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THESIS ABSTRACT

Viruses are the most abundant biological entity on Earth, dominating the marine environment. Despite
their small size, viruses have an enormous influence on microbial population dynamics, due to lysis and
horizontal gene transfer. Due the high abundandleef hosts, bacteriophages or phages comprise the
majority of viruses and also provide the largest reservoirs of unexplored genetic diversity in marine
environments. The rise of Next Generation Sequencing (NGS) techniques brings new opportunities to
investigate the marine virus community. However, there is no current statutory pipeline applied in
marine phage ecology. Therefore, this thesis proposes asyieasfic pipeline based on the integration

of existing tools and state of the art techniques. Hweldped pipeline was applied to accomplish the

two research aims of this thesis: (1) to analyze the virus community in the North Sea with viromics, and
(2) to characterize lysogenic phages from potentially pathoy&nio species.

For the first part othis thesis, the virus community of four sampling stations were described using virus
metagenomics (viromics). The results show that the virus community is dominated by phages and they
are not evenly distributed throughout the North Sea. In general, #gatwirus community was
genetically more diverse than the open sea community. The influence of riverine inflow and currents,
for instance the English Channel flow affects the genetic virus diversity with the community carrying
genes from a variety of nadiolic pathways and other functions. These results offer the first insights in
the virus community in the North Sea using viromics and shows the variation in virus diversity and the
genetic information moved from coastal to open sea areas. Although pihagesrgingVibrio species

were identified in low percentage in the North Sea virome, is possible they are lysogenic phages
integrated into the host genome.

The seawater temperature rise promotes the growth of potentially human pathigeaispecies.n

the North Seay. parahaemolyticuand norO1/0O139V. choleraeéhave been isolated and characterized.
These strains contain prophages that may contribute to the emergence of pathogenic strains in the marine
environment (40 % of tested isolates). The gematnucture and possible biological functions of four
lysogenic phages were described in the second part of this thesis. The phadégptomhaemolyticus

(two tailed phages, one filamentous phage)ncholeragone tailed phages) can integrate itteit

host genome and might have a role in pathogenicity. This study provides new insights with respect to
the presence of lysogenic phages in environme¥itaiio strains, which might have a role in the
emergence of new pathogenic strains in the North Sea.

This thesis represents an exemplary study of the virus community in the North Sea, with special
emphasis on the marine phages. The settled-gjyasific pipeline as well as the obtained insights will
contribute to extend the study of the virus diverditgamics in other marine areas, including to estimate
the abundance and functional diversity of novel phages.
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Chapter 1

INTRODUCTION

1.1. MARINE VIRUSES: PART OF THE MICRO -UNIVERSE

Viruses are the most abundant biologwatity on Earti{Suttle, 200% In the ocean heirconcentration

is estimated of 40’ virus-like particles (VLP) per milliliter of surface seawater and taeiundance is
over 103° viral particles (Wommack and Colwell, 200Guttle, 200%. In other wordsijf one bottle of
wine (~750 ml) is filled with seawater, it woulcbntainas many viruses as humans in the whole world.
Despite their small size (20200 nm), viruses represert % of all the nucleic acidontaining particles

in the ocearand compose thesecondlargestbiomass, exceeded only by prokaryof8sittle, 2005
Fuhrman, 1999

Marine vruses have been identified in every investigated habitairstmfgeneral, viruses are not evenly
distributedin the marine environmenand their abundance is highkein euphotic areas anthen
decreases with dep{Breitbart, 2012Fuhrman, 1999 Furthermoreviral abundancesihigher in coastal
areas than offshoréslarchant et al., 20Q0The dynamnisof the virus communities closely connected
with the environmental pametersand host dynamicsgariatiors (Breitbart, 2012 Phages have an
importart role in marineecosystems, du® horizontal gene transfer and release of dissolve organic
matter (DOM)to the environmenby host lysis(Breitbart et al., 2018 All cellular life forms are
susceptible to val infection,which applied botlteitherto eukaryots andto prokaryote organisms
(Fuhrman, 199 Since bacteria are tmeost abundant cellular organisnitss proposed thahe most

abundant infective viresare bacteriophages or phagBseitbart et al., 2018

Phage partickeconsist of a singleor doublestranded DNA or RNA surrounded by a prot&im some

also by a lipidl coat(SimeNgando, 201¥ Phagegenome®ossess a mosaicism organizatmmposed

in modukes ofstructural cores with related functi¢Berard et al., 2016 This structure is the result of
non-homologous recombination duririe evolution of viruses in different tax@ing et al., 2012

Most of the describedmarine phagedelong to the Caudovirales order, also called tailed phages
(Ackermann, 200)/ This order is divided in four families based on thié morphology: Podoviridae
(short noncontractile tail), Siphoviridae (long noncontractile tail), Myoviridae (long contréaitjle

Ackermannviridae (long contractile tail, formerly known as¥itkvirusgenu$, and Herelleviridae

1



Chapter 1
(long contractile tail, created after Spounavirinae reclassificafionye 1.1A) (Krupovic et al., 2011
Adriaenssens et al., 2018

Although most of the studied marine viruses are tailed phages, probably they are not the most abundant

membeiin the environmentignacioEspinosa and Fuhrman, 20B3um et al., 2018 New approaches

applied to virus ecology bring new insights abwsutus groups that raditional methods may have
overlookedin the marine environmenExamples of these groups dvimiviruses orgiant viruges
(Fischer et al., 20)0virophagegZhou et al., 201)3 nontailed phages fromAutolykiviridae family
(Kauffman et al., 2019p RNA phageqSteward et al., 20)2and ssDNA phagess Inoviridaeor

filamentous phage@ucker et al., 2001 In generalnoviridae phages have a small genome siz® (

Kbps) with a filamentous virion structur@igure 1.1B). Members of the familynoviridae present a
chronic infection cycleghat results in phage integration into the bacterial genome as a prqplzage
2011). In contrast to tailed phages, this process does not lyse the tedbgenic phagésection 12.2);
insteadthe infectedcell can constantlyelease phage progeimylargeamountgKrupovic et al., 201)L

Inoviridae prophages can alter host phenetypexpress e.g. virulence traithiese filamentoughages
contribute to bacterial virulen@ndtherefore increase the bacterial survivahimimal and plant hosts
(Rakonjac, 201 For instancethe filamentous phage CTXencodes major virulence fact@mholera
toxin, CtxAB) in human pathogeni¥. cholerag(McLeod et al., 2005Waldor and Mekalanos, 1996

Inoviridae sequences have been identified in almost half of Vibrio gend&fsCastillo et al., 2018

Moreover,several environmental and harmless Vibrio genomes actually contain ei&ulains from

filamentous phage&astillo et al., 2018 Despite theénigh prevalence dilamentous phagéds several

bacterial genong the presence dhoviridae in metagenomic datasets have been overlookeak et

al., 2019. New approaches have been applied to idehifyiridae sequences in marine metagenomes,

showing aglobal prevalencén marineenvironmentsand highgenomic diversityRoux et al., 2010

Genome structuref Inoviridae phageand other characterisfiare detailedin chapter4.
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A fCaudovirales - Tailed phages (dsDNA)

Podoviridae Siphoviridae Myoviridae Ackermannviridae Herelleviridae

Non-tailed phages (ssDNA)

e.g. Inoviridae

FIGURE 1.1. Phage morphotypes. Caudovirales (tailed phages), including its taxonomic families (A). Example of
non-tailed phage families (B). Modified angbdatedrom (Clokie and Kropinski, 2009

1.1.1. MARINE PHAGES AND OTHER MICROBIAL INHABITANTS

FROM THE NORTH SEA

The North Sea is a seranclosed basipart of thenorthwest European shedtto et al., 199D This

region isstrongly influenced by thaverine inflow, as well théAtlantic ocean currerirom both the
northern current inflow and the English Chanfttto et al., 1990Mork et al., 198 1Sindermann and
Pohimann, 2011 The North Seas characterized by a complex connectidroceanographic forces,
physicochemical influences and human activi{iEssma et al., 1987 The average surface water
temperature varies from 6 °C (winter) to 17 °C (summer), while the salinity increase from 31to 35 PSU
(Eismaet al., 19870tto et al., 199D The water mass exchange cause hydrographical variations, that
affects directly the microbial community compositigheterme et al., 20Q&Rink et al., 201} The
differences in nutrient caentrations and salinity of the current inflows resuldistinct microbial
clusters throughout the North Sea regiBrandsma et al., 2013
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The natural variability of the North Sea has beemitored during longterm progrars, including the
dynamics othemicrobialcommunity(Wiltshire et al., 2010Southward et al., 2004Previous studies
proposed alifference of themicrobial planktonic communitycompositionbetween the nordrn and
southern North Se@dandling editor: Ruth et al., 20L8he target organisms includédihoflagellates,
ciliates,microalgae bacteria, among othe{Bils et al., 2019Lucas et al., 201,8McQuattersGollop et

al., 2009 Wiltshire et al., 2010Brandsma et al., 201.3Vlost of thevirus ecology studiem this region
are focusedn culture and microscopypased approachéBuhaime et al., 201®uhaime et al., 2011a
Gerdts et al., 2004Wichels et al., 1998Brandsma et al., 20L3For instance Moebus (1997b)
developedey approaches to isolate and characterize marine phages from the North SedBeegdn
on the enrichment methgdnarine phagéhost systemgPHSs)of Iytic and pseudolysogenighages
from the Caudovirales ordevere isolatedMoebus, 1997aMoebus,1997h. These studies shothe
spatiotemporal variability of marine phages basedptagueforming units (PFU) and/gohagé host
crossreaction (PHCR{Moebus, 1991Moebus, 199P The pioneertechniques developed by Moebus
were the basis fofuture research of marine phages (describedeiction 14.1). Furthermore, e
occurrence and distribution dPseudoalteromonagphages isolated from the North Sea have
characterizedn greaterdetail (Duhaime et al., 201 Duhaime et al., 201@uhaime et al., 2011la
Wichels et al., 1998 All these phagearelytic, and theybelong tothe Caudovirales ord€wichels et
al., 1998 Wichels et al., 2002 Moreover, he occurrencef Pseudoalteromongshagesvas restricted

to a narrowgeographicategion of the German Bightvhere includes the source area of the bacterial
host isolat§Wichels et al., 2002 Therefore Wichels et al. (2002)ropose aeographical distribution

of Pseudoalteromongshages from the North Sda addition,Brandsma et al. (2018escribe similar
patterns of he virus (as VLP/ml) and phytoplankton abundances, which are influenced by the
characteristics of the different hydrographic regidesspite thebiogeographical patterns of theus
relative abundang¢esubpopulationdifferenceswere not observedwith flow cytometry analyses
(Brandsma etla 2013.

In general,lie virus community structure can follow the trends of its host comm({Briiyn et al., 2015
Sunagawa et al., 201L5vhich might suggest that the virus community composition in the North Sea

would follow a similar distribution pattern differentiated between the coastal and the open sea regions.
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1.2. THE HOST HACKERS VS THE TIME BOMBS:
PROLIFERATION CYCLE OF TAILED PHAGES

A virus depends upon its host in order to reproduce, which makes a host organism a crucial part of the
virus environment(Abedon, 200B This section introduce the main proliferation cycles of
Caudovirales, known as tailed phages. Hiled phagesverefundamentafor early virusdescriptions

(Ackermann, 2008 usedasthebasis forthe firstguidelines in taxonomy classification

In generalCaudovirales are characterized to inject their dsDNA into the host bacteria upon infection to
follow the lytic or lysogenic cycl€igure 1.9 (Krupovic et al., 201)1 Bothcycles entail different effect
on the fitness andevelopmenbf thehost cell populationas well as the effect on ecological processes

in the marine environment.

1.2.1. LYTIC CYCLE , THE HOST HACKERS

The lytic cycleis a viral replication process highly controlled, where dBBNA phage redirects the
host metabolism to the productiand releasef new phagegWeinbauer, 2004 This cycle follows
mainly the steps: attachment, expression and replication of the nucleic acid, assemblypbages
particles and host cell lysis to release of new phaygsré 1.9 (Goyal et al., 1987, Bondpenomy
and Davidson, 2014).

After thephage is attachddreversibly with thehost membraneeceptorthe phage genomeiigjected

into the host cytoplasrfRohwer et al., 201, &Kutter and Sulakvelidze, 20R4nside the host cell, the
phage genome i generalcircularized (e.g. by linear ends repetitions, sticky ends or terminal
redundancies) to protect itself from exonucleases and restriction engotéey and Sulakvelidze,
20049). If the genome is not degraded, the host metabolism is redirected to phage genome replication and
towardthe production of viriongWeinbauer, 2004 In tailedphage genomeghit process is regulated

by genes organized in structural cofi€supovic et al., 201l In detail,theimmediate early genewe
transcribedirst for protectionof the phage genom#llow by middle geneto replicate the new phage
DNA, and thdate geneshat encode virion assembly priote(Kutter and Sulakvelidze, 20p4=inally,

the mature virions accumulate into the cytoplaeading tdysisand release of progeny phage particles
(Weinbauer, 2008reitbart et al., 20L&Rohwer et al., 2004figure 1.2.
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1.2.2. LYSOGENIC CYCLE, THE TIME BOMBS

During the lysogenic cyclethe temperateohage integrates into the host genome (prophage) and
replicates along with the host (lysogéByeitbart, 2012 In this period the lysogen can survive and
proliferate almost normall{Bondy-Denomy and Davidson, 201Brez et al., 201)7 Many temperate
phages have their own specific integration sites, sutheagtachmentgtt) sites dr insertion into the
lysogenchromosomef phage lambdéKing et al., 2012 Others, such as phage Mu, uses integrases to
integrate randomly intdhe lysogengenome(Kutter and Sulakvelidze, 200&Kamp, 1987. As a
prophage, the phaggenes are repressed until an environmental factor triggepsdpkage tdecome
lytic, called prophage inductigffigure 1.2 (Breitbart, 2012

In general, lysogeny presents a survival advantage for the phage during unfavorable comtigions.
prophages are protected framesdactorslike UV radiation, proteolytic digestigmnd periods of low
host abundanc@Breitbart, 2012Fuhrman, 1999Paul, 2008 Onthe other hand, the lysogen becomes
immune to further infection by closely related phages, and increase its fitndseghtRiacquisitions of
new functionalgenes or suppression of unnecessary metabolic fungfiwaz et al., 201, 7~uhrman,
1999 Paul, 2008 The decision between lysigsogenymay bedriven byseveralfactors, such as the
relative phage and host densiti@ou et al., 2018Jiang and Paul, 19%98or the release of a phage
peptide to reguate the process similar to quortsansing(Erez et al., 2017 Other indirect factors are
temperature, oligotrophgnd/or anoxic levelall of them affect the distribution and occurrence of
potential hosts in marine environmeriBaul, 2008 Mcdaniel et al., 2006Weinbauer et al., 2003
Williamson et al., 2002
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1.2.3. THE VIRAL EFFECT:

ROLE ON THE ECOSYSTEM AND POPULATION DEVELOPMENT

Despite the small size, viruses hawesanendous role in ecological processesurface marine waters
phages are responsible for approximately halthefbacterial deatlper day(Breitbart et al., 2018
Breitbart and Rohwer, 20D3n contrast to grazerdy¢ DOM is released and m@neralized by bacteria
within the microbial loogFuhrman, 199p By this pathwaynamedviral shunt nearly10 billion tons
of dissolved carboare released each day to the oc@&iihelm and Suttle, 1999Moreover, up to a
guarter of photosynthetically fixethrbon comes from ¢hDOM releasedby viral lysis(Wilhelm and
Suttle, B99). Other nutrients, such as nitrogen, phosphorus and trace elefresently limit primary
productionare also released by phage Iy§ishrman, 1999 On the other handecent studies aldtave
shown thatviruses contribute to shuttle organic carbon from the surface to the deep octan by
production of sticky lysate aggregatiqivgeinbauer, 2004Laber et al., 2018 This process nhamed viral
shuttle, contributes to enhance the efficiency of the biological {@ulivan et al., 2018Breitbart et
al., 2018.

Phagescan modify the community composition by selective infectiglaslov and Sneppen, 2017
According to killthewinner (Krw) dynamics, when a bacteria population becom@sinant,the
abundance of itinfectious phage will increagd hingstad, 2000Thingstad and Lignell, 1997This
mechanisnpromotes diversity in the population, gmevents the best bac&rcompetitors to take over
the community(Thingstad and Lignell, 19970ther models that include lysogenic phages have been
proposedKnowles et al., 2016 In the piggybackhe-winner (PtW) dynamics, the infective phages
switch to lysogeny when the host population becomes don{ikaatvles et al., 201,6Veynberg, 2018

This mechanism avosdthe lysogenic phage to competar thost cells or evade immune response
(Weynberg, 2018 The PtWdynamic contrasts to classical modgtsilar to KtWproposed to lysogenic
phagesThese models proposed that lysogeny is a survival strategy at low host abundance, whereas the
lytic cycle is triggered at high host abundafMéinbauer et al., 2003n anyof thesecass, the phage
infection yields alecreasén the population of the original dominant bactedpering anewniche. In

a dynamicecasystem, the newly dominahacterigpopulation can be infected lilye progeny from the
previous dominant phage, or by a different phage population thapseaent in low abundance
(Breitbart et al., 2013
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Another mechanism involved in population developmehbiizontalgene transfer{GT). In general,
about 3to 10 % of bacterial genomes have a phage ¢Bigiasow et al., 2004Moreover the prophage
contributionto the host genome inventocan increase up to 20 f@asjens, 20Q03Fernandez et al.,
2018. Lytic phages can release complete host plasmids to the environment after lyse their host
(Fernandez et al., 201Been et al., 2017 Also, temperate phagesn transfea gene clustewith an
entire functiorto their host through HG{Weinbauer, 2004 Among these functions apdotosynthetic
genes transferred bghages between cyanobadcte(Hurwitz et al., 2013pZeidner et al., 2005
antibiotic resistance gené¢kekunberi et al., 2017, spore formationFortier and Sekulovic, 20]3
virulence factorsind toxin productio(Bondy-Denomy and Davidson, 20)L4iofilm formation(Fortier
and Sekulovic, 20)3and 16S rRNA gendsansferredbetween different bacteria gendkarrington
et al., 2012Beumer and Robinson, 2005

The acqusition of new functional genes promotes adaptation and increases the diversity of the bacterial
population(Weinbauer and Rassoulzadegan, 2004 consequencehése genes miglaxpandthe
genetic adaptabilitppeningnew ecological niches and increase the geographical disbrbaf species
(Weinbauer, 2004 With emphasis to the genugibrio, HGT by phages can contribute the
developnent of new pathogenic bacteria strainsthee marine environment through acquisition of

virulencetraits (Hazen et al., 201G ortier and Sekulovi©013.

1.2.4.INCEPTION OF INFECTION : PHAGE INFLUENCE IN THE

DEVELOPMENT OF HUMAN PATHOGENIC VIBRIO STRAINS

Vibrio spp. are ubiquitously distributed in aquatic habitats worldwide, such as marine sediments, water
column brackish water or associated with za@nd phytoplankton(Thompson et al., 2004
Oberbeckmann et al., 20)1&lthough this genus comprises more than 100 recognized species, only
11 are human pathogefiiyoshi, 2013. For instancey. choleragrom serogroups O1 and O139 have
caused epidemics of cholera, while fOH/0O139V. chokraeandV. parahaemolyticusan cause severe
gastroenteritigChakraborty et al., 2000 hompson et al., 2004In generalVibrio spp. can grow at

warm seawater temperature (>°C8 andow salinity (< 25ppt NaCl)(Vezzulli et al., 201 Therefore,

these pathogens have been commonly associatedragfical and subtropical regiofBakerAustin et

al., 2017. In addition,they exhibita typical pattern of opportunistic blooms in coastal a(@ir et

al., 201).

In the last decade, the seawater temperature raised significantly in over 70 % of worldwide coasts
(BakerAustin et al., 2017Lima and Wethey, 20)2 Several studies demonstrate that this climate
change promotes the growth of potentially pathog®ibdo species throughout the North Sea, such as

V. parahaemolyticuandV. choleragMartinezUrtaza etal., 2018 BakerAustin et al., 201,/Roux et

al., 2015aBakerAustin et al., 2013Bier et al., 2015Vezzulli et al., 20185 In consequence, reports of

9
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Vibriosis cases ithe North Sea have been increaf@akerAustin et al., 201,/ Vezzulli et al., 2012
Several factors can be involved the development of human pathogenic strains in the marine
environment, such as the acquisition of virulence traits via HGT, as hypothiesigbdr environmental
speciegChakraborty et al., 200Covacci et al., 1997

TheVibrio genomes contain significantly more alien genes than other marine bédtedaal.,2018.

The HGT byprophages is an important factor to the genetic diversityibrio spp. (Fortier and
Sekulovic, 2018 Among the pathogenigibrio strains, at least 65 genes are present exclusively in the
pandemic strains compared with the spmamdemic strains, including several genes related to
pathogenicity(Bastias et al., 20)J0Those strains may acquire virulence traits by horizontal gene
transfer in the environment (Hazen et al., 2010). For instéme¥, choleragp hage CTX0 was t h
filamentous phage reported to transmit virulence traits, that resulteetysogenic conversion dhe
bacterium tgroducetoxins (Waldor and Mekalaos, 199%. Thus, the production of cholera toXcix)

in lysogenV. choleraehas been extensively studiad PHS mode|Davis et al., 2000Faruque and
Mekalanos, 201,2VicLeod et al., 2005Rakonjac, 2012 Moreover filamentous phges appear to have

a widespread distribution as described@sgstillo et al. (2018)Among 1,874 Vibrio genomes from
several speciegiear a halfcontaina completefilamentous phageequencewhich encods for the
zonula occludens toxiregt) described irV. cholerae(Castillo et al., 2018 For instancemarineV.
choleraefrom a coastal brackish pond containech e f i | ament ¢this phggh &asgpe VCY E
widespread distributiowithin its hostpopulation(Xue et al., 2012 Although it was not considered
virulence factor in thesé. choleraestrains, the genome ®f C Y €ontains theot encoding proteiand

has genomic features similar@T X (Kue et al., 201 In this manner, the ability of these phages to
transfempathogenicity geng®.g.zotor ctx) in marineV. cholerasstrainsrepresenadirectpublic health
concern(Casas and Maloy, 201Casas et al., 2006In addition filamentous phages could play a role

in transfer of pathogenic genes in other species, sueh parahaemolyticuChang et al., 1998ida

et al., 2001

Besides theole of phages in hogtathogenicity lytic phages have been studiedtlasrapeutic agents
againstVibrio infections.For instancethe phageCK-2 and 153A5 have been used in the treatment of
systemic infections oW. vulnificusin mice (Cerveny et al., 2002 Furthermore Srinivasan and
Ramasamy (2017%olatedfour phagegVV-1, VV-2, VV-3, and V\/4) for biocontrol ofV. vulnificus

in shrimpsfor aquaculture. These phages belong toTeetiviridae family characterized byo head

tail structureandnonenveloped icosahednation (Srinivasan and Ramasamy, 2D1iA addition, tailed
phages have been studied itrage therapy treatment agaivsicholeraeinfections(Seed et al., 2011
Yen et al., 201, 7Yenand Camilli, 201Y. The ICP tailed phagésolated in Bangladeskhow efficiency
and highspecificity topreventV. choleraeinfectionsin infant mouse and rabbit moddgen et al.,

2017). Moreover, the epidemiological data from Dhaka (Bangladesh)
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suggest that the. choleragpopulationin that areamight bereduced by phage infectialuringthe peak
of epidemicqJensen et al., 20D6

In the case of tailedVibrio phages several members belong t@®odoviridae, Myoviridae and
Siphoviridae familiehave been characterizéelg. Ackemmann et al., 1984 Tailed phages have been
describedn pandemic angotentially pathogeni¥ibrio speciessolated from the marine environment
such asV. choleraeO1 Biotype ElTor straingSen and Ghosh, 2005/. parahaemolyticufMatsuzaki
et al., 1992Miller et al., 2003, V. harvei (Baudoux et al., 20)2among othersRecently,the non
tailed phage family Autolykiviridagvere characterizebly Kauffman et al. (2018b)rhis novel family
was identified during the sampling campaign of the Nahant Collection, adeatg virushost model
system of cultivated and genorsequenced bacterial and viral isolates focused in Vibrionaceae PHS
(Kauffman et al., 2018a This collection contains 251 dsDNA phagé€audovirales and
Autolykiviridae) infectingdiverse marine Vibrionacedauffman et al., 2018aAs exemplary applied
in the Nahant Collectionhe characterization of maringbrio PHSsundera comprehensive approach
canbring new insightso elucidatethe ecological role of phag@sthe marine environment.

1.3. YOU CAN JUDGE A PHAGE BY THE SCOPE IT& SEEN
APPROACHES APPLIED IN MARINE PHAGE ECOLOGY

As only a small fraction of the microbial diversitgn be cultivatedapproximately 1 %), the marine
microbial abundance watrastically underestimatad early ecological studie@Rohwer et al., 2014
Jannasch and Jones, 1938 consequencéhesestudies reflecieda deserbocean, with aextremely
low diversity of marine phageéBrum and Sullvan, 2015 Rohwer et al., 2014Bergh et al., 1989
Farrah, 198/Moebus, 198). Such was the case, th&abell (1946)proposed that marine phage twbu
not be ecologically significant, due the low abundance of a possible hosprey Between 1940
1970sdirect microscopypproaches contrasted with indirect cuktbesed enumeratiofiBergh et al.,
1989 Jannasch and Jones, 19B®hwer et al., 2014 orrella and Morita, 197%obell, 1946. During
the 1980sMoebus (1980wasa pioneer to develop new approaches to isolate marine pfrages
mixed communities. Aftefurther additionakvidence of high abundance of marine virudsrgh et
al., 1989 Torrella and Morita, 1979the interest ofnarine phage ecology was increaditigowadays.
At presentseveratechniques have beéevelopedo studythe marine vius communityunder different

scopes.
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1.3.1. METHODS TO COLLECT VIRUS BIOMASS

One ofthecritical steps to estimate the abundance of marine viruies vsrus biomass collectiofhe
traditional method is the largeecale tangential flow filtration (TFF)Jn which the sample directed
tangentially across the filter, while a crasembrane pressure is applied through the filter membrane
pores(Alonso et al., 1999Clokie and Kropinski, @09). Although this prominent methoallows to
concentrate theampe up to> 100fold VLP in the retained water samplhis method requires large
sample volumeg> 1001) and can be highly timeonsuming(Alonso et al., 1999John et al., 2011
Clokie and Kropinski, 2009Therefore other methods have been developed to concentrases e.g.
adsorptiorelution methodand pelleting vias particles with ultracentrifugatiotdowever,selective
adsorption of viruses to treated filtensd low virus recovergre important technique biases with these
methodqFuhrman et al., 20090hn et al., 201, Percival et al., 2004 Additionally, the iron chloride
flocculationmethodhasseveral advantages compared tthe traditional TFF metho@Hurwitz et al.,
2013aJohn et al., 20D)1Briefly, the seawater sample isdikeredand t he oO6virus fracti
with iron chlorideto form aFevirus complexwhich can be collected onto a polycarbonate filter and
resuspendedith Ascorbate or OxalateEDTA buffer for further analysggohn et al., 2001 Theiron
chloride flocculation methods easy to implement, ankashigh efficiency proven byconcentrate
recovery(> 90 %) in testedseawatesamples with tailed phag€dohn et al., 2001 Moreover, his
advantage accounts for the requirementetdtively low samplesolume (~20 1), onereasonfor the
favor ofthis chemistrybased concentrationethodduringoceanographisamplingcampaignsas well

asfor freshwater studie®uhaime and Sullivan, 20).2

1.3.2. METHODS TO ESTIMATE ABUNDANCE AND DIVERSITY

The improvements of the analyses of marivieus abundanceare in close relationship witthe
developnert of direct count methods for bacterial enumeration with microstasged techniques
(Wommack and Colwell, 2000Due the develop of epifluorescence microscopy (EpMhee late
1970stheocearturns outio be & environmentnassivelyinhabitedby microorganismgRohwer et al.,
2014 Hobbie et al., 1977 Since then, methods to estimate virus abundance with EpMvere
developedBergh et al., 198%rank and Moebus, 198¥oble and Fuhrman, 1998orrella and Morita,
1979.

