (Illumina Inc.) 99939mdo0m.

2.2 99¢3539bm3Meo 3mbs3gdgdol ©sdwdsg90s s sbsewoBo

- 99®9396m3MOmH0  8mbo399990L LM T390©  AdTMYgbadeo  ogm  Unix-by
©o53dbgdmeo MetaWRAP-ob 360HmyMsdsdo (390Los v1.3.2)  0d3¢9d96@06mgdwgeo
metaBAT2, CONCOCT s MaxBin2 secogm®omdgdo (https://github.com/bxlab/metaWRAP)
(Uritskiy, DiRuggiero, and Taylor 2018), 353 Lo9w95¢0gds 9ma33d 933909m dowswro
bs®olbol dJmbg ga®gofmgdyeo 39bmdmemo bin-gdo, . FastQ (Wingett and Andrews
2018) 0gbs 259myqbgdremo Lsfyobo 8g@sagbmdm®o dmbsgdgdol yd39bligdols baGolbols
3MbE®Mmeol gbodmfdqgdeoq, bmerem Trimmomatic (Wingett and Andrews 2018) @sds¢00
bs®obbol 63 gmEGo©MHo 9630 g3zmdgdolasb  ©bd-ob  dmbsggdgdol
ROWEHM300LS S FgLHmO9dOLsMZ0L. Lb3sslb3s sEryMMomdoom S{ymdowo q9bmadgdo -
bins -4596005690w 0dbs Metawrap Bin @sbgqfjoll dmoviemoom.
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2.3 39¢49396Mgd06 56E0d0zMMdMmo HyBoLEHIEE™BdOL 39bgdol guEMmsdsos s
0963053035305

metaWRAP-000 3009090 296m3900lL  sbm@BHoMgds s  96¢0d0360mdmeo
9BoLGHIBEGMOOL 296930l 0gbEHOROE0MYds dmbs DFAST (https://dfast.ddbj.nig.ac.jp/)

(Tanizawa et al. 2016) 36MHma@Msdol d9dzgmdom. 99bgdo, DFAST ol go6s, o939
399065¢0Bgdme 0465 RASTtk (Brettin et al. 2015) s BLAST 89d39mdoo (Altschul et al.
1990), 99903 30 5306M3555329MH0 156300 Y3MMdGO0 73MbI30MO® Ao9bsoboMYdME
0465 InterPro 3GmaGmsdom, MHmIqedsg sg3g 2oblabmams 98 30egdol mxsbms 3wslio
(Blum et al. 2021). ARG- 900l 3950900000 2530 (399ds 393500l Lsbsdotmm bmerdo,
0530l de35Mm0Ls s 3969 3mbEbol 603dgddo gobolsbrg®s dg@sagbmdmMo
36700l LESGHOLEH03M0 sbseobols (STAMP) gs8myqgbgdoo (Parks et al. 2014). Fisher-
ob BB GH9gbGHo, Benjamini-Hochberg FDR do@amdom, 0dbs 50mygbgdmamo Goms
3923900090065 ARG 296980  Lbgoolibgs  LBooBgdl dmMolb s 3sb6a39LoB36
99LHMOGOME0 5¢dsNMdOL (p) 860T36gEMdgdO.

3bm@GH0m9dMwo ARG 9496900l 63009mEH0©MO0 15600809300 d900 Fotragbowo
@5 259mg3994bgden  0dbs NCBI-ol (d0m@Hgdbmemyool 0bgm®dszool gehmzbmwo
39b®®o - National Center for Biotechnology Information) GenBank- @o o
bgwdobsfizomdos d98gy0 bmdMgdom: MZ080332-MZ080385.

NCBI GenBank-8o 53060600 y39wms ARG, ®mdmgdos demsbdol s65¢ro®Bgdols
dobgzom 2308306005  Towoer  3mAmEmaosl  (0IbGHMGMds > 90%) oo
3MbL393053090mMsb BgImMs0bodbmen genmds® dmbsggdms 35Hsdo, ©s99399YdMS
930330653099 565¢00HYOL.
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2.4 35dBHgMm0mBsg00L 39bmdgddo s6&0303MMdMmo MHgBolGHIbEHMdOL 3gbgdols
0963053035305

NCBI 9mbs390ms  garmdsmnyé 35500  9s6@H000360mdMmo  GHgHBolEbEH™dOL
396900l 99933390  BOA9d0L  0IBEGH0B035300LIMZ0L,  Qosbsewobs CARD  -ob
9BoLEIBEGHM™O0L 4969008 dmbszgdms dsBol (CARD, https: //card.mcmaster.ca) 2244
5306M3553960 056d00©g30)Md0L IMbs3gdo. Bgdmombodbmer d5Hsd0, 3mdmemyom®o
BOW9d0 @S om0 353mE0MYdgo 396900 dmdogdmwo odbs 3060HLgdol dmbozgdms
0550 FgLsdsdolo BLASTp @y TBLASTN sengm®omdgdol d9939mdoom, 6odsg s1939
9BoLEIBEGHMO0L  ggbgdol  IBHIMGOJo  dodBHIMOMBsRIOOL  0©IBEHOTOEOMIOOL
Lo gds IMY3(39.

NCBI 09mbsggdoms  4@mdseme 359530, 96E0d030mdmo  HgbolGgbEmdol

3963L5BO3Mgo 08Ol GHMAdMIOOL Fo3Mm©O0MGdgo 396900L 9933900 BORJOOL

0©96&058030Md0LsM30L 399m30y9bgo BacEffluxPred
(http://proteininformatics.org/mkumar/baceffluxpred/) (Pandey et al. 2020) 9dmbsggdoms
05bsdo 9GOV O dmbs3999%0  (0906MTgoz3mM0o s BM3gmEHO©MMO

056300009360™0900) MHgDBoLEHIBEHMILML SbMEOMGdIM 0Bl GHwAdmgdoL 396900l
d9Lobgd. Igbsdsdolo, TBLASTN s BLASTp  sengm®omdgdols 99d39mdom, 9mg0d090
3m0mEmq00 30099008 dmboszgdms dsDoL 808 om0 IdISLEHZOL FGNMEO.
QOWILBHZ0L F9JOIAO© B9dBHYMHOMBs)0d0 50dMBgbowo 296900l 3MIMEMqdO 33Ws3
399065¢0BgdMe 0465 BacEffluxPred (Pandey et al. 2020), InterPro (Blum et al. 2021) oo
BLASTP  36m65d900L  d9939mdom, 6md  ©s3905bGM900bs 50 396990,
3obLsBE3MMEOo 9830 du &w99dm9gdol BoGoEmdos 3b6&0doMmE03900L
GOBL3MOEH0MYO5T0G.
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56¢030360MdME0 H7HBoLEHI6EHMBOL 39bgdo, MMIWgdos sS©0dmBgbow 0dbs > 85 %
©63-b3-0b  3MmIMEmaool  Lyxdzgwdy, F90yMd  As9Bs0b. in silico

93300653099 (3009000.

2.5 Bm30960 ©5 WomoMMHO Bs3gd0L FmnMEmygbyBTo, Mx3¢03530580, s B3gEOBOMO
351306090l dgMBgz5d0 dmbsfogrg 29bgdols gsblsBEgGS

BMdogh s O0MOVIO B39O0l B39O0l FMOHRMABIBOL, Mg3eozsEgool, s
ds130b6dEol B39g(3053030L 296900L 0EIBEGHOB03530s sLg3g dmbs NCBI-ol dmbszgdms
051500 dEBLEBHOL  9b5E0HYOOL  AoTMYgbgdom. GOl 3oBLOEOL, ™MH3530L, ©HJ
300d9gMsDol, 3oL, Boamsb sLmEoMgdmwo ©bd 39e035Bol, I WwoysBol, ©bd
360955L, b3 3m0dgMoBs 1 9496900l 3MmIMEmqdo dmdogdme 0dbs derMds)M
9036mdmM Imbs3gdms 85580 dESLEHOL B0 BGOOL T9d39MmdOm s FBogdoLs o
05dBHooM  296m89g0do  sMLYOMEO  3MMBOYJOOL 396900l  Bowswro  0EYHEHMBdOL
d9dobggzsdo  (>85%), dg@Pgmwo 296930300  @m3MLgdo 993900
93300653099 EglGHgob.

2.6 53900 LsogmEberm 303eols s AsL306dgEro B3gdEH®MOL gsblsBO3MS

NCBI 69309mG0©gool dmbs3gdoms dsDsdo godmzmgboo 35d@gMoma3sggdol
Lologmabam 3030l 4oblolsbEgMs© 25dm30949bgm 3MB3IMYEHMEo Foggdol dglobgd
L9000 Bsdg3609MM WOEIMHIEHOOL dmbo3999d0, s s1g39 PHACTS (McNair, Bailey,
and Edwards 2012), BACPHLIP (Hockenberry and Wilke 2020), cos PhageAI (Tynecki et al.
2020) 36mg©53900.
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PHACTS 565¢00Bolmgol, 0ommgomo 350l 36m@GHgmdol  sbm@soobsmgol
399my9gbgdme odbs DDB] U{Gsgo sbm@Gocmgdol 36mmaesds DFAST. PHACTS- ob
359myqbgdolisl, gsaol  Lobogmabwwem  ozwo  doBbgmer  odbs  Lo®(dmbmo, o0y
000MJ0 R0 296MmTolomzol 3MMAMsdol JogH  obLoBOZMMEO  HEBICIMBOL
96009369wmd900 >0,5-Bg (McNair, Bailey, and Edwards 2012). PHACTS -0l go6qs, 51939,
3990g9gbgdmem 0dbs  359dBH9gM0MmEBAgd0l LoliogmiEbwm (303wol sdmdbmdo dsbJsbm®o
UHo3c0gdol  seam®omdol 0blEMMIgbEHo PhageAl (Tynecki et al. 2020), o sb939
3™blgM306090wo  30agdol ™I9bgdol dobgzom Bgdol  Lsbogmabwm  3ogol
2568L5B3Mgeo BACPHLIP (Hockenberry and Wilke 2020) 360 6005s.

0594 3H9M0 296089090 3O:MGs900L B 0IHEHO0BOIHFOM® s SBMEHOMIOOLIMZOL
3o0mg0ygbgo> PHAge Search Tool (PHAST) (Arndt et al. 2019) 3Gmg6sds. PHAST
565¢0Hg080 3OH™MAogoL Mgr0ombo doRbgme 0465 1) sMLOWMWIS®, MY 3OMYMToL JogM
dobom3zol d0boFgdmo Jmws ogm < 60, ii) LsgFgm, 0w Jobo Jws ogm 60 — sb 90 —
0y BoMAWwgddo, o iii) 0bGod@MMo, mvg dobo Jmews 0gm90 — sb 100 — dg
RMR9ddo. B39bL  sBoewoBgddo  35(oMmBmgem  dbmmE 06BN 3BMEBoyoL
396m3900L sbserobo.

252900 ds1s30bdeol b3gdBHEMOL gobLOLEBOZMOE o960 FMEYIME Bs3gdDY

5MLgdMEo  1s3gEbogH™M  OEIMGHMMS s 1939  d9dmYygbgdwo  oym  306H¥L-
dob3obdErol  Ambogdoms  dsbs  (DB)  (https://www.genome.jp/virushostdb/note.html).

9392900L  BogsMomm  ds130bdEgdol  goblsbEgmolmzol dsdmzoggbgo HostPhinder
(Villarroel et al. 2016) (version 1.1). . 3GMmaGsdol doge sldobdgero dsg@gMoolsmgzols
Lobgmdol MbyHg J0boFgoero > 0.7 Jmes , beagrm 9356M0b mbybg > 0.8, dooBbyms
LoMHIMbm F9gyo®, MMIES 3MHMYMsdol doge doboFgdmwo > 0.15 Jmms, vy oo
90mbz9ms 093300630 5b5¢0BYd0m B0MgdE 89wgaq0L, slggg doRbgmen 0dbs
903069 dggoc.
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ooy s 3doL3obdewol MO0y JIggdol Logbswrol (PHISSs)
0©96¢053035300Bsm30L 45dm30ygbgod PHISDetector (F. Zhang et al. 2019) 3606585, G

300093 535900 155 gdsls 4350930 PodMY393w0bs ©193md0bs30530 dMbsfiogng
93980L5 5 05gB9M0Mo JEHsdol MMm0gMHJdggdol sdsEHgdo 9330393 0900.
MR3O™ 3063609¢ o, PHISDetector—ol 25dmygqbgdom, B39b go355bscw0bgm x3ogls o
ds130bdgel GOl MOPO0gMMJdggdol  Loabswgdo,  Mobmzolsg  B3JGIM0sdo
399b65¢0Bs dobo  296mdol b3 gmEGHoMOO B30T Y3OMBJd0 , FobolisDwz®
30LGIO0MGOMO  MGRMIOMIWS©  0bGHIMBJoLMOO  Bm3wg  3oerobmmdmwo
39609m®9d9d0  (CRISPR), 30@gdl  dmMHobvymmoghmddgogds  ©@d  30MmEBa900L
09933900Md0L  Asbollosmgdegdo..  dogBHIOoMmBoads,  dob  dogh  dd3JGgMooL
06530308360 900LsL,  JglodErms  EOGH™M3ML  sbodbmo  BHodol b3 gmEGoI©o
05600809360™dg00 (Logbsergdo) dslidobderols gbmddo MmamMi dobo 33swo., . B3z9bL
5b65¢0Hgddo, PHISDetector-om 3o gsblsbdo3®vyemo  sedsmmdols Jmegdo > 0.8865
d00BbgMm©s  LEAHSGOLEHOIMMO LIMHIMbMmE s F5ToLoEIT) FONPOMGIS BoRBd O
ds1306d9geEl MOl »dmsEM MYOHM0YHMNJI)IOSDY.

2.7 ©933006530me0 565¢r0bgdo

396900l 3mOHODBMOEGImMMHO  2oo3gd0l  F9dmmbgg3gdol  godmbogzagbos
930330653006 ©9BgJ300L ®30LMOM0350  #oblbgzs3gdmwo  sEMOHOMTIGdO
3°9m309gbgm.  39Mdm, 99mygbgdEo ogm  gobGHmGHgdol  ©g3MI3MmBoiools  (split
decomposition) 9dgoomo (Bandelt and Dress 1992) 003¢gd9gb@Gotgdmewo SplitsTree
300659500 (3960 4.14.4)(Huson and Bryant 2006). bg8msmbodbwaro dgommemo ©bd-ob
056000009360 09dd0 dmodogdl 0d 3mbx3eod@wIe Logbsergdl (39b9gEH03e 35M0s3090L),
G0Iwgdog 58 056000 30md9d30  50BM(396@gds  39MVWIMEmS©  39bgB03 M0
693030065300 Jggyo. Sbgm  M93mIdobsEoMw  dmgwgbgdl  SplitsTree  sbobsgL

396569653900 Pomdmepqbogro 5300™y9693H03900 MODOYGOHNMOJOOL
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MON0YIOHMPI39380090)o  Juigerols  Lsboom,  goblsBEgcoegl domo  MeglgdosMdOL
LoMHIMbMmgdol M0 bodbmels  (fit) s BowmaabgBHo3M® Jugewdo mgzomMgmEo
390G™AHJBOL 5 3G MYMToL  §39MOL  dGLGHM30L g9l (bootstrap).
BoobOEOBME,  M93mAdObsEOMo  BHLEIOOLOM30L,  ©HT-0l  Ms6F0EY3IMDdYdO
5993990090565 9506396 0L 3B (390)M9dL ClustalX- ols (396Los 2.1) (Larkin et al. 2007)
99039mdom. 53 9Bsw0bgddo, SplitsTree-l FoghH 29b9MHOMHJOMEO 35O MY STO
3960bogdMmEs FosErla®dmbmeo vy dsmo bootstrap — ol 3609gbgwmdgdo = 95 (1000
93035300056), bmewm fit dowosbo gobBHm@GHgdol Jugobmgol dgoygbos =95.
3963 ™GHgd0oL  ©93mA3MBoEoMM0  FgomEOlL  godmygbgdol  Fggad  Jowgdo
8500lsMHIMbm  3sMowgmmmmo  bogbsargdo 94390 gdsMgdm©s  ©sdsEgdom
3905303935l 3mIm3sliol 0bgdLol goblsbwzmol a%bom (Pairwise Homoplasy Index
[Phi]) &gbGol go0mygbgdoo (Bruen, Philippe, and Bryant 2006). fo®dmepqboero Phi

AbBo 3mb396M296GH ™Mo  93my300L  BobolinsmgdEgdol  godmzargbols Lodwmoagdsls

0d939,  MMAWgdos  M93mIdobsgonw  BHgbBgddo  Fgodegds 6930 3d0bsE30IEo
Loaboergdols 308036M05L sbgbbgb.

3969303900  ©930m3d0bsgool  Imzegbgdol s  domo  BHM9IBHMMH0gdOL
3odmbogargbs slg3g godm3z099690 RDP4 36HmyMsdwemo 353930 (Darren P. Martin et al.
2015), 6G@Igwos 99600005693l 693030065300l ©9BH9Jgool  ®30LMdMOZ5©
3obUb35390  5EMMOMIgOL MmamGqdoiEss: RDP (D. Martin and Rybicki 2000),
GENECONV (Padidam, Sawyer, and Fauquet 1999), BootScan (D.P. Martin et al. 2005),
MaxChi (J. Smith 1992) , Chimaera (Posada and Crandall 2001), SiScan (Gibbs, Armstrong, and
Gibbs 2000) @ 3Seq (Boni, Posada, and Feldman 2007). RDP4 353930l 959mygbgdoom,
965¢0H9080  29boLsH3zMs M93mAdObsEoME IM3Ergbsdo Imbsfoerg M93mTd0BI6EO
9359900 (093030963H900)©5 35000 8535600 S B0bMOHMEO EMbM&mO FEsd900. RDP4-0l
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9096 2459m3w9boo dMbxzgOHMbol dog® dgufimMgdmwo p 360d369emdgdo doohbgmes
BGOGOLEH03MM® LEOFIM6ML Mg olbobo T9oygbbgb <0,05.

©535¢ 9000 51939 399MmYy9bgdMEo 0gm 3OHMYMsdgd0 GARD(Kosakovsky Pond et al.
2006) s Simplot HGT- 8o dmbsfowg g9bgdol asLf3mog g9bg@ozmeo ¢930m3d0bsgool
3590 §90EH0w9d0L 2sbLsBM3zMOL doBbom.

3. 990093900 S oL3MLOS

3.1 8530 Bm30L Lsbsdotmm Brmerols bstgzMgsgom figamgddo 39¢539bmdM®o SbsgroBom
359mggboeo s6¢0dozmhmdmmo MyboliBgb@™mdol 3gbgdo 39693 03mMo Hg3mdobsgools
300 d5gdBIM0ME 3035309080 990demgds 353MEIMEIL HMYMEE B0EslsbyMdIMOZ s
LsbgmdsmsdMMOLM, 0y 3335(M58mMOL MBYJEDY

B39bL Boge BoBo®mgdremo  99@ea9bmdm®mo  33emg3s  FoMmdmoyqbl 30639
bodomm@)g 33e0930L, HMIgeroa s0fgdl dsmmdols 9530 B30l bobsdo®m fywqddo ARG —

900L 29693036 IMS350RBGOM3bgdL. F9E9396MING 330093900 Lodwoegdsl 0dwrggzs
3960LsBOZOML  BbZoOLB3s 2oMgdmdo Fo3zMMdJGOOL FsM™M  LobgmdMogo 139gd@®o,

GHIol 499m3w9bs Ggdegdgos 3MWENIMIYIMH0 S Bobgmdol 0IbEH0T035300L
bgs  GHMooEowwo dgomgdom (Singh 2020). 99@Hoagbmdme  s65¢00BL  dgwmderos
399053w0bml d5gdEHgMH0o 33309008 IM035¢RgMHM3690s s om0 Qobsflorgds
39M9dmdo (Panosyan et al. 2018; Gomez-Alvarez et al. 2021). 50603699cr0 dogamds 51939
L5TMogdsll 0deg3s 299M353W0bmm 98 3M3MEs30gdd0 3MbB3MgBH Mo bbgoalbgs
03b430mbsermo 4969303 M0 wm3MLgdo, doo  dmEOL 36030360 MdMo
69B0oLEI6EHMO0L ©9EIMT0BIBEHIO0 s Fom0 39693030 IMSZ5wRIMM3bqds (Nesme et
al. 2014). 53335650, B3960 330935 50HgOl ARG—9d0L 3969303796 3653500 x39MH™M369d5L
3530 B30l LobsdomMm BmEol G936M9530ME §ywgddo s om0 3MOOBMbEIWMEOO

39053990L B96MAgbL, MMmam®E gMm—9hHm 3969@03MM0 d949boBaAL, MMIgwog ™30l
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dbm»0o3 BOOL 53 HHBoLEHIOEHMOOL 396900L 93MEMEOME OBsT0ZOL s bgwls MHmdL
o 29693031960 ©039Ma96305L. HgDBoLEBHIBEGHMBOL 29bgdol 35w RgMHM3bgdoL o
0653030l Jgbfogams 3o 36033bgerm3zsbos,  0dobomgol,  Mmd  3soMBmmo
563080360MdM@o MH5BoLEBHIBEGHMMIOL MYHIMH3019M9g00L s dolo ©YEHIMT0bsBEHGOOL
dmboBmmobao s 985Lbmsbsgg 2963LsBYIOM™  SBZH0T0IOMBMEO  BGBOLEI6EH™MOOL
3969006M900L  93me300L  Ggbwgbzogdo  3OMABMBoMmgdIOl s 36939630 Mwo
doBbgdoLomgol (Matyar et al. 2008; Port et al. 2012; Chen et al. 2019). Bg9b0 33¢0930L
9396030 45965 0BgdMer  Togo B30l dg@oagbmdgddo 399m3wobs, ®™J
9BoLBHPBEGHM 49693 FmMOL, MIgGGHILMDBS  53MEOMPL 00  0FErsdlb  BHyddMIOL,
OMIwgdoE oblobezmsggh MaBoLEIBEHMOIL FMsgzsemo  Bbgsolibgs  sbEH0d0oME030L
8005600, HMIGO03 59GH0IMS© 259M0Y9bgds 580560l 0396530530 s 39GJMObIOWO
dobbgdobongols (Alekshun and Levy 2007). 39600dm, Bgdmombodbmwo 99bgdo
3965306839896 H9BoLEIbEHMIL BYBHEo303w0b0, Jerm®53539603Mme0l, Jobmermbgdol
Q5 530M0xws3060L J0dsMo (Gabashvili et al. 2022).

39903006009, B3 8530 B30l Bods®m3geml Lsbsdo®mm fywgdol dg@oygbmdome
600m09ddo  smdmbgbowo  M9HoLEIBEHMIOL 496900  JOMOMIPI®  93MPOMIOL
39 GH0MIBOLEHIHEHMOOL 2563530MMdYdG BHMIBL3MMEHIM (3000l MFS-0l s Ber/CflA-
b xobgd0sb; 3op., Bcr/CflA  GOBL3MOEHIOGO0L  mxsbo  2obLsH®gM3L
9BoLEIBEGHMOL  JermMedRgbozmol,  BEMORIBoIMWOLs @S doEowmdoobol
d0dsmo (Smith et al. 2009). 25605 530y, {yerol Bodmdgdol d9¢sagbmdgdo Fgo(393s
emrB qbL, QacA g9bol 3mImermal, MHMIgeoi  3sLbolidygdgwos  Gmdbogwmeo
993w gdol 9dudmOGbg 35d@GHgM0mwo s bmzmzsbo (3gOBM 30 LsxgMsG9gdoL)
MX 090900056 (Huggins et al. 2018) @5 93m©0M7dL (30¢0ol, MHMIgEroE 39bgmocmadl
69B0LEI6EHMOL 30OHMBMBOMOHO Jobmembgdols Jods®o (Putman et al. 2000).

33



B39bL 3096 BoBotMgdands 39@oaqbmdm®mds 33¢09390ds 9530 B30l LsbsdoMHm
bmwdo 1939 odmogeobs MATE mxsbob MdtH, MdtL, MdtG s NorM-ol
G®obL3MmOHBHYMHgdol  ARG-gdo,  M™Iado3  3obLoBM3Megab  MBoLEGIbEGH™BSL
Jobmermbgdol dodsmrm, 3900MdmE bmOHBwmdLlsgobls s gbmdusgobols dodsdom (Yu et al.
2020); 00dgs obobo sbg3g 96530609396 MYHOLEIEEHMBL g3 BIGGI303w0bol
Q5/56 Bbgs 56¢0d0mEH03900L dodsmsg (Bao, Gao, and Wen 2020; Jebastin and Narayanan
2019; Morita et al. 2000; Brown, Paulsen, and Skurray 1999). 99¢&og9bmdmé sbs¢roBqddo
51939 50dm35606900 RND mxsbols G6Mobldm®m@Ggeo 30egdol ds3m@otmgdgmo  g9gbgd0,
OMIWgdoE  3M03-95MHYmi0m  dodBHYM0gddo 3609369 m3zsb6 MMl LW gd9b
56¢030360MdMEo H9HBoLEIbEGHMd0L s0Im3Egbgdsdo (Liang et al. 2016), Imbsfioergmdgb 6o
MMamO3 30060MBOWMEOHO, 0 30OMRMIMWO Jobmembidol FHMIBL3MMEH0MYd5T0.
RND 983wl ¢«ddmgdo dmosB6mgds  bm@bscmolidoge s Bmyoghom bbgs doddgMorem
350M963d0 350 96mMMdOL 9HM-9M0 GodBmEs (Coudeyras et al. 2008; Lin et al. 2003;
Guérin et al. 2016). sb5¢00Bgddo 51939 2odMm3zobos Lbgs FMwE0MmHBOLEHIbEHMBOL
3969003,  OmymOgdogss  HlyD, ,Small Multidrug Resistance® ©> MFS

3 EGH0MmBoLEHI6GHMDBOL 496900.

B39bL Bogc 89@BHoabMBMEm0 5650 Bgd0m  FoBLIBOZIOIEO  MYHBOLEIEE ML
396900l 3Bo6909 359EH9M090L FoMTMoygbbgb B30l o09gdmlimgols dsboliosmgdgen
50530560l s 3bM3gwol  olgm  3500MYJEMH 5535 MYIDBMO 55350 MYRGbMO
65603900, OmymcMqdosss: Vibrio (Vibrio vulnificus, Vibrio fluvialis, Vibrio mimicus),
Aeromonas (Aeromonas hydrophila, Aeromonas caviae, Aeromonas veronii, etc),
Pseudoalteromonas,  Synechococcus, ~Rhodobacteraceae,  Gilvibacter, Erythrobacter,

Altererythrobacter, Citromicrobium, Marivivens, Xuhuaishuia and Loktanella.
306935, O™ B9gdms0bodbmeo d5dGHgM0900 [omBmoygbgb HgbolBHIbEH™dOL
396990l MH9HBgMH395ML S bgwl MHymdgb 963H003MMdMwo MHgHBoLEBHIBEGH™dOL 496900l
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30OH0DMBE MM g9053935L 530 B30l LbsZoMML Bo®g369530M Fywrgdols oM MdXYew
3399 53090d0. B3960 33093900 3boymaL, MM 56EH0803MMdIMWo MHBOLEI6EHMdOL
2963L5DE3Mg0 BMAO0gMMO 3960L 2053900l BHMS9IBHMM09Gd0 T9g0deqds 0gml MHMYMO3
00- obg MW E0-WsB O Meo. B396L sbseroBgddo 658396905, MM HGT-ob 3oer3gmen
0900b393903d0, 50b0dbmrds dodEge0gdds Fgodergds “4o335¢mb*  mbmMEo 6
69303096GHMwo GHMWgdo - goHmo ©s 03039 93Hsdds bbgs dodBgmoo JEHsdmb
MOM109M0J999d0L MM Jgodegds GgoLOEMmb s6F0303MMdo MBOLEI6EH™MdOL
3960L  ®9393096GHOL  OHMmEo, bmwm  Lbgs  Fgdmbzgzsdo, o350  obgl 53
©93H9M30b56E0L MBMMO 35633900 3030915(30930LMZ0L. 5F5LMBs3Yg, Podmawoby,
Omd  dopowomo Aeromonas media-l, Aeromonas hydrophila-U, Vibrio furnissii-is
and Vibrio fluvialis-b Bstoowyermdoor  EmrB/QacA (MFS) mxobols GMsbldm®Egmol
0530909003960l 3mOOBMBEGHIWMGmO 9969303 MM0 393985 8g0dEgds dmbgl
3350m5dmMHob MbggdHg(Gabashvili et al. 2022).
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ARTICLE INFO ABSTRACT

Keywords: Microbial communities of marine coastal recreation waters have become large reservoirs of AMR genes (ARGs),
Metagenomics contributing to the emergence and transmission of various zoonotic, foodborne and other infections that exhibit
Ant1b1§t1c resistance genes resistance to various antibiotics. Thus, it is highly imperative to determine ARGs assemblages as well as
Microbiome

mechanisms and trajectories of their transmission across these microbial communities for our better under-
standing of the evolutionary trends of AMR (AMR). In this study, using metagenomics approaches, we screened
for ARGs in recreation waters of the Black Sea coastal areas of the Batumi City (Georgia). Also, a large array of
the recombination detection algorithms of the SplitsTree, RDP4, and GARD was applied to elucidate genetic
recombination of ARGs and trajectories of their transmission across various marine microbial communities. The
metagenomics analyses of sea water samples, obtained from across the above marine sites, could identify pu-
tative ARGs encoding for multidrug resistance efflux transporters mainly from the Major Facilitator and Resis-
tance Nodulation Division superfamilies. The data, generated by SplitsTree (fit >95.619; bootstrap values > 95;
Phi p < 0.0494), RDP4 (p < 0.0490), and GARD, provided strong statistical evidence not only for intrageneric
recombination of these ARGs, but also for their intergeneric recombination across fairly large and diverse mi-
crobial communities of marine environment. These bacteria included both human pathogenic and nonpathogenic
species, exhibiting collectively the genera of Vibrio, Aeromonas, Synechococcus, Citromicrobium, Rhodobacteraceae,
Pseudoalteromonas, Altererythrobacter, Erythrobacter, Altererythrobacter, Marivivens, Xuhuaishuia, and Loktanella.
The above nonpathogenic bacteria are strongly suggested to contribute to ARGs transmission in marine
ecosystems.

