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CHAPTER ONE

Summary

Bacterial viruses, known as bacteriophages or phages, are the most abundant biological
entities on the planet and the least studied in terms of abundance and diversity. Searching the
sequence databases of viral genomes, one becomes the impression that most of the viral sphere
consists of dSDNA bacteriophages. First objective of the studies was to verify whether this is
true or a methodical artefact of our usual approach of assessing the viral world. Second,
bacterial host strains were needed for the investigation of bacteriophages. Third, besides the
classic overlay plaque assay for isolation, the dsDNA, ssDNA, dsRNA, and ssRNA was also

isolated from phage plaques as well.

To accomplish this endeavor, a local bacterial host system associated with various RNA
and DNA viruses was required. Such hosts were not available at the beginning of this work
and making it necessary to isolate a suitable prokaryotic system. To this end, environmental
samples were successfully screened for new hosts, resulting in 37 new candidate bacterial
strains, eight of which were sequenced and genomically analyzed (Brevundimonas pondensis,
B. goettingensis, Serratia marcescens LVE3, Luteibacter flocculans, Stenotrophomonas indicatrix
DAIF1, Kinneretia sp. DAIF2, and Janthinobacterium lividum EIF1 and EIF2). These were
evaluated for their suitability as host systems (chapter 3.1 to 3.5, 3.8 and 3.9). A total of four
new species were discovered and described. Using genomic analyses three of these were fully

characterized (Brevundimonas pondensis, Brevundimonas goettingensis, and Luteibacter flocculans).

Brevundimonas pondensis LVF1 and Serratia marcescens LVE3 proved to be particularly
promising candidates to achieve the main objectives of this thesis (chapter 3.7). They were
used for classical phage isolation, resulting in 25 new dsDNA phages: 14 were associated with
Brevundimonas and 11 with Serratin. TEM analysis revealed that six are myoviruses, 18

siphoviruses and one podovirus, while the Brevundimonas-associated phages are all
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siphoviruses. The classical approach was complemented by Next Generation Sequencing
(NGS)-based methods that provided dsDNA, ssDNA, dsRNA, and ssRNA host-associated
virome data. Furthermore, the complementary NGS approach enabled the identification of
vB_SmaP-Kaonashi and vB_SmaM-Otaku. The latter is a virus that infects both host systems.
In addition, the ssDNA virome associated with Brevundimonas pondensis revealed promising
results as two contigs associated with ssDNA phages could be detected. These belong to the
family Microviridae and Inoviridae. Further, the ssSRNA virome of Brevundimonas goettingensis
contained a contig associated with the Caulobacter-associated RNA phage phiCb5 which

belong to the family Leviviridae.

In addition, bacteriophage isolates associated with the bacterial host strains
Janthinobacterium (chapter 3.8) and Luteibacter (chapter 3.9) were found. Here, using the
classical phage isolation approach, one phage was discovered for each bacterial host system.
Janthinobacterium lividum produces the medically relevant antivacterial substance violacein.
We were able to identify, that the induction of violacein is phage-dependent in this organism.
Both phage isolates (Luteibacter phage vB_lfIM-Pluto and Janthinobacterium phage vB_]JliS-

Donnerlittchen) are the first sequenced phages associated with the respective host systems.

In conclusion, the results of this work demeonstrates that dSDNA phages are the most
prominent. Furthermore, the classical approach to phage isolation, which is still practical but
biased, has successfully been demonstrated. Its limitations can be overcome by NGS-based

methods to access viral diversity as efficiently as possible.



CHAPTER TWO

General Introduction

1. Bacteriophages

The “predators” of bacteria are bacteriophages. A bacteriophage is a virus that infects and
replicates within bacterial cells. The term was derived from “bacteria” and the Greek gayetv
(phagein), literally “to devour”. Viruses belong to the most diverse entities on the planet (Casas

and Rohwer, 2007; Dion et al., 2020). Bacteriophages are ubiquitous viruses and found

wherever bacteria are present. With an estimated number of 10" virions in the world’s
biosphere, phages exceed the number of bacterial cells in various environments by about
tenfold (Dion et al., 2020). The highest phage densities have been observed in wastewater
treatment plants (WWTPs), and are 10-1000 times higher than in any other aqueous habitat
(Wu and Liu, 2009).

2. A short history of bacteriophages

Bacteriophages were first discovered by the English bacteriologist William Twort in 1915 who
described viruses as deadly enzymes secreted by bacteria. At that time, smallpox vaccines had
to be produced in the skin of calves and were almost always contaminated with the bacterial
genus Staphylococcus. After streaking the smallpox vaccine on an agar plate, he discovered tiny
glassy areas that did not grow in the subcultures. Twort quickly realized that these glassy
areas were the result of bacterial cell destruction. He was able to extract some of these areas
and transfer them from one Staphylococcus colony to another. In 1915, he published these

results in The Lancet and called the contamination the “bacteriolytic agent”.

Independent of Twort’s research, Felix d’Hérelle, a French-Canadian microbiologist
recognized that bacteriophages had the potential to kill bacteria. He conducted research on

intestinal bacteria of dysentery patients at the Pasteur Institute in Paris, France. In 1917, he
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published a short paper in the Comptes rendus de I’Académie des Sciences (D’Hérelle, 1917). He
described the lysis of bacteria over several propagations. He named this "invisible microbe
antagonistic to the dysentery bacillus" bacteriophage (bacterial eater). D'Hérelle concluded his
paper by stating that a bacteriophage is a "microbe of immunity," which is specific. He also
recognized the potential of phages as treatment for bacterial infections ,namely phage therapy
(D'Hérelle, 1917). After experiencing a heyday before the antibiotic era, they were then
essentially disregarded as important therapeutic agents in the West, largely due to the easier
application of antibiotics. However, research and therapeutic use of bacteriophages continued
in some countries of the former USSR such as Georgia, Russia, and Poland due to the lack of
western antibiotics. They are still routinely isolated and used to treat numerous diseases in

these countries (Reardon, 2014).

3. Life cycle of bacteriophages

As intracellular parasites, phages rely on the metabolic processes of their bacterial hosts for
replication. The host range is phage-strain-specific and might comprise a single host strain or
multiple bacterial strains (Garmaeva et al., 2019). Phages either reduce the population through
direct replication (lytic route) (Carding et al., 2017) or enter a long-term relationship with their
host by integrating into the host genome as a prophage (lysogenic route) (Principi et al., 2019).
An overview of both cycles is depicted in Figure 1. As prophage, they provide additional
genetic information and extra properties to the host. When a bacterium containing prophages
is exposed to stressors such as UV light, nutrient-depleted conditions, or chemicals such as
mitomycin C, the prophages may spontaneously detach from the host genome and enter the

lytic cycle; this process is known as induction.



Ines Friedrich Introduction
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Figure 1. Overview of the lytic and lysogenic cycles of bacteriophages. Infection with viral DNA leads to replication
of the virus and lysis of the bacterial host cell. In the lysogenic cycle, an inactive prophage is replicated as part of
the host chromosome and, in some rare cases, can lyse out again following induction.

4. Classification of bacteriophages

Today bacteriophages are classified based on their genomic sequence and its organization
(Dion et al., 2020). The resulting groups usually correlate with viral morphology. An overview
of all morphology types of bacteriophages is provided in Figure 2. Some have a head-tail
morphology (Caudovirales), others are filamentous (Inoviridae), pleomorphic (Plasmaviridae) or
polyhedral (Microviridae, Corticoviridae, Tectiviridae, Cystoviridae and Leviviridae) viral capsids.
In addition to the viral capsid, internal or external lipid membranes may also exist. Unlike
other phages, pleomorphic phages do not have capsids but rather a proteinaceous lipid vesicle.
Another distinguishing phage feature is the type of its genomic material, which is RNA or
DNA and varies from single- to double-stranded and linear or circular (Dion et al., 2020). Most
of the characterized phages isolated to date are tailed and use dsDNA as genomic material
(Dion et al., 2020; Zrelovs et al., 2020). The tailed dsDNA phages (Caudovirales) and non-tailed
phage Tectiviridae have a linear genome. In contrast, non-tailed dsDNA phages Corticoviridae

and Plasmaviridae have a circular genome. Both, Microviridae and Inoviridae, have a circular
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ssDNA genome. dsRNA phage Cystoviridae and ssRNA phage Leviviridae have a linear

genome.
dsDNA
dsRNA

Tailed

Myoviridae &

Herelleviridae Ackermannviridae Podoviridae Siphoviridae Cystoviridae
Non-tailed

Corticoviridae Tectiviridae Plasmaviridae
ssDNA ssRNA

Microviridae Inoviridae Leviviridae

Figure 2. A schematic representation for each bacteriophage morphology. The dsDNA phages are either tailed
(Myoviridae, Herelleviridae, Ackermannviridae, Podoviridae, Siphoviridae) or non-tailed (Corticoviridae, Tectiviridae,
Plasmaviridae). The ssDNA phages are Microviridae and Inoviridae. For the dsRNA and ssRNA phages only one
phage family is known each known: Cystoviridae and Leviviridae, respectively.

5. Host systems of bacteriophages
Phages are highly host-specific, infecting and killing only one species or even subspecies of
bacteria. Most of the characterized phages isolated to date are tailed and use dsDNA as
genomic material (Dion et al., 2020; Zrelovs et al.,, 2020). Furthermore, some groups are
particularly dominant regarding the virus type and genome (Zrelovs et al., 2020).

To explore virus types and their genome sizes, bacterial host systems are needed. In
general, well-characterized host strains, which are safe with respect to human health, are

necessary to extract new phages from the environment. The host should ideally be non-
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pathogenic and contain no or few prophages to avoid prophage-induced resistance, which
would result in a strain that cannot be infected by some phage types.

For instance, members of the bacterial family Caulobacteraceae and genera Serratia,
Janthinobacterium, Luteibacter, Stenotrophomas, and Kinneretia are bacterial host systems

fulfilling these criteria.

5.1. The bacterial family Caulobacteraceae

The bacterial family Caulobacteraceae is the only family belonging to the order Caulobacterales
(Henrici and Johnson, 1935), which is grouped into the a-subclass of Proteobacteria. It
comprises the genera Asticcacaulis, Brevundimonas, Caulobacter and Phenylobacterium (Abraham
et al., 1999). Caulobacteraceae thrive in several environments, including freshwater, saltwater,
soil, plants, and humans (Abraham et al., 2014). Each member is Gram-negative, aerobic, or
facultatively anaerobic, and rod-shaped or vibrioid. They divide asymmetrically, with one cell
possessing prosthecae (Staley, 1968) and the other possessing a motile polar flagellum (Jin et
al., 2014). Daughter swarmer cells roam freely in the environment until they form a stalk and
adhere to substrates (Stove and Stanier, 1962). The stalked cell is capable of asymmetric
division. The unique cell cycle of Caulobacter has been investigated. Representatives of the
genus Caulobacter are frequently found in “rosettes”, which are clusters of stalk cells that attach
to one another (Poindexter, 1964). Henrici and Johnson (Henrici and Johnson, 1935) first
characterized the unicellular organism in 1935. His description is based on microscopic

observations of microbes clinging to glass slides that had been incubated in a freshwater lake.

Caulobacter inhabits a variety of habitats, including freshwater, marine, and terrestrial
ecosystems (Wilhelm, 2018). Their closest relatives are members of the genus Brevundimonas
(Segers et al., 1994). Based on the reclassifications of two Pseudomonas species as Brevundimonas
diminuta and Brevundimonas vesicularis (Segers et al., 1994), the genus Brevundimonas was
established. Brevundimonas is present in a variety of environments, including soils, deep
subseafloor sediments, activated sludge, black sand, blood and aquatic environments (Choi et
al., 2010; Estrela and Abraham, 2010; Ryu et al., 2007; Tsubouchi et al., 2014; Vu et al., 2010;
Wang et al., 2012; Yoon et al., 2006). With the exception of a few sessile species (Abraham et
al., 2010; Ryu et al., 2007; Téth et al., 2017; Tsubouchi et al., 2014), they are mostly non-

prosthecate, motile bacteria with polar flagella (Figure 3). Abraham et al. indicate that species
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in the genus Brevundimonas may have lost the ability to produce prosthecate during evolution
or have permanently relocated the motile phase of their developmental cycle (Abraham et al.,

1999).

Figure 3. Transmission electron microscopy image of (A) B. pondensis and (B) B. goettingensis. Both were grown
in liquid diluted peptone-yeast extract medium for (A) 24 h and (B) 48 h at 30 °C.

Brevundimonas and Caulobacter have similar lifestyles. Both species utilize the K-strategy and
live in oligotrophic environments (Gorbatyuk and Marczynski, 2005). There are no
distinguishing nutritional properties between the two genera. Caulobacter subvibrioides,
Caulobacter bacteroides and Caulobacter vesicularis were therefore reclassified as Brevundimonas
subvibrioides, Brevundimonas bacteroides, and Brevundimonas vesicularis, respectively (Abraham
et al., 1999). Currently, 38 Brevundimonas and 16 Caulobacter species are recognized (LPSN
(Parte et al., 2020), retrieved on 24 July 2022).

Three phages that infect the Caulobacterales member Asticcacaulis biprosthecium
(Abraham et al., 2014) and seven phages linked with Brevundimonas vesicularis have been
identified and genetically characterized (Beilstein and Dreiseikelmann, 2006). Only three
Brevundimonas-associated bacteriophage genomes are available in the NCBI Virus database. In
addition, Caulobacteraceae are known to be infected by RNA phages, namely ¢Cb5, a small
polyhedral RNA phage belonging to the Leviviridae family. This phage has extensively been

utilized as model for research in molecular biology research (Kazaks et al., 2011; Schmidt and
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Stainer, 1965). The confirmed relationship of Caulobacter with many phage types suggests that

this genus is suitable for analyzing viral presence and diversity in different ecosystems.

5.2. The genus Serratia

The genus Serratia is a member of the order Enterobacterales, a vast and diverse group of
facultatively anaerobic, non-spore-forming, Gram-negative, rod-shaped bacteria. This group
is part of the Gammaproteobacteria. Yersiniaceae, Morganellaceae, Pectobacteriaceae, Erwiniaceae,
Hafniaceae, Budviciaceae, and Enterobacteriaceae are related families (Adeolu et al., 2016). The
family Yersiniaceae, includes also the eight genera Chania, Chimaeribacter, Ewingella, Rahnella,
Rouxiella, Samsonia, Serratia and Yersinia (Adeolu et al., 2016). Members of the Yersiniacea are
described as motile, catalase-positive, and incapable of producing hydrogen disulfide (Adeolu
et al., 2016). Currently, 23 species are grouped into the genus Serratia (LPSN (Parte et al., 2020)
retrieved on 24 July 2022), which originate from a variety of environments including soil,

plants, animals, insects, and water (Grimont and Grimont, 1978; Mahlen, 2011).

The genus Serratia was initially described in 1819 by Bartolomeo Bizio in Padua, Italy,
and is named after the Italian scientist Serafino Serrati. However, Serratia’s history dates to the
Middle Ages when it was involved in miraculous eucharistic events. Prodigiosin is a red, non-
diffusible pigment that is produced by some Serratia strains. Since they can grow on bread,
these Serratian may have been employed at the time to simulate blood on church bread (Bennett
and Bentley, 2000). Except for the potentially spore-forming Serratia marcescens subsp. sakuensis
(Ajithkumar et al., 2003), Serratia cells are Gram-negative and rod-shaped with rounded ends

(Grimont and Grimont, 1978) (Figure 4).
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Figure 4. Transmission electron microscopy ixhage of Serratia marcescens LVE3. LVF3 was grown in liquid tryptic
soy broth medium for 24 h at 30 °C.

Serratia is often associated with both animals and plants. It may be isolated from
healthy people (Grimont and Grimont, 1978) and has been linked to conjunctivitis in horses,
septicemia in foals, pigs and goats, and mastitis in cows (Carter and Chengappa, 1990;
Wijewanta and Fernando, 1970). Some strains are opportunistic pathogens that cause
pneumonia, septicemia or skin lesions (Manfredi et al.,, 2000; Ray et al., 2015). Serratia
marcescens causes 1-2% of nosocomial infections in humans, primarily in the respiratory and
urinary tracts, surgical wounds, and soft tissues (Abreo and Altier, 2019; Khanna et al., 2013;
Maki et al., 1973). Serratia marcescens strains can cause cucurbit yellow vine disease (CYVD) in
watermelons, pumpkins, and yellow squash, as well as soft-rot disease in bell peppers (Gillis
et al., 2013; Rascoe et al., 2003; Sikora et al., 2012). Nonetheless, some S. marcescens strains can

also promote plant growth (Devi et al., 2016; Khan et al., 2017).

Serratia bacteriophages are commonly detected in rivers and sewage (Bhetwal et al.,
2017; Frederick and Lloyd, 1995; Matsushita et al., 2009). Serratia phages can often infect related

genera (Evans et al., 2010; Prinsloo, 1966; Prinsloo and Coetzee, 1964). Lysogeny is widely

.10 -
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mentioned in the genus Serratia (Grimont and Grimont, 1978). To date, the complete genomic
sequences of 14 Serratia-associated phages are accessible in the NCBI Virus database (Brister

et al., 2015) (accessed on 24 July 2022).

5.3. The genus Janthinobacterium

The genus Janthinobacterium belongs to the family Oxalobacteraceae, which is part of the {3-
subclass of the Proteobacteria and includes 13 genera (Baldani et al., 2014). Janthinobacterium
contains the species |. agaricidamnosum (Lincoln et al., 1999), J. aquaticum (Lu et al., 2020),
J. lividum (De Ley et al., 1978), J. psychrotolerans (Gong et al., 2017), J. rivuli (Lu et al., 2020),
J. svalbardensis (Ambrozi¢ Avgustin et al., 2013), ] tructae (Jung et al., 2021), and

J. violaceinigrum (Lu et al., 2020).

Figure 5. Transmission electron microscopy image of EIF1 and EIF2. Micrographs show the general morphology of
negatively stained cells of both strains which were grown at 30 °C in liquid tryptic soy broth medium for 24 h.
Members of the genus Janthinobacterium are motile, rod-shaped (Figure 5), and Gram-
negative. They are strictly aerobic, chemoorganotrophic, and thrive between 25 and 30 °C
(Baldani et al., 2014). Members of this genus are present in soils, lakes, rainwater cisterns, and
water sediments (Asencio et al., 2014; Haack et al., 2016; McTaggart et al., 2015; Shoemaker et
al., 2015; Wu et al., 2017). Due to the pigment violacein, the capacity to generate a violet-purple
color is a distinguishing characteristic of this species. Violacein is a secondary metabolite with
antibacterial, antiviral, and anticancer effects (Andrighetti-Frohner et al., 2003; Asencio et al.,
2014; Bromberg et al., 2010). Consequently, these bacteria are of biotechnological interest (Li
et al., 2016). Members of the Janthinobacterium can nonetheless cause significant agricultural
losses in the form of soft rot in farmed button mushrooms, necessitating the hunt for

Janthinobacterium-associated bacteriophages. To date, one lytic Janthinobacterium-associated
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bacteriophage (MYSP06) from the Siphoviridae family that infects the purple pigment-
producing strain Janthinobacterium sp. MYB06 has been identified, however, the genome has

not yet been sequenced (Li et al., 2016).

5.4. The genus Luteibacter

Luteibacter is a member of the Xanthomonadaceae family, which belongs to the y-subclass of
Proteobacteria. Johansen et al. established the genus based on the species Luteibacter
rhizovicinus DSM 165497 (Johansen et al., 2005). Currently, the genus Luteibacter consists of five
species, three of which are validly published: L. rhizovicinus DSM 165497 (Johansen et al., 2005),
L. yeojuensis DSM 17673" (Kampfer et al., 2009; Kim et al., 2006), L. anthropi CCUG 25036"
(Kéampfer et al., 2009), L. jiangsuensis (Wang et al., 2011), and L. pinisoli (Akter and Hugq, 2018).

The genus Luteibacter is comprised of Gram-negative, aerobic, yellow-colored rods (Figure 6).

To date, neither Luteibacter- nor Rhodanobacterceae-associated phages have been identified.

s

1 i

Figure 6. Transmission electron microscopy image of Luteibacter flocculans EIF3. Micrograph shows the new
morphotype of the isolate. Negative staining and TEM analysis after 24 h of cell growth at 30 °C in LB medium.
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5.5. The genus Stenotrophomonas

The genus Stenotrophomonas belongs to the family Lysobacteraceae, which is part of y-subclass
Proteobacteria which includes 16 genera (Parte et al., 2020). The genus Stenotrophomonas
consists of 16 species of which Stenotrophomonas maltophilia is the most prominent.
S. maltophilia is the only species of Stenotrophomonas known to be an opportunistic pathogen
with multidrug resistance (Brooke, 2012). In immunocompromised patients, it causes
nosocomial and community-acquired infections. Currently, 81 phage genomes (either

consisting of dsDNA or ssDNA) are available in the NCBI Virus database (Brister et al., 2015).

5.6. The genus Kinneretia

The genus Kinneretia is a member of the Comamonadaceae family, which is part of the 3-subclass
of the Proteobacteria and includes 53 genera (Parte et al., 2020). The genus Kinneretia consists
only of the species Kinneretia asaccharophila which is not able to grow on glucose and was
therefore named “not sugar loving” (Gomila et al., 2010). To date, no Kinneretia-associated
phages have been identified but 16 Comamonadaceae-associated phages have been described

(Brister et al., 2015).

6. Research goals

Based on the examination of sequence data from public databases, the majority of
bacteriophage genomes appear to consist of double-stranded DNA (dsDNA). According to
Dion et al., over 85% of all phages in public genome databases belong to the Caudovirales. The
authors state that, with the discovery of new phages, the disproportionate representation of
tailed dsDNA phages will likely decrease soon (Dion et al., 2020). This raises the question of
whether the phage diversity we currently know is affected by methodology? Will a more
complex composition reveal itself when new techniques are applied? Are we missing phages
by relying solely on plaque overlay assays for isolation and standard dsDNA sequencing
techniques? Our hypothesis is, that the diversity of phages is greater than currently known, as
metagenomic data indicate an immense viral diversity (Dion et al., 2020). As not all bacteria
can be isolated in pure cultures, neither can their associated phages. This indicates a great

hidden phage diversity.
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This study aimed to identify novel bacteriophages and verify whether the viral
diversity in our environment is more pronounced than we can recover using standard
methods. Our host systems were selected based on the proximity to the strains Escherichia and
Caulobacter which are associated with DNA and diverse RNA viruses. Here, the dsDNA giant
phage ¢Cp34, associated with Caulobacter crescentus (Fukuda et al., 1976) was successfully
isolated. Further, RNA phages were isolated by the group during the same time (Miyakawa
et al., 1976). The genus Escherichia is associated with the ssDNA phage ¢X174 (Sanger et al.,
1977), the dsDNA phage T7 (Demerec and Fano, 1945), and the ssRNA phage MS2 (Davis et
al., 1961). Thus, they may be infected by as many genomically distinct phage types as possible.
Therefore, the initial step in this thesis, was the isolation of strains which belong to the same
family or order as Caulobacter, and Enterobacter. The bacterial community of twelve different
sampling sites (oligotrophic and eutrophic ponds) was investigated and a total of 37 unique
strains were isolated. Six of these strains were studied in detail, namely: B. pondensis,
B. goettingensis, S. marcescens LVE3, J. lividum EIF1 and EIF2, L. flocculans, S. indicatrix DAIF1
and Kinneretia sp. DAIF2.

Brevundimonas pondensis LVF1 (Friedrich et al., 2021c) and Serratia marcescens LVF3
(Friedrich et al., 2021a) were investigated as host systems. Both showed the closest proximity
to Caulobacter and Escherichia, which are associated with diverse DNA and RNA viruses.
B. pondensis is an oligotrophic bacterium and a member of the Caulobacteraceae family, the same
family Caulobacter belongs to. The strain is Gram negative, aerobic, has a single flagellum, and
grows best at 30 °C. Serratia marcescens belongs to the Yersiniaceae family and the order
Enterobacterales, which also includes Escherichia. It is Gram-negative and flagellated, but
copiotrophic. Optimal growth temperature is also at 30 °C. Both host systems are ideal for
studying viral diversity, as preliminary plaque assays on both, yielded a high number of
distinct plaques. Subsequently, we addressed not only dsDNA but also ssDNA, dsRNA and
ssRNA viromes. Sewage, which is the most phage-rich environment, was used as source
material. Samples were taken in two different seasons (winter and summer). To investigate
the undiscovered potential of phages, isolates were characterized by morphology, genome

sequence, and alignment to metagenomic data (Figure 7).
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Further, viral diversity was investigated with the sister strain of B. pondensis — B. goettingensis
from the winter season. In addition, phage isolates of Janthinobacterium lividum EIF1 and

Luteibacter flocculans were isolated and analyzed further.
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Figure 7. Experimental overview.
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Abstract: Brevundimonas is a genus of freshwater bacteria belonging to the family Caulobacteraceae.
The present study describes two novel species of the genus Brevundimonas (LVF1T and LVF2T). Both
were genomically, morphologically, and physiologically characterized. Average nucleotide identity
analysis revealed both are unique among known Brevundimonas strains. In silico and additional
ProphageSeq analyses resulted in two prophages in the LVF1T genome and a remnant prophage in
the LVF2T genome. Bacterial LVF1T cells form an elliptical morphotype, in average 1 um in length
and 0.46 um in width, with a single flagellum. LVF2T revealed motile cells approximately 1.6 pm
in length and 0.6 um in width with a single flagellum, and sessile cell types 1.3 pm in length and
0.6 pm in width. Both are Gram-negative, aerobic, have optimal growth at 30 °C (up to 0.5 to
1% NaCl). Both are resistant towards erythromycin, meropenem, streptomycin, tetracycline and
vancomycin. Anaerobic growth was observed after 14 days for LVF1T only. For LVF1T the name
Brevundimonas pondensis sp. nov. and for LVF2T the name Brevundimonas goettingensis sp. nov. are
proposed. Type strains are LVF1T (=DSM 1123047 = CCUG 74982T = LMG 32096") and LVF2T
(=DSM 112305T = CCUG 74983T = LMG 320977).

Keywords: Brevundimonas; phage host system; prophages; Caulobacteraceae

1. Introduction

The bacterial family Caulobacteraceae belongs to the a-subclass of Proteobacteria and is
the only member within the order Caulobacterales [1]. It includes the genera Asticcacaulis,
Brevundimonas, Caulobacter and Phenylobacterium [2]. The members of Caulobacteraceae
thrive in diverse habitats such as freshwater, seawater, soil, plants and humans [3]. All
members are Gram-negative, aerobic or facultative anaerobic, and rod-shaped or vibrioid.
They divide asymmetrically while one cell is sessile with prosthecae [4], and the other
cell is motile with a polar flagellum [5]. The swarmer daughter cells move freely in the
environment until they form a stalk and attach to substrates [6]. The stalked cell has
the ability to divide asymmetrically. This unusual cell cycle was intensively studied in
Caulobacter. Representatives of the genus Caulobacter often occur in “rosettes”, which can be
interpreted as clusters of stalk cells attached to each other in groups [7]. The single-celled
organism was originally described in 1935 by Henrici and Johnson based on microscopic
findings with respect to microorganisms attached to microscopic slides that had been
hatched in a freshwater lake (Henrici and Johnson, 1935).

Caulobacter has a broad habitat range and occurs in freshwater, seawater and terrestrial
environments [8]. Their closest relatives are organisms that are classified as members of the

Appl. Microbiol. 2021, 1, 38-59. https:/ /doi.org/10.3390/applmicrobiol1010005

https://www.mdpi.com/journal/applmicrobiol


https://www.mdpi.com/journal/applmicrobiol
https://www.mdpi.com
https://orcid.org/0000-0002-7328-0432
https://orcid.org/0000-0002-4033-8722
https://orcid.org/0000-0002-1134-5026
https://orcid.org/0000-0002-8646-7925
https://www.mdpi.com/article/10.3390/applmicrobiol1010005?type=check_update&version=1
https://doi.org/10.3390/applmicrobiol1010005
https://doi.org/10.3390/applmicrobiol1010005
https://doi.org/10.3390/applmicrobiol1010005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/applmicrobiol1010005
https://www.mdpi.com/journal/applmicrobiol

Appl. Microbiol. 2021, 1

39

genus Brevundimonas [9]. The genus Brevundimonas was introduced based on the reclassifica-
tion of two Pseudomonas species as Brevundimonas diminuta and Brevundimonas vesicularis [9].
Brevundimonas appears in various habitats such as soils, deep subseafloor sediments, activated
sludge, black sand, blood, and aquatic habitats [10-16]. They are usually non-prosthecate
motile bacteria with polar flagella with only a few sessile species [11,16-18]. Abraham et al.,
suggest that species from the genus Brevundimonas may have lost the ability to form prosth-
ecate during evolution or permanently migrated in the motile stage of the developmental
cycle [2].

Moreover, Brevundimonas and Caulobacter are similar regarding their lifestyles. Both
species are K-strategists and can survive under oligotrophic conditions [19]. There are no
nutritional characteristics that distinguish both genera clearly. Therefore, Caulobacter strains
such as Caulobacter subvibrioides, Caulobacter bacteroides and Caulobacter vesicularis were
reclassified to Brevundimonas subvibrioides, Brevundimonas bacteroides and Brevundimonas
vesicularis, respectively [2]. Nowadays, 32 Brevundimonas species and 12 Caulobacter species
(LPSN [20] accessed on 1 November 2020) are known.

Three phages infecting Asticcacaulis biprosthecium are known [3] and seven Brevundi-
monas vesicularis-associated phages have been isolated and genetically characterized [21].
Caulobacter-associated phages like Caulobacter vibrioides CB13Bla bacteriophage ¢Cd1 is an
icosahedral DNA phage with a short non-contractile tail. It infects both prosthecate and
swarmer cells [22]. Besides common dsDNA phages [23], RNA phages are known to infect
Caulobacteraceae, i.e., eCb5, a small polyhedral RNA phage belonging to the Leviviridae
family. The phage has been broadly used as model for molecular biology studies [24,25].
The verified association of Caulobacter with diverse phage types indicates that this genus is
suitable for analysis of exceptionally diverse viral communities. This contributes also to
how a virome associated with a particular host is composed concerning the ssDNA, ds-
DNA, dsRNA and ssRNA genomes of its phages. The aim of the present investigation was
to isolate and characterize a bacterial strain of the Caulobacteracea family suitable to serve
in further studies as a host system to access the viral diversity of Caulobacteracea-related
phages present in the environment.

2. Materials and Methods
2.1. Isolation of the Bacteria and DNA Extraction

Environmental samples of twelve different sampling sites were collected. Six samples
were taken from an oligotrophic pond located in the northern part of Weende, Gottingen,
Germany. These environmental samples derived from frog’s lettuce (Groenlandia densa)
(PM), pond water (PW), surface water near pond algae (WSA), surface water near frog’s
lettuce (WSP), surface water of reed (WSR) and surface water close from Weende River
entrance (WSW). Additionally, three samples were collected from the Weende River nearby
the oligotrophic pond. Those samples are river water (RW) and (mixed = different sizes)
river stones (RS and MRS). Further, two samples were gathered from a eutrophic pond at
the North Campus of the Georg-August University Gottingen, which are surface water
(POW) and surface water of stale eutrophic pond (PSW). In addition, samples from a
puddle close by the eutrophic pond were collected as well (PUW). The specific coordinates
of the sites and dates of the sampling are depicted in Table 1.
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Table 1. Coordinates of sampling sites and dates sampling.

Samples Coordinates Date
MRS 51°33/58"" N 9°56'18" E 230 m 6 September 2018
PW 51°33/57'" N 9°57'20" E 230 m 6 September 2018
RS 51°33'58" N 9°56'18" E 230 m 6 September 2018
RW 51°33/58'" N 9°56/18" E 230 m 6 September 2018
WSP 51°33/59"" N 9°56/22" E 230 m 11 September 2018
WSW 51°33'59" N 9°56'23"" E 230 m 11 September 2018
WSA 51°33/58"" N 9°56/22" E 230 m 11 September 2018
WSR 51°33/58" N 9°56/22" E 230 m 11 September 2018
PM 51°33'58" N 9°5622"" E 230 m 11 September 2018
POW 51°3329" N 9°56/41” E 173 m 24 September 2018
PSW 51°3329"" N 9°56'41" E 173 m 24 September 2018
PUW 51°33'27" N 9°56'40"" E 173 m 24 September 2018

Enrichment cultures were performed as described by Friedrich et al., (2020, 2021)
and Hollensteiner et al., (2021) using environmental water samples and river stones as
inoculum for peptone medium containing 0.001% (w/v) peptone (Carl Roth GmbH + Co.
KG, Karlsruhe, Germany) [26-28]. Cultures were incubated undisturbed for three weeks at
25 °C [29]. Additionally, MRS, PW, RS, and RW were enriched with 5% (v/v) MeOH and
0.001% (w/v) peptone. Biofilm and water surface material were sampled and streaked on
0.05% peptone-containing agar medium supplemented with 1% vitamin solution No. 6 [4]
and 1.5% agar. After colony formation, they were transferred onto a diluted peptone agar
plate supplemented with CaCl, (PCa) [29] and incubated for four days at 25 °C. For the
singularization, colonies were re-streaked at least four consecutive times.