EpM appeared as a fast method taugify VLP from both isolates and direct field sampRachel and
Jed, 1998Clokie and Kropinski, 2009 The traditional method applies a small pore size mangb
filter to collect the fixed VLP for staining with a fluorescent dye, such as DAREM6d., SYBR Green
and SYBR GoldClokie and Kropinski, 20Q9Thurber et al., 200%Rachel and Jed, 199&\lthough
this technique allows to quantify tha&al countof VLP in the sample, no deepieformationregarding
their infectivity andiurtherclassification is possibleOn the other handhe flow cytometry is a fastnd
preciseapproachto distinguishvirus groupsfrom total counts based ahe scatter and fluorescence
12



Chapter 1

obtained after staithe virus particlegWeinbauer, 2004Clokie and Kropinski, 2009/ommack and
Colwell, 2000. In addition,thesetechniquesan becomplemented witlothermethodgo obtain more
information abouvirusinfectivity. For instanceit e 6 v i a hcanédépbtainedias plagu®rming
units (PFU) on a double agar overlay plague a&sagtionl1.4.1) or in culture broth as mostrobable
number (MPN) assagWeinbauer, 2004Clokie and Kropinski, 2009 However, thevast majority of
marine microorganisms remains uncultivageié v i a b | eyi@ld strang undesestimation of the
total abundancegRappé and Giovannoni, 200Brum and Sullivan, 2015Weinbauer, 2004
Therefore, a comprehensive apach must be applied teduce each technigbésto analyzehevirus

population structures.

The marine virus diversitgan be estimated at the levelvafion morphology growth parameters in
infection, andnucleic acid sequen¢®uhaime, 201 Electron microscopy (EMyas used to visualize
phages from marine samplesestimate theabundancef total countsas well aghe diversity ofvirus
particles(Weinbauer, 2004 Based orthevirion morphology (e.gvirion size tail structurg, thephages
fromisolates or direct samplean be classifiedtthefamily level (Ackermann, 2011Ackermann and
DuBow, 1987. Dueto the information outcome from this methadkion morphologyclassificationis
currentlyone d the minimalrequirementso characterize a phage tax(Fauquet and Martelli, 2013
More informationabout EM application iphage morphology characterizatindetailed insection
1.4.2 In addition,otherfeatures used forharacterizatiorinclude the proliferation cycle host range,
plaguemorphology, latent period and burst sifemm isolated PHS¢Duhaime, 2010Weinbauer,
2004).

In contrast to cell organisms, phages lack a universal gene to be used as molecular markers to establish
phylogenetic relationshigd olstoy et al., 2018Alavandi and Poornima, 201L2n consequence, protein
encoding genes such as large subunit terminase, major capsid, major tail proteins, andyDidfapeb

can be used to build phylogenetic treigem specific phage familiegTolstoy et al., 2018

Thus, moleculabased techniques (e.g. PCR amplification) have been usedalgzethe virus
community structuréWilliamson et al., 2012 Although PCR is a & technique to identify the presence

of specific virus groups from environmental samptas, high mutation rate andosaicism nature of
genomes give several problemstioe applicabilityof this techniqu€Clokie and Kropinski, 2009For

this reason, PCiRased approaches aestricted tesmallscale projectfocusingon specific genes and

onwell-knownphagegenergClokie and Kropinski, 2009

Due to the comstanily growing number of virus genomes available in tetabaseshe advancef
metagenomidased studies appeared as a reliable alternative to overcome the cultivation bottleneck and
virus gene marker metho(Brum and Sullivan, 2015 hurber et al., 2009Theapplication of massive

nucleic acid sequencirtg characterize the virus community composition is detailegdation 1.5
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1.4. METHODS APPLIED TO
TAILED PHAGEG6S CHARACTERI ZATI ON

The study of tailed phag€é€audoviralesyvas fundamental for the current understanding ofhttare

and function of nucleic acidend protein{Grose ad Casjens, 20)4Severalphagestrairs from 16
Caudovirales genetzave been isolated from ti@odebbacteriaEscherichia col(Grose and Casjens,

2014. These phagé host model systems were the basis to discover the proliferation cycle of
Caudovirales phagéKrupovic et al., 201,King et al., 2012 Paticularly,t he mo d e kphagesp hage s
T1lto T7,Demerec and Fano, 19¢facilitated the comparability of results between laboratories, as well

asthe definition ofkey phagerelated concept&Salmond and Fineran, 2019 he study of these model

phages was the basis to defihe main shared criteri@ phage taxonomic classification

The ability to identify the membeof an ecosystem e of the first steg® understand the community
structure and functiof(Bystems et al., 1999n ecological studies, thexonomicaidentificationof the
community compositioralso permits the identification of theaxa with most ecological importance
(Systems et al., 1993n the case of viruses, théeral taxonomy isa discipline thatonstantlyrefining
definitions of a virus species and their classificatioglorgan, 201% As most of the phage
classificationwas primarilybased on the particle morphology, other jgrtips such as replicatipn
protein characterizatiorand genome organization are described only in a small percentage -of well
studied speciegKing et al., 2012 Phage taxonomy has evolved frofmmat morphologybased
classification to a comprehensive approach with multiple crit@@stoy et al., 2018 However,
several discrepancies in phage classification cause a limuether ofhigher hierarchies groups
(Desselberger, 20)8For instancethe high rate of horizontal gene transfer (HGT) andrtiasaicism
nature of genomegive problemsto classify phages with highly similar genomes tith distinct
morphology(King et al., 2012Van Regenmortel et al., 20L3/oreover, thgaxonomic system of the
International Committee on Taxonomy of Virus@g€TV) comprises only cultivated viruses, and
recentlryswas 6ctomtsement 6 propose t hdDesselberger, G048 at i on
Simmonds et al., 20)7Thus,there are na@urrentuniversal criterian Caudoviraleslassificationand

they canvary between different genging et al., 12 Fauquet and Martelli, 20).3
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1.4.1. METHODS FOR ISOLATION OF PHAGET HOST SYSTEMS

Phagéhost systems (PHSs) have been used to studgttvaction ofphagesnd their hostsncluding
co-evolution and gene transféweinbauer, 2004Brum and Sullivan, 2035 The PHSenablesto
propagate phages analyzetheir growth parametergo integratanethod for temperate phageas well
as cossreaction tests against other potential isolated h@dtebus, 1983Weinbauer, 2004 The
majority of the gained knowledge is based only on a narrow group of isolated phages,ephisients
only a small fraction of the total phage divergiBrum and Sullivan, 2013Holmfeldt et al., 2018
Thus, the isolation of novel hosts and their viruses is crucial to improve our understahthieg

interaction of marine phages and their hosts.

Once the potential host is isolateghik-based screenis@re typically used to identifnfective phages
(Clokie and Kropinski, 2009 Firstly described byAdams (1959)viable phages aa be detected via
plague formation in the double agar overlay assay (DA®A)y DAOA, the phage sample is mixed
with the host intasoft agar lawriClokie and Kropinski, 200®dams, 1959 After incubation, phage
plague is a clearing spot in a bacterial lafigufe 1.34), formed by consecutive phage infections on
adjacent host cell@Clokie and Kropinski, 2009 Modified methodssuch as spot test ass¢8TA),
allow the fast screening of several phage samples against one single potentigjunest.GB.

In the case ofysogenic phages$nduction isneeckd prior to phageisolation. In laboratory conditions,
these phages can be induced from lysogen bacteria isolates with mitomycin C or UV rédietmat
al., 2010 Jiang and Paul, 19%8nducing agents found the marine environment, are sunligloueto
UV radiation) temperaturgpressure, and hydrocarbddsng and Paul, 1996The induced phages can
be concentrated for furthostscreeningvith DAOA or STA (Clokie and Kropinski, 2009

The phage isolation is based on the consecutive propagation of one single @femguisolateda high

titer of lysate elution can be stored as maintenance dtwockurther analyses, such as electron
microscopy or genome sequenci@okie and Kropinski, 2009 Besides, th@laques can be counted
as plaque forming units (PFU) t dClokidandKrapinski,h e
2009 Weinbauer, 2004 Together with DAOA, the onstep growth permits to determine the burst size
(number of phages produced per infected bacteriamvell as the phage growth parameters from a
PHS(Clokie and Kropinski, 20091n addition,phagé host cross reaction testan be usetb determine
host rangeand interactioiPHSs(e.g.Moebus, 1988

A deepcharacterization of novel PH8sbased on eomprehensive approattmat appliesheseculture
basedmethodgogether with moleculabasednethods Culturebasedmethodsarethe basido obtain
data forin-depth characterization of phages, suchthas description othe phage genomeyirion
structure proliferation cycle, gentransfer and role of auxiliary metabolic geriBeeitbart et al., 201,8
Brum and Sullivan, 2035
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FIGURE 1. 3. The appearance of plaques formed \4prio phages with the doublagar overlay assay(A),
andspot test assaiB).

1.4.2. METHODS TO CHARACTERIZE MORPHOLOGY

Electron microscopy (EM) becamebasictechnique for phage classificatig@lokie and Kropinski,
2009. Transmission EM comprsss different techniques, the most used is the negative staining method
(Clokie and Kropinski, 2009 The principle of the negative staining is to mix the phage particles with
an electrordense solution of a metal salt of high moleculaight and small molecular siZeequently

as uranyl acetate(Ackermann andDuBow, 1987 Clokie and Kropinski, 2009 However, he
preparatiorand execution of this technique can be titoasumingand require expensive equipment
(Rachel and Jed, 19P8This method allows the analysis of free phage particles fPbissand
environmentasampleqProctor, 199Y. In general, theharacterizatio of avirion is basedon digital
electron microscopical imagé&®m the purified phage elutiomhichgive measurs forthe capsidthe

tail as well determiation of presence and sizes il fibers (in nm scale) envelope, and other
morphologcal charateristics(Clokie and Kropinski, 2009
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1.4.3. METHODS TO CHARACTERIZE A GENOME

Currently, the most efficient method to determine the genomic sequence of a DNA phage is the whole
shotgun sequencing. Theinformatic analysis of the phage genosequence can give the information

of thegenome size and tlguanine and cytosine content (GC coht@nGC %) as well ago predict

the topology of the genome, packaging method, and protein encoding (Géniée and Kropinski,

2009 Brussow and Hendrix, 200Hendrix, 203). Thesegenomic features are crucial for genomic
characterization of new PH$SIlokie andKropinski, 2009. In addition the identification of key genes

or GC content differences can be used to detect horizontal gene transfer events and prophage sequences
(Zhang and Zhang, 20p4

The development of Next Generation Sequencing (N&&edbellow) improved the number of phage
genomes available in the public databam®s the access ttetailed characterization of PH®rister
et al., 2015Clokie et al., 2018 The accessibility to novel technologi@eates dynamism to understand

the nature of marine viruses under different glances.
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1.5. NGSAPPLIED IN MARINE VIRUS (META)GENOMICS

In 2005 several higkthroughputechnologieknown asdNext Generation SequencigGS) havebeen
developedo sequence higlyuality nucleotide sequences in large scales, redwsigmficantlythe cost
persequencettase pailKoboldt et al., 2018 Examples of NGS technologies d@he pyrosequencing
by 454 Life Science (now part of Roche)d Solexa (acquired by Illumina in 200@letzker, 2009
Vincent et al., 201)7 Dueto its costbenefit relation, hie lllumina-based technologge.g. MiSeq and
Hiseq) dominates theurrentNGS marke{(Vincent et al., 2017

The NGS accessnabls the production ofjenome sequencirfgom isolatel microorganisms, as well
as completgenomes fronenvironmental samplémetagenomicg)Vincent et al., 20)7Thedeposited
bacterial and phaggenomesn publicly available databasexreasedignificantlyaftertheemerge of
NGS technologiesIn consequence, new challenggspear to manage thisig data outcome.The
developnentof new bioinformatic tools to analyze thify dataprovides unprecedented opportunities

to address fundamental questions in phage ecglbgghim et al., 2018

1.5.1. PHAGE (META)GENOMICS

Virus metagenomics (hereafter viromids)environmental sequence analysis of viral assemblages,
commonly based on the genome reconstruat®novoof uncultivated DNA viruses without previous
isolation (Martinez et al., 201,4Roux et al., 2018 Since 2016, this technique allowed to identify
750,000 uncultivated virus genomes (UViGs), five times more than the total nofiglemomeseferred

to virus isolategRoux et al., 2018PaezEspino et al., 201,6Roux et al., 2016 Unfortunately,the
general trend ofirus genomedrom isolates(iVGs) did not increase after thappearance of NGS
technologieqPerez Sepulveda et al., 201Besides the work oMizuno et al. (2013)the average
number ofmarineiVGsis around 1Gubmittedgenomesn theEMBL-EBI databasé&rom ENA per year
(Perez Sepulveda et al., 201%9/hile most ofthe UViGs are probablyderivedfrom free Iytic viruses

the characterization of lysogenic viruses remains underexpldiegardVarona et al., 2017

Approximately, half of the marine bacterial isolates contain proph@igesy and Paul, 199Bicdaniel

et al., 2009 Moreover, prophagtke elements were identified in almost a half of marine bacteria
genomes(Bondy-Denomy and Davidson, 201#aul, 2008. In the case of polylysogeny (>1
prophage)this percentage can incsmato almost 70 %, as identified ¢ertain genomes, such ain s
marine Vibrio species(Castillo et al., 2018 However, the predicted prophage sequencightribe
underestimated, because the experimental prophage induction was demonstrated in some marine
bacteria where no prophages could be identified on their gefime et al., 20101In contrastthere

are alsaases in Gramegative bacteria thatentifiedprophagesequencgdoes not produce functional

virions (Summer et al., 2004such as the Miike prophage$rom Haemophilus influenza@luMu),

Neisseria meningitidis (Pnm1) Deinococcus radiodurans R1 (RadMu) and
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Shewanella oneidensiMuSol and MuSo2(Heidelberg et al., 200Morgan et al 2002 Summer et

al., 2004. Despite the efforts for prophage prediction, these sequereematlyunderreported as part

of the bacterial genome, or prophdie sequences might be overregaltvhen the prediction is not
confirmed by e.g. microscopy or annotation analy@anchaya etla 2003. In addition, metadata of
published phage genomes contains terminology inconsistencies (e.g. temperate or lysogenic lifestyles)
or missing information, thamisleads toan underrepresentation of lysogenic phages in the public
database¢Clokie et al., 2018 Thus,a comprehensive approaahddatacurationare key parts for

UViGs andiVGs analyses

Currently, UVi Gs r @9 %)eob thentaxonaonticediversity jofovirtisds yn pybiia
databasefRoux et al., 2018 In this way, the low number of characterized phage isolates still limits the
information available to characterize virome datasets and predissibfe phagehost interactions in

the marine environmetiPerez Sepulveda et al., 20Fux et al., 2015c In addition, most of phage
genomes are poorly annadt and therés a limited range of computational tools focusedphage
analysigIbrahim et al., 2018 In consequence, these viromes are dominated by unknown sequences (60
T 95 % of the virome), which show low or none similarity againstéap characterized virus genomes
(Krishnamurthy and Wang, 201Roux et al., 2015derez Sepulveda et al., 201&his suggestthe
incredible diversity of marine virus¢Edwards and Rohwer, 20030 addition, novehpproaches have

been developed to analyze thetigdand temporal variability of virus diversity with viromi@durwitz

et al., 201%. For instance fte predicted gene sequences have been used to compare the virus population
diversity via virus protein clustig (Bolduc et al., 2016PaezEspino et al., 2007 This approach can

be settled from theequenceomparisorbetween eachicrobial population todetermine the diversity

of protein sequences of each sanfplg.Lema et al., 2014ehr et al., 1995 as well as theequence
comparisonusing metagenomic virus contigs frorhe tool database(PaezEspino et al., 2017

However, there is ngeneral database of alvailablevirus sequencg(lbrahim et al., 2018
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1.5.2.THE NEEDLE IN THE HAYSTACK

PHAGE GENOMES IN THE DATABASES

The available marine virus datasets areurrently deposited across diverse database repositories,
such as the National Center of Biotechnology Information (NCBI,

http://www.ncbi.nlm.nih.gov/genome/viruges and the Erwopean  Nucleotide  Archive

(www.ebi.ac.uk/enagndhttps://www.ebi.ac.uk/genomes/phage.hi(Blolduc et al., 2016 During the

last decade, the number of UViGs in the databases increased drastically. In consequeta®bases
of virus genomes have become available for virus analybiee JGI IMG/VR database
(https://img.jgi.doe.gov/cgbin/vr/main.cg) currently represent the largest sequence repository of

UViGs from virome and metagenomic studi@oux, 2019. This database permits to visualize the
UVi Gsd dataset across t he thewand(PaezbBspinbet alg 204dati h e
et al., 2013 In addition, the iMicrobe platformmfnvw.imicrobe.u$ unites datasets and tools from

different sources to bioinformatic analysis in the bvbased platform of CyVerse
(https://de.iplantcollaborative.org/d8off et al., 2011Hurwitz, 2014. This platform is also connected
with the iVirus (vww.ivirus.ug, a useffriendly resource for viromic analysis. Neaifhaf the total

projects available in iMicrobe (44.44%) involves virus identification as UViGs, and atbarklird

part of these studies are from marine environments (31.25 % ofreiated projects available until
April 2019). Several virome dataseti® available in this platform, including the first published marine
virome (Angly et al., 200§ the Tara Ocean Virome (TOVBrum et al., 201p and the Pacific Ocean
Virome (POV) (Hurwitz and Sullivan, 2013 The lack of integrated databaseseates usability
problems, and often local datasets are cre@extz and Lee, 2009In consequencehé analysis of
marine UViGs for comparative metagenomics can be laborious anetoinsgming(lbrahim et al.,

2018. Hence, the selection die databaskeas ecrucial effect on thgenome characterizati@utcome
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1.5.3.  VIRUS (META )GENOMIC TOOLS

The diversity of uncultivated viruses in the databdsefar exceeds those of uncultivated bacteria
(Breitwieser et al., 2037In addition, the classification of these \&as is far more difficult to conduct

than in cell organisms and requires different methods from ba¢Bradwieser et al., 20)7Thus, a
defined strategy of appropriated virsigecific dataseand toolss critical to analyze phage genomes

and viromesThis section describes tools developed for virus sequence analyses, with emphasis on
phagebased approaches. Examples of bioinformatic taold databaseare present inable A.2.1,

which can vary in database size, accuracglthe number of citations

As the methods applied in viromic analyses are still in development, there is no state of the art routine
approach to study viromes in an integrated workf{thsahim et al., 2018 Due the increase of viromic
studies, the development of flexible and integrative bioinformatic approaches areanetesslow

rapid and accurate phage classificafiimahim et al., 201,8Chibani et al., 2019 Despite the increase

of published tools for viromic®.g.Bolduc et al. (2016&mphasize the lack of reliable tools for phage

ecologist without deep knowledgethre programming language

In general, theanalysis of virome reads follows three main steps: (1) sample preparation, focus on
biomass collection and concentrati@ection 13.1); (2) data preparation, focus on quality control for
high-quality virome contigsand (3) data analysibasis fogenomecharacterization which includes the
predicted genomieaturesas well asdentification of taxonomic and functional déitam thenucleotide

and predicted protein sequendsrwitz et al., 2016Clokie and Kropinski, 2009Although he overall

steps are similar to the pipelines for other metagenomic analyse3rgga andVaulot (2018)and

https://github.com/genomewalker/microbeco2015/yikiviromics have tical methodological

challengesncludingsteps from sample collection to read assemigksggshnamurthy and Wang, 2017
Clokie and Kropinski, 20Q9Hurwitz et al., 201§ Virome data is characterized by reads with high
proportions of repeat regions, hypervariable genomic regions associated with host interaction, high
mutation rates by strain variation, and limited read coveragecdog/ DNA biomass(Sutton et al.,
2019 Roux et al., 201,AWWarwick-Dugdak et al., 201P These characteristics can result in fragmented
virome assembliefGarciaLdpez et al., 208). Thus, the selection diltration and assemblingpols
developed foshort hypervariable reads agsential for higlguality viromeqSutton et al., 200)9After
filtration and decontamination of the virus readi® application ofde novaassembles generatelocal
samplespecific databasdhatavoid reference genomes bigsasch asow diversity dueto small PHS
databasefCoutinho et al., 201Brum et al., 2015pDutilh, 2014 Sunagawa et al., 20L8Currently,

the most effective tools fassemble viromes are SPAdes, Megahit, and IREA(Roux et al., 2017
Sutton et al.,, 2009 In addition, SPAdes has been implemented in other frequent visamic
approaches such as iViru8olduc et al.,, 2016 The Newbler assembler was developed for

454 pyrosequenced reads, which was implemented in4BAR assembly pip&le (Nakamura et al.,
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2016. Furthermorecomparison ohssembled contigs per virothes been applietb studythe diversity

of viral populationgWarwick-Dugdale et al., 2039

The genome annotation is a key process to identify and characterize virus genomasskuorhled
contigsduring the data analysidbrahim et al., 2018Hurwitz et al., 2015 Annotation of phage
genomes includes BLAST (BLASTX, tBLASTX, or BLASTP) similarity search against NCBI databases
(nr and/or refseq), also HMMER searches against Rfaitschul et al.,, 199/Henn et al., 2010
Bateman et al., 200&ddy, 1998. Dueto the limited representation of viral genomes in these dafasets
only a small fraction of the virome can be annotdtédrwitz et al., 201p Therefore, severauto
annotation toolsan be applied to analyze the assembled cofttigsirther curation before submission
(Clokie et al., 2018 Besides, othaiools have been developeridentify prophagdike sequences from
single bacterial genomes or metagenomic sequengki (A2.1). Due to the high versatility and
reliability, VirSorter is currently one of the most widely used approaches to studgiidA viruses
(Zheng et al., 2009VirSorter (from iVirus) allows to detect prophage regions, as well as virus contigs
for functional and taxonomic characterizat{@olduc et al., 201,8PaezEspino et al., 201, Roux et al.,
2015h. The iVirus is connectedith the iMicrobeplatform,and contains several available virome
datasets, including the first published marine vir¢Arggly et al., 200§ the Tara Ocean Virome (TOV)
(Brum et al., 201% and the Pacific Ocean Virome (PO{Hurwitz and Sullivan, 2013 In addition,

other tools have been developed for simdiage genomes analydes/e been developedor instance,
thetaxonomy of tailed phages can be defined based on neck moteiding genes and genome context
with Virfam Caudovirales classifidt.opes et al., 204 andthe phage method ajenome packaging

can be predicted witRhageTern{Garneau et al., 20L.7Moreover,other prediction tools have been
developed to identify important linkages, e.g. CRISPR identification (Clustered Regularly Interspaced
Short Palindromic Rmeats), horizontal gene transfer, and potential host predi(Ronx, 2019.
Unfortunately, most of these tools are based on reference genomes and the results are not optimal for

novel genomes.

On first sight, thesbioinformatictools might be a solutiai identifya larger portiorf uncharaarized
genomesHowever, the functicad datain the viromesis still largely unknown The tools applied in

virus (meta)genomicsstill require importantmethodological and conceptual breakthroughs to
characterize thiarge percentage of unknown mariieuses(lbrahim et al., 2018 The collaboration
between virologists and bioinformaticians is necessary to improve and interconnect the existing tools
(Roux, 2019. Although he current tools are powerful amehpressive(lbrahim et al., 2018 the
interconnection betwedhese tools and databases is highly neces$aprefore the application of
comprehensiveapproach using the existing bioinformatic toolsan generatea more detailed
characterization of novel marine phagésreover, the analysis of exemplary samples must be included

to develop a viruspecific pigeline.
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1.6. MOTIVATION AND RESEARCH AIMS

Despite theenormousecological and evolutionarymportance ofmarine phages much of their
biodiversity remains uncharacterizd@€outinho et al., 2007 Emerging NGS techniqueshave
accelerated the expansion of thel-universe, whicimply new challengebut also yielbpportunities
to address fundamental questions in phage ecolgigsahim et al., 2018 Despite that new
bioinformaticstools appears alost every month anthe accelerated increaserofirine virus studies
there is no statutory pipeline applied in marine phage ecoldyys, his research is focusemh the
integration of existing tools tevelopvirus-specific pipelins. This approactvasappliedin exemplary

samplego studymarine phagefrom the North Searherefore, his thesis is based on two research aims:

1. To analyze thevirus community with viromics (chapter }.

Metagenomics has become a powerful tool to characterize the microbial community in greater detail
(Coutinho et al., 2097 The application of viromics (virus metagenomicajh be used to compare the
taxonomic composition and the carried geogsirusesfrom the North SeaThe estimatedccurence,
diversity and distribution of the virus communitgn beused for comparison areas withdistinct
oceanographic features, suchths coast and opesea.To accomplish this research aim, a method
pipeline was developedo ensure higiguality output for taxonomic, functional and comparative
analysesFor this, exemplary seawater samples from the North Sea were first selected for virus biomass
collectionand further DNA extraction; the second part asilico preparation of the genomic data to
obtain highquality readsTo reducepossiblebiascaused by reference genome databasesdutiivable

strains this pipeline is based ate novoassemblingo produce samplspecific databases
Addressedjuestions:
How distinct isthe virus community compositidretweerthe coast and the open sea?
How is theirgeographic distributiom relationto environmental parametéts

What is the distribution aénvironmental relevant genearried by phages

(e.g.auxiliary metabolic genes or pathogenicity genes)?
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2. To characterize lysogenic phages from potentially pathogenicVibrio species
(chapter3 and4).

Lysogenic phages may contribute to the emergence of disaasig strains from environmental
populations. Considering the increagabundance gfotentially pathogeni¥ibrio species in the North
Sea, the secondesearch aim is focused on the characterizationn@fel phagesfrom V.
parahaemolyticuandV. choleragsolated from the North Sea. For this, the method pipelinesetust

be performed to isolateotentially pathogeic Vibrio from water samples, follow by the induction of
their prophagesfor DNA extraction. Exemplary isolates were selected for lysogenic phages
characterizationThe data preparaticandde novaassembling areritical stepsto assemble a complete

phage genome separated fromithwnsequencedhostgenome.
Addressedjuestions:
How is thedistribution of lysogertYibrio in the North Sea
What are theeVibrio phages?

Can these phages be related to pathogeriicityese strains?

The research ainand the overview of the contributiar this thesiss represented ifigure 14.
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1.7. CONTENT OVERVIEW

The present thesis consists ofisroductory overview, three chapsdrased on the achievements & th
addressedesearch aims, and fmal general discussion. A short overview of the research articles

follows.

Chapter 2

The North Sea goes viral: Occurrence and distribution of North Sea bacteriophages

Authors: Alexa GarinFernandezEmiliano Pereirdrlores, Frank Oliver Glockner, Antje Wichels
Published in: Marine Genomicsl Jun 2018.