Genetic recombination

1. Introduction 2020). It has been projected that if proper preventive measures are not
taken, numbers will approach 10 million deaths per year by 2050

AMR (AMR) is one of the most persistent public health challenges (O'Neill, 2014; Jasovsky et al., 2016), surpassing the cancer-related
(Mootapally et al., 2019), especially in the developing countries (Cua- deaths (Tagliabue and Rappuoli, 2018; Aslam et al., 2018). Marine
drat et al., 2020), with multidrug-resistant bacterial pathogens causing microbiomes can serve as complex reservoirs of antibiotic resistance
at least 700, 000 deaths worldwide per year (Rodriguez-Verdugo et al., genes (ARGs), representing just a part of the global resistome
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(Mootapally et al., 2019). Drug-resistant bacteria have been frequently
found in waterways undergoing human influence and even in close
proximity to aquaculture facilities (Alonso et al., 2001; Dang et al.,
2007; Zhao and Dang, 2012; Buschmann et al., 2012). Thus, this
alarming evidence triggered extensive studies to monitor ARGs espe-
cially in marine coastal recreational waters, which frequently has
demonstrated the sheer abundance of these genes across the above en-
vironments (Baker-Austin et al., 2009; Port et al., 2012; Hatosy and
Martiny, 2015; Du et al., 2019).

It has been suggested that the high levels of clinically relevant ARGs
in these ecosystems are due to selective pressures linked to their heavy
pollution by antibiotics (Kolar et al., 2001; Zhao and Dang, 2012; Du
et al., 2019; Su et al., 2020). Moreover, it has been shown that ARGs
gradually became more diverse in natural water bodies (Hatosy and
Martiny, 2015; Su et al., 2020) partly via genetic recombination (Su
et al., 2020; Gabashvili et al., 2020; Cuadrat et al., 2020) that contrib-
utes to their dissemination in this and other environments. In light of a
gradual temperature increase across marine and other environments,
which is due to global climate warming, genetic recombination may
prompt adaptive evolution by increasing the phenotypic and genotypic
variation (Payne and Wagner, 2019), and expand the fitness landscape
entailing the preservation of antibiotic resistance in microbial pop-
ulations (McGough et al., 2020; Rodriguez-Verdugo et al., 2020). Thus,
there is a great need for a more in-depth understanding of the role of
genetic recombination in the ARGs evolution and their transmission
trajectories across microbial communities of aquatic environments,
especially in those of marine recreational waters being exposed
frequently to various anthropogenic factors.

We conducted a pilot metagenomics study to gain initial insights into
a spectrum of ARGs that could be present across the City of Batumi
coastal recreational waters of the Black Sea, being one of the most
attractive sites of Georgia for many visitors and tourists from across the
world. In addition, we applied the extensive recombinational analyses of
ARGs identified putatively in this study, as well as their different alleles
determined in previous other investigations to also gain the better un-
derstanding of a phenomenon of genetic recombination of AMR de-
terminants and their transmission trajectories driven by HGT across
microbial communities of the marine environment in general. In
waterbodies of the above coastal site of the Black Sea, we could identify
various putative ARGs encoding for multidrug efflux transporters mainly
from the Major Facilitator and Resistance Nodulation Superfamilies. It is
strongly suggested that generally, some of these ARGs are transmitted
via HGT not only on intra- and inter-species levels, but even on inter-
generic levels in marine microbial communities, involving both human
pathogenic species, such as Vibrio and Aeromonas, and a broad spectrum
of nonpathogenic bacteria. More specifically, these nonpathogenic were
found to exhibit a fairly broad spectrum of marine bacteria from the
genera of Synechococcus, Citromicrobium, Rhodobacteraceae, Pseu-
doalteromonas, Altererythrobacter, Erythrobacter, Altererythrobacter, Mar-
ivivens, Xuhuaishuia, and Loktanella. It is suggested that some of these
environmentally friendly bacteria can serve as active donors and/or
recipients of the above ARGs, thus contributing to the transmission of
these AMR determinants across genetically very diverse microbial
communities in various aquatic environments.

2. Methods
2.1. Sea water sampling

250 milliliter of surface (0-25 cm in depth) water samples were
collected across four sites, being separated by ~100 m, per each coastal
recreational areas of the Green Cape district (N 41° 41’ 29.708" E 41° 42/
15.769") and the Boulevard (N 41° 39’ 14.906" E 41° 37’ 36.365") of the
Batumi City, Georgia. All the sampling procedures were performed
during August (sea water temperature: 25.1 °C - 27 °C). The collected
water samples, for the above areas, were separately pooled (constituting
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a total of 1 L mixed water sample per area) and were sent on dry ice to
the Omega Bioservices Inc., (Norcross, GA 30071, USA) for a total DNA
extraction and the whole-metagenome (WMG) shotgun sequencing
using the HiSeq X 10 platform (Illumina Inc.). Thus, the WMG shotgun
sequencing was performed for the collected water samples (a total of
four samples) pooled separately per each location (the Green Cape
District versus the Boulevard).

2.2. Metagenome data processing and analysis

The metaWRAP (v. 1.2.1) modular pipeline (version v1.3.2) (Urit-
skiy et al., 2018), with the metaBAT2 (2.12.1), CONCOCT (v. 1.0.0), and
MaxBin2. algorithms (https://github.com/bxlab/metaWRAP), was used
for extracting high-quality draft genomes (bins) from the metagenomics
data provided by the Omega Bioservices Inc. FastQC was used as a
quality control tool in the analysis of the raw metagenomics data as
described previously (Wingett and Andrews, 2018), including, but not
limited to, determining a number of sequence reads, their minimum and
maximum lengths, quality scores, a number of sequence duplicates, and
ambiguous bases (N's). The pair-end fastq files were filtered and trim-
med with trimmomatic (Bolger et al., 2014). The metaWRAP assembly
module MEGAHIT (v. 1.1.2) was employed for assembling short reads
into contigs, and the initial binning of the assembled contigs was per-
formed using the hybrid binning approach with the metaBAT2,
CONCOCT, and MaxBin2 algorithms. The co-assembled bin sets were
consolidated using the metaWRAP Bin_refinement module and the
consolidated bin sets were then reassembled with the metaWRAP
Reassemble_bins module. The module reads were mapped to the bins
applying the Burrows Wheeler Aligner (BWA, v0.7.15) strictly (no
mismatches) and permissively (<5 mismatches), and were stored into
their respective FastQ files. The read-pairs were pulled out even if only
one read was aligned to the bin. Each read set was then reassembled
with SPAdes. The evaluation of completeness and potential contami-
nation of each of the three versions of each bin (the original bin, the
“strict” re-assembled bin, and “permissive” re-assembled bin) was per-
formed using CheckM, and the best quality version of each bin was
selected.

2.3. Extraction and identification of ARGs across metagenomics data

The DNA Data Bank of Japan (DDBJ) FasT Annotation and Submis-
sion Tool, DFAST (https://dfast.ddbj.nig.ac.jp/) (Tanizawa et al., 2016)
was applied for annotating the metaWRAP-assembled genomes, and
identifying ARGs across these genomes. In addition to DFAST, we also
employed RASTtk (Brettin et al., 2015) for reexamining the DFAST
annotation results. The functional analysis of proteins was performed
using InterPro, which utilizes signature models to classify them into
respective families (Blum et al., 2021). The DNA sequences of the DFAST
and RASTtk-identified ARG loci, as well as the amino acid sequences,
obtained from their conceptual translations, were then analyzed using
the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990)
respectively in the nucleotide collection (nr/nt) and protein collection
(using Protein-Protein search) databases of the National Center for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/).
For the nucleotide analyses, BLASTN, with the megablast algorithm for
an optimized search, was utilized with the following default general and
scoring parameters: Expected threshold - 10/; Word size - 28; Max
matches in a query range - 0; Match/mismatch scores - 1,-2; Gap costs —
Linear; and Extension - 2. Regions of low compositional complexity were
filtered accordingly when using this algorithm. For the amino acid
sequence query, we applied the BLASTP algorithm with the following
default general and scoring parameters (being automatically adjusted
for short input sequences): Expected threshold — 0.05; Word size — 6; The
BLOSUMG62 Matrix; Gap costs — Existence 11, Extension 1 with the
conditional compositional score matrix adjustment. The mean identities
of the top-hit BLASTN and BLASTP matches (with query coverage of
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>98%), that were respectively in the ranges of >85% and > 90% of DNA
versus amino acid sequences, were considered for validating the DFAST-
derived ARG annotations. In addition, we performed the taxonomic
classification of bins obtained from the metagenomics analysis, using the
taxonomic classification tool, Kraken 2 (Wood et al., 2019).

The metagenomics raw datasets, generated within the scopes of this
BioProject, were submitted to, and are presently available under the
accession number: PRINA772929, in the NCBI Sequence Read Archive
(SRA). The DNA sequences of the conceptually-annotated ARGs,
extracted from these metagenomics datasets, are available under the
following accession numbers: MZ080332-MZ080385 in the NCBI
GenBank.

2.4. Recombination analysis

The BLAST search-identified ARGs from the NCBI GenBank, exhib-
iting >90% of DNA-DNA identity (query coverage >98%) with the ARGs
extracted from the above metagenomics datasets, were selected and
subjected to the genetic recombination analyses. In these analyses, we
applied different recombination detection algorithms to identify events
of genetic recombination of the ARGs and to determine the trajectories
of their transmission across microbial communities of aquatic environ-
ments. Specifically, the split decomposition method (Bandelt and Dress,
1992), implemented in the SplitsTree program (version 4.14.4) (Huson
and Bryant, 2006), was used to detect and to reconstruct genetic
recombination events of the ARGs within the aquatic microbiota. For the
above SplitsTree analyses, the DNA sequences were aligned using
ClustalX (version 2.1) (Larkin et al., 2007). In these analyses, for the
SplitsTree-generated splits graphs, the bootstrap values being >95 (from
1000 replicates) for each node of a parallelogram, and the fit values
being > 95 for each splits network, were considered to be statistically
significant. When identified, each recombination event was reexamined
using the Pairwise Homoplasy Index (Phi) test (Bruen et al., 2006)
implemented in SplitsTree in order to avoid possible false positive sig-
nals that could be due to convergent mutations, which can mimic
sometimes HGT signals especially across ARGs in such analyses. The
Benjamini-Hochberg correction was applied to the Phi test-generated p
values for evaluating further the obtained results. We also employed
GARD (Kosakovsky Pond et al., 2006) to determine genetic recombi-
nation hotspots across the ARGs involved in HGT.

Additionally, the trajectories of ARGs genetic recombination were
determined using the RDP4 software package (Martin et al., 2015) with
the following implemented algorithms: RDP (Martin and Rybicki, 2000),
GENECONV (Padidam et al., 1999), BootScan (Martin et al., 2005),
MaxChi (Smith, 1992), Chimaera (Posada and Crandall, 2001), SiScan
(Gibbs et al., 2000), and 3Seq (Boni et al., 2007). Specifically, using
RDP4, we determined representative recombinant strains (recipients) as
well as the representative major and minor donors of the recombined
ARGs. In these analyses, for the significant breakpoint clusters (99%),
the Bonferroni-corrected p values only in a range of <0.05 were
considered to be statistically significant. The default parameter — 0, the
linear sequence setting, and the enabled disentangle recombination
signals, were the default parameters used in the RDP4 analyses.

3. Results

3.1. Genetic diversity of ARGs across Batumi City coastal recreational
waters

Here, using the metagenomics analyses, we elucidate the ARG as-
semblages in the Black Sea coastal recreation waters of the Green Cape
district and the Boulevard of the Batumi City. 9 and 44 ARGs homologs
could be detected in the analyses of a total of 81 and 139 bins derived
from the metagenomics datasets respectively for the Green Cape district
versus the Boulevard coastal recreational waters. A total of 9.7% and
19% of reads were mapped to the Metagenome-Assembled Genomes
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(MAGs) obtained respectively for the Green Cape district and the
Boulevard coastal sites. Table S1 provides the detailed data on the bins,
their completeness, contamination, GC content, and sizes (bps) deter-
mined in these metagenomics analyses. As shown in Fig. 1, a great
majority of these putatively-identified ARGs encode for multidrug
resistance efflux secondary transporters from the Ber/CflA family being
a part of the Major Facilitator superfamily (MFS). The ARGs encoding for
certain proteins from the EmrB/QacA drug resistance transporter sub-
family (MFS) could be also detected across the Batumi Boulevard coastal
waters. Other MFS multidrug transporters, identified in the meta-
genomics analyses, were the genes that encode collectively for MdtH,
MdtL, MdtG, and NorM proteins belonging to the multidrug and toxic
extrusion (MATE) family. Among the drug extrusion translocases, we
could also detect the genes encoding for the membrane fusion, acrifla-
vine resistance, and some other proteins from the Resistance Nodulation
Division (RND) superfamily (Fig. 1, Table S2). Interestingly, as shown
(Fig. 1), among the RND superfamily transporter-encoding loci, the
genes associated with the HlyD multidrug efflux systems were also
detected (Batumi Boulevard coastal waters).

Using BLASTN and BLASTP, we determined the allelic relatedness of
the ARGs homologs versus their translated amino acid sequence relat-
edness in the NCBI nucleotide and protein databases respectively. The
results obtained from the BLASTN and BLASTP analyses are summarized
in Table S2. As shown, the DNA sequences of the ARGs versus the amino
acid sequences (from the conceptual DNA translations) of their coding
protein products from the Bcr/CflA family shared >90.89% and >
98.03% identities with their closest conspecifics respectively from
genetically very diverse bacteria: These bacteria exhibited collectively
the genera of Pseudoalteromonas, Rhodobacteraceae, Gilvibacter, Qipen-
gyuania seohaensis, Aeromonas, and Vibrio.

The DNA sequences of the putatively-identified ARGs and the amino
acid sequences of their protein products from the EmrB/QacA drug
resistance transporter subfamily were found to share 99.23% and
99.80% identities respectively with their conspecifics of Aeromonas
schubertii or V. fluvialis in the NCBI nucleotide and protein databases.
The identified gene homolog, encoding for the multidrug resistance
protein MdtH, shared 99.42% of DNA identity with the one carried by
A. schubertii. However, while the acriflavine resistance-encoding gene
exhibited 89.18% of the DNA identity with its homolog carried by
Yoonia vestfoldensis, the BLAST analysis of the protein sequences of this
ARG, in contrast, resulted in 99.31% of amino acid sequence identity
with its conspecific encoded by the ARG associated with the other spe-
cies being Donghicola tyrosinivorans from the above NCBI database. As
further shown, the alleles of ARGs, which encode for MdtL, MdtG, and
NorM, were closely related to their conspecifics from Vibrio anguillarum,
Vibrio vulnificus, V. fluvialis, Pseudoalteromonas, Sulfitobacter, Synecho-
coccus, and Rhodobacteraceae. The gene alleles, involved in encoding for
the HlyD family multidrug efflux system, were most closely related to
their homologs carried by either V. vulnificus (DNA identity: > 97.20%)

: HlyD family efflux transporter

: HlyD family periplasmic adaptor subunit
MFS multi-drug efflux pump MdtH

: MFS multi-drug resistance protein MdtL

MFS drug resistance transporter EmrB-like
MFS Ber/CmlA subfamily transporter

MFS permease protein

MFS uncharacterized protein

MF'S TetA/multi-drug resistance protein MdtG
MATE family multi antimicrobial extrusion protein
: DMT superfamily EamA family RarD protein
: RND periplasmic adaptor subunit

: RND acriflavine resistance protein

: Multi-drug transporter family SMR protein

a)

ZCASTEIOTIOORR

4

Fig. 1. A spectrum of the putative ARGs homologs identified across the coastal
recreational waters of the Green Cape district and the Boulevard of the Batumi
City. The ARGs homologs detected in the coastal recreational waters of the
Boulevard (a) versus the Green Cape district (b); MFS - Major Facilitator Su-
perfamily; SMR - Small Multidrug Resistance; DMT- Drug/Metabolite Trans-
porter; MATE - Multidrug and Toxic Compound Extrusion; RND - Resistance
Nodulation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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or A. schubertii (DNA identity: > 97.20%). Importantly, as shown in
Table S2, in 94.5% of cases, the above data exhibiting the ARGs-carrier
genera or species were in a strong agreement with the ones of the bins
taxonomic classification obtained using Kraken 2.

3.2. Intrageneric and intergeneric recombination of ARGs across marine
microbial communities

We applied a large array of the genetic recombination detection al-
gorithms to detect and reconstruct possible HGT events of the ARGs
identified in our metagenomics study and other inversitations. Using the
method of splits decomposition, the SplitsTree analyses revealed strong
evidence for inter-species recombination of genetic loci encoding for the
Ber/CflA subfamily (MSF) multidrug efflux transporters in the genus of
Aeromonas: The SplitsTree-generated split graphs shown in Fig. 2a-b,
with the imbedded parallelograms exhibiting the highest fit (100) and
the high bootstrapping values (varying from 81 to 100), demonstrate the
genetic recombination events of these ARGs, involving Aeromonas sim-
iae, Aeromonas encheleia, Aeromonas caviae, Aeromonas veronii and Aer-
omonas jandaei; moreover, as elucidated in Fig. 2c-d, the events of
intergeneric recombination of the ARGs, which encode for the EmrB/

ag ot Aeromonas encheleia bg o Uncultured bacterium
NCTC12917 (LR134376.1) BB_18 (MZ080349)
100
Aeromonas sp. 65.9
100
CA23 100 100

(CP023818.1) 100
Uncultured bacterium

BB_50 (MZ080381)

100 Aeromonas jandaei 3348

(CP043321.1) 001007 deromonas caviae

Aeromonas simiae A6 81 WP2-WI8-ESBL-01
(CP040449.1) 100 (AP021927.1)
Aeromonas veronii
‘WP3-W19-ESBL-03
(AP022038.1)

c) d)

0.01 Aeromonas Hydrophila 0.01
NEB724 (CP050994.1)

Aeromonas media T0.1-19
(CP038441.1)

100 100

Vibrio furnissii
2014AW-0008 | g9

Uncultured

Vibrio furnissii Uncultured \ bacterium BB_20

2014AW-0008 [gg' -\ bacterium BB_20 (CPOSLI03.) 100\ (MZ080351)
(CP051103.1) “’N (MZ080351) 0g.] 100
97.6 100 Vibrio fluvialis
Vibrio fluvialis 2015AW-0110
2015AW-0110 (CP051108.1)
(CP051108.1)
5 o),a 1 Vibrio mimicus 2011V-1073 Q,U 1 Vibrio vulnificus 07-2444
(CP035682.1) (CP049688335.1)
Vibrio vulnificus A
FDAARGOg 119 100'% Unculturea
(CP014049.72) 99.9Y" bacterium BB_15
(MZ080346)
100 99.9
Uncultured 100
bacterium BB_27 100

Shewanella sp. YLB-06

(MZ080358) (CP041614.1)

100 Vibrio ginghaiensis

Shewanella decolorationis Q67 (CP022741.1)

sesselensis (CP037898.1)

Fig. 2. Intrageneric and/or intergeneric recombination events of the putatively
identified ARGs in Vibrio and Aeromonas. The SplitsTree-reconstructed events of
intrageneric or intergeneric transfer of the ARGs playing roles in encoding for:
Ber/CflIA subfamily (MFS) multidrug efflux MFS transporters (fit: 100) (a-b);
EmrB/QacA family (MFS) drug resistance transporters (fit: 100) (c-d); EmrB/
QacA family (MFS) drug resistance transporter (fit: 100) (d); RND superfamily
multidrug resistance transporter periplasmic adaptor subunits (fit: 100) (e);
EamA family (DMT superfamily) transporter permease RarD (fit: 100) (f). The
HGT events are presented by parallelograms (with bootstrap values provided
for each node) in these Splits Graphs. In parentheses, provided are the GenBank
accession numbers for the DNA sequences of each strain analyzed.
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QacA family (MFS) drug resistance transporters, were also detected,
entailing Aeromonas media, Aeromonas hydrophila, Vibrio furnissii and
Vibrio fluvialis. The events of intergeneric recombination of the ARGs,
encoding for the RND superfamily multidrug resistance transporter
periplasmic adaptor subunit, could be also identified between Vibrio
mimicus and Shewanella species (Fig. 2e). In addition, we could detect the
genetic exchange of the gene loci encoding for the transporter permease
RarD from the EamA family (The DMT superfamily) between
V. vulnificus and Vibrio ginghaiendsis (Fig. 2f; Fit: 100). Multiple events of
the intra-species recombination of these and/or other genetic loci,
playing their role in encoding for the multidrug resistance transporters
from the HlyD family or the MATE family, could be also detected in
V. vulnificus (Fig.S1) and V. fluvialis natural populations (Fig.S2).

The SplitsTree results also provided strong statistical evidence for the
intergeneric recombination of genetic loci of the ARGs encoding for the
multidrug transporters from the MF and the RND efflux superfamilies,
which involved exclusively nonpathogenic bacterial genera of the ma-
rine environment: For example, as shown, some of these ARG loci were
exchanged between i) Erythrobacter and Altererythrobacter (Fig. 3a), ii)
Altererythrobacter and Citromicrobium (Fig. 3b), and iii) Marivivens,
Xuhuaishuia and Loktanella (Fig. 3c-d), representing collectively large
and diverse microbial communities of various aquatic environments
(Van Trappen et al., 2004; Li et al., 2016; Wang et al., 2016; Xu et al.,
2018); besides, events of intra-species genetic recombination of the
genetic loci that encode for multidrug transporters from the above su-
perfamilies and the MATE family could be also detected within the
natural populations of Pseudoalteromonas piscicida (Fig.S3a-e).

It is noteworthy that due to antibiotic selective pressure, ARGs can
accumulate convergent mutations (Gabashvili et al., 2020) mimicking
sometimes genetic recombination in the in-silico analyses (Bruen et al.,
2006). Hence, we applied the Phi test, which has been very instrumental
in both measuring homoplasy and distinguishing recurrent mutations

a) Erythrobacter sp. NP_1 b) o1
0.01 (CP050265.1) ' Altererythrobacter marensis
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L
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Fig. 3. Intrageneric and intergeneric recombination events of the putatively
identified ARGs in human nonpathogenic bacteria of marine environment. The
SplitsTree-reconstructed events of intrageneric and intergeneric transfer of the
ARGs between human nonpathogenic marine bacteria, playing roles in encod-
ing for: the Ber/CfIA subfamily (MFS) multidrug efflux transporters/MFS
multidrug efflux transporters (fit: 100) (a/b); RND efflux superfamily multidrug
resistance transporter permease subunit (fit: 100) (c); RND superfamily multi-
drug resistance protein MdtB (fit: 95.619) (d). The HGT events are presented
by parallelograms (with bootstrap values provided for each node) in these Splits
Graphs. In parentheses, provided are the GenBank accession numbers for the
DNA sequences of each strain analyzed.
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(Bruen et al., 2006; Gabashvili et al., 2020; Gabashvili et al., 2021), in
order to avoid false positive results in our recombination analyses. In
these analysie, the above SplitsTree-generated recombination inferences
were very strongly supported by the Phi test results (p: <0.0494), which
are detailed in Table 1 and Table S3. Besides, for gaining further insights
into the above-observed HGT events, we reexamined the same DNA
sequence subsets of the ARGs, using GARD. In this analysis, the GARD-
generated data reflected a large number of recombination hotspots
across the ARGs examined (Table S4).

3.3. Trajectories of genetic recombination events involving ARGs in
marine environments

We applied RDP4 to identify donors versus recipients (recombinants)
of the recombining ARGs for determining the directions of the above-
observed HGT events across the microbial communities. As shown
(Table 2), using RDP4, we could identify the uncultured bacterium BB_2
(MZ080333), associated most closely with A. schubertii (CP039611.1)
(Table S2) and A. encheleia (LR134376.1), serving respectively as a
major donor and a minor donor of the Ber/CflA subfamily multidrug
efflux transporters-encoding gene loci for A. simiae (CP040449.1) in two
independent HGT events (p < 0.0286); in addition, during two inde-
pendent HGT events (p < 0.0447), A. caviae (AP021927.1) and A. veronii
(AP022038.1) appeared to have switched their donor versus recombi-
nant roles, exchanging these efflux transporters-encoding genetic loci
with A. jandaei, which itself was the minor donor for the A. veronii re-
combinant strain; similarly, another A. schubertii-associated uncultured
bacterium BB_18 (MZ080349), identified in our metagenomic analysis,
was shown to be the donor for A. caviae (p < 0.0447); the RDP4 analysis
showed that the uncultured bacterium BB_20 (MZ080351), which was
genetically linked most closely to V. fluvialis (CP014035.2) and
V. furnissii (CP051103.1), was the major donor of the EmrB/QacA family
drug resistance transporter-encoding loci for V. fluvialis (CP051108.1)
(p < 0.0000000224); another uncultured bacterium BB_15 (MZ080346),
linked most closely to one of the V. vulnificus strains (CP019121. 1),
could be identified to be the major donor of the EamA family transporter

Table 1

The results of the Phi test examining homoplasy across the putatively identified
ARGs involved in HGT events reconstructed by the method of splits
decomposition.

SplitsTree Gene Phi test- Benjamini-
Fig. generated p Hochberg
value adjusted p value

Fig. 2a Ber/CflA subfamily (MFS) 1.01E-04 0.000101
multidrug efflux transporter

Fig. 2b Ber/CfIA subfamily (MFS) 1.58E-02 0.0158
multidrug resistance
transporter

Fig. 2¢ EmrB/QacA family (MFS) 8.10E-11 8.1e-11
drug resistance transporter

Fig. 2d EmrB/QacA family (MFS) 1.16E-10 1.16e-10
drug resistance transporter

Fig. 2e RND superfamily multidrug 9.76E-03 0.00976
resistance transporter
periplasmic adaptor subunit

Fig. 2f EamA family (The DMT 0.0 0*

superfamily) transporter
permease RarD

Fig. 3a Ber/CfIA subfamily (MFS) 4.94E-02 0.0494
multidrug efflux transporter

Fig. 3b MFS multidrug efflux 1.88E-06 1.88e-06
transporter

Fig. 3c RND efflux superfamily 5.55E-17 5.55e-17

multi-drug-resistance
transporter permease subunit

Fig. 3d RND superfamily multidrug 0.0 0*
resistance protein MdtB

" Positive for recombination, Phi test yielded p < 0.05.
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permease RarD-encoding gene loci for V. vulnificus (CP014049.2) and
V. qinghaiensis (CP022741.1) (p < 0.000582); and vice versa,
V. ginghaiensis (CP022741.1), as well as the above uncultured bacterium
BB_15 (MZ080346), appeared to be the donors of the RarD-encoding
gene loci for V. vulnificus (CP014049.2) (p < 0.0412).

Using RDP4, we could identify multiple donors and/or recipients
from different other species/genera as well, donating or acquiring the
ARGs encoding for multidrug efflux transporters from the MF and the
RND superfamilies (Table 3, Table S5): certain Altererythrobacter and
Erythrobacter species could be found to serve as the donor/recipient
when exchanging with each other the Ber/CfIA subfamily multidrug
efflux transporters-encoding genetic loci (p < 0.0479); the uncultured
bacterium BB_10 (MZ080341), serving as the Altererythrobacter marensis
and E. litoralis donor of this subfamily multidrug efflux transporter-
encoding gene loci (p < 0.0479), was found to be most closely linked
to Erythrobacter flavus (AP019389.1) (Table S2); besides, the acquisition
of the above gene by A. marensis (CP011805.1) from Citromicrobium
could be also revealed, exhibiting an another independent HGT event (p
< 0.0479); the intergeneric recombination events involving the genes
that play a role in encoding for the RND superfamily efflux transporters
could be also detected between X. manganoxidans and Loktanella vest-
foldensis (p < 0.049); in addition, Marivivens appeared to be the minor
donor of the RND superfamily efflux transporters-encoding loci for L.
vestfoldensis (p < 0.0396); the RND superfamily efflux transporter-
encoding gene of the uncultured bacterium GC_1 (MZ080332), the
major donor in these HGT events, exhibited the closest DNA identity
with that of L. vestfoldensis, suggesting intra-species recombination in
this species. Figs. S1-S4 and Tables S3-S5 provide collectively additional
strong evidence for the intra-species recombination of the ARGs in
natural populations of this and several other species.