Singularized colonies were cultured in liquid PCa medium. Bacterial genomic DNA
was extracted with MasterPure™ complete DNA and RNA purification kit as recommended
by the manufacturer (Epicentre, Madison, WI, USA). Bacterial cells were suspended in
500 pL Tissue and Cell Lysis Solution and transferred into Lysing Matrix B tubes (MP
Biomedicals, Eschwege, Germany) and mechanically disrupted for 10 s at 6.5 m/s using
FastPrep®-24 (MP Biomedicals, Eschwege, Germany). After centrifugation for 10 min at
11,000 x g, the supernatant was transferred into a 2.0 mL tube and 1 uL of Proteinase K
(20 mg/mL; Epicenter) was added. The procedure was performed as recommended by the
manufacturer with the modification of increasing MPC Protein Precipitation Reagent to
300 pL.

2.2. Amplicon Based 165 yYRNA Gene Sequencing of Enrichment Cultures

The bacterial composition of each sample was determined via amplicon-based analysis
of the V3-V4 region of the 165 rRNA gene using the bacterial primers S-D-Bact-0341-b-S-17
and S-D-Bact-0785-a-A-21 [30] containing adapters for Illumina MiSeq sequencing (Illu-
mina, San Diego, CA, USA). The PCR reaction solution (50 uL) contained 1-fold Phusion
GC buffer, 200 pM dNTPs, 5% DMSO, 0.2 uM of each primer, 200 uM MgCl,, 1 U Phusion
polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and 25 ng extracted DNA. Ini-
tial denaturation was performed at 98 °C for 1 min, followed by 25 cycles of denaturation at
98 °C for 45 s, annealing at 55 °C for 45 s and elongation at 72 °C for 45 s. The final
elongation was for 5 min at 72 °C. PCR Reactions were performed in triplicate for each
sample. The resulting PCR products were pooled in equal amounts and purified through
MagSi-NGSPREP Plus as recommended by the manufacturer (MagnaMedics, Aachen, Ger-
many). Quantification of the PCR products was performed using the Quant-iT dsDNA HS
assay kit and a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA). lllumina paired-end
sequencing libraries were constructed using the Nextera XT DNA sample preparation kit
(Ilumina, Inc., San Diego, CA, USA). Sequencing was performed with an Illumina MiSeq
instrument using the dual index paired-end approach (2 x 300 bp) and V3 chemistry as
recommended by the manufacturer (Illumina). The sequencing was performed in-house
by the Gottingen Genomics Laboratory.
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The 16S rRNA genes of specific isolates were amplified with the primer pair 27F
(5"-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-TACGGYTACCTTGTTACGACTT-
3') [31]. PCR reaction mixture (50 uL) contained 10 uL 5-fold Phusion HF buffer, 200 uM of
each dNTP, 3% DMSO, 0.2 uM of each primer, and 1 U Phusion polymerase (Thermo Fisher
Scientific, Waltham, MA, USA) and 100 ng DNA. The previously mentioned cycling scheme
was modified to an annealing temperature of 50 °C and 30 cycles. Sanger sequencing of
the PCR products was done by Microsynth Seqlab (Gottingen, Germany).

2.3. Amplicon Sequence Analysis

Raw paired-end reads from the Illumina MiSeq were quality-filtered with fastp
v0.20.0 [32]. Default settings were used with the addition of an increased per base phred
score of 20, 5'- and 3'-end read-trimming with a sliding window of 4, a mean quality of 20,
minimal sequence length of 50 bp and removal of paired-end read adapters. The paired-end
reads were merged using PEAR v0.9.11 [33]. Potential remaining primer sequences were
clipped with cutadapt v2.5 [34]. VSEARCH v2.14.1 [35] was used to sort and size-filter the
merged reads using a minimum sequence length of 300 bp. Then, reads were dereplicated
and denoised with UNOISE3 [36] using default settings. Finally, chimeras were removed de
novo and afterwards reference-based against the SILVA SSU database v138.1 [37] resulting
in the final set of amplicon sequence variants (ASVs). Quality-filtered and merged reads
were mapped against the ASVs to create an abundance table with VSEARCH using default
settings. The taxonomy was assigned using BLAST 2.9.0+ [38] against the SILVA SSU
138.1 NR database [37] with an identity of at least 90% to the query sequence. To improve
classification results, the best hits were only accepted if “% sequence identity +% alignment
coverage)/2 > 93” (see SILVAngs_User_Guide_2019_08_29.pdf). Additionally, all extrinsic
taxa (Chloroplast, Eukaryota, Mitochondria, Archaea) were removed from the dataset
resulting in a total of 1029 amplicon sequence variants (ASVs). The dataset was analyzed
in R (v4.0.2) [39] and RStudio (v1.3.1056) [40]. Bar charts were generated with ggplot2
(v3.3.2) [41] using standard R packages.

2.4. Genome Sequencing, Assembly and Annotation

[Nlumina paired-end sequencing libraries were prepared using Nextera XT DNA
Sample Preparation kit and sequenced using the MiSeg-system and reagent kit version 3
(2 x 300 bp) as recommended by the manufacturer (Illumina, San Diego, CA, USA). To
perform Nanopore sequencing, 1.5 ug DNA were utilized for library preparation using
Ligation Sequencing kit (SQK-LSK109) and Native Barcode Expansion kit EXP-NBD103
(Barcodes 4 and 5; Oxford Nanopore Technologies, Oxford, UK). Sequencing was per-
formed for 72 h by using MiniON device, a SpotON Flow Cell and MinKNOW software
v19.05.00 as recommended by the manufacturer (Oxford Nanopore Technologies). For
demultiplexing, Guppy version v3.0.3 was employed. Raw Illumina MiSeq sequences
were adapter—and quality—trimmed employing Trimmomatic v0.39 [42] and paired reads
joined with FLASH v1.2.11 [43]. Nanopore reads were adapter- and quality-trimmed
with fastp v0.20.0 [32] and only reads >10 kb were included in further analysis. The ob-
tained quality-filtered Nanopore reads served as input for a hybrid assembly employing
the Unicycler pipeline v0.4.9b in normal mode [44], which included SPAdes v3.14.1 [45],
Racon vv.1.4.15 [46], makeblastdb v2.10.0+ and tblastn v.2.10.0+ [47], bowtie2-build v2.4.1,
bowtie2 v.2.4.1 [48], SAMtools v.1.10 [49], java v.1.8.0_152 [50], and Pilon v.1.23 [51]. Illu-
mina short-read coverage information was obtained through read-mapping with bowtie2
to the final genome. Mapping and sorting was done with SAMtools and analysis with
Qualimap v.2.2.2 [52]. Nanopore long-read coverage information was obtained through
QualiMap v.2.2.2. Mapping, sorting and analysis were performed as described for the short
reads. Genome orientation of both genomes was performed based on the gene encoding
the chromosomal replication initiation protein DnaA. Assembled genomes were checked
with Bandage v0.8.1 [53]. CRISPR regions were identified with CRISPRFinder [54]. Quality
of assembled genomes was assessed with CheckM v1.1.2 [55] (Supplementary Table S1).
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Genome annotation was performed using the Prokaryotic Genome Annotation Pipeline
v4.13 (PGAP) [56].

2.5. Preparation and Sequencing of Prophages and Visualization Using TraV

An overnight culture of Brevundimonas sp. nov. LVF1T and LVF2! was set up in a
100 mL Erlenmeyer flask using 25 mL PYE medium (0.2% peptone, 0.1% yeast extract,
0.02% MgSO4 x 7 Hy0) and inoculated with an ODgqg of 0.1. The cultures were incubated
over a 3-day period on a shaker (180 rpm, Infors HT (Orbitron, Einsbach, Germany)) at
30 °C without using Mitomycin C for prophage induction [57]. After the incubation
period, the cultures were transferred into a 50 mL centrifuge tube and centrifuged at
10,020 x g and 4 °C for 15 min. The supernatant was sterile-filtered (0.2 um pore size of filter)
and supplemented with PEG-8000 (10% (w/v) final concentration), MgSO,
(1 mM final concentration) and 5 pL salt-active nuclease (SERVA Electrophoresis GmbH,
Heidelberg, Germany). The suspension was precipitated for 24 h at 4 °C and centrifuged at
10,020x g and 4 °C for 1 h. The supernatant was discarded, and the pellet suspended in
300 uL TMK buffer (10 mM Tris, 5 mM MgCl,, 300 mM KCl, pH 7.5).

Prophage DNA was extracted with MasterPure™ complete DNA and RNA purifica-
tion kit and was sequenced using the above-mentioned protocol for Illumina
genome sequencing.

[Nlumina MiSeq raw paired-end reads were merged and adapter and quality-trimmed
employing Trimmomatic v0.39 [42]. Sequences were then mapped against the host genome
through bowtie2 v2.4.1 [48]. SAM table was converted to TDS format (flat file data format),
which is the input for TraV (Transcriptome Viewer). The program TraV was designed to
map transcriptome data on a genome [58]. In this study, it was employed to display the
read coverages from the sequencing runs for the prophages of LVF1T and LVF2! mapped
onto their host genomes [59]. Integration sites of the prophages (atfL and attR sites) were
identified through the comparison of experimentally indicated att regions (1 kb to each
side from the indicated coordinate), against the remaining genome sequence.

2.6. Phylogenetic Classification of Brevundimonas sp. nov. LVF1T and LVF2T

To provide an initial taxonomic classification of the Brevundimonas sp. nov. isolates,
Genome Taxonomy Database Toolkit (GTDB-Tk) v1.0.2 [60] was employed. In addition, a
phylogenetic analysis was performed with ANIm method of pyani v0.2.10 [61]. The typical
percentage threshold for species boundary (95% ANI) was used [62]. Based on the list
of Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig,
Germany), available type strain genomes were downloaded from the National Centre for
Biotechnological Information (NCBI, accessed 30 September 2020) including B. alba DSM
4736 (PRJNA583246), B. aurantiaca DSM 47317 (PRJNA583252), B. aveniformis DSM 179777
(PRJNA185350), B. bacteroides DSM 4726 (PRJNA221004), B. basaltis DSM 25335 (PR-
JNA632231), B. bullata HAMBI_262T (PRJNA224116), B. diminuta NCTC 8545T (PRJEB6403),
B. halotolerans DSM 24448T (PRJNA546766), B. halotolerans MCS24T (PRINA484836) B. lenta
DSM 23960T (PRINA583271), B. mediterranea DSM 14878 (PRINA583270), B. naejangsa-
nensis DSM 238587 (PRINA188849), B. nasdae JCM 114157 (PRINA269640), B. subvibrioides
ATCC 15264T (PRJNA36643), B. terrae DSM 173291 (PRINA546765), B. vancanneytii NCTC
9239T (PRJEB6403), B. variabilis DSM 47377 (PRJNA583272), B. vesicularis NBRC 12165"
(PRJDB1343) and B. viscosa CGMCC 1.10683T (PRJEB17543). The type strain genome of
the species B. halotolerans was sequenced twice (DSM 148787 and MCS247). Both were
included in the analysis due to their differences in coverage and annotation.

2.7. Comparative Genomics

Metabolic analysis of LVF1T and LVF2! was investigated using BlastKOALA v2.2 [63]
(Supplementary Figure S1). Putative secondary metabolite biosynthetic gene clusters were
identified with antiSMASH v5.2.0 [64,65]. Putative phage regions were identified with
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PHASTER [66]. Antibiotic resistance annotation was investigated employing Resfams
v1.2.2[67].

2.8. Cell Morphology and Gram Staining Procedure

Colony morphology was studied on R2A agar medium (Fluka, Munich, Germany) by
microscopy (Primo Star, Zeiss, Carl Zeiss Microscopy, Jena, Germany) of single colonies of
each isolate (4 x magnification). Subsequently, colonies were observed after 24 and 48 h
using image processing software ZEISS Labscope (Carl Zeiss Microscopy, Jena, Germany).
A Gram-staining analysis was performed according to Claus [68] using reagents Hucker’s
crystal violet, an iodine and safranin solution and 1-propanol to determine the Gram
classification of each isolate. Each preparation was evaluated using Labscope software.

2.9. Transmission Electron Microscopy

Colony morphology of the isolates was observed by transmission electron microscopy
(TEM). Data were imaged onto the screen using the software program digital Micrograph
(Gatan GmbH, Munich, Germany). Both isolates were grown in liquid PYE medium [29]
overnight at 30 °C. Afterwards, a negative staining technique was performed. 5 uL cell
suspension were mixed with the same amount of diluted 0.1% phosphotungstic acid
(8% stock, pH 7) and were transferred to a vaporized carbon mica for 1 min. Subse-
quently, the mica was briefly washed in demineralized water and transferred to a thin
copper-coated grid (PLANO GmbH, Marburg, Germany). The coated grids were dried at
room temperature and were examined by Jeol 1011 TEM (Georgia Electron Microscopy,
Freising, Germany).

2.10. Determination of Temperature Optimum and Salt Tolerance

To quantify the temperature optimum, both isolates were grown in 4 mL PYE medium
at 10, 20, 30, 35 and 40 °C at 180 rpm in a Infors HT shaker (Orbitron, Einsbach, Germany).
The optical density of the cell suspensions was measured using the Ultraspec 3300 pro pho-
tometer (Amersham Pharmacia Biotec Europe GmbH, Munich, Germany) at a wavelength
of 600 nm (ODg(p). The starting ODgg of the cell cultures was 0.1.

For the determination of the salt tolerance, LVF1T and LVF2T were also inoculated
in 4 mL PYE medium amended with 0, 5, 10, 20, 30 and 40 gL’1 NaCl. ODg of the cell
suspensions was set to 0.3 at the beginning of the experiment [2]. LVF1T was incubated at
30 °C and 180 rpm in a Infors HT shaker (Orbitron, Einsbach, Germany). After the incuba-
tion period, the optical density of the isolates was measured at 600 nm. The differences
between these two measurements were used for the determination of the salt tolerance [2].
All measurements were performed in biological replicates for each isolate. The collected
data were illustrated with R studio version 4.0.2 [40] using the ggplot2 package [41].

2.11. Determination of Growth Kinetics

The growth kinetics in liquid cultures were measured with the cell growth quantifier
(CGQuant 8.1) (Aquila Biolabs GmbH, Baesweiler, Germany) at 30 °C for 47 h. Pre-cultures
were resuspended to a final ODgyy of 0.1 in 25 mL PYE medium and were filled into
250 mL shake flasks. Afterwards, all flakes were mounted onto the CGQ sensor plate
and were shaken for 47 h. The CGQ enables a dynamic approach of backscattered light
measurement, implementing to follow the growth of the liquid cultures in real time [69]. All
measurements were performed in biological replicates. All collected data were illustrated
with R studio version 4.0.2 [40] using ggplot2 package [41].

2.12. Anaerobic Growth

First, cultures from aerobic growth were used to inoculate 5 mL pre-reduced PYE
medium in Hungate tubes [70] with a final ODggy of 0.1. The cell suspensions were
incubated at 30 °C. After five days, the pre-cultures were transferred to new Hungate
tubes (final ODggg of 0.1) and were incubated at 30 °C. Potential growth was observed
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in a time frame of 14 days. The determination of anaerobic growth was performed in
biological replicates.

2.13. Metabolic Activity and Antibiotic Resistances

Metabolic activities were identified using API ZYM and API 20 NE tests. Both tests
were performed by following the instructions given by the manufacturer (BioMérieux,
Nuertingen, Germany). Catalase activity was determined using 3% H,O; [71].

For the determination of antibiotic resistances, the following discs and strips (Oxoid,
Wesel, Germany) were used: ampicillin (25 ug), chloramphenicol (30 pg), doxycycline
(30 pg), kanamycin (30 pg/mL), oxytetracycline (30 pg), rifampicin (2 pug), streptomycin
(10 pg), vancomycin (30 ug), erythromycin (0.015-256 pg), meropenem (0.002-32 pg),
tetracycline (0.015-256 pug). To determine the response of both strains to the antibiotic a
soft-agar (0.4% (w/v) agarose in PYE medium) overlay technique was used. 2.5 mL soft
agar were used to inoculate the isolates with a final ODggg of 0.1. Afterwards, discs or
strips were attached to the soft agar. All plates were incubated overnight at 30 °C.

3. Results
3.1. Enrichment of Caulobacteraceae from the Environment

To isolate organisms belonging to the family Caulobacteraceae, environmental samples
were taken from plant material (frog’s lettuce) from an oligotrophic pond (PM), surface
water near pond algae (WSA), surface water near frog’s lettuce (Groenlandia densa) (WSP),
surface water of reed (WSR), surface water of Weende River entrance (WSW), mixed river
stones (MRS), river stones (RS), pond water (PW), Weende River water (RW), eutrophic
pond water (POW), surface water of stale eutrophic pond (PSW), and puddle water (PUW).
These samples were used as inoculum for a 0.001% (w/v) peptone-based enrichment with
and without methanol. Bacterial community compositions of the resulting cultures were
analyzed based on the 165 rRNA gene amplicon analysis (Figure 1). Depending on the
sample origin, we observed specific structures of the established bacterial community at
order level. Cultures inoculated with oligotrophic samples always resulted in a similar
composition of the microbial community regardless of the sampling site. There was also no
significant difference between enrichment medium supplied with or without methanol at
order level. Eutrophic water samples led to more diverse bacterial communities at order
level with 105 different orders on average while oligotrophic water samples showed on
average 10 different orders (Figure 1a). Detailed investigation of the alphaproteobacterial
fraction revealed PW and PUW as the most promising samples for Brevundimonas isola-
tion (Figure 1b). At genus level, a medium-dependent effect could be observed during
the enrichments. Cultures enriched with methanol revealed Brevundimonas as the most
dominant genus. The pond water (PW) sample showed the highest relative abundance
of Brevundimonas. Cultures without methanol also contained genera of Caulobacteracea,
but those were not predominant and were surpassed by families such as Rhodospiriliaceae
and Rhizobiaceae. Cultures of eutrophic enrichment showed a more diverse composition
(105 different orders on average) and a relatively homogeneous distribution within the
Alphaproteobacteria with an average of 8 bacterial genera. Only the puddle water (PUW)
sample exhibited higher abundance of Brevundimonas and Caulobacter and was therefore
used for further bacterial isolations together with the PW enrichment.
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Figure 1. Amplicon-based analysis of the Caulobacteraceae enrichment from the different sampling sites. Relative abundance

of bacterial family based on 16S rRNA gene analysis in cultures after enrichment with 0.001% (w/v) peptone and 0.001%

(w/v) peptone with 5% (v/v) methanol. MRS, PW, RS and RW comprise the samples which were enriched with peptone
and methanol. Red letters indicated enrichments of Caulobacteraceae used for isolation. (A) Each bacterial phylum depicted
here comprises more than 2% relative abundance in at least one sample. (B) Relative read abundance of the top 20
enriched bacterial genera (including family) belonging to Alphaproteobacteria. Genera without cultured representatives
and unclassified genera have been removed.

3.2. Caulobacteraceae Isolation from Enriched Environmental Samples

The different isolation attempts led to 37 individual isolates, which were all inves-
tigated by 165 rRNA gene sequencing (Supplementary Tables 52-54). Three 165 rRNA
gene sequences (LVF1, DAIF19 and LVF2) matched with those of known Brevundimonas
strains (99.1 to 100% identity). Strains LVF1T and DAIF19 derived from PW were identical,
which was confirmed through Illumina sequencing (data not shown). Therefore, only
the data from LVF1! and LVF2T were considered further. The remaining isolates did
not belong to the Caulobacteraceae and were not further investigated. Examination of the
remaining enrichment cultures resulted in 34 additional isolates. None of these could be
assigned to the Caulobacteraceae family (Supplementary Table S5). Thus, we were able to
isolate only members of Brevundimonas from the originally identified genera Brevundimonas,
Phenylobacterium and Caulobacter of the family Caulobacteraceae (Figure 1b).

3.3. Phylogeny of LVF1T and LVF2T Based on Their Full Genome Sequence

In order to further classify the unique isolates LVF1T and LVF2T genome sequences
were obtained. Both isolates were sequenced by Illumina and Oxford Nanopore technol-
ogy. We were able to obtain high-quality closed genomes for both strains. The de novo
hybrid genome assembly of LVF1T, with an overall coverage (short- and long-reads) of
252.9-fold, resulted in one circular chromosome with a size of 3,550,773 bp and a GC-content
of 67.04%. It encodes 3445 putative proteins, 58 rRNAs and 48 tRNAs. Assembly of strain
LVF2T exhibiting an overall sequence coverage of 245.4-fold resulted in a genome size of
3,984,955 bp with a GC-content of 67.79%. The chromosome encodes 3857 putative proteins,
57 rRNAs, 48 tRNAs. No plasmids and CRISPR regions were detected in both genomes.
Genomic characteristics are listed in Table 2.
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Table 2. Genome statistics of Brevundimonas pondensis sp. nov. LVF1T and Brevundimonas goettingensis
sp. nov. LVF2T.

Features Brevundimonas pondensis Sp.  Brevundimonas goettingensis

Nov. LVF1T Sp. Nov. LVF2T
Genome size (bp) 3,550,773 3,984,955
GC content (%) 67.04 67.79
Coverage 252.9-fold 245.4-fold
CDS 3445 3857
rRNA genes 58 57
tRNA genes 48 48
ncRNA 4 3
CRISPR 0 0
Prophage(s) 2 1

Genome-based taxonomic assignment was performed with GTDB-Tk [60] and re-
vealed an average nucleotide identity (ANI) for each strain of approximately 90% to the clos-
est related species (ANI values 90.63-LVF1T and 90.85-LVF2") (Supplementary Table S6).
Additionally, the two isolates were confirmed as new species by employing the Type Strain
Genome Sever (TYGS) [72]. ANI-analysis with known type strains of the genus Brevundi-
monas is shown in Figure 2 (data in Supplementary Table S7). No cluster formation with any
other characterized Brevundimonas strain was observed. Close nucleotide sequence identity
shares LVF1T with B. diminuta NCTC 8545" with 85.06% and B. naejangsanensis DSM 23858
with 86.44%, and LVF2T with B. lenta DSM 23960" with 85.35% and B. subvibrioides ATCC
15264 with 85.06% respectively. The genomes of strains LVF1T and LVF2T share a sequence
identity of 84.55%.

ity

1.00 ~

_ident
°
2
ES

B. bullata HAMBI 2627
goettingensis LVF1T
vancanneytii NCTC 92397
naejangsanensis DSM 238587
terrae DSM 173297
basaltis DSM 253357

alba DSM 47367

lenta DSM 239607

viscosa CGMC 1.106837
bacteroides DSM 47267
subvibrioides ATCC 152647
pondensis LVF2T

. variabilis DSM 47377
aveniformes DSM 179777
mediterranea DSM 148787
aurantica DSM 47317

. nasdae JCM 114157

. diminuta NCTC 85457

. vesicularis NBRC 121657
B. halotolerans DSM 244487
B. halotolerans MCS24T

ANIm_percentage_i
o o o

s N @

8 & 8

! 1 1

DHEHHTOTOTTDDDHDDHDD DD DD

ek bk EEREEEEEREEEERE
TOOUUOUWLTOMNNTONOOUNODT™N
NTOT—ONNMNMLONDDOMNMMANLWMLWL ©
GIN®TIIEIABISFIRERS S
= O_= S0 == O n
w§oh§w§§w'aow‘_§w§§§l—'ﬁ§
2NEOOABLAcO0A0NANNNO I
§0QZ>S 00,0 ,50g0o00zgT
c0Z2g208 00T L<Io0 g8 voas DS
5SS 9=S8E 0085980 CETE0 B SR
S8 28SSEESLs0s s oES
SeSEES iS5 8889888583
SIS TLT>METCRM Sy F 8 o
G T L@ FSE @ 25
< > g0 Sa RS
@ @ §® s Q@ o
Q <
o

Figure 2. Phylogenetic analysis of Brevundinonas pondensis sp. nov. LVF1T and Brevundimonas goettingensis sp. nov. LVF2T.
All available type strains (T) and representative strains (R) from the genus Brevundimonas were examined. Calculations were
performed with pyani [61,73] using the ANIm method with standard parameters. Isolated strains LVF1T and LVF2" are
depicted in bold red.
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Thus, both strains are regarded as novel type strains of Brevundimonas, which we
designated Brevundimonas pondensis sp. nov. LVF1T and Brevundimonas goettingensis sp. nov.
LVE2".

3.4. Identification of Prophage Regions

Prophage regions were initially analyzed with PHASTER [66], which revealed two
putative prophage regions for Brevundimonas pondensis sp. nov. LVF1T (region 1: 233,337—
275,001; region 2: 330,414-348,898). The regions comprised 41.6 and 18.4 kb and were
classified as incomplete (Supplementary Table S8). Brevundimonas goettingensis sp. nov.
LVF2T revealed one putative prophage region (245,339-261,838), comprising 16.5 kb. This
was classified as intact despite its small size (Supplementary Table S9).

ProphageSeq [59] was applied for both strains and data of phage particle-packed dsDNA
was mapped on the bacterial genomes and visualized (Figure 3). For LVF1T, prophage reads
accumulation associated with the PHASTER-predicted prophage regions, thereby indicating
prophage activity. However, the coverage profile exhibits an uneven distribution of reads
with a substantial coverage increase from base 254,001, followed by a constant decrease over
170 kbp following the replication direction of the genome (Figure 3). Thus, the mapping alone
did not allow robust conclusions about the precise size of prophage 1 or prophage 2. Reads
derived from assembled particle-packed dsDNA resulted in two contigs of 90,274 bp and
38,784 bp. The 38.8 kb contig was indicated as circular by the assembler. Sequence alignment
with the host chromosome revealed that it represents the genome of prophage 2, including
its att sites. Those were 73 bp long with one base deviation at position 15(TCAATCAAC-
TAAGTa/gATTGAAAAGAATGGTGGACGCGACAGGGATTGAACCTGTGACCCCTACGA
TGTCAACG). The integration locus of this prophage is a valine tRNA.
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Figure 3. Read coverage profile of sequenced (A) LVF1T and (B) LVF2T prophages, mapped onto the corresponding host

genome. The pinkish arrows depict the prophage regions, which were predicted with PHASTER [66]. In purple and blue

are the experimentally verified prophage regions. Image A displays the read coverage of the LVF1T genome between base
143,051 to 625,450 (482,399 kb). Image B displays the coverage of the LVE2T genome between base 1 to 603,000 (629,999 kb).
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The 90 kb contig represents mainly the sequence accumulation over the two prophage
regions. The alignment with the host chromosome revealed the absence of prophage 2
in this genome fragment. Such an assembly result is only feasible if sequence reads are
present crossing the prophage 2 region, which in turn is only possible if prophage 2 is
excised from the host genome. Thus, this result indicates that prophage 2 is functional and
capable to excise its viral genome from the host chromosome, circularize it, and package it
in the procapsid.

Since it was not possible to obtain information on prophage 1, neither through se-
quence mapping nor read assembly, we aimed to narrow down its size by identifying its
att sites. Due to the sequence accumulation of the particle-packaged DNA on its upstream
boundary we suspected its attL site at position 233,401. Sequence analysis around this
position and comparison against the entire genome of LVF1T revealed an exact 58 bp
long sequence at position 275,001 to 275,058 (TGGTGCGGGTGGGCCGGGCTCGAAC-
CGGGCACTCCTCTCGGAACAGGATTTTGAATCCAG), representing the attL/R site of
prophage 1. A leucine tRNA was identified as integration locus of prophage 1. The genome
size of prophage 1 is 41,600 bp.

ProphageSeq of LVF2T revealed no read accumulation neither at the predicted prophage
location nor elsewhere on the bacterial chromosome. All phage particle-derived sequence
reads mapped equally distributed over the entire host chromosome. Investigation of the
surrounding gene annotations associated with the prophage prediction did not uncover
any phage integration sites. However, the annotation enabled to adapt the boundaries
of the predicted prophage region to 242,355 to 258,254, resulting in a final region size of
15,899 bp. Deduced proteins present in this region frequently encoded phage-related
protein domains.

In conclusion, two prophage regions in the genome LVF1! were identified and ex-
perimentally confirmed as particle-forming and capable of packing their genome. The
prophage identified in the genome of LVF2T is probably defective due to the random
packing of the host chromosome.

3.5. Morphological Analysis of LVF1T and LVF2T

To get insights into strain-specific morphological characteristics, both colony morphol-
ogy and cell morphology were analyzed. Colonies of LVF1T, grown on PYE and R2A solid
media, were colored grey-white, while colonies of strain LVF2T were yellow. If grown
overnight, the colony form of LVF1T was elliptically shaped, convex and smooth and
exhibited an average diameter of 0.8 mm. The same applies for LVF2T colonies, which had
an average diameter of approximately 1 mm (Supplementary Figure S2).

A Gram-staining of both isolates indicated a Gram-negative type
(Supplementary Figure S3).

For transmission electron microscopy (TEM), liquid cultures (Supplementary Figure 54)
of the isolates were used, which were grown in PYE medium and prepared with a neg-
ative staining technique. Single cells of LVF1T were homogeneous in structure and size
(Figure 4a,b). They were all motile, and stalks were not observed. The rod-shaped cells
were approximately1.0 pm in length and 0.46 um in width with one flagellum. Cells of
LVF2T showed evidence for asymmetrical cell division. A sessile mother cell with 1.7 pm
long prostheca (stalk) and a daughter cell with a polar flagellum (Figure 4c,d) was observed.
The cell bodies of the sessile cells were vibrio-shaped with a length of approximately 1.3
and 0.7 um width while the cell body of the swarmer cell was elliptical and 1.6 pm in
length and 0.6 um in width. Furthermore, cells attached to each other with the terminal
ends of their stalks were detected (Figure 4c). This documents the ability of LVF2T cells
to adhere to surfaces or form rosettes, which were frequently reported for three genera of
Caulobacteraceae [3]. Thus, both isolates are motile, and LVF2T is able to differentiate into
two cell types.
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Figure 4. Transmission electron microscopy image of LVF1T and LVF2T. Micrographs show the general morphology of
negatively stained cells of strains LVF1T (A,B), and LVF2T (C,D). LVF1T at 30 °C was grown in liquid PYE medium for 24 h
and LVE2T in the same medium for 48 h.

3.6. Physiological Characterization

The physiological properties and the metabolic potential of the new proposed type
strains were characterized by growth and metabolic experiments. Additionally, an antibi-
ogram was generated to reveal the antibiotic resistance potential of both strains. LVF1T
was able to grow at a temperature range between 10 and 40 °C and LVF2T between 10 and
35 °C. Both strains are mesophiles as their growth optimum was at 30 °C. LVF1" reached
higher cell densities at 30 °C than LVF2T (ODggp of 1.533 and 0.887, respectively; Figure 5a).

Both strains were able to grow in the presence of up to 4% (w/v) NaCl in PYE medium.
The salt optimum of LVF1T was between 0-1% (w/v) NaCl and that of LVF2T between
0-0.5% (w/v) (Figure 5b).

Growth kinetics of both strains were determined under optimal salt and temperature
conditions (Figure 5c). Under the experimental conditions, the lag phase of LVF1T lasted
for approximately three hours and that of LVF2T for approximately eight hours. The
duration of the exponential growth phase was 7.5 h for LVF1T and 8 h for LVF2T and thus
almost identical between both strains. LVF1! has a doubling time of 146 min and LVF2"
of 165 min. The growth rate p of LVF1T is 0.28 h™! and 0.25 h~! for LVF2T. However,
the transient phase of LVF2T was extended in comparison to LVF1T and resulted in a
higher final cell density of LVF2T. In addition, the ability for anaerobic growth was also
investigated. Therefore, aerobic pre-cultures were gassed with nitrogen and used as
inoculum for cultures in Hungate tubes filled with anaerobic PYE medium. Anaerobic
cultures were inoculated with ODg of 0.1 and incubated at optimal temperature without
addition of sodium chloride for 14 days. Cell growth of LVF1T increased almost eightfold,
resulting in a final ODgqg of 0.765. LVF2T showed no growth under these conditions.
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Figure 5. Growth analysis of LVF1T and LVF2T. (A) Growth of LVF1T (green) and LVE2T (orange) in
4 mL test tubes at different temperatures inoculated in PYE medium and incubated for 24 h (LVE2T)
and 16 h (LVF1T) at 180 rpm in a Infors HT shaker (Orbitron, Einsbach, Germany). (B) Samples
were inoculated in PYE medium and incubated for 30 h (LVE2T, orange) and 24 h (LVF1T, green) at
180 rpm. (C) Growth analysis of LVF1T (green) and LVE2T (orange) at optimum temperature
(30 °C) in 25 mL PYE medium. Measurements were performed in triplicate and for (A,B) the
standard deviation is shown as error bars, for (C) in different shades of green or orange.