This manuscriptiescribes thémplementation of virus metagenomics (viromeshatmlyzethe virus
community in the North Se@he influence benvironmental parameters on the occurrence and diversity
of phages is also presented. The plannegeriment designand genomic data submissiorere
conducted by Alexa GariRernandez with the assistance of Antje Wichels. Statistical anagpdebte
comparison of predicted genes distribution were performed by Alexa-Bamimndez together with
Emiliano Pereird-lores. ata analyses, evaluation and manuscript writing were carried out by Alexa
GarinFernandez under the guidance of Antje Wichels andiF@diver Glockner.

Chapter 3

Looking for the hidden: Characterization of lysogenic phages
in potential pathogenicVibrio species from the North Sea
Authors: Alexa GarirFernandezAntje Wichels

Submitted to: Marine Genomics28 August 2019

This manuscript presents the identification of lysogenic phages from potehtiaignpathogenic

Vibrio species, and the genomic characterization of Caudovirales phages. Thagpgtiibculture and
molecular techniques tnalyzenonmodel systems, sh@sV. parahaemolyticuandV. cholerae The
genome structure and the predicted biological functions of three novel phages are also dé&beribed.
planning, experiment designs and genomic data submission were conducted by Alexseanaez

with the asistance of Antje Wichels. Data analyses, genomic characterization and manuscript writing

were carried out by Alexa Garfrernandez under the guidance of Antje Wichels.
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Chapter 4

Genomic characterization of filamentous phage vB_Vpal_ V218,

an inducible prophage ofVibrio parahaemolyticus

Authors: Alexa GarinFernandezFrank Oliver Gléckner, Antje Wichels
Submitted to: Marine Genomics28 August 2019

Based on the outcome frorhapter 3, thisnanuscript presents the characterizatioorad filamentous

phage and its potential role on pathogenicithis studycomplements prophage induction and
bioinformatic analysis applied to nenodel V. parahaemolyticustrains.The planning, ®periment
designs and genomic data submission were conducted by AlexaReamngndez with the assistance of
Antje Wichels. Data analyses, genomic characterization and manuscript writing were carried out by

Alexa GarinFernandez under the guidance of Amjehels and Frank Oliver Glockner.

In addition, contributions to the following papeemggiven.

ChapterA.1
Dangerous hitchhikers?Evidence for potentially pathogenicVibrio spp. on microplastic particles
Authors: IngaV. Kirstein, Sidika Kirmizi,Antje Wichels,Alexa GarinFernandezRene Erler, Martin

Loder,Gunnar Gerdts

Published in: Marine Environmental ResearcB8ep2016.

This manuscrippresents the occurrence of potentially pathog¥iiido spp.attached to microplastics
from Baltic andthe North SeaThis study integratethe sample anasgs fromboth cruises HE409 and
HE43Q Sidika Kirmizi (cruise HE409, 2013nd Inga V. Kirsteir{cruise HE430, 2014jollected and
analyzed themicroplastic and surface watsample. Isolation of potentially pathogeni¢ibrio spp.
during the cruis¢HE430 was conducted by Inga V. Kirstein, supported by Sidika Kirmizi and Alexa
GarinFernandezldentification ofVibrio isolates with MALDITOF MS were carried by Rene Erler
(cruise HE409, 2013nd Alexa GarirFernandez (cruise HE430, 201Mlicroplasticidentification was
carried by Martin LoderData evaluation and manuscript writingre carried out by Ingd/. Kirstein

and Sidika Kirmizi under the guidance of Antje Wichels and Gunnar Gerdts
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NORTH SEA GOES VIRAL :

Occurrence and Diversity of North Sea Viruses

Alexa GarinFernande¥: P Emiliano PereirdElore$ <, Frank Oliver Glocknér, Antje Wichel$

2 Alfred-Wegeneiinstitute HelmholtzCenter for Polar and Marine Research,
Biologische Anstalt Helgand, Helgoland, Germany

® Microbial Genomics and Bioinformatics Research Group, Max Planck Institute for
Marine Microbiology, Bremen, Germany

¢ Jacobs University Bremen gGmbH, Bremen, Germany
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Mar ine Genomics. 2018 Jun 1pii: S18747787(17)3037B. doi:10.1016/].margen.2018.05.004

Keywords: Metagenome / Virome / Marine phag¥gioplankton

Abstract: Marine viruses are dominated by phages and have an enomilmgsnce on microbial
population dynamics, due to lysis and horizontal gene transfer. The aim of this study is to analyze the
occurrence and diversity of phages in the North Sea, considering thehesuiteractions and
biogeographic factors. The vesucommunity of four sampling stations were described using virus
metagenomics (viromes). The results show that the virus community was not evenly distributed
throughout the North Sea. The dominant phage members were identified as unclassified phage group,
followed by Caudovirales order. Myoviridae was the dominant phage family in the North Sea, which
occurrence decreased from the coast to the open sea. In contrast, the occurrence of Podoviridae increased
and the occurrence of Siphoviridae was low throughtmeifNorth Sea. The occurrence of other groups

such as Phycodnaviridae decreased from the coast to the open sea. The coastal virus community was
genetically more diverse than the open sea community. The influence of riverine inflow and currents,
for instarce the English Channel flow affects the genetic virus diversity with the community carrying
genes from a variety of metabolic pathways and other functions. The present study offers the first
insights in the virus community in the North Sea using viromdshaws the variation in virus diversity

and the genetic information moved from coastal to open sea areas.
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2.1. INTRODUCTION

Viruses are the most abundant biological entity in world's oceans as well as the second largest
component of biomass after prokaryof8sittle, 2007Breitbart, 2012 Despite their small size, they

have an enormous influence on oceanic ecosystems. They do not only affect the global biogeochemical
cycles, but also many oceanic food webs and marine population dynamics, due to lysis, reprogramming
of host metablism and horizontal gene transf&uxty et al., 2014Breitbart, 2012 Fuhrman, 1999
Bacteriophages or phagewiruses that infect bacterigorobably comprise the majority of viruses and

also provide the largest reservoirs of unexplored genetic diversity in marine enviroiientso et

al., 2013.

Most marine viruses lack both cultivated representafidetimfeldt et al., 2018and a universal marker

for viral diversity; thus, virus metagenomics (hereafter viromes) currently represent the best approach
to analyze the viral genomic diversity in terms of taxonomic composition and thafivpuunctions
(Edwards and Rohwer, 200Bosario and Breitbart, 201Tangherlini et al., 20)6Viromes generate

a large amount of sequence data to investigate the unknown marine phage diversity from various

environmentgSimmonds et al., 20),/such as marine ecosystems.

The microbial community in marine ecosystems is shaped by environmental parameters such as salinity
(Lozupone and Knight, 200And temperaturé~uhrman et al., 2008The different biogeochemical
properties in the open sea and coastal environments affect the microbial community composition. In the
North Sea, the southern estuary regions are characterized by low salinity and high productivity, due to
the high load of aganic and inorganic matter introduced by rivers and w@&rseis et al., 2005

The southeastern coastal zondhaf North Sea is connected to the English Channel through the Dover
Strait and is characterized by a higher salinity, strong tidal currents, and high storm @gtiiliou et

al., 2009 Otto et al., 1990 The northern North Sea idlimenced by Atlantic Sea currents; therefore, its
water masses have a higher salinity in contrast of the lower latitude zones and are considered low
productive zoneg¢Emeis et al., 2005 These different hydrographical regions and the high nutrient
concentration from land are mixed in the central zone, consequently this area in the North Sea is prone
to anthropogenipollution (Emeis et al., 20)5The mean water circulation of this seamiclosed basin

is dominated by thétlantic inflow from the northern North Sea, the English Channel exchange flow,
and the Norwegian Coastal Current outfi@ito et al., 199D Due to the natural variability of the North

Sea, biotic and abiotic parameters have been monitored for haordite decades around Helgoland
Island in the German BigliWiltshire et al., 201 The inflow current from the transition zone off the
southern coast of the UK in the English Channel have been monitored by the Western Channel

Observatory, which has one of the latgaslection data series in the wol8outhward et al., 2004
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Previous studies were conducted in the North Sea to understand how environmental parameters shape
the microbial communities. These studies were focused on temporal and spatial variability, applying
different methods like cultured based isolation, DG@Efatranscriptomes, and 16S rRNA gene tag
sequencingGerdts et al., 20Q&Kopf et al., 2015bLucas et al., 201 Wiltshire et al., 2010 However,

only a fav studies have focused on virus diversity, and all of them were based ofikérparticles

(VLP) counting or culture dependent technig(ghaime et al., 201 Duhaime et al., 201®uhaime

et al., 2011bGerdts et al., 20QWichels et al., 1998

Like microorganisms, the marine virus community structure is not homogenously distributed,
delineating that the occurrence and distribution of marine viruses are affected by bothosirus
interaction and biogeographic patterns at a local and global(§fadev and Suttle, 201Roux et al.,
2016. The distribution dynamics of microlbicommunities in the North Sea are driven by
environmental factor@Brandsma et al., 201Bucas et al., 201Wiltshire et al., 2008 which might be

reflected in the occurrence and distribution of viruses, especially by dominant bacteriophags.famili

Based on these findings, the aim of this study is to analyze the occurrence and diversity of phages in the
North Sea. Four viromes were analyzed to (1) identify the phage diversity and the main phage taxa
present, (2) compare the phage diversity amdiffgrent hydrographical zones, and (3) study the
distribution of the genes carried by phages.
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2.2. EXPERIMENTAL PROCEDURES

2.2.1. SAMPLE COLLECTION

Viral concentrates were collected from water samples from Augos® 52014 during the RV Heincke
HE430 in foursampling stations ithe North Seaf{gure 2.} (Kirstein et al., 2016 Three sampling
sites werdocated in the southern North Sea, near to the coastal regionNétiherlands and Belgium
(station 15), in Dover Strait, near to tBeglish Channel (station 18), and near to the Dogger Bank
(station 20),and one sampling site was located in the northern North Sea (24)iomhe physical
oceanographic data acquired during this reseemaise have been deposited in the Data Publifier
Earth & Environmentabcience PANGAEAGerdts and Rohardt, 20116

Surface water samples were taken with a rosette sampler (SBaEW1 SeaBird Electronics, US).
Approximately 40 | of seawater pstation were préiltered in swccession with decreasing mesh sizes
(10,3and 0. 2 & m pornen dametee polydarbonadermembrafieh2 o6vi r al fra
seawater was concentrated using iobioride flocculation metho@John et al., 2011 Briefly, each

samplewas incubated with iroohloride (1 mg F€ I¥filtrate) for 1 h beford i | t r ati on recove
pore size filter, 142nm diameter, polycarbonateembrane). The filters were stored dark at 4 °C until
furtherpr ocessing. Each o6viral f r a c withdanntaldehyela (B8t er w
final) to determinate the virus concentratithor t hi s, each sample was fi
Anodisc filter, 25 mm) and the filter was stained with SYBR Gold prior VLP countiyg

epifluorescence microscogpatel et al., 2097

2.2.2. DNA EXTRACTION AND SEQUENCING

The virus concentrates from each filter were resuspended overnight using modified adtDibate

buffer (0.1M Mg2EDTA, 0.2M ascorbic acid, pHi67) according to established proceduikshn et al.,

2017). The resuspended solution was concentrated by centrifugation ¥¢0@brvall RG26 Plus,

DuPont, with a GSA rotor) using Vivaspin 30 Centrifugal Concentrator (Sartorius), followed by
ultracentrifigation (136,000cg, 2 h at 4 AC; OptimaE TL, Beckmanr
rotor). The virus pellet was resuspended with 1 ml modified SM buffer (2349afCl, 4.93 gl ‘MgSQ,

x 7TH0O, 50mM Tris HCI, pH 7.5)John et al., 2001 which was used for further DNA extraatio
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FIGURE 2.1. Sampling site map for the four stations in the North Sea, showing the surface circulation of wat
masses currents (grey vectors), influence of English Channel flow (yellow), north Atlantic inflow (blue), and
flows zone (green). Map modified fro(Kirstein et al., 2016
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DNA was extracted from the concentrated viral particles using modified CTAB method combined with
phenol:chloroform methofWilliamson, 201). For this, each sample was incubated (1 h, 55 °C) with
Prot ei nas € Yikal) &and Sbdiumedgdecyl sulphate @final), followed byaddition of 5M

NaCl and incubation (10 min, 65 °C) with NaCl/CTAB solution (#OM NaCl 1%
cetyltrimethylammonium bromide final). Subsequently, the DNA was phenol:chloroform extracted,
followed by isopropanol precipitation and resuspension in 1x TE b(@févl Tris base, 0.2M
ethylenediaminetetraacetic acid, pH 8(@hurber et al., 2009 DNA guantity and quality were
determined photometrically with a Tecan Infifité200, NanoQuant microplate reader (Tecan,
Switzerland) using the Invitrogen Quadiit PicoGreefi dsDNA Reagent (Carlsbad, CA, USA)
according to the manufactul® instructions. Library preparation and sequencing of the virus dsDNA
from each sample were done by LGC Genomics (LGC Genomics GmbH, Berlin, Germany). The total
DNA per sample (5200 ng each) was first sheared by ultrasonication (Covaris S220), fojlow b
purification and concentration using MinElute Spin Columns (Qiagen). Library constructions were
prepared using Encore Rapid DR Multiplex System (NuGen) according to the manufacturer's
instructions. In detail, each library was constructed from 40 to §@heared genomic DNA, including
endrepair blunt end ligation to indexed adaptors, followed by a final repair step, and purification with
Ampurebeads. The purified libraries were amplified by PCR for 8 cycles using lllumina primers
(5PE/3PE) with MyTag DM Polymerase (Bioline) and BioStabll PCR Enhancer (Sigma). The samples
were sequenced on an lllumina MiSeq sequencer usx80D bp chemistry.

2.2.3. VIROME SEQUENCE ANALYSIS

All sequence reads were processed following a modified protocol established primatily Ocean
Sampling Day (OSD) analysis groupttps://github.com/MicroBdS/osdanalysis/wiki/Sequenee

DataPreProcessiny(Kopf et al., 2015pa In detail, the obtained reads from each virus metagenome

were first processed using BBtoolstps://soureforge.net/projects/bbmapto trim lllumina adaptor

sequences and remove low quality and short reads with ambiguous bases. First, the bbduk tool was used
under the defined set values efrer size (k= 23), minimum kmer size (kmin= 11), righttrimming

(ktrim =), quality score (trimg 20), minimum length (minler 50) values and trim both ends (gtrim

=rl) to remove low quality reads without ambiguous nucleotides (n=x¥)sfollow by bbmerge tool

(default parameters). Reads were de novo assembled Mggahit (version 1.0.2, default generic

met agenome parameter s) un deentiglen)isat io BOGMet al.p2013,i g | e n ¢
and IDBA-UD (version 1.1, default generic metagenomeapeaters) with minimum contig length

(T mi n_cont i(Rehg esak, 20)2The a8séntbly quality wavaluated using MetaQUAST
(Mikheenko et al., 20)6based on the best recommended values of assembled contigs, contig legth and
number of predicted genes per contig. Aetgaluation under the mentioned parameters, the assembled
Megahit contigs were selected for downstream analyses. To identify and classify potential viral

sequences and avoid possible host contamination, the predicted Megahit contigs were analyzed using
34
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the VirSorter tool (default settings, Virome Decontamination mode) from iVirus

(https://de.iplantcollaborative.org/d€Bolduc et al., 2016 VirSorter can identify viral sequences from

met agenome dataset s, which contigs were classi f]|
predicted their potential proteins gene sequefiBekluc et al., 2016Roux et al., 2015b The viral

contigs predicted with VirSorter were mapped using BWEM (version 0.7, default parameters)

(Li and Durbin, 200) and the mapped sequences were converted from SAM to BAM files using
SAMtools (version 1.2)Li et al., 2009. The mean coverage per contig was calculated using
genomeCoverageBed from Bedtools (version 2.23, default parajn@eislan and Hall, 2000 The

virus contig statistic values were calculated using BBtools (stats.sh, default parameters). All the protein
sequences predicted as genes with VirSorter weed as potential virus amino acid sequences for the

following analyses.

2.2.4. VIRUS GENE COMPARISON

To compare the overall virus gene diversity present in each virome, all the predicted viral protein
sequences with VirSortesdction 2.2.3) were clustered into operational protein units (OPU) using
UCLUST software (ID= 0.6, default parameterétdgar, 2010 To compare the total predicted virus
protein distribution through each virome, the ORhlndance tablevas build using the UCLUST
software followed by theisualization using the VennDiagram Package (version 1.6.0 fger§ton

3.3.2, default parameter&hen, 2013

2.2.5. TAXONOMIC IDENTIFICATION OF VIRUS CONTIGS

To identify the viral and functional gene diversity from each virome, the predicted viral protein
sequences were compared against the GenBank nonredundant protein (nr) database (January 2017) using
BLASTP vasion 2.2.30+Altschul et al., 1997 BLAST hit alignments of genome sequences with e
value below 0.001 and a similarity50% were considered significant. The taxonomic classifications
were assigned only for predicted virus contigs larger than 3 Kbps and with at least one significant
BLAST hit matched a virus or phage sequence. Virus taxonomy is still under development, and the virus
classification methods for metagenomic data are constantly imp(éwdeaans et al., 201, Simmonds

et al., 201). Thus, the taxonomy classiition for each contig was done using a samomated
approach. First, the identified genes in each contig were classified using the NCBI taxonomy ID of each
BLAST hit with home written scripts. Then, the contigs larger than 3 Kbps and with at leastusne v
gene were selected and classified to the highest possible taxonomic level (e.g. family or genus level),
based on the taxonomic information shared by the majority of genes in each virus contig. In case a contig
matched several taxa and the taxonomasgfication was not conclusive, the contig was manually

assigned to its respective next lower taxonomic level, either family or class.
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Additionally, the virus contigs were classified in groups based on their potential prokaryotic hosts. The
identificationwas based on either the manual comparison of the virus genus names which contain host
names, or on related relevant literature from each genome sequence entry if afMilzdnie et al.,

2016.

The ontig mean read coverageection 2.2.3 was used to estimate proportion and abundance indices
of virus taxa within each virome. Rare taxonomic groups were arbitrarily defined as having a frequency
below 6 within each station. The relative abundance visualization as heatmap was built using Vegan
(version 2.44) (Oksanen et al., 20)1and Gplots Package (version 3.0yarnes et al., 2005

2.2.6. |IDENTIFICATION OF GENES CARRIED BY PHAGES

To analyze the virus genes and their possible effect on the host, all theelates proteins previously
identified (section 2.2.% were functionally classified using the UniProt Knowledgebase (UniProtkKB)
databaséMagrane and Consortium, 201The functonal classification was based on their ontology's
biological or molecular function from comparable reference organism annotated inP3otissr
TrEMBL.

We analyzed the distribution of the proteins identified in the wiras created using main coverage of

the contigs in which protein was identified. The resulting matrix wsore normalized and just values

with a maximum relative abundance higher than 0.5 per sample were retained. The dissimilarity matrices
of sampling &es and protein functions were computed using the Bray Curtis dissimilarity index.
Subsequently, these two matrices were used to create -wawalustering using the average
hierarchical clustering method. All data analyses were performed using R Psleigge(version 214

4) (Oksanen et al., 201 aAnd the heatmap was built using ggplot2 package (version 2.2.1, default
parametersjwickham, 200%.

2.2.7. NUCLEOTIDE SEQUENCE ACCESSION NUMBERS

The virome sequence data have been deposited under the INSDC accession number PRJEB21210 in the

European Nucleotide Archivevivw.ebi.ac.uk/end/(Toribio et al., 201y usng the data brokerage

service of the German Federation for Biological Data\(.gfbio.org) (Diepenbrek et al., 20134 The

sequence associated contextual (meta) data are Minimal Information about any (X) Sequence (MIXS)

compliant(Yilmaz et al., 201}
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2.3. RESULTS

2.3.1. NORTH SEA WATER SAMPLES

Surface watesamples were obtained from four North Sea statifipsré 2.): Station 15 was located

in the coastal area with riverine influence, station 18 was near to the English Channel exchange flow,
station 20 near to mixing zone frobogger Bank, and station 24 was located in the open sea of the
northern North Sea, which is indirectly influenced by the Atlantic inflBmeis et al., 20)5The mean

VLPs concentration was 2.481C° VLP/ml (SD + 0.79) and it was statistically not different between

the stations. Samples, metadata and metagenomic descriptive statistics are summniakbitzed.in

Altogether, the four viromes analyzed (> 36 million readsoial) represent diverse pelagic ocean
features, which vary in salinity and temperature correlated with their proximity tdtterid 2.). The
proteins from all predicted virus contigs were grouped into 114,768 OPUs (opalgtiotein units).
Their distribution decreased from station 15 and 18 in the coastalmeaa 56,378 OPUs, SD +
8,891.5) to station 24 in the open sea (21,060 OPgg)ré 2.3.

From the total OPUs, 2.06% weoennipresent in all anabed samples, 61.18% were distributed
exclusively in coastal areas (station 15 and 18), 18.10% were exclusively present in the intermediate or
open sea (station 20 and 24) and the remaining 18.66% of all OPUs were present intliedeunf
stations {igure 2.3. Around half of the OPUs were unique for each statioeah =52.21%, SD £ 2.78),

with an exception of 32.88% from station 20. Station 20 represents a mixing area between the coastal
and open s& which together with its closest station 15 (coastal area) comprise 66,268 OPUs and 15.70%
of them were shared by both stations (10,402 OPUs).

In case of stations 20 and 24 (intermediate area and open sea), they comprise together 44,555 OPUs,
and 12.77%of them were shared by both stations (5689 OP1ig)re 2.3.
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TABLE 2.1.. Description of virome samples and associated metadata

Viral contigs > 3 kbps predicted by VirSorter

Station . . . -
No. Sa(;npllng Latitude Longitude Temeeratur( Salinity Site location  # reads . Longes Avg_.
ate N E (°C) (PSV) # viral > contig N50 . .
. Mbps contig # cat J# cat 2# cat i# cat 4# cat t# cat €
contigs (Kbps) length (Kbps)

(Kbps)

8¢

15 08/05/201¢51.5395 3.1823 20.70 32.75 Coastal 8,904,876 719 366 26.18 510 240 90 505 124
18 08/06/201450.4967 1.1655 18.34 35.00 Coastal 16,898,59: 711 3.53 34.06 497 246 97 498 115
20 08/07/201452.1498 2.8427 18.38 34.87 Intermediate 7,235,850 369 1.77 22.81 481 369 50 243 75
24 08/09/201¢55.8355 3.5624 18.7 34.2 Opensea 3,224,142 197 094 1957 476 69 37 141 18

O o o o
N = =)
O o o o

Z leideyd
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20 24
OPUs = 29,184 OPUs = 21,060
15 n = 36,284 n = 25,924 18
OPUs = 47,486 OPUs = 65,269
n= 63,267 9’597 n= 84,658

FIGURE 2.2. Distribution of predicted viral proteins according to their sample origin. The predicted virus
genes per contigs (n) using VirSorter were clustered (ID=0.6) and the operational protein unit (OPU) of
each predicted amino acid sequence was used to corhparieus genes distribution.

2.3.2. TAXONOMIC COMPOSITION OF NORTH SEA VIROMES

The predicted viral contigs from North Sea viromes were selected and compared against the
GenBank nr database. From the 929,666 assembled conti@s v@re predicted by VirSorter

in one of the probabilistic categoriésble A3.1). Contigs larger than 3 Kbps were retained

for further taxonomic analysis, representin@9b putative partial virus genomes in size range

of 3 to 34.06 KbpgTable 2.1) The distribution of these larger contigs decreased from coastal
stations to open sea, where stations 15 and 18 presented more predicted viral contigs
(mean = 715 contigs) than stations 20 (369 contigs) and 24 (197 cdtdigs) 2.). From

them, 24.43% were unidentified and 58.49% were classified as virus cdati¢s 2). In
general, station 24 demonstrated the highest proportion of virus contigs per statioti@amd sta

20 the lowest. Almost all virus contigs per station originated from bacteriophages and were
dominated by unclassified phage groopeén =62.45%, SD + 4.56), followed by Caudovirales
order(mean =32.28%, SD * 4.24(fable A3.2).

To examine the taxonomic composition of the marine virus community of our samples in
greater detail, we compared the abundance of classified virus contigs based on their best
BLAST hit at family level {igure 2.3. Although unclassified phages were present in a high
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proportion through all the stations, they were excluded for the analysis of taxonomic
composition, due to their unclear taxonomy. Excluding the unclassified phages, tieddgo
family dominated the total community in the North Sea (Myoviridae58.92 %;
Podoviridae= 13.04%; other viral family = 10.28%6; Siphoviridae = 8.226; unclassified
Caudovirales = 5.666; Phycodnaviridae = 3.%). From each station, therus community
from station 15 was dominated by Myoviridae (67%9, followed by Phycodnaviridae,
Siphoviridae, Podoviridae and other virus family in similar amounts (total mean #4.01
SD * 0.83). Stations 18 and 20 were dominated by Myoviliaeean= 54.20%, SD * 3.73),
followed by Podoviridae family (mean = 14.8 SD + 3.08)The virus community at station
24 was dominated by Myoviridae family (45.%4) and the Podoviridae family abundance
increased to 30.84%figure 2.3. Overall, the community distribution was not uniform

throughout the North Sea. Myoviridae and Phycodnaviridae appeared to decrease from the

coast to the open sea, and Siphoviridae showed differences between the station 24 (open sea)

(3.61 %) and therest of the stations (mean = 9.28 SD * 1.53). On the other hand, the
occurrence of Podoviridae viruses increased from %38 station 15 (coastal area)30.84
% at station 24 (open sediglre 2.3.

TABLE 2.2. Percentage of contig's BLAST hit per station and in the North Sea virome at all stations. The conti
were first analyzed using VirSorter tool from iVirus prior BLAST comparison against GenBank nr database. Tl
contigs largethan 3 Kbps were classified as Virus, Bacteria or other organism (Archaea or Eukaryote), contig:

without BLAST hit was classified as NA (not available).

St. 15 St. 18 St. 20 St. 24 Total station
BLAST hit

Contigs (%) Contigs (%) Contigs (%) Contigs (%) Contigs (%)

Unclassified phage 34.17 39.69 36.92 39.40 37.12

virus Caudovirales 20.21 15.02 17.65 25.59 18.34

Other virus family 2.88 3.17 2.40 4.42 3.03

Bacteria 13.50 18.18 15.22 18.06 15.9

Other organism 1.57 1.44 0.49 0.00 118

NA 27.67 22.50 27.32 12.53 24.43
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Theselected virus contigs were additionally classified in 95 virus groups, based on their highest
identified virus taxonomic levelF{gure 2.4. Overall, the virus community at stations 15
and 18 (coastal area) was richer th@atien 24 (open sea), which presented the highest
Margalef index valuesnfean =6.75, SD + 0.35) in comparison of station 24 (3.8%ble
A.3.3). This trend was reflected by a higher number of virus grotipsie 2.4. In terms of
abundance of virus group members, phages (unclassified phages and order Caudovirales)
dominated the North Sea virome, and Myoviridae was the most diverse family of the whole
virus community Figure 2.4. The dominant virus group at all stations was Wwmeultured
Mediterranean Phage uvMEMéan =47.33%, SD +4.70) igure 2.4, identified for the first

time from environmental sample§the deep chlorophyll maximum in oligotrophic open ocean
waters (Mizuno et al., 2018 Most of the virus tea at all stations belonged the rare
taxonomic groups (< % per station), while 27 virus group®re presentin a higher proportion

in at least one station (yellered shading figure 2.4. Most of the identifiecbotential phage
hosts belonged tGyanobacteria (47.8%) or Proteobacteria Phylum (45.9¢). Cyanophages

from all Caudovirales families and unclassified phagese present in the viromes,
unclassified Myoviridae cyanophages w@resent in high proportioall over the stations.
Cyanophages -€AM8 (Myoviridae), cyanophage-SKS1 (Siphoviridae) and unclassified
Caudovirales cyanophages were present at intermediate and epaasa(stations 15 to 20),
whereas they were not identified at station (@pen sa) (figure 2.4. Phages from all
Caudovirales families and unclassifiegphages seem to be able to infect
Gamma and Alphaproteobacterfeosts {igure 2.4. Betaproteobacteria phages were idesifi

as Deftia phage (Myoviridae) andiiethylophilalesphage (unclassifiegphages) groups at
stations

15 and 18. At these stations, Epsilonproteobactphiages were identified only as
Campylobactemphage (Myoviridaeand unclassified phages). TRéycodnaviridae was the
eukaryoticvirus family with the highest number of taxonomic grougentified, which

occurrence decreased from the coast to the opdfigea 2.4.
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2.3.3. | DENTIFICATION OF GENES CARRIED BY PHAGES

To explore the distribution and function of genes carried by phages, we classified the identified
virus proteins based on th@xonomy of the contig and the molecular or biological function.
Contigs larger than 3 Kbps and identified as virus were selected to classify their carried genes.
Overall 3,662 genes were classified in 320 groups, differentiated by their protein fumction a
contig taxonomic group. Protein functions less abundant were omitted from further analyses
(section 2.2.%. The resulting subset comprises 52 protein functional grdupsd 2.5. Most

of theseproteins were classified as hypothetical proteins from Myoviridae, Podoviridae and
unclassifiedohages. All the other proteins were related to virion production processes. Other
identified protein functions were related to host fitness mamedabolism, which includes
carbohydrate metabolism, de novo IMP synthesis and LPS syntligsise (2.5. These
identified protein functions were more abundant at stations 15, 18 and 20.