4. Discussion

It is noteworthy that in marine environments, frequencies of ARGs
appear to be higher nearshore (Port et al.,, 2012) than other areas,
suggesting the presence of anthropogenic factors, e.g., such as coastal
runoffs of drug-resistant bacteria from terrestrial sources, and the se-
lection of these organisms emerging due to antibiotic runoffs in these
sites (Hatosy and Martiny, 2015). As a result of the above selection,
certain bacterial assemblages appear to be the reservoirs of ARGs.
However, it is not entirely clear how these microbial assemblages
contribute to the transmission of these AMR determinants via HGT
across other bacterial populations that reside in these environments.
Moreover, it is also noteworthy that in microbes, the frequency of HGT
can accelerate when the temperatures increase at degrees (Walsh et al.,
2011; Rodriguez-Verdugo et al., 2020). Thus, in light of the increased
sea surface temperatures providing ideal growth conditions for bacteria
(Johnson et al., 2012; Joint and Smale, 2017), which is due to global
climate change, it can be thought that this phenomenon can promote
genetic recombination of ARGs across microbial populations in marine
environments. More specifically, it can be thought that while contrib-
uting clearly to the emergence of various communicable and other types
of diseases (Andersson and Ekdahl, 2006; Stewart et al., 2008; Lindgren
et al., 2012; Foote et al., 2017), the increased sea surface temperatures
also promote AMR in natural populations of waterborne human and/or
animal bacterial pathogens. Hence, it is highly important to constantly
monitor ARGs and to determine their genetic diversity and transmission
trajectories across microbial communities of these environments, for our
better understanding of all possible sources and global trends of the
AMR transmission especially in light of global warming.

4.1. ARGs assemblages across Batumi City recreational waters
The previous metagenomic study by et al. Jaiani et al. (2020) (Jaiani

et al., 2020), exploring microbial communities of water bodies of the
Black Sea at the Poti and Gonio coastal sites (located respectively at 73.5
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Table 2

The representative recombinant strains, the representative major and minor donor strains of the putatively identified ARGs, and the trajectories of interspecies
recombination in Vibrio and Aeromonas, determined by RDP4.*

Recombinant
Strain

Representative of major
donor

Representative of minor
donor

Gene product

Beginning and end
breakpoints
(99% CI*)

RDP4-generated
p value

SplitsTree
Fig.

Aeromonas simiae A6
(CP040449.1)

A. simiae A6
(CP040449.1)

Aeromonas caviae WP2-
W18-ESBL-01
(AP021927.1)

A. veronii WP3-W19-ESBL-
03
(AP022038.1)

Vibrio fluvialis 2015AW-
0110
(CP051108.1)

Vibrio ginghaiensis Q67
(CP022741.1)

V. vulnificus
FDAARGOS_119
(CP014049.2)

Uncultured
bacterium BB_50
(MZ080381)

Uncultured
bacterium BB_50
(MZ080381)

Aeromonas veronii WP3-
W19-ESBL-03
(AP022038.1)

Aeromonas jandaei 3348
(CP043321.1)

Uncultured
bacterium BB_20
(MZ080351)

Unknown
[Uncultured
bacterium BB_15
(MZ080346)]

Uncultured
bacterium BB_15
(MZ080346)

Aeromonas encheleia
NCTC12917
(LR134376.1)

A. encheleia NCTC12917
(LR134376.1)

Unknown
[Uncultured bacterium
BB_18 (MZ080349)]

A. caviae WP2-W18-ESBL-01
(AP021927.1)

Vibrio furnissii 2014AW-
0008
(CP051103.1)

Vibrio vulnificus
FDAARGOS_119
(CP014049.2)

Unknown
[Vibrio ginghaiensis Q67
(CP022741.1)]

Ber/CflA subfamily (MFS)
multidrug efflux transporter

Ber/CflA subfamily (MFS)
multidrug efflux transporter

Ber/CflA subfamily (MFS)
multidrug efflux transporter

Ber/CfIA subfamily (MFS)
multidrug efflux transporter

EmrB/QacA family (MFS) drug
resistance transporter

EamA family (DMT
superfamily) transporter
permease RarD

EamA family (DMT
superfamily) transporter
permease RarD

2280
(1-3099)
2430
(1-3099)

1019(UD)

1162(UD)

662
(628-809)
784
(628-809)

83(UD)

242
(91-482)

178
(151-194)

362
(325-383)

639
(566-648)

692(UD)

853(UD)

871(UD)

RDP: 8.32E-04
GENECONV:
2.86E-02
Bootscan: 2.05E-
03

Maxchi: 8.86E-
04

Chimaera:
4.48E-04
SiSscan: 1.60E-
02

3Seq: NS

RDP: 7.09E-03
GENECONV: NS
Bootscan: 2.36E-
03

Maxchi: 4.15E-
03

Chimaera: NS
SiSscan: NS
3Seq: NS

RDP: NS
GENECONV: NS
Bootscan: NS
Maxchi: 3.16E-
07

Chimaera:
3.82E-02
SiSscan: NS
3Seq: 4.47E-02
RDP: 5.41E-03
GENECONV: NS
Bootscan: NS
Maxchi: 4.03E-
02

Chimaera: NS
SiSscan: NS
3Seq: 6.15E-03
RDP: NS
GENECONV:
1.04E-12
Bootscan: 5.93E-
15

Maxchi: 7.57E-
09

Chimaera:
1.80E-08
SiSscan: 2.24E-
08

3Seq: 1.28E-13
RDP: NS
GENECONV: NS
Bootscan: NS
Maxchi: NS
Chimaera:
5.82E-04
SiSscan: 1.06E-
04

3Seq: NS

RDP: 1.64E-02
GENECONV:
4.12E-02
Bootscan: NS*
Maxchi: NS*
Chimaera: NS*
SiSscan: 2.93E-
25

3Seq: NS*

Fig. 2a

Fig. 2a

Fig. 2b

Fig. 2b

Fig. 2¢-d

Fig. 2f

Fig. 2f

“ NS - not significant; UD — Undetermined; Cl-breakpoint cluster.
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Table 3
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The representative recombinant strains, the representative major and minor donor strains of the putatively identified ARGs, as well as the trajectories of intergeneric
HGT in nonhuman pathogenic marine bacteria, determined by RDP4.

Recombinant
Strain

Representative of major
donor

Representative of minor
donor

Gene product

Beginning and
end breakpoints
(99% Cl)

RDP4-generated SplitsTree
p value Fig.

Altererythrobacter
epoxidivorans CGMCC
1.7731
(CP012669.1)

Erythrobacter sp. isolate
NP_1
(CP050265.1)

Altererythrobacter marensis
KCTC 22370
(CP011805.1)

Erythrobacter litoralis
HTCC2594
(CP000157.1)

Uncultured
bacteriumBB_48
(MZ080379)

Xuhuaishuia
manganoxidans DY6-4
(CP019124.1)

L. vestfoldensis SMR4r
(CP021431.1)*

L. vestfoldensis SMR4r
(CP021431.1)

Erythrobacter seohaensis
SW-135
(CP024920.1)

Unknown

[A. epoxidivorans CGMCC
1.7731

(CP012669.1)]

Uncultured
bacterium BB_10
(MZ080341)

Unknown [A. marensis
KCTC 22370
(CP011805.1)]

Xuhuaishuia
manganoxidans DY6-4
(CP019124.1)

L. vestfoldensis SMR4r
(CP021431.1)

Xuhuaishuia
manganoxidans DY6-4
(CP019124.1)

Uncultured
bacterium BB_49
(MZ080380)

Unknown [Erythrobacter sp.
NP_1
(CP050265.1)]

E. seohaensis
SW-135
(CP024920.1)

Unknown [Citromicrobium
sp. JL477
(CP011344.1)]

Uncultured
bacterium BB_10
(MZ080341)

Unknown [Loktanella
vestfoldensis SMR4r
(CP021431.1)]

Uncultured
bacteriumBB_48
(MZ080379)

Unknown [Uncultured
bacteriumBB_48
(MZ080379)1

Marivivens sp. JLT3646
(CP018572.1)

Ber/CfIA subfamily (MFS)
multidrug efflux transporter

Ber/CfIA subfamily (MFS)
multidrug efflux transporter

MFS multidrug efflux
transporter

MFS multidrug efflux
transporter

RND efflux superfamily multi-
drug-resistance transporter
permease subunit

RND efflux superfamily multi-
drug-resistance transporter
permease subunit

RND efflux superfamily multi-
drug-resistance transporter
permease subunit

The RND superfamily
multidrug resistance protein
MdtB

902
(868-1044)

987
(868-1044)

68
(UD)

214
(137-467)

14(UD)

593(377-678)

485(UD)

529(UD)

264(UD)

2246
(2224-2367)

2244
(UD)

2329
(2253-2482)

84(1-2504)

233(1-2504)

366(256-409)

424(409-458)

RDP: NS
GENECONV: NS
Bootscan: NS
Maxchi: 5.50E-04
Chimaera: 1.08E-
02

SiSscan: NS
3Seq: NS

RDP: 1.65E-03
GENECONV: NS
Bootscan: 1.05E-
02

Maxchi: NS
Chimaera: 4.01E-
02

SiSscan: 4.37E-03
3Seq: NS

RDP: 3.32E-03
GENECONV: NS
Bootscan: 3.19E-
02

Maxchi: 4.85E-06
Chimaera: 2.94E-
04

SiSscan: 4.79E-02
3Seq: 2.07E-02
RDP: NS
GENECONV: NS
Bootscan: NS
Maxchi: 1.11E-03
Chimaera: 2.03E-
02

SiSscan: NS
3Seq: NS

RDP: 1.43E-06
GENECONV:
3.54E-05
Bootscan: 1.31E-
02
Maxchi:
07
Chimaera: 3.37E-
03

SiSscan: 4.94E-14
3Seq: 6.93E-05
RDP: 9.49E-03
GENECONV: NS
Bootscan: 2.43E-
03

Maxchi: 2.11E-02
Chimaera: 2.03E-
02

SiSscan: NS
3Seq: NS

RDP: 1.52E-02
GENECONV: NS
Bootscan: 4.90E-
02

Maxchi: 4.17E-03
Chimaera: 5.92E-
04

SiSscan: NS
3Seq: NS

RDP: 1.61E-04
GENECONV:
2.82E-02
Bootscan: NS
Maxchi: 3.31E-04
Chimaera: 6.38E-
03

Fig. 3a

Fig. 3a

Fig. 3b

Fig. 3b

Fig. 3c

2.83E-

Fig. 3c

Fig. 3c

Fig. 3d

(continued on next page)



E. Gabashvili et al.

Table 3 (continued)
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Recombinant Representative of major Representative of minor Gene product Beginning and RDP4-generated SplitsTree
Strain donor donor end breakpoints p value Fig.
(99% CI)
SiSscan: NS
3Seq: 9.02E-03
L. vestfoldensis SMR4r Uncultured Xuhuaishuia manganoxidans ~ The RND superfamily 544(463-680) RDP: NS Fig. 3d
(CP021431.1) bacterium BB_49 DY6-4 (CP019124.1) multidrug resistance protein - GENECONV: NS
(MZ080380) MdtB 630(463-680) Bootscan: NS
Maxchi: NS
Chimaera: 3.55E-
02
SiSscan: NS
3Seq: 4.29E-02
L. vestfoldensis SMR4r Uncultured Marivivens sp. JLT3646 RND superfamily multidrug 281(UD) RDP: 3.96E-02 Fig. 3d
(CP021431.1)* bacterium BB_49 (CP018572.1) resistance protein MdtB - GENECONV: NS
(MZ080380) 490(UD) Bootscan: NS

Maxchi: 1.42E-02
Chimaera: 7.25E-
03

SiSscan: 2.48E-11
3Seq: NS

*NS — not significant; UD — Undetermined; Cl-breakpoint cluster. The genome of L. vestfoldensis strain SMR4r (CP021431.1) carried two copies of the gene encoding for
RND superfamily multidrug resistance protein MdtB; *The second copy of L. vestfoldensis SMR4r (CP011431.1) gene (coordinates: c1106987-1,103,886) encoding for

the RND superfamily multidrug resistance protein MdtB.

and 13.8 km from Batumi), has provided some preliminary and impor-
tant information on multidrug efflux transporters genes present in these
geographical sites. The City of Batumi, which is located at the Black Sea
coast, represents one of the most crowded resorts in Georgia, attracting a
large number of visitors including many tourists from around the world
especially during a summer season. In this pilot study, we offer pre-
liminary insights into the spectrum and genetic diversity of ARGs in the
recreational coastal waters of this City.

As shown, most of the putatively identified ARGs, detected in the
above recreational waters, represent the AMR determinants that encode
for the Ber/CfIA family multidrug resistance efflux secondary trans-
porters from the MFS superfamily described previously (Pao et al., 1998;
Law et al., 2008). The MFS unite 74 families of multidrug transporters,
which translocate a wide variety of substrates, e.g., amino acids, pep-
tides, antibiotics, sugars, phosphates nucleosides and ions, across the
cytoplasmic membrane (Reddy et al., 2012). Some of these transporters
of the Ber/CflA family confer resistance to chloramphenicol, florfenicol
and bicyclomycin (Smith et al., 2009). The other ARGs, detected in these
recreational waters, encode for the multidrug efflux pumps from the
EmrB/QacA transporter subfamily. These AMR determinants, including
the emrB gene, which is a QacA gene homolog, were found to encode for
the membrane transport proteins (Paulsen et al., 1996) responsible for
the export of toxic molecules from bacteria and yeast (Huggins et al.,
2018), conferring resistance to hydrophobic quinolones (Putman et al.,
2000). Besides, the certain genes, that we could identify in this study,
encode collectively for MdtH, MdtL, MdtG, and NorM proteins, confer-
ring resistance respectively to quinolones, such as norfloxacin and
enoxacin (Yu et al., 2020), tetracycline and/or some other antibiotics
(Brown et al., 1999; Morita et al., 2000; Jebastin and Narayanan, 2019;
Bao et al., 2020). The above proteins belong to the MATE family, which
do not exhibit significant similarity with any other MFS members
(Brown et al., 1999).

The recreational waters of the above coastal areas were also found to
contain the ARGs coding for the drug extrusion translocases from the
RND superfamily, which, in gram-negative bacteria, play a vital role in
generating AMR (Liang et al., 2016) by transporting both hydrophilic
and hydrophobic quinolones (Putman et al., 2000). Importantly, in
certain foodborne and other bacterial pathogens, the RND efflux pumps
are thought to contribute also to pathogenicity (Lin et al., 2003; Cou-
deyras et al., 2008; Guérin et al., 2016). Overall, coupled with the
previous findings (Jaiani et al., 2020), the above results strongly suggest
that the multidrug efflux transporters are fairly abundantly present

across these Georgian coastal waters of the Black Sea.

4.2. The genetic relatedness of ARGs identified in Batumi recreational
waters

As compared to the developed countries, the countries with lower-
middle and upper-middle incomes are thought to accumulate more
community-acquired drug-resistant infections (Malik and Bhattachar-
yya, 2019). However, especially in the developing countries, the trans-
mission sources of AMR have not been clearly understood yet. In
Georgia, there has been a great lack of the understanding of AMR genetic
determinants of AMR and their relatedness in respect to those bacterial
pathogens from aquatic environments that can cause waterborne and
foodborne infections. In this study, we attempted to determine also the
genetic relatedness of the identified ARGs across the global microbial
populations, using both the DNA BLAST analyses in the NCBI nucleotide
database and the Taxonomic classification tool Kraken 2. As shown, a
fairly large number of these putatively identified ARGs, encoding for the
multidrug resistance transporters from the Ber/CfIA and some other
families, were most closely related to the ones carried by Vibrio, Aero-
monas, Pseudoalteromonas, Synechococcus, Rhodobacteraceae, Gilvibacter,
and some other genera. A great majority of these organisms (e.g., Syn-
echococcus, Alteromonas, Pseudoalteromonas, Vibrio and Aeromonas) were
found to be abundantly present in the Poti and Gonio coastal waters of
the Black Sea in Georgia (Jaiani et al., 2020). Among the identified
Vibrio species from the above subset, V. fluvialis, being commonly found
in coastal environments (Ramamurthy et al., 2014), is an emerging
human pathogen, while V. vulnificus has been one of the leading causes
of seafood-associated infections and mortality in many countries
including the United States (Elmahdi et al., 2017). Besides, the certain
ARGs, encoding for multidrug efflux transporters from the MF and RND
superfamilies, were most closely associated with the ones carried by
A. schubertii. This species is pathogenic mainly to snakehead fish (Liu
and Li, 2012) and shrimp (Sangpo et al., 2020), although, it has been
isolated sometimes from abscesses, wounds, skin, pleural fluids, and
blood of patients, causing infections also in humans (Hickman-Brenner
et al., 1988; Carnahan et al., 1989). Coupled with the previous findings
(Jaiani et al., 2020), thus, it is reasonably safe to suggest that the above
zoonotic and/or foodborne pathogenic Vibrio and Aeromonas species,
which are commonly present in marine environments, may represent a
part of the microbial resistome existing in the targeted recreational
waters of the Black Sea.
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Along with the Vibrio and Aeromonas species, P. piscicida, being also
frequently found in various marine environments, may appear to be an
another potential ARG-carrier serving as an alternative reservoir of some
of these genes in the above recreational waters. This species demon-
strates bactericidal properties toward V. vulnificus and Vibrio para-
haemolyticus (Richards et al., 2017), which can be suggestive of their
antagonistic interactions possibly existing in these and other aquatic
environments. The Synechococcus genus, which was also predicted to be
a potential ARG-carrier in the above explored marine sites, reflects
unicellular cyanobacteria that are wildly present, contributing to the
biogeochemical cycles, in the aquatic ecosystems globally (Callieri,
2017; Lee et al., 2019). Other predicted ARG-carriers, e.g., such as
Rhodobacteraceae (Alphaproteobacteria) (Dogs et al., 2017), Gilvibacter
(Onda et al., 2015), Q. seohaensis (Xu et al., 2020), Y. vestfoldensis
(Johansson et al., 2019), D. tyrosinivorans (Sung et al., 2015), and Sul-
fitobacter (Song et al., 2019), also belong to the endosymbiotic micro-
flora frequently present in marine environments. Thus, it is thought that
the Batumi coastal waters of the Black Sea may contain a fairly large
spectrum of the marine microbial resistome, although, more in-depth
and extensive metagenomic analyses and studies (with a significantly
larger sample size) are planned to strongly support the above
suggestions.

4.3. Intrageneric and intergeneric recombination of ARGs and their
transmission trajectories

The surveillance data show that the acquisition and transmission of
ARGs across the natural populations of bacterial pathogens is expected
to become increasingly severe, gathering a significant attention to the
controlling of these organisms, and to the deciphering of their AMR
determinants (Abe et al., 2020). The ARGs have been detected exten-
sively not only in various marine environments (Rahman et al., 2008),
but also ocean-open sites (Hatosy and Martiny, 2015) including even
some polar areas (Rahman et al., 2015) not exposed to antibiotic se-
lective pressures. Unlike chemical pollutants, the genetic pollutants, e.
g., such as ARGs, originating from both natural and man-made settings,
can replicate and increase in their frequency partially via HGT (Abe
et al., 2020). Recent studies suggest that HGT plays some important role
in the ARGs transmission in various marine ecosystems (Dong et al.,
2019; Chen et al., 2020). Thus, along with elucidating the patterns of the
AMR development, which has long become a significant focus of the
public health attention (Malik and Bhattacharyya, 2019), determining
the HGT-mediated transmission trajectories of ARGs is another key
approach to generate the additional important information for our
better understanding of the AMR global trends. It is noteworthy that
some of the previous findings highlight the tendency, according which,
HGT occur more commonly at certain increased temperatures (Walsh
et al.,, 2011; Rodriguez-Verdugo et al., 2020). Thus, as the global
warming continues to rise, deciphering the trajectories of ARGs genetic
recombination across marine microbial communities becomes highly
imperative to identify possible unknown sources contributing to AMR
transmission.

Here, we provide strong statistical evidence for both intrageneric and
intergeneric recombination events of multiple putatively identified
genes encoding for multidrug efflux transporters of the MFS, and for
those of the RND and DMT subfamilies, in several human and/or animal
pathogenic species of Aeromonas and Vibrio. Generally, in the natural
populations of bacteria, HGT events occur more commonly on intra-
species levels, as opposed to the above modes of genetic recombina-
tion, which is due to species specific, host specific, and possibly other
constraints that can exist in these organisms. It can be strongly suggested
that among the Aeromonas species, A. hydrophila, A. caviae, A. veronii, A.
media, and A. jandaei, causing collectively gastroenteritis and extra-
intestinal manifestations (Overman and Janda, 1999; Fernandez-Bravo
and Figueras, 2020) sometimes with the exhibited AMR (Overman and
Janda, 1999; Ramadan et al., 2018; Mokhtar et al., 2020), are actively
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involved in such HGT events. A. simiae has been isolated from various
sources including some animals (Fontes et al., 2010), their faeces (Harf-
Monteil et al., 2004), as well sewage (Chen et al., 2019). This species has
the ability to develop resistance at least to some f-lactams (Chen et al.,
2019). Among the above ARG-recombining vibrios, coupled with
V. fluvialis and V. ginghaiensis, the latter being not pathogenic to humans
(Ramamurthy et al., 2014; Gong et al., 2018), both V. furnissii (Ballal
etal., 2017) and V. mimicus (Campos et al., 1996) are regarded to be the
emerging pathogens. Importantly, it is suggested that V. mimicus has the
ability to recombine the gene that encode for the RND superfamily
multidrug resistance transporter periplasmic adaptor even with geneti-
cally very distinct bacteria from the other genus, such as Shewanella.
Being most frequently associated with aquatic environments, Shewanella
was found to cause human infections and to develop resistance to an-
tibiotics (Yousfi et al., 2017). Interestingly enough, Shewanella decolor-
ationis from the above genus has demonstrated an unusual ability
(without apparent modifications of its metabolism) to grow under
temperatures varying from 24 °C to 40 °C (Lemaire et al., 2019). Hence,
it can be thought that, due to the increased global warming conditions,
Shewanella can thrive even more and become a larger reservoir for
certain ARGs in aquatic environments.

It is strongly suggested that the modes of intrageneric and interge-
neric recombination of the multidrug resistance efflux transporter-
encoding loci can be both be- and multi-directional not only in Aero-
monas and Vibrio, but also across the Erythrobacter, Altererythrobacter,
Altererythrobacter, Citromicrobium, Marivivens, Xuhuaishuia and Lokta-
nella, representing collectively a fairly large and diverse microbial
resistome (Van Trappen et al., 2004; Li et al., 2016; Wang et al., 2016;
Xu et al., 2018). As the donor and/or the recipient of ARGs, the above
genera clearly seem to play via HGT some important role in the trans-
mission of at least multidrug resistance efflux transporters of the MFS,
and the RND and DMT superfamilies.

5. Conclusion

The recreational coastal waters that are contaminated by ARGs can
promote the emergence and transmission of drug-resistant strains of
many zoonotic and/or waterborne pathogens especially in light of the
increased sea surface temperatures promoting their growth. The
archiving deeper insights into the genetic diversity of these ARGs, and
into the molecular genetic mechanisms underlying their divergence and
transmission in marine environments can contribute significantly to
determining and predicting the existing and future evolutionary trends
of AMR respectively. The recreational coastal waters of the Batumi City
exhibited mainly the presence of multidrug resistance transporters
belonging to the MFS, as well as to the RND and DMT superfamilies. We
suggest that, in the above marine environment, their presence could be
explained most likely by the physiological multifunction of these AMR
determinants in bacteria, although, this can partially be associated as
well with some antibiotic selective pressures that may exist in these
coastal areas. Besides, it can be also suggested that the large microbial
assemblages that include mainly, but not limited to, Vibrio, Aeromonas,
Pseudoalteromonas, Altererythrobacter, Erythrobacter, and Loktanella,
serve as the active reservoirs of the ARGs that encode for these multi-
drug resistance transporters, thus contributing to their transmission via
HGT in various marine environments. In such HGT events, many
members of these genera seem to readily switch their roles of the donor
and the recipient of these ARGs. Moreover, it also suggested that the
HGT-mediated transmission mode of these AMR determinants can be
both bi- and multi-directional across the above microbial genera in
marine environments in general, exhibiting not only evidence of intra-
and inter-species recombination, but also that of intergeneric recombi-
nation of these ARGs.
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3.2 3353960 BM3BL30s B0 s6E03030MdYmo MgBOLEIBGHMIOL g9bgdols
blaCTX-M, mel, 5 tetM ¢om3migdol bobgmdsmdm®mol 3536 3gegdsdo 35d@gMosms
0690603 3m3mes305d0

9399900, 3500 FmMHoL 3035 gbGHMMO  Roaq00, dglsdewms  Imbsfiowrgmdgb
563080360MdMo  HgHBoLEIBEGHMOOL  4963s3060MdYdgwo 4969008  IMOHODBMEE M
395399580 (Gabashvili et al., 2020). 33930l GsOAWwgddo dgzoLfogenrgor NCBI
3WMdE  d>BoL 2239 gogob 396mdgdo s godmzs3eobgm 19 Bd5d@gM0MBIY0
d9dgboo  MHgBolGHIBGHMdOL  a9bom  (ARGs). Bggbds 339300  Ho®mBmoBobs
3035963 M0 53o900L Bo®IEMds 56EH03030MdMmo MHgHolBbEH™doL 296900
3OH0DMBE MM 25539850 s 1B3965, HMA 4563390I0 3035 gbEVIOHO BMIogMHo
0bgdol dJmbyg dodBHYM0MmBoagd0 dMbsfogmdsls gdwmdgb baCTX-M, tetM, mel
396990 LEbgMBdSMIMGOOL dodm3gesdo E. coli, S. enterica, S. pneumoniae, S. sonnei, S. suis,
E. rhusiopathiae, ©> B. coagulans -ol 37690603 3m3mws309ddo. Bz9b0 33193900l
0965bdoo Salmonella-ly o0 gboderms Ho®mdmoagbgl baCTX-M 2960l 39dGH™OL £
coli - bd> s S. enterica -l JmMOL, beagom tetM M9BOLEHIBEHMOOL 960l A93M(3gEgds S. suis
-0l 399690603 3039530580 FLodEMs 9353800 YdMEL Erysipelothrix -ob Goamob o
E. faecium-ob 9E50msb dol g9bgBHo3me M93mddobogost. Streptococcus -obs B0,
Erysipelothrix -ob ®5q0, ©d S. pneumoniae- obdy ©d B. coagulans -ol 0vbgd6H030
30330900 30 BoOIME0 50056 mel 49bol JodmEgesdo. sg3g sbsbodbsgos M mel
3960l dodmEges  dgodegds  dmbgll olgo MEMPSBoDIGAL  FmOOL, OHMYMOIOO3S
Streptococcus -0 o Erysipelothrix -ob g53990. B396L dog® domgdmends 9900939035 939
399003 0bgl 3010350 9bEGHWIMHO Goaq00L BserEmds blaCTX-M, tetM, s mel 39b9gd0l
36OH0DMbE MM 300mE3wsdo Lobgmdsmdm®molm mbyby.
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Abstract

The horizontal genetic transfer (HGT) of antibiotic resistance genes (ARGs) mediated by species-specific bacteriophages
contributes to the emergence of antibiotic-resistant strains in natural populations of human and animal bacterial pathogens
posing a significant threat to global public health. However, it is unclear and needs to be determined whether polyvalent
bacteriophages play any role in the intergeneric transmission of ARGs. In this study, we examined the genome sequences
of 2239 bacteriophages from different sources for the presence of ARGs. The identified ARG-carrying bacteriophages were
then analyzed by PHACTS, PHAST, and HostPhinder programs to determine their lifestyles, genes coding for bacterial
cell lysis, recombinases, and a spectrum of their potential host species, respectively. We employed the SplitsTree, RDP4
and SimPlot software packages in recombination tests to identify HGT events of ARGs between these bacteriophages and
bacteria. In our analyses, some ARG-carrying bacteriophages exhibited temperate and/or polyvalent patterns. The bootstrap
values (97-100) for the SplitsTree-generated parallelograms, fit values (97—100) for splits networks, Phi P values (< 107!
to 3.9% 1071%), RDP4 P values (< 7.8 x 107%%), and the SimPlot results, provided strong statistical evidence for the phage
transduction events of blacry \, mel, and tetM loci on inter-species level. These events involved several host species such as
Escherichia coli, Salmonella enterica, Shigella sonnei, Streptococcus pneumoniae and Bacillus coagulans. HGT of mel loci
between Erysipelothrix and Streptococcus phages were also detected. These results firmly suggest that certain bacteriophages
possibly with temperate properties induce the intergeneric dissemination of blacrx.\, mel and tetM in the above species.

Introduction

Antibiotic resistance remains a major global health concern
in light of increasing prevalence of this phenomenon, with
ca. 700,000 instances of human mortality annually attrib-
uted to resistant bacterial infections [1]. Clonal expansion
of drug-resistant strains, chromosomal mutations conferring
resistance to drugs, and HGT of ARGs between strains are
the mechanisms responsible for generating and amplify-
B9 Mamuka Kotetishvili ing antibiotic resistance in human and animal infections.
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particular host range, and while some can only infect one or
a few bacterial strains, other phages can infect many strains
and species [16, 39]. Previous studies provide ample evi-
dence that the transduction of antibiotic resistance determi-
nants is mainly mediated by species-specific (monovalent)
phages [8]. In contrast, only a very few attempts have been
made to determine whether polyvalent phages—those that
can infect different species—contribute to inter-species dis-
semination of ARGs: the bacteriophage-mediated transduc-
tion of ARGs between several Enterococcus species was
demonstrated under laboratory conditions [29], besides, the
transfer of antibiotic resistance by bacteriophages between
Staphylococcus species has been also elucidated [50]. These
findings deliver preliminary evidence to assume that polyva-
lent phages play at least some role in the spread of antibiotic
resistance between species.

In this study, we provide strong statistical evidence for
inter-species recombination of bla.rx_ (the extended-spec-
trum p-lactamase-encoding gene), mel (the ABC-type efflux
permease-encoding gene) and tetM (ribosomal protection
protein-encoding gene) mediated by bacteriophage across
multiple bacterial genera. Herein, we also track events of
genetic exchange of mel between bacteriophages from dis-
tinct host species. In addition, inter-species recombination of
bla-rx.\» and events of both inter- and intra-species recom-
bination of fetM in foodborne and other bacterial pathogens,
are elucidated.