The metabolic potential of both isolates was analyzed by using the API ZYM and
the API 20 NE tests. In this way, forty different enzyme activities were determined for
both isolates. Both showed no enzymatic activities in 27 cases. Ten were present in
both strains, which included alkaline phosphatase, esterase, lipase, leucine arylamidase,
trypsin, acid phosphatase, Naphthol-and AS-Bl-phosphohydrolase, as well as the ability
to utilize esculin, D-maltose and capric acid. Three enzyme activities were strain specific.
Valine arylamidase or a-chymotrypsin were detected in LVF2T whereas the activity of
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B-glucosidase was observed for LVF1T. In addition, both strains were catalase positive.
Oxidase reagent from API ZYM test showed oxidase activity for both isolates. A general
overview of all enzyme activities is listed in Table 3.

Table 3. Differential phenotypic characteristics of strains LVF1T and LVF2T and phylogenetically related species B. diminuta
NCTC 92397, B. lenta DSM 239607, B. naejangsanensis DSM 23858", and B. subvibrioides ATCC 15264". Taxa: 1, strain LVF17;
2, strain LVF2T; 3, B. diminuta NCTC 9239 (data from [9] BacDive [74] accessed on 12 January 2021); 4, B. lenta DSM 23960T
(data from [10]); 5, B. naejangsanensis DSM 238587 (data from BacDive [74] accessed on 12 January 2021); 6, B. subvibrioides
ATCC 15264T (data from [7]). +, Positive; —, negative; v, some strains showed activity; n/a, not available.

. B. pondensis .B' ; B. diminuta B. lenta DSM . B. . . B'. )
Characteristics LVET goettingensis NCTC 239607 naejangsensis  subvibrioides
LVE2T 92397 DSM 238587  ATCC 152647
Source of isolation Oligotrophic Puddle water Water Soil Soil Pond water
pond water
Colony pigmentation GPr\e{%/-/VI\é}lee P;{El}%‘g A None (NA) ?fﬁﬁig C};,reaﬁ’;i}]‘ Darl;;o{;:ange
( ) ( ) (NA) (TSA) (PYE)
Stalk formation — + n/a n/a — +
Anaerobic growth + — — — + —
Temperature (°C)
Range 10-40 10-40 n/a 4-34 4-50 n/a
Optimum 30 30 28 25 30 30
NacCl (g/L)
Range 0-40 0-40 n/a 0-10 0-40 0-20
Optimum 0-10 0-5 n/a 0 5 20
Enzymatic activity
Alkaline phosphatase + + + + + n/a
Esterase + + + + + n/a
Esterase lipase + + + + + n/a
Lipase - - — - - n/a
Leucine arylamidase + + + + + v
Valine arylamidase + - — — — —
Cysteine arylamidase — — — — — n/a
Trypsin + + + + + n/a
a-Chymotrypsin + - + - + n/a
Acid phosphatase + + + + + n/a
Naphthol-AS-BI- . . N . N n/a
phosphohydrolase
«-Galactosidase — — — — — n/a
-Galactosidase — - — — — n/a
3-Glucuronidase — — — — — n/a
a-Glucosidase — — — n/a — n/a
B-Glucosidase — + - n/a - n/a
N—Acet.yl.-[i- _ _ B _ B n/a
glucosaminidase
«-Mannosidase — - — — — n/a
a-Fucosidase — — — - — n/a
Utilization of
Potassium nitrate — — — n/a — -
L-Tryptophane — - — n/a — n/a
D-Glucose (fermentation) — — — n/a — n/a
L-Arginine — — — n/a — -

Urea — — — n/a — n/a
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Table 3. Cont.
Ch . B. pondensis .B' ) B. diminuta B. lenta DSM . B. . . B'. .
aracteristics LVE1T goettingensis NCTC 23960T naejangsensis  subvibrioides
LVE2T 92397 DSM 23858T  ATCC 152647
Esculin/ferric citrate + + — n/a — n/a
Gelatin — — — n/a - n/a
4-Nitrophenyl-p-D-
galactopyranoside B B B n/a B n/a
D-Glucose (assimilation) — — — — - +
L-Arabinose — — — — — v
D-Mannose - - - - - -
D-Mannitol — — - — - n/a
N-Acetyl-D-glucosamine — - — - — n/a
D-Maltose + + — — — +
Potassium gluconate - - — - — n/a
Capric acid + + — n/a — n/a
Adipic acid — — — n/a — n/a
Malic acid — — — n/a + n/a
Trisodium citrate — — — n/a — n/a
Phenylacetic acid — — — n/a — n/a
Oxidase + + + n/a + +
Catalase + + + n/a + +
Resistance to
Ampicillin — — + + + n/a
Chloramphenicol — — — - — n/a
Doxycycline — — — n/a n/a n/a
Erythromycin + + — n/a n/a n/a
Kanamycin — — — — — n/a
Meropenem + + n/a n/a n/a n/a
Oxytetracycline — - n/a n/a n/a n/a
Rifampicin — — n/a n/a n/a n/a
Streptomycin + + n/a n/a — —
Tetracycline + + — - — n/a
Vancomycin + + — n/a n/a n/a
G+C% 67.04 67.79 67 68.7 67 67

In bold: Sorted by categories.

The antibiogram (Supplementary Figure S5) revealed that both isolates are resistant
to erythromycin (LVF1T 2 pg/disc and LVF2T 4 pg/disc), meropenem (up to 2 ug/disc),
streptomycin (10 pg/disc), tetracycline (up to 1 pg/disc), and vancomycin (30 pg/disc).
Resfams in silico analysis [67] indicated genes present coding for an ABC transporter using
erythromycin as substrate, 3-lactamases for meropenem inactivation, tetracycline inactiva-
tion enzyme (tetX), and RND antibiotic efflux systems. The latter could be responsible for
the aminoglycoside tolerance (Supplementary Tables 510 and 511).

B. pondensis sp. nov. LVF1T and B. goettingensis sp. nov. LVF2T show a different
antibiogram compared to their phylogenetically closest relatives. Both are not resistant
against ampicillin and comparing them with B. diminuta NCTC 92397, B. lenta DSM 23960"
and B. naejangsanensis DSM 23858" but both possess a streptomycin and tetracycline
resistance (Table 3).

4. Discussion

The aim of this study was to isolate new host strains of the Caulobacteraceae family to
access the associated phage diversity present in the corresponding environments. This was
realized successfully from environmental enrichment cultures with suitable amounts of
Caulobacterales members. However, WSW (water surface of Weende River entrance), WSA
(water surface of algae), and WSR (water surface of reed) revealed no or almost no members
of this order. This was not expected as these were plant-associated samples, and members
of the order Caulobacterales are known to be associated with plant material [8]. Some plants
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such as reed (Phragmites australis) are able to increase microbial degradation due to oxygen
availability but also the presence of certain microorganisms depends on the compounds
released by reed [75]. WSW is the entrance of the river Weende. Here, the flow rate of the
water is fast and would require strong adhesion of the stalked cells [3]. This might explain
the lack of isolates from Caulobacterales. Enrichments from PW (oligotrophic pond water)
or PUW (puddle water) revealed significant presence of Caulobacterales. These promising
samples differed from the samples lacking Caulobacterales mainly in their standing waters,
which are also at risk of drying out. Thus, the ability of Caulobacterales to withstand
such seasonal fluctuations might be the crucial factor. Fazi et al. (2008) reported that the
Caulobacterales are among the first to colonize a habitat after rehydration, which is often the
case in Italian river sediments after heavy rain [76]. The authors of this study hypothesized
that this characteristic is due to the ability of many members to form rigid biofilms [76].

The promising PW and PUW samples finally led to the isolation of the strains de-
scribed here, which are associated with Brevundimonas based on their 165 rRNA gene se-
quence. Comparison of the whole genome with the representative type strains of this genus
revealed LVF1T and LVF2T to represent new species (Figure 2). Apart from the genome,
Brevundimonas pondensis sp. nov. LVF1T and Brevundimonas goettingensis sp. nov. LVF2T
also show phenotypic differences. The colonies of LVF1T are grayish-white, while that of
LVF2T are yellow. The origin of the coloration may be due to the production of carotenoids,
which some Brevundimonas species are capable to synthesize [3]. In the genome of LVF1T
(white colony) we could not identify any putative genes for carotenoid biosynthesis, but
we could in the genome of LVF2T (yellowish colony) (Supplementary Tables S12 and S13).

Both strains exhibited distinct cell morphologies. LVF2! showed prosthecate and
non-prosthecate vibrio shape cell types, whereas LVF1T showed only motile cells with
polar flagella. The ability to divide asymmetrically, resulting in the distinct cell types,
is rarely observed in Brevundimonas, i.e., in B. subvibrioides ATCC 152647 [7]. It is more
frequently observed in Caulobacter [4,5]. Since LVF2T exhibits characteristics of both genera,
its scientific importance goes beyond its service as a phage host strain.

Physiological analyses revealed that both strains grow optimally at 30 °C, which is in
agreement with the literature, as freshwater and terrestrial members of Cauolobactereacae
grow optimally at 30 °C [7,9,77]. Initial growth experiments showed that LVF1T achieves
higher cell densities than LVF2T. However, this apparent advantage could be due to the
conditions used. These experiments were conducted in test tubes with 4 mL medium
under vigorous shaking. The still suboptimal aeration affected LVF2T more than LVF1T,
since LVF2T unlike LVF1T is only capable of aerobic growth. Growth in conical flasks with
optimal aeration resulted in an opposite behavior as LVF2T reached higher densities than
LVF1T under these conditions (Figure 5c). LVF2T also presented its competitive advantage
at extreme temperatures such as 4 °C. It showed detectable growth after nine days, whereas
LVF1T required 16 days (data not shown). The data regarding growth in different NaCl
concentrations correlate well with those known from literature for this genus [2,78] and are
in good agreement with parameters frequently observed in environments from which both
strains originated [78].

Both strains showed only minor differences with respect to the tested metabolic
activities. Enzyme activity of valine arylamidase and a-chymotrypsin is missing in LVF2T,
whereas 3-glucosidase activity is present. These experimental data were confirmed by
genetic analysis using the KEGG pathway database (Supplementary Tables 514 and S15).
The B-glucosidase activity of LVF2T is significant, and to our knowledge, it has only been
observed previously in B. staleyi [17]. Both isolates were oxidase- and catalase-positive,
which is expected for the Caulobacteraceae family [7,9,77].

Antibiograms and the in silico investigations of both strains revealed a resistance
potential with respect to medically relevant antibiotics. These results might be an indication
of how far antibiotic contamination of our environment has progressed [79], especially
as both isolates were isolated from protected habitats. However, this could also indicate
that presence of antibiotic resistance genes are a natural phenomenon, as the presented
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isolates originate from a complex environment where they likely face natural producers of
antibiotics, e.g., Streptomyces [80]. In the future, analysis of the sample material with respect
to content of different antibiotics should be considered to obtain clarity on this point.

The prophage potential of both strains was of particular interest as both isolates
represent potential host systems for studying phage diversity in the environment. Our
data confirmed that bioinformatical prediction using PHASTER [66] was imprecise. Since
the prediction is mainly based on protein similarity to known phage proteins, the results
indicate that phage diversity associated with Caulobacterales is not yet well understood.
ProphageSeq of LVF1! showed that read mappings are distributed far downstream of the
identified prophages. This is likely related to the packaging mechanisms of the prophage.
One of them may frequently recruit the packaging sites (pac) located in the prophage
instance and translocate the chromosome constantly and unidirectionally into the prophage
heads. The fadeout of reads reflects the likelihood of the phage translocase holding on to
the initially grabbed dsDNA strand. We assume that both prophages of LVF1T are able of
forming phage particles. Prophage 2 due to the assembly of its genome and Prophage 1
as we could observe particle-packed sequence reads upstream the chromosomal pac site.
In LVF2T, we detected that the prophage randomly packs the host chromosome into its
particles. This prophage is damaged or already domesticated by the host to perform a
function required by the host. Similar cases are known for the PBSX prophages of Bacillus
pumilus (Jin et al., 2014) and the gene transfer agents of Rhodobacteraceae [81].

In conclusion, although we did not manage to isolate a strain of the genus Caulobacter,
we recovered two interesting isolates. LVF2 shows significant morphological similarity
to the Caulobacter genus, although assigned as Brevundimonas. As a host strain, it might
unite the viromes of both genera and be of particular value for the investigation of the
environmental phage diversity. The presence of only a few prophages in the genome makes
them even more attractive for this purpose. It is known that prophages can protect their
host from infections of related and unrelated viruses [82-84]. The good manageability of the
strains with respect to culture conditions make them promising candidates for future model
organisms. For these reasons, we share the isolated strains with the scientific community
and make them available with the help of the German Collection of Microorganisms and
Cell Cultures GmbH (DSMZ), the Culture Collection University of Gothenburg (CCUG),
and the Belgian Coordinated Collections of Microorganisms (BCCM/LMG).

4.1. Description of Brevundimonas Pondensis sp. nov.

Brevundimonas pondensis (pon. den’sis. N.L. fem. adj. pondensis pertaining to pond
(51°33/57"" N 9°57'20"" E, collected on 6 September 2018), the source from which the type
strain was isolated.

Cells are Gram-negative and rod-shaped (1.0 x 0.46 pm). Motile by means of a single
polar flagellum. Colonies on PYE and R2A are round, slightly convex smooth and grayish-
white with 0.8 mm diameter after 24 h of incubation at 30 °C. Growth occurs between 10
and 40 °C. Growth occurs in the presence of 0—4% (w/v) NaCl, with an optimum in the
presence of 0-1% (w/v) NaCl. Growth occurs under anaerobic conditions. Susceptible
to ampicillin, chloramphenicol, doxycycline, kanamycin, oxytetracycline, rifampicin, but
not to erythromycin, meropenem, streptomycin, tetracycline, and vancomycin. In assays
with the API 20 NE system, it showed the utilization of esculin, D-maltose, and capric
acid. In assays with the API ZYM system, alkaline phosphatase, esterase, esterase lipase,
leucine arylamidase, valine arylamidase, trypsin, «-Chymotropsin, acid phosphatase, and
naphthol-AS-Bl-phosphohydrolase are present. Other phenotypic characteristics are given
in Table 3.

The type strain, LVF1T (=DSM 112304 = CCUG 74982T = LMG 32096), was isolated
from an oligotrophic pond located in Gottingen, Germany. The DNA G + C content of the
type strain is 67.04 mol% (determined by PGAP).
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4.2. Description of Brevundimonas Goettingensis sp. nov.

Brevundimonas goettingensis (goet.tin.gen’sis N.L. fem. adj. goettingensis pertaining to
Gottingen city (51°33'27" N 9°56’40"" E, collected on 24 September 2018) where the type
strain was isolated).

Stalked cells are Gram-negative and vibrio-shaped (1.3 x 0.7 pm), the swarmer cells
are elliptical (1.0 x 0.6 pm). Motile by means of a single polar flagellum. Colonies on PYE
and R2A are elliptical, slightly convex, smooth and yellow with 1.0 mm diameter after 48 h
of incubation at 30 °C. Growth occurs between 10 and 40 °C. Growth occurs in the presence
of 0—4% (w/v) NaCl, with an optimum in the presence of 0-0.05% (w/v) NaCl. Susceptible
to ampicillin, chloramphenicol, doxycycline, kanamycin, oxytetracycline, rifampicin, but
not to erythromycin, meropenem, streptomycin, tetracycline, and vancomycin. In assays
with the API 20 NE system, it showed the utilization of esculin, D-maltose, and capric
acid. In assays with the API ZYM system, alkaline phosphatase, esterase, esterase lipase,
leucine arylamidase, trypsin, acid phosphatase, naphthol-AS-Bl-phosphohydrolase, and
-Glucosidase are detected. Other phenotypic characteristics are given in Table 3.

The type strain LVF2T (=DSM 1123057 = CCUG 74983 = LMG 320977T), was isolated
from an oligotrophic pond located in Gottingen, Germany. The DNA G + C content of the
type strain is 67.79 mol% (determined by PGAP).

Supplementary Materials: The figures and tables are available online at https:/ /www.mdpi.com/
article/10.3390/applmicrobiol1010005/s1, Figure S1: Visualization of BLASTKoala output for both
isolates, Figure S2: Phenotype of both isolates, Figure S3: Colony morphology of both isolates, Figure
S4: Gram staining of both isolates, Figure S5: Analysis of antibiotic resistances of both isolates, Table
S1: CheckM evaluation of both isolates, Table S2: Metadata of sampling sites, Table S3: ASV counts
and taxonomic assignments, Table S4: Assigned ASV sequences after bioinformatic processing,
Table S5: Identification results of bacterial isolates from enriched environmental sampling sites,
Table S6: GTDB-Tk result of both isolates, Table S7: Phylogenetic analysis of both isolates, Table S8:
PHASTER analysis of Brevundimonas pondensis LVF1T, Table S9: PHASTER analysis of Brevundimonas
goettingensis LVF2T, Table S10: Resfams predicition of Brevundimonas pondensis LVF1T, Table S11:
Resfams prediction of Brevundimonas goettingensis LVF2T, Table S12: List of putative biosynthetic gene
clusters in Brevundimonas pondensis LVF1T, Table S13: List of putative biosynthetic gene clusters in
Brevundimonas goettingensis LVF2T, Table S14: KEGG Mapper Reconstruction Result of Brevundimonas
pondensis LVF1T, Table S15: KEGG Mapper Reconstruction Result of Brevundimonas goettingensis
LVF2T.
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Abstract

Serratia marcescens is a species that belongs to the family of Yersiniaceae. This family
comprises taxa representing opportunistic human- and phytopathogens but also plant
growth-promoting rhizobacteria (PGPR). This study describes a novel Gram-negative strain
(LVF3R) of the species Serratia marcescens. The strain was characterized genomically,
morphologically, and physiologically. In addition, the potential of the isolate to act as a host
strain to assess the diversity of Serratia associated phages in environmental samples was
explored. Average nucleotide identity analysis revealed that LVF3® belongs to the species
Serratia marcescens. In silico analysis and ProphageSeq data resulted in the identification
of one prophage, which is capable of viral particle formation. Electron microscopy showed
cells of a rod-shaped, flagellated morphotype. The cells revealed a length and width of
1-1.6 ym and 0.8 um, respectively. LVF3" showed optimal growth at 30 C and in the pres-
ence of up to 2% (w/v) NaCl. It exhibited resistances to ampicillin, erythromycin, oxacillin,
oxytetracycline, rifampicin, tetracycline, and vancomycin. Genome data indicate that strain
S. marcescens LVF3% is a potential PGPR strain. It harbors genes coding for indole acetic
acid (IAA) biosynthesis, siderophore production, plant polymer degradation enzymes, acet-
oin synthesis, flagellar proteins, type IV secretion system, chemotaxis, phosphorous solubi-
lization, and biofilm formation.

Introduction

The genus Serratia belongs to the order Enterobacterales, which is part of the Gammaproteo-
bacteria, a large and diverse group of facultatively anaerobic, non-spore-forming, Gram-nega-
tive, rod-shaped bacteria. Related families are Budviciaceae, Enterobacteriaceae, Erwiniaceae,
Hafniaceae, Morganellaceae, Pectobacteriaceae and Yersiniaceae [1]. The genus Serratia is part
of the family Yersiniaceae, consisting of the eight genera Chania, Chimaeribacter, Ewingella,
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Rahnella, Rouxiella, Samsonia, Serratia and Yersinia [1]. Yersiniacea members are described as
motile, catalase-positive and unable to produce hydrogen disulfide [1]. To date, the genus Ser-
ratia consists of 24 species (LPSN [2] accessed on 28 January 2021), which can be isolated
from diverse environments such as soil, plants, animals, insects, and water [3,4].

The genus Serratia is named after the Italian physicist Serafino Serrati and was first discov-
ered in 1819 by Bartolomeo Bizio in Padua, Italy. However, the history of Serratia reaches
back to the Middle Ages when it played a role in eucharist miracles. Some Serratia strains pro-
duce a red and non-diffusible pigment designated prodigiosin. As they are able to grow on
bread, these Serratia may have been used to mimic blood on church bread at the time [5]. Ser-
ratia cells are Gram-negative and rod-shaped with rounded ends, and do not form endospores
[3], except the potential spore-forming Serratia marcescens subsp. Sakuensis [6]. However, the
International Committee on Systematics of Prokaryotes has not yet been able to confirm this
[4].

Serratia is frequently associated with animals and plants. It can be isolated from healthy
individuals [3] and is associated with conjunctivitis in horses, septicemia in foals, pigs and
goats, and mastitis in cows [7,8]. Some strains are opportunistic pathogens causing pneumo-
nia, septicemia, or cutaneous lesions [9,10]. Serratia marcescens account for 1-2% of nosoco-
mial infections in humans, mostly occurring in the respiratory or urinary tract, surgical
wounds, and soft tissues [11-13]. On plants, Serratia marcescens strains can cause the cucurbit
yellow vine disease (CYVD) in watermelons, pumpkins, and yellow squash, as well as soft-rot
disease in the bell pepper [14-16]. Nevertheless, reports of plant-promoting S. marcescens
strains also exist [17,18].

Serratia strains can produce industrially relevant extracellular enzymes such as highly active
DNA/RNA endonucleases, lipases, proteinases and chitinases [3,19]. The pigment prodigiosin
has antibacterial and antitumor properties and is produced by S. marcescens, S. plymuthica
and S. rubidaea [3,20,21]. As Serratia species exhibit multiple antibiotic resistances, there is
now a revival of interest in phages as therapeutic agents [22].

Phages or bacteriophages are viruses of bacteria. Lytic phages reproduce directly after infec-
tion, while temperate phages can integrate into the bacterial genome. There they inactivate,
and replicate together with their host, resulting in a prophage and a lysogenic bacterium. A
prophage can impart new properties to its host through the addition of its genetic material,
thereby protecting it from infection with related and unrelated viruses [23].

Active Serratia bacteriophages can frequently be found in rivers and sewage [24-26]. Serra-
tia phages are often able to infect related genera [27-29]. Lysogeny can frequently be observed
within the genus Serratia [3]. To date, the complete genomic sequences of 14 Serratia-associ-
ated phages are available (accessed on 28 January 2021) in the NCBI Viral RefSeq database
[30]. In order to isolate novel phages from the environment, safe and well-characterized host
strains are required. Ideally, these should be non-pathogenic and have no or only few pro-
phages to avoid prophage-induced resistance, which would lead to a strain which cannot be
infected by phages.

In a previous study, we succeeded to isolate an environmental Serratia marcescens strain
which originated from an oligotrophic pond in Géttingen, Germany (51° 33’ 59" N 9° 56’ 22"
E 230 m, collected on 18 September 2018). The Serratia strain was isolated as potential model
strain to study the local viral diversity associated with it. While 16S rRNA gene analysis con-
firmed its species assignment, no further characterization has been done previously [31].

In this study, an environmental Serratia marcescens isolate is characterized morphologi-
cally, physiologically and genomically. In addition, its potential as a host strain to access the
environmental diversity of Serratia associated phages is explored.
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Material and methods

Isolation of Serratia marcescens LVF3 strain, DNA extraction, and 16S
rRNA gene sequencing

Serratia marcescens LVF3® was isolated from the surface water near frog’s lettuce (Groenlandia
densa) from an oligotrophic pond located in the northern part of Weende, Gottingen, Ger-
many [31]. In this study, no specific permissions were required for the location, which is a
public pond in Géttingen outside of any protected area. As culture medium, 25 mL TSB-10
(1.7% peptone from casein, 0.3% peptone from soybean, 0.25% K,HPO,, 1% NaCl, 0.25% glu-
cose monohydrate) were used. DNA was extracted as described by Friedrich et al., 2021 [31].

Genome and prophage sequencing, assembly, and annotation

The genome and prophages were sequenced, assembled and annotated as described in Fried-
rich et al. 2021. In brief, Illumina paired-end sequencing libraries were prepared using the
Nextera XT DNA Sample Preparation kit and sequenced using the MiSeq System and Reagent
Kit version 3 (2 x 300 bp) according to the manufacturer’s recommendations (Illumina, San
Diego, CA, USA) [31]. For Nanopore sequencing, the Ligation Sequencing Kit (SQK-LSK109)
and the Native Barcode Expansion Kit EXP-NBD114 (Barcode 14; Oxford Nanopore Technol-
ogies, Oxford, UK) were used [31].

Potential CRISPR regions were identified with CRISPRFinder [32]. Assembled genomes
were quality-checked with CheckM v1.1.2 [33]. Genome annotation was performed by the
NCBI (National Centre for Biotechnological Information) using the Prokaryotic Genome
Annotation Pipeline v4.13 (PGAP) [34].

The whole-genome sequence of Serratia marcescens LVE3" has been deposited at GenBank
under the accession numbers CP063229 (chromosome) and CP063230 (plasmid). The BioPro-
ject with the accession number PRJNA669584 contains the BioSample SAMN16456043. The
raw reads have been deposited in the NCBI SRA database under the accession numbers
SRR12951277 (Oxford Nanopore) and SRR12951278 (Illumina MiSeq) and BioProject
PRJNA669584. The strain has been deposited at the DSMZ (Deutsche Sammlung von Mik-
roorganismen und Zellkulturen, Braunschweig, Germany) under collection number DSM
112280.

Phylogenetic classification of Serratia marcescens LVF3®

To provide an initial taxonomic classification of the Serratia marcescens isolate, the Genome
Taxonomy Database Toolkit (GTDB-Tk) v1.0.2 [35] was used as well a whole-genome-based
phylogeny with Type (Strain) Genome Server (TYGS [36], accessed on 31 January 2021). In-
depth phylogenetic analysis was done with the ANIm method included in pyani v0.2.10 [37].
A species boundary of 95% ANI was used [35]. The isolate was compared to all available type
strain and reference genomes based on the lists of the DSMZ and the NCBI (accessed on 28
April 2021): Enterobacter asburiae ATCC 35953" (PRJNA285282), Kluyvera cryocrescens
NBRC 102467" (PRJDB285), Raoultella planticola ATCC 33531" (PRJNA65511), Raoultella
planticola DSM 2688% (PRJNA500331), Serratia ficaria NBRC 102596" (PRJDB1514), S. inhi-
bens S40T (PRJNA491277), S. liquefaciens ATCC 275927 (PRJNA208332), S. marcescens
ATCC 13880" (PRJNA59561), S. marcescens subsp. sakuensis KCTC 421727 (PRJNA484649),
S. nematodiphila DSM 21420" (PRJNA257492), S. plymuthica NBRC 102599" (PRJDB268), S.
proteamaculans CCUG 14510" (PRINA563568), S. quinivorans NCTC 11544 (PRJEB6403), S.
rubidae NBRC 103169" (PRJDB269), Serratia sp. S119% (PRINA342012) and Skermanella sti-
biiresistens SB22" (PRJINA214805).
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Comparative genomics

Metabolic capabilities of LVE3® were investigated using BlastKOALA v2.2 [38] (S2 Fig). Puta-
tive secondary metabolite biosynthetic gene clusters were identified with antiSMASH v6.0.0b
[39,40]. Putative phage regions were identified with PHASTER [41]. Antibiotic resistance
annotation was investigated through Resfams v1.2.2 [42].

Cell morphology and Gram staining procedure

Colony morphology was studied by microscopy (Primo Star, Zeiss, Carl Zeiss Microscopy,
Jena, Germany) of single colonies (4X magnification) after growth on TSA-10 solid medium
(Fluka, Munich, Germany) for 24 h. A Gram staining analysis was performed using Hucker’s
crystal violet, an iodine and safranin solution and 1-propanol [43]. Microscopy images and
staining were processed and evaluated with the software ZEISS Labscope (Carl Zeiss).

Transmission electron microscopy

Cell morphology of LVF3® was assessed by transmission electron microscopy (TEM). Data
were imaged onto the screen using the digital Micrograph software (Gatan GmbH, Munich,
Germany). The isolate was grown in liquid TSB-10 medium overnight at 30°C. Afterwards, a
negative staining technique was performed. For this purpose, 5 pL cell suspension were mixed
with the same amount of diluted 0.5% phosphotungstic acid (3% stock, pH 7) and were trans-
ferred to a vaporized carbon mica for 1 min. The mica was washed briefly with demineralized
water and transferred to a thin copper-coated grid (PLANO GmbH, Marburg, Germany). The
coated grids were dried at room temperature and examined through a Jeol 1011 TEM (Georgia
Electron Microscopy, Freising, Germany).

Determination of salt tolerance and temperature optimum

For the determination of the salt tolerance, LVF3" was inoculated in 4 mL TSB medium
amended with 0, 5 and 10 to 100 g/L NaCl in increments of 10 g. The optical density of the cell
suspensions was measured using the Ultraspec 3300 pro photometer (Amersham Pharmacia
Biotec Europe GmbH, Munich, Germany) at a wavelength of 600 nm (ODgg). ODgq of the
cell suspensions were set to 0.3 at the beginning of the experiment [44], followed by an incuba-
tion period of 3 h at 30°C and 180 rpm in a Infors HT shaker (Orbitron, Einsbach, Germany).
After 3 h incubation, the ODgy was measured and the initial OD subtracted to assess growth
[44]. All measurements were performed in biological replicates.

To quantify the temperature optimum, the isolate was grown in 4 mL TSB-10 medium at
10°C,20°C, 30°C, 37°C, 40°C and 50°C at 180 rpm. The starting ODgq, of the cell cultures was
set to 0.1. The optical cell density of LVF3" was measured after 3 h. The collected data was
illustrated with R studio version 4.0.0 [45] using ggplot2 package [46].

Determination of growth kinetics

The growth kinetics in liquid cultures were measured with the cell growth quantifier
(CGQuant 8.1) (Aquila Biolabs GmbH, Baesweiler, Germany) at 30°C for 47 h. 25 mL of
LVFE3® with a final ODggp 0f 0.1 in TSB-10 medium were filled into 250 mL shake flasks. All
flasks were mounted onto the CGQuant sensor plate and were shaken for 47 h. The CGQuant
enables a dynamic approach of backscattered light measurement, monitoring the growth of
the liquid cultures in real-time [47]. All measurements were performed as biological replicates.
All collected data were illustrated with R studio version 4.0.0 [45] using ggplot2 package [48].
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Metabolic activity and antibiotic resistances

Metabolic activities were identified using API ZYM and API 20 E tests (BioMérieux, Nuertin-
gen, Germany). Both tests were performed according to the instructions of the manufacturer.
Catalase activity was determined using 3% H,O, [49]. For determination of antibiotic resis-
tances, a soft-agar (0.4% (w/v) agarose in TSA-10 medium) overlay technique was used with
discs, and strips (Oxoid, Thermo Fisher Scientific) containing ampicillin (25 pg), chloram-
phenicol (30 pg), doxycycline (30 pg), erythromycin (10 pg), kanamycin (30 pg), oxytetracy-
cline (30 ug), rifampicin (2 pg), streptomycin (10 pg), vancomycin (30 pg), meropenem
(0.002-32 pg), and oxacillin (0.015-256 pg). Soft agar (2.5 mL) was used to inoculate the iso-
lates with a final ODgg of 0.1. Afterwards, discs or strips were placed on the soft agar. All plates
were incubated overnight at 30°C.

Plaque assay with sewage water

For phage enrichment, the same procedure was conducted as described by Willms & Hertel,
2016 [50] and Willms et al., 2017 [51]. After incubation, different plaque morphologies such as
clear or turbid, the size of plaques, and the presence or absence of a halo were differentiated.
Generally, the performance of a plaque assay requires the ability of the host to grow in bacterial
lawns [52].

Results and discussion
Morphological characterization

Grown on TSA-10 medium agar LVF3" revealed round cream-white colonies with an average
diameter of 0.340 mm (S3 Fig). A Gram staining of LVE3® resulted in pink stained cells (S4
Fig), indicating a Gram-negative type. The cells’ size ranged from 1-1.6 um, with epileptic and
short cells or straight rods with rounded ends (Fig 1A). The isolate displays a typical morpho-
logical characteristic of the Serratia genus, such as motility by means of polar flagella, a cell
size that ranges from 0.9-2.0 um and rod-shaped cells with rounded ends [3]. Further, phage
particles, presumably originating from activated prophages, could be observed in the bacterial
culture (Fig 1B).

VT Y .