Overall, the protein functions fromagions 15 and 18 (coastal area) were more similar than
station 24 (open seafidure 2.5. Low abundance functions related to host fitness and
metabolism were evenly present at all stati@itgire A.3.2), which includes genes related to

photosynthesis, polysaccharide synthesis, pathogenicity, and biofilm formation.
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2.4. DISCUSSION

The hydrographic features in the North Sea affect the planktonic diversity, including viruses
and their hosts. Thigtudy offers the first characterization of the phage community in the North
Sea by virome analysis. It reveals highly dynamic virus distribution and occurrence patterns

distinguishing the coast from the open sea.

2.4.1. GEOGRAPHIC DISTRIBUTION OF VIRUS GENES

To expand our knowledge on the virus community, we first compared all predicted virus contigs
from the North Sea viromes regardless of their predicted identity. This approach assumes that
similar phage communities share more genetic features thaimithe communitiegAngly et

al., 2006. This avoids the potential bias by relying the identification of viruses using only
previously characterized sequen¢Bsurber, 200 As there were potential host related reads

in our assemblies, only the predicted virus contigs were used for our analysis. Additionally, we
performed an analysis of all virus predicted contigs igas of their length or identification,
thereby contributing informative output to compare the stations. However, the detection of
BLAST homologs using translated amino acid proteins was significantly low for ret@als
sequences from natural viral comnities(Wommack et al., 2008Thus, all the predicted virus
contigs were used to compare the overall virus gene distribution and only the lardgédrds) 3
predicted virus contigs were compared against the GenBank databdenstify the viral and

functional gene diversity from each virome.

The environmental variability and its impact on the marine viral and host community have been
reported previously in other (meta) genomic stu@@swn et al.,, 2012Hur wi t z and UORe
2016 Jiarg et al., 201p The predicted virus genes were translated and grouped in operational
protein units (OPUs), which were not evenly distributed throughout the North Sea viromes. The
OPUs distribution showedn abundance gradient from coast to open sea and only a small
proportion of them were found at all statiofigifre 2.9. This trend is also reflected in species

and functional richness, which have been previously reported in surface water viromes
(Hurwitz and Sullivan, 2033and planktonic microorganisniSsuhrman et al., 2008 The North

Sea station with the highest number of OPUs was station 18, where the influence of the English
Channel increases the temperature and salinity concentrations in the Southe(i &tigistet

al., 2015. Station 20 revealed the lowest percentage of unique OPUs @2.8&ich might

result from the mixing of currents in the intermediate North 8garg 2.J.
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2.4.2. TAXONOMIC CLASSIFICATION OF

NORTH SEA VIRUSES

The North Sea virome exhibited high richness with a large number of distinctly identified virus
groups. Although almost a quarter of the sequences appear to be uncharacterized, the remaining
identified virus sequences indicated clear differences betweestdtions. The identified virus
communities from the coastal areas possess a higher diversity and richness than the open sea
community(table A3.3). Although we discarded 15% of the contigs due to probable host
contaminaibn, we obtained a mean coverage of 138 virus contigs. This is a reasonable
coverage for the reliable assembling of virome réRadsix et al., 201)7 The assembly of long

contigs allow a more accurate open reading frame detection andsesiséivity for similarity

searches by BLASTWommack et al., 2008The reduction of bacterial DNA, to increase the

number of samples and their sampling size would reduce the potential technical bias.

Thevirus contigs from all stations were dominated by phages (Unclassified phage and order
Caudovirags = 94.82% total virus contigsiable A3.2), which is comparable to viromes from

the Atlantic Ocean (92%), Mediterranean $g83.6%) (Winter et al., 201% and Chesapeake

Bay (> 90%) (Bench et al., 2097 The virus family assigned groups presented a distinct
distribution pattern, which might be explained by each oceanographic fdajure ¢.3. This

trend was reported in previous studies of marine viruses in surface (Roerset al., 2016

Suttle, 201%, where some identified taxa were represented across the sagéare and others
seemed to be persistently rare in particular environnf€htkie et al., 2011Roux et al., 2016

As described in other marine environmeiRastrojo and Alcami, 20),/most ofthe classified

viruses in our viromes belonged to the Caudovirales order (tailed phages) and were generally
dominated by the Myoviridae (contractile tailed phages) family at all stations. Myoviridae have
been previously identified as dominant Caudovirédesily in other environmentéRastrojo

and Alcami, 201) and in high abundance in nutrigrgor waters of the tropi¢3 hurber, 2009
Williamson et al., 2008as well as in surface waters of the Pacific O¢emmwitz and Sullivan,

2013.

The abundance of Siphoviridae (long noncontractile tailed phages) decreased from Station 1
(coastal area) to station 24 (open sea), while Podoviridae (short tailed phages) increased from
coast to open sefiqure 2.3. The Podoviridae family has been identified as the most abundant
member of Caudovirales of the Baltic SZeigler Allen et al., 201)7

a7



Chapter2

In general, a small number of taxa dominate the community while the low abundant community
is highly diverse and represented by severi@mdint taxa(Sogin et al., 2006 This supports

the hypothesis of the presence of an unknown community of low abundant phages in the North
Sea

(< 1% virome). Previous studies suggest that prokaryotes exhibit a preference for particular
enviromments, which in turn means that phages can also develop biogeographic (@ktdias

et al., 2011 However, therés a debate about the existence of such biogeographic patterns in
phagegDennehy, 2014Thurber, 200 Although phage abundance and richness were higher

in the coastal area, the diversity was similar throughout the NorttiSeae @ .4, table A3.3).

Interestingly, a richness and diversityadient were observable in Phycodnaviridae and
Siphoviridae families from lower to higher latitudes. The difference in virus community
richness seems to reflect the oceanographical conditions of the region and the decrease in host

abundance from southernnorthern North Sea regiolfBrandsma et al., 20).3

The abundant viruses might be permanently active in the ecosystem and the rare taxonomic
groups, which carry a diverse gene pool, might be activated under certain envirorandntal
host conditiongBreitbart and Rohwer, 20090ousset et al., 20L.7The virus community
analyzed in this study resents a snapshot of the community in time, where these rare viruses
(< 1% virome) might have a different adaptive strategy to proliferate or present a restrictive
response caused pfavorableenvironmental conditionéSkopina et al., 20)6Besides the

large number of rare taxonomic groups in the North Sea viromes there were a few taxonomic
groups with high abundancgBdure 2.4. High abundant viruses are active as long as the host
population is susceptible to infecti¢Breitbart aad Rohwer, 2006 Thus, the virus community

in the North Sea would be especially dynamic and further studies are needed to elucidate how

Iytic and lysogenic viruses interact with their hosts under a sqtatigloral scale.

Throughout the North Sea, cygyhages were evenly present in high proportions in all phage
families at each statiorfigure 2.4. Most known cyanophages are lytic and affect the host
diversity over monthly timescale@Rosario and Breitbart, 20}, 1which is ecologically
important due to the role of their host as predominant primary producers in oligotoggehin

areas and their role in global carbon cycli@jokie et al., 201l The dominant cyanophage
family in the North Sea was Myoviridae, followed by Podoviridae. These cyanophage families
are ubiquitous and present in high abundance in several coastal water and open ocean
environmentgHuang et al., 2005In contrast to these studi@iduang et al., 201,55abehi et

al., 2012, cyanophages-SBP2, STIM5 S-SSM5 and FISSM7 did not occur at all stations,

and cyanophage-8SM7 was only detected at station i§yre 2.4. Podoviridae cyanophage

MPP-B group was detected in coastal and intermediate zones.
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The cyanophage-EIVI represents a distinct evolutionary group of cyanophages, which is
widespread and relatively abundant in aquatic syst@henard et al., 20)5The polar
freshwater cyanophageBVI was only detected at station 15g(re 2.4, which is the area
with the highest riverinefluence.

The major clades of heterotrophic bacteria in surface marine environnresitgle
RoseobactelSAR 11, SAR116 clades, among oth@mvannoni et al., 199Quo and Moran,
2014). Phages able to infetihese abundant marine bacteria were @leatified. Roseobacter
cladeis present in marine environments worldwide and represents an abuoadgranent of
the bacterial community in the North Sé@iebel et al., 2010Luo and Moran, 2014
Roseophages (Siphoviridae, Podovirida®l unclassified Caudovirales) were identified in
coastal anebpen sea aredSgure 2.4. Rosee andpelagiphages have been identifiechigh
abundance in other marine virom@dwang et al., 2016 SAR11 phages as pelagiphages
(Myoviridae and Podoviridae) were identifiatél all stationsf(gure 2.4. The SAR11 phages
arehighly represented iseveral marine viromg&hao et al., 2013 Phages of SARL6 clade
were identified both in coastal and open sea arfgas€é 2.4. Theseabundant Podoviridae
phages were formerly found in ocean surfafi€ang et al., 2013 Cellulophagaphages
(Podoviridae and Syphoviridagkre identified in low abundance throughthg North Sea, as
reported in other marine ecosystems (elgimfeldt et al., 2018 Previous studies of the virus
diversity in the North Sea were performaith culturedependent method®uhaime et al.,
2016 Wichels et al., 1998 Wichels et al. (1998)dentified cultivablePseudoalteromonas
phages within several years in a narrow geographical region Nbitie SeaAlthough stations
20 and 24 were near the sampling cru@ges of that study, we did not identify these phages
in the North Seairomes. This supports the hypothesis of natural barriers causing a reduced
geographical distribution #¥seudoalteromongshages(Wichels et al., 2002 In generalviral
and bacterial communities are highdynamic (Breitbart, 2012. Further investigations are
needed in order thave a better overview of the spatial and temporal variability olNtréh

Sea viruses.
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2.4.3. | DENTIFICATION OF GENES CARRIED BY VIRUSES

Until now, atleast half of predicted phage genes in viral (meta) genomes are predicted as
hypothetical proteins without an assigned functiGtokie et al., 2011Hurwitz et al., 2014
Klumpp et al., 2018 Therefore, despite the growth of databases it is still difficult to predict a
molecular or ecological functiorfClokie et al., 201l Further genome and proteome
characterization would be necessary to elucidate the function of these phage proteins.
Additionally, a high proportion of identified risencoded genes in our viromes were involved

in genome packaging and virion production of different phage groups. A phage population
composed by a higher diversity of virion production might increase the opportunities to
recognize more host lineages, aHiis reflected of a higher proportion of these functions in
variable genome regions from virom@éizuno et al., 2014

Horizontal gene transfer by viruses is widespread among microorganisms, significantly
affecting organism survival, competition, interspecific interactions, and even the community
assembly(Dennehy, 2014 These foreign genes might represent critical stepfost
metabolism such as photosynthesis processes. Their expression can affect the success of certain
marine phageg¢Breitbart, 2012 Thus, the possible ecological implications of virus gene
transfer on the host and virus community are important to an@dgrenehy, 2014 The virus
communites in coastal areas (stations 15 and 18) carry the most similar virus protein functions
(figure 2.9, which might be related to a closer exchange of water masses between these
stations. The indirect influence of the Atlantidlow at station 24 might cause the observed
differences concerning the other stations. In case of identified low abundance virus genes,
foreign genes involved in host metabolism and fitness as well as genes related to host virulence
as biofilm formation,LPS synthesis, pathogenesis and antibiotic response were identified
(figure A3.2). These virulence genes can be carried to the host, which can be major factors in
the emergence of new disea@@snnehy, 2014 However, there is still a debate about the role

of phages in transferring antibiotic resistance to their hosts in clinidaranronmental strains
(Anand et al., 201,6Enault et al., 201,7Subirats et al., 20)6More information is needed
before drawing conclusions in the North Sea and other marine environments. Other protein
functions, for instance photosynthesis, have been identified in Myoviridae, Podoviridae and
unclassified phaggsigure A3.2). These genes come from cyanophages and their presence in
surface seawater has been reported previously in other marine envirofihemigz et al.,

2013h. Probable cyanobacterial hosts suchSgmechococcuplay a major role in carbon
fixation in marine environments and their phages acquire important genes to adapt to new
environmentgSullivan et al., 2006 which boost the host metabolism and subsequent viral

propagation in surface watefsl u r wi t z a n d). TOebtRresfer, of ttikefe fubictional

50



Chapter2

genes would increase the fitness of low abundant host taxa and might open novel metabolic
pathways.

Further studies are necessary to extend the kngaladt only of the gene inventory of the
virus community, but also of the relationship with their hosts possibly due to the expression of
their carried genes. The application of other approaches based on metatranscriptomics and
proteomics or culture depdent techniques would complement the virome analyses to increase

our knowledge of the ecological role of marine phages in the North Sea.

2.4.4. CONCLUDING REMARKS

Despite the high ecological and evolutionary importance of phages, the methodological
approaches are still under development and fundamental questions of virus ecology are difficult
to investigate(Hurwitz et al., 201% Viromes have significantly contributed to expand our
understanding of pagé hostinteractions and characterize environmental virus communities.
Although a large sequence fraction still remains functionally unkngWanwitz et al., 2016
Hurwitz et al., 201} this provides a basis for comparisons with future (meta)genome studies

in marine environments.

With this study, we were able to show that the virus community in the North Sea is dominated
by phages, with significant variations in different hydrograghimmes. Despite the low
sampling number, a gradient between coastal and open sea communities was observed. The
present study offers the first insights into the virus community of this highly dynamic area. The
environmental differences seem to influenceusence and diversity of viruses as shown by

patterns of different taxonomic groups as well as their functional genes.

A small fraction of the identified phage community appears in high abundance, which might
be active and evenly present throughout tla¢icsts. However, the richness of each area is
driven by a large number of low abundant virus taxa, which carry a diverse pool of genes. These
results represent a snapshot of the virus community in time, and further studies are needed to

investigate the sp@atemporal variation of the North Sea viruses.

Supplementary data to this article can be fommiche and inchapter A3.

51


https://doi.org/10.1016/j.margen.2018.05.004




Chapter 3

LOOKING FOR THE HIDDEN:

Characterization of Lysogenic Phages in Potential

PathogenicVibrio Speciedrom the North Sea

Alexa GarinFernande¥”, Antje Wichel$

aDepartment of Microbial Ecology, Biologische Anstalt Helgoland, AHvédgener
Institute HelmholtzCenter for Polar and Marine Research, Helgoland, Germany

® Microbial Genomics and Bioinformatics Research Group, Max Planck Institute for
Marine Microbiolog, Bremen, Germany

¢ Jacobs University Bremen gGmbH, Bremen, Germany

“To whom correspondence should be addressed.

Tel: +49(4725)8138B233; Fax: +49(4725)813283; Emailalexa.garin@awi.de

Submitted8 August 2019 to
Mar ine Genomics

Keywords:Vibrio parahaemolyticug Vibrio cholerae/ Prophagd Temperate phageCaudovirales
Tailed phagé Vibriophage

Abstract: The incidence of potentially pathogeNibrio species is correlatedith the increase of the
seawater temperature in Europe. Despite their importance, little is known about the trigger factors of
potential outbreakausing strains in this region. As prophages may compose a major reservoir of
virulence traits in marine ecasgms, this study aims to identify and characterize the genomes of
lysogenic Vibrio phages exemplarily from the North Sea. Therefore, 31 isolates from potentially
pathogenicVibrio species from the North Sea were screened for inducible prophages withyaitom

C. From them, oné/. choleraeisolate and 40 %/. parahaemolyticussolates carried inducible
prophages. Three lysogenic phages were selected for genomic characterization. The phage
vB_VpaM_VPR3212 (unclassified Myoviridae) has a genome with a length of 36.81 Kbp and 55 CDS
were identified. This lysogenic phage 6f pamhaemolyticuscontains genes related to replicative
transposition mechanism, such as transposase and mobile elements similalike Wuses. The

phage vB_VpaP_Vi220 (Podoviridae, unclassifidétbna33viru has a genome length of 58,14 Kbp

and contain®3 CDS. ThisV. parahaemolyticuphage probably uses a headful (pac) packaging
replication mechanism. The phage vB_VchM -¥P13 (unclassified Myoviridae) has a genome with a
length of 41 Kbp and 63 CDS were identified, including integrase and Xer systelysfgenic
recombination. This lysogenic phage\afcholeraehas similar genomic features as lambdoid phages.
Although none pathogenicity genes were identified, their similarity among other phage genomes
indicates that these phages can affect the dewedot of pathogenid/ibrio strains in marine
environments.
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3.1. INTRODUCTION

Tailed phages are probably the most abundant viruses, comprising the majority of the marine virus
community (Wommack and Colwell, 2000Ackermann, 200y Tailed phages compose the order
Caudovirales, which idivided into five families: Podoviridae (short noncontractile tail), Siphoviridae
(long noncontractile tail), Myoviridae (long contractile tail), Ackermannviridae (long contractile tail,
formerly known as theVilvirus genus), and Herelleviridae (long crattile tail, created after
Spounavirinae reclassificatio(lrupovic et al., 2011Adriaenssens et al., 281Barylski et al., 2018
Caudovirales are characterized to inject their dsDNA into the host bacteria upon infection to follow the
Iytic or lysogenic cycléKrupovic et al., 2011King et al., 2012 In the lytic cycle, the phage redirects

the host metabolism to produce new particles aselslghe host cell to release th@einbauer, 2004
Bondy-Denomy and Davidson, 201L4n the lysogenic cycle, the phage genome is integrated into the
host genome as a prophage, and the host celtatgd as a lysogen. Prophage genes are repressed to
maintain cell viability until the prophage induction triggers the lytic cyBleeitbart, 2012 Bondy
Denomy and Davidson, 2014Prophage infection can alter the lysogen phenotype to increase the
bacterial fitnesgPaul, D08, Breitbart, 2012 These changes include the production of toxins, biofilm
formation, sporulationand antibiotic resistancéChen et al., 2015Fortier and Sekulovic, 2013
Therefore, prophages can modify the physiologioaperties of the lysogen bacteria, which can develop
on new pathogenic strains in marine environmé@ntstier and Sekulovic, 201 Breitbart, 2012Paul,

2008. Approximately half of the sequenced bacterial genomes present prdieagdements
(Paul, 2008 which can increase to almost 70 % of sequenced genouresckrtain species, as
described irVibrio genomegCastillo et al., 2018

Vibrio is a diverse bacterialegus that comprises more than 100 species, only 11 of them are human
pathogens(Miyoshi, 2013. Representative pathogenic species of gastrointestinal diseases are
V. parahaemolyticusand V. cholerae (Miyoshi, 2013 Thompson et al., 2004 Strains of

V. parahaemolyticuand norO1/0139V. choleraecan cause severe gastroenteritis, while serogroups
01 and 0139 oY¥. choleraehave caused epidemics of chol@dnakraborty et al., 20000hompson et

al., 2004. Due to the increase of the sea surface temperature, their niche is expanding to new areas
(BakerAustin et al., 2016 BakerAustin et al., 2018 In Northern Europe, the number Wfbrio
infections is increasing rapidly, including human illnesses caused/.bparahaemolyticusand
non-01/0139V. choleragMartinezUrtaza et al., 201,BakerAustin et al., 201,/Roux et al., 2015a
Potentially mthogenicVibrio species in the North Sea have been monitored recently and previous
studies demonstrated that the abundanc¥. gfarahaemolyticugncrease during the summer in the
German Bight, caused by higher water temperature and low salinity coad@ibarbeckmann et al.,
2012 Oberbeckmann et al., 20D)1I5everaVibrio species have been identified in the water column as

well as attached to microplastic particles found in the Nortla @érstein et al., 201p
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Due to the increase of reportéibrio-associated illnesses in Europe, these potentially pathogiemio

species are of enhanced importafidartnell et al., 2019Roux et al., 2015a

While tailed phges with lytic cycle have been characterized in several potentially pathdgbric
speciegHazen et al., 2030the knowledge o¥ibrio prophages with a lysogenic strategy is still limited.

For instance, the lysogenic phage-TPof V. choleraecarry a pthogenicity island and can infect both
classical and El Tor biotypes ®f cholerag(Comeau et al., 201Zuidolin et al., 198406 Shea and
Boyd, 2002. Furthermore, other lysogenic phages have been characterixecparahaemolyticys

which are able to infect several potentially pathogenic strains of this spglEes Villa et al., 2012

Lan et al., 200Q Although lysogenic phages have been identified in several pandemic and clinical
Vibrio strains(Hazen et al., 201@aruque and Mkalanos, 2015akib et al., 2018astias et al., 2010

lida et al., 2001Lan et al., 2009 in particular potentially pathogenkibrio strains from marine

environments have not been studied deeply.

As Vibrio prophages may compose a major reservoir of virulence traits in marine ecosyzastiD

et al.,, 2018 there is a need to investigate lysogenic phages as one possible factor affecting the
develpment of human pathogenitbrio species in the marine environment. Hence this study aims to
identify and characterize the genomes of lysog¥ibco phages exemplarily in marine environmental
strains of the North Sea. For this, potentially pathogéitido species isolated from the North Sea were
screened for inducible prophages. Two lysogenic phag&s parahaemolyticusnd one lysogenic
phage of norD1/0139V. choleraenere selected to apply a novel pipeline to characterize their genome
without sequacing the lysogen bacterial genome. In this study, we present the genome structure and
the predicted biological functions of the novel Caudovirales phages vB_ Vpad2VE
vB_VpaP_VPR3220 and vB_VchM_VRB213.
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3.2. MATERIAL AND METHODS

3.2.1. | SOLATION AND IDENTIFICAT ION OF LYSOGEN VIBRIO

For the isolation ofV. parahaemolyticysseawater samples were taken from the North Sea from

July 3F' to August ¥, 2014, during the RV Heincke HE43Gerdts and Rohardt, 20l6-iltered

seawater ah particles collected with a Neuston net were analyzed as described in détamgteyn et

al. (2016) to isolate planktonic and synthetic polymer attachébrio strains. Additionally,

V. parahaemolyticusolates wee obtained with the rasseawater enrichment method. This method was
primarily established bloebus (1980and modified for potentially pathogenitbrio species. The

surface seawater samples were collected with a rosette sampler (SBE 911 pRisg &#ectronics,

US). Approximately 1 | of raw seawater per station was incubated with alkaline peptone water (10 g/l
peptone, pH 8.5, 10 PSU final) at 37 °Ghe dark. After overnight incubation, the selective enrichment

was plated on CHROMagar EVi bri o (DiViAtS&al.2DIiwgtmo st i c a
a Spird-plater (easySpiral® Dilute; Interscience, France), and incubated at 37 °C for 24 h in the dark.
The grown colonies were compared with the colony coloration typicaVfoparahaemolyticus
according to the manuf act ur gleddlenies were transfecredionto . Al
marine broth agafOppenheimer andabell, 1952 with reduced salinity (ME50% = 16 PSU) and

serially reinoculated to pure cultures.

All selectedVibrio isolates were further subjected to MALDOF analysis and to PCR amplification

of speciesspecific and virulencassociated genes fopmrclusive identification at the species level.
MALDI -TOF is a rapid and reliable technique to distinguish species of the \gémias(Dieckmann et

al., 2010 Hazen et al., 2009 MALDI-TOF spectrum of each isolate was obtained and analyzed as
described byErler et al. (2015)Each spectrum was compared ingathe Bruker mass spectra and
VibrioBase librariegErler et al., 201} as well as th¥. parahaemolyticustrains obtained in the cruise
HE430.

Since the differentiation vaduof branch clusters is not defined Y6brio species, this cuff value was
arbitrarily definedMalainine et al., 2013 Thus, the species caff of the principal component analysis
(PCA) from MALDI-TOF spectra comparison was defined¥Yomparahaemolyticuat a distance level
below 850(Cheng et al., 2015

For the PCR identification method, the bacterial DNA of each isolate was extracted with lysozyme/SDS
lysis and phenol/chloroform, followed by precipitatiwith isopropanolOberbeckmann et al., 20)1a
Speciesspecific PCR fotoxRgenes, as well as PCR screening for thermostable direct hemadygin (
andtdhrelated hemolysintih) in assigned/. parahaemolyticysind cholera toxin geraxA serotypes

0139 and O1 for assigned. cholerag were performed as described Kyrstein et al. (2016)
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V. parahaemolyticuRIMD 2210633 (German Collection of Microorganisms and Cell Cultures, DSMZ)
was used as a PCR positive contédter identification, theV. parahaemolyticussolates were stored
in liquid nitrogen (VibrioNetErler et al., 201p

3.2.2. L YSOGENIC PHAGE INDUCTION

To identify inducible prophages from parahaemolyticuandV. choleraethe isolates were screened
with the mitomycin C induction methd®ay a and Hdokieand Kropi2zski, 2@)3Inodified

for potentially pathogeni¥ibrio spp.For this, theV. parahaemolyticustrains were incubated in 96

well plates (flat bottom with cover; Cornih@ostaF ) with MB-50% broth supplied with 0.1 % agarose,

at 3037 °C and shaking. The culture was monitored using a TECAN infinite M2@&r (Switzerland),

and mitomycin C (0.25 pgmlfinal) was added on each tested well after 2 h of incubation. Each
prophage induction was performed in eight replicates of 200 ul each, negative controls were performed
in duplicate with MB50% broth instech of mitomycin C. After 6 h of incubation, all replicates of each
strain were collected by filtration (0.2 um, 25 mm diameter, polycarbonate membrane syringe filter,
Corningd" ) and stored at 4 °C in the dark. In order to identify possible phage particseethe induced
samples were fixed with formaldehyde (2 % final), and the \likesparticles (VLP) were counted

using a weimount method with SYBR Gold and epifluorescence micros@pgningham et al., 2015

TheV. parahaemolyticustrain VN-3212, VN-3220 andV. choleraestrain VN-3213 were selected to
characteaee their inducible prophages. Each isolate was incubated in 600 rREQ%Bbroth at 37 °C

and shaking. As performed in the first screening, mitomycin C (0.251fgmal) was added at an optical
density of 0.1 0.2 (600 nm), monitored using a BiophotoargEppendorf). Upon prophage induction,

the culture was first filtrated (0.2 um pore size, 47 mm diameter, polycarbonate membrane), followed
by concentration of phage particles with centrifugation (4,af)®Bervall RG26 Plus, DuPont, with a

GSA rotor) with a Vivaspin 30 Centrifugal Concentrator (Sartorius). This concentrate was subjected to
DNAse | treatment using Basell@d®RO™ DNase ( Epicenter) according
instructions, and final ultracentrifugation (136,0af) & h at 4 °C; Optinfa TL, Beckmann with a TLA

100.4 fixed angle rotor). The concentrated phage elution pellet was resuspended with 500 pl of modified
SM buffer (23.3 gt NaCl, 4.93 gt MgSQx7H,0, 50 mM Tris HCI, pH 7.5§John et al., 2091 and

stored at 4 °C in the dark. The strain 33R18 without induction was used as a negative con¥ol,
choleraestrain AC53 together with its lytic phage ICP3eed et al., 20)}1and the lysogeni¥ibrio

phage PV94 induced from the vulnificusstrain VN-O094(Pryshliak et al., 2004vere used as positive

experimental controls.
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3.2.3.DNA EXTRACTION AND SEQUENCING

The DNA from each lysogeniaduction was extracted with a modified CTAB and phenol:chloroform
extraction methodWilliamson, 2011 GarinFernandez et al., 201.8or this, the concentrated phage
elution was incubated with proteinase K (100 pgfimal) and sodium dodecyl sulfate (0.5 % final) for

1 h at 55°C, teninated by addition of sodium chloride (5 M final), and incubated with NaCl/CTAB
solution (70 mM NaCl, P4 cetyltrimethylammonium bromide final) for 10 min at 65 °C. The DNA

was phenol:chloroform extracted, precipitated vsthpropanol and resuspendedLin TE buffer (2 M

Tris base, 0.2 M ethylenediaminetetraacetic acid, pH 8.5). The concentration and purity of the extracted
DNA were determineghotometrically via a Tecan Infinite©M200, NanoQuant microplate reader
(Tecan, Switzerland) with Invitrogen Quaf PicoGreen® dsDNA Reagent (Carlsbad, CA, USA)

according to the manufactureré6s instructions.