Materials and Methods
Identification of ARG-Carrying Bacteriophages

A total of 2244 amino acid sequence records for ARGs avail-
able in the Comprehensive Antibiotic Resistance Database
(CARD, https://card.mcmaster.ca) were included in the
analysis. Using these amino acid sequences, we performed
a homology search of these genes across the genomes of
2239 bacteriophages annotated in the protein and nucleotide
databases of the National Center for Biotechnology Infor-
mation (NCBI, https://www.ncbi.nlm.nih.gov) to identify
ARGe-carrying bacteriophage. In this analysis, the amino
acid sequences for each ARG were blasted against the NCBI
nucleotide and protein databases using the TBLASTN and
BLASTp algorithms, respectively. In the TBLASTN analy-
sis, we applied 10 as a default value for the expected number
of chance matches using a random model.

Classification of the ARG-Carrying Phages Lifestyle
and Their Host Prediction

We performed both proteome and genome analyses of the
ARG-carrying bacteriophages to predict their lifestyle
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(virulent versus temperate) and a spectrum of their poten-
tial host species. For classifying the lifestyle (temperate ver-
sus lytic) of ARG-carrying bacteriophages identified in the
NCBI nucleotide database, we used both the corresponding
references and the online program PHACTS with the Ran-
dom Forest algorithm (https://edwards.sdsu.edu/PHACTS/
index.php). For the PHACTS analysis, a proteome of each
ARG-carrying phage was obtained using the DDBJ Fast
Annotation and Submission Tool, DFAST (https://dfast
.nig.ac.jp), with GHOSTX as default aligner. When using
PHACTS [31], we considered the predicted phage lifestyle
to be reliable if generated probability values were >0.5. We
applied the PHAge Search Tool (PHAST) [51] (https://phast
.wishartlab.com) to identify bacterial cell lysis and recom-
binase genes in the ARG-carrying bacteriophages for better
understanding of the genomic features of these organisms.
For the ARG-carrying phages, we searched for the corre-
sponding references and other relevant information on their
actual hosts in the NCBI database and the Virus-Host Data-
base (DB) (https://www.genome.jp/virushostdb/note.html).
Besides, HostPhinder (version 1.1) [44] (https://cge.cbs.dtu.
dk/services/HostPhinder/) was applied to predict putative
hosts for these phages. The coverage values being > 0.7 for
species, and 0.8 for genus, were interpreted as strong indi-
cators for host species prediction, while predictions based
on a coverage value below 0.1 were only correct for 47%
(species) and 63% (genus) of the phages as predetermined
previously [44]. Given that, in our analysis, the coverage
values > 0.1 were still considered to be valuable indicators.

Recombination Analyses of ARGs

We applied the method of split decomposition [2] imple-
mented in the SplitsTree program (version 4.14.4) to detect
genetic recombination of ARGs between bacteriophages
and bacterial strains. Bootstrap values > 95 (from 1000 rep-
licates) for each node of the SplitsTree parallelograms, and
fit> 95 for each splits network were considered statistically
significant. Each splits network was reexamined using the
Phi (Pairwise Homoplasy Index) test [5] to confirm evidence
of putative recombination events, and to avoid false positive
results that sometimes could be due to convergent muta-
tions that may exist across the ARGs. We applied RDP [28],
GENECONYV [35], BootScan [27], MaxChi [41], Chimaera
[37], SiScan [12] and 3Seq [3] implemented in the RDP4
software package (Beta 4.96) [26] to confirm recombination
events, and to identify major and minor parents (donors) of
the recombined loci, as well as recombinant strains (recipi-
ents). For detecting genetic recombination, RDP4 executes
recombination analyses without any need for predefined sets
of non-recombinant reference sequences, which makes it
more generally applicable than many other available recom-
bination analysis tools [26]. The above fast and powerful
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heuristic recombination detection methods implemented in
RDP4 sequentially test every combination of three sequences
in an input alignment to identify both recombinant and its
possible parental DNA sequences. The default parameter
— 0, the linear sequence setting as well as enabled disen-
tangle recombination signals were applied for the number
of permutation in all RDP4 analyses. Bonferroni-corrected
P values <0.05 predetermined (RDP4 Instruction Manual),
for significant breakpoint clusters (99%) across the ARGs
DNA sequence alignments, were considered statistically
significant in these analyses. The putative recombination
hotspots identified by RDP4 in the ARGs DNA alignments
were reexamined using the SimPlot v3.5.1 program [25].
The window size and the step size were set to 200 bp and
20 bp, respectively, in this analysis.

Results and Discussion

Classification and Host Ranges of ARGs-Carrying
Bacteriophages

It is important to indicate that ARG-carrying bacteriophages
have been isolated not only from bacterial strains that cause
human or animal infections [11], but also from river, sewage
water [46], activated sludge [36], marine environment [6],
and human fecal samples [38]. The lifestyle of such phages
and a spectrum of their host species remain largely unclear
and need to be determined in order to gain essential insights
into a magnitude of the dissemination of ARGs via phage
transduction in natural populations of infectious bacterial
agents.

We identified nineteen ARGs-carrying bacteriophages
among 2239 phages examined in NCBI, using the BLASTp
and TBLASTN searches for the amino acid sequences of
the ARGs from the CARD (Table S1). These ARGs-car-
rying bacteriophages (except the unclassified Streptococ-
cus phage, Javan 630) belonged to one of the families of
the order of Caudovirales such Myoviridae, Siphoviridae
and Podoviridae (Table S2). The results of the HostPhin-
der analysis with >0.15 coverage values predict that some
of these phages could infect more than one host species
(Table S2). Thus, based on these findings, we reasoned
that phages might operate on both intra- and inter-species
levels in natural populations of bacteria. Interestingly, the
HostPhinder analysis with the coverage value 0.59 strongly
predicted E. coli as a putative host for Salmonella phage
SJ46 (KU760857.1). However, the obtained coverage val-
ues being 0.039, 0.0037, and 0.0035 exhibited a very weak
association of the above Salmonella phage strain with both
its actual host species, S. enterica and two putative alter-
native host species, Shigella sonnei and Shigella flexneri,
respectively (Table S3). We believe that such ambiguous

results could be because HostPhinder predicts host species
of a phage only by searching for the most genetically similar
phages in a database of reference phages with known hosts,
for which it uses the number of co-occurring k-mers (DNA
sequences of length k) as a measure of genetic similarity.
Hence, when applying this method HostPhinder disregards a
highly mosaic structure of the phage genomes. The splitting
of entire phage genomes into overlapping k-mers was pro-
posed recently as a solution for the above problem [18, 24],
although, this approach has not been employed yet. It must
be also noted that a number of sequenced genomes of phages
and the information on their host species is still very limited
in the NCBI and other databases, making a comprehensive
host prediction analysis even more difficult.

The increasing number of genome sequences deposited
in databases foster the identification of temperate phages
by marker genes [19]. Examining the prophage and other
marker genes, PHACTS predicted confidently a temperate
lifestyle for a majority of these phages (Table S4). These
results provide additional evidence to the view widely
supported by the previous findings [15], implying that the
ARGs are most frequently transmitted by temperate phages
when phage transduction is implicated in the dissemination
of these genes. Using PHAST, we could identify recombi-
nase-coding genes (Table S5) in eleven bacteriophages from
this subset, at least some of which play an important role
in facilitating homologous recombination as reported pre-
viously [34]. The genes responsible for bacterial cell lysis
could be also identified by PHAST across some of these
bacteriophages genomes (Table S5). These findings can be
of a great value to the future studies aimed at the better
understanding of the genomic features of the ARG-carrying
bacteriophages.

Genetic Recombination of ARGs Between
Bacteriophages and Their Host Species

Horizontal transfer of ARGs mediated by bacteriophages
appears to be relatively common than previously believed,
contributing to the dissemination of resistance to antibiot-
ics [8]. Our hypothesis assumed that there exist polyva-
lent phages, which contribute to the intergeneric spread of
ARGs in natural populations of bacterial infectious agents.
The consensus results obtained from our analyses using
different recombination detection algorithms and methods
implemented in the SplitsTree, RDP4 and SimPlot software
packages revealed strong evidence for phage-mediated inter-
generic spread of three ARGs, blacrx_\, mel and tetM across
various human and animal bacterial pathogens. CTX-M con-
fers resistance against penicillins, oxyimino-cephalosporins
(i.e., cefuroxime, cefotaxime, ceftriaxone, cefpodoxime, cef-
tazidime, ceftiofur, cefquinome) and monobactams [4]. The
ABC-type efflux permease-encoding gene, mel is a homolog
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of the ATP-binding cassette gene msrA [40], conferring mac-
rolide resistance in various Gram-positive bacteria. The terM
gene, which is widely present in many species across eight
gram-negative and eighteen gram-positive genera [7], leads
to resistance to tetracycline.

Generally, plasmids are considered as the main con-
tributors to the bla-rx.\ transfer across various species of
bacteria [30]. However, the high prevalence of blacpx\ in
the genomes of phages recovered from soil and water, and
the generalized transduction of this gene mediated by some
members of Myoviridae (specifically, T4-like E. coli phages)

may be suggestive of at least some role of these organisms
in the spread of bla-x \—associated antibiotic resistance
[9, 32]. In our recombination analyses, SplitsTree gener-
ated a parallelogram (Fig. 1a), which involved the Salmo-
nella phage (KU760857.1), S. enterica (MF418176.1), E.
coli (AB900900.1) and S. sonnei (AB284167.1), exhibiting
events of genetic recombination of bla-rx_\ between these
organisms.

To date, it is unknown whether the phage transduction
plays any role in the dissemination of mel in natural popula-
tions of human and animal bacterial pathogens. The results

Shigella sonnei
(AB284167.1)

100
\/ 100 Salmonella phage SJ46
KU760857.1
99.8 100 ( )

Escherichia coli

100  Bacillus coagulans
971 (CP025437.1)

Erysipelothrix phage phi1605

A ,

Salmonella enterica 100

(MF418176.1)
B "’ AB900900.1
Streptococcus phage phi1207.3 ( 1)
(AY657002.1)
100
Streptococcus pneumoniae 100
(AJ971089.6)

C 0.01

(MF172979.1)

Erysipelothrix phage phi1605

(MF172979.1)

Streptococcus suis 100

100

(EU182585.1)

100

100 Streptococcus suis

5 (EU350139.1)

Enterococcus faecium

Fig. 1 Splits Graphs constructed by SplitsTree, exhibiting the genetic
recombination of blacry.y (fit: 99.5) (a), mel (Fit: 100) (b), and tetM
(Fit: 100) (c) loci between various bacteriophages and bacterial spe-
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of our SplitsTree analysis (Fig. 1b) revealed the HGT events
of mel between the Streptococcus phage (AY657002.1),
Erysipelothrix phage (MF172979.1), S. pneumoniae
(AJ971089.6) and B. coagulans (CP025437.1).

HGT has been also one of the evolutionary forces that
drive the dissemination of fetM loci via conjugation and
genetic transformation in bacterial communities [45]. The
transfer of tetracycline resistance was achieved via the phage
transduction in some Enterococcus [29] and Streptococcus
[43] species under laboratory conditions. In our analyses,
Splitstree allowed us to detect events of the inter-species
recombination of retM loci between bacterial species from
different genera, involving also the bacteriophage (Fig. 1c¢).
More specifically, we observed the genetic exchange of tetM
loci between the Erysipelothrix phage (MF172979.1), S. suis
(EU182585.1) and E. faecium (NG_048231.1).

It is important to note that, while searching for parallel
genetic changes that particularly exhibit conflicting evolu-
tionary signals across genetic loci, SplitsTree may gener-
ate false positive results due to the presence of convergent
mutations particularly in genetic loci that undergo selec-
tive pressure, sometimes mimicking genetic recombination
events. For such instances, the Phi test [5] can be one of the
best approaches that allow detecting homoplasy and distin-
guishing recurrent mutations from recombination. The split
networks (Fig. la—c) generated in our SplitsTree analysis
were highly supported by the results of the Phi test with the
P values being < 10! for blacry p» 3.9 % 10716 for mel, and
5.6x 107" for tetM, additionally demonstrating statistically
significant evidence of genetic recombination.

Even though SplitsTree has been a very useful tool for
studying intra- and inter-species recombination among both
bacteria [22, 23] and viruses [33], when visualizing putative
recombination events in a capacity of quartet networks, it
has no ability to distinguish between donors and recipients
of the exchanged genetic loci. Thus, we applied the RDP4
software package to reexamine the genetic recombination
events of blac-rx.\, Mmel, and tetM determined by SplitsTree,
and to identify donors and recipients among the phages and
bacterial strains involved in these events. The RDP4 analysis
provided strong evidence for the horizontal genetic transfer
of blac-rx. . mel, and tetM loci between the same bacterio-
phages and these bacterial species strains, thus highly agree-
ing with the results obtained from the SplitsTree analysis.
Table 1 summarizes the recombinant strains, their major and
minor donors as well as the recombination beginning and
end breakpoints across the ARGs determined by RDP4.

Very importantly, displaying the highly significant P
values, the generated results were consistent across a great
majority of recombination tests conducted using this soft-
ware package. RDP4 has been successfully applied alone
[26] or in combination with SimPlot [49] to study a phenom-
enon of genetic recombination between different organisms.

In this study, the results obtained additionally from the Sim-
Plot analysis of blacrx_, mel and tetM revealed the presence
of recombination hotspots across all these loci for the same
subset of the bacteriophages and bacterial species strains
(Fig. 2).

The consensus results of the above recombination detec-
tion analyses, strongly suggest that the Salmonella phage
SJ46 could serve as a donor of blac-yx. for both E. coli
and S. sonnei strains. It can be also strongly suggested that
certain bla-rx_\-carrying S. enterica strains could be some-
times donors of this gene to E. coli and S. sonnei. This sce-
nario will appear more plausible if we consider the results
obtained from the HostPhinder analysis, which predicted
E. coli as a potential host species for the Salmonella phage
SJ46.

The consensus results of the recombination analyses also
provided strong statistical evidence for (i) the acquisition
events of mel by the Erysipelothrix phage from two geneti-
cally distant genera such as Streptococcus and Bacillus, and
(ii) the genetic exchange of mel between Erysipelothrix and
Streptococcus phages. In particular, the results obtained from
the SplitsTree, Phi, the RDP4 and SimPlot analyses (Table 1,
Figs. 1, 2) collectively demonstrate two events of mel acqui-
sition by the Erysipelothrix phage (MF172979.1) separately
from S. pneumoniae (AJ971089.6) (major donor) and B.
coagulans (CP025437.1) (minor donor)—the latter being
a probiotic species [21]. This finding adds another layer of
evidence to the growing concerns associated with the facts
of acquisition of mel and other ARGs via HGT by probi-
otic species used in both livestock and human applications,
thus, representing a serious safety threat [14, 20]. Impor-
tantly also, the above results (Table 1, Figs. 1, 2) showing
the event of HGT of mel between the Erysipelothrix phage
(MF172979.1) and the Streptococcus phage (AY657002.1)
is strongly in agreement with the earlier suggestion that
genetic recombination takes place between bacteriophages
[17]. While it remains unknown whether genetic recombi-
nation occur between temperate phages and virulent (lytic)
phages, this possible scenario still should not be excluded.
Thus, the above findings call for an urgent need for more
extensive studies on phage evolution, especially in terms of
potential long-term consequences of various phage applica-
tions for food processing, veterinary and medical therapeutic
purposes. The most recent studies on human gut microbiota
introduce a new concept of bacteriophages as human path-
ogens, suggesting that these organisms sometimes can be
implicated in developing some diseases via their interplay
with gut microbiota and the human host [13, 42]. Hence, the
above findings allow us to pose a legitimate and important
question: How can HGT between bacteriophages as well as
among these and their hosts alter and shape gut microbiota
(which may lead to short- and/or long-term adverse health
consequences) in humans and animals, especially when
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Fig.2 The similarity plot analysis providing evidence for genetic
recombination of the blacrx.y, mel, and tetM loci between the ARG-
carrying bacteriophages and human and/or animal pathogenic bac-
terial species. a The recombination beginning and end breakpoints
in the alignment of the bla-rx DNA sequences of the Salmonella
phage (KU760857.1), S. sonnei (AB284167.2), and S. enterica
(MF418176.1). b The recombination breakpoint in the alignment of
the blacrx.y DNA sequences of the Salmonella phage (KU760857.1),
E. coli (AB900900.1) and S. enterica (MF418176.1). ¢ The recom-
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applying phages excessively in attempts to replace antibiot-
ics for therapy or food processing? Besides, the acquisition
of mel by the Erysipelothrix phage (MF172979.1) from S.
pneumonia (AJ971089.6) pinpoints to a role of Erysipelo-
thrix phages in the transmission of this gene in natural popu-
lations of the above important pathogen. Furthermore, we
also suggest that some Erysipelothrix phages promote the
dissemination of mel among E. rhusiopathiae strains, which
are pathogenic for both humans and animals. We found that
the same Erysipelothrix phage also carried fetM, and that
this bacteriophage could be a putative donor of this gene
for S. suis strains (EU350139.1 and EU182585.1). The tetM
gene is thought to be widely present in the environmental

pneumonia (AJ971089.6), and B. coagulans (CP025437.1). d The
recombination hotspots in the alignment of the mel DNA sequences
of the Erysipelothrix phage (MF172979.1), the Streptococcus phage
(AY657002.1), and B. coagulans (CP025437.1). e The recombina-
tion hotspots in the alignment of the fetM DNA sequences of Erysip-
elothrix phage (MF172979.1) and two S. suis strains (EU350139.1
and EU182585.1). f The recombination beginning and end break-
points in the alignment of the fetM DNA sequences of the Erysip-
elothrix phage (MF172979.1), S. suis (EU182585.1), and E. faecium
(NG_048231.1). In this analysis, we used the RDP4-identified recom-
binant strains as query

isolates of E. rhusiopathiae resistant to tetracycline [47].
With the given scenario, it is entirely plausible that some
Erysipelothrix phages have ability to acquire this gene from
their immediate host species and then, transmit it to even
other bacterial genera, e.g., such as Streptococcus. Interest-
ingly enough, as reported previously, the tetM loci of E.
faecalis and E. rhusiopathiae shared 99% of DNA-DNA
similarity [47]. However, the results of our BLAST analy-
sis show that different alleles of this gene generally exhibit
comparatively much less nucleotide sequence similarity (<
93%) across different genera (unpublished data). In the pre-
sent study, the consensus results provide strong statistical
evidence for inter-species recombination of tetM involving
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E. faecium (NG_048231.1) and the above Erysipelothrix
phage as the putative major and minor donors, respectively,
for the S. suis strain (EU182585.1). The genetic exchange
of tetM between the S. suis strains was also elucidated in the
recombination analyses. Thus, we suggest that intra-species
recombination contributes to the dissemination of resistance
to tetracycline in the natural populations of this species.

Conclusions

We strongly suggest that certain bacteriophages possibly
with temperate lifestyle contribute to the intergeneric spread
of blacrx . mel, and tetM in natural populations of bacteria
including not only human and/or animal pathogens (e.g.,
such as E. coli, S. enterica, S. pneumoniae, S. sonnei, S.
suis, and E. rhusiopathiae) but also the probiotic species,
e.g., such as B. coagulans. The genetic exchange of mel is
thought to occur also between some Streptococcus and Ery-
sipelothrix bacteriophages. Besides, we strongly suggest that
certain Salmonella phages can serve as vectors promoting
the inter-species recombination of blacrx  loci between E.
coli and S. enterica. In the natural populations of S. suis,
tetM loci can be sometimes introduced and disseminated
via intergeneric recombination mediated by some strains of
Erysipelothrix phages and E. faecium.
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3.3 3593 gM0ome 335309080 35dEgM0mMmmysagd0m 0bEME0MYdMmOo BEH0dOME039d0L
0gms5gLoL 30EgdoL 353MmEPoMIdIMO 396980l 39693 03MMO M193mTdOBS30s
LsbgMd5m5dMHOLM S 3350MM53MMOL EMbYgdHY

B396 51939 2593530670 d5JBHIMOMBOYJOOL IO 56EH0DdOMEH 03900l 0g3esJLOL
GMIdMgOOL  353m©0Mgdgo g9b9gdol dodmEgwrsdo (Gabashvili et al. 2021a). NCBI
dmbs3gdms  05BsGo  sOLYOMEO  RORAMOO S 33dBHIMO0MOo  396MmTgdol  SBsEoBob
99039md0m, B3963s 33009350 450Mo3¢0bs BodBHJMH0MRBIRG0, MMIgEms 39bmBqd03
9035300696 96 96 M58m©9b0dg 93l EwmddmgdOl Bs3mPOMmYdIE 9gbl, >0 ImEOL
MF cmxsbols, ABC mxobols, s RND myxsbol ¢Moblidm®@Hgmgool 953006909 49690L.
5060860 35gBHYMH0MBHRgd0L  Bob3obdgen  BogBgMogdl  [omdmowygbgb Salmonella
enterica, Staphylococcus aureus, Pseudomonas aeruginosa, Burkholderia pseudomallei,

Bacillus thuringiensi, Mycobacterium smegmatis.

In Silico ©93mdd06530w0 5bseroHgdol 99w9gd0l dobgzom, s0bodbwyaro
1359900 §o6m3m9696 53 296900l EEMbMMgOL dodBgHogdol dmbgdcmog 3m3ws30gddo
OMaMO3  d0oLobgmdMH0g s LELIMBIMITMOOLM, 0Ly DBmyogMm  235MMITMMOL
©mbgbgs. 396 90BMm3sBobgm I EHoMmgbolBHIbEGHMEo ABC 25059360 3963g5Bsb
053m@0M909e0 29608 Wm3MLoL  LEbHYMOIMSTMMOLM  Mg3mIdOBsgoOl  dmzEgbgdo,
OmIgddos BsOomwo 0943zbgb dmoEegwbgb B. thuringiensis -ob o0 S Bacillus
anthracis-ob, Bacillus cereus-os s Bacillus tropicus -ob 096906030 3m3)mozogdo. (Fig.
2b). Bg39bds 3309350 o9boLosMS MES #HMobldm®m@EHgmol 3960l 359@gM0omzs39d00
399039990 43505 FMMOL MHYbY ©93mB00b5:300L B3 gbgd03, Lo BoOMMEgdo
0y3bgb M. smegmatis -ob RQo0 ©s S. harbinensis-ob, S. chartreusis-ob s Actinomadura-U
0543900 9B539d0. 5983509, 3960 330093900l MBIHTS, d5JEHIJMOOMBoYgdOL JogM
399mf399wo  MH93m3d0bsgos byl MHymdL  96E0d0MEH03900L  0xBwsJLOL  30EgdOL
9530090900 396930l 2536M39EgdL dodBHYMH0gdOL Lb3gsslbgs Lobgmdgddo.
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Abstract

Antimicrobial resistance continues to be a significant and growing threat to global public health, being driven by the
emerging drug-resistant and multidrug-resistant strains of human and animal bacterial pathogens. While bacteriophages
are generally known to be one of the vehicles of antibiotic resistance genes (ARGs), it remains largely unclear how
these organisms contribute to the dissemination of the genetic loci encoding for antibiotic efflux pumps, especially
those that confer multidrug resistance, in bacteria. In this study, the in-silico recombination analyses provided strong
statistical evidence for bacteriophage-mediated intra-species recombination of ARGs, encoding mainly for the anti-
biotic efflux proteins from the MF superfamily, as well as from the ABC and RND families, in Salmonella enterica,
Staphylococcus aureus, Staphylococcus suis, Pseudomonas aeruginosa, and Burkholderia pseudomallei. Events of
bacteriophage-driven intrageneric recombination of some of these genes could be also elucidated among Bacillus
thuringiensis, Bacillus cereus and Bacillus tropicus natural populations. Moreover, we could also reveal the patterns
of intergeneric recombination, involving the MF superfamily transporter-encoding genetic loci, induced by a Myco-
bacterium smegmatis phage, in natural populations of Streptomyces harbinensis and Streptomyces chartreusis. The
SplitsTree- (fit: 100; bootstrap values: 92.7-100; Phi p <0.2414), RDP4- (p <0.0361), and GARD-generated data
strongly supported the above genetic recombination inferences in these in-silico analyses. Thus, based on this pilot
study, it can be suggested that the above mode of bacteriophage-mediated recombination plays at least some role in
the emergence and transmission of multidrug resistance across a fairly broad spectrum of bacterial species and genera
including human pathogens.
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Introduction

The ongoing spread of antimicrobial resistance (AMR)
exhibits a growing trend towards a rapid emergence of
drug-resistant (DR) and multi-drug resistant (MDR) bac-
terial pathogens, posing a global threat to human, animal,
and environmental health [1-3]. The plausible causes of
AMR, otherwise termed as “the global resistome”, have
been mainly due to the irrational and excessive use of anti-
biotics in both public health and food industries. These
factors, coupled with release of nonmetabolized antibiotics
or their residues into different environments, contribute
to the genetic selection pressures especially for the emer-
gence of MDR strains globally [1]. In natural populations
of both human and animal pathogenic bacteria, AMR
exhibits two following mechanisms: acquired resistance
and intrinsic resistance, the latter associated with the car-
riage of specific inherent structural and/or functional char-
acteristics including efflux pumps [4].

In Gram-positive and -negative bacteria, the efflux
pumps represent transport proteins involved in the extru-
sion of toxic substrates (including antibiotics) from within
their cells into the external environment [5]. The bacte-
rial efflux systems that confer clinical levels of resistance
to antimicrobials fall into the following five classes: the
major facilitator (MF) superfamily, the ATP (adenosine
triphosphate) -binding cassette (ABC) family, the resist-
ance-nodulation-division (RND) family, the small mul-
tidrug resistance (SMR) family belonging to the drug/
metabolite transporter (DMT) superfamily, and the multi-
drug and toxic compound extrusion (MATE) family. These
efflux pumps were found to be increasingly involved in the
generation of AMR across natural populations of bacteria
[6, 7]. While drug-specific efflux mechanisms are encoded
mainly by mobile elements, the multidrug efflux pumps are
generally chromosomally encoded in these organisms [6,
8]. In addition to the clonal expansion of DR and MDR
strains [4], the dissemination of these and other resistance
determinants across various bacteria, via horizontal gene
transfer (HGT), also contributes significantly to the emer-
gence of AMR infections in humans and animals. Thus,
the determining of transmission mechanisms of antibiotic
resistance genes (ARGs) that are involved in antibiotic
efflux in these organisms has been one of the critical steps
towards our in-depth understanding of the global trends
and dynamics of AMR evolution [9, 10].

Bacteriophages represent the most abundant organisms
in biosphere [11], contributing markedly to the transmis-
sion of ARGs across natural populations of various human
and animal pathogenic bacteria in different environments
[10, 12, 13]. It is noteworthy that the global rate of phage-
mediated HGT events was estimated to be approximately
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2% 10'® per second [14], although, further in-depth studies
are needed to gain more precise insights into the above
estimate. In this scenario, a phenomenon of the phage-
transduction-driven transfer of antibiotic efflux-associated
genes and its trajectories, across natural populations of
bacteria, have been very poorly understood. A body of evi-
dence from the previous studies, in this respect, has been
mainly limited to very scarce in vivo and in vitro find-
ings [12, 15] and to viral genomic and metagenomic data
[16-19], demonstrating only the carriage of these ARGs
by the phages form different environments. Intriguingly
enough, however, it is suggested that phage-driven transfer
of some genetic loci (mel and tetM) involved in antibiotic
efflux can stretch even beyond the species-specific bounda-
ries in bacteria [10].

In this study, we identified the genetic loci that encode
for bacterial efflux pumps across the phage genomes, and
performed extensive in-silico recombination analyses to elu-
cidate their phage-mediated transfer and their transmission
trajectories across various bacterial species and genera. In
addition, we attempted to determine a lifestyle of the ARGs-
recombining phages in these analyses. It was revealed that
certain Streptococcus, Leptospira, Gardnerella, and Ery-
sipelothrix phages carried in their genomes multiple, and
sometimes functionally different, antibiotic efflux-associated
bacterial genes. Phage-mediated intra-species recombination
of some of these genes could be determined in natural popu-
lations of Staphylococcus aureus, Pseudomonas aeruginosa
and Streptococcus suis. Here, we provide also strong statisti-
cal evidence for events of inter-species recombination of the
antibiotic efflux genetic loci in Staphylococcus and Bacil-
lus, and for even their intergeneric recombination between
Mycobacterium and Streptomyces, all being mediated by
various phages.

Methods

Selection of bacterial efflux-associated ARGs
across phage genomes

The amino acid sequences datasets of bacterial efflux-con-
ferring antibiotic resistance proteins (ARPs) were obtained
from the BacEffluxPred database (http://proteininformatics.
org/mkumar/baceffluxpred/). The amino acid sequences of
these ARPs were then analyzed in the protein database of
the National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/) using the BLASTP algo-
rithm to identify their homologs encoded across the phage
genomes available in the NCBI viral database. The following
BLASTP-search default general and scoring parameters were
applied in this analysis: Expected threshold — 0.05; Word
size — 6; The BLOSUM®62 Matrix; Gap costs — Existence
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11, Extension 1 with the conditional compositional score
matrix adjustment. The above parameters were automatically
adjusted for short input sequences. Each homologous amino
acid sequences, identified in the predicted phage proteome
using the BLASTP analysis in the NCBI protein database,
were subsequently examined by the machine-learning based
two-tier in-silico tool, BacEffluxPred [20] and InterPro [21]
in order to confirm or to predict the bacterial efflux-confer-
ring ARPs. The ARPs amino acid sequences, selected in
the BacEffluxPred- and InterPro-derived protein data con-
sensus analyses, were then blasted against the NCBI protein
database using the above BLASTP-search default general
and scoring parameters to identify their homologous ARPs
encoded across bacterial genomes available in the NCBI
bacterial database. The efflux-associated ARGs identified
in bacteria, the encoded proteins of which shared >85%
of amino acid sequence homology with those of the ARPs
determined across the phage genomes, were then included
together with the phage ARGs in the in-silico recombination
analyses.