Fig 1. Transmission electron microscopy images of LVF3". The micrograph (A) shows the typically observed cell morphotypes of S. marcescens strain LVE3".
Micrograph (B) shows S. marcescens LVE3® surrounded by its active prophages. Cells were grown for 24 h at 30°C in TSB-10 medium, negatively stained and used for
TEM analysis.

https://doi.org/10.1371/journal.pone.0259673.g001
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Physiological characterization

LVF3"® showed growth up to 10% (w/v) NaCl in TSB medium with an optimum between 0-2%
(w/v) NaCl (Fig 2A). The LVE3® strain was able to grow at a temperature range between 20
and 40°C, which is indicative of a mesophilic organism. The highest cell densities were
observed at 30°C with an ODgg of 2.670 (which is a ratio of 8.9) (Fig 2B). This observation is
in good agreement with data obtained from related strains [3].

The growth kinetics of LVF3" were determined under optimal salt and temperature condi-
tions (Fig 2C). The isolate enters the log phase after a lag phase of approximately three hours
which continued for 12 hours until entering a transient phase with reduced growth. Maximum
cell densities were observed after around 28 h of cultivation. After the culture reached its peak
of maximum growth, cell densities decline, indicating cell-lysis. LVF3® has a doubling time of
304 minutes and a growth rate pof 0.14 h™".

The metabolic capabilities of LVF3" were analyzed by using the API ZYM and the API 20 E
tests. Twenty different enzyme activities were determined via API ZYM for the S. marcescens
isolate. In 13 cases, no enzymatic activity could be determined. The remaining enzymes activi-
ties comprised alkaline phosphatase, esterase, esterase lipase, leucine arylamidase, acid phos-
phatase, naphthol-AS-BI-phosphohydrolase and B-galactosidase activity. Enzymes such as
alkaline phosphatase and B-galactosidase were confirmed in the genome playing a role in sig-
naling and cellular processes as well galactose metabolism were confirmed by genome analysis
(S1 Table). The alkaline phosphatase is part of the periplasm, whereas the -galactosidase is
part of the outer membrane in Serratia marcescens [53]. Interestingly, strain LVE3® is able to
utilize urea, which has previously only been described in Serratia ureilytica [54]. LVF3" was
oxidase-negative and catalase-positive, which is characteristic for the Yersiniaceae family [1]. A
general overview of all enzymatic activities of the strain and closely related strains from TYGS
[36] is listed in Table 1. LVE3® is capable of D-glucose fermentation/oxidation. The antibio-
gram (S5 Fig) showed that LVE3" is resistant to ampicillin (25 pg/disc), erythromycin (10 pg/
disc), oxytetracycline (30 pg/disc), rifampicin (2 pg/disc), tetracycline (30 pg/disc), vancomy-
cin (30 pg/disc), oxacillin (256 pg/disc) and meropenem (until 0.06 pg/disc). Resfams in silico
analysis [42] identified genes encoding an ABC transporter for erythromycin or vancomycin
(PRJINAA669584|IM817_08890), an MFS transporter for tetracycline or oxytetracycline
(IM817_13485), B-lactamases for meropenem (IM817_13270), oxacillin and ampicillin inacti-
vation (IM817_09360), and an efflux pump system of the RND family putatively exporting
rifampicin (IM817_09370; S2 Table). The antibiogram as well the congruent in silico investiga-
tion of strain LVF3, showed a resistance potential to medically relevant antibiotics. Serratia
marcescens LVF3® shows a different antibiogram compared to its phylogenetically closest rela-
tives. It is not resistant to chloramphenicol, doxycycline, kanamycin, meropenem and strepto-
mycin. Like S. marcescens DSM 17174 and S. nematodiphila DSM 21420", LVF3" is not
resistant to chloramphenicol, kanamycin, and streptomycin. Ampicillin and oxacillin resis-
tance seem to be unique to our isolate (Table 1).

Interestingly, non-pigmented strains of S. marcescens are usually more resistant to antibiot-
ics than pigmented strains as they often harbor resistance plasmids [59]. No potential genes
encoding antibiotic resistance were detected in the plasmid sequence of strain LVF3". Envi-
ronmental Serratia marcescens strains are resistant to colistin, cephalothin, ampicillin, tetracy-
cline, and nitrofurantoin [3]. Strain LVE3® does not produce the red-pigmented antibiotic
prodigiosin. This is in agreement with the genome analysis as genes of the pig cluster encoding
the biosynthesis of prodigiosin [60]. were not detected. In a study by Haddix & Shanks (2018),
pigmented cells were shown to have twice the biomass yield of non-pigmented S. marcescens
strains [61]. Furthermore, LVE3® appears to produce secondary metabolites such as the
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Fig 2. S. marcescens LVE3® growth properties. (A) Growth of LVF3® in 4 mLTSB medium with different salt
concentrations after 3 h incubation at 180 rpm and 30°C. (B) LVF3® growth in TSB-10 medium at different
temperatures after 3 h incubation at 180 rpm. (C) Growth analysis of LVE3" at the optimum temperature (30°C) in 25
mL TSB-10 medium. Measurements were performed in triplicate. The standard deviation in (A) and (B) is shown as
error bars. In (C) different shades of purple indicate each replicate.

https://doi.org/10.1371/journal.pone.0259673.g002

Table 1. Phenotypic characteristics of strain LVE3® and phylogenetically related species Serratia sp. S119%, S marcescens ATCC 138807, S. marcescens DSM 17174%,

S. nematodiphila DSM 21420".

Characteristics S. marcescens Serratia sp. S. marcescens ATCC S. marcescens subsp. sakuensis S. nematodiphila DSM
LVEF3® S119% 13880" KCTC 421727 21420"
Source of isolation Surface water Peanut nodule Pond water Activated sludge Intestine of nematode
Spore formation - - - + -
Red colony pigmentation - - + +
Motility + + +
Glucose oxidation n/a n/a n/a n/a
Glucose fermentation n/a n/a + n/a
Temperature (°C)
Range 10-45 n/a n/a n/a 4-42
Optimum 30 28 30-37 28-37 33.5
NaCl (g/L)
Range 0-60 n/a n/a 0-70 20-70
Optimum 0-20 10 5 5 45
Utilization of
2-nitrophenyl-BD- + + + n/a n/a
galactopyranoside
L-arginine - - - + +
L-lysine + + +
L-ornithine + + +
Trisodium citrate + + +
Sodium thiosulfate - - - - -
Urea + - - - -
L-tryptophane - - - + +
L-tryptophane (indole - - v - -
production)
Sodium pyruvate (Voges + - v + +
Proskauer)
Gelatin + + + n/a +
D-glucose + + + +
D-mannitol + + + n/a
Inositol + + v n/a n/a
D-sorbitol + + + + +
L-rhamnose + - v n/a n/a
D-sucrose + + + + +
D-melibiose + + + - +
Amygdalin + + + n/a n/a
L-arabinose - + v - +
Catalase + n/a n/a + +
Oxidase - - - - -
Resistance to
Ampicillin + n/a - - -
(Continued)
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Table 1. (Continued)

Characteristics S. marcescens Serratia sp. S. marcescens ATCC S. marcescens subsp. sakuensis S. nematodiphila DSM
LVF3® S119° 13880" KCTC 421727 21420"
Chloramphenicol - + + - -
Doxycycline - n/a + n/a n/a
Erythromycin + n/a + + n/a
Kanamycin - n/a + - -
Meropenem - n/a n/a n/a -
Oxacillin + n/a - n/a n/a
Oxytetracycline + n/a n/a n/a n/a
Rifampicin + n/a n/a n/a -
Tetracycline + n/a + + -
Streptomycin - n/a n/a - -
Vancomycin + n/a - n/a +
G+C% 59.29 59.85 59.8 58 59.52

In bold: Sorted by categories.
Taxa: 1, strain S. marcescens LVE3%; 2, Serratia sp. S1 19% (data from [55]); 3, S. marcescens ATCC 13880" (data from BacDive [56] on 24 February 2021); 4, S.
marcescens subsp. sakuensis KCTC 42172" (data from [6,57]; LPSN [58] accessed on 24 February 2021); 5, S. nematodiphila DSM 21420" (data from [57]; BacDive [56]

accessed on 24 February 2021); +, Positive; -, negative; v, some strains showed activity; n/a, not available.

https://doi.org/10.1371/journal.pone.0259673.t001

antibiotic andrimid, the cyclic lipopeptide orfamide and the O-antigen of lipopolysaccharides
(S3 Table). Andrimid production was also detected in the plant-associated Serratia plymuthica
A153 and Serratia marcescens MSU97 [62,63]. Orfamide as a bioactive compound may be
released for plant protection [64]. The O-antigen of lipopolysaccharides is responsible for a
normal growth rate in plants such as tomatoes [65].

Comparisons of the LVF3® genome to the genomes of the phylogenetically most closely
related strain Serratia sp. S119" and the PGPR strain Serratia marcescens UENF-22GI showed
that they share numerous plant-growth promoting genes (49 with S119% and 11 with UENF-
22GI). These genes code for components of indole acetic acid (IAA) biosynthesis, siderophore
production, plant polymer degradation enzymes, acetoin synthesis, flagellar proteins, type IV
secretion system, chemotaxis, phosphorous solubilization, and biofilm formation (S4 Table).
All of these genes are known to provide important plant growth-promoting properties [55,66].
Serratia sp. S119%, a known biofertilizer for peanut and maize, is closely related to LVF3® with
96.08% average nucleotide identity (S5 Table). Based on these results, the environmental origin
of isolation (surface water near frog’s lettuce) and the detected physiological properties, it is
indicated that Serratia marcescens strain LVF3 has the potential to promote plant growth.

Genomic characterization

Genome. Genome sequencing using Illumina and Oxford Nanopore technologies
resulted in a high-quality closed genome (S6 Table). The genome of LVE3® consists of one cir-
cular chromosome (5,440,698 bp) with a GC-content of 59.29% and one circular plasmid
(87,710 bp) with a GC-content of 53.27%. The difference in GC content (6.02%) suggests that
the plasmid was obtained recently. The chromosome has a 285.9-fold and the plasmid a
418.7-fold coverage, implying that the plasmid is present in two copies per cell. The chromo-
some encodes 5,159 protein-encoding genes, 129 rRNAs and 92 tRNAs. The plasmid encodes
94 protein-encoding genes. No CRISPR regions were detected. Genomic characteristics are
listed in Table 2.
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Table 2. Genome statistics of the LVF3" chromosome and p87710 plasmid.

Features Chromosome Plasmid
Genome size (bp) 5,440,698 87,710
GC content (%) 59.29 53.27
Coverage 285.9-fold 418.7-fold
CDS 5,159 94

rRNA genes 129 0

tRNA genes 92 0

ncRNA 15 0

CRISPR 0 0
Prophage(s) 2 0

https://doi.org/10.1371/journal.pone.0259673.t1002

Whole-genome phylogeny. Initial taxonomic assignment of strain LVF3" was performed
with GTDB-Tk pipeline [35]. It revealed an average nucleotide identity (ANT) of approxi-
mately 96% to the closest related species Serratia marcescens (ANI value of 96.3). This supports
LVE3™s assignment to the species S. marcescens (S6 Table). However, taxonomic assignment
of LVE3® employing the Type Strain Genome Server (TYGS) suggests that our strain is a
potential new species, although the calculated digital DNA-DNA hybridization (dDDH) value
is 73.3%, showing close relationship with the type strain Serratia marcescens ATCC 13880 (S1
Fig; S7 Table). The threshold for a new species is below 70% dDDH [67]. ANI-analysis using
the 15 closest related type strain genomes derived from the TYGS database [36] as well as the
genome of the reference strain (Serratia sp. S119) is shown in Fig 3 (data in S6 Table).

The genome of strain LVE3® builds a cluster with the type strains S. marcescens ATCC
13880, S. nematodiphila DSM 21420 and S. marcescens subsp. sakuensis KCTC 42172, and the
reference strain Serratia sp. S119. LVE3® shares the closest average nucleotide identity with
Serratia sp. S1 19% (96.08%) and S. marcescens ATCC 13880" (95.33%).

Based on the results of TYGS, GTDB-Tk and ANI analyses, we suggest that strain LVF3
belongs to the species Serratia marcescens.

Prophages. The prophage potential of LVF3" was of particular interest as the strain repre-
sents a potential host system for studying phage diversity in the environment. Prophage region
were initially analyzed using PHASTER [41], revealing two putative prophage regions (region
1:2,088,804-2,147,829; region 2: 2,353,448-2,400,701). The regions comprised 59.0 and 47.2
kb and were classified as intact (S7 Table).

Sequence data of phage particle-packed dsDNA was mapped to the LVF3" genome using
ProphageSeq [69] (Fig 4). Prophage activity is indicated when prophage reads accumulate
closely associated with the PHASTER-predicted prophage regions. The coverage profile exhib-
its an even distribution of reads with a substantial coverage increase from base 2,089,081 to
2,143,727 (Fig 4). As the PHASTER-predicted prophage region one was annotated with a pre-
ceding start site, the precise location of prophage one was investigated. Reads obtained from
particle-packed dsDNA were used for genome assembly. This resulted in one circular contig
with a size of 45,631 bp representing the phage genome of the identified prophage. Compari-
son of the phage genome with the chromosome of LVE3® enabled us to precisely locate the
corresponding prophage region. Thus, prophage one is located between 2,098,352 and
2,144,007 bp flanked by perfect direct repeats of 25 bp (5 AGGAATCGTATTCGGTCTTT
TTTTG), which represented the aftL and attR sites. For prophage two, neither a pronounced
sequence accumulation was observed at the predicted prophage region, nor was it possible to
assemble the respective phage genome.
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Fig 3. Genome-based phylogenetic analysis of Serratia marcescens LVE3~, All genomes from available type strains (T) included in the TYGS database [36] and a
representative strain (R) from the genus Serratia were examined. Calculations were done with pyani [37,68] using ANIm method with default parameters. LVF3® is

depicted in bold red.
https://doi.org/10.1371/journal.pone.0259673.g003
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Fig 4. Read coverage profile of sequenced LVE3® prophages, mapped onto its corresponding host genome. The blue arrows depict the prophage regions
predicted by PHASTER [41]. Green arrows indicate the experimentally verified prophage region. The image displays the read coverage of the genome between base

2,022,912 to 2,5011,011 (478,099 kb).

https://doi.org/10.1371/journal.pone.0259673.9004

In conclusion, one prophage region was experimentally confirmed as particle-forming and
capable of packing its genome. The second predicted prophage was unable to form particles
under the employed experimental conditions. As prophages can mediate resistance against related
phages, a low number or absence of prophages in the genome is required for a potential host
strain employed for phage isolation [23] and covering viral diversity in an isolation experiment.

Strain suitability for phage isolation. So far, S. marcescens strain LVF3" has proven to be
an easy-to-cultivate organism with simple growth requirements and few intrinsic antibiotic
resistances. This provides a good basis for making it a potential working strain in molecular
biology. In a next step, we aimed to assess its potential as host strain for environmental phage
isolations. For this purpose, LVE3" was infected with a viral suspension derived from raw sew-
age. An overlay plaque assay was employed to analyze the infected cells (Fig 5). Results
revealed diverse plaque morphologies corresponding to different phages, thus confirming the
suitability of S. marcescens LVE3" as a host strain for phage isolation,

Conclusion

In the framework of this study, the novel Serratia strain LVF3R was characterized and deter-
mined to be a suitable host strain for environmental phage isolation as it only contains one
active and one degenerated prophage in its genome. Further, we could confirm that our strain
showed after infection with a viral pool, a high phage diversity. The viral diversity associated
with this strain will be the subject of future studies.
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Fig 5. Host strain LVF3 challenged with metaviral sample. Different plaque morphologies can be observed.

https://doi.org/10.1371/journal.pone.0259673.9005
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S1 Fig. Phylogenetic classification of Serratia marcescens strain LVF3.
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(PDF)

$3 Fig. Colony morphotype of Serratia marcescens LVF3~. Growth experiments were per-
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$4 Fig. Gram staining of Serratia marcescens LVF3X,
(PDF)

S5 Fig. Analysis of antibiotic resistances through soft-agar assay with discs (A) and strips (B).
Exemplarily, antibiotic resistance of isolate LVF3R is indicated by halo formation. Incubation
took place overnight at 30°C. (A) Meropenem (0.002-32 pg), and (B) kanamycin (30 pg),
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Abstract

We present the first two complete genomes of the Janthinobacterium lividum species, namely strains EIF1 and EIF2, which both
possess the ability to synthesize violacein. The violet pigment violacein is a secondary metabolite with antibacterial, antifungal,
antiviral, and antitumoral properties. Both strains were isolated from environmental oligotrophic water ponds in Géttingen. The
strains were phylogenetically classified by average nucleotide identity (ANI) analysis and showed a species assignment to J. /ividum
with 97.72% (EIF1) and 97.66% (EIF2) identity. These are the first complete genome sequences of strains belonging to the species
J. lividum. The genome of strain EIF1 consists of one circular chromosome (6,373,589 bp) with a GC-content of 61.98%. The
genome contains 5,551 coding sequences, 122 rRNAs, 93 tRNAs, and 1 tm-RNA. The genome of EIF2 comprises one circular
chromosome (6,399,352 bp) with a GC-content of 61.63% and a circular plasmid p356839 (356,839 bp) with a GC-content of
57.21%. The chromosome encodes 5,691 coding sequences, 122 rRNAs, 93 tRNAs, and 1 tm-RNA and the plasmid harbors 245
coding sequences. In addition to the highly conserved chromosomally encoded violacein operon, the plasmid comprises a non-
ribosomal peptide synthetase cluster with similarity to xenoamicin, which is a bioactive compound effective against protozoan
parasites.

Key words: Janthinobacterium lividum, secondary metabolites, violacein operon, antimicrobial, antifungal, xenoamicin.

Introduction

Janthinobacterium lividum is a betaproteobacterium and
belongs to the family of Oxalobacteraceae. This family com-
prises 13 genera including the genus Janthinobacterium
(Baldani et al. 2014), which in turn contains the species

Significance

J. lividum (Kampfer et al. 2008), Janthinobacterium svalbar-
densis  (Ambrozic  Avgustin et al. 2013), and
Janthinobacterium agaricidamnosum (Lincoln et al. 1999) as
well as the recently announced species Janthinobacterium
violaceinigrum sp. nov., Janthinobacterium aquaticum sp.

The species Janthinobacterium lividum is known for producing a variety of secondary metabolites. Those bioactive compounds are
valuable for different biotechnological applications. Comparative genomics of J. lividum investigating the overall genomic structure
and genome evolution are limited due to the lack of complete genome sequences. The here analyzed new isolates and their complete
genomes give insight into their potential for bioactive compound discovery including violacein and xenoamicin. Moreover, we show that
the chromosomes of J. lividum EIF1 and EIF2 have a conserved genome structure and that these two novel strains function as a blueprint
for future genome comparisons throughout the Janthinobacterium genus, which deepens our understanding of this genera’s evolution.

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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nov., and Janthinobacterium rivuli sp. nov. (Huibin et al.
2020). Members of Janthinobacterium are Gram-negative,
motile, and rod-shaped (Baldani et al. 2014). They are strictly
aerobic, chemoorganotrophic, and are proposed to grow at a
temperature optimum of 25-30°C (Baldani et al. 2014). In
addition, psychrophilic isolates are known that are able to
grow at 4°C (Suman et al. 2015). Janthinobacterium strains
inhabit different environments including soil (Asencio et al.
2014, Shoemaker et al. 2015; Wu et al. 2017), various aquatic
habitats such as lakes (Suman et al. 2015), water sediments
(McTaggart et al. 2015), and rainwater cisterns (Haack et al.
2016). Some Janthinobacterium isolates are also known as
beneficial skin microsymbionts of amphibians (Brucker et al.
2008; Harris et al. 2009) and as pathogens of rainbow trouts
(Oh et al. 2019). Janthinobacterium colonies have a purple-
violet color produced by the pigment violacein. This colorful
secondary metabolite (SM) is known to exhibit antimicrobial,
antiviral, and antitumor properties (Andrighetti-Frohner et al.
2003; Bromberg et al. 2010; Asencio et al. 2014) and thus
bears great potential for biotechnological applications. In the
current study, we assessed 1) the first complete genomes of
two novel J. lividum isolates EIF1 and EIF2 and compared 2)
the genetic localization of the violacein cluster within the ge-
nus Janthinobacterium. Additionally, we focused on 3) the
potential for synthesis of bioactive SMs.

Materials and Methods

Isolation, Growth Conditions, and Genomic DNA
Extraction

Janthinobacterium lividum EIF1 and EIF2 were obtained from
environmental oligotrophic water surface and plant material
including leaves and stem from opposite-leaved pondweed,
Groenlandia densa. The samples were collected in Gottingen
(Germany) on 11.09.2018 (51°33'58"N  9°56/22"E).
Enrichment cultures were performed by using environmental
water samples to inoculate peptone medium containing
0.001% (wA) peptone (Carl Roth GmbH + Co. KG,
Karlsruhe, Germany). Cultures were allowed to stand undis-
turbed for 3 weeks at 25 °C (Poindexter 2006). Both biofilm
and water surface material were sampled and streaked on
0.05% peptone-containing agar medium supplemented
with 1% vitamin solution No. 6 (Staley 1968). After colony
formation, they were transferred to a new agar plate contain-
ing diluted peptone medium supplemented with CaCl, (PCa)
(Poindexter 2006) and incubated for 4 days at 25°C. For
singularization of isolates, restreaking was performed at least
four times. Individual single colonies were cultured in liquid
PCa medium and genomic DNA was extracted with the
MasterPure complete DNA and RNA purification kit as recom-
mended by the manufacturer (Epicentre, Madison, WI). After
the addition of 500 pl Tissue and Cell Lysis Solution, the resus-
pended cells were transferred into Lysing Matrix B tubes (MP

Biomedicals, Eschwege, Germany) and mechanically dis-
rupted for 10s at 6.5m/s using FastPrep-24 (MP
Biomedicals). The supernatant was cleared by centrifugation
for 10 min at 11,000 x g, transferred into a 2.0-ml tube and
1wl Proteinase K (20 mg/ml) (Epicentre) was added. The pro-
cedure was performed as recommended but the MPC Protein
Precipitation Reagent was modified to 300 pl. The 165 rRNA
genes of purified isolates were amplified with the primer pair
27F and 1492R (Fredriksson et al. 2013). Sanger sequencing
of the polymerase chain reaction products was done by
Seglab (Gottingen, Germany).

Genome Sequencing, Assembly, and Annotation

[llumina paired-end sequencing libraries were prepared using
the Nextera XT DNA Sample Preparation kit and sequenced by
employing the MiSeg-system and reagent kit version 3 (2x
300 bp) as recommended by the manufacturer (lllumina, San
Diego, CA). For Nanopore sequencing, 1.5 pg DNA was used
for library preparation employing the Ligation Sequencing kit
1D (SQK-LSK109) and the Native Barcode Expansion kit EXP-
NBD103 (Barcode 3) for strain EIF1 and the Native Barcode
Expansion kit EXP-NBD 104 (Barcodes 7 and 12) for strain EIF2
as recommended by the manufacturer (Oxford Nanopore
Technologies, Oxford, UK). Sequencing was performed for
72h using the MiInION device Mk1B and a SpotON Flow
Cell R9.4.1 as recommended by the manufacturer (Oxford
Nanopore  Technologies) using MIinKNOW  software
v19.05.0 for sequencing (strain EIF1 and first run of EIF2)
and v19.06.8 for the second run of strain EIF2. For demulti-
plexing, Guppy versions v3.0.3 (strain EIF1), v3.1.5 (strain EIF2,
first run), and v.3.2.1 (EIF2, second run) were used. lllumina
raw reads were quality filtered with fastp v0.20.0 (Chen et al.
2018) using the following parameters: base correction by
overlap, base phred score >Q20, read clipping by quality
score in front and tail with a sliding window size of 4, a
mean quality of >20, and a required minimum length of
50bp. Reads were additionally adapter trimmed by using
cutadapt v2.5 (Martin 2011). For adapter trimming of
Oxford Nanopore reads, Porechop (https:/github.com/
rrwick/Porechop.git; last accessed April 29, 2019) was used
with default parameters. Quality filtering with fastp v0.20.0
(Chen et al. 2018) was performed by using following param-
eters: base phred score >Q10, read clipping by quality score
in front and tail with a sliding window size of 10, a mean
quality of >10, and a required minimum length of 1,000 bp.

Janthinobacterium lividum EIF1 was de novo assembled
using Unicycler v0.4.8 in normal mode (Wick et al. 2017)
and quality checked with Bandage v0.8.1 (Wick et al. 2015).

For J. lividum EIF2, a de novo long-read-only assembly with
Nanopore reads was performed using Unicycler v0.4.8 due to
repetitive transposases in the genome and to avoid misassem-
blies of overrepresented repetitive regions by short-reads. To
increase the quality of the Nanopore assembly, additional
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polishing was performed with unicycler-polish (https:/github.
com/rrwick/Unicycler/blob/master/docs/unicycler-polish.md;
last accessed February 13, 2020) by mapping lllumina short-
reads with bowtie2 v2.3.5.1 (Langmead and Salzberg 2012)
against the Nanopore-based assembly and base correction by
Pilon 1.23 (Walker et al. 2014). This routine corrects substitu-
tions, indels as well as larger variants such as repetitive homo-
stretches, deletions, and large deletions. The contiguity of the
assembly was manually inspected and evaluated with Tablet
v1.19.09.03 (Milne et al. 2013). Quality of the assembled
genomes was assessed with CheckM v1.1.2 (Parks et al.
2015) and genome annotation was performed by using the
Prokaryotic Genome Annotation Pipeline v4.11 (Tatusova et al.
2016) and subsequent manual curation of the genes encoding
the violacein operon.

Phylogenetic Classification

The Genome Taxonomy Database Toolkit (GTDB-Tk) v1.0.1
(Chaumeil et al. 2019) was used to provide an initial taxo-
nomic placement of the J. lividum isolates. Subsequently, an
in-depth phylogenetic analysis was performed using ANIm
method of pyani (https:/github.com/widdowquinn/pyani
v0.2.9; last accessed March 05, 2020) (Arahal 2014) as de-
scribed by Richter and Rossell6-Mdra (2009). Based on the list
of the type strain collection of the German Strain Collection of
Microorganisms and  Cell Cultures GmbH (DSMZ,
Braunschweig, Germany), available type strain genomes
were downloaded from the National Centre for
Biotechnological Information (NCBI, accessed 05.03.2020) in-
cluding J. lividum NCTC9796" (PRIEB6403), J lividum H-247
(PRINA309034), J. svalbardensis strain PAMC 27463%
(PRINA407061), and J. agaricidamnosum DSM 96287
(PRIEB4003). The type strain genome of the species
J. lividum was sequenced twice (NCTC9796" and H-24").
Both were included in the analysis due to their incomplete
sequencing status, difference in coverage, and used annota-
tion pipelines.

Comparative Genomics

To investigate the metabolic potential of J. lividum EIF1 and
EIF2, BlastKOALA v2.2 (Kanehisa et al. 2016) was used.
Putative SM biosynthetic gene clusters and putative phage
regions were identified with AntiSMASH v5.1.2 (Blin et al.
2019) and PHASTER (Arndt et al. 2016), respectively.
Comparative analysis and visualization of the violacein operon
was performed with Easyfig v2.2.3 (Sullivan et al. 2011).
Whole-genome comparisons were performed by employing
the BLAST Ring Image Generator v0.95 (Alikhan et al. 2011).

Results and Discussion

Genomic Features of J. lividum EIF1 and EIF2

We present the first complete genomes of two J. fividum
strains EIF1 and EIF2, which originate from a surface water
sample and a pondweed plant in Géttingen, respectively. The
sequencing statistics are summarized in supplementary table
S1, Supplementary Material online. The complete genomes
were assembled from quality-filtered Oxford Nanopore reads
(EIF1: 41,395 and EIF2: 237,547) with a mean length of
8,045 bp (EIF1) and 5,954 bp (EIF2) and lllumina reads with
3,271,600 (EIF1) and 2,562,634 (EIF2) reads in total. The de
novo hybrid genome assembly of J. lividum EIF1 yielded a
6,373,589-bp circular chromosome, with a GC-content of
61.98% and a coverage of 181.3-fold. Short-read polished
long-read Nanopore assembly of J. /ividum EIF2 resulted in a
circular chromosome (6,399,352 bp) and a circular plasmid
(356,839 bp) with a coverage of 298.9-fold and 343.6-fold
and a GC-content of 61.63% and 57.21%, respectively. In
total, short-read polishing corrected 321 variants including
substitutions, insertions, homo-stretches, deletions, and large
deletions. Both assemblies were evaluated manually with
Bandage v0.8.1 (Wick et al. 2015) and Tablet 1.19.09.03
(Milne et al. 2013). No CRISPR regions were detected in
both genomes.

Phylogeny of J. lividum EIF1 and EIF2

The quality of the assemblies was evaluated with CheckM
v1.1.2 (Parks et al. 2015) and revealed high purity with a
completeness of 99.6% and a contamination rate of 2.38%
(EIF1) and 1.58% (EIF2), respectively. The first taxonomic as-
signment of GTDB-Tk v1.0.1 (Chaumeil et al. 2019) based on
fastani values (97.66-EIF1 and 97.5-EIF2) demonstrated that
both strains belong taxonomically to the species J. lividum.
The available type and representative strains were used in
the pyani analysis, which revealed that both J. /ividum EIF1
and EIF2 build a cluster with the type strains J. lividum H-24"
and NCTC 9796 (fig. 1A). In detail, J. lividum EIF1 and EIF2
cluster with 97.72% and 97.66% sequence identity, respec-
tively, to the type strains J. fividum H-24" and NCTC 9796".
This is above the species boundary of ~94-95% and allows a
reliable classification of both isolates EIF1 and EIF2 to the spe-
cies J. lividum. The genomes of strains EIF1 and EIF2 share a
sequence identity of 98.48%.

Metabolism and Production of Bioactive Compounds

Functional prediction of gene clusters was conducted with
BlastKOALA. In total, 54.2% (EIF1) and 52.2% (EIF2) genes
fall into 23 functional categories according to the Kyoto
Encyclopedia of Genes and Genomes orthology. Among all
categories, genes involved in signaling and processing (EIF1,
409 genes; EIF2, 431 genes), environmental processing (EIF1,
378 genes; EIF2, 391 genes), and genetic information
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Fic. 1.—(A) Phylogenetic analysis of Janthinobacterium lividum EIF1 and EIF2 and (B) comparison of violacein operon of Janthinobacterium. (A) All
available type strains (") and representative strains (%) from the genus Janthinobacterium were considered. Calculations were done with pyani (https:/github.
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level. Visualization was performed with Easyfig 2.2.3 (Sullivan et al. 2011).

processing (EIF1, 352 genes; EIF2, 361 genes) were most
abundant. Additionally, several genes were affiliated to met-
abolic processing for substrate conversion including carbohy-
drate (EIF1, 292 genes; EIF2, 293 genes), nitrogen (19 genes),
and sulfur (30 genes).

In total, 186 genes in EIF1 and 187 genes in EIF2 were
associated with cell signaling including quorum sensing (52
genes), biofilm formation (EIF1, 77 genes; EIF2, 78 genes),
and cell motility (57 genes). This indicates flexible genomes
that enable the microorganism to sense and process diverse
stimuli and substrates from the environment.

Members of the genus Janthinobacterium are a promising
source for novel pharmaceutical compounds, as they bear the

potential to synthesize important SMs with exceptional antibac-
terial, antifungal, antiviral, and antiprotozoal properties (Brucker
et al. 2008; Wang et al. 2012; Asencio et al. 2014; Suman et al.
2015; Duran et al. 2016). Both isolated strains showed a purple
color during growth in liquid and solid media (supplementary
fig. S1, Supplementary Material online), indicating the produc-
tion of bioactive pigments. Genome analysis with AntiSMASH
v5.1.2 (Blin et al. 2019) revealed that EIF1 comprises six and EIF2
seven putative SM gene clusters. In both genomes, genes typical
for synthesis of terpene, bacteriocins, and violacein were
detected.

The genomic comparison of the violacein operon
(vioABCDE  EIF1  3,947,675-3,970,695bp and  EIF2
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Fic. 2.—Comparison of two new complete genomes of Janthinobacterium lividum strains EIF1 and EIF2 and three draft genomes of J. lividum NCTC
9796", Janthinobacterium agaricidamnosum DSM 96287, and Janthinobacterium svalbardensis strain PAMC 27463%. The figure was generated using BLAST
Ring Image Generator (Alikhan et al. 2011). As central reference, the J. lividum EIF1 chromosome is depicted (black ring with size, GC-content, and GC skew
are indicated). BLAST matches between J. fividum EIF1 and other strains are shown as concentric colored rings on a sliding scale according to percentage
identity (100%, 90%, or 70%). Regions of differences are labeled: bacteriocins (red), terpene (green), violacein (pink), prophages EIF1 (black), prophages

EIF2 (gray), and regions of differences with hypothetical function (light gray).