Library preparation and sequencing were performed at LGC Genomics (LGC Genomics GmbH, Berlin,
Germany). The DNA was sheared by ultrasonication (Co&#0), purified and concentrated with
MinElute Spin Columns (Qiagen). The library was constructed with the Encore Rapid DR Multiplex
System (NuGen) according to the manufacturerds
PCR for 17 cycles usg Illumina primers (5PE/3PE) with MyTaq DNA Polymerase (Bioline) and
BioStabll PCR Enhancer (Sigma). Sequencing was performed on an lllumina MiSeq V3 sequencer using
2 x 300 bp chemistry.

58



Chapter3

3.2.4. GENOME SEQUENCE ANALYSIS

The sequence reads were first processedsing BBtools  (version  35.14,
https://sourceforge.net/projects/bbato decontaminate and discard lowality reads before

assembling them into contigs. In detail, the bbduk tool was used to defire size (k = 23), hamming
distance (hdist = 1), right and left trimming (qtrim = rl), screen in revessgplement sequences (rcomp

=t), remove low quality (trimg = 20, maq = 20), short reads (minlen = 100), trim lllumina adapter and
Escherichia viruPh-X174 genome (NC_001422.1) reads. The bbnorm tool was used tcenrect

and normalize the overoverage reads from the phage genome by selection of reads with an average
depth of 100x (target = 100) and discard low coverage reads (min = 5). Thdimgstéads were
assembled with SPAdes (version 3.1%:&nly assemblerjNurk et al., 2018 The contigs were then
filtered using VirSorter tool (default settings, Virome Decontamination mode) from iVirus
(https://de.iplantcollaborative.org/ddBolduc et al., 2015 followed by identification of (pro)phage
sequences with PHASTER(t{ps://phaster.ddArndt et al., 2016Zhou et al., 201)1 The phage genome

sequence was mapped using BWKEM (version 0.7, default paramete(&) and Durbin, 2009and

converted to BAM files with SAMtools (version 1.@)i et al., 2009. Coverage values of the genome
were analyzed using the total reads with Qualimap (version @drciaAlcalde et al., 2012
Okonechnikov et al., 20)6The annotation was firstly performed using the annotation software Rast

(http:// http://rast.nmpdr.org/rast.codefault parametergAziz et al., 2008 Overbeek et al., 20}4

followed by manual comparison with Prokka (viruses and bacteria databases, default parameters)
(Seemann, 201% and Metavir from VirSorter tool (default parametgiRpux et al., 2014Bolduc et

al., 2016. The manual curation and software outcome comparison was performed with Artemis (version
17.0.1) (Rutherford et al., 20Q0to obtain the final annotated genome in flatniat. Genome
organization, visualization, and GC content were performed with Artemis (version XR0thgrford

et al., 200D. Overview of the data analysis is providedigure 3.1
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Data preparation Data analysis

Annotation
R1 raw reads R2 raw reads Automated software

L + + |

Preprocessing Manual comparison + curation

Trim lllumina

Final genome

tblastx
Gene Phylogeny Packaging | head-neck-tail
context Genome (terminase) termini gene profiles
synteny

Functional analysis Taxonomic analysis

Distinguishing features + genome organization and replication

FIGURE 3. 1. Workflow overview of data preparation and analysis for genome characterization used in this study.
Details of each step are describedéwmtion 3.2.4

For the taxonomic classification, the haaetktail modukes of the phage genomes were first analyzed
using Virfam Caudovirales classifient(p://biodev.extra.cea.fr/Virfajn which compares the protein

profiles and gene context against representative tailedrimgdtages of its database to classify them

into Caudovirales family clustefkopes et al., 2004 Furthermore, the phage genomes were compared
with tBLASTx (version 2.2.30+) against the virus genomes available in the National Center of
Biotechnology Information (NCBI, refseq database). Genome compamstin the Sequence
Demarcation Tool (SDT version 1.2) was performed to pairwise genetic identity determine species or
genus leve{Mubhire et al., 201} If applicable, the genus level was based on the demarcation criteria of
the most similar genuéing et al., 2012 As recommended by the International Committee on

Taxonomy of Viruses (ICTV), the genus demarcation criteria were performed with EMBOSS Stretcher

(https://www.ebi.ac.uk/Tools/psa/emboss_strefci{dcWilliam et al., 2013 and CoreGenes 3.5
(http://binf.gmu.edu:8080/CoreGeneg3(Bafar et al., 200R Due to discrepancies between the ICTV
virus taxonomy 2018 releasktips://talk.ictvonline.org/taxononyand the taxonomy databases of the

NCBI (https://www.ncbi.nlm.nih.gov/taxonoy and European Nucleotide Archive (ENA,

www.ebi.ac.uk/end/ the taxonomic hames used in this study correspond to the nomenclature used by

NCBI/ENA. Synteny comparison within the most similar virus genomes was visualized with Easyfig
(version 2.2.3)Sullivan et al., 201)1 The phage termini and packaging mechanism were determined
with PhageTern{Garneau et al., 20).7Additionally, the identified terminase encoding genes were
selected to analyze their phylogenetic relationship. For thés,ptioduct sequences identified as
terminase were aligned together with the terminase large subunit sequences of
Vibrio phages and model lysogenic phages (> 138 amino acids, refseq database, MUSCLE algorithm),
which corresponds to genome sequences of Rodag (YP_001648943.1, BAT31856.1,
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NP_049511.1, BAT32029.1, BAA94156.1, YP_024418.1, YP_009140132.1, YP_009152754.1,
YP_009153029.1, YP_008239661.1), Myoviridae (NP 536651.1, YP_008766840.1, Q9T1W6.1,
YP_007877524.1, YP_004251070.1) and unclassified gh@¢e 007877435.1). The phylogeny was
inferred using Neighbgjoining (uniform rates among sites, pairwise deletion of gaps, 1,000 bootstrap
replicates) in MEGA (version 10.0.{)Kumar et al., 2018 All used databases were updated to their
latest version from May 2018, and BLAST hit alignments withakie below 0.001 and a similarity

greater than 50 % were considered significa

3.2.5. NUCLEOTIDE SEQUENCE ACCESSION NUMBERS
Lysogenic phages were named base#mpinski et al. (2009homentature proposal. The nucleotide
sequences and their associated (meta)data were submitted with the data submission service from the

German Federation for Biological Datav(w.gfbio.org) (Diepenbroek et al., 20)4The associated

(meta)data were based on the Minimal Information about any (X) Sequence (MIxS) compliant
(Yilmaz et al., 201}

The phage genomes vB VpaM 3812, vB Vpa PM8220 and vB VchM_ PKB213 have been
deposited in ENAToribio et al., 201Yunder the INSDC accession numP&JEB33505
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3.3. RESULTS AND DISCUSSION

The incdence of reporte¥ibrio illnesses in northern Europe is correlated with the increase of the
seawater surface temperature in this regitezzulli et al., 2015 Despite the importance to follow up

the increase of human pathoge¥ibrio in Europe, little is known about the trigger fait of potential
outbreakcausing strains in this regigezzulli et al., 2016Hartnell et al., 2019Roux et al., 2015a

Most ecological studies of pathogenic bacteria have focused on the presence and activity of these
bacterial straingn situ, which might overlook the role of their phages in the disease persistence and
spread(Breitbart et al., 2005 The interaction within prophages can also influence the emergence of
pathogenicclones, as described Vh cholerag(Faruque and Mekalanos, 20@anerjee et al., 20)4

As lysogenic phage infection is known as a key factor for the development of new pathogenic strains in
marine environmentgFortier and Sekulovic, 2013Breitbart, 2012 Paul, 2008 lysogenic phages

of potential pathogeni¢ibrio species from the North Sea were characterized in thdg.stilne genomic
characterization of these inducible phages can provide valuable information concerning the potential to

transfer and carry relevant machinery of bacterial pathogenesis in the marine environment.

3.3.1. |DENTIFICATION OF VIBRIO

AND INDUCTION OF PROPHAGES

During the cruise HE430, 30. parahaemolyticusolates and on¥. choleraestrain were obtained near
the coastline of the North Sefig(re 3.2A, station 1 to 15) in a temperature range from 19.64 to
21.53 °C and at salinities between 30.62 and 33.51(B8kdits and Rohardt, 20L&\l but two isolates
were classified to the secure species level by MALDF spectra comparison against the VibrioBase
databas€Erler et al., 201&ndtable A.4.1). Two isolates were identified to a probable species level
(table A.4.). All species identification results &f. parahaemolyticusvere additionally verified by
positive speciespecific PCR gection 3.2.1). Virulenceassociated genes encodimgh and trh
hemolysinswere not igéntified in any of these isolatdsable A.4.). The V. choleraeisolate was
classified to the secure species level by MAITMF, and positive for the specispecific PCR.
This isolate was neidr tested positive for cholera toxin ger#xf) nor positive for the pandemic
serotypes 0139/0O(table A.4.). Despite all these 3\ibrio isolates do not carry virulen@ssociated
genes, these isolates were identified ascigs related to human pathogen strains. Thus, these
V. parahaemolyticusand V. choleraestrains isolated from the North Sea were considered as

potentially pathogeni¥ibrio species.
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FIGURE 3.2. Sampled site coastal map from research cruise HE430 (Apramadpal component analysis (PCA)

dendrogram generated by MALDI Biotyper mass spectra for aN/thgarahaemolyticustrains isolated in this

campaign and type strains from the Czech collectbnmicroorganisms (CCM), German collection of
microorganisms and cell cultures (DSM) available in the Bruker mass spectra library (B). The grey shadowed
clusters correspond to the isolate 8®12andVN3 220 c¢l uster groups. Tdessfubl ack d

prophage induction with mit omy cnomlysdgenstrairsiurider thé thseed e mpt vy
conditions.

Based on PCA MALDITOF spectra, th&. parahaemolyticussolates (distance level 850) were
differentiated into two separateclusters (distance level 800) (figure 3.2B. The first cluster is
composed of three main branches, which include five type strains from the Czech and German collection
of microorganisms. The second cluster which includes the representagparahaemolyticustrain
RIMD2210633 is composed of twmain branches. The PCA dendrogram did not show a clear
differentiation at the subspecies level. No pattern was obvious related to either sample site, isolation

method, or presence of inducible prophage.

The identifiedVibrio isolates were tested for indbt& prophages using mitomycin €ettion3.2.2).
From the 31 tested isolates, Y2 parahaemolyticu$40 % of this speciesfigure 3.28 and oneV.
choleraecarried inducible propges (494 % of totaltable A.4.). Most of lysogerVibrio isolates
were from stations 1 to 4, and station 13 andi4Blé A.4.). The induction rate was in line with other
marine bacteria (réeewed by Breitbart, 2012 and in silico identification of prophages in
V. parahaemolyticugenomes (40.3 %,Castillo et al., 2018 In contrast, other studies have shown a
much lower proportion of lysogen strainsgka former screening studyVdf parahaemolyticusolates
from food poisoning patien{s.2 %,Muramatsu and Matsumoto, 199Besides, a receitt silico study
of 1,567Vibrio genomegdentified at least one complete prophage in more tha¥h @ V. cholerae
genomegCastillo et al., 2018 Therefore, it was not surprising that the ovilycholera isolated during
the HE430 (station 15) also carries one inducible phiadée(A.4.).
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The induced/ibrio prophages from the North Sea were tested against 153 potéhtialhost strains,
including environmental and ciiral strains fronV. parahaemolyticus, V. cholerae, V. mimicus and V.
vulnificus However, the search for a potential host showing lytic response failed (data not shown). The
lack of suitable phage propagation has been observed already in other stuatiigating inducible

tailed phages, includiny. campbelliiand potentially pathogeni¢. vulnificus(Lorenz et al., 2016
Pryshliak et al., 2004 Presumably this might either be due to the general narrow host range of
Caudovirales phages froXibrio speciegMatsuzaki et al., 1992r additional prophages that protect

the lysogen bacteria from superinfectitworenz et al., 2016

The prophages froM. parahaemolyticu§N-3212 (cluster I, station 6. parahaemolyticu¢N-3220
(cluster Il, station 15), and. choleraeVN-3213 (station 15) were induced with mitomycinggdtion
3.2.9. As expected, the bacterial cell numberrdased after induction in the tested replicates from each
isolate {igure A.4.1) compared to the control replicates (\M212 = 40.43 %; VA8213 = 13 %; VN
3220 = 34.64 %). The cell density of tieparahaemolyticugiduced cultures decreased significantly
(MannWhitney test, VN3212 P = <0,001; VN3220 P = 0,003). This differenceaw triggered by
prophage induction, identified by the presence of VLP in the induced cultur@2¥Rli= 1.8 x 19
VLP/ml; VN-3220 = 3.8 x 10VLP/ml). The decrease in cell density in the indudedholeraecultures

was not significant (VAB213 P = 0,066)put VLP were identified in the induced culture (8213 = 6

x 10 VLP/mI). Each of thes¥ibrio strains carry a single complete prophage sequéaice8.1). The

V. parahaemolyticu¥N-3212 and the/. choleraeVN-3213 carrieda Myoviridae phage, while the
strain VN-3220 carried one Podoviridae phage. The complete DNA sequence of the lysogenic phages

was determined with a shotgun sequencing approactieandvoassemblinggection3.2.4).
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TABLE 3.1. Summary of the features from phage genomes analyzed in this study. The tailed phages were induced from potentially \ptth@denic the North Sea.
Features include lysog@vibrio strain and station source from cruise HE430, assembling coverageaohgéf), sequencéength (Kbp), GCcontent (GC %), humber of
annotated CDS (# CDS), possible packaging mechanism, possible integration mechanism identified in the phage genomeclassificatin, as well as most similar

phage genus (synteny, refasggnome).

Lysogen strain Assembling Length GC # . . Integration . Closest
Phage name Packaging mechanism lysogen Family
(source) coverage (x)  (Kbp) (%) CDS genus
chromosome
V. parahaemolyticus 3,038.95 . . - .
vB_VpaM_VP-3212 VN-3212 (station 6)  (SD +1,548.24) 36.81 4547 55 Possibly Mulike Transposase Myoviridae Muvirus
V. parahaemolyticus 3,297.3 headful packaging . .
vB_VpaP_VP-3220 VN-3220 (station 15)  (SD + 837.91) 58.14 4356 63 mechanism (Headful pac Integrase  Podoviridae Nona33virus
) V. choleraeVN-3213 6,204.75 Headful pac; Integrase | . )
vB_VchM_VP-3213 (station 15) (SD +998.04) 41 46.25 53 Possible Lambdoid phag recombinase Myoviridae

¢ Jadeyd
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3.3.2. VIBRIO PHAGE VB_VPAM VP-3212

The genome ofB_VpaM_VR3212 has a sequence coverage of 3,038.95 x (SD + 1,548.24),
with a length of 36,805 bp and GC content of 45.47 %. In the genome, 55 CDS were identified,
of which 53 are located on the forward strand and the remaining 2 on the reversdigtiesd (
3.3A). From the 55 identified CDS, 22 encode for hypothetical proteins, 4 encode proteins for
transcription regulation, 24 encode proteins for virion assembly and lysis, 2 encode proteins for
mobile elements, theemaining 3 CDS encoded proteins with DNA replication functions
(figure 3.3A tableA.4.2). Hostpathogenicity related genes were not identified in the lysogenic

phage genome. Annotation desciopis, as well as the CDS length and transcription positions,
are summarized ifigure 3.3A and a detailed description of each gene is praséible A.4.2

The phage vB_VpaM_\VB212 shows homody with the Vibrio phage martha 12B12
(NC_021070.1, 66.6 % pairwise identity) and Enterobacteria phage Mu (NC_000929.1, 47.3
% pairwise identity)(Morgan et al., 2002(figure 3.4A). The packaging system was not
identified with PhageTernthe general tool for fast and accurate determination of phage termini
and packaging mechanisf@arneau et al., 201.7However, the function can be assumed at
least since the coverage mapping spectrum was similar to othlékévhead mapping patterns
(Kauffman et al., 2018aAs the host termini of Mu is asymmetric, the short read length from
lllumina sequencing can bring problems to determine the short end fragment Sdf)
systematicallyGarneau et al., 2017In addition, the small number of watudied Mulike

phage specieing et al., 2012and the lower similarity within the reference Enterobacteria
phage Mu genome (47.3% pairwiskentity) might result in a method bias to analyze novel
phage genomes with referedoased tools. Based on the similarity between the packaging
system and coverage mapping spectrum oflikki phages, the phage vB_VpaM_\3R12

might amplify its linear genoe through replicative transposition. Annotated virion structure
proteins in the vB_VpaM_VB212 genome include major capsid (CDS37), portal (CDS32),
terminase (CDS31), adaptor (CDS40), tail competition (CDS42), neck (CDS41), and sheath
(CDS44) proteinstéble A.4.2. Due the presence of sheath protein encoding genes, the
Myoviridae phages can be distinguished from other Caudovirales fahitipss et al., 2014

King et al., 2012 Moreover, the genome context and their assigfunction of the virion
structure proteins were used to identify the phage with Virfam Caudovirales classifier as
Myoviridae of Typel (cluster 8igure A.4.2A). Virfam classification delineates four types of
morphologicalsubfamilies, the most abundant Typel yields 10 clugteges et al., 2004

The Typel cluster 8 contains Siphoviridae and Myoviridae phages, differentiated by absence
and presence of a sheath protein, respect{elyes et al., 2004 This cluster is composed by

several phages related to NlLopes et al., 2004 In addition, the terminaggotein phylogeny
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shown that the terminase encoding gene of the phage vB_Vpald2YPclustered together
within terminase from Mdike phagesf(gure 3.5.

The vB_VpaM_VP3212 genome contains protein encoding genes relatedetetic
recombination and gene repression, similar to the lysogenic lifestyle dfk&wiruses
(Oakey et al., 2002These protein encoding genes include transposase (CDS03), mobile
elements (CDS04), and repression genes such as transcriptional orsgGDS0102,

table A.4.9. Several protein encoding genes from-lke related sequences of Graragative
bacteria were also identifiedable A.4.3. In addition, the vB_VpaM_V#212 genome
contains 34 annotated genes similar to prophages gérgisewanella oneidensidR-1. The
bacteriaS. oneidensidMR-1 contain two phylogenetically distinct Mike prophages, which
share syntenic regions with the reference Enterobacteria phage Mu and otliex phages
from Haemophilus influenzagleidelberg et al., 2002TheH. influenzaéRd genome contains

a Mulike prophage sequence denominated Fl(Mleischmann et al., 199Morgan et al.,
2002. The prophage FluMu contains only one identified tail fiber gene and lacks an invertible
segment, these features differ with the described in the EnterobacteriaMinglyorgan et

al., 2002. Interestingly, this structure is present also in the vB_VpaM3¥F2 genome
(table A.4.2 and puts this phage in closer correlation to prophage FluMu. Moreover, five
protein encoding genes similar to proph&ygVu were annotated in the vB_VpaM_\3212
genome fable A.4.). Besides, a few annotated genes were similar to genesShigella
flexneri bacteriophage V (unclassified Myovirida&scherichiaphage D108 (unclassified
Muvirus), Bacteriophage K139 (Myoviridaklplvirug, andVibrio phage Kappa (Myoviridae,
Hplvirug (tableA.4.2). Although no pathogenicity genes were identified, further approaches
are necessary to analyze the role of tliasposable phage on development of virulence traits

in infected bacterial strains.
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Although the close similarities within thduvirus genus, several genomic features cannot

achieve the overall demarcation criteria to consider the phage vB_Vpa8RMRas part of

this genus. The Miike phages have a lysogenic cycle, integrate into the host chromosome at

random locations (replicative transposition), have a linear genome of size around 40 Kbp, and

lack of DNA polymerasegManiloff and Ackermann, 1998 The pairwise identity value

between the vB_VpaM_\3212 and the Enterobacteria phage Mu genomes (47.3 %) was

much lower than between the two currdvitivirus members (Enterobacteria phage Mu and
Enterobacteria phage SfMu, 87.5 % pairwise identity). Moreover, the characteristic structure

of protease/scaffolding/major capsid encoding gene< (and T genes) present ithe

Enterobacteria phage Mu genofMorgan et al., 2002 differ from the protease/major capsid

encoding gene structure present in the vB_VpaM3ZP2 genome (CDS336, figure 3.3A.

Although this is a characteristic structure, thisasaonserved in all Miike phages e.¢/ibrio

phage martha 12B1@ulo et al., 2@5). Although theVibrio phage martha 12B18an be

considered as a Miike phage, several key genomic features differ between (Heio et al.,

2015. The phage vB_VpaM_\3212 share several features within tfibrio phage martha

12B12, including the mentioned protease/major capsid encoding gene striigtume3.44).

Although Vibrio p hage mart ha 12B12 i s taxonomically [
Myoviridaeo, no further information except for
Vibrio phage martha 12B12 is part of a proposal for the new virus family Saltoviridae,
composedy more than 20 virus speci@dulo et al., 2015Kropinski et al., 2018

Based on the overall shared genomic properties, we assume that phage vB_VggEM2VP
is an unclassified Myoviridae phage. This phage might be involved in tlehment of the
genetic diversity of marin®. parahaemolyticuslue horizontal gene transfer, as described

in other lysogenic Myoviridae phages from the pandemic O3:K6 gtramet al., 200p
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FIGURE 3.5. Neighborjoining tree oflarge terminase subunit amino acid sequences. The consensus tree
was built with 1,000 bootstrap replicates. Numbers at the nodes represent percent bootstrap support
where unlabeled nodes had bootstraps &0>%. Terminase sequences of vB_VpaP-3220 and
vB_VpaM_VPR 3212 were aligned with similar terminase sequences of Podoviridae (pink) Myoviridae
(violet) and unclassified phages (green).

3.3.3. VIBRIO PHAGE VB_VPAP_VP-3220

The genome of vB_VpaP_VB220 has a sequence coverage of 3,297.3 x (SD + 837.91), with
alength of 58,137 bp and GC content of 43.56 %. Within the genome 63 CDS were identified,
of which 49 are located on the forward strand and the remaining 14 on the reverséigtnand (
3.3B). From the 63 identified CDS, 40@de for hypothetical proteins, 2 encode proteins for
transcription regulation, 17 encode proteins for virion assembly, 1 encodes for integration into
the bacterial genome, the remained 3 encode proteins with DNA replication funétions (

3.3B, tableA.4.3). Hostpathogenicity related genes were not identified in the lysogenic phage

genome. Annotation descriptions, as well as CDS length and transcription positions, are

summarized ifigure 3.3B and a detailed description of each gene is preséaiblia A.4.3

The phage vB_VpaP_\VB220 shows similarity with theVibrio phage douglas 12A4
(NC_021068.1, 45.2 % pairwise identity) and Entexcieria phage Min27 (NC_010237.1,
458 % pairwise identity) figure 3.4B). Based on PhageTerm analysis, the phage
vB_VpaP_VR3220 probably uses a headful (pac) packaging mechanism during its replication.
This mechanism is chacteristic for linear genomes but circularly permuted stru¢irey et

al., 2013. The presence of headful (pac) and integrase have bserdescribed in other
lysogenic Podoviridae, such as Enterobacteria phagéB22et al., 1974Groth and Calos,
2004). Besides, virion structure proteins usedtédonomic classification with Virfam include
major capsid (CDS46), portal (CDS41), and terminase (CDS40) protebis £.4.3. Two

headcompletion proteins were identified as adaptor protein Ad3 (CDS49),
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and the head closaiprotein Hc3 (CDS54able A.4.3. An additional gene involved in tail
structure was identified. This gene encodes a phage host specificity protein J of unclassified
Lambdalike phages, including membersbna33virugCDS55 table A.4.3. This protein is
related to virion attachment to the host membrane and further DNA injé&taassner and

Ihler, 1984. Procapsid and tail protein encoding genes were identified in the same genome
context as found in the Enterobacteria phage Min27 genome (CGHS4Qure 3.4B.

The genome synteny comparisgigure 3.4B) and terminase protein phylogerfig(ire 3.5)

showed strong relationship between vB_VpaP-32R0 andVibrio phage douglas 12A4
(unclassified phage), as well Bena33virugphages. AlthougiVibrio phagedouglas 12A4 is
taxonomically identified as an #fAUncl assified
genome annotation is availableopes et al. (20143lassified theVibrio phagedouglas 12A4
genome (Virfam name 12A4) as Podoviridae of Type3 with Virfam Caudovirales classifier
(figure A.4.2B). The P22ike phages clustered together as Virfam Type3, which includes
members oNona33virusgenus(Lopes et al., 2004 In similar manner, the genome context

and the virion structure encoding genes of the vB_VpaP324® genome is similar to phages
from Podowviidae of Type3 clustefifure A4.2B, table A4.3).