Recombination analyses

ClustalX (version 2.1) [22] was applied for aligning the
DNA sequences of the antibiotic efflux-associated ARGs.
A large panel of the recombination detection algorithms,
implemented in the SplitsTree [23], RDP4 [24], and GARD
[25] software packages, were used to identify events of
genetic recombination of the ARGsS, and to determine their
transmission trajectories between phages and bacteria. In
particular, the split decomposition method [23], imbedded
in SplitsTree (version 4.14.4), was applied to reconstruct
genetic recombination events of the ARGs between these
organisms. Fit values > 95 for the SplitsTree-generated splits
networks, and bootstrap values >95 (from 10 000 replicates)
for the nodes of parallelograms from the above networks,
were considered to be statistically significant. RDP [26],
GENECONYV [27], BootScan [28], MaxChi [29], Chimaera
[30], SiScan [31], and 3Seq [32] algorithms, implemented
in RDP4, were applied to identify ARGs donor and recipi-
ent (recombinant) strains of the phages and bacteria, thus
determining the trajectories of HGT events across their
natural populations. Bonferroni-corrected p values in a
range of <0.05 were considered to be statistically signifi-
cant for the significant breakpoint clusters (99%) in these
analyses, performed using the RDP4 default parameters, its
linear sequence setting and enabled disentangle recombina-
tion signals. Additionally, GARD was employed to detect a
possibly larger spectrum of genetic recombination hotspots
than it could be detected by RDP4 across the recombining
ARG s of the phages and bacteria. The Pairwise Homoplasy
Index (Phi) test [33] was used to examine homoplasy in the
identified recombining ARGs in order to avoid false positive

signals that may sometimes emerge in the in-silico recom-
bination analyses.

Phage-host interaction tracing and phage lifestyle
prediction analyses

We applied PHISDetector [34], screening for phage-host
interaction signals (PHISs), in order to explore additional
evidence for interactions specifically between the ARGs
donor and recombinant phages and bacterial strains identi-
fied in the above recombination analyses. More specifically,
Using PHISDetector, we analyzed the PHISs, including
sequence compositions, Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR), protein—protein
interaction and/or prophage features, in these organisms.
The PHISDetector-predetermined probability scores
being > 0.8865, for phage-host interactions, were considered
to be statistically significant in these analyses.

The information on the actual lifestyle (temperate versus
virulent) for most of the identified ARG-recombining phages
was not available. Thus, the Bacteriophage Lifestyle Predic-
tor tool, BACPHLIP [35], PHACTS (https://edwards.sdsu.
edu/PHACTS/index.php) [36], and the Bacteriophage Life
Cycle Recognition tool with Machine Learning algorithm,
PhageAl (https://phage.ai/) [37], were applied in the analysis
of these phages to predict their lifestyle. A PHACTS-pre-
dicted phage lifestyle was accepted as true when respective
probability values were > 0.5 as determined previously. We
used a stringent approach also while using PhageAl: a phage
lifestyle was considered as true positive if the Phage Al-gen-
erated prediction accuracy values were >97%.

Results

Bacterial efflux-associated ARGs across phages
genomes

In the analysis of over 8000 phage genomes available in
the NCBI GenBank database, a total of 21 phages were
found to carry a bacterial efflux-associated ARG(s) using
the BLASTP algorithm (Table S1). As shown, most of these
ARGs were determined to encode for the ARPs from the MF
superfamily, and the ABC and RND families. The host spe-
cies of the ARG-carrier phages were associated with various
human and/or animal pathogens including, but not limited
to, Salmonella enterica, Mycobacterium smegmatis, Pseu-
domonas aeruginosa, Burkholderia pseudomallei, Staphylo-
coccus aureus, Staphylococcus epidermidis, Streptococcus
suis, and Streptococcus gallolyticus. In addition, the phage
proCM3 (KF296717.1) recovered from human nonpatho-
genic host species, Bacillus thuringiensis, could be also
found to carry the gene encoding for the ABC transporter
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ATP-binding protein. Certain phages from other host spe-
cies, such as S. suis, G. vaginalis, E. rhusiopathiae, and
Leptospira were determined to carry multiple ARGs in their
genomes (Table 1).

The BacEffluxPred- and InterPro-generated data were
mainly in consensus with the BLASTP-hits, although
exhibiting different levels of resolution in the ARPs annota-
tions (Table S1). As shown, the BLASTP search-resulted
hits for the amino acid sequences of these bacterial efflux-
associated ARPs, encoded across the phage genomes, were
reflecting the closest amino acid identities (99.26-100%)
with the homologs of the ARPs encoded by their host spe-
cies genomes (and occasionally on their host genus levels).
In these analyses, only two exceptions were identified: the
Mycobacterium smegmatis phage Enkosi (NC_028936.1)
genome-encoded MFS transporter type protein shared
99.56% of the amino acid sequence identity with Flavimobi-
lis soli MFS DHAZ2 family lincomycon resistance transporter
(PFG35418.1); the S. suis phage phi-SC181 (MK359990.1)
genome-encoded ABC transporter ATP-binding protein
shared 100% of the amino acid sequence identity with the
Lactobacillales ABC-F type ribosomal protection protein
OptrA (WP_131648058.1).

Phage-driven genetic recombination of bacterial
efflux-associated ARGs

Using the method of splits decomposition, the SplitsTree
analysis of bacterial efflux ARGs could identify events of
both inter-species and intergeneric recombination of some
of these genetic loci, involving the phages and their host
species (Fig. 1). In particular, as shown in Fig. 1a, we could
identify events of inter-species recombination of the lantibi-
otic protection ABC transporter ATP-binding protein-encod-
ing gene loci between the S. aureus phage (MG543995.1)
and the strains of S. aureus and S. argenteus. We could
also determine events of interspecies recombination of the
multidrug ABC transporter permease-encoding gene loci
between the B. thuringiensis phage (KF296717.1) and the
strains of Bacillus anthracis, bacillus cereus, and Bacil-
lus tropicus (Fig. 1b). Figure 1c and d provide collectively
statistical evidence for events of the phage mediated intra-
species recombination of the ABC transporter ATP-binding
protein-encoding gene loci in S. suis and P. aeruginosa strain
populations. Very importantly, in Fig. le, we elucidate the
events of both interspecies and intergeneric recombination
of the MFS efflux transporter-encoding gene loci that could
be determined between the M. smegmatis phage Enkosi
(NC_028936.1), Streptomyces harbinensis, Streptomyces
chartreusis and Actinomadura species. The highest fit (100)
and the very robust bootstrap values (92.9—100), generated
for each splits network and the parallelograms respectively
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(Fig. la—e), provide additional strong evidence for the above
HGT events.

In addition, using RDP4, we determined the donor and
recipient strains of the ARGs in these HGT events, as well
as the transmission trajectories of and the recombination
beginning and end breakpoints across these genetic loci. The
results obtained from the RDP4 analysis are summarized in
Table 2. As shown, certain S. aureus, S. suis and P. aerugi-
nosa phages could serve as the donor and/or the recipient
of some these ARGs across the above-described events of
intra-species and inter-species recombination. More impor-
tantly, however, the B. thuringiensis phage (KF296717.1)
was determined to be the recipient of the multidrug ABC
transporter permease-encoding gene loci for B. tropicus (the
major donor) B. cereus (the minor donor) during independ-
ent events of inter-species recombination; and vice versa,
this phage was determined to be also the minor donor of the
above gene for the both species; even more importantly, the
B. anthracis strain HDZK-BYSB7(CP026608.1) was deter-
mined to be the representative major donor of the same gene
for the B. cereus strain FDAARGOS_781 (CP053991.1); the
M. smegmatis phage Enkosi (NC_028936.1) appeared to be
the recombinant strain having acquired the MFS efflux trans-
porter-encoding gene loci from S. chartreusis and S. har-
binensis (being respectively the major and minor donors),
collectively demonstrating events of intergeneric recombina-
tion. It must be indicated that the RDP4-generated p values
were <0.0361 providing very strong statistical evidence for
the recombinant and donor strains and the HGT trajecto-
ries determined in these analyses. Using GARD, we could
identify additional multiple recombination hotspots across
all the above ARGs subsets (Fig. 2a—e), unveiling another
strong evidence for genetic recombination of the bacterial
efflux-associated loci in these organisms.

With the Phi test, screening for specific mutations linked
to the convergent evolution, we reexamined the DNA
sequences of the recombined ARGs to further determine
the validity of the recombination hotspots. The Phi test-
generated data are presented in Table 3, which displays the
statistically very strong p values (<0.2414) that highly sup-
port the results obtained from the above SplitsTree, RDP4
and GARD analyses.

Phage-host interaction and phage lifestyle

PHISDetector was applied to screening for the phage-host inter-
action signals (PHISs) specifically among the recombinant and
donor strains of the phages and bacteria involved in the HGT
events elucidated in the above genetic recombination analyses.
The PHISDetector-generated probability scores, obtained from
this analysis, are presented in Table 4. As shown, the strong
phage-host interaction signals (p >0.8865) were received for
the recombinant and donor strains of the phages and bacteria
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Streptococcus suis
phage Javan576
(MK448987.1)
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Streptococcus suis YSJ17
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b) 0.01 Bacillus anthracis
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Bacillus cereus
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Bacillus tropicus

AOA-CPS1
(CP049019.1)
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Bacillus thuringiensis phage
proCM3 (KF296717.1)
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Pseudomonas aeruginosa
0.001

BAMCPAO07-48 (CP015377.1)

Pseudomonas
aeruginosa
W60856
(CP008864.2) 998 85.8

94.9

Pseudomonas
aeruginosa

phage UMP151
(MK934841.1)

99.9
Pseudomonas aeruginosa

PASGNDM699
(CP020704.1)

Mycobacterium smegmatis phage

Enkosi (NC_028936.1)

Streptomyces
chartreusis
NRRL 3882

(LT963352.1)

Streptomyces harbinensis
NA02264 (CP054938.1)

100

Actinomadura sp.
NAKO00032 (CP054932.1)

Fig. 1 SplitsTree-generated splits graphs displaying the phage-medi-
ated genetic recombination events of genetic loci involved in anti-
biotic efflux in different bacterial genera. a Intra- and inter-species
recombination events of the lantibiotic protection ABC transporter
ATP-binding protein-encoding gene, involving the S. aureus phage
and the strains of S. aureus and S. argenteus (fit: 100); b inter-species
recombination events of the multidrug ABC transporter permease-
encoding gene, involving the B. thuringiensis phage and the strains of
B. tropicus, B. anthracis, B. cereus (fit: 100); ¢ intra-species recom-
bination events of the ABC efflux encoding gene, involving the S.

involved in these HGT events. The only exception was the HGT
event exhibiting an indirect interaction between M. smegmatis
phage Enkosi (NC_028936.1) and its putative host, Actinoma-
dura NAKO00032 (CP054932) (Fig. 1e), with no relative record
of interaction identified in the analysis.
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suis phage Javan576 and the S. suis strains (fit: 100); d intra-species
recombination events of the MFS transporter-encoding gene, involv-
ing the P. aeruginosa phage UMPI151 and P. aeruginosa strains (fit:
100); e intergeneric recombination events of the MFS transporter-
encoding gene, involving the M. smegmatis phage and the strains of
S. harbinensis, S. chartreusis, and Actinomadura (fit: 100). In each
splits graph (a-e), the HGT events are presented by a parallelogram
with bootstrap values for its every node. A GenBank accession num-
ber, for each strain, is provided in the parentheses following the strain
descriptions in these splits graphs

There was no information available on the actual lifestyles
of the recombinant and donor phages, involved in the Split-
sTree- and RDP4-resolved HGT events, except the B. thuring-
iensis phage proCM3 (KF296717.1) clearly with the temperate
lifestyle shown in the previous study [38]. Thus, we applied
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Fig.2 The genetic recombination hotspots determined by GARD
across the DNA sequence alignments of the antibiotic efflux-associ-
ated ARGs of the recombining phages and bacteria identified in the
SplitsTree and RDP4 analyses. a The recombination hotspots detected
by GARD in the DNA sequence alignment of the lantibiotic ABC
transporter ATP-binding protein-encoding gene; b the recombina-
tion hotspots detected in the DNA sequence alignment of the multi-

three different phage lifestyle prediction statistical tools,
BACPHLIP, PHACTS, and PhageAl, to gain preliminary
insights into and to predict whether these organisms repre-
sented virulent or temperate phages. The results received from
this analysis are displayed in Table 5. As shown, BACPHLIP,
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drug ABC transporter permease-encoding gene; c¢ the recombina-
tion hotspots detected in the DNA sequence alignment of the ABC
transporter ATP-binding protein-encoding gene; d the recombination
hotspots detected in the DNA sequence alignment of the MFS trans-
porter-encoding gene. The red dots indicate significant recombination
breakpoints determined by GARD

PHACTS, and PhageAl performed differently providing con-
flicting resolutions for the lifestyle of these phages. For exam-
ple, PhageAl and PHACTS predicted respectively confidently
and non-confidently the virulent (lytic) lifestyle, whereas
BACPHLIP predicted the temperate (lysogenic) lifestyle, for
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Table 3 Phi test-generated p
values measuring homoplasy

Strain subset ARG

Phi test-generated

across the recombined ARGs (SplitsTree Fig.) p value
Figure la Lantibiotic ABC transporter ATP-binding protein 7.208E-5
Figure 1b Multidrug ABC transporter permease 1.325E-4
Figure lc ABC transporter ATP-binding protein (ABC efflux) 0.04294
Figure 1d MFS transporter 0.2414
Figure le MES transporter 0.03142

the B. thuringiensis phage proCM3 (KF296717.1); similarly,
Phage Al and PHACTS predicted respectively confidently and
non-confidently the temperate lifestyle, whereas BACPHLIP
predicted the virulent lifestyle, for the P. aeruginosa phage
UMP151 (MK934841.1); failing unambiguously in their
predictive abilities, both PhageAl and PHACTS predicted
the virulent lifestyle for the B. thuringiensis phage proCM3
(KF296717.1) with the actual temperate lifestyle [38].

Discussion

A global public health crisis has been exacerbated as anti-
biotics frequently fail to eradicate human and animal path-
ogenic bacteria due to the continued emergence of AMR in
their natural populations. Among other mechanisms, HGT
contributes significantly to the rapid spread of AMR via
natural transformation, conjugative plasmids, and phage
transduction, occurring even between genetically unrelated
pathogens [3]. Growing evidence suggests that phages may
play a more significant role in the transmission of ARGs
than previously thought [39]. However, it still remains
largely unclear how these organisms contribute to the dis-
semination of ARGs that are involved in encoding for anti-
biotic efflux proteins across different bacterial species and
genera. In the intervening periods, numerous plasmid- and
chromosome-encoded bacterial efflux mechanisms have
been identified as important AMR determinants in various
human and animal pathogens [6].

Acquisition and carriage of antibiotic efflux genes
by phage genomes

The studies using the viral metagenomic shotgun sequenc-
ing data, obtained from the analyses of clinical or environ-
mental samples, suggest that antibiotic efflux genes can be
fairly frequently present in phage genomes [16—18]. How-
ever, these viral metagenomic analyses have been mainly
limited to identifying these ARGs rather than determin-
ing and classifying specifically the phages that carried
these genes. Here, we show that while the antibiotic efflux

genes can be predominantly carried by the phages infect-
ing human and animal pathogenic bacteria, they can be
also acquired and transmitted by the phage(s) from human
nonpathogenic species, e.g., such as B. thuringiensis being
used widely as an insect biocontrol agent [40]. Here, we
also show that among these ARG-carrier phages from the
NCBI viral genome database, a great majority of them
were recovered from Streptococcus species such as S. suis
and S. gallolyticus being human pathogens [41, 42]. Other
ARG-carrier phages, in this list examined, were reflecting
collectively a fairly broad spectrum of the host species,
including, but not limited to, S. enterica, S. aureus, S.
epidermidis, P. aeruginosa, B. pseudomallei, M. smegma-
tis, and G. vaginalis, also representing important human
pathogens [43-47].

Our study shows that these phages from the above host
species carried ARGs encoding mainly for the antibiotic
efflux proteins from the MF superfamily, and the ABC
and RND families. More importantly, it is also shown
that certain phages, infecting at least E. rhusiopathiae, G.
vaginalis, S. suis, and Leptospira, carried multiple such
genetic loci, sometimes of different functions. For exam-
ple, a genome of the S. suis phage (MN270279) was found
to possess five genes encoding for the antibiotic efflux pro-
teins from the MF superfamily and the ABC family. The
MES and ABC types of antibiotic efflux transporters are
thought to be the most abundant and largest drug efflux
systems in prokaryotic organisms [48, 49]. The MF super-
family encompasses efflux transporters, discriminated into
74 families, translocating a wide variety of substrates, e.g.,
antibiotics, peptides, amino acids, sugars, phosphates
nucleosides and ions, across the cytoplasmic membrane
[50]. This superfamily includes efflux transporters that
confer resistance to chloramphenicol, florfenicol and bicy-
clomycin [51], hydrophobic quinolones [52], norfloxacin
and enoxacin [53], tetracycline and/or some other antibiot-
ics [54-57]. In human pathogenic bacteria, certain ABC
transporters confer multi-drug resistance [58, 59], includ-
ing resistance to nisin, bacitracin, and several beta-lactam
antibiotics [60]. Similarly, the RND efflux pumps confer
resistance to multiple structurally distinct classes of anti-
microbials, also contributing to multi-drug resistance [61].
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While the RND complexes are generally chromosomally
encoded, some of these drug resistance are carried and
transferred by some plasmids [62, 63].

Thus, the carriage of the drug efflux transporters-encod-
ing genes by the phages, identified in our study, pinpoints
to some important role of these organisms in the dissemi-
nation of antibiotic efflux pumps in strain populations
of the above described host species. Besides, it must be
noted that the MF superfamily efflux pumps [64, 65], ABC
transporters [66], RND efflux pumps [61, 63], with their
wide substrate range, appear to be involved in bacterial
virulence, with some entailing also biofilm development
[43, 64]. Therefore, it can be strongly suggested that via
genetic recombination of the ARGs involved in bacterial
efflux, the phages contribute to the emergence of virulence
and environmental fitness in their hosts natural populations
even more significantly than previously envisaged [67, 68].

Phage-driven intrageneric and intergeneric
recombination of bacterial efflux-associated ARGs

Early empirical evidence for the phage mediated in vivo
transduction of the efflux pump-encoding gene in Strep-
tococcus pyogenes, conferring resistance to various anti-
biotics, suggested that the phages could potentially spread
specifically such ARGs in natural environments [12, 15].
The recent metagenomic findings [16—19], revealing the
presence of bacterial efflux-associated ARGs in phages,
provide another strong empirical evidence for their role in
the dissemination of these genes in aquatic and other envi-
ronments. Nevertheless, as indicated above, these previous
findings exhibited only the facts that at least certain bacterial
efflux-associated ARGs can be carried and disseminated by
phages across their host species. However, the specificity
and trajectories of such phage-induced HGT events remain
largely unclear.

Here, the results of our recombination analyses provide
additional and solid evidence for the presence of phage-
driven HGT events contributing to the transmission of the
bacterial efflux-associated genetic loci in human pathogens
on the intra-species levels. Specifically, our recombination
analyses unveil past HGT events reflecting collectively
the acquisition and transmission of the ABC transporter
ATP-binding protein-encoding and the MF superfamily
transporter-encoding genetic loci by the phages within the
natural populations of S. aureus, S. suis, and P. aeruginosa.
Also, importantly, we provide strong statistical evidence for
inter-species recombination of the multidrug ABC trans-
porter permease-encoding genetic loci driven by one of the
B. thuringiensis phage representatives serving as the donor
for B. cereus, and as the recombinant for both B. cereus and
B. tropicus.

The earlier study [10] reported on evidence for the inter-
generic transfer of two ARGs, mel and tetM loci, mediated
by an Erysipelothric phage acting as the recombinant for
Streptococcus pneumoniae and Bacillus coagulans, and as
the donor for S. suis. Here, we provide another strong statis-
tical evidence for the phage transduction-driven intergeneric
transfer of bacterial efflux-associated ARGs. Specifically, the
outcomes of the recombination detection analyses strongly
suggest that certain M. smegmatis phages can have the abil-
ity to acquire and transmit the MF superfamily transporter-
encoding genetic loci within natural populations of S. har-
binensis and S. chartreusis. These findings were consistent
with the previous report in terms of phage-mediated inter-
generic recombination involving different bacterial genera
[69]. As also shown in this study, the robust results of the
recombination analyses were backed up by the PHISDe-
tector-generated data, supporting strongly the above eluci-
dated HGT interactions between the phages and bacteria.
Regrettably however, due to a lack of consensus between
the PhageAl, BACPHLIP, and PHACTS resolutions, the
lifestyles for most of the ARGs-recombining phages could
not be unambiguously determined in our experiments. As
indicated above, among these phages, the actual lifestyle
was known only for the B. thuringiensis phage proCM3
(KF296717.1) characterized in the previous study [38] dem-
onstrating its temperate nature.

Conclusion

A role of the phages in the transmission of bacterial efflux-
associated ARGs, in natural populations of human and ani-
mal pathogenic bacteria, is poorly understood and need to
be clearly determined. Here, the phages are suggested to
contribute to the dissemination of these drug-resistance and
multi-drug resistance determinants involving a large num-
ber of pathogenic species. These species include, but are
not limited to, Salmonella enterica, Mycobacterium smeg-
matis, Pseudomonas aeruginosa, Burkholderia pseudomal-
lei, Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus suis, and Streptococcus gallolyticus. Certain
phages that infect human nonpathogenic species, B. thuring-
iensis, are suggested to serve as the donor of the multidrug
ABC transporter permease-encoding gene loci for B. cereus
and B. tropicus. Besides, it is also strongly suggested that
some M. smegmatis phages can acquire and transfer the MF
superfamily efflux transporter gene loci even on the interge-
neric levels within the natural populations of S. chartreusis
and S. harbinensis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-021-01846-0.
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Abstract

Unraveling the trends of phage-host versus phage-phage coevolution is critical for avoiding possible undesirable outcomes
from the use of phage preparations intended for therapeutic, food safety or environmental safety purposes. We aimed to
investigate a phenomenon of intergeneric recombination and its trajectories across the natural populations of phages pre-
dominantly linked to foodborne pathogens. The results from the recombination analyses, using a large array of the recom-
bination detection algorithms imbedded in SplitsTree, RDP4, and Simplot software packages, provided strong evidence (fit:
100; P £0.014) for both bi- and multi-directional intergeneric recombination of the genetic loci involved collectively in
phage morphogenesis, host specificity, virulence, replication, and persistence. Intergeneric recombination was determined to
occur not only among conspecifics of the virulent versus temperate phages but also between the phages with these different
lifestyles. The recombining polyvalent phages were suggested to interact with fairly large host species networks, including
sometimes genetically very distinct species, such as e.g., Salmonella enterica and/or Escherichia coli versus Staphylococcus
aureus or Yersinia pestis. Further studies are needed to understand whether phage-driven intergeneric recombination can
lead to undesirable changes of intestinal and other microbiota in humans and animals.

Keywords Bacteriophage - Genetic recombination - Horizontal gene transfer - Intergeneric recombination - Foodborne
pathogens - Host species

Introduction
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most abundant biological entity, with more than an estimated

P4 Mamuka Kotetishvili 10%! tailed phage virions (Hendrix et al. 1999), residing in
Mamuka.Kotetishvili@srca.gov.ge Earth’s biosphere (Wommack and Colwell 2000; Briissow
| School of Natural Sciences and Medicine, Ilia State and Hendrix 2002; Wilhelm et al. 2002; Hegdrlx et al. 2003;
University, 1 Giorgi Tsereteli exit, 0162 Tbilisi, Georgia Hambly and Suttle 2005; Suttle 2005). Particularly over the
2 Division of Risk Assessment, Scientific-Research Center last thre? decadés’ interest in the use (.)f phage§ in a number
of Agriculture, 6 Marshal Gelovani ave., 0159 Thilisi, of domains has increased. These applications include those
Georgia for human therapy (Kutter et al. 2010; Wright et al. 2009;
3 Engagement and Cooperation Unit, European Food Safety Sarker et al. 2012), veterinary purposes (Gigante and Atter-
Authority, Via Carlo Magno 1A, 43126 Parma, Italy bury 2019; Fernandez et al. 2018; Akmal et al. 2020), and
4 Scientific Committee, and Emerging Risks Unit, European food safety (Moye et al. 2018; Woolston et al. 2013; Abu-
Food Safety Authority, Via Carlo Magno 1A, 43126 Parma, ladze et al. 2008; Grose and Casjens 2014). Pros and cons
Italy of these phage applications have been widely contemplated,
5 Hygiene and Medical Ecology, G. Natadze focusing heavily not only on their efficacy but, importantly,
Scientific-Research Institute of Sanitation, 78 D. Uznadze also on the safety of their projected long-term use towards

St., 0102 Thilisi, Georgia

@ Springer


http://orcid.org/0000-0002-3882-0878
http://crossmark.crossref.org/dialog/?doi=10.1007/s12560-021-09460-6&domain=pdf
https://doi.org/10.1007/s12560-021-09460-6
https://doi.org/10.1007/s12560-021-09460-6

180

Food and Environmental Virology (2021) 13:179-202

humans and animals (Cisek et al. 2017; Loc-Carrillo and
Abedon 2011; Endersen et al. 2014; Henein 2013; Principi
et al. 2019).

A long record of evidence demonstrates that most phage
are host specific (Grose and Casjens 2014; Wichels et al.
1998; Holmfeldt et al. 2007), i.e., infect-specific bacterial
strains, serovars, biovars, subspecies, or species. While the
monovalent phages infect strains within a single host spe-
cies, polyvalent ones can have the ability to infect bacteria
not only from a single genus, but also across different genera
(Grose and Casjens 2014; Sullivan et al. 2003; Jensen et al.
1998; Bielke et al. 2007). To date and influenced by safety
precautions, only the application of virulent phages has been
considered to be appropriate whereas the temperate phages
are largely ignored. This is due to the fact that the phage can
sometimes acquire and transmit various antibiotic resistance
genes (ARGs) and virulence determinants, contributing,
respectively, to the emergence of drug-resistant and highly
virulent strains in natural populations of human and animal
bacterial pathogens (Gabashvili et al. 2020; de la Cruz and
Davies 2000; Beceiro et al. 2013; Boyd 2012; Deng et al.
2019; Manaia 2017; Brown-Jaque et al. 2015). However,
recent advances in phage research reflect ever-growing evi-
dence suggesting strongly the dysbiotic nature of certain
phage populations against some mammals including humans
(Tetz and Tetz 2016, 2018; Tetz et al. 2017; Manrique et al.
2017). It was reported that, via their interplay with the gut
microbiota or specific cells of humans (Gogokhia et al.
2019), the phages can worsen (Bollyky and Secor 2019) or
even cause some human diseases (Tetz and Tetz 2018), such
as, e.g., dysbiosis (Lepage et al. 2008) and inflammatory
bowel disease (Lepage et al. 2008; Norman et al. 2015). In
this scenario, it becomes highly imperative to gain a more
in-depth understanding of host coinfections caused by dif-
ferent phage and that of phage—phage interactions as part of
their influence on the larger microbiomes (Reyes et al. 2010;
Minot et al. 2011; Pride et al. 2012). Being heavily driven by
horizontal gene transfer (HGT) (Kupczok et al. 2018; Cas-
jens 2005; Cicin-Sain et al. 2005; Dang et al. 2004; Worobey
and Holmes 1999), the phage coevolutionary interactions,
which seem to be prevalent in various environments (Roux
et al. 2014; Flores et al. 2011; Diaz-Muiioz 2017; Kupczok
et al. 2018), can sometimes modify the phage genome evo-
lution (Roux et al. 2015; Turner and Chao 1998; Moineau
et al. 1994; Joseph et al. 2009; Refardt 2011) and even dic-
tate the fate of their hosts. In this light, a deeper understand-
ing of HGT and its trajectories that collectively involve viru-
lent and temperate phage populations, and their host species
networks is highly desirable. This will enable us to predict
and assess human and animal health risks associated with
undesirable microbiome changes that can possibly occur due
to these genetic interactions. This is especially true, when
phages, in increasingly large quantities, are artificially and
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extensively introduced across various microenvironments
including intestines of the above organisms.

In this study, we provide strong evidence for both intra-
and intergeneric recombination within and between the nat-
ural populations of monovalent versus polyvalent phages
with different lifestyles, involving fairly broad host species
networks representing some important foodborne and other
human and/or animal pathogens. These host species net-
works collectively included but were not limited to, Sal-
monella enterica, Escherichia coli, Staphylococcus aureus,
Shigella flexneri, Shigella boydii, Vibrio vulnificus, and
Vibrio parahaemolyticus. The results obtained from our
recombination tests suggest also the possibility of simultane-
ous exchange of multiple genetic loci that, as a whole, play
important roles in phage morphogenesis, virulence, replica-
tion, and host specificity. Herein, we elucidate as well the
intergeneric recombination events between some actual or
predicted virulent and temperate phages, where these organ-
isms exchanged sometimes their roles of a donor versus that
of a recipient of some of these genetic loci. Certain limita-
tions of the freely available programs designed specifically
for the phage lifestyle prediction are also revealed and dis-
cussed in this study.