3,934,551-3,957,571 bp) and surrounding genomic regions
revealed a high conservation of the entire operon in the
genomes of all different J /ividum strains and other
Janthinobacterium species, that is, J. agaricidamnosum
(fig. 1B). The genomic surrounding indicates conservation at
intraspecies level only. In addition, the J. lividum EIF2 plasmid
p356839 encodes a putative nonribosomal peptide synthe-
tase cluster. This cluster showed an overall similarity to other
known clusters synthesizing xenoamicin A/xenoamicin B by
comprising eight core biosynthetic genes (G8765_29435-
G8765_29465, G8765_29475), five additional biosynthetic
genes (G8765_29470, G8765_29490, G8765_29500,
G8765_29505, and G8765_29540), and three transport-

related genes (G8765_29520, G8765_29525, and
G8765_29535). Xenoamicin A/B is known for its activity
against Plasmodium falciparum, an unicellular protozoan par-
asite (Zhou et al. 2013). The comparison of the GC-content
shows a difference of 4.42% between the chromosome and
plasmid p356839 of strain EIF2 suggesting that the plasmid
was obtained recently.

Comparative Genomics of Janthinobacterium

The two complete genomes of J. fividum (EIF1 and EIF2) pre-
sented here allow a reliable genomic structure simulation of
incomplete available draft genomes of this species for the first
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time. The overall genome comparison between
Janthinobacterium genera revealed not only broad genome
similarities but also species and strain specific differences
(fig. 2) (Alikhan et al. 2011).

The chromosome organization of the species J. lividum
follows a conserved structural genus blueprint, which is also
detected in the species J. agaricidamnosum and
J. svalbardensis. This highlights the high genomic conservation
of the genus Janthinobacterium. To investigate regions of dif-
ference, the genomes were searched for putative prophage
regions, which are known as drivers of genomic evolution
(Casjens 2003; Brissow et al. 2004; Canchaya et al. 2004).
PHASTER analysis revealed two putative prophage regions
(region 1: 2,543,591-2,585,344 bp; region 2: 2,565,749—
2,585,385 bp) in J. lividum EIF1 (fig. 2). The regions comprise
41.7 and 19.6kb and were classified as questionable and
incomplete, respectively. However, both comprised phage at-
tachment sites. In the genome of J. lividum EIF2, eight putative
prophage regions were identified, of which seven reside
within the chromosome (fig. 2) and one within the plasmid
(315,441-324,647 bp, questionable). Two regions were clas-
sified as intact (region 1: 1,746,259-1,768,581 bp and region
3:2,093,778-2,133,389 bp) and comprised the phage typical
attachment sites AttL and AttR. These results support the hy-
pothesis that bacterial strain diversification is mainly driven by
phages interacting with the host chromosome (Canchaya
et al. 2004) and extrachromosomal elements obtained by
horizontal gene transfer (Giménez et al. 2019). Several SM
clusters, such as the biosynthesis of bacteriocin, terpene, and
violacein, were conserved among all investigated J. fividum
isolates, indicating SM production as a common feature
among this species.

In conclusion, we assembled two complete genomes de-
rived from new isolates of the species J. lividum (EIF1 and EIF2)
using lllumina and Nanopore technology. These are the first
complete genomes described for this species and allowed in-
depth genome analysis and comparisons. We have shown
that both strains encode SM clusters, including the bioactive
compounds violacein and xenoamicin A/B.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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ABSTRACT We present the complete genome of Stenotrophomonas indicatrix DAIF1,
which was isolated from an oligotrophic pond in a water protection area. Whole-ge-
nome alignments indicated that strain DAIFT belongs to the species Stenotrophomonas
indicatrix. The whole genome (4,639,375bp) harbors 4,108 protein-encoding genes,
including 3,029 genes with assigned functions.

tenotrophomonas indicatrix DAIF1 was isolated from an oligotrophic pond water

sample from Germany (51°33'58"N, 9°56'22"E) as described previously (1). The ge-
nome of environmentally derived strain DAIF1 is of interest for comparative genome
analysis with clinical isolates. For genomic DNA preparation, the strain was cultured in
PCa medium (peptone medium supplemented with 0.015% CaCl,) at 30°C (2). DNA
was purified with the MasterPure complete DNA and RNA purification kit as recom-
mended by the manufacturer (Epicentre, Madison, WI, USA). The isolated DNA was
used to generate lllumina sequencing libraries using the Nextera XT DNA sample prep-
aration kit and was sequenced on a MiSeq instrument with reagent kit v3 (2 x 300 bp,
600 cycles) as recommended by the manufacturer (lllumina, San Diego, USA). For
sequencing with the MinlON system, the 1D genomic DNA sequencing protocol in
combination with the ligation sequencing 1D kit (SQK-LSK109) and the native barcode
expansion kit (EXP-NBD103; barcode 11) were used as recommended by the manufac-
turer (Oxford Nanopore Technologies, Oxford, UK). Input DNA without size selection
was end repaired with NEBNext FFPE repair mix (New England Biolabs, Ipswich, MA,
USA). Nanopore sequencing was performed by using the SpotON flow cell Mk | (R9.4.1)
for 72 h with MinKNOW software v18.12.6. Guppy v3.4.1 was employed in fast mode
for demultiplexing and base calling. Default parameters were used for all software
unless otherwise specified. Nanopore and Illumina reads were quality processed with

fastp v0.19.5 (3), resulting in 35,352 Nanopore reads with sizes ranging from 10 to 50 Citation Friedrich | Hollensteiner J, Scherf )

Weyergraf J, Klassen A, Poehlein A, Hertel R,

kbp (Nso, 14.5kbp) and 2,256,826 high-quality lllumina paired-end reads. A Nanopore Daniel R. 2021. Complete genome sequence of
long-read assembly with the racon v1.3.1 assembler as part of the Unicycler pipeline Stenotrophomonas indicatrix DAIF1. Microbiol
04.7 (4) lted i inale ci | h ith a final f 214-fold Resour Announc 10:201484-20. https://doi.org/
v0.4. resulted in a single circular chromosome with a final coverage o -fold. 10/1128/MRA 0148420,

Sequence polishing was performed using the lllumina reads and the unicycler_polish. Editor J. Cameron Thrash, University of

py script (4); this resulted in a final genome of 4,639,375bp with a GC content of Southern California
66.36%. Prokka v1.13.3 (5) was used for automatic annotation, which resulted in 4,108 Copyright © 2021 Friedrich et al. This is an

. di f which 3.029 . d f . Furth 76 open-access article distributed under the terms
protein-encoding genes, of which 3, were assigned functions. Furthermore, ISP ——— - ———;
tRNA genes, 1 transfer-messenger RNA gene, and 13 rRNA genes were identified. International license.
In order to provide a first phylogenetic classification, a BLAST search against the Address correspondence to Rolf Daniel,

NCBI nonredundant nucleotide database using the 165 rRNA gene sequence of DAIF1 rdaniel@gwag.de.
Received 27 December 2020

was performed (6). The most similar 16S rRNA gene was from Stenotrophomonas sp. Accepted 15 January 2021
strain MYb57 (GenBank accession number KU902436.1), with an identity of 100%. To Published 11 February 2021
further classify DAIF1, its genome was compared with all available genomes of
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FIG 1 ANI analysis of the Stenotrophomonas indicatrix DAIF1T genome (red). All available genomes of type strains
(superscript T) and representative strains (superscript R) from the genus Stenotrophomonas were taken into account.
Calculations were performed with the Python pyANI package (9) using the ANIm (ANI calculated by using a MUMmer3
implementation) method with standard parameters. Analysis revealed a genome sequence identity of 98.29% for
DAIF1 in comparison with the S. indicatrix WS40" genome. GenBank accession numbers are provided in parentheses.

Stenotrophomonas type strains (Fig. 1) by using average_nucleotide_identity.py v0.2.10
(https://github.com/widdowquinn/pyani) with the option ANIm and MUMmer3 (7).
Average nucleotide identity (ANI) analysis (8) showed that DAIF1 clustered with S. indica-
trix WS40 (GenBank accession number NZ_PEJS00000000.1). The recorded identity was
98.39% (Fig. 1). This is higher than the species boundary of approximately 94% (9) and
allows assignment of DAIF1 as a new strain within the S. indicatrix species. Furthermore,
the closed genome sequence of S. indicatrix DAIF1 is beneficial for comparative
genomics with clinical isolates.

Data availability. The annotated genome sequence of Stenotrophomonas sp.
DAIF1 and the 16S rRNA gene sequence were submitted to GenBank under the acces-
sion numbers CP037883 and MW078496, respectively. Raw reads were deposited in

Volume 10 Issue 6 e01484-20

mra.asm.org 2

Downloaded from https://journals.asm.org/journal/mra on 12 September 2022 by 2a02:8108:96c0:5188:b1da:d534:b308:6efd.


https://github.com/widdowquinn/pyani
https://www.ncbi.nlm.nih.gov/nuccore/1275776684
https://www.ncbi.nlm.nih.gov/nuccore/CP037883
https://www.ncbi.nlm.nih.gov/nuccore/MW078496
https://mra.asm.org

Microbiology Resource Announcement

4 Microbiology

the NCBI Sequence Read Archive (SRA) under the accession numbers SRX6039405
(Nanopore reads) and SRX6039404 (lllumina reads).
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Complete Genome Sequence of Kinneretia sp. Strain DAIF2,
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ABSTRACT Kinneretia sp. strain DAIF2 was isolated from a eutrophic freshwater
pond. The genome consists of a single chromosome (6,010,585 bp) with a GC content
of 69.3%. The whole-genome-based phylogeny of DAIF2 revealed a closest relation to
the genus Kinneretia.

he Gram-negative Kinneretia sp. strain DAIF2 was isolated from a eutrophic pond in

Gottingen, Germany. The sample (51°33'29"N, 9°56'41"E) was collected on 24
September 2018. The strain was enriched and isolated as described previously (1).
DAIF2 was chosen for sequencing, since it was most similar at the 16S rRNA gene level
to the genus Kinneretia, which was until now only represented by the type strain,
Kinneretia asaccharophila DSM 25082 (2). For DNA isolation, DAIF2 was cultivated in
PCa medium (peptone medium supplemented with 0.015% CaC1, [3]) at 25°C. DNA
was extracted using the MasterPure complete DNA and RNA purification kit (Epicentre,
Madison, WI, USA) as described previously (1). lllumina sequencing libraries were con-
structed using the Nextera XT DNA sample preparation kit (lllumina, San Diego, CA,
USA) and sequenced using a MiSeq instrument and reagent kit v3 (600 cycles), as rec-
ommended by the manufacturer (lllumina). For Nanopore sequencing, a separate
batch of 1.5ug high-molecular-weight DNA was used for library preparation by
employing the ligation sequencing kit 1D (SQK-LSK109) and the native barcode expan-
sion kit (EXP-NBD114; barcode 19) as described by the manufacturer (Oxford Nanopore
Technologies, Oxford, UK). The MinlON device Mk1B, the SpotON flow cell R9.4.1, and
MinKNOW software v19.06.8 were used for sequencing (72 h) as recommended by the
manufacturer (Oxford Nanopore Technologies). For demultiplexing and base calling,
Guppy v3.0.7 (Oxford Nanopore Technologies) was applied. Default parameters were

used for all software unless otherwise specified. Sequencing resulted in 3,208,102 300- Citationljlollensteinerdinedrichlliiiollsteinls

Lamping J-P, Wolf K, Liesegang H, Poehlein A,

bp Illlumina reads and 5,612,523 Nanopore reads with a mean length of 1,631 bp. The Hertel R, Daniel R. 2021. Complete genome
lllumina reads were quality filtered using Trimmomatic v0.36 (4), and paired reads sequence of Kinneretia sp. strain DAIF2, isolated

.. . . . from a freshwater pond. Microbiol Resour
were joined with FLASH (5). The Nanopore reads were adapter and quality trimmed Announc 10:200003-21. https//doiorg/10
with a length cutoff of 10 kb using fastp v0.20.0 (6), resulting in 75,898 Nanopore reads 1128/MRA.00003-21.
with an Ny, value of 31,759 bp. Together with the lllumina reads, a de novo hybrid as- Editor Julia A. Maresca, University of Delaware
sembly was performed using Unicycler v0.4.8 (7) in normal mode. The assembly Copyright © 2021 Hollensteiner et al. This is an

. . . 0 open-access article distributed under the terms
revealed a single circular chromosome (6,010,585 bp) with a GC content of 69.28%. e Cireptive Commerns Adlouiem A
Coverages calculated with Qualimap v2.2.1 (8) using Bowtie 2 v2.3.5 (9) and minimap2 International license.
v2.17-r941 (10) were 127-fold (lllumina) and 204-fold (Nanopore). The Prokaryotic Address correspondence to Rolf Daniel,
Genome Annotation Pipeline (PGAP) v4.11 (11) was used for automatic DAIF2 genome rdaniel@gwag.de.
Received 4 January 2021

annotation. Annotation revealed 5,538 putative genes, 5,398 of which were protein Accepted 5 February 2021
coding. Moreover, 64 tRNA genes, 15 rRNA genes, 1 transfer-messenger (tmRNA) gene, Published 25 February 2021
and 3 noncoding RNA (ncRNA) genes were identified.
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FIG 1 Phylogenetic classification of Kinneretia sp. strain DAIF2. The 14 closest related type strain genomes were used for phylogenetic analysis as described
by TYGS (12). The tree was inferred with FastME 2.1.6.1 (13) using Genome BLAST Distance Phylogeny (GBDP) distances calculated from genome
sequences. The branch lengths are scaled in terms of GBDP distance formula d5. The numbers above the branches are GBDP pseudobootstrap support

values of >60% from 100 replications, with an average branch support of 85.8%. The tree was midpoint

Whole-genome-based phylogeny of the DAIF2 genome was performed with the
Type (Strain) Genome Server (TYGS [12], accessed 12 November 2020). In general, close
relationships of DAIF2 to the genera Kinneretia, Paucibacter, Mitsuaria, and Roseateles,
which belong to the family Comamonadaceae, were detected (Fig. 1). The closest rela-
tive was the type strain Kinneretia asaccharophila DSM 25082 (GenBank accession num-
ber NZ_SNXE00000000.1) of the genus Kinneretia, which was announced in 2010 as a
new genus in the Rubrivivax branch (2), with a calculated digital DNA-DNA hybridiza-
tion (dDDH) of 34.5%. This result indicates that strain DAIF2 may be a new species
(Fig. 1).

Data availability. This complete genome sequence is available at DDBJ/ENA/
GenBank under the accession number CP049919.1. The raw reads were deposited in
the NCBI sequence read archive (SRA) under the accession numbers SRX8059303

rooted (14).

(Illumina) and SRX8059304 (Nanopore).
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Abstract

Bacteriophages, also called phages, are viruses of bacteria. They are the most common and
diverse biological entities on this planet. For metagenomic investigation, their diversity is also
their biggest obstacle. The direct metagenomic sequence of environmental phage communities
often leads to short genomic fragments limiting the investigation to a few individual aspects
of phage biology and diversity.

The presented protocol for generating a host-associated metagenome reduces the phage
diversity to a concise and accessible size. Metagenome sequencing often leads to complete
genomes, and the availability of a suitable host system ensures further experimental

investigation.

Introduction

Bacteriophages, also called phages, are viruses of bacteria. They are the most common and
diverse biological entities on this planet (1, 2). The traditional way of phage isolation is via a
plaque assay. A viral suspension is applied to an agar-embedded host bacterial. Infected cells
are locally consumed, resulting in clear cell-free areas known as phage plaques (3). The
genomic era allows direct sequencing of the viral sphere and thus direct investigation of phage
genome sequences.

Both approaches, individual isolation or metagenomic, have their specific weaknesses. The
classical approach mainly allows the isolation of highly virulent phages. These phage types
rely on rapid replication, rapid consumption of their host cells and the generation of large
numbers of progeny. Phage types with deviant survival strategies, extended life cycles and
small burst sizes, or which do not focus on immediate and absolute consumption of the host,
are often overlooked. The sequence assembly of a direct metagenomic sequencing approach
often results in very short contigs limiting the investigation to individual aspects of phage
biology and diversity. Even with high sequence depth, complete viral genomes cannot be
obtained (4).

The protocol presented here allows combining both systems’ advantages and detecting both
plaque-forming and non-forming phages in the new mesophilic species Brevundimonas
pondensis LVF1T (5). A defined host for enrichment creates a concise and experimentally

accessible viral metagenome, which in turn allows a specific and more dept study of its phages.

76 -
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For example, it is possible to directly address the different phage groups by specific isolation

and sequencing of dsDNA, ssDNA, dsRNA and ssRNA genomic material (Figure 1).

Figure 1. Diverse and rich distribution of phage plaques after the infection of B. pondensis with sewage water.

Materials
Bacterial host strain

e Brevundimonas pondensis LVF1T (5).

Media and working solutions

e PYE: 0.2% peptone, 0.1% yeast extract, 0.02% MgSOa x 7 H20.

e PYE agar/agarose: 0.2% peptone, 0.1% yeast extract, 0.02% MgSOs x 7 H20, 1.5%
agar/0.4% agarose.

e 30% (w/v) PEG 8000 (Polyethylene Glycol 8000) with 1.5 M NaCl.

e 0.5 M EDTA (Ethylenediaminetetraacetic acid), pH 8.0.
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e 100% Isopropanol.

Consumables

Polypropylene copolymer (PPCO) centrifuge bottles with sealing closure (Thermo

Fisher Scientific, Waltham, MA, USA).

e 15- and 50-mL sterile conical centrifuge tubes.

e 045 um syringe compatible sterile filter (Sarstedt AG & Co. KG, Niimbrecht,
Germany).

e 10- to 50-mL syringes.

e Sterile toothpicks.

e DPetri dishes of 9-cm diameter.

¢ Non-specific salt-active endonuclease (SERVA, Heidelberg, Germany).

e MasterPure™ Complete DNA and RNA Purification kit (Lucigen, Middleton, WI,
USA).

e Sl nuclease (Thermo Fisher Scientific).

e Ambion™ RNase III (Thermo Fisher Scientific).

e dsDNase (Thermo Fisher Scientific).

e Random Hexamer Primer (Thermo Fisher Scientific).

¢ Klenow Fragment (Thermo Fisher Scientific)

¢ 3 M Sodium acetate, pH 5.2.

e dNTPs.

Methods
Preparation of the host B. pondensis LVF1T

1. Start an overnight culture of B. pondensis in 4.5 mL PYE medium in glass tubes at 30 °C
and vigorous shaking. A fresh and dense culture of a host bacterium is required for

bacteriophage enrichment (see Note 1).
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Preparation of sewage water for bacteriophage enrichment

1.
2.

Request water of primary treatment from sewage plant (see Note 2).

The water sample of about 100 mL should be centrifuged at 6,000 x g for 15 min (see
Note 3).

Filter the supernatant through a 0.45 um non-pyrogenic, sterile PES-membrane
(Sarstedt AG & Co. KG).

Add PEG 8000 to a final concentration of 10% (w/v) and NaCl to the final concentration
of 0.5 M to the filtered sample, mix gently, and incubate the mixture overnight at 4 °C
for phage particle precipitation (see Note 4).

After PEG-precipitation, centrifuge the viral suspension at 10,000 x g for 1 h at 4 °C in
50 mL conical tube (see Note 5).

After centrifugation, discard the supernatant and resuspend the phage pellet in 2.5 mL

PYE for phages associated with B. pondensis LVF1T.

Enrichment of host-specific bacteriophages via a plaque assay

1.

Prepare fresh nutrient agar plates (PYE) in Petri dishes of 9-cm diameter and with
about 25 mL of agar medium. Ensure no free water is present on the agar or at the edge
of the plate.

Use a soft-agar overlay containing 0.4% (w/v) agarose for the second layer.

Mix 1 mL of the filtered and concentrated sewage water with 100 uL overnight cultures
of host bacteria (ODew needs to be set to 0.1) (see Note 6).

Incubate the mixture for 10 min at room temperature.

Add 2.5mL of prewarmed (50 °C) soft agar to the suspension, briefly vortex, and
evenly distribute the cells on a 30 °C prewarmed Petri dish with the base agar.

After the overlay agar solidified, incubate the plate upside-down overnight at 30 °C
(see Note 7).

A perfect result reveals a diverse and rich distribution of phage plaques with different
plaque morphologies, sizes, and the presence or absence of halos (Figure 1) (see Note
8).

If individual viral isolates are desired, they can be picked with sterile toothpicks by

gently penetrating the viral plaque in the soft agar overlay. Transfer the collected

.79 .
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10.
11.

12.

13.

14.
15.

virions into 500-pL sterile medium in a 1.5-mL reaction tube by placing the toothpicks
for 5 min into the medium (see Note 9).

Harvest the enriched viral pool from the plate by floating it with 4 mL PYE medium,
incubating for about 30 min and transferring the supernatant into 15-mL conical
centrifuge tubes (see Note 10).

Centrifuge the supernatant holding the phages for 10 min at 6,000 x g and 4 °C.

Sterile filter the supernatant with a 0.45-um non-pyrogenic, sterile PES-membrane
(Sarstedt AG & Co. KG) to remove insoluble matter and last host cells.

Add 1 puL of non-specific salt-active endonuclease (~25 units) to the suspension
obtained from one plate and mix everything thoroughly (see Note 11).

Add 10% PEG (w/v), 0.5M NaCl and 1 mM MgSOs (see Note 12) final concentration
(see Note 13).

Vortex the mixture and precipitate the phages overnight at 4 °C.

Pellet the precipitated phages with 10,000 x g for 1 h at 4 °C and resuspend the phage
pool in 2.0 mL PYE medium.

Total Nucleic Acids Purification

To extract total nucleic acids, we use the MasterPure™ Complete DNA and RNA Purification

kit (Lucigen). The following protocol is modified for extracting nucleic acids from

bacteriophages.

1.

Dilute 5 pL of Proteinase K (20 mg/mL) into 300 uL of 2X T and C Lysis Solution for

each sample.

Transfer 300 puL of the fluid sample to a 2-mL reaction tube, add 300 pL of 2X T and C

Lysis Solution containing the Proteinase K and mix thoroughly.
Incubate at 65 °C for 15 minutes; vortex every 5 min.

Place the samples on ice for 3-5 minutes and proceed with total nucleic acid

precipitation.

Add 300 pL of MPC Protein Precipitation Reagent to 600 uL of lysed sample and vortex

vigorously for 10 s.



Ines Friedrich Results and publication

6. Pellet the precipitated proteins by centrifugation at 4 °C for 10 minutes at 210,000 x g.
If the resultant pellet is clear, small, or loose, add an additional 25 pL of MPC Protein

Precipitation Reagent, mix, and pellet again.
7. Transfer the supernatant to a clean microcentrifuge tube and discard the pellet.
8. Add 1000 uL of isopropanol to the recovered supernatant. Invert the tube 30-40 times.
9. Pellet the total nucleic acids by centrifugation at 4 °C for 10 minutes with 10,000 x g.
10. Carefully pour off the isopropanol without dislodging the pellet.

11. Rinse twice with 70% (v/v) ethanol, careful not to dislodge the pellet. Centrifuge briefly

and remove all the residual ethanol with a pipet.

12. Resuspend the total nucleic acids in 35 pL nuclease-free water.

Preparation of viral dsDNA, ssDNA, dsRNA and ssRNA

The simplest way to analyze the extracted metagenome is to sequence it. Separating the
obtained nucleic acid into dsDNA, ssDNA, dsRNA and ssRNA can increase the information
gain. The working scheme in Figure 2 shows how such an endeavor could be realized. The
extracted dsRNA and ssRNA, as well as dsDNA, can then be sequenced with standard
protocols in an NGS sequencing center. The ssDNA must first be turned into dsDNA in order
to be conveniently sequenced using standard protocols. In the following, we provide a

working instruction to realize the mentioned task.
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Workflow scheme

Nucleic acids

VW

DNA RNA
dsDNase S1 nuclease RNase Il S1 nuclease
ssDNA dsDNA ssRNA dsRNA
lKlenow Fragment

dsDNA

Figure 2. Nucleic acids separation workflow overview.

Preparation of dsDNA, dsRNA and ssRNA virome

1. Apply RNaseA (DNase free) to the total prepared total nucleic acids to obtain pure
viral genomic DNA, or DNasel (RNse free) to obtain pure viral genomic RNA.

2. Apply the S1 nuclease (Thermo Fisher Scientific) to total DNA preparation to exclude
ssDNA and obtain pure dsDNA. Proceed likewise with RNA.

3. Apply Ambion™ RNase III to total RNA preparation to eliminate dsRNA and obtain
pure ssRNA.

Transcription of viral ssDNA to dsDNA for NGS sequencing

1. Use the previously prepared viral ssDNA as starting materials to set up a 50-uL
reaction containing 2 pg ssDNA, 0.1 mM Random Hexamer Primer, 10 units Klenow
Fragment, 0.5 mM dNTPs, 1X Klenow Fragment Buffer (all reagents from Thermo
Fisher Scientific, Waltham, MA, USA).

2. Incubate the reaction for 2 h at 37 °C.

3. Stop the reaction by adding 1 uL of 0.5 M EDTA (pH 8.0).
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4.

 *® N o O

10.

For precipitation of DNA, add 5 uL of 3 M sodium acetate (pH 5.2; Thermo Fisher
Scientific) and 50 uL cold isopropanol (=20 °C), and mix gently.

Incubate the sample for 1 h at —20 °C.

Pellet the DNA for 10 min at 10,000 x g and 4 °C.

Wash the pellet twice with ice-cold 70% (v/v) ethanol.

Pellet after every washing step, as previously mentioned.

Dry the DNA for 2 min at 50 °C in an open 2-mL tube. Resuspend the pellet in 20 uL
sterile and pure water for at least 30 min at 4 °C.

Compare resulting dsDNA with the ssDNA used as stating material via TAE agarose

gel electrophoresis.

PCR-based screening for phages incapable of plaque formation

By subtracting individual plaque-forming viral isolates from the metagenome, genomes of

strains that are incapable of plaque formation can be identified.

1.

Notes

Create specific primers from individual genomes that your bioinformatically extract
from the viral metagenomes.

Perform a standard PCR reaction using these primers and 1 puL of viral suspension
from previously picked plaques. Follow the manufacturer’s instructions of the DNA
Polymerase for the PCR reaction without further modification.

Verity the presence of a PCR product via TAE agarose gel electrophoresis. A primer
pair that cannot be associated with an isolate implies that the genome observed in the
metagenome belongs to a phage that cannot form plaques. A plaque-forming isolate
not observed in the metagenome indicates a virus with modified bases in its genome.
These may reduce sequence efficiency and lead to loss of genome sequence in the

metagenome.

In general, this procedure can be performed with all mesophilic bacteria whose optimal
growth and media compositions are known.
Preferably, use samples from your local sewage plant. We took samples from the

sewage plant in Gottingen, Germany. Also, make sure that your host strains are present
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in the sewage samples (e.g., through 16S amplicon sequencing). Brevundimonas
pondensis LVF1T is mostly present in the primary treatment step.

3. If more phages are needed, you can start with a larger starting amount and use PPCO
centrifuge bottles with sealing closure (Thermo Fisher Scientific) as vessels for this. In
our case, we centrifuged 1 L of the primary treatment step with these bottles.

4. The precipitation time can be extended up to three days if the viral sample is not
sewage, contains unlikely aggressive detergents and a low concentration of the desired
phage particles.

5. This step concentrates the free phages in the solution and extracts the viral particles
from the aggressive wastewater in which they rapidly degenerate. This step is
unnecessary if the density of the desired phages in the wastewater is high, and the
sample is directly used.

6. Since one often does not know the phage density of a sample in advance, it is advisable
to use a series with different phage amounts directly. If there are too few phages in the
sample, hardly any plaques are visible. If there are too many phages in the sample, the
plate will appear empty after incubation. Neither of these are ideal conditions. The use
of an uninfected control plate as a reference point is advantageous.

7. During the incubation of the floated plate, phages defuse into the liquid medium where
most of the host remain demobilized in the overlay. However, if soft agar fragments
are transferred along with the viral suspension, they will be removed by centrifugation
during the next working step.

8. Plaques should not overlap each other, as this would imply competition for host cells,
which may lead to impairment of the metagenomic diversity achieved. One must also
consider local infections that do not manifest a visible plaque. Such infections still
release virus particles in their environment that can be harvested for further studies.

9. Viral suspensions of individual isolates can be stored at 4 °C for several months.

For whole-genome sequencing, the picked isolates must be further singularized via
stepwise dilution to produce plaques without any neighboring infection events within
3 cm in diameter.

10. This step allows bacterial debris to be pelleted and separated from the virions.

.84 -
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11. A nuclease is necessary to digest free DNA and RNA unprotected by a viral capsid and
thus manly of host origin. This host material strongly impacts later sequencing and
therefore has to be removed. Alternatively, RNases or DNases can also be used.

12. The used nuclease is a metal-dependent nuclease and uses Mg?" to facilitate
phosphodiester bond breakage. Magnesium must only be supplied if no Mg?* ions are
present in the used medium.

13. Usually, we remove the free nucleic acids parallel with phage precipitation. However,
we observed this procedure is not reliably applicable with all media. Thus, removal of

nucleic acids prior precipitation can be appropriate.
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Abstract

The novel phage host systems Brevundimonas pondensis LVF1 and Serratia marcescens LVF3
were used to investigate biases introduced in the recovered phage diversity using the classic
overlay plaque assay for isolation. The dsDNA, ssDNA, dsRNA, and ssRNA were isolated
from phage plaques, and sequencing revealed new phage strains.

Of the 25 distinctive dsDNA phage isolates, 14 were associated with Brevundimonas and 11
with Serratia. Further TEM analysis revealed that six are of the Myo-, 18 of the Sipho- and one
of the Podo-morphotype, while Brevundimonas-associated phages are all of the Sipho-
morphotype. The associated viromes revealed that phage diversity is higher in summer than
in winter and dsDNA phages are the dominant group. Isolation of vB_SmaP-Kaonashi was
possible after investigating the viromes, demonstrating the great potential of accompanying
metagenomic virome sequencing. The ssDNA virome analysis showed that the B. pondensis
LVF1 system is associated with Microviridae and Inoviridae, even though no isolates could be
obtained. The results mentioned above regarding the dsDNA virome and isolates demonstrate
that the classical isolation technique is not exhausted, leading to the isolation of dsDNA
phages that are unknown. New or additional approaches like the employed virome analysis

are needed to expand our knowledge on phage diversity.

Introduction
Bacteriophages or phages are bacterial viruses that infect and replicate in bacterial cells and

belong to the most diverse entities on the planet (Casas and Rohwer, 2007; Dion et al., 2020).

With an estimated number of 10" virions on earth, phages outnumber bacterial cells in various
environments by approximately ten-fold (Dion et al., 2020). The highest phage densities were
observed in wastewater treatment plants (WWTP).

As intracellular parasites, phages rely on their host metabolism for replication. The host range
is phage-strain specific and may include single or multiple bacterial species (Garmaeva et al.,
2019). They either reduce the population through direct replication (lytic route) (Carding et
al.,, 2017) or enter a long-term relationship with their host by integrating into the host genome
as a prophage (lysogenic route) (Principi et al., 2019). Prophages provide additional genetic
information and can supply the host with extra properties resulting in a competitive

advantage.
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Today bacteriophages are classified based on their genomic sequence and organization (Dion
et al., 2020). The resulting groups usually correlate with viral morphology. Some have a head-
tail morphology (Caudoviricetes), others are filamentous (Inoviridae), pleomorphic
(Plasmaviridae), or polyhedral (Microviridae, Corticoviridae, Tectiviridae, Cystoviridae, and
Leviviricetes). In addition to the viral capsid, internal or external lipid membranes may also
exist. Unlike other phages, pleomorphic phages do not have capsids and form a proteinaceous
lipid vesicle. The phage genetic material comprises RNA or DNA, varying from single- to
double-stranded and from linear to circular while no circular RN A phages have been reported
so far (Dion et al., 2020).

Most of the characterized phages isolated to date are tailed and use dsDNA as genomic
material (Dion et al., 2020; Zrelovs et al., 2020). Furthermore, some groups are particularly
prominent regarding the virus type and the genome size (Zrelovs et al., 2020).

To explore virus types and genome sizes, we used Brevundimonas pondensis LVF1 (Friedrich et
al., 2021b) and Serratia marcescens LVE3 (Friedrich et al., 2021a) as host systems. B. pondensis is
an oligotrophic bacterium and belongs to the family Caulobacteraceae. This strain has a single
flagellum, is Gram negative, aerobic, and grows best at 30 °C. Serratia marcescens LVF3 belongs
to the family Yersiniaceae. It is Gram-negative, possesses a flagellum, and is a copiotrophic
organism. The optimal growth temperature is also 30 °C. Both host systems are excellent for
studying viral diversity, as both have yielded a variety of different plaques by plaque assay in
preliminary experiments. We isolated individual phages and investigated the viral community
associated with the two hosts by viral metagenome analysis.