Most of the genomic features from the phage vB_VpaR3¥2) are similar to Podoviridae
phages, specifically within thidona33virusggenus. Thd>odoviridae phages are characterized

by virions with short and neoontractile tail structuréKing et al., 2012 This tail structure is
formed by the portal, and two headmpletion (adaptor and heatbsure) proteins
(Lopes et al., 2004 which were identified in the vB_VpaP_¥220 genomefigure A4.2B,
green). Due the integrase encoding gene identified in the vB_VpaB22@Pgenome (CDS01,
table A4.3), this lysogenic phage might recombine within the bacterial chromosome
as described in integrases from lysogenic taileahpl Groth and Calos, 2004Additionally,

other genes related to lysogeny, such as prevent-deasih, were annotated in the
vB_VpaP_VPR3220 genome (CDS34able A.4.3). In the annotated vB_VpaP_\3220
genome, 10 structural protein encoding geneevgimilar taNona33virugphage geneségble
A.4.3). In detail, three annotated protein encoding genes were similar to genes from
bacteriophage 933W (CDS411, CDS46), one gene was similar to Enterobacteria phage
Min27 (CDS40, and nine genes were similar to Stx phage genes (CDS01, CDS04, CDS40,
CDS4546, CDS50, CDS545, CDS57table A4.3). Although Shiga toxin encoding genes
were not identified in the vB_VpaP_V#220 genome, its similarity witBtx phages (Shiga

toxin encoding phages) may indicate a potential role in pathogenicity.
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Five approved species Blona33virusgenus are included in the ICTV virus taxonomy 2018
release (renamed @saversvirug. The species number increases to more H@an the NCBI
taxonomy database, including the type species bacteriophage(@8BMEnssens et al., 2017
Plunkett et al., 1999 Enterobacteria phage MinZ%u et al., 201)) and seveall Stx phages

(Sato et al., 2003 The genome alignment comparison between unclassif@th33virus

(e.g. Stx2converting phage 86, NC_008464.1) and bacteriophage 933W (NC_000924.1) have
a similarity below 45 % pairwise identity and 70 % shared proteins (data not shown), which is
lower than the proposed for this genus (above 80 %). The pairwise similarity of unclassified

Nona33virusand other genomic features are comparable to the phagépa® VR3212.

Based on the overall genomic properties, the phage vB VpaB22® is assigned as
unclassifiedNona33virus The phages frolona33virusare closely related to the develop of
pathogenicity ofE. coli, which contribute to the production of §hitoxin and antibiotic
resistance genes in nonpathogenic stré@smage et al.,, 200Zolavecchio et al., 207
Although no pathogenity genes were identified in vB_VpaP_\8220, this phage is a
potential contributing factor to disseminate these genes in potentially pathggeiocstrains.
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3.3.4. VIBRIO PHAGE VB_VCHM VP-3213

The genome of vB_VchM_\VB213 has a sequence coverag®,804.75 x (SD + 998.04),

with a length of 40,999 bp and GC content of 46.25 %. Within the genome 53 CDS were
identified, of which 48 are located on the forward strand and the remaining 5 on the reverse
strand figure 3.6). From the 53 identified CDS, 24 encode for hypothetical proteins, 2 encode
proteins for transcription regulation, 19 encode proteins for virion assembly and lysis, 2 encode
for mobile element proteins, 1 encodes for integration into the bacterial genontede éor
proteins with ATPase activity, the remaining 2 encode proteins with DNA replication functions
(figure 3.GtableA.4.4). In addition, the genome context and similarity of 39 annotateédipso

with Rast show a close relation witfibrio vulnificusCMCP6 chromosome | (NC_004459)
(table A.4.3. Hostpathogenicity related genes were not identified in the lysogenic phage
genome. Annotation descriptions, as well @GBS length and transcription positions, are
summarized irfigure 3.6 and a detailed description of each gene is preséablia A.4.4

The phage vB_VchM_VB213 shows similarity with the Myoviridae phag@srkholderia

phage phiE202 (NC _009234.1, 45.1 % pairwise identity) &filokio phage VHML
(NC_004456.1,

45.2 % pairwise identityjOakey et al., 2002(figure 3.7). The phage vB_VchM_ V#3213
probably uses Headful (pac) packaging during its replicafidniis system is present in
Myoviridae phages with linear but circularly permuted structure, such as phages P1 and T4
(Garneau et al., 201King et al.,, 2012 The virions structure proteins identified in the
vB_VchM_VP-3213genome include major capsid (CDS03), portal (CDS49), tail competition
(CDS09), tail tube (CDS18) neck (CDS08), and sheath (CDS17) protelsis £A.4.4. In

detail, one encoding region related to tail and baseplate structure was ide(@H&0823,

figure 3.9. This region encodes for four tail structure proteins similar tdike2phages
(CDS10, CDS134, CDS17, CDS22), including a similaost specificity protein J from
Lambdalike phages (baseplate assembly protein CDSa&Ble A.4.4). Several protein
encoding genes were similar to the Vibrio phage VHML.

For instance, structural proteins encoding genes showed similarities to genes from phage
VHML and other Myovirida&/ibrio phages (CDS03, CDS13, CDS17), as weflitzege protein

were similar to the ORF51 frorwibrio phage VHML (CDS36), and portal protein from
Myoviridae phages (CDS4%ble A.4.4. The virion assembly region in t8_VchM_VP-

3213 genome shows similarity within several virion assgngieines in botlBurkholderia

phage phiE202 an¥ibrio phage VHML (greenfigure 3.7). Despite their similarity, the
genomic context is not completely conserved and some CDS are not shared between these

genomes (e.g. CDS1K5, table A.4.3. BesidesyVirfam Caudovirales analysis has shown that
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the genome context and assigned function of these structural proteins are sivylavitadae

of Typel (cluster 6figure A.4.2A). This cluster includes Siphoviridae lambda phage,
Myoviridae from theHapunavirusand Vhmlvirusgenus, among othe(sopes et al., 2014

Despite their morphologicalifferences, lambda phages have a genome organization which is
closely related to other Myoviridae and Podoviridae phélges et al., 2012 The presence

of the sheath protein encoding gene is the main feature to distinguish lambdoid phage genomes
from the Myoviridae familyLopes et al., 2004 which was identified in theB_VchM_VP-

3213 genome (CDS1Wble A.4.3.

The vB_VchM_VR3213 genome contains an intage encoding gene (CDS44ble A.4.3,

andtwo systems that mediate lysogenic recombinafiamo tyrosine recombinases from Xer
system were identified as CDS30efC) and CDS43XerD, table A.44). AlthoughXersystem

is a conserved feature in most bacteria, Xkesystem based on two tyrosine recombinases
XerCandXerD are unusual and vary with the substr@®ajeev et al., 2009 This system is

used by theVibrio phage CTX, VGJ, and TLC (Inoviridae, filamentous phages) to integrate
into the V. choleraechromosome | diffl site) (McLeod and Waldor, 20Q04Das, 2013
Moreover, most ofhe filamentous phages that inf&ttcholerag can integrate at thdifl site

(Das, 2014 TheV. choleae XerC/Dsites flank the bacterial genome attachment, which is
required for recombination within the phage CTX genome attachmenatiRe((McLeod and
Waldor, 2004. In contrast to the described genomes, the phage vB_VchM2¥® carries

this Xer system(CDS30, CDS43)Further culturebased studies are necessary to define if this
system may play a role the lysogenic phage competition between otfibrio phagesAlso,

the genome of the lysogenic host strain-8RAL3 would provide the necessary information to
define the integration sites in the bacterial chromosome. Besides, annotation results shown that
39 of 53 protein encoding genes (73.58 %) are similaf. taulnificusCMCP6 (Rasttable

A.4.4). Most of them are hypothetical proteins and/or with an unknown functibfe(A.4.4,

and other i@ntified functions such as lysogenic recombination (CDS30, CDS43) and integrase
(CDS41,table A.4.4. The clinical strairVv. vulnificusCMCP®6 is an opportunistic pathogen

with no plasmidgKim et al., 2003Kim et al., 201). This similarity might suggest a connection
betweenV. choleraephagevB_VchM_VP-3213 and potential pathogeni. vulnificus.
Although Vibrio phages are characterized by a narrow host range, some lysogenic phages can
infect closely relate¥ibrio speciegMuramatsu and Matsumoto, 199Although none of the

V. vulnificusisolated during the cruise HE430 showed the potential as lytic host of the phage
vB_VchM_VP-3213 (data not shown), these isolates probably possess other mechanisms (e.g.
carried prophage in its genome) to protect against infection of the phage vB_VcH219P

as described iN. campbelliphagehost systeméL.orenz et al., 2016
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Although phagevB_VchM_VP-3213 were most similar to phage genomes fi@&virus
(renamed by ICTV aBeduoviruy andVhmlvirusgenera, thiphagehas genomic featas that
differ from these genera. TH2virusgenus is characterized by lysogenic phages with linear
and norpermuted genome, cohesive ends, size around 34 Kbp, gandtélhencoding genes
(King et al., 2012 On the other hand, théhmlvirusgenus is composed Bibrio phages that

can exist as linear prophage plasmids, these phages have a linear genome with cohesive ends,
size around 40 Kbp and 60 encodipenes(Kropinski et al., 20150akey et al., 2002 P2,
VHML -like and also Lambdbike phages carry a&os site related to the DNA packaging
mechanism based on cohesive di@rneau et al., 201Dakey et al., 20QXKing et al., 2012
These key genomic features are not present in the phage vB_Vch821M8RPwhit probably

uses Headful (pac) packaging system. Moreover, the pairwise similarity \edtvesen the
vB_VchM_VP-3213 genome, and tiBarkholderiaphage phiE202R2virug andVibrio phage
VHML (Vhmlvirug, are too low to be considered as part of thgseera (~45 % each)
(Kropinski et al., 201p Moreover, synteny comparison also reflects these differences by the

lack of conserved structural regions betweernviievVchM_VP-3213 genome and these phage
genomeggreen figure 3.7).

Based on the overall shared genomic properties, the phage vB_VpaB2I2Pis an
unclassified MyoviridaeFurther studies are necessary to define if this phafngs to a
known taxon of Lambdiike phages. Despite the identification of lysogenic tailed phages in
pathogenicV. choleraestrains, their contribution to virulence has not been characterized as
deeply as in filamentous phagésaruque and Mekalanos, 2Q03/ost of the prophages
identified inV. cholerae genomese filamentous phages widlssociated toxin gené&astillo

et al., 2018 Closer phages, such &brio phage VHML can encode a toxin component
responsible of virulence conversior. harvey(Oakey et al., 20QDakey and Owens, 2000
Although no pathogenicity genes were identifiedB_VchM_VP-3213 the similarity of the
overall genomewith other toxin encoding phages may indicate the potentiality to transfer
pathogenicity genes. Further studies are necessary to analyze the role of this phage in infected

hosts from the North Seajch as host integration site or effects on the phenotype.
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3.4. CONCLUDING REMARKS

Despite the low number of characterized taifdario phage genomes, previowassilico studies

have demonstrated that marMibrio genomes contain lysogenic phages with virulemstated

traits, such as the Myoviridae phage VMILastillo et al., 20180akey et al., 2002 Others

Vibrio phages contain pathogenicity islands transduced e\y.anoleraeby the phage GH'1

(O6 Shea and). NBoeegvdr, the o@as oVibrio abundance within the plankton
associated community has coincided with the unprecedented increase in infection cases caused
by these bacteria in the North §BakerAustin et al., 201,A/ezzulli et al., 2012 Considering

the influence of prophages on tthevelopment of pathogenic bacteBxeitbart, 2012Fortier

and Sekulovic, 2013t is crucial to characterize lysogenic phages of potentially pathogenic

Vibrio in the mari® environment.

Due to horizontal gene transf&fibrio species have been evolved in close relationship within
their lysogenic phages. These phages can affect the development of human patfibgenic
strains in marine environments, such asthparahaenlyticusandV. choleraen the North

Sea. In this study, three induciblério phages were exemplarily analyzed with a set of very
powerful tools and based on a growing number of annotated virus genomes which are
accessible. Although this approach wascessful to characterize novel phage genomes, the
application of referencbased tools were a limiting factor to define taxonomic relationship at
genus or higher level. As in deep characterization of replication and genomic properties has
been studied onlin a small percentage of wedtudied speciefing et al., 2012, the lack of
closely related taxa might be related to the limited numbehafacterized phage genomes in

the public databases. Apart from these limitations, it was possible to classify them at family or
at least genus level. The studied phage genomes corresponded to two phages of
parahaemolyticusand one phage ofV. cholerae The V. parahaemolyticusphage
vB_VpaP_VPR3220 (Podoviridae) has the longest genome (58.14 Kbp, 63 CDS), and the lowest
percentage of GC€ontent (43.56 %table 3.1). In contrast, the/. parahaemolyticuphage
vB_VpaM_VR3212(Myoviridae) had the shortest genome (36.81 Kbp) and/theholerae

phage vB_VchM_VR3213 (Myoviridae) had the fewest CDS (8&)le 3.). In general, these
phages have genomic features that differ from clgegus descriptits, indicates that the
diversity ofVibrio phages is far from being explored completely. Although these phages did
not present virulent traits, their similarity among other phage genomes indicates that these
phages can affect  the development of pathogeni¥ibrio strains

in the North Sea.

Supplemetary data to this article can be founccimpter A4.
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Abstract: The seawater temperature rise promotes the growthteftmily human pathogenigibrio

species. In the North Sé4, parahaemolyticustrains have been isolated and characterized. These strains
contain prophages that may contribute to the emergence of pathogenic strains in the marine environment.
Here, we present the genome structure and possible biological functions of the induaise ph
vB_Vpal_VR3218, a novel filamentous phage carried by Wheparahaemolyticustrain VN-3218.
Prophages of the strain ¥8218 were induced with mitomycin C and the DNA from the phage induction
was sequenced. Two incomplete prophages were identifigdyrmm complete phage genome with length

of 11,082 bp was characterized. The phage vB_Vpal32/I8 belongs to the Inoviridae family and shows

close homology to th8aetivirusgenus. This phage can integrate into the chromosomal host genome and
carries hostelated regions absent in similar phage genomes, suggesting that this phage integrates within
other host genomes. Furthermore, this phage might have a role in pathogenicity due to potential zonula
occludens toxin genes. Based on genomic similarity, thégyg is an episomally reversible integrated
lysogenic phage. This study complements prophage induction and bioinformatic studies applied to non
model species of potentially pathogeWibrio species. The characterization of this phage provides new
insightswith respect to the presence of filamentous phages in environreptdahaemolyticustrains,

which might have a role in the emergence of new pathogenic strains in the North Sea.
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4.1. INTRODUCTION

Species of the genudbrio are ubiquitous aquatic bactepeesent in riverine, coastal, and estuarine
ecosystemgéVezzulli et al., 2018 This genus comprises more than $p@cies, 11 of them negatively
impact human health and cause serious infecfigingoshi, 2013. One of themY. parahaemolyticus,

is a human pathogen, which panily causes severe gastroenteritis, as well as wound infections through
exposure to contaminated seawdfdrompson et al., 200Miyoshi, 20130).

In the last decade, the seawater temperature raised significantly in over 70 % of coastal areas around the
world (BakerAustin et al., 201/Lima and Wethey, 2032This temperature rise promotes the growth
of potentially pathogeni¥ibrio speciegBakerAustin et al., 2018 andVibrio-associated ilinesses are
increasing worldwid€Vezzulli et al., 2013BakerAustin et al., 2018 These outbreaks, e.g. caused by
V. parahaemolyticuinfections, are affecting areas where infectionsMiyrio pathogens had little
previous incidencéBakerAustin et al., 201,/BakerAustin et al., 2018 Reported pathogeniibrio
outbreak areas in Europe include e.g. the pand&miparahaemolyticu£3:K6 spread in France
(Quilici et al., 2009, V. parahaemolyticu®3:K6 and O4:K11 infections in SpajMartinezUrtaza et
al., 2005 MartinezUrtaza et al., 2018 and other heat waxassociated/ibrio-associated illnesses in
Sweden and Finlan@akerAustin et al., 2016 Recently, potentially human pathogeNibrio species
have been reported in the North S&berbeckmann et al., 201 1i€irstein et al., 2015 where the

abundance of. parahaemolyticuincreased during the summer mont@berbeckmann et al., 200)1b

Genomes of the gend¥sbrio have a high plasticity and they contain significantly more alien genes than
other marine bacteria genomé et al., 2018 These alien genes include pathogenic traits, which can

be transferred horizontally in the environment by phagesusges infecting bacteria).

In Vibrio spp, most lysogenic phages (prophages) are known to encode virulence (@etstio et al.,

2018. Virulence and antibiotic resistance genes carried by prophages are widely distributed among
environmentalVibrio populations, and they can contribute to the dissemination of virulence, niche

adaptation, and emergence oftfmagenicVibrio strains(Castillo et al., 201,8Hazen et al., 2010
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The roleof (pro)phages on virulence and bacterial evolution has been described for several important
pathogens, e.g. for filamentous phadfesrtier and Sekulovic, 20)3Filamentous Inoviridae phages

can be integrated as prophages without killing or affecting the life cycle of the host b@gria01).

The virion is composed of a circular singiganded DNA packed in a twgtranded helias a replicative

form (RF) (Rakonjac, 2012 The role of filamentous phages in virubenhas been described in
pathogenidVibrio species, such aé choleragp hage CTXU0G, which erxABdes t he
(McLeod et al., 2006 or the ORF8 region carried by the filamentous phage, f@Bich is related to

the pandemi¥/. parahaemolyticu®3:K6 strain (RIMD2210633)Chang et al., 20QXasu et al., 2000
Moreover, filamentous phages are present in nearly evibno genome(Hazen et al., 201May,

2017, and occur in pandemic and clinidal parahaemolyticustrains(Nasu et al., 20Qdida et al.,

2001, Taniguchi et al., 1984 Although about 45 % afibrio genomes available in NCBI database carry

a complete Inoviridae prophagjke element(Castillo et al., 2018 the occurrence and description of
filamentous phages in potentially pathogenic environméYitaio strains have not been thoroughly
studied so far.

Based on the possible contribution of filamentous phages on the emergence of patfibgersipecies

in marine environments such as the North Sea, the aim of this study is to characterize the genome of the
phage vB_Vpal_VE3218, a novel filamentous phage carried by the

V. parahaemolyticustrain VN-3218.
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4.2. MATERIAL AND METHODS

4.2.1.1 SOLATION AND IDENTIFICATION OF

V. PARAHAEMOLYTICUSVN-3218

The V. parahaemolyticustrain VN-3218 was isolated from the North Sea (statioffiglire 4.1A),

during the RV Heincke HE430 on July*82014(Gerdts and Rohard2016. The strain VN3218 was

isolated using the rasseawater enrichment method for potentially pathog¥ibdo specieqchapter

3) (GarinFernandez and Wichels, submifte®riefly, approximately 1 | of surface seawater was
collected, and the raw seawater was incubated with alkaline peptone water (10 g/l peptone,

pH 8.5, 10PSU final) at 37 °C in the dark. After overnight incubation, the selective enrichment was
plated on CHROMagar EVi bri o ( MABIPnd®etalg20ldsandi ca Gm
incubated at 37 °C in the dark. The grown colonies were compared with the colony coloration typical
forV. parahaemolyticus c cor di ng to the manufacturersé instru
were transferred and isolated onto marbroth aga{Oppenheimer and Zobell, 196@%ith reduced

salinity (MB-50% = 16 PSU). The isolate whasther identified using MALDITOF, and PCR analyses,

as previously describgdirstein et al., 2016GarinFernandez anwichels, submitted The MALDI-

TOF spectrum from one isolated colowas compared against Bruker mass spectra and VibrioBase
libraries(Erler et al., 201p together with thé&/. parahaemolyticusolatesobtained in the cruise HE430

(chapter 3} (GarinFernandez and Wichels, submiftedlhe spectra comparison was analyzed with the
BiotyperE software (version 3. 1) dobetllusratoo G36c o me f
(version 16.0.0). The PCR identification was performed using spspéeific PCR fortoxR genes

(Kirstein et al., 2016 Oberbeckmann et al., 200)1aAs thermostable direct hemolysiridlf)

and/ortdh related hemolysintih) play a crucial role in human pathog€nparahaemolyticustrains

(Thompson et al., 20Q4their protein encoding genes were screened by PCR as previously described
(GarinFernandez and Wichels, submitt&arstein et al., 2016

After identification, theV. parahaemolyticustrain VN-3218 wasstored in a culture collection from
VibrioNet (Erler et al., 201p
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FIGURE 4.1. Sampled site coastal map from research cuise HE430 (Ajyramuibal component analysis (PCA
dendrogram generatég MALDI Biotyper mass spectra for all thé parahaemolyticustrains isolated in this
campaign (B). The grey shadowed cluster corresponds to the isolaB2M8\cluster group. The black do
(06) represents successful pwhiplheagehe nedmpt y od:

lysogen strains under the tested conditions. Modified fidmapter 3(GarinFernandez and Wichels
submitted.

4.2.2. | NDUCTION AND PURIFICATION OF PROPHAGES

The prophages fror. parahaemolyticusvere induced as previously describadcchapter JGarin
Fernandez and Wichels, submitteBriefly, the strain VN3218 was incubated in 600 ml M&)%

broth at 37 °C and shaking to further mitomy€iinduction (0.25 pugml final) at an optical density of

0.17 0.2 (600 nm). After induction, the bacteria DNA was reduced with DNAse | before concentration
by ultracentrifugation (Pryshliak et al., 2014 GarinFernandez and Wichels, submifted
Virus-like-particles (VLP) after induction were sampled and fixed with formaldehyde (2 % final), and
the viruslike-particles (VLP) were counted using a vmetdunt method with SYBR Gold and
epifluoresence microscopyCunningham et al., 2015

The strain VN3218 without induction was used as negative control, the positive experimental controls

were theV. choleraestrain AC53 with the lytic phage ICPBeed et al.,, 20)1and the lysogen
V. vulnificusVN-0094(Pryshliak et al., 204).

85



Chapterd

4.2.3. DNA EXTRACTION AND GENOME ANALYSIS

The DNA from the lysogenic induction was extracted using a modified CTAB and phenol:chloroform
extraction method as previously descriliedhapter JGarinFernandez and Wichels, submifte@ihe

library preparation was performed by LGC Genomics (LGC Genomics GmbH, Berlin, Germany) and
the reads were sequenced on an lllumina MiSeq V3 sequencer using 2 x 300 bprycliGauis+
Fernandez and Wichels, submifted

The sequence reads were processed as deseritiethter IGarinFernandez and Wichels, submifted
Briefly, the sequences were first decontaminated, and thecoverage reads were further normalized
using BBtools (version 35.14https://sourceforge.net/projects/bbrhahe retained reads were

assembled with SPAdes (version 3.11Nuirk et al., 201R The potential phage contigs were filtered
with VirSorter from iVirus [(ttps://de.iplantcollaborative.org/d€Bolduc et al., 2016and PHASTER
(https://phaster.da(Arndt et al., 2016 Zhou et al., 20111 In order to find the possible genome

duplication in its replicative form (RF), the intact phage contig was aligned with its reverse complement
sequence using Mega (version 10.0.1, default parameters MUSCLE algdithmar et al., 2018

The genome was mapped against the decontaminated reads witAVEBMA(version 0.7, default
parametersjLi and Durbin, 2008 the coverage values were analyzed with Qualimap (version 2.2.1)
(GarciaAlcalde et al., 20120konechnikov et al., 20)6Each phage genome was manually curated
with DNA master (version 5.22.5) to obtain the final annotated gendwased on the results from
Prokka(Seemann, 20)4Rast (http:/http://rast.nmpdr.org/rast.qgjAziz et al., 20080verbeek et al.,

2014 and Metavir(Roux et al., 2014Bolduc et al., 2016annotation softwareas described inhapter

3 (GarinFernandez and Wichels, submifte@enome organization, visualization, and GC content were
performed with Artemis (version 17.0.(Rutherford et al., 2000 The outcome figure was processed
in Adobe lllustrator CS6 (version 16.0.0).

To identify the genome on a taxonomic level, pairwise genetic identity was computed using a Sequence
Demarcation Tool (SDT versidn2, default parameters MUSCLE algorithfiejuhire et al., 2014 The
nucleotide sequence of the genome was compared against the Inoviridae compleés geadable in

NCBI and the SDT Mastrevirus reference dataset. Species level demarcation was based on pairwise
genetic identity values above 95 %, according to the ICTV species demarcation criterion for this family.
Based on the genome annotation, attleathreshold of 40 % of the shared orthologous proteins was

considered as the same geflDahaime et al., 201 Torenz et al., 2016

The phage genome was compared against the phage genomes from Gei@amce sequence
genomes (refseq) and nonredundant protein (nr) databases using tBLASTx and BLASTx version
2.2.30+, respectivelgAltschul et al., 199) Synteny comparison was performed within the three most

similar complete phage genomes with Easyfig (version 2(3d)ivan et al., 201land processed in
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Adobe lllustrator CS6 (version 16.0.0). All used databases were updated to their latest version from May
2018, and BLAST hit alignments withhalue below 0.00 and a similarity greater than 50 % were
considered significant. Additionally, the gene encoding Zonula occludens xogiwés identified and
compared againgiotgene encoding frorWibrio and phage genomes as previously descr(@egtillo

et al., 2018 For this, the possibleotgene from the annotated genome was aligned together with the
zotgene databasfrom Castillo et al. (2018]Clustal W algorithm), follow by the phylogenetic tree
(maximum likelihood, 1,000 bootstrap replicates) using Geneious priveesign 2019.0.3)
(Kearse et al., 2032

4.2.4. NUCLEOTIDE SEQUENCE ACCESSION NUMBERS

The filamentous phage name was defined base#ropinski et al. (2009nhaming nomenclature
proposal. The nucleotide sequence was submitted using the data brokerage service of the German

Federation for Biological Datav{vw.gfbio.org) (Diepenbroek et al., 2014The sequence associated

contextual (meta)data are Minimal Information about any (X) Sequence (MIXS) conijyiiamaz et
al., 201).

The genome vB Vpal VMB218 has been deposited in the European Nucleotide Archive
(www.ebi.ac.uk/end/Toribio et al., 201yunder the INSDC accession number PRJEB30510.
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4.3. RESULTS

4.3.1. L YSOGEN V. PARAHAEMOLYTICUSVN-3218

As described imhapter 330V. parahaemolyticusolates were obtained in the North Seaing cruise
HE430 (GarinFernandez and Wichelsubmitted. Amongst thes&/. parahaemolyticussolates, the
strain VN-3218 was isolated from surface seawater from statigur€ 4.1A), at a temperature of 19.6
°C and at a salinity of 31.7 PSGerdtsand Rohardt, 20)6Based on principal component analysis of
the MALDI-TOF spectrafigure4.1B), the lysogen VN3218 clustered together with the reference strain
RIMD 2210633 figure 4.1B, cluster Il) in a distinct group from the rest of ttie parahaemolyticus
isolates at station Ififure 4.1B, cluster I). No virulenca&ssociated genes encoditah and trh
hemolysins were identified by PCR nor BLAST sed@hrinFernandez and Wichels, submifted

Potential prophages of the strain \8218 were induced with mitomycin (Gection4.2.2). After
induction of VN-3218, the growth (OD) was reduced to 86.17 % compared to the control replicates
(figure A5.1). Despite the high variability between the induced replicates, the cell density of the induced
cultures decreasedgsificantly (MannWhitney test, P = < 0.001). This difference was triggered by
phage induction, identified by the presence of VLP in the induced culture (mean = £¥1P1M).

For FNA sequencing, larger amounts of phage biomass were obtained byomdafcthe strain
VN-3218 in a larger volume (600 ml).

The strairlVN-3218 contained two incomplete and one complete phage genome. Two incomplete phage
genomes were identified with PHASTER and annotated with Prdkbetion 4.2.3). The first
incomplete prophage VB218_ C38 has a sequence coverage of 68.17x (SD £ 41.14), length of 19,533
bp and GC content of 45.67 %. The second incomplete prophag2A8° C77 has a sequence coverage

of 54.69x (SD % 26.98), length of BA8 bp and GC content of 46.46 %@(re A5.2). Most of the
identified coding sequences (CDS) of the incomplete prophag82¥B C38 (20 of 24 CDS) are
similar to hypothetical proteins from several phages of @ragative bateria, including®sychrobacter
phage,Mycobacteriumphage, and/ibrio phage figure A5.2A). In the same manner, most of the
identified CDS of the incomplete prophage-8218_C77 (13 of 15 CDS) are similar to hypothetical
proteins fromSinorhizobiumphages flgure A5.2B). Due to the lack of clear structural cores, these

incomplete prophages were considered defective and they were discarded from further characterization.
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4.3.2. VIBRIO PHAGE VB_VpPAl VP-3218

The complete genome (RF form) of the filamentous phage vB_VpaB2IB has a sequence coverage

of 915.31x (SD * 265.87), with a length of 11,082 bp and GC content of 44.15 %. Within the genome
14 CDS were identified, of which 11 are locatexthe forward strand and the remaining 3 on the reverse
strand {igure 4.2A). The zero coordinate ATG site was defined by the genome structure of the closest
genomes, and the fundamental cores and genes were identifiezlgertbme sequence. Annotation
description, as well as CDS length and transcription positions, are summafigeddd.2 and detailed
description of each gene are preseritabie A5.1.