Materials and Methods
Selection of Phage and Prophage Genomes

For the recombination analyses, we selected the phage
genomes available in the nucleotide database of the
National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/). In the above database,
we initially randomly selected the phage strains recovered
from foodborne pathogens, such as E. coli, S. enterica,
Listeria monocytogenes, Campylobacter jejuni, V. vulnifi-
cus, and V. parahaemolyticus. Subsequently, the genome
DNA sequences of these phages as query were then blasted
against the NCBI nucleotide database to search for their
intra- and inter-genome homologs. In this analysis, the
Basic Local Alignment Search Tool (BLAST) (Altschul
et al. 1990) with the megaBLAST algorithm was applied.
The megaBLAST algorithm was used with the following
default general and scoring parameters: Expected thresh-
0ld—10/; Word size—28; Max matches in a query range—
0; Match/mismatch scores—1,-2; Gap costs—Linear; and
Extension—2. Regions of low compositional complexity
were filtered accordingly when using this algorithm. In
the BLAST analysis, we selected the phage and prophage
genomes that, with respect to the query sequences, exhib-
ited > 80% DNA similarity, considering that HGT most
frequently occur among closely related phage, which share
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a high DNA homology in their genomes (Hendrix et al.
1999; De Paepe et al. 2014; Martinsohn et al. 2008).

We applied also PHASTER (PHAge Search Tool-
Enhanced Release, http://phaster.ca/) as reported previ-
ously (Arndt et al. 2016; Zhou et al. 2011) to identify
prophages across bacterial genomes, and/or to annotate/
reannotate phage and prophage genetic loci when needed.
Alternatively, the RAST tool kit (RASTtk) (Brettin et al.
2015) was additionally employed for the gene annotation
procedures to enhance their precision and validity.

Recombination Analyses of Phage Genes

We used the split decomposition method (Bandelt and
Dress 1992) implemented in the SplitsTree program (ver-
sion 4.14.4) (Huson and Bryant 2006) to detect and recon-
struct recombination events between the selected phages,
as well as among some of these phages and the prophages.
For the SplitsTree analyses, the DNA sequences were
initially aligned using ClustalX (version 2.1) (Larkin
et al. 2007). The SplitsTree-generated bootstrap values
being > 95 (from 1000 replicates) for each node of a par-
allelogram, and the fit values being > 95 for each splits
network, were considered to be statistically highly sig-
nificant. When detected, the SplitsTree-inferred recom-
bination events were reexamined using the Phi (Pairwise
Homoplasy Index) test (Bruen et al. 2006) to avoid false-
positive HGT signals, which could be due to convergent
mutations that sometimes mimic HGT in recombination
analyses.

The SplitsTree-identified HGT events were reexamined
further using RDP (Martin and Rybicki 2000), GENECONV
(Padidam et al. 1999), BootScan (Martin et al. 2005), Max-
Chi (Smith 1992), Chimaera (Posada and Crandall 2001),
SiScan (Gibbs et al. 2000), and 3Seq (Boni et al. 2007)
imbedded in the RDP4 software package (Beta 4.96) (Mar-
tin et al. 2015)). Using RDP4, we identified recombinant
strains (recipients) as well as their representative major and
minor parents (donors) of the recombined genetic loci, thus,
determining trajectories of each recombinational event. In
these RDP4 analyses, for the number of permutations, we
used the default parameter—O0, the linear sequence setting,
and the enabled disentangle recombination signals. Besides,
we applied a very stringent approach: When identified, for
the significant breakpoint clusters (99%), only the predeter-
mined Bonferroni-corrected P values in a range of <0.05
were considered to be statistically significant in the above
analyses. If recombination hotspots could not be detected
by RDP4, the same DNA alignments were then reexamined
employing the SimPlot v3.5.1 program (Lole et al. 1999).
In the SimPlot analyses, the window size and the step size
were set respectively to 200 bp and 20 bp.

Prediction of Lifestyle and Host Species
of Recombining Phage

For the lifestyle classification of the recombining phages
(virulent versus temperate), we analyzed their genomes
using PHACTS with the Random Forest algorithm (https
:/ledwards.sdsu.edu/PHACTS/index.php). In the PHACTS
analysis, a predicted phage lifestyle was considered as true if
respective probability values were > (.5 as determined previ-
ously (McNair et al. 2012). In addition, we applied PhageAl
(https://phage.ai/), a new online-supported software plat-
form, which is an alternative to PHACTS, utilizing the
advanced machine learning and natural language process-
ing techniques for the phage lifestyle prediction. We applied
a stringent approach in this analysis also by determining a
phage lifestyle as true if the PhageAl-generated prediction
accuracy values were >97%. The obtained PHACTS and
the PhageAl data were then compared with the information
on the actual lifestyle of each phage described in the cor-
responding references when available in various scientific
literature and the NCBI database. Besides, we applied Host-
Phinder (version 1.1) (https://cge.cbs.dtu.dk/services/HostP
hinder/) (Villarroel et al. 2016) to predict other potential
host species for the recombining phages. In the HostPhin-
der analysis, the coverage values in a range of > 0.1 were
accepted as statistically significant for the host species pre-
diction, considering the previous host prediction estimates
from the earlier study (Villarroel et al. 2016).

Results and Discussion

Genetic Recombination Between Phages
from Different Host Species

The homology-driven recombination between phages (Hen-
drix et al. 2003; Sandmeier et al. 1992; De Paepe et al. 2014;
Costa et al. 2018; Martinsohn et al. 2008; Hendrix 2002) as
well as among these organisms and prophages (De Paepe
et al. 2014; Costa et al. 2018; Martinsohn et al. 2008) can
be considered to be a predominant mode of HGT in phage
natural populations. However, there is still a lack of system-
atic understanding of how polyvalent phages associated with
foodborne and other pathogens contribute to this evolution-
ary process.

In this study, using a large panel of recombination detec-
tion algorithms, we performed multivariate analyses of the
genomes of these organisms to detect and elucidate events
of homologous recombination in their natural populations
linked predominantly to foodborne pathogens. Initially, for
the recombination tests, a total of 860 phages associated
with different host species were selected in the NCBI nucle-
otide database, applying the megaBLAST algorithm. Using
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the method of splits decomposition (Bandelt and Dress
1992) with the SplitsTree analyses, we could detect multiple
events of both intra- and intergeneric recombination between
the phages, as well as between these organisms and a fairly
large number of prophages, involving collectively the genes
associated with phage head or tail morphogenesis, phage
DNA synthesis/replication, or DNA repair and recombina-
tion. All the recombining phages and prophages identified
in this study are provided, respectively, in Tables 1S and 2S.
Specifically, the events of intra- and intergeneric recombina-
tion between the phages recovered from E. coli, S. enterica,
S. aureus, and S. flexneri were detected in these analyses,
entailing the genes that encode for the major capsid or pro-
head proteins, or the prohead protease (Fig. 1a-b). Besides,
the genetic exchange of the prohead protein-encoding
gene loci between the phages isolated from V. campbellii,
V. harveyi, and V. parahaemolyticus could be also deter-
mined (Fig. 1c). The SplitsTree-generated parallelograms
(Fig. 1a—c) were supported by the highly robust bootstrap
values (95.1-100) and by the highest fit (100) exclusively,
providing strong evidence for all these recombination events.
It is noteworthy that, in some phage populations, the genes
associated with the procapsid synthesis were determined to
evolve with little intrusion of the genetic information from
other phage types (Casjens and Thuman-Commike 2011).
The results obtained from our SplitsTree analysis shown that
the phages even from different families, such as Siphoviri-
dae and Myoviridae can exchange sometimes the prohead
protease-encoding gene loci (Fig. 1b), thus, supporting the
assumption that HGT can occur between unrelated phage
species (Montag et al. 1989). Apart from that, these results
add another layer to explanatory evidence for the genome
mosaics of E. coli and S. aureus phages (Martinsohn et al.
2008), which clearly seem to be formed partially due to
intergeneric recombination. Besides, it should be noted that
the major capsid protein-coding gene has been used as a
genetic marker for phage classification (Grose and Casjens
2014; Smith et al. 2013; Costa et al. 2018) or the preliminary
assignment of phages to specific groups (Born et al. 2019).
On this note, the results of our study raise an important ques-
tion as to whether the genetic alterations that accumulate
due to intergeneric recombination across this gene loci can
obscure phage phylogenies when the above locus is applied
singly as the genetic marker for the phage classification and/
or phage clustering analyses. Nevertheless, given that, gen-
erally, the analysis of a single gene can bear this and some
other important disadvantages, the whole genome sequenc-
ing of phages is a reliable alternative for both the classi-
fication of these organisms and determining their genetic
relatedness.

Interestingly enough, (Fig. Ic) the parallelogram was
based on the DNA alignment of the prohead protease- and
prohead protein-coding genes of the Vibrio phages that
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a
0.01 S. aureus phage SA1 (GU169904.1)(g)
Myoviridae; Ounavirinae.
100
S. flexneri phage Sf19 100 100

S.enterica phage BPS17S6
(MG646671.1)(v)
Myoviridae; Ounavirinae;
100 Felixounavirus.

(MF327005.1)(v) 100
Myoviridae; Ounavirinae; 99.4
Mooglevirus.

E. coli phage vB_EcoM_AIf5
(KX377933.1)(v)
Myoviridae; Ounavirinae,; Felixounavirus.

b 001 Salmonella phage SPN19 (IN871591.1)(g)
Siphoviridae; Chivirus.

100

905

/S. aureus phage SA1

© (GU169904.1)(q)
Myoviridae;
Ounavirinae.

/

109
S. enterica phage
BPI2C 100/
(KM366098.1)(q) 100~
Siphoviridae; Chivirus. ‘/99_9
S. entericalphage iEPS5
(KC677662.1)(q)
Siphoviridae; Chivirus.

C V. campbellii phage Achelous (MK796244.1)(v)
0.01 Siphoviridae; Cetovirus.

100
V. harveyi phage Ceto 96,5\ 100
(NC_042094.1)(q) 100 o5/ V. harveyi phage Thalassa
Siphoviridae, Cetovirus. (NC_042095.1)(v)
Siphoviridae, Cetovirus.

100

V. parahaemolyticus phage pVp-1 (JQ340389.1)(q)
Demerecviridae; Ermolyevavirinae; Vipunavirus.

Fig. 1 SplitsTree-generated splits graphs display the intergeneric recombina-
tion events between the phages from different host species, entailing the genes
encoding major capsid and prohead proteins or prohead protease. In the splits
graphs a—c, the HGT events are presented as the parallelograms with the boot-
strap values. A GenBank accession number, for each strain, is provided in the
parentheses following the strain description in these splits graphs. ¢“?—Viru-
lent/temperate/questionable lifestyle as determined in the analyses (Table S4
of Supplemental material). a Intergeneric recombination between E. coli, S.
enterica, S. aureus, and S. flexneri phage strains, involving the major capsid-
encoding gene (fit: 100). The major capsid-encoding gene allele of the S.
enterica phage BPS17S6 (MG646671.1)" is representative for the same gene
allele of the S. enterica phage BPS17W1 (NC_042097.1)", and the S. enterica
phage BPS15S86 (MG646670.1)"”; b Intergeneric recombination between S.
enterica and S. aureus phage strains, involving the prohead protease- and pro-
head protein-encoding genes (fit: 100); ¢ Intergeneric recombination between
V. campbellii, V. harveyi, and V. parahaemolyticus phage strains, involving the
prohead protein-encoding gene (fit: 100). The prohead protein-encoding gene
allele of the V. campbellii phage Achelous (MK796244.1)" is representative
for the same gene allele of the V. campbellii phage Brizo (MK895508.1)*” and
V. harveyi phage Bennett (MN958086.1)"”)
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shared the DNA-DNA identities in a range of 87.62—-100%
(coverage: 100%) (Table S1). With the above DNA identity
values, we reasoned that, while all these genes contribute
to the phage capsid morphogenesis (Maurer et al. 2020;
Black et al. 1994), they are very unlikely to encode for
these different protein products in the above phages. Hence,
we analyzed the same DNA sequences using alternatively
RASTtk—one of the most efficient tools for the accurate
annotation of microbial genomes (Brettin et al. 2015)—in
order to resolve the above ambiguity with the gene func-
tions. In contrast, the RASTtk analysis resulted in a sig-
nificantly more plausible scenario, according which, con-
ceptually, the both genetic loci represent a single gene that
encodes for a capsid and scaffold protein playing a role in
the viral head morphogenesis (Ahamed et al. 2019). Also,
this gene assists the assembly of the outer shell, dissociating
it from the phage capsid during the subsequent packaging
(Shen et al. 2012). Thus, hereafter in this study, the above
genetic loci of these Vibrio phage are referred singly as the
capsid and scaffold protein-encoding gene. It is noteworthy
that in GenBank, at least some phage genome annotations
appeared to be misleading, suggesting inability of the gene
callers to capture a full complexity of the phage genomes
(McNair et al. 2019).

It is reported that the tail genes (other than the receptor-
binding domain 9b of tailspike) of certain phage lineages
are rarely affected by HGT from other phage types (Casjens
and Thuman-Commike 2011). These genes play an essen-
tial role in host specificity (Zhang et al. 2018; Miernikie-
wicz et al. 2016), because almost all phage recognize host
receptors via their tail (Chaturongakul and Ounjai 2014). It
was thought that very high variability of the receptor spec-
ificity being driven largely by HGT would increase even
further and become nearly limitless in phage populations
(Montag et al. 1989). In our study, the Splits decomposition
analyses generated the robust parallelograms (Fig. 2a—e)
exhibiting collectively multiple events of intra- and inter-
generic recombination of various tail genes between phages
recovered from S. enterica, E. coli, and S. aureus as well
as among some of these phages and prophages carried by
certain strains of S. enterica and E. faecium. Coupled with
some previous findings (De Paepe et al. 2014; Roux et al.
2012; Costa et al. 2018; Durmaz and Klaenhammer 2000;
Bouchard and Moineau 2000; Baker et al. 1991), our results
also strongly suggest that HGT between different phage and
prophages/defective prophages may appear to be a fairly
frequent phenomenon. Events of intrageneric recombina-
tion of the tail-encoding loci between the phages of Vibrio
parahaemolyticus and Vibrio vulnificus were also detected
in our experiments.

The phage tail proteins play a role in the assem-
bly of the tail tube and shield the structure exterior
exposed to the environment (Auzat et al. 2008). The

tail tape measure protein has some critical functions associ-
ated with the virion assembly, morphology, and infection
(Mahony et al. 2016), dictating the tail length, and facilitat-
ing DNA transit to the cell cytoplasm during infection (Mah-
ony et al. 2016; Cumby et al. 2015). It was demonstrated that
specific genetic alterations in the tail tape measure protein-
encoding gene can lead to a reduction in the infective effi-
ciency of phage (Mahony et al. 2016), and that the transfer
of the above locus between phage of diverse evolutionary
origins is very limited (Smith et al. 2013). Here, our Split-
sTree analyses show that intergeneric recombination of
the phage tail tape measure protein-encoding gene could
occur between the S. aureus and S. enterica phages from
different families (Myoviridae, Ounavirinae versus Sipho-
viridae, Chivirus, respectively) (Fig. 2c). Extensive events
of intergeneric recombination of this gene between phages
or prophages of S. enterica and E. coli phages were also
revealed in the Splits decomposition analyses (Fig. S1). To
date, it was unknown whether the tail sheath protein-encod-
ing gene was involved in HGT across phage populations. The
tail sheath protein initiates viral DNA injection in the host
cell (Lopes et al. 2014; Kurochkina et al. 2018), thus, being
an important component of the molecular machinery that
facilitates very high viral infection efficiency (Aksyuk et al.
2009). In some phage, this protein is thought to function also
as a receptor-binding protein interacting with the outer mem-
brane receptor (NfrA) of a bacterial host (Z. Zhang et al.
2018). The results of the above splits decomposition analy-
ses (Fig. 2d) are strongly suggestive of at least intrageneric
transfer of this gene loci not only between some Peduovirus
phages of E. coli and S. enterica, but also possibly between
these phages and many S. enterica prophages. It is important
to note that the tail tape measure protein- and the tail sheath
protein-encoding genes were used singly as the phyloge-
netic markers for the classification and phylogenetic infer-
ences of various phage (including E. coli phage) or prophage
(Smith et al. 2013; Adriaenssens and Cowan 2014; Costa
et al. 2018). Whether the intergeneric recombination of the
above genetic loci can change generic-specific patterns in
these phage still needs to be determined.

In Fig. 2e, a single parallelogram displays intergeneric
recombination events of the tail fiber protein-encoding
gene loci between the Siphoviridae phages of S. enterica,
E. coli, and the Myoviridae phage of S. aureus. The tail fiber
protein mediates adsorption of a phage particle to bacte-
rial host cells by binding to specific cell surface receptors
(Dunne and Loessner 2019). It is noteworthy that host rec-
ognition is moderated through a reversible interaction of the
long tail fibers with lipopolysaccharides or with a specific
outer membrane porin protein (Yu and Mizushima 1982),
often determining phage-host range (Dunne and Loessner
2019). It is thought that chimeric structures of the tail fiber
gene, which exhibits extensive DNA sequence variability
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S. enterica phage iEPS5 Siphoviridae; Chivirus. Myoviridae; Peduovirinae, Myoviridae;
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(KM366098.1)(g) Salmonella phage S122 (MK972710.1)(%)
Siphoviridae; Chivirus. Myoviridae; Peduovirinae; Peduovirus.
€ o (g/i parahaemolyticus phage vB_VpaS KF6 (MF754116.1)(1)
0.001 E. coli phage Utah (KY014601.1)(g) ' Siphoviridae; Mardecavirus.

Siphoviridae; Chivirus.

100
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(Miernikiewicz et al. 2016), could be due to HGT events
between genetically distinct phage (Sandmeier et al. 1992).
Interestingly, while the ancient transfer of this gene in a large
group of unrelated temperate and virulent phage strains was
documented (Montag et al. 1989; Sandmeier et al. 1992;
Haggard-Ljungquist et al. 1992), to date, there was a lack
of evidence for its recent genetic transfer in modern phage
populations (De Paepe et al. 2014). Based on the output of
our splits decomposition analyses (Fig. 2¢e), we assume that
the genetic exchange of the tail fiber genes occurs within
modern phage populations as well, although, more in-depth
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studies are needed to strongly support the above assumption
still. Considering the functions of these tail morphogenesis
genes, we believe that both intrageneric and intergeneric
recombination of some of these genetic loci between the
phages from different host species causing foodborne and
other diseases can have some important impact on the phage
evolution. In particular, we strongly suggest that HGT can
sometimes alter and subsequently increase not only viru-
lence and pathogenic potential of the recombining phages,
but also their infective abilities allowing them to broaden the
host spectrum and to occupy new niches including possibly
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«Fig. 2 SplitsTree-generated splits graphs display the genetic recom-
bination events of genes involved in the tail morphogenesis (i)
between phage strains from different host species that cause food-
borne and/or other diseases, and (ii) among some of these phages
and the E. faecium and S. enterica prophages. In the splits graph, the
HGT events are presented by the parallelograms with bootstrap val-
ues provided for each node. A GenBank accession number, for each
strain, is provided in the parentheses following strain description in
these splits graphs. “”9—Virulent/temperate/questionable lifestyle
as determined in the analyses (Table S4 of Supplemental material).
a Intergeneric recombination of the putative tail protein-encoding
gene between phage strains of S. enterica, E. coli, and S. aureus
(fit: 100); b Intergeneric recombination of the putative tail protein-
encoding gene between E. coli phage and E. faecium prophage (fit:
100). The tail protein-encoding gene allele of the prophage of E.
faecium strain ME3 (CP043865.1) is representative for the same
gene allele of E. coli phage PGN829.1 (MH733496.1)"”; ¢ Inter-
generic recombination of the gene encoding the phage tail tape
measure protein between phage strains of S. aureus and S. enterica
(fit: 97.786); d Intergeneric recombination of the major tail sheath
protein-encoding gene between phage of E. coli and S. enterica
(fit: 100). The major tail sheath protein-encoding gene allele of
S. enterica phage FSL SP-004 (KC139521.1)? is representa-
tive for the same gene allele of the prophage (genome coordinates:
3085027..3115622) of S. enterica strain FORC93 (CP032304.1),
the prophage (genome coordinates: 220875..251470) of S. enterica
strain ATCC BAA-664 (CP034773.1), and the prophage (genome
coordinates: 4025253..4055848) of S. enterica strain SA20026289
(CP022490.1). The major tail sheath protein-encoding gene allele
of the Salmonella phage SI22 (MK972710.1)® is representative for
the same gene allele of the Salmonella phage SW9 (MK972711.1)?,
the prophage (genome coordinates: 1235879..1270114) of S. enter-
ica strain FORC098 (CP030029.1), the prophages (genome coor-
dinates: 1239866..1298455 and 4749550..4789908) of Salmonella
strain  USDA-ARS-USMARC-1913 (CP025278.1), the prophages
(genome coordinates: 1200402..1258991 and 4710353..4750711)
of the S. enterica strain 10TTU468x (CP032814.1), the prophages
(genome coordinates: 1200394..1258983 and 4710362..4750720)
of S. enterica strain 11TTUI590 (CP032817.1), the prophage
(genome coordinates:1249465..1283699) of S. enterica strain
CFSANO070643 (CP024168.1), the prophage (genome coordi-
nates: 1298745..1332980) of S. enterica strain CFSAN070645
(CP024164.1); e Intergeneric recombination of the tail fiber protein-
encoding gene between phages of S. enterica, E. coli, and S. aureus
(fit: 100). The tail fiber protein-encoding gene allele of the S. aureus
phage SA1 (GU169904.1) is representative for the same gene allele
of the S. enterica phage FSL SP-030 (KC139519.1)® and the S.
enterica phage FSL SP-039 (KC139514.1)?; (f) Intrageneric recom-
bination of the putative tail protein-encoding gene between phages of
V. parahaemolyticus and V. vulnificus (fit: 100)

beneficial or environmentally friendly bacteria. It can be
thought that the frequency of such phage—phage interactions
will increase significantly as phage in large quantities, espe-
cially, the polyvalent ones, are introduced artificially in cer-
tain microenvironments including intestines of humans and
animals. In turn, this can easily lead to at least some impor-
tant microbiome alterations in these domains, the long-term
outcomes of which are extremely hard (if not impossible)
to predict from environmental, human, and animal health
perspectives.

Implying the splits decomposition method, we could
also detect extensive events of intrageneric and intergeneric
recombination across the genetic loci that are linked to the
phage DNA synthesis, DNA replication, and DNA repair
and recombination (Fig. 3). Figure 3a displays the paral-
lelogram that elucidates intergeneric recombination of the
DNA helicase-encoding gene between the Myoviridae phage
of S. aureus and some Siphoviridae phages of S. enterica.
In phage, the DNA helicase-encoding gene stimulates DNA
replication and DNA recombination (Jones et al. 2001;
Yonesaki 1994; Gauss et al. 1994). Importantly also, in this
gene, certain genetic changes can lead to a delay in the phage
DNA synthesis (Gauss et al. 1994) and reduced survival
(Yonesaki 1994). We could identify also intergeneric recom-
bination events of the DNA ligase-encoding gene between
various phages isolated from E. coli, S. enterica, S. flexneri,
and S. aureus (Fig. 3b). The DNA ligases play critical roles
in DNA replication, as well as in DNA repair and DNA
recombination (J. Wang et al. 2019a) and are specifically
essential to the induction of DNA ends relaxation (Rossi
et al. 1997), the sealing of gaps in duplex DNA (Mueser
et al. 2010), oligomerization of bacteriophage (Cherepanov
et al. 2001; Nilsson and Magnusson 1982), ligation of DNA
with base pair mismatched (Yuan et al. 2007), and nick clos-
ing (Ciarrocchi et al. 1993). Thus, it is safe to suggest that
some HGT-driven allelic changes of these genes can easily
affect ecological fitness and survival of phage.

Interestingly, the splits decomposition analyses could
identify the HGT events between the E. faecium prophage
and the E. coli Podoviridae phages (Fig. 3c) or among this
prophage, and some Podoviridae phages of both E. coli
and S. boydii (Fig. 3d), involving the genetic loci, that in
GenBank, are, respectively, annotated as the DNS protein-
encoding gene and the single-stranded DNA (ssDNA)-bind-
ing protein-encoding gene. In contrast to the sSDNA-binding
protein, which, in phage, protects sSDNA intermediates dur-
ing replication, repair and recombination (Cernooka et al.
2017; Kazlauskas et al. 2016; Shereda et al. 2008), the DNS
protein is exclusively a bacterium-produced DNase enzyme
with broad functions. Specifically, this protein contributes
to biofilm formation, detachment of bacterial cells from bio-
films, nutrient acquisition by bacteria (Seper et al. 2011),
and reduction of their natural transformability (Blokesch
and Schoolnik 2008; Gaasbeek et al. 2009). Thus, the pres-
ence of this gene in a phage genome would be explained
solely by illegitimate recombination that can occur some-
times not only between genetically very distinct phage
(Haggard-Ljungquist et al. 1992; Martinsohn et al. 2008;
Bobay et al. 2013b), but also among phages and bacteria
(Bobay et al. 2013a; Menouni et al. 2015). Interestingly, in
the GenBank database, this recombined gene of the E. fae-
cium prophage (CP043865.1), sharing the fairly high DNA
identities (92.69-92.93%) with the DNS protein-coding
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a S. aureus phage SA1 (GU169904.1)(q) b S. flexneri phage Sf19 (MF327005.1)(v)
0.001 Myoviridae; Ounavirinae. 0.01 Myoviridae; Ounavirinae; Mooglevirus.
100 100
S. gallinarum phage 37
100
: (KR296691.1)(t) E. coli phage
S. enterica phage 118970_sall Siphoviridae; Chivirus. VB EcoM AIfS
(KU927500.1)(g) 100 o8 377933
Siphoviridae; Chivirus. S S. aureus phage SA1 | 100/ 100 (KX377933.1)(v)
’ ‘ 100 (GU169904.1)(q) o /" Myoviridae; Ounavirinae;

S. gallinarum phage 35
(KR296689.1)(1)
Siphoviridae; Chivirus.

C E. coli phage St11Ph5 (MG208881.1)(v)
Podoviridae; Gamaleyavirus.

100
E. coli phage EC1-UPM 0o
(NC_041906.1)(y) 100 100

y E. coli phage PD38
Podoviridae; Gamaleyavirus. 975 (Ni;l;gggsz )

Podoviridae; Gamaleyavirus.

100

E. faecium strain ME3
(CP043865.1)

e E. coli phage ECBP1(JX415535.1)(v)
Podoviridae; Gamaleyavirus.

E. faecium strain ME3
(CP043865.1)

100

E. coli phage PD38
(MH669274.1)(v)
Podoviridae; Gamaleyavirus.

100

100

E. coli phage St11Ph5 (MG208881.1)(v)

Podoviridae; Gamaleyavirus.

genes of three E. coli phages (NC_041906.1, MH669274.1,
and MG208881.1) (Table S1), is annotated as the DUF3987
domain-containing protein. However, in contrast to the Gen-
Bank conceptual annotation, in our analysis, using RasTtk,
the DNS protein-coding genes of all the above organisms
appeared to encode the phage DNA primase (as referred fur-
ther in this study), which is a site-specific RNA polymerase.
This enzyme initiates the DNA synthesis (Kato et al. 2004),
catalyzing specifically the synthesis of the oligoribonucleo-
tides required for the initiation of lagging strand DNA syn-
thesis in phage (Lee et al. 2010). It also acts a molecular
brake in DNA replication (Lee et al. 2006). It was found
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Myoviridae;, Ounavirinae. Felixounavirus.

100
S. enterica phage BPS17S6
(MG646671.1)(v)
Myoviridae; Ounavirinae; Felixounavirus.

E. coli phage EC1-UPM (NC _041906.1)(v)
Podoviridae; Gamaleyavirus.

100

100 . .
S. boydii phage pSb-1 100 EJ aeg;m;;rggnlME3
(KF620435.1)() ( L)
o4 100

Podoviridae; Gamaleyavirus.

100
E. coli phage vB_EcoP_G7C (HQ259105.1)(v)

Podoviridae; Gamaleyavirus.

0.01

V. parahaemolyticus phage vB_VpaS _HCMJ
(MN215888.1)(1)
Siphoviridae; Mardecavirus.

V. parahaemolyticus
phage vB_VpaS KF6
IOOJ (MF754116.1)(1)

100 99.91 Siphoviridae;
V. parahaemolyticus phage 100y 100 Mardecavirus.
VP06 (MG893203.1)(v) {100
Siphoviridae; V. vulnificus phage SSP002

Mardecavirus.

(NC _041910.1)(®)
Siphoviridae; Mardecavirus.

that certain alterations (which may sometimes occur due to
HGT) in some subdomains of this gene can result in loss of
selective DNA binding (Lee et al. 2010). Thus, our study
raises additional awareness of the need for reexamining the
phage genome annotations presented in GenBank.