Thereby, we assessed not just dsSDNA material but also ssDNA, dsRNA, and ssRNA viromes.
This was done using specific nucleases receiving the purified form of viromes mentioned
above. We used sewage samples from a WWTP from two seasons (winter and summer) as
source material. Isolates were characterized by morphology, genome sequence, and alignment
to the virome sequencing data to explore the hidden potential of discovering new phages

(Figure 1).
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Figure 1. Overview of the experimental setup.

Materials and methods

Phage isolation and host-based phage enrichment

1L primary treatment sewage from the municipal WWTP in Gottingen, Germany, collected in
January 2019, July 2019, and January 2020, served as environmental phage sources. Samples
were centrifuged at 6,000 x ¢ for 15 min. The supernatant containing phages was sterile-
filtered, employing a 0.45 um non-pyrogenic PES-membrane (Sarstedt AG & Co. KG,
Niimbrecht, Germany). by adding polyethylene glycol (PEG) in a final concentration of 10%
(w/v) and 0.5 M NaCl. After incubation at 4 °C for 16 phages were harvested by centrifugation
at 10,020x g and 4 °C for 1h. The supernatant was discarded, and phage pellets were
resuspended in 25 mL PYE (0.2% peptone, 0.1% yeast extract, 0.02% MgSOs x 7 H20) for
phages associated with B. pondensis LVF17T, and in TSB-10 (1.7% peptone from casein, 0.3%
peptone from soybean, 0.25% K:HPOs, 1% NaCl, 0.25% glucose monohydrate) for phages
associated with S. marcescens LVE3R (Friedrich et al., 2021b).

Phages were isolated via agar overlay plaque assay as described elsewhere (Kropinski et al.,
2009) using host-specific culture media for the base agar (1.5% agarose) and overlay (0.4%
agarose). Infected overlay plates were incubated overnight at 30 °C. Morphologically distinct
plaques representing individual phage isolates were picked with a sterile toothpick, and each
was transferred to a 500 pL sterile culture medium. Further phage strain purification was

performed via three subsequent reinfections, resulting in pure cultures.
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To harvest the whole host-associated viral diversity, the initial overlay was washed with 4 mL
respective medium, also allowing the harvest of phages that might not be able to form plaques
under the given conditions. The phage suspensions were processed as described above. In
addition, Salt Active Nuclease (SERVA, Heidelberg, Germany) was added to the phage
suspensions (20 U/mL) prior to precipitation to digest non-particle-protected host-associated

nucleic acids.

Preparation of total and specific nucleic acids

All kits and enzymes were used as recommended by the manufacturer if not otherwise stated.
The MasterPure™ Complete DNA and RNA Purification kit (Lucigen, Middleton, WI, USA)
were used with modifications to extract total viral nucleic acids. Due to the high protein
content, we increased the amount of Proteinase K (20 mg/mL) to 5 uL in 300 pL of 2X T and C
Lysis Solution, which was applied to 300 pL of phage suspension. We obtained pure viral
genomic DNA by applying RNase A (DNase free) to the total nucleic acid preparation and
DNase I (RNase free) for pure viral RNA.

To receive ssDNA, dsDNA was removed via dsDNA-specific dsDNase (Thermo Fisher
Scientific, Waltham, MA, USA). Then, viral ssDNA was in vitro transformed to dsDNA using
Klenow fragment (Thermo Fisher Scientific, Waltham, MA, USA) and random hexamer
primers (Thermo Fisher Scientific, Waltham, MA, USA).

S1 nuclease (Thermo Fisher Scientific, Waltham, Ma, USA) was applied to the total nucleic
acids to remove single-stranded molecules for dsSDNA and dsRNA purification. RNase III
(Thermo Fisher Scientific, Waltham, MA, USA) was used to remove dsRNA for ssRNA

purification.

Phage genome and virome sequencing and sequence read processing

RNA samples were reverse transcribed to dsDNA in vitro and sequenced like dsDNA samples
with an Illumina MiSeq-system (2 x 300 bp) as described previously (Kohm et al., 2022).
Potential host reads were removed by mapping to the host genome employing bowtie2
(Langmead and Salzberg, 2012, 2). Unmapped pairs were quality-processed employing
Trimmomatic v0.39 (Bolger et al., 2014) and paired reads joined with FLASH v1.2.11 (Magoc
and Salzberg, 2011). The quality-processed reads served as input for the Unicycler v0.4.9

assembly pipeline in normal mode (Wick et al.,, 2017), which included Spades v3.13.0
.90 -
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(Bankevich et al., 2012), makeblastdb v2.11.0+ and tblastn v2.11.0+ (BLAST® Command Line
Applications User Manual [Internet], 2019), bowtie2 v2.4.4 (Langmead and Salzberg, 2012),
SAMtools v1.12 (Li et al., 2009), java v.11.0.13 (Arnold et al., 2005), and Pilon v1.23 (Walker et
al., 2014). Assembly was quality-assessed using QualiMap v2.2.2 (Okonechnikov et al., 2016).
Genomes of individual phage isolates were annotated with VIBRANT (Kieft et al., 2020) and
InterProScan v5.55-88.0 (Zdobnov and Apweiler, 2001), and data were submitted to GenBank
(Benson et al., 2017).

Raw reads from the ssDNA, dsRNA and ssRNA virome were mapped to the assembled
genome using bowtie2 v2.4.4 (Langmead and Salzberg, 2012) to remove putative dsDNA
contamination. Unmapped reads were used for virome assembly with the Unicycler v0.4.9
assembly pipeline in normal mode (Wick et al., 2017). The resulting contigs were searched
against BLAST nt database v2.12.0+ (accessed on 14 July 2022) (Altschul et al., 1990; Altschul,
1997; Camacho et al., 2009) to identify further contamination. Contigs derived from the
ssDNA, dsRNA and ssRNA virome with significant similarities to prokaryotic sequences were
considered contaminations and excluded from the analysis. Such contamination was only
observed in samples from the summer season and only in the ssDNA virome of B. pondensis
LVF1 and from both seasons in the RNA viromes of S. marcescens LVF3. The remaining contigs
(larger than 1,000 bp) were mapped on all publicly available (Supplement Table S1) and our
isolated phage genomes using pyani ANIb method (Pritchard et al., 2016). Contigs which
showed a match with at least 70% nucleotide-to-nucleotide sequence identity to known phages
were not further analyzed. The same method was applied to investigate matches of dsDNA
phage contigs with ssDNA or ssRNA contigs. Contigs which showed a match in the
ssDNA/ssRNA virome were not further investigated. Further, contigs which did not reach a
coverage over 30 (output of QualiMap v2.2.2), were removed. All dsDNA and resulting
ssDNA, dsRNA and ssRNA contigs were annotated with VIBRANT (Kieft et al., 2020) and
InterProScan v5.55-88.0 (Zdobnov and Apweiler, 2001). Viromes, which could not be
annotated via VIBRANT, were annotated with Phage Commander including RAST v2.0 (Aziz
et al., 2008), MetaGene (Noguchi et al., 2006), GeneMark v2.5 (Borodovsky and Mclninch,
1993), GeneMark.hmm v3.25 (Besemer et al., 2001), GeneMark with Heuristics v3.25 (Zhu et
al., 2010), GeneMarkS v4.28 (Besemer et al., 2001), GeneMark S2 (Lomsadze et al., 2018),
Glimmer v3.02 (Delcher et al., 2007), and Prodigal v.2.6.3 (Hyatt et al., 2020), as well
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ARAGORN v1.2.41.c for identification of phage tRNAs (Laslett and Canback, 2004). Data of

phage isolates and raw read sequences were submitted to GenBank (Benson et al., 2017).

Taxonomic classification of Brevundimonas- and Serratia-associated phages

Taxonomic classification was performed using pyani v0.2.11 (Pritchard et al., 2016) with the
ANIm option. Average nucleotide identity (ANI) values > 95%, presented in white to red,
indicate isolates of the same species. ANI values between < 95% to 70%, presented in white to
blue, indicate strains of the same genus (Parks et al., 2019).

Bacteriophages associated with the family Caulobacteraceae (for our Brevundimonas-associated
phages) and genus Serratia were downloaded from NCBI Virus (Brister et al., 2015) (accessed
December 01, 2021). These included Brevundimonas- and Caulobacter-associated phages and

Serratia-associated phages (Supplement Table S1).

Morphology of phage isolates

Phage morphology was assessed by transmission electron microscopy (TEM). Data were
imaged using the Digital Micrograph software (Gatan GmbH, Munich, Germany). The phage
isolates were amplified and then, a negative staining technique was performed. For this
purpose, a thin carbon film, evaporated by glow discharge onto freshly cleaved mica, was
partly floated off on a drop of phage suspension. The mica was washed briefly with
demineralized water and transferred to a thin copper-coated grid (PLANO GmbH, Marburg,
Germany) and dried using a filter paper without touching the grid’s surface. The grid was
stained using 50 pL of 2% uranyl acetate droplet with the carbon film facing downwards for
1s. The grid was dried carefully and ready for the TEM imaging.

Electron microscopy was performed with a Jeol 1011 transmission electron microscope (Jeol
Ltd, Eching, Germany) equipped with a Gatan Orius SC1000 CCD camera (Gatan, Munich,

Germany).

Nomenclature of bacteriophage isolates

Isolates were named based on the informal guide by Adriaenssens and Brister (Adriaenssens
and Brister, 2017). Accordingly, vB stands for virus of bacteria, Bpo and Sma for the host
organism (B. pondensis and S. marcescens, respectively), M for the myovirus and S for

siphovirus and P for podovirus, followed by an individual naming which does not follow any
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rules. Consequently, the full names of the viruses compose to e.g., vB_SmaM-Otaku

abbreviated Otaku.

Results

Phage isolation and characterization

Brevundimonas pondensis LVF1 and Serratia marcescens LVE3 served as hosts for plaque assay-
based phage isolation (Supplementary Figure S1), which was performed with sewage samples
obtained in winter 2019, summer 2020 and winter 2020. 25 (2019) and 50 (2020) individual
plaques associated with B. pondensis LVF1 and 25 (2019) and 50 (2020) plaques associated with
S. marcescens LVF3 were picked. Redundancies were eliminated by determining specific
genomic restriction patterns of all isolates. This analysis also revealed that all genomes of
isolates were comprised of dsDNA. Subsequently, 25 unique phages were obtained, 14
associated with B. pondensis LVF1 and 11 with S. marcescens LVF3 (Table 1).

Transmission electron microscopy revealed head-tail morphology for all isolates, including 6
myoviruses, 18 siphoviruses and 1 podovirus with various individual structural features
(Figure 2). The isolated Brevundimonas-associated phages were all siphoviruses whereas
Serratin phages revealed three morphotypes (myovirus, siphovirus, and podovirus). Capsid
diameter ranged from 45-381 nm and tail length from 98—400 nm (Table 1). Siphoviruses
revealed two different types of elongated capsids. The elongation of the shorter type did not
exceed twice the diameter of the head, whereas the longer head types frequently exceed three

times the head diameter (Figure 2 J-Y and Table 1).
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Figure 2. Transmission electron micrographs of all 25 isolates. Bacteriophage preparations were negatively
stained with 2% (w/v) aqueous uranyl acetate. Samples were examined in a Jeol transmission electron microscope.
Table 1 presents the respective physical properties of the shown virions.

Genome sequencing and characterization

Genomic DNA of each isolate was sequenced and assembled to complete high-quality
genomes (Table 2). The genome size of B. pondensis-associated phages ranged from 42.3 to
356.9 kb, with a G + C content of 49.9% to 65.9% (host G + C content 67.0%). For Serratia

marcescens LVF3-associated phages, genome size ranged from 39.9 to 278.8 kb with a G+C
.96 -
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content of 41.0% to 58.6% (host G + C content 59.3%). Phage genome sizes here range from
lambda-like phages to jumbo (here Serratia-associated) or even giant (here Brevundimonas-
associated) phages.

Annotation of the genomes revealed the presence of phage-specific protein-encoding genes
and the presence of tRNA genes frequently. It must be noted that Brevundimonas-associated
bacteriophages > 300 kb contained with >24 an exceptionally high number of tRNA genes.

Similar results were obtained for Serratia phages with a genome size of 112 to 148 kb (Table 2).
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Phylogenetic classification of the isolates

We downloaded all publicly available phage genomes associated with the bacterial host
genera and used them for a BLASTn-based average nucleotide identity (ANI) analysis. Results
revealed five genera which contain two or more species and eight orphan species for phages
associated with Caulobacteracea (Figure 3A). Only three of our isolates were of the same species
(vB_BpoS-Domovoi, vB_BpoS-Papperlapapp and vB_BpoS-Kabachok). All others were new
species or even representatives of new genera (Figure 3A). Serratia-associated were affiliated
to 13 genera which contain two or more species and eight orphan species. Except vB_SmaM-
Kodama, all isolates represented new species, of which at most two were associated with the
same genus (Figure 3B).

These results showed that even with applying the classical isolation technique resulting in
isolation of dsDNA phages only, we were able to isolate unknown species and genera. Thus,
the plaque technique is certainly not exhausted in its potential and can still leads to new

discoveries.
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Figure 3. Genome-based phylogenetic analysis of Caulobacteraceae-associated (A) and Serratia-associated (B)
bacteriophages. All genomes from NCBI Virus (Brister et al., 2015) and our own isolates (marked in bold red) were

examined. Calculations were done with pyani (Pritchard et al., 2016) using ANIm method with default parameters.
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Host-associated viromes

The plates from which we picked plaques and obtained the isolates also served as a starting
point to generate host-associated viromes. The plates were washed with medium to collect all
present phages, including those unable to form visible plaques and likely being overseen
during preceding isolation. Viral derived nucleic acids were used to isolate dSDNA, ssDNA,
dsRNA, and ssRNA specifically. The amounts recovered were highest for dsDNA (250-
400 ng) followed by ssDNA (230-360 ng), ssRNA (60-200 ng) and dsRNA (20-40 ng). The
amount of ssSRNA compared to the amount of dSDNA seemed relatively high, which might
indicate contamination with host RNA.

A total of 16 host-associated metaviromes were studied, consisting of dsDNA, ssDNA, dsRNA
and ssRNA metaviromes from two seasons and two host systems. It is noticeable that the
number of reads and resulting base pairs in the DNA virome were much larger than in the
RNA virome of both host systems used (Table 3). Because the amount of dsRNA from both
host systems was already low in both seasons, only a small number of reads could be passed
down after sequencing, and therefore the dsSRNA viromes were not considered further in the
analysis. Although the Brevundimonas-associated ssSRNA virome had a relatively high amount
of ssSRNA and many reads, the assembly and median contig size (N50) were low. Since no
information can be derived from this, the analysis was not considered further. The amount of
dsDNA and ssDNA was high and showed the highest chance of obtaining information (Table
3). The assembled dsDNA virome of B. pondensis LVF1 comprises 13 (winter season) and 334
(summer season) contigs. The winter and summer season ssDNA viromes contained 16 and
134 contigs, respectively. The Brevundimonas-associated dsRNA virome led to the assembly of
only two contigs in the winter sample. Similarly, the B. pondensis LVF1-associated ssRNA
virome also yielded only two contigs in winter and none in summer. These harbored ribosomal
RNA of the host and were, therefore, contaminations.

The dsDNA metavirome associated with S. marcescens LVE3 led to 329 contigs for the summer
season and only 26 for the winter season. The ssDNA viromes of both seasons exhibited a total
of one circular contig with the same size of 39,857 bp, implying one phage associated with
Serratin (AsDNA phage vB_SmaM-Otaku). The S. marcescens LVFE3-associated dsRNA and

ssRNA viromes led to no contigs for both seasons.
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In summary, the data (Table 3) indicated that phage diversity is influenced by seasonal
changes. Our results suggested that the phage diversity was higher in summer than in winter

and that dsDNA phages were the dominant group associated to the hosts in the environment.

Virome entities not covered by phage isolates

To investigate which proportion of the viromes matched our isolates (Table 3), we compared
the contigs from the host-associated viromes to genomes of the viral isolates at sequence level.
For the winter season of the LVF1-associated dsDNA virome, all contigs matched our isolates,
meaning the isolation was holistic, and we did not miss any individual phage. In contrast, 322
of 334 contigs of the summer season revealed similarity to our phages, and remaining 12
contigs were unique. Six of these contigs were determined as phage-associated using
VIBRANT analysis (Kieft et al., 2020). The other six contigs were sample-specific (sequences
only present in the sample without being phage-associated). Contigs not associated with our
isolates indicated a diversity of close-related phages.

Investigation of the potential protein-encoding genes predicted from the unique contigs
revealed similarities to DNA primases, phage terminases (large subunit), minor tail proteins,
tail tip proteins, tail assembly proteins and putative baseplate hub proteins, DNA ligases and
DNA polymerases (Supplementary Data File S1). Thus, these contigs were also phage-derived.
For the summer season of the S. marcescens LVE3-associated dsDNA virome, 183 of the 329
non-circular contigs were not associated with our isolates. One hundred eighty of these contigs
were phage-associated, and one of circular contigs implied a complete phage genome. The
remaining two contigs were sample-specific. Noteworthy, some of the phage-associated
contigs revealed sequence similarity to known phages associated with Cronobacter, Erwinia,
Escherichia, Salmonella, and Pseudomonas (Supplementary Data File S2), implying a broad host
range. In contrast, 13 of 26 contigs of the winter season revealed similarity to our phages, and
13 remained unique. We observed protein-encoding genes similar to tail tube proteins,
putative virion structural proteins, DNA primases, ATP-dependent helicase, viral DNA
polymerases, putative tail sheath protein and DNA ligase. The 13 unique contigs of the winter
virome encoded putative virion structural proteins, DNA polymerase, major capsid protein,

helicase, and putative tail sheath protein (Supplementary Data File SI).
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To analyze the isolated viral fraction, we investigated the proportion of the sequences
associated with our isolates (Figure 4).

Phage isolates associated with B. pondensis LVF1 comprised 67.4% of the dsDNA reads of the
summer season and 96.1% of the winter season, whereas dsDNA reads of S. marcescens LVE3
comprised 76.4 and 94.0% of the summer and winter season, respectively. Both results
revealed the main fraction of the dSDNA virome was successfully addressed by the overlay
plaque assay. To analyze the presence of known but not isolated phages, we also mapped the
reads on the genomes of related phages obtained from GenBank (accessed on 20 Jan 2022;
Supplementary Tables S2-S5). The phage diversity seemed to be highest for B. pondensis LVF1
and S. marcescens LVF3 during the summer season. The dominant phage for LVF1 was
vB_BpoS-Domovoi (24.6%), while during the winter season, this phage is barely detectable
(1.0%). In contrast, vB_BpoS-Bambus was in summer almost absent (2.1%), while in winter
dominant (62.9%). Phage diversity in the summer season of the S. marcescens virome was also
high. The three dominant phages in the summer season were vB_SmaM-Otaku (18.9%),
vB_SmaM-Sureiya (16.6%) and vB_SmaM-Yubaba (18.6%). In the winter season, vB_SmaM-
Otaku (81.6%) was the prominent phage isolate, followed by vB_SmaM-Kashira (8.7%). The
dsDNA viromes associated with LVF3 contained known Serratia phages, which were not
isolated. These comprised 2050HW (2%), BUCT660 (2%), Moabite (1.6%), vB_SmaM_Hyamo
(1.6%), vB_SmaM_Yaphecito (2.2%) and Tsm2 (2.0%).
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Figure 4. Mapping of viromes against all bacteriophage genomes available from NCBI as well our phage
genomes from the isolates. (A) Pie chart of B. pondensis LVF1-associated dsDNA virome showing mapping against
bacteriophage genomes associated with the family Caulobacteraceae. (B) Pie chart of S. marcescens LVE3-associated
dsDNA virome depicting mapping against bacteriophage genomes associated with the genus Serratia. Number of

mapped reads in relation to overall alignment is in percent. Visualized using RStudio (RStudio Team, 2020).

We conclude from the dsDNA virome results that we can efficiently isolate dSDNA phages
using the plaque overlay method. However, depending on the sample, a considerable

diversity remains unavailable, but we isolated the majority of the dominant phages.
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A phage from the dsDNA virome

Virome contigs not belonging to the isolates could be assembled into a circular unit. Thus, it
likely represents a complete phage genome, which provides a chance to isolate the respective
phage from the remaining sample. In this way, phage vB_SmaP-Kaonashi (41,649 bp) (Figure
2) was identified through a specific PCR screening applied on various subsequently generated
plaques and successfully isolated (Tables 1, 2). This example highlights the great potential of

accompanying host-associated metavirome analysis.

A broad host dsDNA phage isolate

One of the frequent circular contigs associated with both host systems — B. pondensis and
S. marcescens was phage vB_SmaM-Otaku (39,857 bp). We observed its presence in the
B. pondensis LVF1 dsDNA virome of the summer season. We were able to isolate and
characterize the phage genomically and morphologically. Through several reinfections via
Overlay Plaque Assay of S.marcescens with vB_SmaM-Otaku, we received a pure phage
isolate. A PCR screening confirmed its presence in the B. pondensis-associated metaviral
sample as well. An infection of B. pondensis with the purified vB_SmaM-Otaku confirmed the
ability of a broad-host infection as we could confirm its presence by revealing unequivocal
plaques on an overlay assay (data not shown) and through PCR screening. Therefore, we

concluded that vB_SmaM-Otaku is not a contamination, it is a phage with a broad host range.

ssDNA and RNA-associated viromes

Since we have not been able to isolate phages other than dsDNA, viromes based on a distinct
nucleic acid are of particular interest. For the 17 ssDNA B. pondensis LVF1 virome-associated
contigs from the winter season, all contigs did align to known dsDNA phages vB_BpoS-
Malnes and vB_BpoS-StAshley. For the summer season, 115 of 134 contigs showed sequence
similarity to known dsDNA phages.

Of the remaining 18 unique contigs, 14 were predicted as phage-associated. Some revealed
sequence similarity to Acinetobacter- (contig 1) and Bacillus-associated (contigs 58 and 71)
phages, but also to a Siphoviridae sp. isolate ctfaf4 (contig 74) and unknown bacteriophage sp.
isolate ctubM1 (contig 106). Some of the phage-associated contigs had no Blastn hits, although
VIBRANT predicted some of them to be phage-associated (contigs 119, 162, and 289)

containing genes coding for typical phage proteins such as portal protein, tail sheath protein,
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DNA ligase and terminase. Seven of the unique contigs (contig 148, 167, 494, 634, 638, 700 and
707) were sample-specific. Also, the prediction of functional protein domains of the annotated
genes resulted in the closest hit with e.g., 30% sequence identity with a DNA gyrase subunit B
from Bacillus phage SP-15. The highest amino acid sequence identity (50%) of a protein
sequence derived from the contig was to a hypothetical protein from vB_BpoS-Kikimora.
Noteworthy, we could identify high sequence similarity of contig 666 to Microviridae sp. isolate
ctwNz7 (Figure 5A) and of contigs 178 and 225 to Inoviridae sp. isolate cto]k8/ctDT74 (Figure
5B,C). These two phage families use ssDNA as genomic material. Predicted proteins derived
from the ssDNA contigs (Inoviridae and Microviridae hits) were similar to coat proteins,
attachment proteins, RstB proteins and replication initiation proteins.

Thus, although our virome ssDNA preparation was imperfect and contained dsDNA
fragments, we were able to detect the presence of ssDNA phages

Unfortunately, we could not confirm any RNA-associated contigs either from the dsRNA or
the ssRNA sequence data independently from the season. Due to the low amount of dsSRNA
and the small number of reads that could be passed down after sequencing, these findings
suggest no presence or a reduced presence of dsRNA phages that could not be replicated
under the given circumstances. That also applies to the ssRNA virome. Besides the
Brevundimonas-associated ssRNA virome from the summer season, which revealed the

presence of host RNA, the remaining ssRNA viromes showed a low ssRNA amount.
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Figure 5. Comparison of the contigs with best Blastn matches. Arrow indicates gene direction. Phage specific gene
products are shown in light blue with corresponding labeling, hypothetical proteins in light grey. Comparison of
(A) contig 666 with Microviridae sp. isolate ctgy58, (B) contig 178 with Inoviridae sp. isolate cthBU12 and (C) contig
225 with Inoviridae sp. isolate ctW9k18. Plot was created with Easyfig (Sullivan et al., 2011).
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Discussion

Host system selection

The bacterial strains Brevundimonas and Serratua were associated with diverse DNA and RNA
viruses. Fukuda et al. successfully isolated dsDNA giant phage (Cp34) associated with
Caulobacter crescentus (Fukuda et al., 1976). In addition, RNA phages were isolated by the
group around the same time (Miyakawa et al., 1976). The ssDNA phage X174 (Sanger et al.,
1977), dsDNA phage T7 (Demerec and Fano, 1945) and ssRNA phage MS2 (Davis et al., 1961)
are associated with the genus Escherichia. Given the taxonomic proximity of Serratia to
Escherichia and Brevundimonas to Caulobacter, we anticipated high viral diversity associated
with B. pondensis LVF1 and S. marcescens LVF3. The preference for our host over established
host systems was to ensure that, even when phage diversity was low, the isolated phages
would likely be unique and contribute to viral diversity exploitation.

From our 25 isolates, five of the Caulobacteraceae-associated phages and seven of the Serratia-
associated phages belong to new genera, underlining that there is still much to discover even
with classical methods by employing new prokaryotic host systems. These comprised
Brevundimonas-associated phages vB_BpoS-Strzyga, vB_BpoS-Polewnik, vB_BpoS-StAshley,
vB_BpoS-Malnes, and vB_BpoS-Babayka. All five belonged to the same genus. In the case of
vB_SmaP-Kaonashi, vB_SmaS-ChuuTotoro, vB_SmaM-Kashira, vB_SmaS-ChibiTotoro,
vB_SmaS-Susuwatari, vB_SmaM-Yubaba, and vB_SmaM-Sureiya were distributed over four
new phage genera. In comparison, no new viral genus of Escherichia phages has been described
for decades to our knowledge. We were particularly surprised by the high number of jumbo
and giant phages among the new isolates. Although jumbo phages like 2012-1 (Thomas et al.,
2008) and CcrColossus (Gill et al., 2012) for the host systems Pseudomonas and Caulobacter as
well as giant phages PA5oct and pEa_SNUABM_44 (Drulis-Kawa et al., 2014; Kim et al., 2020)
for Pseudomonas and Erwinia host systems have already been described, these phages have
rarely been observed, especially in model host systems despite various attempts (Schilling et
al., 2018a, 2018b; Nordmann et al., 2019; Furrer et al., 2020). For example, only two species of
jumbo phages were known to be associated with the model organism Bacillus subtilis,
including the group of PBS1-like phages represented by the isolates PBS1 (Eiserling, 1967) and
AR9 (Lavysh et al., 2016), and SP10. The latter has never been reisolated for more than half a

century.
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The reasons for the success in employing our host systems for the isolation of large phages are
unknown. Nevertheless, it is evident that the slow-growing B. pondensis LVF1 (Friedrich et al.,
2021b) led to the isolation of jumbo and giant phages rather than the faster-growing
S. marcescens LVF3 (Friedrich et al., 2021a). The growth characteristics of LVF3 were very
similar to that of the Escherichia coli model, and the isolated phage vB_SmaS-ChibiTotoro and
vB_SmaS-Susuwatari also strongly resemble the known Escherichia phage Lambda
morphologically and genomically (King et al., 2012c). Thus, we assume that host systems with
slower growth rate give the larger phages more time to reproduce with their prolonged
vegetative period and lead to a visible plaque on agar plates. We are unaware that phage
isolation was tried on minimal media with established model host systems. Bacteria growth is
at a much lower rate on minimal media, which prolongs the vegetative phases. Thus, it would
be interesting to explore such conditions for the isolation of jumbo and giant phages of model
host systems such as E. coli, B. subtilis and our S. marcescens.

We demonstrated that the overlay assay was able to grasp most of the viral dsDNA diversity.
We could isolate most of the bacteriophages associated with both host strains, as confirmed by
the host-associated metavirome data. Nevertheless, differences between the host systems were
encountered and a seasonal impact was indicated. Further, we showed that S. marcescens-
associated virome contained many phage-associated contigs, which are not part of the known
phages infecting the Yersiniaceae family. These were Erwinia-, Salmonella- or Cronobacter-
associated phages. They might not efficiently infect S. marcescens, but S. marcescens-associated
phages show a broad host spectrum, i.e. the Serratia phage vB_SmaM-Otaku, which is able to
infect B. pondesis (lysis was observed). Accordingly, Serratia phages are often able to infect

related genera (Prinsloo and Coetzee, 1964; Prinsloo, 1966; Evans et al., 2010).

Viromes reveal a plethora of undetected host-associated phages

The dsDNA virome analysis showed that isolation with a classical plaque assay is very
efficient and allows the recovery of the main present viral diversity. However, the
complementary isolation of phages not initially detected demonstrated the value of
accompanying host-associated metavirome analysis. For example, phage vB_SmaP-Kaonashi
could only be isolated after identification in the corresponding virome dataset. Noteworthy,

an important outcome of virome analysis was the identification of an isolate with a broad host
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range. The alignment of reads against a foreign host system led to the identification of
vB_SmaM-Otaku, which experimentally proved to infect both B.pondensis LVF1 and
S. marcescens LVF3 successfully.

The low concentration of ssDNA and the with dsSDNA contaminated ssDNA virome sequences
imply that only very few ssDNA phages were present in our samples; thereby explaining the
lack of isolates. However, this would be too simplistic. Note that classical isolation methods
fundamentally discriminate against this group of phages. Inoviridae infections are not lethal
and do not necessarily lead to a visible plaque, which is necessary to identify and isolate a
phage. In addition, we were able to detect Microviridae-like phages using TEM of the host-
associated virome sample from the summer season (data not shown). These were round and
non-tailed with an icosahedral symmetry and a diameter of roughly 30 nm. Further, we were
also able to detect filamentous structures (Inoviridae-like) in the metaviral sample.
Nevertheless, ssDNA virome analysis has demonstrated that at least the B. pondensis LVF1
system is associated with Microviridae and Inoviridae. Thus, new or specifically optimized
experimental approaches will be required to access these phages.

The situation is similar with RN A phages, and we have not succeeded in obtaining RN A phage
isolates or virome-derived RNA phage sequences with both host systems. The nucleic acid
amount of the dsRNA and ssRNA virome was low, except for the B. pondensis ssRNA virome
from summer season. Further analysis confirmed contamination with ribosomal host RNA.
An optimization of the methodology would be needed by getting rid of the host RNA and
DNA. In addition, compared to DNA phages, RNA phages are much smaller regarding their
genomic size (ssRNA phages 3,5-4,3 kb (King et al., 2012b) and dsRNA phages 12.7-15.0 kb
(King et al., 2012a)). Therefore, we would suspect a higher DNA to RNA base ratio. Further,
virome samples typically represent low-abundance viruses better than intracellular viral
genomes such as non-replicating proviruses and virocells (Howard-Varona et al., 2020).
Again, we conclude that there is a need for novel approaches to access this realm of viral
diversity rather than RNA phages being not associated with our hosts. Nevertheless, in a
different study with B. goettingensis, we were able to discover the genome of an ssSRNA phage
of the Leviviridae family with the same nucleic acid isolation procedure (Friedrich et al.,

unpublished results).
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Conclusion

We showed that the classical phage isolation methodology still bears great potential to detect
organismic and genetic phage diversity as we were able to isolate 14 Brevundimonas- and 11
Serratinz-associated phages. While the morphological and genomic diversity of Serratia-
associated phages appears to be greater than that of Brevundimonas, the Brevundimonas-
associated virome revealed other phage genome types, e.g,. ssDNA phages. Nevertheless, the
classical method has its limitations such as only the isolation of particle-protected phages. The
range of host-associated phages can be expanded by complementation with sequencing-based
metavirome analysis approaches, but the limitations cannot be entirely solved by employing

these strategies.

Data Availability Statement

The genomes of the bacteriophages can be accessed at GenBank under the following accession
numbers. Papperlapapp (ON529860), Kabachok (ON529852), Domovoi (ON529855),
Marchewka (ON529851), Bambus (ON529853), Gurke (ON529850), Kikimora (ON529857),
Poludnitsa (ONb529862), Leszy (ONb529856), StAshley (ON529865), Malnes (ON529866),
Strzyga (ON529867), Polewnik (ON529863), Babayka (ON529868), Totoro (ON287372),
Kodama (ON287376), Sureiya (ON287370), Yubaba (ON287375), ChuuTotoro (ON287369),
Kashira (ON287374), Kamaji (ON287373), ChibiTotoro (ON287368), Susuwatari (ON287371),
Kaonashi (ON287377), Otaku (ON087563).