The phage vB_Vpal_VP3218 belongs to the Inoviridae family and is similar to the two members from
Saetivirusgenus. This filamentous phage shows high similarity with\theholeraephages VFJ

(NC _021562.1, 64 % shared orthologous proteins and 61.8 % pairwisigy)ld@Vang et al., 200)3and

FS2 (NC_001956.1, 42 % shared orthologous proteins and 61.7 % pairwise iddkétya and
Honma, 1998 and with theV. parahaemolyticuphage VfO3K6 (NC_002362.1, 28 % shared
orthologous proteins and 63 % pairwise identifigufe 4.3A). These three phaggnomes carry the
zonula occludens toxinz@) gene (Castillo et al., 2018 and the annotatedyl gene of
vB_Vpal VR3218 (CDS08table A.5.) shows close homology wotgene from VFJ phage (orf361,
figure A5.3). However, all the compared genomes lack an insert region of 2,584Wp 4.3A, orange
shadowed region). This region is formed by genes encoded for a hypothetical protein with restriction
endonuclease domain (CDS10), ATP/GTP phosphatase protein (CEOE/GTP phosand a second
hypothetical protein (CDS12) €thils intable A.5.). This region with unknown function is highly
similar to theV. parahaemolyticu$105 (contigl57, NZ_AWJT01000157.1). In detail, the encoding
genes of CDS10 resembles the DUF2726 doroaintaining protein BLASTX, identity = 99 %),
CDS11 and CDS12 are identical to genes encoded for hypothetical proteins
(BLASTYX, identity = 100 %) irV. parahaemolyticuS105.

Due to the high similarity to the VFJ phage, this filamentous phage is probadpysamally reversible
integrated phage. The phage vB_Vpal -¥PL8 was analyzed to identify a 20 afi-like sequence

(attP) near to the transcriptional regulator cluster, similar to VFJ and VfO3K6 phages. Despite the
difference in the last region, tlatP sequence in our phage was more similar to VFJ than the VfO3K6
phageatt-like sequencefigure 4.3B).
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vB_Vpal_VP-3218
11.08 Kbp

488@071)0/

FIGURE 4. 2. Circular diagram of the vB_Vpal_\B218 phage genome and predicted CDS. The three main
structural cores are marked in violet, green and light blue, transcriptional regulator encoding genes are marked in
pink, hostrelated insert is marked in orange, angdtgtical protein encoding genes are marked in gray. Inner
circle corresponds to nucleotide base pairs (Kbp) and middle circle corresponds to GC %, where blue and red
represent the sequences above and below the GC average, respectively.
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4.4. DISCUSSION

The increase df. parahaemolyticusutbreaks in Europe is triggered by the rise of temperature

in European coastal waters. Therefat is crucial to study the possible factors of environmental
Vibrio species to acquire virulence traits. Filamentous phages are known to play a crucial role
in pathogenid/ibrio species, through infection and virulence traits trar(§awis and Waldor,

2003 lida et al., 200,LNasu et al., 2000 In this study, we analyzed the potential pathogenic

V. parahaemolyticu¢N-3218 and its inducible prophage. The genome structure and possible
biological functions of the inducible filaments phage vB_Vpal V43218 were analyzed in
detail.

4471. LYSOGENYV.PARAHAEMOLYTICUSVN-3218

Based on principal component analysis of the MAIMF spectra, the strain VB218 was
distinct from other strains isolated from the stationfidu(e 4.1B). The strain VN3218
clustered together with other lysogen strains, including the reference strain RIMD2210633
(figure 4.1B). This reference strain corresponds to the O3:K6 serotype and it is the
representativenember ol/. parahaemolyticudn contrast to the strain \®B218, the reference
strain RIMD2210633 contains virulenessociated gene encodingdh hemolysin

(Park et al., 2004Makino et al., 2008 carries the filamentous phage f2@icLeod et al.,

2005 Chang et al., 2002nd no incomplete prophages were identified in the reference genome
using PHASTERMALDI -TOF analysis is a fast and reliable approach to idekifyio at
species levdlErler et al., 201p If this method is applied together with molecular identification
techriques, falsepositive results at species level are redugaaci et al., 200) In case of
strainV. parahaemolyticu¢N-3218, the additional identification of their prophages and other
genomic features provides substantial information to define this strain as genetically distinct to
the referencstrain RIMD2210633.

The lysogen strain V8218 contained one complete filamentous phage and two incomplete
prophages within its genome. The presence of additional incomplete prophages in the bacterial
genome has been described already for ofWidario species e.g.V. cholerae and

V. parahaemolyticugCastillo et al., 218 Rakonjac, 2012 In our study, each of the
incomplete prophages had a coverage greater than three times the mean coverage of the
discarded contigs (mean 17.06x; mean SD 88)2 These discarded contigs did not have
BLAST hit with virus genomes and may come from the lysdgénio genomeAdditionally,

the incomplete prophages lack clear structural cores, and most of their genes remain

uncharacterized. As incomplete prophagiepend on inducible functional prophages for
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packaging and infectio(Hassan et al., 20}0we hypothesize that the incomplete prophages
VP-3218_C38 and VB218_C77 may be produced at a low rate after induction and that they
may use the machinery of the complete prophdgieVpal_VR3218 to proliferate. Whole
genome analysis of strain VBR18would provide details on these incomplete prophages, their
possible topology, as well as their possible relationship with the filamentous phage.

4.4.2. VIBRIO PHAGE VB_VPAl_VP-3218

In generg filamentous phages are organized in three main structural cores: replication, virion
structure and assemblfRakonjac, 2012Wang et al., 2013 Model and Russel, 1938

The predicted CDS of vB_Vpal_V8218 are organized in this structure, with an additional
transcriptional regulator corédure 4.2A). The replication core was composed by the CDS01

to CDS03, which encoded replication protemgAandrepB(table A.5.). The predicted virion
structure core was composed of CDS04 to CD&0¥e(A.5.7). This region translates coat and
attachment proteins necessary for the filamentous particle formation. The CDS03 encodes a
hypothetical protein, which had a similar length and genome position to the minor coat

gVl protein figure 4.3A, table A.5.). However, the predicted protein lacks similarity against

other described proteins and further studies are necessary to elucidate its properties and its role
in virion packaging. The assemblgre was composed of CDS08 and CDS9, which encoded

for morphogenesis proteingble A.5.). The transcriptional regulator core was composed of

the CDS13 and CDS14aple A.5.), this region is common in chromosomally integrated
filamentous phages and it is transcribed in the opposite direction of the rest of the genes
(Wang et al., 2013 Between the transcription regulator and the replication core is-equtimg

sequence, which includes ati-like sequence similar to VFJ pha@@ang et al., 2013

The phage vB_Vpal_\V8218 showed high similarity witkl. choleragphages VFJ and F3
phages, both comprise tlaetivirusgenus(Adriaenssenst al., 201}. The VFJ phage
produces high rates of virion particles and its infection has a direct effect on cell growth and
phenotype. The phenotypic differences include lost cell mobility and resistance to ampicillin
and kanamycir(Wang et al., 2003 The FS2 phage has a wide host range among several
different V. choleraebiotype strains, visualized by opaque plague formaflsema and
Honma, 1998 The FS2 genome of F& contains an intergenic homologous region involved

in CTX phage integration into the host chromosdghkema and Honma, 1998his region was

not identified in the phage vB_Vpal_V3218. FurthermoreCastillo et al. (2018)dentified
zonula occludens toxirzé?) genes in the VFJ and FSphage genomes, which are similar to
otherV. parahaemolyticus zaenes figure A5.3). Based on the phylogenetic analysis, the
morphogenesis proteigl encoded by CDSO08 in vB_Vpal_V3¥218 would have aot toxin

function highly similar to VFJ phage. Despite the high similarity with the members of the
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Saetivirus genus, further experients are necessary to define if the filamentous phage
vB_Vpal_VR3218 belongs to this genudibrio phages are generally species even strain
specific, although a few isolates can have a broader host raMjaritoand Photobacterium
(Matsuzaki et al., 20Q0Several genes from the phage genome vB_Vpa32/BB were similar

to Photobacterium profundurgenes fable A.5.), including capsid proteins, maturase and
morphogenesis encoded genes. The straiprofundum3TCK contains fourquestionable
prophages identified with PHASTER, and three of them are similar to other filam&filboios
phages. After lysogenic induction, the indugdthge was tested against 153 potentiatio
hosts. However, none of them showed inhibition (data not shownpPhégobacteriums
closely related t&ibrio (Thompson et al., 2004host screening agairRhotobacteriunstrains

would help to investigate the relationship between this phage and other host genera.

Phage infection contributes to the emergence of dissas®ng strains of the environmental
population(Bastias et al 201Q Hazen et al., 2030 Previousin silico studies showed that
severalVibrio environmental and harmless species contain virulence traits acquired from
filamentous phages of pathogenic don(sstillo et al., 2018 Several factors affect the
pathogenicity olV. parahaemolyticysncluding thetdh andtrh hemolysins production during
infection(Thompson et al., 2004Cadillo et al. (2018)dentified hemolysin encoding genes in
prophage like elements ¥t parahaemolyticusAlthough these genes were not detected in the
phage vB_Vpal_VB218, this phage carries hastated regions absent in other similar phage
genomesSimilar to other nofhemolysinV. parahaemolyticushagegChang et al., 1998this
phage integrates into the chromosomal genome of\hgarahaemolyticusvN-3218,
suggesting that this phage could interaithiw other host genomes. This possible role of gene
transfer may include the spread of virulerassociated genes in marine environments, as
suggested for other filamentolibrio phageqCastillo et al., 2018 An important factor in
pathogenicity is the resistance to antibiotics, which was identifi¢tbiio infected strains with

VFJ phaggWang et al., 2013 Although the VFJ phage does not carry antibiotic resistance
genes,Wang et al. (2013showed that the infected host strains acquired ampicillin and
kanamycin resistance after phage infection. The portal proteins of VFJ phage, gudi\as
andgXl, may be involved ito membrane structures as drug resistance pumps or efflux systems
(Wang et al., 2013Rishovd et al., 1994 The sequence and genetic context of these VFJ
phageds proteins were 21§ kercaodingsgenes (C@SO04 ando v B_ V¢
CDSO0809, table A.5.). Based on the high similarity of the vB_Vpal_3P18 phage and the

V. choleraephages VFJ and F& further experimental analyses need to be done to elucidate
the role of this phage ampathogenicity ifVibrio, such as antibiotic resistance in infected cells

and production ofotlike proteins.
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In conclusion, the general characteristics oMhparahaemolyticushage vB_Vpal_VF3218

are similar to other filamentous phages such asvithé and FS. Based on their genomic
similarity, the phage vB_Vpal_\/B218 is an episomally reversible integrated lysogenic phage.
This phage can replicate as a plasmid and integrate reversibly in its RF into the genome of the
V. parahaemolyticu¥N-3218,due to the presence of attp like site.

Filamentous phages have an important impact in environméibiab species, such as marine

V. choleragpopulations, specifically regarding physiology and fitnease et al., 2012 Most

of the characterized lysogevi. parahaemolyticuggenomes available in public databases
correspond to clinical or pathogenic strains, therefore studies of phages dfitirasspecies

in envronmental populations are highly necessary to understand the development of new
pathogenicdVibrio strains in the marine environment. In this context, bioinformatic studies are
important and helpful to understand the potential role of filamentous phagdse in
pathogenicity ofVibrio species(Castillo et al., 2018 This study complements prophage
induction and minformatic analysis applied to nanodel species of potentially pathogenic
Vibrio species, which can be applied in other filamentdisrio phages from marine
environments. The characterization of this phage has provided new insights with respect to the
presence of filamentous phages in environmevitgbarahaemolyticustrains, which might

have a role in the emergence of new pathogenic strains in the North Sea.

Supplementary data to this article can be founchapterA.5.
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GENERAL DISCUSSION

The formerly assumed d e s e r is nowvadaya knéwn for its diversity of microorgangsm
(Rohweret al., 2013 The emerging Next Generation SequencindlGS) techniqueshave
brought newopportunities to investigate the marine virus community,thodsands of newly
discovered phagéndicatethat phages are geticallymore diverse than once thotugBarylski

et al., 2018lbrahim et al., 2018 While the NGS andrelatedtools areadvantageout study
the virus communitycomposition they can be limitedlsoin scope and resolutiofRoux,
2019. ThereforetheNGS-based techniquesmlelycannot beppliedin phage ecology studies
The application of a comprehensive approe@hreduce each technigiéasand increase the
scope of the researchs there iso currentstatutorypipeline applied in marine phage ecology,
an important issuas well a®nre bigchallengeof this PhD thesis/as todecide the most reliable
and significant tools talevelopa virus-specific pipelinefor the analyses ofovel viruses
(meta)genomesection 5.). The fully developegipeline wasapplied to accomplish teetwo
research aims of this thesis: (1) to analyhe virus community with viromics, and
(2) to characterize lysogenic phadesm potentially pathogeni¥ibrio speciesThis chapter
discussedhe settled pipelinen a general contexbased on the main results of this thesis

researchFinally, further outlook anaonclusions from this PhD thesis are emphasized.
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5.1. VIRUS-SPECIFIC PIPELINE:
FROM THE SEA TO THE GENE

The application ofNGS technologieachieves tremendous advangesirus (meta)genomics
andpermitted to analyzthe virus community composition under a broader s¢penin and
Dolja, 2018 Ibrahim et al., 2018 Sincecurrentlythereareawide range ofipproacheapplied

in these studieghere is no astatutory pipelindor virus-specific analysesThis may cause
several problems to obtain reliable (meta)genomic comparisdrish resuls in a limited
analysis outcomeThe establishment of @omprehensive approach that conadice exsting
tools and databases can provide a solutichisdssue In this thesis, a selection of available
tools was settled to propose a viapecific pipeline The proposed pipelineomprises the

following mainstages

1 Sample preparatiorselection of mthods applied from the virus biomass collection
from seawater daboratory sample$p obtainvirus DNA for sequencing wittllumina
MiSeqg

1 Data preparatiorin silicotoolsusedfor (meta)genomere-processing, which includes
readfiltration and virus ontig assemblingThis stage permits to retain only high

quality virus contigs for further characterization.

9 Data analysisin silico analysis of viruzontig(s) using automated tools together with

manualor semiautomateduration.

The outcome from these analyses provides information regarding thé&xonomic
classification of the viruses as well as tlfienctional genes carried byhem.
This information can be applied to suggest potential host lateaal gene transfer and

abundance in the sample.

This virus-specific pipeline can be used for viromise(tion 5.1.) and lysogenic phage
genomics gection 5.1.P Thedescription of theoolsand methodsised in eaclapproachare

summarized in the followingections.
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5.1.1.VIROMIC G5 PIPELINE

1. Sample preparation.

For viromic analyseef planktonicviruses the iron chloride flocculation method was usexd
virus biomass collectioffichapter Y. Based on the chemical interaction between the virus
particle and the iron chlorigdehis method provides several advantagm®pared tahe TFF
method(section 1.3.1Hurwitz et al., 2013aJohn et al., 2001 For instance, thion chloride
flocculation methodhas a high recovery rate (8 96), requires a low sample volume (~ 20 |
and itis easy to implementJohn et al., 2001 However,this method can present several
technical difficulties that must be consider@dsultsdiscussed insection 5.). After the
biomass collection, the virus particles were resuspendeasdorbateeDTA buffer and
concentrated by centrifugation. Theoncentration with Vivaspin tubes and further
ultracentrifugationallowed for the virus resuspensioto be obtainedn a smdl volume
(up to 2 ml)for DNA extractionwithoutmajordifficulties In case the virus DNA containest

of iron, additionalpurification stepgan bémplemented in viromic analysédenn et al., 2010
Hurwitz et al., 2013p

In the course of thishesis, the virus biomasgas collectedfrom 10 stationsduring the RV
HeinckeHE430. However,due to different reasonthe concentration of a half of the DNA
extractionwastoo low for sequencing (3 ng/ml, data not shown) he increase of sample
volume(to 40 I), andoptimization of the DNA recovergnd extraction procegs.g.DNAse |
addition,virus biomassecoveryfrom the filter right after the end of ttsampling campaign)
may improve the quality of the virus DNA samplesaddition,the iron chloride flocculation
methodwas implemented onlwith Iytic Caudovirales phaggdohn et al., 20)1andthe Fe-
virus interactionwith other viruses is not completely cledor instancethere is no robust
information regarding Fpid virus complex in virion recoveryBesidesas Inoviridae phages
have along and flexible virus particle morpholodrum and Sullivan, 2015Roux et al.,
2019, it is possible that these vine were not recovered from the iron chloride flocculation
method.The TFF can be used toollect virus biomass without the biases faced with the iron
chloride flocculation method(section 1.3.J. However, it must beansidered that the TFF
method is laborious, timeonsuming andequiresa large sample volunm@lonso et al., 1999
John et al., 20)1Despite the limitation othe techniqueshe sample preparataallowed to

obtain enough virus DNAor sequencing with lllumina MiSeq.
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FIGURE 5.1. General flow chart of the viruspecific pipeline applied miromics. The pipeline comprises
from the sample preparation of marine viruses, the main bioinformatic analyses of data preparation and
data analysisand expected outcome datadescribe the virus and protein diversity.

2. Data preparation.

Once the forward (R1) and reverse (R2) readsageenced, the quality control with FastQC
is applied to determine downstream quality control paramétarswitz et al., 2015 The
decontamination steps involve adapter clipping, merging reads, im@gnshort reads,
duplicates and low quality readgy(ire 5.1 (Hurwitz et al., 2016Clokie and Kropinski, 2009
The retained higkguality reads are used for contig assgmbhe selection of the assembler
tool is a critical step for virome preparation and more thanassemter should be ésted
before the final analysi€Sutton et al., 2009 Therefore, theMetaQUAST comparison tool
provides the best overview before selection between tleseovo assembler tools.
MetaQUAST is a fast tool to visualizke number of assembled contiglse contig length and
the number of predicted genes per contagnong othergGarinFernandez et al.,, 2018
Mikheenko et al., 2006 The cortigs selected for further analyses mustdrger than 3 Kbps
andhave a coverage higher thad x (Roux et al., 201,/Roux et al., 2015b Webbased tools
such as VirSortettgbleA.2.1) provide a fast and accurate approach to identify virus coeigs
multifasta format Despite rigorous virus DNA purification, host contaminacannot be
excludedfrom the total readgHurwitz et al., 2015 Theefore, theexpect host contig
contaminantscan be usednly for preliminary host gene screenjrand discardedfor virus
community analyseg\fter theselection of virus contigs, a quality control is applied before data
analysis.
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3. Data analysis and outcome

In virus community analysis, sesal tools are available to identify the taxonomy and functional
data from virus contigs. For instance, VirSorter automated annotation with Metavir provides a
fast and solid outcome for virus contig sorting and identification of pretedoding genes
(Bolduc et al., 2016Roux et al., 2015b Subsequently, the predicted virus contigs can be
compared with other virus (meta)genomes using BLAST and other comparisontabéds (
A.2.1). Sincea high percentage of the virome sequences have no close matches in databases,
there is a greater potential wiisalignment and inaccurate taxonomic assignr(tdatwitz et

al., 2016. Therefore manualor semiautomatedccuration is necessary after annotatsteps
Assuming one contigs one partial virus genee, this approach allows to define the taxa of
eachvirus contig, as well at identify predicted genes, and potentialus hoss (section 2.2
Additionally, to study the diversity of virus proteégmcoding gees with unknown function,
protein clusters for comparative analyses carcdleulatedto determine the virome protein
richness(Hurwitz and Sullivan, 201,3Hurwitz et al., 2015 Based on theireliability,
effectivenessand open source accésbty, the tools forviromic analysesn this thesisvere
Metavir annotation from VirSorter, protein cluster comparison (as QRWY BLAST
comparison with curated databases (as local sgi@ar)nFernandez et al2018. After semi
automated curation, the annotated contigs can be analyzed with software for statistical
computing (e.g. R, Matlab)To obtainfurther insights aboutvirus-host linkage the virus
contigshighly similar to reference genomesan be aalyzed using tools such &®stPhinder,

WiIisH, andPHACTS(table A.2.).

In this last stagghe major limitationwasthe quality and onlinevailability of referencebased
tools. For instanceMetavir is an automated annotatitools for virus sequences available in
VirSorter and also an independent wWadsed interfacéDudhagara et al., 201Roux et al.,
2015h Roux et al., 2014 However the last maintenance tfe Metavir websitewas in 2016

(http://metavirmeb.univbpclermont.f), andit is updated only in VirSorterThus the web-

based tooVirSorter available in the Bcovery Environment from Cyverseasreliable and

immediately accessible to identify virus sequences.
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5.1.2. GENOMIC G5 RPELINE

1. Sample preparation.

After isolation and screening of lysogen bactetize prophage induction method with
mitomycin C wasapplied gection 1.4.1figure 5.9. This method is widely used and can be

complemented witlanotherscreeningnethod, such as UV radiatigdhao et al., 201QJiang
and Paul, 1998 To confirm the presence o¥irus like particles (VLP) in the samplacount
method with SYBR Gold was applied prir DNA extraction as described @hurber et al.
(2009) For all the cultured isolates, the phage inductiocalarger volume (600 ml) produced
enough virus DNA for further sequencirichevirions produced by the induced prophages are
filtered and centrifugedThe membrane filtration (> 0,2m) remove cellular debrisof the
lysogen strain(Solonenko and Sullivan, 20L3ueto the low weight of virus particles, the
final concentration by (ultrecentrifugation is applied to concentrate the virus particles before
DNA extraction(Clokie and Kropinski, 2009As in the DNA extaction for viromic analyses,
themodified CTAB and phenol:chloroform extraction metlmesgulted in higkquality samples
for sequencing with lllumina MiSe@yVilliamson, 2011 Garin-Fernandez et al., 20L8n case
the samples would need extra purificatiomgthods such as density gradient (CsChSCr
sucrose, metrizamide) can be implemer{tédkie and Kropinski, 2009

In general, the main difficultywasimplemening the prophage induction screeniofyseveral
sampleswith 96-well plates.The cultivation for long periods of time can cause whissin
the culture brothwhich can be reduced with agarose additjpiengstl et al., 2092 Overall,
the sample preparatigieldedenough virus DNA for further analyses.

\

/ Sample Preparation \

lysogen bacteria isolate

Prophage induction
Mitomycin C

Virion concentration

Filtration+centrifugation

DNA extraction
mod. CTAB+phenol:chloroform

Quality control (DNA)

Sequencing
lllumina MiSeq

/|
\o

/ Data Preparation

R1/R2 reads

Quality control (DNA)

Read filtration &
decontamination
Remove: adapters+Phi-X174

+short+low quality reads (Qzo[30

Normalize reads

de novo Assembling

Quality control (Contigs)
Identify virus contig(s)

Read mapping

VirSorter|Phaster

2

- A

Data Analysis & Outcome

HQ virus contig

Automated annotation: Metavir + Rast + Prokka

Quality confrol (manual curation)

Final Virus Genome

Gene blastx Phylogeny  Packaging head-neck-tail
context Genome (e.g. terminase) termini  gene profiles
synteny
Functional analysis Taxonomic analysis

Distinguishing genomic features,

organization & replication

4

N

FIGURE 5.2.General flow chart of the virespecific pipeline applied iprophage genomic3 he pipeline
comprisesfrom the prophage induction with mitomycin C in lysogen bacteria isolates, the
bioinformatic analyses of data preparation and data analysis fergenome characterization, includir
the functional and taxonomic analyses.
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2. Data preparation

After sequencing, th&®1/R2 reads are filtrated and decontaminated to retain only the high
quality reads. The decontamination procedure is similar to the one described in the viromic
pipeline. Nevertheless, some extra steps are necedaarne (52, violet box). Since the
Escherichia viru®hiX174is used for quality and calibration for sequencing runs in lllumina,
the reads identical to PXi174 genomemust be removed to avoid potential contamination
(Mukherjee et al., 2035In addition, most of the lysogeribrio genomes contain up to four
prophagesequences (~ 80 %astillo et al., 2018 Therefore, the set of virus genomes is much
smaller than in virone analyses. In consequence, lllumina MiSeq might sequence hundreds of
reads of the same phage genome, which generates overrepresentatiorsalting R1/R2

reads. Hencean extranormalizationstep can be applied to retain only reads with coverage
values between 5and 100 % which can beeducedup to 30 x (Rihtman et al., 2006 In
comparison to other tools, SPAdes provides the highest successful genome assemblies
(Rihtman et al., 2006 Therefae, the SPAdes tool was selected for genome assembling of
inducible prophages.

After assembling, the virus contigs can be searched usindpassul tools such &rSorter or
PHASTER {able A.2.1). The VirSortertool identifiespossible viral sequences and cldssif
themin6confi denced6 categories from 1 (highly
prophage sequencéRoux et al., 2015b This filtration can befollowed by PHASTER
screening The PHASTER tookllows for a rapid identificationand classification othe
sequencess complete partial or incomplete prophage(Arndt et al.,, 2015 After both
filtrations, the virus contig(skcan be mapped againstettdecontamintad reads (prior

normalization) to obtain the real coveragdue.

3. Data analysis and outcome

The identified virus contig can be annotated using several TwddvetaVir (from VirSorter)

IS anannotation tool connected with a curated vispscific databse, which permitted to obtain
information about the predicted protein encoding gasewell asimilarity within local virus
protein clusteringRoux et al., 2015bRoux et al., 2014 In addition,Prokka and Rast are
commonly used for bacterial genome annotafiaman et al., 201L2Motro and MorarGilad,
2017. Due to the ®t of predicted complete phage genomes, it was possibi@pzment
manual curatiomrior to further analysesrhe manual curatiomust includeghe comparison of
the Open Reading Fram@ORFs) and predicted produatf eachencoding protein genes, as
well as the identification ofluplicatel genome sequenaiue to e.greplicative form (RF)
(sectin 4.2.3.
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The genome characterization is based on functional and taxonomic arfalysisg.2 yellow

box). The BLAST comparisomf the annotate@hagegenomeagainst reference genomg@s
tblastx) can bring information regding the gendunctions that might be overlooked by
automated annotation toolhis functional dataffersinsights about the potential effemithe
lysogen bacteria, as welsto identify phagegenomic regionsvith apossible host source (e.g.
vB_Vpd_VP-3218phagechapter ¥. In addition, the identification gbackaging mechanism
andkey genes involved in lysogeny (e.g. integrase, transpgsasediemore details regarding

the lysogenic cycle of thehage This outcomedgether with the genome Igth, topology and

GC contentare part of the key genomic features necessary for taxonomic classifiddtien.
classification is based on demarcation criteria described in each virugKgemust al., 2012,

which includes lte percentage of shared proteins, pairwise genetic identity value and shared
genomic featuresBesides, other analyseschuasphylogery and syntenyxomparisorcan be

used to analyze the relationship between the characterized phage and members of the closest

taxa.