HGT of DNA polymerases-coding genes between
viruses and their hosts was previously suggested (Filée et al.
2002). In our SplitsTree analyses, the E. faecium prophage
(CP043865.1) was found to recombine the DNA polymer-
ase-encoding gene with the E. coli phages (Fig. 3e), whereas
HGT events of this genetic locus between the phages iso-
lated fromVibrio parahaemolyticus and Vibrio vulnificus
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«Fig. 3 SplitsTree-generated splits graphs display the intergeneric
recombination events of the genes involved in phage DNA synthe-
sis, DNA replication, and DNA repair and recombination, between
(i) phages from different host species causing foodborne and/or
other diseases, and (ii) among some of these phages and the E. fae-
cium prophage. In the splits graph, the HGT events are presented
by the parallelograms with bootstrap values provided for each
node. A GenBank accession number, for each strain, is provided in
the parentheses following strain description in these splits graphs.
O@)__Virulent/temperate/questionable lifestyle as determined in the
analyses (Table S4 of Supplemental material). a Intergeneric recom-
bination of the DNA helicase-encoding gene between S. enterica
phages and the S. aureus phage (fit: 100). The gene allele of the S.
enterica phage118970_sall (KU927500.1) is representative for
the same gene allele of S. enterica phage BP12C (KM366098.1)%;
b Intergeneric recombination of the DNA ligase-encoding gene
between phages recovered from E. coli, S. enterica, S. flexneri, and
S. aureus (fit: 100). The gene allele of the S. enterica phage BPS17S6
(MG646671.1)" is representative for the same gene allele of S.
enterica phage BPS17W1 (NC_042097.1)" and S. enterica phage
BPS15S6 (MG646670.1)(”); ¢ Intergeneric recombination of the DNS
protein-encoding gene between the E.coli phages and the E. faecium
prophage (fit: 100). The gene allele of the prophage of the E. faecium
strain ME3 (CP043865.1) is representative for the same gene allele
of Escherichia coli phage PGN829.1 (MH733496.1)"; d Interge-
neric recombination of the ssDNA-binding protein gene between the
E.coli phages, the S. boydii phage, and the E. faecium prophage (fit:
100). The gene allele of the prophage of the E. faecium strain ME3
(CP043865.1) is representative for the same gene allele of Escheri-
chia coli phage PGN829.1 (MH733496.1)"”; e Intergeneric recom-
bination of the DNA polymerase-encoding gene between the E.coli
phages and the E. faecium prophage (fit: 100). The gene allele of the
prophage of the E. faecium strain ME3 (CP043865.1) is representa-
tive for the same gene allele of Escherichia coli phage PGN829.1
(MH?733496.1)"; f Intrageneric recombination of the putative DNA
polymerase I-encoding gene between the phages recovered from V.
parahaemolyticus and V. vulnificus (fit: 100)

were also evident in our experiments (Fig. 3f). The phage
DNA polymerases are essential for the viral genome rep-
lication, DNA recombination and repair (Bedford et al.
1997; Hollis et al. 2001; Rezende et al. 2003). Interestingly
enough, the alleles of the DNA primase-, ssDNA-binding
protein, and DNA polymerase-encoding genes of the E. fae-
cium prophage (CP043865.1) were found to be identical to
those of some recombining E. coli phages involved in our
analyses (Fig. 3c—e). Hence, it remains unclear whether such
an allelic identity is linked solely to HGT, which could occur
between the above organisms, or alternatively, to a possible
common ancestral origin of these E. coli phages and the E.
faecium prophage.

The recombination tests can generate false-positive sig-
nals when misinterpreting convergent mutations as HGT pat-
terns (Bobay and Ochman 2017; Bruen et al. 2006; Gabash-
vili et al. 2020). For such instances, the Phi test (Bruen et al.
2006) has been considered to be an extremely powerful
tool to detect recombination and to validate the results by
measuring homoplasy (White et al. 2013; Cangi et al. 2016;
Gabashvili et al. 2020). Thus, using the Phi test, we reexam-
ined the same recombining phage subsets in order to validate

the results obtained from the splits decomposition analyses.
The Phi test-generated P values were significantly less than
0.05 (Table 3S), strongly supporting the HGT inferences
(Figs. 1, 2, 3, and 1S) by the splits decomposition analyses.

Trajectories of Intergeneric Recombination Across
Phage Natural Populations

Even though the HGT phenomenon with respect to different
phage populations has been studied more or less extensively,
the information on the trajectories of both intrageneric and
intergeneric recombination between phages associated with
the foodborne and other human pathogens is still very lim-
ited. For example, the events of genetic exchange between
phages infecting host species from the genera of Salmonella,
Escherichia, and Shigella could be previously elucidated to
some extent (Casjens and Thuman-Commike 2011), while
its directions across these and other phage populations
remained largely unknown.

In our study, we applied the RDP4 recombination detec-
tion algorithms that allow determining specifically HGT
trajectories by identifying a donor and a recipient of the
recombined genetic loci, as well as recombination hotspots
and a size of the recombined DNA material. Thus, for the
above purposes, using RDP4, we analyzed exactly the same
allies of the recombining phage genes being a part of the
HGT events determined by the SplitsTree analysis. By
utilizing RDP4, we reexamined and validated at the same
time the SplitsTree-generated HGT inferences. The results
obtained from the RDP4 analyses of the genes involved in
the phage major capsid or head morphogenesis are pre-
sented in Table 1. As shown, the S. flexneri phage (Moog-
levirus) (MF327005.1) could serve as the major donor of
the major capsid protein-encoding gene loci for the E. coli
phage (KX377933.1) (Felixounavirus). Besides, some Sal-
monella enterica phages (NC_042097.1, MG646671.1, and
MG646670.1) from the genus Felixounavirus appeared to be
the minor and major donors of this gene, respectively, for the
same E. coli phage and the S. aureus phage (GU169904.1)
from Ounavirinae representing a subfamily within Myoviri-
dae. Two events of recombination of the major capsid pro-
tein-encoding gene loci were also identified by RDP4, where
the same S. aureus and S. flexneri phages appeared, respec-
tively, to be the minor vs major donors for the Escherichia
coli phage (KX377933.1) (Felixounavirus). It is also shown
that phages of S. enterica and S. aureus could exchange their
roles of the recipient and donor of the capsid and scaffold
protein-encoding gene loci. As demonstrated in Table 1,
it is strongly suggested that, as the donor or the recipient,
certain Vibrio phages, including Vibrio parahaemolyticus
phage (JQ340389.1), even from the different families, e.g.,
such as Demerecviridae and Siphoviridae, could exchange
the prohead protein-coding gene loci. The RDP4-derived
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Table 1 Representative recombinant phages, and their major and minor donor phages of the genetic loci encoding the major capsid or prohead
proteins, and the prohead protease, as well as the recombination hotspots, as determined by RDP4

Recombinant strain ~ Representative Representative Gene product Beginning and end RDP4-generated SplitsTree-
major parent minor parent breakpoints in a P value identified
gene DNA align- HGT
ment (Fig. cita-
(99% CI) tion)
E. coli phage vB_ S. flexneri S. enterica phage Major capsid 497 (478-509) RDP—1.78E-02 Figure la
EcoM_AIf5 phage Sf19 BPS17S6 protein - GENECONV—
(KX377933.1)" (MF327005.1)" (MG646671.1)") * 801 (731-1110) 3.41E-05
Myoviridae; Ouna-  Myoviridae; Ouna-  Myoviridae; Ouna- Bootscan—NS
virinae; Felixou- virinae; Moog- virinae, Felixou- Maxchi—7.03E-10
navirus levirus navirus Chimaera—
3.43E-07
SiScan—4.73E—17
3Seq—1.69E—05
S. aureus phage SA1 S. enterica phage Unknown, clos- Major capsid 507 (443-524) RDP—6.08E-04  Figure la
(GU169904.1)(q) BPS17S6 est=>S. flexneri protein - GENECONV—NS
Myoviridae; Ouna- (MG646671.1)" * phage Sf19 754(652-785) Bootscan—NS
virinae Myoviridae; Ouna-  (MF327005.1)" Maxchi—7.83E-07
virinae; Felixou-  Myoviridae; Ouna- Chimaera—
navirus virinae; Moog- 1.28E-05
levirus; SiScan—3.32E-08
3Seq—7.86E—06
E. coli phage vB_ S. flexneri phage S. aureus phage Major capsid 38 RDP—NS Figure la
EcoM_AIf5 Sf19 SAl protein (Undetermined) GENECONV—
(KX377933.1)™ (MF327005.1)" (GU169904.1)(@ - 3.49E-04
Myoviridae; Ouna-  Myoviridae; Ouna-  Myoviridae; Ouna- 116 (93-431) Bootscan—NS
virinae; Felixou- virinae; Moog- virinae Maxchi—1.35E-03
navirus levirus Chimaera—
2.32E-02
SiScan—NS
3Seq—1.71E-02
E. coli phage vB_ S. flexneri phage S. aureus phage Major capsid 988 RDP—4.41E-03 Figure la
EcoM_AIf5 Sf19 SAl protein (Undetermined) GENECONV—
(KX377933.1)" (MF327005.1)") (GU169904.1)@ - 4.94E-02
Mpyoviridae; Ouna-  Myoviridae; Ouna-  Myoviridae; Ouna- 1089 Bootscan—NS
virinae; Felixou- virinae; Moog- virinae (Undetermined) Maxchi—8.24E—03
navirus levirus Chimaera—NS
SiScan—3.33E—12
3Seq — NS
S. enterica phage Unknown, clos- S. enterica phage prohead protease 796 (188-869) RDP—5.19E-08 Figure 1b
BP12C est=S. aureus iEPS5 ClpP - GENECONV—
(KM366098.1)@ phage SA1 (KC677662.1)@ 1167 (Undeter- 1.15E-05
Siphoviridae; Chi- (GU169904.1) @ Siphoviridae; mined) Bootscan—
Virus Myoviridae; Ouna- Chivirus 2.90E-08
virinae Maxchi—3.58E—09
Chimaera—NS
SiSscan- NS
3Seq—1.78E—12
S. aureus phage SA1 Salmonella phage S. enterica phage Prohead protease 2 RDP - NS Figure 1b
(GU169904.1) @ SPN19 iEPS5 ClpP (Undetermined) GENECONV—
Myoviridae; Ouna-  (JN871591.1)@ (KC677662.1)@ - 2.69E-03
virinae Siphoviridae; Siphoviridae; 303 Bootscan—
Chivirus Chivirus (Undetermined) 4.12E-03
Maxchi—1.66E—03
Chimaera—
1.55E-03

SiSscan- 3.80E—06
3Seq—1.05E-04
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Table 1 (continued)
Recombinant strain ~ Representative Representative Gene product Beginning and end RDP4-generated SplitsTree-
major parent minor parent breakpoints in a P value identified
gene DNA align- HGT
ment (Fig. cita-
(99% Cl) tion)
V. harveyi phage V. parahaemolyti- V. campbellii Capsid and scaffold 1 RDP—9.05E-05 Figure lc
Thalassa cus phage pVp-1 phage Achelous protein-encoding  (Undetermined) GENECONV-
(NC_042095.1)"  (JQ340389.1)«@ (MK796244.1)" *  gene - 2.99E-05
Siphoviridae; Ceto- Demerecviridae; Siphoviridae; Ceto- 164(130-239) Bootscan—
virus Ermolyevavirinae;  virus 3.39E-03
Vipunavirus Maxchi—6.55E—06
Chimaera—
4.25E-05

SiScan—7.61E—09
3Seq—4.55E-02

GenBank accession number, for each strain, is provided in the parentheses following the strain description

NS No significant P value could be obtained for the identified recombination event using the above algorithm(s)

@) Virulent/temperate/questionable lifestyle

*Representatives of the phage strains/prophages that have the identical recombining gene alleles as described in Fig. 1a—c, respectively

data provide additional strong evidence (Table 2) for both
the intrageneric and intergeneric recombination of the phage
tail genes across the phage natural populations infecting
different foodborne and other human and/or animal patho-
gens. It is clear that these phages even from different genera
(e.g., such as Felixounavirus, Gamaleyavirus, Peduovirus,
Chivirus, and Mardecavirus) can readily switch the roles
of the donor versus recipient for the exchange of some tail-
encoding loci.

As indicated above, several previous studies (De Paepe
et al. 2014; Roux et al. 2012; Costa et al. 2018; Durmaz and
Klaenhammer 2000; Bouchard and Moineau 2000; Baker
et al. 1991) report on the HGT events between phages and
prophages or defective prophages. Interestingly enough,
in our RDP4 analyses, the E. faecium prophage ME3
(CP043865.1) appeared to be the minor donor of the putative
tail protein gene for the E. coli phage strain (HQ259105.1)
(Table 2), while sharing this gene allelic identity with that of
another E. coli phage (MH733496.1). In addition, the RDP4
data strongly suggest that, during the independent HGT
events, the E. coli phage (U32222.1) could act as the recom-
binant strain acquiring the phage tail tape measure protein
gene loci from both the S. enterica phages (MK972710.1,
KC139521.1) within the same genus Peduovirus and the
prophages of multiple genetically different S. enterica strains
(CP030029.1, CP025278.1, LR134140.1, CP032814.1,
etc.) At the same time, this E. coli phage (U32222.1) and
the prophages of some S. enterica strains (CP032304.1,
CP034773.1, and CP022490.1) appeared to be, respectively,
the minor vs major donors of the major tail sheath protein-
coding gene loci for the S. enterica phage (KT630644.2).

The results of the RDP4 analyses (Table 3) provide addi-
tional and strong statistical evidence for both intrageneric

and intergeneric recombination of the genetic loci associated
with the phage DNA synthesis, DNA replication, and DNA
repair and recombination between the phages from the above
host species. As shown, in these HGT events, certain phages
(e.g., GU169904.1, MG646671.1, MH669274.1) from the
different genera and/or the different host species could share
the roles of recombinant versus recipient of some of these
loci. Moreover, some of the HGT events entailed the same
faecium prophage ME3 (CP043865.1), where it served as
the minor donor or the recipient (recombinant) of the DNA
primase gene loci, and exclusively as the minor donor of
the DNA polymerase-encoding gene loci, for some E. coli
phages from the genus Gamaleyavirus. Our study revealed
the highly recombining Ounavirinae phages from different
host species (e.g., the S. aureus phage [GU169904.1], S.
flexneri phage [MF327005.1], E. coli phages [KX377933.1
and KX377933.1]), which might have exchanged simultane-
ously some of the above described loci (Figs. 1, 2, 3, and
Tables 1, 2, 3). Besides, as also shown in Tables 1, 2, 3,
displaying the recombination beginning and end breakpoints
determined by RDP4, it can be suggested that both the intra-
generic and intergeneric recombination events frequently
entail internal loci of the genes. This was consistent with
the previous study assuming that some chimeric structures
of the tail fiber genes could be due to the genetic exchange
of their short domains between unrelated phages (Sandmeier
et al. 1992).

In our analysis, RDP4 could not clearly determine the
direction of, and the recombination beginning and end
breakpoints across the ssDNA-binding protein-coding loci
recombined between the E. coli and S. boydii phages and E.
faecium prophage. Thus, alternatively, we analyzed the DNA
sequence alignment of the ssDNA-binding protein-coding
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Table 2 Representative recombinant phages, and their major and minor donor phages or prophages of the genetic loci encoding the phage tail
proteins, as well as the recombination hotspots, as determined by RDP4

Recombinant strain ~ Representative Representative Gene product Beginning and end RDP4-generated SplitsTree-
major parent minor parent breakpoints in a P value identified
gene DNA align- HGT
ment (Fig. cita-
(99% CI) tion)
Salmonella phage S. aureus phage Escherichia phage  Putative tail protein 138 RDP 1.21E-05 Figure 2a
SBA-1781 SA1 VpaEl_ev035 (Undetermined) GENECONV
@ax181816.1)"  (GU169904.1)@ (LR699048.1)@ - 1.11E-04
Myoviridae; Ouna-  Myoviridae; Ouna-  Myoviridae; Ouna- 666 (643-733) Bootscan 1.92E—-05
virinae; Felixou- virinae virinae; Felixou- Maxchi 2.95E—-10
navirus navirus Chimaera
1.91E-07
SiScan 4.20E—-05
3Seq 6.23E—08
E. coli phage vB_ Escherichia phage ~ Unknown, clos- Putative tail protein  803(679-803) RDP 6.25E-03 Figure 2a
EcoM_AIf5 VpaEl_ev035 est=Salmonella - GENECONV
(KX377933.1) (LR699048.1)@ phage 862(854-878) 1.35E-02
Myoviridae; Ouna-  Myoviridae; Ouna- SBA-1781 Bootscan NS
virinae; Felixou- virinae; Felixou- (X181816.1)" Maxchi 6.48E—-03
navirus navirus Myoviridae; Ouna- Chimaera
virinae; Felixou- 5.46E-04
navirus SiScan 1.36E—05
3Seq NS
E. coli phage vB_ Escherichia phage  S. aureus phage Putative tail protein 26 (Undetermined) RDP 4.00E—04 Figure 2a
EcoM_AIf5 VpaEl_ev035 SA1 - GENECONV
(KX377933.1)"” (LR699048.1)?  (GU169904.1)@ 711(681-734) 1.41E-03
Myoviridae; Ouna-  Myoviridae; Ouna-  Myoviridae; Ouna- Bootscan 9.37E—04
virinae, Felixou- virinae, Felixou- virinae Maxchi 1.17E-02
navirus navirus Chimaera
2.83E-03
SiScan 8.05E—11
3Seq 3.19E-06
E. coli phage vB_ Unknown, clos- E. faecium Putative tail protein 357 RDP 1.32E-02 Figure 2b
EcoP_G7C est=F. coli phage  strain ME3 (Undetermined) GENECONV NS
(HQ259105.1)) St11Ph5 (CP043865.1)* - Bootscan NS
Podoviridae; Gama- (MG208881.1)" 552 Maxchi 4.77E—02
leyavirus Podoviridae; Gama- (Undetermined) Chimaera
leyavirus 2.50E-02
SiScan 7.18E—03
3Seq 2.97E-03
E. coli phage 186 Unknown, clos- S. enterica phage Phage tail tape 747 (1-770) RDP 4.08E-22 Figure 2b
(U32222.1)%) est=Salmonella FSL SP-004 measure protein - GENECONV
Myoviridae; Peduo-  phage SI122, (KC139521.1)" 1601 5.35E-17
virinae; Peduo- (MK972710.1)”  Myoviridae; Peduo- (1575-2396) Bootscan 5.68E—13
virus Mpyoviridae; Peduo- virinae; Peduo- Maxchi 2.45E-20
virinae,; Peduo- Virus Chimaera
virus 1.79E-09
SiScan 3.40E—-34
3Seq 3.55E—-15
S. enterica phage Salmonella phage Unknown, clos- Phage tail tape 1386(796-1407) RDP 1.37E-20 Figure 2c
BP12C SPN19 est=S. aureus measure protein - GENECONV
(KM366098.1)@ (IN871591.1)@ phage SA1 3305 4.19E-26
Siphoviridae; Siphoviridae; (GU169904.1) (2689-3510) Bootscan 4.07E—29
Chivirus Chivirus Mbyoviridae; Ouna- Maxchi2.05E—18

virinae

Chimaera
2.36E—-06

SiSscan3.91E-26

3Seq 2.20E-31
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Table 2 (continued)
Recombinant strain ~ Representative Representative Gene product Beginning and end RDP4-generated SplitsTree-
major parent minor parent breakpoints in a P value identified
gene DNA align- HGT
ment (Fig. cita-
(99% Cl) tion)
Salmonella phage S. enterica phage S. aureus phage Phage tail tape 1502 RDP 9.63E-23 Figure 2c
SPN19 FSL SP-088 SA1 measure protein (1436-1749) GENECONV
(IN871591.1)@ (KC139512.1)t) (GU169904.1)@ - 4.67E-21
Siphoviridae; Siphoviridae; Myoviridae; Ouna- 2338 Bootscan 1.27E—22
Chivirus Chivirus virinae (2231-2454) Maxchil.04E—12
Chimaera
1.14E-12
SiSscan2.98E—10
3Seq 3.80E—24
S. enterica phage S. enterica phage S. aureus phage Phage tail tape 1188 RDP 6.64E-03 Figure 2¢
iEPS5 FSL SP-088 SAl measure protein (835-1221) GENECONV
(KC677662.1)(@ (KC139512.1)t) (GU169904.1)@ - 9.23E-07
Siphoviridae; Siphoviridae; Mbyoviridae; Ouna- 3913 Bootscan 3.33E—03
Chivirus Chivirus virinae (3526-4157) Maxchi3.71E-10
Chimaera
6.06E—07
SiSscan2.53E-04
3Seq 3.33E-15
S. enterica phage S. aureus phage S. enterica phage Phage tail tape 1989 RDP 6.35E—-11 Figure 2¢
FSL SP-088 SA1 BP12C measure protein (1457-2019) GENECONV
(KC139512.1)%) (GU169904.1)« (KM366098.1)@ - 1.36E-10
Siphoviridae; Myoviridae; Ouna-  Siphoviridae; 2246 Bootscan NS
Chivirus virinae Chivirus (2144-2454) Maxchil.54E—09
Chimaera
7.81E-10
SiSscan4.56E—08
3Seq NS
S. enterica phage Salmonella phage S. aureus phage Phage tail tape 3837 RDP NS Figure 2c
FSL SP-088 SPN19 SA1 measure protein (3737-3879) GENECONV
(KC139512.1)t) (IN871591.1)@ (GU169904.1)@ - 1.19E-07
Siphoviridae; Siphoviridae; Myoviridae; Ouna- 4015 Bootscan 1.39E—08
Chivirus Chivirus virinae (3935-4219) Maxchi 3.16E—04
Chimaera
3.02E-04
SiSscanl.73E—-04
3Seq 4.88E—06
S. enterica phage Unknown, clos- S. aureus phage Phage tail tape 1508 RDP 1.41E-05 Figure 2c
FSL SP-088 est=S. enterica SAl measure protein (1435-1644) GENECONV
(KC139512.1)t) phage iEPSS5 (GU169904.1)@ - 8.76E-04
Siphoviridae; (KC677662.1)@ Myoviridae; Ouna- 1987 Bootscan NS
Chivirus Siphoviridae; virinae (1928-2457) Maxchi2.34E—-06
Chivirus Chimaera
7.29E-07
SiSscan5.64E—13
3Seq 5.45E-06
S. enterica phage S. aureus phage S. enterica phage Phage tail tape 2412 RDP 2.08E-06 Figure 2c
iEPS5 SA1 FSL SP-088 measure protein (1454-2454) GENECONV
(KC677662.1)(@ (GU169904.1) (KC139512.1)t) - 4.29E-05
Siphoviridae; Myoviridae; Ouna-  Siphoviridae; 3178 Bootscan NS
Chivirus virinae Chivirus (2651-3492) Maxchi7.58E—04
Chimaera
1.22E-04

SiSscan2.53E-04
3Seq 5.96E—06
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Table 2 (continued)

Recombinant strain ~ Representative Representative Gene product Beginning and end RDP4-generated SplitsTree-
major parent minor parent breakpoints in a P value identified
gene DNA align- HGT
ment (Fig. cita-
(99% CI) tion)
S. aureus phage SA1 Unknown, clos- S. enterica phage Phage tail tape 154(77-162) RDP NS Figure 2c
(GU169904.1)@ est=Salmonella iEPS5 measure protein - GENECONV
Myoviridae; Ouna- phage SPN19 (KC677662.1)(@ 375(188-462) 1.44E-04
virinae (IN871591.1)9  Siphoviridae; Bootscan 2.58E—05
Siphoviridae; Chivirus MaxchiNS
Chivirus Chimaera NS
SiSscan4.02E—17
3Seq 3.05E-03
E. coli phage 186 Salmonella S. enterica phage Phage tail tape 2351 RDP 5.70E-03 Figure S1
(U32222.1)%) phage S122 FSL SP-004 measure protein (2197-2402) GENECONV
Myoviridae; Peduo-  (MK972710.1)” * (KC139521.1)" - 1.89E—05
virinae,; Peduo- Myoviridae; Peduo- Myoviridae; Peduo- 2439 (Undeter- Bootscan NS
virus virinae; Peduo- virinae; Peduo- mined) Maxchi 2.95E—-03
virus virus Chimaera
1.99E-03
SiScan 5.82E—05
3Seq 2.13E-03
S. enterica phage S. enterica phage Unknown, clos- Major tail sheath 202(119-233) RDP 9.06E-08 Figure 2d
SEN1 FSL SP-004 est=EFE. coli phage  protein - GENECONV
(KT630644.2)(t) (KC139521.1)" * 186 (U32222.1)t) 542(505-593) 4.09E-07
Myoviridae; Peduo- Myoviridae; Peduo- Myoviridae; Peduo- Bootscan 5.33E—08
virinae,; Peduo- virinae,; Peduo- virinae; Peduo- Maxchi 1.79E—14
virus virus virus Chimaera
5.92E-13
SiScan 1.69E—14
3Seq 2.66E—5
Salmonella galli- E. coli phage Utah  S. enterica phage Tail fiber protein 75(1-269) RDP NS Figure 2e
narum phage 35 (KY014601.1)@ Siskin - GENECONV NS
(KR296689.1)t) Siphoviridae; (MH631453.1)@ 610(523-641) Bootscan 4.90E—02
Siphoviridae; Chivirus Siphoviridae; Maxchi3.32E—-03
Chivirus Chivirus Chimaera NS
SiSscan7.90E—08
3Seq2.89E—-04
V. vulnificus phage ~ Unknown, clos- V. parahaemolyticus Putative tail protein 45 RDP NS Figure 2f
SSP002 est=V. para- phage vB_VpaS_ (Undetermined) GENECONV
(NC_041910.1)%) haemolyticus HCMJ - 1.69E-02
Siphoviridae; Mar- phage vB_VpaS_  (MN215 888.1)(’) 2076 Bootscan NS
decavirus KF5 Siphoviridae; Mar- (1222-2220) Maxchi7.21E—04
(MF754115.1)(q) decavirus; Chimaera
Siphoviridae; Mar-  unclassified Marde- 9.19E-05
decavirus; cavirus SiSscan 4.91E—43
unclassified Marde- 3Seq 2.71E-03
cavirus

GenBank accession number, for each strain, is provided in the parentheses following the strain description

NS No significant P value could be obtained for the identified recombination event using the above algorithm(s)

(9 Virulent/temperate/questionable lifestyle

*Representatives of the phage strains/prophages that have the identical recombining gene alleles as described in Fig. 2a—f, respectively

loci using SimPlot. It plots similarity versus position by
calculating and plotting the percent identity of the query
sequence to a batch of reference sequences in their DNA
alignment (Lole et al. 1999) for identifying HGT events
and their hotspots. SimPlot has been successfully used for
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studying the HGT phenomenon in viruses (Paraskevis et al.
2020; Wang et al. 2019b; Zhang et al. 2013; Yuan et al.
2017; Adiputra et al. 2019) including phages (Gabashvili
et al. 2020). In our analysis, SimPlot could identify five
recombination hot spots (nucleotide positions: 240, 288,
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Table 3 Representative recombinant phages, and their major and minor donor phages or prophages of the genetic loci involved in the phage
DNA synthesis, DNA replication, and DNA repair and recombination, as well as the recombination hotspots, as determined by RDP4

Recombinant strain ~ Representative Representative Gene product Beginning and end RDP4-generated P SplitsTree-
major parent minor parent breakpoints in a value identified
gene DNA align- HGT
ment (Fig. cita-
(99% Cl) tion)
S. aureus phage S. enterica phage 37 S. enterica phage DNA helicase, 1136(898-1193) RDP 5.07E-03 Figure 3a
SA1 (KR296691.1)(t) 118970_sall phage-associated — — GENECONV NS
(GU169904.1)(@ Siphoviridae; (KU927500.1)(@ * 1452 Bootscan 9.24E—03
Myoviridae; Ouna- Chivirus Siphoviridae; (Undetermined) Maxchil.86E—05
virinae Chivirus Chimaera 1.02E—04
SiSscan1.54E—08
3Seq 6.89E—-03
S. enterica phage S. aureus phage Unknown, clos- DNA ligase 368(323-458) RDP 1.53E-05 Figure 3b
BPS17S6 SA1 est=S. flexneri - GENECONV
(MG646671.1)"  (GU169904.1)@ phage Sf19 607(556-636) 2.46E-03
Myoviridae; Ouna-  Myoviridae; Ouna- (MF327005.1)" Bootscan NS
virinae; Felixou- virinae Myoviridae; Ouna- Maxchi 4.38E—10
navirus virinae; Moog- Chimaera 1.51E-06
levirus; SiScan 4.95E—-19
3Seq 3.67E-07
E. coli phage vB_ S. aureus phage S. flexneri phage DNA ligase 358(0-380) RDP 2.64E-05 Figure 3b
EcoM_AIf5 SA1 Sf19 - GENECONV
(KX377933.1)"” (GU169904.1)@ (MF327005.1)"" 711(671-1101) 2.62E—-03
Myoviridae; Ouna-  Myoviridae; Ouna-  Myoviridae; Ouna- Bootscan 2.78E—03
virinae, Felixou- virinae virinae; Moog- Maxchi 1.37E—-12
navirus levirus; Chimaera 1.69E—04
SiScan 9.22E—14
3Seq 1.51E-13
S. aureus phage S. enterica phage S. flexneri phage DNA ligase 922(883-968) RDP NS Figure 3b
SA1 BPS17S6 Sf19 — GENECONV
(GU169904.1)(q) (MG646671.1)"  (MF327005.1)" 1121 3.73E-03
Mpyoviridae; Ouna-  Myoviridae; Ouna-  Myoviridae; Ouna- (Undetermined) Bootscan NS
virinae virinae; Felixou- virinae; Moog- Maxchi 1.62E—-02
navirus levirus; Chimaera NS
SiScan 4.07E-21
3Seq 1.55E-03
E. faecium E. coli phage EC1-  E. coli phage DNA primase gene  86(54-176) RDP NS Figure 3¢
strain ME3 UPM St11Ph5 - GENECONV
(CP043865.1)* (NC_041906.1)" (MG208881.1)" 409 8.22E-03
Podoviridae; Gama- Podoviridae; Gama- (Undetermined) Bootscan 8.52E—-03
leyavirus leyavirus Maxchi2.18E—-02
Chimaera 6.73E—06
SiScan3.35E-09
3Seq 1.09E-05
E. coli phage PD38  E. coli phage Unknown, clos- DNA primase gene  413(413-449) RDP NS Figure 3¢
(MH669274.1)" St11PhS est=E. faecium - GENECONV NS
Podoviridae; Gama-  (MG208881.1)/"/ strain ME3 916 Bootscan 3.46E—02
leyavirus Podoviridae; Gama-  (CP043865.1)* (Undetermined) Maxchi2.77E—-02
leyavirus Chimaera 8.29E—03
SiScanNS
3Seq 9.84E—04
E. coli phage E. coli phage PD38  E. faecium DNA polymerase I  188(1-788) RDP 3.57E-02 Figure 3e
St11Ph5 (MH669274.1)"/ strain ME3 - GENECONV NS
(MG208881.1)"  Podoviridae; Gama-  (CP043865.1)* 616(1-788) Bootscan NS

Podoviridae; Gama-
leyavirus

leyavirus

Maxchi 1.90E—03
Chimaera 6.81E—03
SiScan 1.96E—10
3Seq 2.92E-03
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Table 3 (continued)

Recombinant strain

Representative
major parent

Representative
minor parent

V. parahaemo-
Iyticus phage
vB_VpaS_KF6
(MF754116.1)%Y

Siphoviridae; Mar-
decavirus;

unclassified Marde-
cavirus

V. parahaemo-
Iyticus phage
vB_VpaS_HCMIJ
(MN215888.1)"

Siphoviridae; Mar-
decavirus;

unclassified Marde-
cavirus

V. vulnificus phage
SSP002

(NC_041910.1)%)

Siphoviridae; Mar-
decavirus

Gene product Beginning and end RDP4-generated P SplitsTree-
breakpoints in a value identified
gene DNA align- HGT
ment (Fig. cita-
(99% CI) tion)

Putative DNA poly- 296(1-619) RDP5.91E-04 Figure 3f

merase I - GENECONV
2181 4.83E-04

(1903-2309)

Bootscan 3.40E—05
Maxchil.03E—-06

Chimaera 3.36E—03

SiSscan1.06E—07
3Seq 2.41E-07

GenBank accession number, for each strain, is provided in the parentheses following strain description

Strain designation, for each phage, is specified according to its actual host species designation

NS No significant P value could be obtained for the identified recombination event using the above method

) Virulent/temperate/questionable lifestyle

“Representatives of the phage strains/prophages that have the identical recombining gene alleles as described in Fig. 3a—f, respectively

Simplot Query: E. coli phage vB_EcoP_G7C (HQ259105.1)

E. faecium strain ME3
_____ (CP043865.1)
S. boydii phage pSb-1
(KF620435.1)
E. coli phage EC1-UPM
~ (NC_041906.1)
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Fig.4 Simplot-determined recombination hotspots across the ssDNA-binding protein-encoding genes of the E. coli and S. boydii phages, and the

E. faecium prophage

439, 557, and 633) across the ssDNA-binding protein-
encoding gene (Fig. 4).