The Sequence Read Archive (SRA) accessions of the viromes can be found under the BioProject
accession number PRJNAS837383 at NCBI (SRA accession numbers SRR19221870-
SRR19221885). In addition, the 32 zipped FASTQ files are included in the BioProject.
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Supplement

Supplement Data File S1. Gene annotation of phage-associated contigs. Annotation was

performed using VIBRANT (Kieft et al., 2020) and Phage Commander (Lazeroff et al., 2021).

The data file can be found on the enclosed CD and .zip folder:

Supplement\ Chapter_3.7\ Supplement_Data_File_S1.fasta

Supplement Data File S2. DNA sequence alignment of unique contigs. Alignment was done

using blastn v2.12.0+ (accessed on 17 June 2022) (Zhang et al., 2000).

The data file can be found on the enclosed CD and .zip folder:
Supplement\ Chapter_3.7\ Supplement_Data_File_S2.fasta

Supplement Table S1. Overview of all Caulobacteraceae- and Serratia-associated

bacteriophages from the NCBI Virus database with corresponding accession numbers.

Supplement Table S2. Result of raw read mapping of all Caulobacteraceae-associated
bacteriophages from the NCBI Virus database and own isolates for the virome of the winter

season.

Supplement Table S3. Result of raw read mapping of all Caulobacteraceae-associated
bacteriophages from the NCBI Virus database and own isolates for the virome of the

summer season.

Supplement Table S4. Result of raw read mapping of all Serratia-associated bacteriophages

from the NCBI Virus database and own isolates for the virome of the winter season.

Supplement Table S5. Result of raw read mapping of all Serratia-associated bacteriophages

from the NCBI Virus database and own isolates for the virome of the summer season.

The tables can be found on the enclosed CD:

Supplement \ Chapter_3.7\ Supplement_Tables_S1-55.xIsx
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Supplement Figure S1. B. pondensis LVF1 and S. marcescens LVF3 challenged with sewage

phage suspension. Different plaque morphologies can be observed.

The figure can be found on the enclosed CD and .zip folder:
Supplement\ Chapter_3.7\ Supplement_Figure_S1.pdf
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Abstract

Janthinobacterium lividum is a species of the family Oxalobacteraceae, for which hardly any
information on its phages is available. In the present study, we bioinformatically analyzed the
J. lividum EIF1 prophage and experimentally confirmed its ability to form phage particles and
precisely pack its viral genome. The prophage genome (41,739 bp) harbors 17 bp long attL/R
sites. We could verify the integration into a serine tRNA gene. Apart from the prophage
analysis, we successfully established an overlay plaque assay to isolate phages with J. lividum
as host species and isolated and sequenced the first genome of a J. lividum phage named
vB_JliM-Donnerlittchen. The phage is of the Myo morphotype with an icosahedral head
(61 nm), an elongated tube, a sheath at the tube’s lower part, and tail spikes (tail length is
96 nm). Its genome is 58,220 bp, containing one tRNA and 74 protein-encoding genes. The
infection of J. lividum EIF1 with vB_JliM-Donnerlittchen triggers the release of an unknown
signaling molecule, which stimulates uninfected cells to produce violacein, an antiviral

substance of economic and medical relevance.

Introduction

Bacteriophages or phages are bacterial viruses that infect and replicate in bacterial cells. They
are among the most diverse organisms on our planet (Casas and Rohwer 2007; Dion, Oechslin
and Moineau 2020). The highest phage densities have been observed in wastewater treatment
plants (WWTPs), which are 10-1000 times higher than in any other aquatic habitat (Wu and
Liu 2009).

Phages depend on the metabolism of their host for replication. The host range is phage
strain specific and can include single or multiple bacterial strains (Garmaeva et al. 2019). They
can reduce the host population through direct lytic replication (lytic path) (Carding, Davis and
Hoyles 2017) or integrate their genome in the host chromosome and thrive as prophage
(lysogenic path) (Principi, Silvestri and Esposito 2019). As prophages, they provide additional
genetic information to their hosts and can endow the host with additional features providing

competitive advantages (Kohm and Hertel 2021).

-121 -



Ines Friedrich Results and publication

This study addresses the prophages and phages associated with Janthinobacterium
lividum EIF1, which was isolated from surface water near frog's lettuce (Groenlandia densa)
(Friedrich et al. 2020, 2021b). The genus Janthinobacterium belongs to the family
Oxalobacteraceae, which is part of the 3-subclass Proteobacteria and includes 13 genera (Baldani
et al. 2014). Janthinobacterium contains the species J. agaricidamnosum (Lincoln, Fermor and
Tindall 1999), J. aquaticum (Lu et al. 2020), . lividum (De Ley, Segers and Gillis 1978),
J. psychrotolerans (Gong et al. 2017), . rivuli (Lu et al. 2020), ]. svalbardensis (Ambrozi¢ Avgustin
et al. 2013), J. tructae (Jung et al. 2021), and . violaceinigrum (Lu et al. 2020).

Janthinobacterium members are motile, rod-shaped, and Gram-negative. They are
strictly aerobic, chemoorganotrophic, and have a temperature optimum of 25-30 °C (Baldani
et al. 2014). Members of this genus are present in soils, lakes, rainwater cisterns, or water
sediments (Asencio et al. 2014; McTaggart et al. 2015; Shoemaker, Muscarella and Lennon 2015;
Haack et al. 2016; Wu et al. 2017). A distinctive feature is the ability to produce a violet-purple
color caused by the pigment violacein. This secondary metabolite has antimicrobial, antiviral,
and antitumor properties (Andrighetti-Frohner et al. 2003; Bromberg et al. 2010; Asencio et al.
2014), giving its producer organisms industrial value (Li et al. 2016). However, as some strains
of this genus are the causing agent of agriculture-relevant mushroom (Agaricus biosporus)
infections (Lincoln, Fermor and Tindall 1999) or pathogens of rainbow trout (Oncorhynchus
mykiss) (Oh et al. 2019), biological control mechanisms, like Janthinobacterium-associated

bacteriophages, are of interest.

To our knowledge, only one lytic Janthinobacterium-associated bacteriophage (MYSP06)
infecting the purple pigment-producing strain Janthinobacterium sp. MYB06 has been isolated
but not sequenced yet (Li et al. 2016). Thus, we investigated the environmental viral diversity

associated with the Janthinobacterium genus and sequenced isolates.

Materials and methods

Phage isolation and prophage preparation
1L primary treatment sewage from the municipal WWTP in Goéttingen (Germany) was used

as an environmental phage source. The samples were centrifuged at 6,000 x g for 15 min. The
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supernatant with the phages was sterile-filtered, employing a 0.45 um PES-membrane
(Sarstedt AG & Co. KG, Niimbrecht, Germany). by adding polyethylene glycol in a final
concentration of 10% (w/v) and 0.5 M NaCl. After incubation at 4 °C for 16 phages were
harvested by centrifugation at 10,020 x ¢ and 4 °C for 1 h. The resulting phage pellet was
solved in 25 mL PCa (0.2% peptone, 0.02% MgSOs x 7 H20, 0.015% CaCl: x 2 H20) (Friedrich
et al. 2020). Phages were isolated via agar overlay plaque assay as described elsewhere
(Kropinski et al. 2009) using host-specific culture media for the base agar (1.5% agarose) and
overlay (0.4% agarose). Infected overlay plates were incubated overnight at 30 °C.
Morphologically distinct plaques representing individual phage isolates were picked with a
sterile toothpick, and each was transferred to a 500 pL sterile PCa medium. Further phage

strain purification was realized three times reinfection.

For prophage preparation, an overnight culture of J. lividum EIF1 was set up in a
100 mL Erlenmeyer flask using 25 mL of PCa medium. The incubation and further purification

and isolation steps were done as described previously (Friedrich et al. 2021a).

Preparation of total and specific nucleic acids

All kits and enzymes were used as recommended by the manufacturer if not otherwise stated.
The MasterPure™ Complete DNA and RNA Purification kit (Lucigen, Middleton, WI, USA)
were used with modifications to extract total viral nucleic acids. Due to the high protein
content, we increased the amount of Proteinase K (20 mg/mL) to 5 uL in 300 uL of 2X T and C
Lysis Solution, which was applied to 300 uL of phage suspension. We obtained pure viral

genomic DNA by applying RNase A (DNase-free) to the prepared total nucleic acids.

Bacteriophage and prophage genome sequencing

As described previously, DNA samples were sequenced with an Illumina MiSeq-system (2 x
300 bp) (Kohm et al. 2022). The phage genome was annotated with VIBRANT (Kieft, Zhou and
Anantharaman 2020) and InterProScan v5.55-88.0 (Zdobnov and Apweiler 2001), and data
were submitted to GenBank (Benson et al. 2017). After [llumina MiSeq raw paired-ends were

merged, adapter- and quality-trimmed, sequences were mapped against the host genome

123 -



Ines Friedrich Results and publication

using bowtie2 v2.4.4 (Langmead and Salzberg 2012). SAM table was converted to TDS format
(input for Transcriptome Viewer (TraV)) (Dietrich, Wiegand and Liesegang 2014). Integration
sites of the prophage (attL and attR sites) by comparing experimentally indicated att regions

(1 kb to each side from the indicated coordinate), against the remaining genome sequence.

Phylogenetic classification of vB_]J1iS-Donnerlittchen
A phylogenetic analysis was performed with VIRIDIC vl (Moraru, Varsani and Kropinski
2020). All available phage genomes, associated with Burkholderiales were downloaded from

NCBI Virus (Brister et al. 2015) (downloaded on 2 Jul 2022).

Morphology

The phage morphology of the isolate was observed by transmission electron microscopy
(TEM). Data were visualized using the software program digital Micrograph (Gatan GmbH,
Munich, Germany). The phage isolate was amplified, and a negative staining technique was
performed. Cell suspension (5puL) was mixed with the same amount of diluted 1%
phosphotungstic acid (3% stock, pH 7.0) and was transferred to a vaporized carbon mica for
1 min. Subsequently, the mica was briefly washed in demineralized water and transferred to
a thin copper-coated grid (PLANO GmbH, Marburg, Germany). The coated grids were dried
at room temperature and were examined by Jeol 1011 TEM (Georgia Electron Microscopy,

Freising, Germany).

Naming of the bacteriophage isolate

The isolate naming followed Adriaenssens and Brister’s informal guide (Adriaenssens and
Brister 2017). Accordingly, vB stands for virus of bacteria, Jli for the host organism J. lividum,
and M for the virus family Myo morphotype, followed by individual naming that does not
follow any pattern. Therefore, the full name of the virus is composed of vB_]JliM-

Donnerlittchen, abbreviated Donnerlittchen.
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Determination of purple pigmentation

J. lividum EIF1 was used for the determination of purple pigmentation. For this purpose,
100 pL of EIF1 was infected with 1,000 pL of a phage suspension containing 2.86 x 10° PFU/mL,
and a plaque assay was performed as described with dilutions ranging from 10-' until 10-.
Incubation was performed for 24 h at 30 °C. All measurements were performed in biological

replicates for each phage sample.

After incubation, plates were scanned using the same settings (measurement 2193 x
2267, width 2193-pixel, length 2267-pixel, horizontal and vertical resolution 600 dpi, 48-Bit,
reflective, dark background) employing an Epson scanner model Perfection 4990 Photo.
Hexadecimal values were obtained using Gimp v2.10.14. Hexadecimal values were converted
to decimal values wusing the hexadecimal-to-decimal converter Rapid Tables

(https://www.rapidtables.com/convert/number/het-to-decimal html; accessed 20 April 2022).

Five different points (always the same spots) were used to determine the average decimal
value of all biological replicates from the same phage dilution. The collected data were
illustrated with R studio version 2022.02.1 (RStudio Team RStudio, 2020) using the ggplot2
package (Wickham 2009).

Results and discussion

The host and its prophage
In an initial investigation, we sequenced and characterized the strains J. lividum EIF1 and EIF2
and addressed their potential prophages (Friedrich et al. 2020).

J. lividum EIF1 harbored two predicted prophage regions in its chromosome and EIF2
seven (Table 1). The lower prophage content made EIF1 a promising phage isolation host, as
prophages can confer resistance to related and unrelated phage strains (Kohm and Hertel
2021). However, the two putative EIF1 prophage regions (region 1: 2,543,591-2,585,344 bp =
41.7; region 2: 2,565,749-2,585,385bp = 19.6 kb) were bioinformatically classified as
questionable and incomplete. To clarify this prediction, we performed a ProphageSeq (Hertel
et al. 2015) by sequencing phage particle-packed dsDNA. We tracked the sequence origin by
mapping sequence reads on the bacterial genomes (Figure 1). The reads were distributed

evenly with consistent coverage between base 2,543,607 and 2,585,345 bp. The same reads
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were used for direct genome assembly, resulting in one circular contig of 41,739 bp

representing the genome of one phage.

Table 1. Overview of all PHASTER-predicted prophages of strain EIF1 and EIF2.

Strain Prophage region Coordinate [bp] Size [bp]
EIF1 1 2,543,591-2,585,344 41,753
chromosome 2 2,565,749-2,585,385 19,636
1 1,746,259-1,768,581 22,323
2 2,079,134-2,112,833 33,700
3 2,093,778-2,133,374 39,597
EIF2
4 3,013,907-3,041,617 27,711
chromosome
5 3,066,783-3,082,324 15,542
6 3,983,515-4,003,718 20,204
7 4,025,659-4,037,342 11,684
EIF2
1 315,441-324,,647 9,206
plasmid

Aligning the phage genome with the chromosome of EIF1 enabled us to precisely locate
the corresponding prophage between 2,543,591 and 2,585,345 bp and identify the prophage
attachment sites attL and attR as almost perfect direct repeats of 17bp
(CACCGTCTCCGCCAGTg/a) with only one base deviation at position 17. In addition, a serine

tRNA was identified as the integration locus of the prophage.
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Figure 1. Read coverage profile of EIF1 sequenced prophages, mapped onto the corresponding host
genome. The pinkish and purplish arrow depicts the prophages predicted with PHASTER (Arndt et al.
2016). In cyan blue is the experimentally verified prophage region. The image displays the read coverage
of the EIF1 genome between base 2,530,326 to 2,598,625 (68,299 bp).

In conclusion, we experimentally confirmed one prophage region in |. lividum EIF1,
which can still produce phage particles with a precisely packed viral genome. Unfortunately,
we cannot comment on the extent to which this prophage is still infectious or can complete an

entire replication cycle. Furthermore, no suitable host strain was available.

Isolation of a J. lividum phage

We successfully generated plaque assays using sewage as a phage source and J. lividum EIF1
as a host on a chemically defined diluted peptone medium supplemented with CaCl: (PCa
medium) (Figure 2). Complex media like tryptic soy agar (TSA) proved less suitable and led
to not defined plaques and inhomogeneous overlays (Figure 2). We suspect the host bacterium
itself to be the reason for that. The glucose in the TSA medium may impact the N-acyl
homoserine lactone formation, which is involved in quorum sensing regulators and biofilm
formation (Pantanella et al. 2006). Thus, using the glucose-containing medium results in
flocculation of J. lividum EIF1, as observed in liquid medium (data not shown), and might also
explain the observations with the overlay. We conclude that a glucose-free minimal medium

is best for phage isolation in combination with the overlay plaque assay technique.
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Figure 2. Infection of bacterial strain EIF1. The upper scan of the plate (blueish) shows a PCa agar plate
with plaques after infection (zoomed in plaque region) of the bacterial strain EIF1 with sewage water
from the primary treatment step and incubation overnight at 30 °C. The same procedure was performed
for the TSA agar plate (lower greenish plate). The bacterial lawn looks flocculent (zoomed-in the region),
and no singular plaques can be observed.

J. lividum EIF1 proved to be a suitable host. Plaques from the PCa plates were picked,
and redundancies were eliminated by determining specific genomic restriction patterns of all
isolates. This analysis revealed, via a unique restriction pattern, that only one phage strain was
present. Further attempts to isolate ssSDNA or RNA phages were unsuccessful (data not

shown).

Phage characterization

Transmission electron microscopy revealed head-tail morphology (Figure 3). The phage
consists of a head, collar, elongated tube with a pseudo-sheath at the lower part of the tube,
and tail spikes. The capsid diameter was 61 nm. The tail was semi-inflexible and had an
additional structure at the lower tail end. The tail length was 96 nm. The total length of the

isolate was 157 nm.
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Figure 3. TEM micrograph of vB_]JliM-Donnerlittchen. (A) Close-up of a representative particle
indicating morphological structures. (B) Schematic illustration of A to better illustrate the observed
morphological structures.

As outlined above, we sequenced the viral DNA from four different plaques to verify
that only one viral strain was present. The assembled genomes proved identical, with a size of
58,220 bp and a G + C content of 67.75% (host G + C content of 61.98%). The phage genome
contains one tRNA and 74 putative protein-encoding genes, of which 49 showed no
similarities to known proteins and were annotated as hypothetical proteins. However, we
could also identify genes similar to typical phage-related genes, like genes encoding phage tail
tube-like protein, a tape measure protein, a tip attachment protein, a helicase, a DNA
polymerase, and a terminase (Figure 4). The only other known Janthinobacterium-associated
bacteriophage MYSP06 was not sequenced, but its genome size was determined by analyzing
restriction digestion patterns to range from 65-70 kb (Li et al. 2016). Thus, both isolates show
considerable differences concerning genome size and are probably unrelated. Also, the
morphotype of bacteriophage MYSP06 is Sihpo with a long tail and an icosahedral head. At
the same time, our isolate also has an icosahedral head with a short tail containing tail spikes

and a pseudo-sheath.
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Figure 4. Schematic map of the circular genome of Janthinobacterium phage vB_JliM-Donnerlittchen.
The inner ring shows the genome location, GC Skew - (purple) and + (green). Identified open reading
frames are depicted in teal. Visualization using BRIG (Alikhan et al. 2011).

Based on the morphological and genomic investigations, we named our phage vB_]JliM-
Donnerlittchen (vB = virus of bacteria, Jli = ].lividum, M = Mpyoviridae morphotype,
Donnerlittchen = specific phage name). As vB_JliM-Donnerlittchen is the first sequenced
J. lividum phage, we compared its genome to other phages associated with the Burkholderiales.
Results revealed a novel phage infecting member of the order Burkholderiales (Supplement
Table S1). Although vB_]JliM-Donnerlittchen genomically seemed part of the Siphoviridae
family, its morphology reveals a Myo morphotype. As a Sipho morphotype, it should only
consist of a tube and tail spikes, while the Myo morphotype additionally consists of a sheath.

Our bacteriophage shows a sheath positioned on the tube’s lower end. Additional attempts to
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infect the sister species |. lividum EIF2 with vB_JliM-Donnerlittchen showed no plaque
formation. This result underlined our initial assumption that prophages could confer

resistance to related and unrelated phages (Kohm and Hertel 2021).

Impact of violacein on phage infection

During phage reinfection via plaque overlay assay, we observed that our PCa plates frequently
became purple, and we studied if this observation is connected to phage presence. Therefore,
we serially diluted our initial phage lysate up to 10 and used these dilutions for reinfection
experiments. The results showed plates with a gradient in violet coloration, with the strongest
at the lowest dilution and the weakest at the highest (Figure 5). Regarding the phages, we
detected, that contrary to expectations, plaque counts were higher at higher dilutions (Figure
5). In more detail, we observed an uncountable number of plaques in the 10 dilutions and
significantly fewer and countable ones in the lower dilutions, like 98 for 10-* and 7 for 10 No

plaques in the dilutions below.

At the moment, we can only speculate on the reason for this result. Since we used only
a sterile-filtered lysate for reinfection, it likely contained unknown components released by
the lysed bacteria responsible for the violet staining and reduction of phage infectivity. We can
exclude that the substance in the lysate is directly responsible for the decline of the viral
phages, as the initial lysates were prepared, diluted, and used at different times. However, the
coloration and plaque results were consistent in the replicates. Therefore, we can rule out that
the substance triggered a possible receptor conformation change, as reported with phage T5,
to prevent the adsorption of the phage to the host and thereby prevent infection (Breyton et al.
2013). The activation of an intracellular defense can also be excluded. In both cases, no plaques
would have been observed. However, the assumed substance is responsible for violacein
formation, which could be responsible for plaque reduction. Previous studies have confirmed
violacein to inactivate human herpes simplex virus type 1 and polio (Andrighetti-Frohner et

al. 2003).

We hypothesize that an initial interaction of the phage with its host triggers the host to
release a signal molecule, which stimulates uninfected cells to produce the protective

violacein. Since we processed the initial lysate only by sterile filtration, we transferred and

131 -



Ines Friedrich Results and publication

diluted the phages and the signal molecule for subsequent experiments. In the lower phage
dilutions, the high signal molecule concentration triggered a strong violacein production in
the few non-infected cells. That, in turn, either prevented the production of viral particles or

immediately inactivated the released virions.

In the higher dilutions, we could still observe plaques. Here, violacein production was
insufficient for total protection. However, as some initial infections could produce enough
progeny and lead to a few subsequent infections. As soon as only two subsequent infections
followed, the second release in the immediate vicinity increased the phage concentration to
such an extent that the present violacein concentration was no longer sufficient to prevent

plaque formation.

In conclusion, the results indicated a putative new phage defense mechanism, which
includes post-infection signaling to induce protective violacein production in uninduced cells.
However, the nature of this defense cascade and the signaling molecule remain to be clarified

by future studies.
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Figure 5. Correlation between plaque number (PFU/mL) and pigmentation (decimal values). The X-
axis shows the plaque count (PFU/mL), and the Y-axis shows decimal values of color. Decimal values
can only be between 0 (black) and 16,777,215 (white). That means that the higher the value, the “whiter”
a plate is.

Data Availability Statement

The phage genome of vB_]JliM-Donnerlittchen has been deposited at GenBank under the
accession number ON529854. The whole-genomes . lividum strain EIF1 and EIF2 projects
have been deposited at DDBJ/ENA/GenBank (Friedrich et al., 2020). The genome of .
lividum EIF1 is accessible under accession number CP048832. The genome of |. lividum EIF2
is accessible under accession numbers CP049828 (EIF2 chromosome) and the plasmid

under CP049829 (EIF2 plasmid p356839).
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Supplementary Material
Supplementary Table S1. Phylogenetic analysis of all available Burkholderiales-
associated phages. Analysis was performed with VIRIDIC vl (Moraru, Varsani and

Kropinski 2020).

The table can be found on the enclosed CD and .zip folder:

Supplement\ Chapter_3.8\ Supplementary_Table_S1.xlsx
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Abstract

Luteibacter is a genus of the Rhodanobacteraceae family. The present study describes a novel
species within the genus Luteibacter (EIF3T). The strain was analyzed genomically,
morphologically, and physiologically. Average nucleotide identity analysis revealed that it is
a new species of Luteibacter. In silico analysis indicated two putative prophages (one
incomplete, one intact). EIF3T cells form an elliptical morphotype with an average length of
2.0 um and width of 0.7 um and multiple flagella at one end. The bacterial strain is an aerobic
Gram-negative with optimal growth at 30 °C. EIF3T is resistant towards erythromycin,
tetracycline and vancomycin. We propose the name Luteibacter flocculans sp. nov. with EIF3T
(=DSM 112537" = LMG 32416") as type strain. Further, we describe the first known Luteibacter-

associated bacteriophage called vB_L{IM-Pluto.

Introduction

The genus Luteibacter is part of the family Rhodanobacteraceae, which belongs to the y-subclass
of the Proteobacteria. The family contains 17 genera, Aerosticca, Ahniella, Aquimonas,
Chiayiivirga, Denitratimonas, Dokdonella, Dyella, Frateuria, Fulvimonas, Luteibacter, Oleiagrimonas,
Pinirhizobacter, Pseudofulvimonas, Rehaibacterium, Rhodanobacter, Rudaea, and Tahibacter, of
which two are not validly published (Denitratimonas and Pinirhizobacter) (1). The genus
Luteibacter was established by Johansen et al. (2) based on the species Luteibacter rhizovicinus
DSM 165497. It currently comprises five species of which three are validly published:
L. rhizovicinus DSM 165497 (2), L. yeojuensis DSM 17673" (3,4), L. anthropi CCUG 25036" (4),
L. jiangsuensis (5), and L. pinisoli (6). Members of the Luteibacter genus were isolated from
various environments such as rhizopheric soil (2,6), greenhouse soil (3), and human blood (4).
They are described as motile, aerobic Gram-negatives with a rod-like shape and yellow-

coloring. Further, they are catalase- and oxidase-positive and urease-negative.

To date, Luteibacter- or even Rhodanobacterceae-associated phages are unknown. Phages
or bacteriophages are viruses that infect bacteria. While temperate phages can incorporate into
the bacterial genome, lytic phages begin multiplying directly after infection. The temperate

phages replicate their incorporated genome alongside the host genome, leading to a prophage
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and a lysogenic bacterium. Through the addition of its genetic material, a prophage can

provide new abilities , defending the host from infection by related and unrelated viruses (23).

In a previous study, we were able to isolate an environmental Luteibacter sp. nov. strain
from a eutrophic pond located in Gottingen, Germany. The Luteibacter strain was isolated as a
prospective model strain to investigate the local viral diversity associated with it. Despite the
fact that 16S rRNA gene analysis validated its species assignment, no additional

characterization was performed (31).

Here, we describe a novel environmental Luteibacter isolate, which was characterized
morphologically, physiologically and genomically. In addition, we investigated the potential

of the host strain to access the environmental diversity of Luteibacter-associated phages.

Material and methods

Luteibacter flocculans EIF3 strain isolation, DNA extraction, and 16S rRNA gene
sequencing

Luteibacter flocculans EIF3T (Figure S1) was isolated from the surface water of a eutrophic pond
located at the North Campus of the Georg-August University in Gottingen, Germany (51° 33'
29" N 9° 56' 41" E 173 m, collected on 24 September 2018) (31). This study was conducted at a
public pond in Goéttingen that required no specific permissions; 25 mL LB (1% peptone from
casein, 0.5% yeast extract, 0.5% NaCl) was used as a culture medium. DNA was extracted and

the 16S rRNA gene sequenced was as described by Friedrich et al., 2021 (31).

Sequencing, assembly, and annotation of bacterial and phage genome

Friedrich et al. 2021 describe the genome sequencing, assembly and annotation procedures.
Briefly, Illumina paired-end sequencing libraries were generated using the Nextera XT DNA
Sample Preparation kit. For sequencing, the MiSeq System and Reagent Kit version 3 (2 x
300 bp) were used according to the manufacturer’s instructions (Illumina, San Diego, CA,
USA) (31). For Nanopore sequencing, the Ligation Sequencing Kit (SQK-LSK109) and the
Native Barcode Expansion Kit EXP-NBD114 (Oxford Nanopore Technologies, Oxford, UK)

were utilized (31). The same kit was used to prepare total and specific nucleic acids from the
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bacteriophage. To remove proteins, 5 uL of Proteinase K (20 mg/mL) were added to 300 pL of
2X T and C Lysis. This solution was applied to 300 uL of phage suspension. The pure viral

genomic DNA was extracted from total nucleic acids using RNase A (DNase free).

CRISPRCasFinder (9) was used to identify potential CRISPR areas. Assembled
bacterial genomes were quality-checked with CheckM v1.1.2 (10). Genome annotation was

performed using the Prokaryotic Genome Annotation Pipeline v4.13 (PGAP) (11).

Raw bacteriophage reads were quality-processed using Trimmomatic v0.39 (12) and
paired-end reads were merged using FLASH v1.2.11 (13). The quality-processed reads served
as input for the Unicycler v0.4.9 assembly pipeline in normal mode (14), which consisted of
Spades v3.13.0 (15), makeblastdb v2.11.0+ and tblastn v2.11.0+ (16), bowtie2-build v2.4.4 and
bowtie2 v2.4.4 (17), SAMtools v1.12 (18), java v.11.0.13 (19), and Pilon v1.23 (20). The quality
of assembly was evaluated using QualiMap v2.2.2 (21). Annotations were performed using

VIBRANT (22) and InterProScan v5.55-88.0 (23).

The whole-genome sequence of Luteibacter flocculans EIF3T has been submitted to
GenBank under the accession number CP063231. The BioSample (SAMN16456042) is part of
the BioProject with the accession number PRINA669578. The raw reads have been submitted
to the NCBI SRA database with the accession numbers SRR12951264 (Oxford Nanopore) and
SRR12951265 (Illumina), as well as BioProject PRINA669578. The strain was deposited at the
DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,
Germany) with the collection number DSM 112537 and at the BCCM/LMG (Belgian
Coordinated Collections of Microorganisms) with the collection number LMG 32416. The
whole-genome sequence of Luteibacter-associated bacteriophage vB_LfIM-Pluto is available

under the accession number ON529861 at GenBank.

Luteibacter flocculans sp. nov. EIF3T phylogenetic classification

The Genome Taxonomy Database Toolkit (GTDB-Tk) v1.0.2 (24) as well as whole-genome-
based phylogeny with Type (Strain) Genome Server (TYGS (25), accessed on 10 July 2022) were
used to provide an initial taxonomic classification of the Luteibacter flocculans isolate,. The
ANIm method, which is provided in pyani v0.2.10 (26), was used with a species boundary of
95% ANI for in-depth phylogenetic analysis (24). Based on the DSMZ and the NCBI, the
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genome of the isolate was compared to all available type strain and reference genomes
(accessed on 10 July 2022) comprising Frateuria flava (GCF_017837635), F. defendens
(GCF_001182895), Duyella solisilvae (GCA_003351225), D. kyungheensis (GCF_016905005),
Luteibacter  pinisoli  (GCF_006385595), L. jiangsuensis (GCA_011742555), L. yeojuensis
(GCA_011742875), L. anthropi (GCA_011759365), D. terrae (GCA_004322705), Fulvimonas soli
(GCA_003148905), D. thiooxydans  (GCA_001641285), as well as L. rhizovicinus
(GCA_001010405).

Genomic comparison

BlastKOALA v2.2 (27) was used to study the metabolic capacities of Luteibacter flocculans
(Figure S2). AntiSMASH v6.0.0 (28) was employed to identify putative secondary metabolite
biosynthetic gene clusters. PHASTER (29) was utilized to identify putative phage regions.

Resfams v1.2.2 (30) was applied to examine presence of antibiotic resistance genes.

Cell morphology and Gram staining techniques

Microscopy (Primo Star, Zeiss, Carl Zeiss Microscopy, Jena, Germany) was used to examine
the morphology of single colonies after 72 hours of growth on LB solid medium (Fluka,
Munich, Germany). Hucker’s crystal violet, an iodine and safranin solution and 1-propanol
were used for Gram staining (31). Microscopic images and stains were processed and analyzed

using the software ZEISS Labscope (Carl Zeiss).

Bacterial and phage isolate transmission electron microscopy

The morphology of Luteibacter flocculans and Luteibacter phage vB_LfIM-Pluto was studied
using transmission electron microscopy (TEM). The digital Micrograph software (Gatan
GmbH, Munich, Germany) was used for imaging. Luteibacter flocculans was cultivated
overnight in liquid LB medium at 30 °C. A negative staining was then conducted using 5 pL
cell or phage suspension. The suspension was mixed with an equal quantity of diluted 0.5%
(for bacterial isolate) or 1% (for viral isolate) phosphotungstic acid (3% stock, pH 7). The

mixture was transferred to a vaporized carbon mica for one minute. Before placing the mica
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on a thin copper-coated grid (PLANO GmbH, Marburg, Germany), it was gently cleaned with
demineralized water. The coated grids were allowed to dry at room temperature and

examined with a Jeol 1011 TEM (Georgia Electron Microscopy, Freising, Germany).

Determination of salt tolerance and optimal temperature

EIF3T was incubated at 30 °C in 4 mL LB medium adjusted with 0 and 5 g/L NaCl and 10 to
60 g/L NaCl in increments of 10 g to determine salt tolerance. The optical density of the cell
suspensions was measured at 600 nm (ODew) using the Ultraspec 3300 pro photometer
(Amersham Pharmacia Biotec Europe GmbH, Munich, Germany). At the start of the
experiment, the ODsw of the cell suspensions was set to 0.1 (32), followed by a 12-hour
incubation period at 30 °C and 180 rpm in an Infors HT shaker (Orbitron, Einsbach, Germany).
To determine growth, the ODesw was measured after 12h of incubation (32). Every
measurement was carried out in biological replicates. The temperature optimum was
determined by culturing the isolate in 4 mL LB-0 medium under shaking (180 rpm) at 10, 20,
30, 37, 40 and 50 °C. The cultures” starting ODesw was set to 0.1. After 12 h, the optical cell
density of EIF3T was determined. R studio version 4.0.0 (33) and the ggplot2 package v3.3.6

(34) were used to visualize the data.