As mentioned in the viromic pipelinge major limitationn this stepvasthequality and online
availability of referencebasedools. In this casethe Phage Classification Tool Set (PHACTS)
is an open source software available asonline web interfacend downloadable for local
analyses (Bailey et al., 2012 However, the webserver is temporarily unavailable
(http://www.phantome.org/PHACT $ast checkedin June, 2019)In addition the wedoserver

CoreGenes3.8elpsdetermine core genes between genomes and is commonly used in ICTV
species or genus proposals (édiison et al., 2016Kropinski et al., 2015Kropinski et al.,
2018. Unfortunately this server is currently available only for genomes archived at N@BI

it is na possible to analyze new genonfetp://binf.gmu.edu:8080/CoreGenes3.5/index.html

checked in June, 2019espte these limitationspther tools could be applied instead to

characterize the phage genomes.
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5.2. MARINE VIRUSES,
PART OF THE MICRO -UNIVERSE FROM THE NORTH SEA

The application of a viruspecific pipeline provided the suastul approach to answer of the questions

addressed in the first research aim of this thesis:

AiHow distinct is the virus community composi:t
AHow i s their geograwéhnei dosmenbalki par amertr et
AWhat is the distribution of environment al

Overall, the North Sea is dominated by phagesitamdealsbiogeographic patterns between thasto

and the open sea. Although almost a quarter of the sequences appear to be uncharacterized, the remaining
identified virus sequences indicated clear differences between the s(@amsFernandez et al.,

2018, chapter . Althoughthe diversity values werersilar between each statioiie higher richness

and abundancealuesin the coastal aresuggesthat the environmental parameters can affect but not
determire to shape the virus diversity. In this case, the biotic and abiotic factors might affect the
aburdanceand diversity of viruse#s described in planktonic communities, the rare taxonomic groups

(< 1 % per station) are highly diverse but in low abundance, while a small number of phage taxa
dominate the community in the North Sea. These results subgéeste rare taxonomic groups might

be activated under certain environmental and host conditions, as descriBeeitbgrt and Rhwer

(2005) andJousset etla(2017) On the other hand, the occurrence and geographic distribution varied
between the identified virus familieBor instance, lgae viruses (Phycodnaviridae) were identified in
higher abundance in the coastal areas, where their potential hosts are disathighantiKrause

Jensen et al., 200BIcQuattersGollop et al., 200p In addition, fresh waterelated cyanophages were
detected at station 15, which represents the highest riverine influent® dase of the identified
Caudovirales, the Myoviridae phages (long contractile tail) are highly abundant and their occurrence
decreaed from the coast to the open sea. In contrast, the occurrence of Podoviridae (short noncontractile
tailed phages) increased from the coast to the open sea and the occurrence of Siphoviridae was low
throughout the North Seédure 2.3.
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The coastal virus community was genetically more diverse than the open sea community
(GarinFernandez et al., 20L8Apart from the genes related to hypothetical proteins and virion
production, functional genes related to host virulence and metabgésendetecteth low abundance

(section 2.4.8 The comparison of virdencoded genes analyzed in the RoBea virome shows
differences between coastal and open sea regions. The indirect influence of the Atlantic inflow at station
24 (open sea) might cause these differences. Further studies are necessary to increase the knowledge
aboutthe ecological role othe virusencoded genes, in terms of expression and host transference.
The application of the newly developed viromic pipeline in this thesis yield new insights into the virus
community composition which is the basis for future studies of virus commuyigmics. However,

continuous improvements of these tools will help increase our understanding in the future.
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5.3. INCEPTION OF INFECTION:
CHARACTERIZATION OF LYSOGENIC PHAGES FROM
POTENTIALLY PATHOGENIC SPECIES

The application of a viruspecific pipeline to identify lysogenidéibrio phages provided the information
to answer the questions addressed in the second research aim of this thesis:

AHow is the distribution of |ysogen Vibr
AWhathese VYibrio phages?0o0

iCan these phages be related to pathogen

In general, potentially pathogeniibrio species were identified only near the caaghe North Sea
(figure 5.3. Moreover, ca. 42 % oésted isolates carried prophages induced with mitomy¢Batin
Fernandez and Wichels, submiftedhese lysogeWibrio strainswere widelydistributedalongthe
coasts of the North Sdégure 3.9 and they did not show a clear pattern in terms of sample site or

isolation methodsection 3.3.)L

Four lysogerVibrio isolates were selected to sequenceggr@ome of thie inducible prophage€ach

one of the selectedsolatescarried a single complete inducible prophage. The charactevibeid
phages belong to the Caudovirales and Inoviridae groups. In degihages correspond to the families
Inoviridae (vB_Vpal_\P-3218 fromV. parahaemolyticys Podoviridae (vB_VpaP_\8220 fromV.
parahaemolyticysand Myoviridae (vB_VpaM_VE212 fromV. parahaemolyticysvB_VchM_VE

3213 fromV. cholerag¢. Amongthem, only the phage vB_Vpal_V#218 carried genes related to
virulence gonula occludens toxin ger@arinFernandez et al., submitjeth addition, the resemblance

of thestudiedtailed phages witbtherVibrio phages with pathogenic related genes indicates a potential
effect on the development of pathogeNibrio strains. For instancehe vB_VpaP_VF3220 show
similarity with Stx phages, which contribute to the production of Shiga toxin in nonpathdfyesut

strains(Gamage et al., 20080olavecchio et al., 201 GarinFernandez and Wichels, submifted

If the increase of the surface sea wagergerature continues, the abundance of potentially pathogenic
Vibrio spp. and their phages may also increase. Other events, such as transport of alien species, may
affect the rise of pathogenic or pandemibrio strains, as discussed Kyrstein et al. (2016)Further

studies are necessaryedtucidate theeffect of lysogenic phages in the development of pathogenic or

pandemicVibrio strains from the North Sea.
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FIGURE 5. 3. Geographical occurrence &fibrio species isolated from surface seawater and micropla
particles collected from the North Sea. The numbers in black indicates the station number from the r
cruise HE430 on the RV Heincke in July/Aigy 2014. Each pie chart represents the proportiovilmio
isolates from each station, including the total isolates per station at the middle of each chart (white nu
The violet hexagon indicates the sample stations for viromic analyses. DatdecbflemGarin-Fernandez

and Wichels (submittedKirstein et al. (2016)GarinFernandez et al. (2018)
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5.4. THE ROAD AHEAD FROM THE NORTH SEA:
SUMMARY AND OUTLOOK

The application of NGS techniguleas been highly effective for the exploration of virus divestiyux,
2019. Neverthelessnew challenges appear to face the limitatiohthese techniquefespite the
acceleratedncreaseof marine virus studies, there is statutory pipeline applied in mag phage
ecology.The virusspecific pipeline settled in this thesisas applied to analyzan exemplaryvirus
communityin the North Seawhich can be appliet other samples. Overall, this pipelioiersa solid

base that can lmmplemented with forthcoming new tools.

Chapter Avas focused on the descriptiditioe virus community compositidn the North Sea applying

viromics. The knowledge gained in this stuadipwed for the detection @&f biogeographical pattern of

the identified virus groups, which may be influenced by the oceanographic features. timdyhiscgir
stations at the North Seads coast gpatobtengppraA N s e a
monitoringusingbothviromicsandmetagenomics can bring new insights regardtigrelationship of

the virusesvith their potential hostis: theNorth SeaDueto their low DNA concentration, six additional

stations from the research journey HE430 were sampled but the virus DNA was not sequenced (data not
shown). Sample barcoding is an approach to label samples for multiplex sequencing ars{ siegisi

and Kircher, 201)) which can be applied to analyze theseharacterizedample.

Despite the increase of virome and metagenome studies from several environments, the description of
novel phage sequences is still a prob{@aezEspino et al., 20161urwitz et al., 2018 Sinceseveral

in silicotools for (pro)phage sequence identification are based on refdrased searchasianynovel

phage cannot biglentified with these methodslurwitz et al., 2018 For instance, noitailed viruses

such as Inoviridae phages are highly diverse, globally distributed and can often dominate the marine
samplegRoux et al., 2019Brum et al., 2018 however, de totheir underrepresentatioin curated

genome databases, Inoviridae phages might be overlookie inrus community descriptions by
applying either a culturbased approach or NGS sequendigwards, 2018Roux et al., 2010 In

addition, he VirSortertool is widely usedo identifyvirus sequencebased onharacteristic nucleotide
patterns of DNA viruses, which may cause the omissiaegfiences fromon-tailed phage(Edwards,

2018. The reanalysis of the North Sea virome using the machine learning progranRibamet al.
(2019)might offer new insights about ndailed phages in this regioBesides, Archaea virus contigs

were identified only in short discarded contigs §<Kbps, data not shown). Due to possible
fragmentation and low abundance, viruses of Archaea might be overlooked from these analyses. Other
approaches, such as RNA virus samplisigglevirus genomicg{MartinezHernandez et al., 20},7

linker amplification(Duhaime and Sullivan, 20)2cultivation, and virome sampling improvement
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discussedn section 5.1.lcan be apled to analyze the virus community in the North Sea to obtain a

broader scope

As described irV. cholerae new pathogenic strains may appear by horizontal gene transfer (HGT) in
the environmen(Banerjee et al., 2014#4azen et al., 2000The HGT by phages is an importdattor

of the genetic diversity iVibrio spp. (Fortier and Sekulovic, 20)3In generalVibrio phages were
identified in low abundance in the North Sea virome (< 1 % per sampled vifigone, 2.4. The 10

virus biomass samples collected with iron chloride flocculation method were tested against the 41
isolates described imble A.4.1 However, no lytic activity was identified in double agar overlay assay
(DAOA, data not shown). Considering the narrow host infection range of
Vibrio phages, it is possible that the recovered virions would infect ®ibép strains isolated in the
sameresearch cruise, such ¥s vulnificus, V. fluvialis, V. alginolyticusndV. mimicus(figure 5.9.
Potential host screening directly after virus biomass collection may improve the isolation gitdgitic
phages. Moreover, the constant monitoring of Iyilorio phages from marine coasts as described by
Kauffman et al. (2018ajan be applied to improve the isolation appro&xte toalack of infectve host

for Iytic Vibrio phages from the North Sea, only lysogeviibrio phages were characterized in this
thesis usingrgenomic approach.

Chapter 3was focused omharacterization of lysogenic phages from potentially pathogéihido
species. The application of the virsgecific pipeline enabledhé successful identification ohease
phagesatthefamily or at least genus leveased on their genome sequence and without isoldtien
tailed phages characterizedtis chapter possess a mosaic genome structure. hdihpethismosaic
genome structure are especially comgtaxtaxonomic classificatiofiTolstoy et al., 2018brahim et

al., 2018. Due to norhomologous recombination from viruses of different taxa, the features of these
phages are highly dynamic and dive($elstoy et al., 2018 Moreover, their general features differ
from closergenus descriptions, whidhdicates that the diversity &fibrio phages is far from being
explored completely. The lack of closely related taxa might be related to the limited number of
characterizegphage genomes in the public databa¥esnrich the characterization of these lysogenic
phagesthe prophage induction samples were additionally analyzed with electron microscopya EM)
describe their virion morphologyHowever, only the induced samplem lysogen VN3212 was
successfulf(gure 5.4A. The Myoviridae phageB_VpaM_VR3212identified within silico approach
(section 3.3.p was confirmed byidentification of chaacteristic virion morphology of Myoviridae
phages witliransmission EMpictures(figure 5.4A). The EM analysis witlalarger sample volume can
improve the characterization tifeselysogenic phages. In addition, the characterized phage genomes
can be used as template for labeled DNA probes for phageFISH ané¥ees et al., 2018

The application of this technigumnables the tracking dhe proliferation cycle after induction, and
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phagehost infection dynamics (BarrereCanosa and Moraru, 2019Moreover, other induction

methodssuch as UV radiation, can provide new insights ofidentified prophages.

Chapter 4continues the ltaracterization o¥ibrio phage genomes, focused the filamentous phage
vB_Vpal VR3218 The result®f this studybring new insights aboifibrio phages from the Inoviridae
family and the possible role on pathogenicityirparahaemolyticusSincebothtailed and filamentous
phages can produce single plaq(idakasone et al., 20L3all induced prophagsamplesvere tested
against 154 potentidibrio host strainsincludingclinical and environmental. parahaemolyticysv.
cholerag V. vulnificusandV. mimicus(data not shown). However, no strain was suitable for phage
propagation using spot test DAOA. The absence of plaque formation in host screeofrigtic and
lysogenicVibrio phagesnight be due ttheintegration of prophages, which protects the lyscagainst
superinfectionBondy-Denomy and Davidson, 20,1Mazen et al., 20)00ther resistance mechanisms
is the acquisition of spacer sequenaesmed Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR), which provides a rapid and efficient respongestagaveral possible phage
infections(Marraffini, 2019.

Despite the importance of prophages in the development of pathdgbrii strains, little is known
about the relationshilpetweerysogenic phages andbrio strains in the marine environmegdbhnson

et al., 2008Banerjee et al., 20)4In this thesis, 13 lysogevibrio species from the North Sea were
identified ection 3.3.), and fourgenomes of inducible prophages were character{gatin
Fernandez et al., submitte@arinFernandez and Wichels, submifteéldditionally, the DNA of five
prophage inductionaere sequencedaple 5.1 data not shown). The obtained reads were analyzed as
described irsection 3.2.4and more than one virus contig was identified in each lysogen dixaie (
5.1). Unfortunately, the characterization of the virus contigs from polylysogen strains was not possible.
The assembled genome of the lysodfiiorio strain can providedvantageoumformation for virus
genomemapping andassembling for further data analysksaddition, EManalysis can improve the
characterization ofhese polylysogerstrainsand their phagesFor instance, at least two different
Myoviridae virions were identified in the \MR247 isolatewith EM (figure 5.3B, and 8 phage
sequences from the assembled reads were identified with VirSaibér 5.). BesidesErler (2015)
assumed the influence of phagesthepopulation development gotentially pathogeni¥ibrio spp.

from the North and Baltic Sea. These bacteria isolateswarently available in the culture collection
from VibrioNet (Erler, 2015 Erler et al., 201p The application of this approach to characterize these
potential lysogen strains can bring new insights of the influence of horizontal gene transféibfiom

phages in the North Sea.
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FIGURE 5. 4. Inducible tailed phages from potentially pathogeMibrio species Transmissionelectron
microscopic images from thidyoviridae phage vB_VpaM_VF3212 induced from the monolysogen 8212
(A) andinduced phages from the polylysogen \3R47 (b). Scale bar represents 100 nm.
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TABLE 5.1. Species identification of polylysogafibrio strains and the viral contigs identified from the lysogenic inductior.t&hted isolates were firstly isolated by

Kirstein et al. (2016)MALDI-TOF hit score results against \229sdcwebgansscand p@bable specidsiidgntificationpPCRb a bl e <
results ofspeciesspecific (oxR), virulenceassociatedjene trh; tdh) , N-acetylneuraminate lyase of the sialic acid catabolism cluséerdy, the mannitol fermentation

operon fanllA), flanking region of PRXIIYVA16132, and part of one putativdhondroitinase AC lyas&/{/A1636§. The DNA from each lysogenic induction per isolate

was sequenced and analyzed until VirSorter classification as descriltgarimFernandez and Wicke(submittedichapter 3.2 The VirSorter identify possible viral
sequences and classify them 6confidenced categories from 1 (highly probable pl

Identification d lysogenV. parahaemolyticus

Isolate label Station Source MALDI -TOF toxR | trh | tdh Viral contigs predicted by Virsorter
(VibrioNet Number) No. HIT -score # cat 1] # cat 2| # cat 3| # cat 4] # cat 5| # cat 6
VN-3231 3 Microplastic particle 2.38 + - - 1 3 8 0 0 1
VN-3234 1 Microplastic particle 2.47 + - - 2 12 7 0 1 0
VN-3247 14 Seawater 2.64 + - - 2 6 0 0 0 0 0
VN-3268 2 Seawater 241 + - - 0 0 0 0 3 0 3
©
T
Identification of lysogerV. vulnificus o
Isolate Viral contigs predicted by Virsorter
label Station MALDI -TOF
(VibrioNet No. Source HIT -score toxR NanA ManllA VVA1612 VVA1636 #catl|#cat2|#cat3|#cat4d #catb|#catb
Number)
VN-3264 14  Seawatel 2.55 + - - + - 0 5 1 0 0 1

113



Chapter5

5.5. FINAL CONCLUSION

Marine phage genomics will continue improving with the progress of NGS technologies and
development of more integrative virgpecific tools. As most microorganisms remain
uncultivable, so do their viruses. The vast diversity of uncultivated viruses rordai
tremendous potential to discover entirely new strategies tailored to specific hosts and
environmental conditions, and the approaches to characterize them might become viable in the
next years(Roux, 2019. In this manner, the accomplishments of this thesis included the
development and initisdpplication of novel tools to characterize marine phage genomes. The
outcome of this researalepresents a snapshot of tieus community inin the North Sea

which reflect ahigh diversity of viruses distinct from published genontéence the biggest

current challenge in thigshage ecologis to characterize novehage genomes

This thesis represents an exemplary study of the virus community in the North Sea, with special
emphasis on marine phages. The developed-spasific pipeline as well as the obtained
insights will contribute to expand the study of the virus diversity dynamics in other marine
areas, includingstimatingthe abundance and functional diversity of novel phages. For years
to come, the discovery ofomel virus groups will continu¢koonin and Dolja, 2018 The
detailed characterization nbvel phagesinder a comprehensive approachighly necessary

to improve the virus genomic databases. Hence, the application of (meta)gbasetc
approach provides an impressive tool to face the new challenges forumieense exploration

under an integrativecqe.
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A.2.

SUPPLEMENT TO CHAPTER 1

TABLE A.2.1. Exemplary toolsind databases developed for virus genomics and viromics.

Tool/Data Name Description Reference and software link
base
De novo SPAdes* Tool to assembly genomes and minétagenomes (metaSPAdes) from  http://cab.spbu.ru/software/spad
Assembly highly chimeric reads. es(Nurk et al., 2018
IDBA- Iterative De Bruijn GraphDe NovoAssembler developed for short read  https:/i.cs.hku.hk/~alse/hkubrg/
uD* sequencing data from singéell and metagenomic reads. projects/idba_ud/index.html
(Peng et al., 2032
Megahit* Fast and memorgfficient NGS assembler via succinct de Bruijn graph. https://github.com/voutcn/mega
Optimized for metagenomic reads hit
(Lietal., 2015
Av454 Assemble Viral 454. Designed for small and #iepetitive human virus https://www.broadinstitute.org/v
genomes sequenced at high depth. iral-genomics/a@454 (Henn et
al., 2012
VIAP Viral Assembly Pipeline. Tool based on SPAdes with additional read https://www.rna.uni
correcton and filter steps. This tool classifies contigs to distinguish host from jena.de/research/software/vrap
viral sequences. viral-assemblypipeline
(Fricke et al., in press)
V-GAP Viral Genome Assembly Pipeline. Developed for reconstruction of phage (Nakamura et al., 20}6
genome into single contig from shotgun reads.
Annotatio RAST* Rapid Annotation using Subsystem Technology. Falljomated service for http://rast.nmpdr.org
n annotation of prokaryotic genomes available as web tool or to download (a¢ (Aziz et al., 2008 Meyer et al.,
multi fasta). 2008 Overbeek et al., 20)4
PROKKA Rapid annotation tool developed for prokaryotic and viral genomes (as multi https://github.com/tseemann/pro
fasta). kka (Seemann, 2034
Metavir Original as wekbased, currently is part of iVirus. Developed for aation (Bolduc et al., 2016Roux et al.,

of viral metagenomic sequences as raw reads or assembled contigs (mu
fasta).

2014
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TABLE A.2.1.Continuation.

Tool/Data Name Description Reference and software link

base

Database ICTV International Committee on Taxonomy of Viruses. Focused on organize anc https://talk.ictwonline.org/tax

(db) authorize the taxonomy and nomenclature of viruses. onomy (Lefkowitz et al.,,
Contain a detailed database with the approved virus species. 2018

ViralZone Web resource with generaiolecular and epidemiological information of each  http://viralzone.expasy.org

virus family, including access to UniProtKB/SwiBsot viral protein entries (Hulo et al.,2010
(EMBL-EBI).

GenBank NCBI*

ENA EMBL-EBI*

JGI IMG/VR

The
Actinobacteriophag
e database
ACLAME

NIH genetic sequence database (U.S.). Associated with the Internatione https://www.ncbi.nlm.nih.go

Nucleotide Sequence Database Collaboration (INSDC), together with the DNA v/genbank

DataBank of Japan (DDBJ) and the European Nucleotide Archive (ENA). http://www.ncbi.nlm.nih.gov

Also provides tk viral genome sequence data resource. /genome/viruses(Brister et
al., 2015

European Nucleotide Archive, part of the European Bioinformatic Institute. https://www.ebi.ac.uk/ena

Associated with the (INSDC). This database providesleotide sequences with (Toribio et al., 201y

their input information (e.g. sample, experimental setup, software configuration)

output machine data (e.g. reads and quality scores), and other related informati

(e.g. assembly, mapping, gene annotation).

Curated virus db associated with the Genomed.ide Database (GOLD), that https://img.jgi.doe.gov/cgi

contains both UViGs ans iVGs. The virus data is obtained from the Microbiomes bin/vr/main.cqi

system IMG/M databasehifps://img.jgi.doe.gv), that contains reference virus (PaezEspino et al.,, 2016

genomes from NCBI, and predicted virus sequences from metagenomes ar Pati et al., 2013

scaffolds.

Database focused in Actinobacteriophages, genomes from PHS. https://phagesdb.org
(Russell and Hatfull, 2036

A Classification of Mobile genetic Elements. This database collects information http://aclame.ulb.ac.be
from various resources about mobile gign elements from plasmids, viruses and  (Toussaint et al., 2009
prophages.
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TABLE A.2.1.Continuation.

Tool/Data Name Description Reference andoftware link
base
Viral VirFinder k-mer based tool for identification of viral sequences in metagenomic data. https://github.com/jessieren/Vi
sequence rEinder(Ren et al., 2027
screening
virMine An in silico detection tool of virus sequences from metagenomic reads https://github.com/thatzopoulo
slvirMine (Garretto et al.,
2019
ViraMiner Deep learningpased method to identify and quantify virus reads from raw https://github.com/rega
metagenomic contigs of human biospecimens. cevlvirulign (Tampuu et al.,
2019
virMiner Web-based phage contig prediction tool using on random forestithig. http://sbb.hku.hk/VirMiner
(Zheng et al., 2019
Prophage PHAST Phage Search Tool. Wddased tool for identification of prophage sequences. http://phast.wishartlab.com
screening (Zhou et al., 20111
PHASTER Upgraded wetbased tool PHAST for fastlentification and annotation of prophage  http://phaster.ca
sequences in bacteria genome, metagenomes and viromes. (Arndt et al., 201p
Phage_Fin Heuristic computer program written in PERL to identify prophage regions http://phage
der within bacterial genomes. finder.sourceforge.net
(Fouts, 200%
Prophinder Web-based program for prophages detection, based on BLASTP against the ACLAMI http://aclame.ulb.ac.be/Tools/
db. Prophinder (Lima-Mendez et
al., 2008
PhiSpy Computer program written in C++, Python and R to identifypheges sequences in https://github.com/linsalrob/P
complete bacterial genomes. hiSpy (Akhter et al., 201p
Others VIRALpro Part of Scratch suite. Identification of capsid and tail protein sequences in single que http://scratch.proteomics.ics.u
virus- protein sequence, based on the amino acid composition and secondary structu ci.edu(Galiez et al., 2016
based tools prediction.
Virfam Web-based tool for classification of tailed phages based on-heecltail modules http://biodev.extra.cea.fr/virfa

in their genomes.

m (Lopes et al., 2014
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TABLE A.2.1.Continuation.

Tool/Data
base

Name

Description

Reference and software link

ClassiPhag
es
VICTOR

PhageTer
m

HostPhind
er

PHACTS

WIisH

iMicrobe

VirSorter
(iVirus)

This tool uses a reference phaderivedHMMs scoring matrix to develop and train an
Artificial Neural Network (ANN) to find patterns for phage genome classification.

Virus Classification and Tree Building Online Resource. Developed by DSMZ, this tool
permits to classify phages based on the amino acid or nucleotide sequences as multi
single fasta. Theesulting trees (mostly monophyletic) revealed the classification of whole
genome comparison (ICTV db).

Fast tool to determine DNA termini and phage packaging mechanisms using NGS dat
Also available on the GalaXyased serveh(tps://galaxy.pasteur)r

Based on the query similarity within the reference complete phage genomes (NCB
EMBL-EBI and other phagedbom latest 2017), it can predict the bacterial host species
based on a query phage genome (as single fasta).

Phage Classification Tool Set. PERBsed tool to predict proliferation cycle (as
temperate or virulent) based on a local reference database, similarity algorithm ¢

predicted

and a supervised Random Forest classifier.

Tool written in C++ code for prediction of prokaryoticdt®

based on the phage genome sequence.

Integrated and federated system that interconnects diverse microbiome data sets, tools,
community resources from own data users. This system is associated with CyVerse
analyze data friendly platform Discovery Environment

(https://de.cyverse.o)g

the wdnsed

This system contains its own database, which is connected to iVirus.
Original as wekbased tool, currently is part of iVirugt{p://ivirus.u3 and available in

Cyverse(https://de.iplantcollaborative.org/de/

Detection of virus sequence in multi fasta sequences, sorted 6 confidence levels. It can
based on referenadependent or independent method.
* = Not developed for virus analysis. However, this tool contains important information in this field.
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(Chibani et al., 2019

https://ggdc.dsmz.de/victor.p
hp  (Meier-Kolthoff and
Goker, 201y

https://sourceforge.net/proje
cts/phageterm (Garneau et
al., 2013
https://cge.cbs.dtu.dk/service
s/HostPhinder(Villarroel et
al., 2016
http://www.phantome.org/P
HACTS (Bailey et al., 201p

https://github.com/soedingla
b/wish(Galiez et al., 2017
https://imicrobe.us

(Hurwitz, 2019

(Bolduc et al., 2016
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Appendix

A.3. SUPPLEMENT TO CHAPTER 2

Rarefaction analysis, general information.

To obtain the figure\.3.1, all virus genes predicted by VIRSorter and identified by BLAST
(Material and Methodsection 2.) were analyzed usingrecurvefunction from Community
Ecology Package (Vegan package for R version 3(@R3anen et al., 20).7

1500

Species

500
1

T I | T

40000 50000

:

Sample Size

FIGURE A.3.1. Rarefaction analysis of hits to identified proteins from all North Sea viromes.
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Appendix

Heatmap subset of hestlated genes, general information.

The total number of the classified virus proteins from each North Sea virome was compared as

described inexperimental procedurégsom chapter 2 The dataset of this heatmap was not

reduced. Identified genes of contigs larger than 3 kbps were first classified in base of their
molecular or biological function of the encodedtpio and then separated by the contig
identified family. The abundance of the classified functions wsared and clustered by Bray
Curtis dissimilarity index. The dendrogram represents the Average Hierarchical analysis of the

classified gene function @xis) of each sampling station (x axis).

FIGURE A.3.2(NEXT PAGE). Heatmap comparison of the filtered protein functions from winusoded

genes. ldentified genes from contigs larger than 3 kbps were classified in base of their taxonomical family
and molecular or biological function of the encoded protein. The gene ateedas transformed te z

score and clustered by Bray Curtis dissimilarity index. The dendrogram represents the Average
Hierarchical analysis of the classified gene function (y axis) of each sampling station (x axis).
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FIGURE A.3.2.Continuation.

126
















































































































