Lifestyles and Host Species Spectra of Recombining
Phages

The phages seem to evolve within two general evolutionary
modes differing notably in the extent of HGT. In particular,
it was demonstrated previously that temperate phage distrib-
utes into high- and low-gene flux modes, whereas virulent
phage shares only the lower gene flux mode (Mavrich and
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Hatfull 2017). Moreover, these evolutionary modes were
suggested to be a function of bacterial host, and that the
temperate and lytic phage were distributed in either modes
depending on the host phylum (Mavrich and Hatfull 2017).
Here, we report on the actual or putative lifestyles and host
species spectra of the recombining phages examined in
our study, adding another layer of knowledge to the above
findings.

Presently, PHACTS and PhageAl are the only freely
available software packages designed specifically for clas-
sifying the phage lifestyle. While PHACTS has been used
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for predicting the phage lifestyle in several more studies
(McNair et al. 2012; Jia et al. 2015; Yuan et al. 2014; Cui
et al. 2017; Czajkowski et al. 2014; Gabashvili et al. 2020),
there has been no information available on the PhageAl
performance in the peer-reviewed scientific reports. In our
study, PHACTS preformed very poorly generating mainly
very weak predictive values (Table S4) and failing in the
lifestyle (temperate versus virulent) prediction in four cases
out of 11 cases when compared with the actual lifestyles
of the recombining phages available very limitedly in the
previously published literature. PHACTS predicts the phage
lifestyle by examining the amino acid sequences of the phage
genes, which fairly frequently result in 0.5-0.6 averaged
probability (i.e., unsatisfactory) values (McNair et al. 2012).
In contrast, analyzing the DNA sequence data, PhageAl-
generated strong predictive signals in most cases (Table S4),
although it failed once when falsely predicting the temperate
lifestyle for the V. parahaemolyticus phage (MG893203.1)
classified previously as virulent (Wong et al. 2019). In con-
trast, however, in our analyses, the PhageAl-produced 3D
visualization of the phage distribution plot constructed on
the basis of the genome clustering, including 184 temperate
and 285 virulent phages, showed that the V. parahaemo-
lyticus phage was more closely related to the virulent ones
(Fig. S2). Hence, whereas PhageAl, being a repository of
knowledge of ~ 10,000 bacteriophages and simultaneously a
tool for the phage genome analysis with the utility of Artifi-
cial Intelligence support (https://phage.ai/), is clearly a more
promising software package than PHACTS, it still requires
significant improvements, for robust phage classification.
Our understanding of the HGT-driven genetic interac-
tions between temperate and virulent phages, including how
these phenomena impact the evolution of these organisms,
is far from comprehensive, which is primarily due to a very
scarce information available in this respect. For example,
even though the ancient gene transfer between a large group
of unrelated virulent and temperate phages was reported
(Montag et al. 1989; Haggard-Ljungquist et al. 1992; Sand-
meier et al. 1992), no other HGT events among the phages
with different lifestyles were elucidated. It was only hypoth-
esized that genetic recombination between virulent and
temperate phages—even among those from different host
species (Sousa et al. 2020)—can take place (Bailly-Bechet
et al. 2007), whereas substantial evidence was still lacking
to date. Here, consolidating solely the statistically highly
significant data obtained across our analyses of the phage
lifestyle (Table S4) and the identified HGT events (Figs. 1,
2, 3, and S1, and Tables 1, 2, 3 and S3), we suggest that
both intrageneric and intergeneric recombination mainly
occur within the conspecific groups of the virulent versus
temperate phage strains or between these organisms and the
prophages. This is somehow similar to the view that, during
coinfection, temperate phage can recombine with prophages

in the host genome, whereas lytic phages can recombine
with other lytic types or with prophages (Kupczok et al.
2018). However, it can be thought that the above evolution-
ary trends do not exhibit a clear and exhaustive picture of
the phage—phage and phage—prophage interactions, and may
appear sometimes even misleading due to very limited data
that are presently available on a role of HGT in the evolu-
tionary divergence of phage populations. More specifically,
because of a high demand of various phage industries for
the genome sequencing of virulent phage, the number of
their sequenced genomes is significantly higher compared
with that of the sequenced temperate phage genomes, thus,
reducing the chances of HGT detection in the populations
of the latter. Moreover, the HGT events at least between
the virulent phages and the prophages, identified in both
our study and other investigations, may not always exhibit
genetic recombination between these organisms. Instead,
some of these cases can easily be associated with the earlier
HGT events that took place between the virulent phages and
the prophage progenitors, i.e., the temperate phages before
their switching to a prophage state. In this respect, one clear
example can be the HGT event between the prophage of
the E. faecium strain (CP043865.1) and the E. coli virulent
phage (HQ259105.1) identified in our recombination analy-
ses (Fig. 2b and Table 2). In particular, if we consider the
above scenario as a true HGT event, then E. faecium should
be accepted to be the most plausible environment for such a
prophage—phage interaction. Interestingly, however, the out-
comes of the genome analysis of the E. coli virulent phage
(HQ259105.1) with HostPhinder rejected this scenario, pre-
dicting strongly only S. boydii (not E. faecium) as an alter-
native host species for this phage (Table S4). However, this
finding highly supported the results of the SplitsTree and
Simplot analyses (Figs. 3d and 4, respectively) providing
strong evidence for the genetic exchange of the ssDNA-bind-
ing protein-encoding gene loci between the above prophage
and the E. coli and S. boydii phages. Thus, for these particu-
lar independent HGT events, S. boydii and possibly E. coli
could serve as the host species, i.e., the most plausible envi-
ronments for such genetic interactions. We analyzed further
the intact prophage of the E. faecium strain (CP043865.1)
using HostPhinder. In this analysis, only E. coli was strongly
predicted by HostPhinder to be an alternative host spe-
cies for the progenitor (a temperate phage) of the faecium
prophage (CP043865.1) (Table S4). It is noteworthy that the
above prophage is identical to the E. coli phage PGN829.1
(Gamaleyavirus) (MH733496.1), while sharing>93% of
the genome-wide DNA identities with several other E. coli
phages (MG208881.1, MH669274.1, KJ135004.2, etc.) from
the genus Gamaleyavirus. Importantly, this prophage does
not share close genetic similarity to any other prophage or
phage of E. faecium in the GenBank database. Therefore, it
can be thought that a putative progenitor of this prophage
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could easily be a temperate phage of E. coli, which infected
E. faecium and integrated into its genome. With this in mind,
therefore, one can suggest that the reconstructed HGT event
between the prophage of the E. faecium strain (CP043865.1)
and the E. coli virulent phage (HQ259105.1), entailing the
putative tail protein-encoding gene (Fig. 2b and Table 2),
most likely point to the earlier event of intrageneric recom-
bination among the E. coli polyvalent temperate phage and
the E. coli virulent phage within the genus Gamaleyavirus.
The same observation can be applied to some other HGT
events, elucidated in our recombination analyses (Figs. 2b,
3c and e; Tables 2 and 3) that involve this prophage and the
E. coli phages. Our study raises an important question as to
whether or not HGT can naturally transform virulent phages
into temperate ones and/or vice versa, and which needs to be
determined from human, animal, and environmental health
points.

Phage significantly outnumbers their hosts (Diaz-Mufioz
2017; Weinbauer 2004; Suttle 2007; Rohwer and Barott
2013), which led to the suggestion that half of these hosts
have a potential to be infected (i.e., be cross-infective) or are
actually infected by an average of >2 phage (Diaz-Mufioz
2017). During the host coinfections, phage—phage interac-
tions not only involve HGT (Kupczok et al. 2018; Casjens
2005; Cicin-Sain et al. 2005; Dang et al. 2004; Worobey
and Holmes 1999), but sometimes can even alter the genetic
exchange in phage populations (Dang et al. 2004; Worobey
and Holmes 1999; Turner and Chao 1998; Cicin-Sain et al.
2005). Hence, it is imperative to determine the entire spec-
trum of the phage-host species for the better understanding
of the complex bacterial networks that are subjected to and
provide an adequate environment for these coinfections,
promoting HGT-driven phage—phage and phage—prophage
interactions especially on intergeneric levels. This will allow
us to predict undesirable microbiome changes as well as
the negative evolutionary allometry and/or other potential
problematic consequences possibly driven by the above
interactions in various microenvironments, e.g., human and
animal intestine. The main rationale for this is the renewed
knowledge on phage, with the ever-growing concerns that,
as previously indicated, at least some of these organisms can
contribute to some diseases in mammals including humans
(Tetz and Tetz 2016,2018; Tetz et al. 2017; Manrique et al.
2017; Gogokhia et al. 2019; Bollyky and Secor 2019; Lep-
age et al. 2008; Norman et al. 2015). Importantly, the phage-
associated evolutionary pathways leading to the risks of
diseases to humans and animals remain largely unclear and
need to be urgently determined. At the same time, prediction
of the phage-host species spectra is an essential step towards
rationalizing effective and safe phage formulations.

The results obtained from the phage lifestyle analysis
(Table S4), using Hostphinder, strictly showed that, among
two phages from different host species, at least one of them
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was of polyvalent nature in every single HGT event deter-
mined in our experiments (Tables 1, 2, 3). This was in a
strong agreement with the concept that, for two phages to
recombine their genetic loci on an intergeneric level, at least
one of these phages needs to be polyvalent with the ability
to infect the host species of the other phage. Moreover, as
shown in Table S4, Hostphinder predicted that a great major-
ity of the phages, involved in the intrageneric recombina-
tion events, were polyvalent. Very importantly also, some
of these phages were predicted by Hostphinder to have the
ability to infect two species from distinct genera, other than
its actual host genus. For example, Hostphinder predicted
that certain E. coli phages can infect both S. enterica and
S. aureus or S. boydii, whereas some S. enterica phages
can invade E. coli and S. aureus or even Y. pestis being the
ethological agent of plague. The results obtained from the
Hostphinder analyses also suggest that there exist S. flexneri
phages that can infect three different other host species, such
as E. coli, S. enterica, and S. aureus.

Increased prevalence of Bacteriophages has been linked
to aggravated intestinal inflammation and colitis (Gogokhia
et al. 2019; Duerkop et al. 2018), as well as to dysbiosis in
inflammatory bowel disease cases (Lepage et al. 2008). In
the human gut environment, specific interplays of viruses
and bacteria (Wang et al. 2015), as well as some certain
alterations in both the enteric virome (Norman et al. 2015)
and general microbiota (Tetz and Tetz 2016), were suggested
to be among the mechanisms that can lead to these and pos-
sibly some other diseases. As already indicated, our analysis,
exploring phage lifestyle by Hostphinder, clearly shows that
at least some S. enterica, S. flexneri, S. aureus, and S. boy-
dii phages with the polyvalent properties can infect E. coli.
These bacterial species include not only pathogenic strains,
but also those that thought to be essential to, and are part of
the normal microbiota of human and animal intestines. Thus,
it can be thought that such phages can contribute to both the
short- and long-term evolutionary changes of the microbiota
across the above microenvironments, especially when sig-
nificantly large quantities are ingested orally through micro-
bially contaminated drinking water or food. Interestingly,
none of the virulent or temperate phages, demonstrating
polyvalent properties, could be predicted by Hostphinder to
infect any other environmentally friendly or beneficial bac-
teria. The HostPhinder prediction abilities are limited to the
analysis of the co-occurring k-mers between the query phage
genome and the genomes of reference phages with known
hosts (Villarroel et al. 2016). Thus, while such a lifestyle of
these phages may appear true at a cursory glance, the above
observed tendency with the host selection (confined solely
to foodborne and other pathogens) could be partly due to
the extremely scarce data available on the phage genomes
of beneficial bacteria available in the nucleotide databases.
On this note, it is clear that the phages from the beneficial
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and environmentally friendly bacteria have been largely dis-
regarded in the global phage research been driven largely by
the commercial interests to industrialize these organisms for
human and animal therapies as well as for food and environ-
mental safety. Very regrettably, this ever-intensified trend of
the phage research is pursued in light of an extremely limited
understanding of long-term evolutionary safety of various
phage applications across different microenvironments.

Conclusions

We strongly suggest that intergeneric recombination can
be both bi- and multi-directional across the natural popu-
lations of polyvalent phages that infect at least foodborne
and some other human and/or animal pathogenic bacte-
ria. It is also suggested that certain events of intergeneric
recombination can simultaneously involve the multiple
genetic loci collectively linked to phage morphogenesis,
pathogenicity, virulence, replication, and environmental
persistence. There is a great need for more in-depth stud-
ies to determine whether the phage-driven intergeneric
recombination contributes to the undesirable changes of
the beneficial microbiota that are constantly observed at
least in human and animal intestines.
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3.5 @omoMHo s BmMI0gMo 5353900: 39693H03MM0 35BLbZ33905 s AlsgLigds

dfodo  Ls3g3609Mm  WOGIOIGHMOOLS s 33dBHIM0MBHRJOOL  LobomEbarm
3030l gobabsB3MgEo bgoolibgs 3MHMYMmsdgdom dowgdmwo (PHACTS, BACPHLIP
@5 PhageAl) 56530bLbobEgbEMHo 999a900L godm, bmyoghm dgdmbggzsdo, Moo
0ym  336339L5BW3MS  IMOOBMBFGHIMMMHO 396900l goo3gdsdo  BoGorero

05439MH0MmRoa900L LollogmEbam 3ozwo.

0393900L  LoboMEbwm  (303eoL  2oblsbP3Ems s FsM30L  WOoMOWMO vy
Bmdogemo dbgdols 3039336905 3083w gduIH0 bo30MbOs, 306506 MBI WomomEo
B520L WO 1656930 Fg0dgds 256Lb353WYdMIL oo dsldobdergdols dobgzom
(Niu et al. 2014; Petrov et al. 2010), 5303 00 IM53cIds. 535LMBs3g, BMY0IM BoL,
HI9doE 390339990 39MH0MmEO J0oBRb MO 0M0YIMS, 50BMBBEY, O™ gosBbsm
Bmogmo Boaol d6gds, 3o Bob3obdgar Bdsg@gMogddo obobo 396 sbgbwbgb
UEGHOBOMEO  OHBMAIEMO  BoYo  FoMsdIbsL  (Gill et al. 2011).  Jgbodsdols,
©530639M9bom  goba3zqLsbP3z®ms ol g9b9BH03MEmO  FobslosmMgdEdo, MMIJo;
3ob51b35390L 0MO0ME S BMB0YM Boa 0L 9MHNTbYOLOR6.

Lo993bogMH™M BMbo3999d0L JobgE300m WOMOIMHO BoRJOL gosBbosm 13MSMO
093035300L 30gdol 296900 (Li et al. 2012); 94u3gc0dgbGowwmo dmbs399900L
dobgz0m 2506335, MMI Gogol 39bgd0m 3MmE0MGdMo 3merobo s 9omEoBobo
d9Lsderms 0§)3930096 LObgMHYOME WOPOME 59dBH03MIL Q90339 doJBHYMHOMPs)dT0O
(Lee et al. 2015). 535b056539, 3bMmdo0s, 0LOE, OMI WOMOMMHO s DMIOIMO Goaqd0L
396m3g00L GC 899500960 mds  Fgbodegdgeros 0oymb gom-gMmo  2s6dsbbgzsg909eo
3394 BH™O0 59 bbgoalbgs Lobogmabarm 303wwol 3Jmbg 535993l dmGol (Lynch et al. 2010).
3905 5d0Ls, COMOMHO BsA900 MMM dg@ tRNA- U 39693l 990393L, 300069 BmogMo
2399900 (Delesalle et al. 2016; Bailly-Bechet, Vergassola, and Rocha 2007), bmom
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063 93655/6930380b65Bs  30qd0L  3530©0MGd9o 496900 JoHOMIIE HBMTogHo
92399900L dobsoliosmgdgeos (Ganz et al. 2014). 50bodbmEo BogBHMMGd0 450M30330gD
B39bL 9650 Bgddo s BgIMoMbodbEo FobsLOsMYdWGdO TJ35IMIJO WOMOIE
DmdogM $35390L dmMob.

3OBYdIMo  LYIY3b0gHMm  WOoFIMG™MOL dobgz0m  33930L  FoMAWGdTO
Poboliffot dmzsb0bgo BMB0gMo s oMo Gog9gd0l 0IBEHOTBOEOMYdS, HMIGELMS
396m3dqd0L bm3gm@EHomeo 0560000©09360:M3900L dqLobgd 0b6x3m®3s30
bgwdobsfizomdo ogm s NCBI-U aemdse)® dmbszgdoms 85Dsd0. 50bodbmeo 5359990l
396m3g00L  5bseoBol  Loxwmdzgebg 939390900  39sa399MAYd0bs 53 RoR9dOL
Lologmabam 3030, MHOLmZoLsE #dMmYgbgdEo 0ym Gogaqgdol Lologmabarm zozwol
3963L5BEOI0 3OMAMTYIO0 OMAMOgd03ss Bacphlip, PhageAl s Phacts. 3G:ma6sdgd00m.
ol 9393900, QIO TGION Lobogmabarm 3030, 36Mbmbocmgdmwo
B90M50b03bM03MMacs8900m, 96O  ©GIMB3S  OEIMGHMMSTo  sbobwme oo
Lobogmabam  303wb, 96 0dbs gom3zswolfjobgdmwo Fgdamdo sbseroBgdolm3zol.
LodmEmmE  9939MPR0gm  0lgmo  WOoMOoWMOo s BTGP  Fs3gd0,  OMIGWD
Lologmabem 3030 EILEHMOOIIMES, OMYMOG  WOGHIOIGHOMo  [ysmrmgdols
dobgzom, obg B3z96L  doge BoBo®mgdmwo  30mobxzmMms@orimo  sbserobgdol
390929000. 396BgMwo wo@0MH0 S BMI0YMH0 Boggdol ggbmdgdo 93506090 oo
G+C s tRNA 9993339030l dobg30m. 3529006 39bmdgdo 51939 assbscrobs dsmdo
3cmeobol, 9bmEoBobol, tRNA-0l, 06@gaMsBsl, M93mddobsBIL s M93E035300L
30900l 3530m0M9gdgo 296930l 99339 ™dOL AobLEBM3MmOL JoBbomsE. Fgwgaqd0
Pomdmpqbogos byyMso 1-do.
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YO0 1. WOMOMMO s DM0YMHO FsA900L FobsLosMYdYO A9bgd0
a) 3obol s 96MEoBobols, tRNA, 0b3gacmsbols, 093mddobsBol, MHg3erozsgools

(69300035300, 30:085Dsl, ©HA 30 0TgMHsBIL s 390035BIL) (30EgdOL B53MPOMmYOIEO
396900l 93390  BMB0ghHo  ©d  OMOVIMHO  d5JBHIMOMBORGOOL  3OM(396E IO
5090Md;

b) GC 999339 ™ds (%) BMI0gH s 00O Bo39030;

c) tRNA 9496900l 999339035 (%) Dmdoge ©s omowe 13s390d0

bm@omo 1 -ob dobggom, tRNA - ol 96900l Lo Fo6dg (5-Bg dg@o tRNA-ob g9bo)
@5 0bGHMmsBs 296900l 99339 MdS  WO0MOIH S BMI0GH BOAJOL  A9bSLHZ39dL
96O0569000L5g9b, MMF3Es 56 3GOL QSTMOOEBNIO MMT JOMOMIPIE HBMT0YHO Boaqgd0L
AoboliosmgdgEo 063gacsBol gqbo, 56 tRNA -900b 996900l Lodfocg sb9g39 sGLYOMDdLOIL
W0m0YIM Bod03. AbMBEoM0, HoM8mygbs B9l 93305 S WOMOMEOBS s
Bdogh 5353908 IOl 3mOH0BMbEHIMMO g9b9gdol Jodmizeol dglsbgd, x9gM 3093
dfoMos.  BMIogeH ©@O  @oMoE  RBs390do  Dmaogdmo  Momddolb  0IbEHVIMO
630 9mGH0MOH0 16808 g30M™dOL dJmbg 396900L sergaErgdol SMLYIMISL 4969E03MO
93030065300l 353006090396 (Moura de Sousa et al. 2021). 0006 s BMB0YO GFoggdOL
©OE X3IRBIOL IOl g9gbgdol gowo3gdol 356059©Jd0 0dbs godmomddsero bbgoalibgs
330939900 (Montag et al. 1989; Haggard-Ljungquist et al. 1992; Sandmeier et al. 1992). 3960
3393990 (Gabashvili et al. 2021b) «B39693L, M™A 296900l 3MOHOBMBEIWGO JodmEzes
dgboderms  ImbEgl  omo® s  DBmIogh  Goggdl, oo FogH  FoL3obderols
3M069830306900L 396MH0Mm©Jo s M 2969303900 093madOBsE0s Slg3g FglsdwrgdgEos
51939 99 MORSBOBIGOLS O 3OIMGBOYGOL TGOL.

5MLgdMBL d5gBHYM0gOOL Boa 00 3M0BRBOE0MGOOL BoHEO SEBSMNMDS, 306506
B93900L  MomEgbmds 3608369 m3bo  0FoMdOL Fomo  Bol3obdegdol  MoMmEYbMdLL
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(Diaz-Muiioz 2017; Weinbauer 2004; Suttle 2007; Rohwer and Barott 2013); 99Lsd580bsc,
39659900Md9b, H®MmI JoL30bdgEo 359EH9gM0900 Loz MME 06x303060©Yds Bodwsem 2
56 990 Bogoo (Diaz-Muifioz 2017). 3sb306dgeo @90l 3006939J30980L @OML 30 Boa9dL
60l MOHN0gHJI)gd0LSL bEgds G90dwgds syowo 3dmbogl HGT-U (Kupczok et al.
2018; Casjens 2005; Cicin-Sain et al. 2005; Dang et al. 2004; Worobey and Holmes 1999); 50
939659 (3b50s Fgloderms 459mofi30mb BsgIMHO 3M3MWS300L gbmdol J9gi33es3 3O
(Dang et al. 2004; Worobey and Holmes 1999; Turner and Chao 1998; Cicin-Sain et al. 2005).
B3060s 3309390 (Gabashvili et al. 2021b) sfigMs 39350 Boq0, GMIgdoE IMbsforgmdl
3mOHBMygbgHol,  FoL3obdwrol  B3gEo8o3sEooLs @S MY3W03s300L (30Ol
953Mm@0M909w0 24969008 M93mIdobs3g0sdo. IgBHo LowMdobgmwo 33arg39005 bdsFOOM
093900L  Asb3obdegdol  LEOMIo  B3gdB®ols @S BORdOL  Toge  B5gEH9M09dOL
30060303060900L  bgendgdfigmdo o09dml  ©slogbs®; 9gb 33eg3900 LT GdSL
0333990096 39b639LabRZMs oL 93N OO0 F3LWOWIEIVO CMYMOEG doJHIPOYL
9036Mmd0MF530, 0y B529080, GMIGd0E b F9g0degds sbErsggl BsgdL FmMol o
RogLd O 3OMBOYL FOOL MO0 YIMH01JdgGdsL, Holo bmdowgdol Molzgdo godwgds
390DIOOML  Boggdol  FoLoMEs@  godmygbgdolisl  Mmam®E 90bodmd  mgcslidoryro
d0BbgdoLZ0L,  4obLOZMPIGMgdo 30,  3MF-bofemsgol  BHModBHol  s9350gd9d0L
93990bsemdobmgob.
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4. 513365

3530 B30L 99Hdo, 33569 3MBEbLS S BoMMTOL (0)e35MOL) Batg3Mgs30M Hywgdol
do3mmdom@s 8903938 MFS-ol, MATE-ob, DMT-ol s RND-ol cmxsbgdol ogemsdls
GNMIdMgOOL  9b)  Bo3moMmdge  29690L,  Fom  FmMoL I EHOMHIBOLEHIEGHMOOL
3968L5BOZMG0 0FW L BHOIBL3MOEHIOMGIOL To3E0MGOGO 9bgdL. Bgdmombodbrywo
563080360MdMEo  HBoLEHIBGHMBOL g9gbgdo Mg SLb3g6  MBOLEHIEEHMBOL
0mbgdM0g 99JoboBdgdl MMAMM3 5530560l /96 3bMggwol 3smmyqbgddo (Vibrio
vulnificus, Vibrio mimicus, Vibrio fluvialis, Aeromonas hydrophila ©s Ubg.) obg
3M53500MmygbMH  dodBH9M0gddo,  OHMYMOgd03ss  Synechococcus,  Citromicrobium,
Rhodobacteraceae, Pseudoalteromonas, Altererythrobacter, Erythrobacter,
Altererythrobacter, Marivivens, Xuhuaishuia > Loktanella. 5856056539, Bma09Gm0 53
Lobgmd9d0l/g3500l 3880, olbobo bmaxgd Tgodwgds g9bg@o3zmco M93madobszoom
063060 dgdgboe  OHBoLEBHIEGHMBLSE 0093w s3bgb.  d5JBHIMOMRBIAIOL
3993605 4963390 MM OIHBOLEHI6EHMDOOL, o0 FMOOL FMEEH0MIBOLEI6EH™MdOUL,
2963LsBO3zMgo  oxgwodl  GHMBLIMOEHIM9d0l (MFS, ABC, RND) 0s53m@©06Mgdgeo
3969000, dgdgboo MBoLEBHIBEHMOOL go6ds30MHMBYOYo 396900l (Bop., blaCTX-M, mel,
@5 tetM) Boomgwom, 953039wgdsdo  d5dBHgMogdol  dmbgdMog  3m3Es309ddo.
3993H9MH0MRs29000 06ME0MYIM BMY0gOHMO 53 36EH0T03OMdIMWO MHGBOLEI6EH™MdOL
©93H9M30656¢ 900l 496930376 019300330653008 5O Fgodergds 3Jmbgl MMM
FoolobgmdMog s Lobgmdomsdm®molm ©mbgadby, olg 9395MMsdmGOl  Mbgbys.
90360MdM 3035309080, 53 3gbgdol 39693 039M0 M93mBdoBsE0OL BHMSgdBHMM0gd0
0093536 OMYMOE 00-, 0Ly FNWEHOWIGIOWO 2539008  gHgob. OMaMO3
9O»NBs06M0, 0lg BbgsILBZs LobomEbwm 303eol 8Jmbg Roaqgdl GOl A9bgE03MM0
693030065300 d9LsdgdgE0s 9sL30bdgols X930 dom dog®
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3M0b683030Mg00LILMSTS3 og0l dbGOZ dgodegds bgwo dgufigmb bgdmowbodbmwo

39693039960 WM31B9gd0L 9330996 O039MYIDE0L 5T MOYSEOBIgdTO0.
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