Growth kinetics determination

The cell growth quantifier (CGQuant 8.1; Aquila Biolabs GmbH, Baesweiler, Germany) was
used to evaluate growth kinetics in liquid cultures under shaking (180 rpm) for 47 h at 30 °C.
250 mL shake flasks were filled with 25 mL of EIF3" culture in LB-0 medium (final ODeoo of
0.1) and placed for measurement on the CGQuant sensor plate. Experiments were carried out
using three biological replicates. The CGQuant uses a dynamic method of backscattered light
measurement, allowing real-time monitoring of growth in liquid culture (35). All data were

plotted with R studio version 4.0.0 (33) and the ggplot2 package v3.3.6 (36).
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Antibiotic resistances and metabolic activity

For assessment of metabolic activity, APl ZYM and API 20 NE tests (BioMérieux, Nuertingen,
Germany) were used. Both tests were carried out according to the manufacturer’s instructions.
Catalase activity was measured with 3% H:0: (37). Antibiotic resistances with discs and strips
(Oxoid, Thermo Fisher Scientific) were determined using a soft-agar (0.4% (w/v) agarose in LB
medium) overlay technique. Discs and strips contained ampicillin (25 pg), kanamycin (30 pg),
oxytetracycline (30 pg), rifampicin (2 ug), streptomycin (10 ug), vancomycin (30 pg),
tetracycline (0.015-256 ug), and erythromycin (0.015-256 pg). 2.5 mL of soft agar with a final
ODsoo of 0.1 was utilized. Discs or strips containing an antibiotic substance were then added
on top of the soft agar. Antibiotic resistances were determined after overnight incubation at

30 °C.

Examination of plaques

The approach described by Willms and Hertel, 2016 (38) and Willms et al., 2017 (38,39) was
used for phage enrichment. Sewage samples were collected in February 2022. In order to
identify plaque morphologies such clear or turbid, plaque size, and halo presence, plaque
assays generally require the ability of the host to grow in bacterial lawns (40). Phages were
isolated via agar overlay plaque assay as described elsewhere (40) using host-specific culture
media for the base agar (1.5% (w/v) agar) and overlay (0.4% (w/v) agarose). Infected overlay
plates were incubated overnight at 30 °C. Individual phages appeared as morphologically
distinct plaques, which were picked with a sterile toothpick and transferred into 500 uL sterile

LB-0 medium. Reinfection was repeated three times to purify the phage strain.

Naming of the bacteriophage isolates

The bacteriophage was named according to Adriaenssens and Brister’s informal guide (41).
As a result, vB stands for virus of bacteria, Lfl for the host organism L. flocculans, M for the
virus family Myo-morphotype, and Pluto is an individual name. As a result, the complete

names of the virus is vB_LfIM-Pluto, abbreviated Pluto in the following.
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Results and Discussion

Morphological characterization

EIF3T colonies were spherical and yellow with an average diameter of 1.93 mm on solid LB
medium. The ability of Luteibacter flocculans sp. nov. to flocculate was apparent during growth
in liquid LB or TSB media (S1 Fig). Gram staining of EIF3T resulted in red/pink cells indicating
a Gram-negative bacterial species. Cells were straight rods with rounded ends and ranged
from 5.3 to 5.8 um in size (Figure 1). The isolate matched typical morphological features of the

family Rohodanobacteraceae, such as motility via polar flagella, a cell size ranging from 1 to

4.5 um and rod-shaped cells with rounded ends (42).

Figure 1. Transmission electron micrograph of EIF3T. The micrograph depicts the rod-shaped, flagellated
morphotype of the Luteibacter EIF3 isolate. The image was taken using TEM after 24 h of cell growth at 30 °C in LB
medium followed by negative staining..

Physiological characterization
EIF3T grew in LB medium with up to 4% (w/v) NaCl, with optimal growth achieved in the
absence of added NaCl (Figure 2A). The strain is a mesophilic organism since it can grow at

temperatures between 20 and 40 °C. The largest cell desnities were observed at 30 °C with an
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ODsoo of 3.403 (which is a ratio of 34.033) (Figure 2B). This observation is consistent with results

derived from closely related strains (2).

We determined the bacterial growth of EIF3T at the optimal temperature and salt
concentration. The lag phase lasted for approximately 3.5 hours. It was followed by a 10 h log-
phase and a transient phase with diminished growth. After approximately 21 hours of
incubation, the highest cell densities were recorded. The doubling of our isolate was

221 minutes and the growth rate u was 0.19 hour.
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Fig 2. L. flocculans sp. nov. growth characteristics. (A) Growth of EIF3" in 4 mL LB medium after 12 h of incubation
at 180 rpm and 30 °C with different salt concentrations. (B) EIF3T growth at various temperatures in LB-0 medium
after 12 h of incubation at 180 rpm. (C) Growth characterization of EIF3T in 25 mL LB-0 medium at the optimal
temperature (30 °C). Triplicate measurements were conducted. Standard deviations in (A, B) are indicated by the
error bards. In (C) various shades of blue represent each biological replicate.
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Using the API ZYM and the API 20 NE assays, the metabolic capabilities of EIFT were
examined. Twenty distinct enzyme activities were identified for the novel Luteibacter isolate
using APl ZYM. In six cases, no enzyme activity was detected. Activities of alkaline
phosphatase, esterase, esterase lipase, leucine arylamidase, valine arylamidase, cysteine
arylamidase, acid phosphatase, naphthol-AS-Bl-phosphohydrolase, [-galactosidase, a-
glucosidase, B-glucosidase, and N-acetyl-f-glucosaminidase were recorded. Corresponding
genes were identified in the genome (Table S1). In addition, Luteibacter flocculans shared
features with closely related bacteria such as L. rhizovicinus, L. yeojuensis and L. jiangsuensis

(2,3,5).

EIF3T was oxidase- and catalase-positive, which is characteristic of certain
Rhodanobacteraceae family members (42). Table 1 provides an overview of the enzymatic
activities of the strain and closely related bacteria from TYGS (25). According to the
antibiogram, EIF3T was resistant to erythromycin (up to 4 ug/disc), tetracycline (up to
1 pg/disc), and vancomycin (30 pg/disc). Resfams in silico analysis (30) identified genes
encoding an ABC transporter for erythromycin or vancomycin
(PRINAA669578 [ IM816_002307) and a tetracycline inactivation enzyme (IM816_003460; Table

S2). The in silico analysis of EIF3T confirmed the measured antibiotic resistance (Table 1).

Further, it suggested, that EIF3T can generate secondary metabolites such as
arylpolyene xanthomonadin (Table S3). Xanthomonadin is a yellow membrane-bound
pigment, whichis insoluble in water. Rajagopal et al. discovered that xanthomonadin may
protect Xanthomonas oryzae against photodamage (43). Moreover, this discovery is consistent

with the characteristics of the family Rhodanobacteraceae (42).

Fatty acid analysis confirmed typical Luteibacter characteristics for our isolate and
related strains. The most abundant fatty acids are branched fatty acids iso-Ciso with 18.3%, iso-
Ci7a @9c with 29.4%, and iso-Cizo with 18.2% (Table 2). These corresponded to the main

branched fatty acids of the Luteibacter described by Johansen et al. (2).
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Table 1: Phenotypic differences between strains EIF3™ and phylogenetically related species
L. yeojuensis DSM 176737, L jiangsuensis CGMCC 1.101337, L. antrophi CCUG 250367, and
L. rhizovicinus DSM 16549". Taxa: 1, strain L. flocculans EIF3T; 2, strain L. yeojuensis DSM
17673T (3), 3, strain L. jiangsuensis CGMCC 1.10133" (data from (5,44)); 4, strain L. antrophi
CCUG 250367 (data from (4) and BacDive (45) accessed on 31 July 2022); 5, strain L. rhizovicinus
DSM 165497 (data from (2) and BacDive (45) accessed on 31 July 2022); +, Positive; -, negative;

n/a, data not available.

Characteristics L. flocculans | L. yeojuensis L. jiangsuensis L. anthropi L. rhizovicinus
EIF3T DSM 176737 | CGMCC 1.10133" | CCUG 25036" DSM 16549
Source of isolation Butrophic RhlZOSPheI‘e Soil Human blood | Rhizosphere soil
pond soil
Motility + + - + +
Temperature (°C)
Range 1045 5-37 4-42 15-37 5-30
Optimum 30 28 25-30 28 17.5
NaCl (g/L)
Range 0-40 0-50 0-40 n/a 0-30
Optimum 0 n/a n/a n/a 15
Enzymatic activity
Alkaline . . . n/a .
phosphatase
Esterase n/a n/a -
Esterase lipase + n/a + -
Lipase + - + n/a -
Leucine
. + + n/a n/a +
arylamidase
Valine
: ¥ + n/a n/a +
arylamidase
Cystcfme N . n/a n/a B
arylamidase
Trypsin - - n/a n/a -
a-Chymotrypsin - - n/a n/a -
Acid phosphatase + + n/a +
Naphthol-AS-BI-
+ + + n/a +
phosphohydrolase
a-Galactosidase - n/a n/a
B-Galactosidase + + +
B-Glucuronidase - n/a n/a -
a-Glucosidase + + n/a +
B-Glucosidase + n/a n/a +
N-Acet}.ll-.ﬁ- . N . n/a B
glucosaminidase
a-Mannosidase - - n/a n/a -
a-Fucosidase - - n/a n/a -
Utilization of
Potassium nitrate - - + n/a -
L-Tryptophane - - n/a n/a -
D-Glucose
. - - n/a - -
(fermentation)
L-Arginine - - + n/a -
Urea - - - n/a -
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. Esculin/ferric . . . n/a .
citrate
Gelatin - + + - +
4-Nitrophenyl-f3-
D- - - n/a n/a -
galactopyranoside
D-Glucose
(assimilation) i i - i i
L-Arabinose - - + n/a -
D-Mannose + + + + +
D-Mannitol - - - + -
N-Acetyl-D-
) + + n/a + +
glucosamine
D-Maltose - + + n/a -
Potassium
- - n/a + -
gluconate
Capric acid - - n/a n/a -
Adipic acid - - n/a n/a -
Malic acid + - - + -
Trisodium citrate - - n/a n/a -
Phenylacetic acid - - n/a n/a -
Catalase + + + - +
Oxidase + + + + +
Resistance to
Ampicillin - n/a n/a n/a n/a
Erythromycin + n/a n/a n/a n/a
Kanamycin - n/a n/a n/a n/a
Oxytetracycline - n/a n/a n/a n/a
Rifampicin - n/a n/a n/a n/a
Tetracycline + n/a n/a n/a n/a
Streptomycin - n/a n/a n/a n/a
Vancomycin + n/a n/a n/a n/a
G+C% 64.8 63.0 63.6 65.3 63.0

In bold: Sorted by categories.

Table 2: Composition of cellular fatty acids (%) in strain EIF3T and phylogenetically related
species L. yeojuensis DSM 176737, L. jiangsuensis CGMCC 1.101337, L. antrophi CCUG
250367, and L. rhizovicinus DSM 16549™. Taxa: 1, strain L. flocculans EIF3T; 2, strain L. yeojuensis
DSM 176737 (3,4), 3, strain L. jiangsuensis CGMCC 1.10133" (data from (5)); 4, strain L. antrophi
CCUG 25036" (data from (4)); 5, strain L. rhizovicinus DSM 165497 (data from (4)); —, not
detected/not reported.

Fatty acid L. flocculans | L. yeojuensis L. jiangsuensis L. anthropi L. rhizovicinus
EIE3T DSM 17673" | CGMCC 1.10133" | CCUG 25036" | DSM 16549
Unknown 11.799 - 2.3 - 0.8 2.2
iso-Ci1o0 4.3 3.8 4.7 3.6 4.0
iso-C1103-OH 4.1 42 1.6 2.9 3.9
iso-C13:0 0.2 - - 0.4 0.5
is0-C12:03-OH 0.1 1.0 — — —
iso-C140 0.2 1.1 - - -
Cia0 0.1 - - 0.5 0.4
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is0-Ci3:0 3-OH 3.2 24 2.6 1.2 2.7
is0-Cis:0 18.3 14.5 24.0 21.7 17.0
anteiso-Cis:0 8.0 6.9 9.7 2.4 4.0
is0-Ci6:0 2.8 21.3 2.2 0.5 0.8
Summed feature 3* 5.8 5.2 4.1 6.5 9.2
Ci60 2.1 1.8 4.2 5.6 6.5
is0-Ci17:1 09¢ 29.4 26.5 20.3 23.8 24.4
iso-Ci7:0 18.2 14.9 20.2 27.0 22.4
anteiso-Ci7:0 1.3 1.6 1.2 0.9 0.6
Cis0 0.1 - 0.8 0.5 -
iso-Ci7:03-OH 0.7 0.8 - - 0.5

* Summed feature 3 contains Cis1 ®7c and/or iso-Cis0 2-OH

Genome characterization
The closed genome of EIF3T comprised one circular chromosome (4,299,254 bp) with a GC
content of 64.82%. It encoded 3,672 putative proteins, 59 rRNAs and 49 tRNAs. No CRISPR

regions and plasmids were identified (Table 3).

Table 3. Genome statistics of the EIF3T chromosome.

Features Chromosome
Genome size (bp) 4,299,254

GC content (%) 64.82
Coverage 280.1-fold
CDS 3,672

rRNA genes 59

tRNA genes 49

ncRNA 4

CRISPR 0
Prophage(s) 2

GTDB-Tk pipeline was used for the genome-based taxonomic classification of strain EIF3T
(Data S1 File) (24). It demonstrated an average nucleotide identity (ANI) of approximately 96%
to the most closely related species, Luteibacter sp. UNCMEF366Tsub5.1 (ANI value of 96.48). The
digital DNA-DNA hybridization value (dDDH) via Type Strain Genome Server (TYGS) is

-150 -



Ines Friedrich Results and publication

39.9% in comparison to L. jiangsuensis. As the new species criterion for dDDH is less than 70%
(46), this suggested that our strain is a potential new species (Figure S2; Table S4). Figure 3
shows an ANI-analysis of 12 most closely related type strain genomes in the TYGS database
(25) (data in Table S5). No clustering with any other described Luteibacter strain was recorded.
EIF3T shares 85.52% ANI with L. yeojuensis DSM 176737, 85.41% with L. jiangsuensis CGMCC
1.101337, 84.73% with L. anthropic CCUG 25036" and 84.60% with L. rhizovicinus DSM 16549T.

Luteibacter flocculans sp. nov. EIF3T was therefore considered as a novel type strain

within the Luteibacter genus.
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Luteibacter anthropi CCUG 250367
Luteibacter pinisoli KACC 192987
Luteibacter rhizovicinus DSM 165497
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Luteibacter jiangsuensis CGMCC 1.101337

Fig 3. Genome-based classification of Luteibacter flocculans EIF3T. All genome sequences from available type
strains (T) listed in the TYGS database (25) were examined. Pyani (26,47) was used to calculate relatedness
employing the ANIm technique and default settings. EIF3" is highlighted in bold red letters.
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Prophage Analysis

EIF3Trepresented a prospective host system for the investigation of the environmental
diversity of phages. Thus, the capabilities to host prophages was of particular interest in this
study. Initial analysis of prophage regions with PHASTER (29) revealed two putative
prophage regions (region 1, 1,300,438-1,322,193; region 2, 1,306,588-1,352,491). The regions
were 21.7 and 45.9 kb in size. It was estimated that region 1 was incomplete and region 2 intact.
In addition, region 1 was part of region 2 (Table S6). Since prophages can provide phage-
resistance of the host, the genome of a potential for phage isolation must have a low number

of prophages or none at all (7), which is applicable for EIF3T.

Phage isolation and characterization

Luteibacter flocculans has proven to be an organism with minimal requirements for cultivation
and proliferation. This provided a solid foundation for its prospective use in molecular
biology. To evaluate its viability as a host strain for environmental phage isolations, EIF3T was
infected with a viral suspension obtained from raw sewage. To determine cell infection, an
overlay plaque test was performed. The avoid redundancies during phage isolation, picked
plaques were assessed by identifying the unique genetic restriction patterns of each phage

isolate. This approach led to the isolation of a novel Luteibacter-associated phage.

Transmission electron microscopy shows a Myo-morphotype head-tail morphology
(Figure 4). The phage consisted of an icosahedral head, contractile tail and tail spikes. The
diameter of the capsid was 75 nm and the length of the tail 110 nm, resulting in a total length
of 185 nm. We sequenced the viral DNA and assembled the genome with a high coverage of
690.1-fold. The assembled viral genome exhibited a size of 67,528 bp and a G + C content of
57.7% (host G + C content 64.8%). A total of 99 CDS of which 79 encode hypothetical proteins
were detected. We detected genes similar to phage-related genes. These included genes such
as encoding baseplate protein J, spike protein, major capsid protein, terminase large subunit

and DNA polymerase.

Resulting from the morphological and genomic investigations, our phage was named

vB_LfIM-Pluto (vB = virus of bacter, Lfl = L. flocculans, M = Myoviridae morphotype, Pluto =
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specific phage name). Our results represented the first description of a phage from the bacterial
Rhodanobacteraceae family. In addition, we showed that Luteibacter flocculans sp. nov. is a

suitable host strain for phage isolation.

Fig 4. Luteibacter-associated bacteriophage vB_LfIM-Pluto.

Conclusion

The results demonstrated the suitability of the novel Luteibacter species L. flocculans for the
isolation of environmental phages. The isolation and characterization of a novel Luteibacter-
associated phage vB_LfIM-Pluto, the first documented Luteibacter-associated phage, further

supported this.

Description of Luteibacter flocculans sp. nov.

Luteibacter flocculans (floc.cuilans N.L. part. adj. flocculans, flocculating, pertaining to the
organism’s ability to flocculate in liquid cultures). L. flocculans cells were Gram-negative rod-
shaped, 2.0 um long and 0.7 um wide. They did not form spores and were motile by means of
lophotrichous bacteria. After 72h of growth on LB medium, colonies were 1.93 mm in
diameter and showed yellow pigmentation. Cells grow at 10-45 °C (optimum 30 °C) and at 0-
4% NaCl (optimum without addition of NaCl). The strain was catalase and oxidase positive.
Cell growth occurred on R2A agar, TSA and LB agar. The strain was susceptible to

erythromycin, tetracycline, and vancomycin, but not to ampicillin, kanamycin,
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oxytetracycline, rifampicin and streptomycin. It utilized esculin/ferric citrate, D-glucose
(assimilation), D-mannose, N-acetyl-D-glucosamine and malic acid employing the API 20NE
test system. Alkaline phosphatase, esterase, esterase lipase, lipase, leucine arylamidase, valine
arylamidase, cysteine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, f3-
galactosidase, a-glucosidase, B-glucosidase, and N-acetyl-B-glucosaminidase were detected
with API ZYM test system. In Tables 1 and 2, additional phenotypic characteristics are

depicted.

The type strain EIF3" (=DSM 1125377 = LMG 32416"), was isolated from a eutrophic
pond located on the North Campus of the Georg-August University in Gottingen, Germany.
The major fatty acids were Cisoiso, Ci70is0, and summed feature 9 (Ci71is0 ©9c). The genome of

the type strain showed a DNA G + C content of 64.8 mol%.
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Figure S1. Flocculation of EIF3T in LB medium.

Luteibacter jiangsuensis CGMCC 1.10133T
~ Luteibacter yeojuensis DSM 176737

= Luteibacter flocculans EIF3T
Luteibacter rhizovicinus DSM 165497
- Luteibacter anthropi CCUG 250367
Luteibacter pinisoli KACC 192987
Fulvimonas soli DSM 142637

Frateuria defendens DHo™
Frateuria flava MAH- 13T

Dyella thiooxydans KACC 127567
Dyella terrae KACC 127487
Dyella kyungheensis THG-B1177
- Dyella solisilvae DHG54T

Figure S2. Phylogenetic classification of Luteibacter flocculans EIF3T. The 12 closest related type strain genomes
were used for phylogenetic analysis as described by TYGS (Meier- Kolthoff and Goker, 2019). The tree was inferred
with FASTME 2.1.6.1 (Lefort et al., 2015) using Genome Blast Distance Phylogeny (GBDP) distances calculated from
genome sequences. The branch lengths are scaled in terms of GBDP distance formula d5. The numbers above the

branches are GBDP pseudo-bootstrap support values of >60% from 100 replications, with an average branch
support of 85.1%. The tree was rooted at the midpoint (Farris, 1972). Meier-Kolthoff JP, Goker M. TYGS is an
automated high-throughput platform for state-of-the- art genome-based taxonomy. Nat Commun. 2019;10(1):2182.

Lefort V, Desper R, Gascuel O. FastME 2.0: a comprehensive, accurate, and fast distance-based phylogeny inference
program. Mol Biol Evol. 2015;32(10):2798-800.

Farris JS. Estimating phylogenetic trees from distance matrices. Am Nat. 1972;106(951):645- 68.
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CHAPTER FOUR

General Discussion

Due to the employed strategy’s impact an assessing phages, it is essential to apply various
techniques to uncover viral diversity. Different approaches have been developed to
characterize the variety of phages within biological communities. These include, culture and
microscopy, genomics of an isolated single virus and metagenomics. The combination of
culturing procedures and transmission electron microscopy observations enabled the
discovery of phages that would otherwise be missed due to sequencing biases. Single-virus
genomics allows the sequencing of individual virions, which helps to assess phage
populations with a high level of microdiversity that typically blocks genome assembly in
metagenomic workflows. The rapid discovery of an astounding number of phages in different
environmental settings, ranging from the human digestive tract to the depths of the ocean, has
been assisted by technological advances in viral metagenomics. While it has been shown that
these developments have expanded our understanding of the genomic variety of phages, it
has also demonstrated that we have just begun the process of discovering novel viruses. One
may conclude from searching sequence databases of viral genomes, that dsDNA
bacteriophages comprise the majority of the viral world. Therefore, the purpose of this thesis
was to establish whether this is true or just a systematic artifact of how we often approach the
viral world. This was investigated by using host systems which might be associated with
various RNA and DNA viruses. These bacterial host systems were isolated and characterized

regarding their morphological, physiological, and genomic features.

1. Isolation of bacterial host systems and their characterization

In Chapter 3.1, enrichment of water samples showed that in the oligotrophic samples mostly

members of the order Burkholderiales, Enterobacterales, and Pseudomonadales were present.
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The eutrophic samples showed a more diverse distribution of bacterial orders. Copiotrophic
and oligotrophic bacteria may coexist in freshwater ponds due to changes in nutrient
availability and the presence of microniches. The pond selected for sampling was located in
the Northern part of Weende, Gottingen, Germany and has a permanent water flow-through
from a water extraction plant. Similar results were obtained in marine environments
(Rodrigues and de Carvalho, 2022). In this work, a total of 37 new bacterial strains were
isolated successfully, of which ten belong to Burkholderiales, three to Enterobacteriales, and
three to Pseudomonadales. The remaining 24 isolates are distributed over the orders
Flavobacteriales, Aeromonadales, Xanthomonadales, Pseudonocardiales, Lysobacterales,

Sphingobacteriales, Caulobacterales, Micrococcales, and Sphingomonadales.

In this thesis, eight bacterial strains from oligotrophic or eutrophic environments were
successfully isolated, sequenced, assembled and their whole genome sequences were analyzed
(Chapter 3.1-3.5, 3.8, and 3.9). The suitability of the strains as viral host systems was
investigated. A total of four bacterial isolates were characterized additionally regarding their
morphology and physiology (Brevundimonas pondensis, B. goettingensis, Serratia marcescens,
Janthinobacterium lividum and Luteibacter flocculans). An overview of the important
characteristics is shown in Table 1. All, except J. lividum EIF2, proved to be suitable host
systems due to their small number of prophages. Prophages provide additional genetic
information and can supply the host with extra properties such as bacterial fitness through the
transfer of beneficial genes (e.g., antibiotic-resistance genes) or protection from superinfecting

phages resulting in a competitive advantage.
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For the investigation of viral isolates and their viral communities, the most suitable
putative host strains were Brevundimonas pondensis EIF1, Brevundimonas goettingensis EIF2 and
Serratia marcescens. These species are closely related with Caulobacter and Escherichia,
respectively. Both named species are associated with DNA and diverse RNA viruses. For
Caulobacter crescentus dsDNA giant phage ¢Cp34 has been isolated (Fukuda et al., 1976), as
well RNA phages (Miyakawa et al., 1976). The genus Escherichia is associated with ssDNA
phage ¢X174 (Sanger et al., 1977), dsDNA phage T7 (Demerec and Fano, 1945) and ssRNA
phage MS2 (Davis et al., 1961).

In chapter 3.1, even though, a member of the Caulobacter genus could not be isolated,
two other interesting isolates were recovered — the two bacterial isolates Brevundimonas
pondensis LVF1 and Brevundimonas goettingensis LVF2. Both were considered as putative host
organisms as several species of the genus Caulobacter were grouped into the genus
Brevundimonas during reclassification (Abraham et al.,, 1999). Whole-genome sequencing
showed them to be new type species which have been deposited at the DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen), CCUG (Culture Collection University of
Gothenburg), and BCCM (Belgian Co-ordinated Collections of Micro-organisms). Besides the
differences in the genomes, both species also exhibit phenotypic and morphological
differences. LVF1 colonies are grayish-white, while LVF2 colonies are yellow. Genes coding
for carotenoids were found in the genome of LVF2 (yellowish colony),. Some Brevundimonas
species are capable of synthesizing carotenoids (Abraham et al., 2014), which are likely the
source of the pigmentation. Carotenoids are secondary metabolites that play crucial roles in
the adaptation of heterotrophic bacteria. In addition to protecting cells from UV radiation and
oxidative damage (Krinsky, 1978; Miller et al., 1996), carotenoids are also involved in
mechanisms controlling membrane fluidity (Jagannadham et al., 2000; Subczynski et al., 1992)
as they are located in the cell membrane as lipophilic compounds (Seel et al., 2020). Growth at
low temperatures and the management of nutrient transport depend on the fluidity and
structure of the cell membrane. Seel et al. found that at low temperatures in Staphylococcus
xylosus there is an increase in membrane order accompanied by an increase in membrane
fluidity, as well as a broadening of the phase transition (Seel et al., 2020). In Brevundimonas
goettingensis, the production of carotenoids could also be observed during growth at an

extreme temperature, such as 4 °C (Friedrich et al., 2021c). In the genome of LVF1 (white
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colony), no putative genes to produce carotenoids were identified, which may be the reason
for its inability to grow at low temperatures (Friedrich et al., 2021c). B. goettingensis LVF2
revealed both prosthecate and non-prosthecate vibrio-shaped cell types, while B. pondensis

LVF1 exclusively showed motile cells with polar flagella.

From the remaining 35 isolates, the copiotrophic bacterial isolate Serratia marcescens
LVE3 (chapter 3.2) was chosen as the second host system, as it is part of the same order
(Enterobacterales) as Escherichia. In addition, Falkow et al. showed that a phage isolated from
sewage was able to infect Serratia marcescens and Escherichia coli (Falkow et al., 1961). This
indicated the potential of Serratia marcescens as host for infection by phages with a broad host
range. The S. marcescens LVF3 isolate displays typical morphological characteristics of the
genus Serratia. These are motile by means of polar flagella, their cell size ranges from 0.9-
2.0 um and are rod-shaped cells with rounded ends (Grimont and Grimont, 1978). Further,
S. marcescens LVF3 showed growth up to 10% (w/v) NaCl in TSB medium, which was also
observed for related strains (Grimont and Grimont, 1978). To conclude, B. pondensis LVF1 and
S. marcescens LVE3 were chosen as they are closely related to either Caulobacter or Escherichia,
in which a huge number of DNA and RNA phages could potentially be isolated and

sequenced.

The strains Janthinobacterium lividum EIF1 and EIF2 (Chapter 3.3) are able to produce
the purple pigment violacein which has antitumor, antiviral, antifungal and antimicrobial
properties (Andrighetti-Frohner et al., 2003; Asencio et al., 2014; Bromberg et al., 2010). In
Chapter 3.8, we discovered phage-based induction of violacein synthesis by J. lividum EIF1.
Violacein is a medically relevant antibacterial agent. It appears that phage vB_]JliS-
Donnerlittchen induces its host to release a signaling molecule that stimulates uninfected cells
to produce violacein. A previous study demonstrate that violacein inhibits the replication of
human herpes simplex virus type 1 and polio (Andrighetti-Frohner et al., 2003). The study by
Lee et al. found that violacein-embedded membranes inactivate viruses within 4 h (influenza
and coronavirus) and bacteria within 2h (Lee et al., 2022). This makes the discovery of
violacein’s antiviral activity even more important. Janthinobacterium phage vB_]JliS-
Donnerlittchen is the first sequenced Janthinobacterium-associated bacteriophage. In the study

of Li et al., one Janthinbacterium-associated bacteriophage was isolated but not sequenced. It
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proved to be of a Sipho morphotype with a probable genome size between 65 and 70 kb (Li et
al.,, 2016), and shows no relation to isolate vB_]JliS-Donnerlittchen. Further phage genomes are
unknown for the Oxalobacteraceae family. The order Burkholderiales harbors 341 associated
bacteriophages (mostly dsDNA, but also some ssDNA phages) in the NCBI Virus database
(Brister et al., 2015) (accessed on 30 August 2022). None of these belong to the same genus as

Janthinobacterium-associated phage vB_]JliS-Donnerlittchen.

Another interesting novel host strain is Luteibacter flocculans EIF3 (chapter 3.9) which
differs from other Luteibacter strains (Akter and Hugq, 2018; Johansen et al., 2005; Kampfer et
al., 2009) in that it has multiple flagella at one end (lophotrichous), which might be an
explanation for its ability to flocculate in liquid medium. In a previous study of Bacillus,
Pseudomonas, Vibrio, and Escherichia on biofilm formation showed, that flagella were regulated
on the short term to either inhibit rotation or modulate the basal flagellar inversion. Whereas
over the long term, flagellar gene transcription was inhibited and flagella were not produced
and result in non-motile bacteria (Guttenplan and Kearns, 2013). Further, isolate L. flocculans
produces the yellow pigment xanthomonadin, which is water insoluble. This result is in good
agreement with characteristics of Rhodanobacteraceae family members (Naushad et al., 2015). In
a study by Rajagopal et al., the authors discovered that xanthomonadin may protect
Xanthomonas oryzae against photodamage (Rajagopal et al., 1997). For the genus Luteibacter and
the whole order Lysobacterales, no bacteriophage has been isolated or sequenced. The isolated
Luteibacter phage vB_LfIM-Pluto is the first sequenced, described, morphologically and
genomically characterized phage of this order. TEM imaging of the bacteriophage indicated a
myovirus morphotype like T4 phage (Yap et al., 2016). This was further confirmed through
genome analysis, showing that it harbors genes coding for baseplate or spike proteins. The
genus Kinneretia is part of the family Comamonadaceae which shows high abundances in
freshwater habitats and is therefore ubiquitous (Moon et al., 2018). Only a small number of 17
phages are associated with the family Comamonadaceae of which all are dsDNA phages (Brister
et al., 2015). Further studies on isolate Kinneretia sp. DAIF2 (Chapter 3.5) and other strains
could help to investigate the viral diversity associated with this bacterial isolate. In Chapter
3.4, Stenotrophomonas indicatrix DAIF1 proved to be a promising host strain for comparative
genomics using clinical isolates (Friedrich et al., 2021b) but also for phage enrichment (Table

1). Phages associated with the genus Stenotrophomonas are also of great interest, as the human
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pathogen S. maltophilia is known as a multidrug resistance opportunistic pathogen (Brooke,
2012). Since Stenotrophomonas indicatrix is not pathogenic, viral diversity associated with
Stenotrophomonas can be studied without risking exposure to the pathogenic bacterium
S. maltophilia. Immunocompromised patients should especially be concerned about the rising
frequency of nosocomial and community-acquired S. maltophilia infections, as this bacterial
pathogen is associated with a high fatality-to-case ratio. Currently, 81 phage genomes (either

consisting of dsDNA or ssDNA) are available in the NCBI Virus database (Brister et al., 2015).

2. Ways to analyze phage-host interaction

Here, the classical plaque assay and NGS-based methods were used in a complementary
approach to isolate new phages (Chapter 3.6). The isolation of 25 novel phages was possible,
14 of which are Brevundimonas pondensis- and 11 are Serratia marcescens-associated
bacteriophages. Chapter 3.7 showed that the overlay assay is capable of capturing the majority
of viral dsDNA diversity. Most bacteriophages associated with both host strains were isolated,
as confirmed by the virome data. However, differences in the host system and a seasonal effect
were observed. In addition, the study demonstrated that the S. marcescens-associated virome
contained numerous phage-associated contigs that did not belong to known Yersiniaceae-
infecting phages. These were phages associated with Erwinia, Salmonella, or Cronobacter.
Phages associated with Serratia are often able to infect other genera (Evans et al., 2010; Prinsloo,

1966; Prinsloo and Coetzee, 1964).

The dsDNA virome of both isolates — Serratia marcescens LVE3 and Brevundimonas
pondensis LVF1 — showed that the classical plaque assay is very efficient, however ssDNA,
ssRNA and dsRNA bacteriophages could not be isolated using this approach. The isolation of
phages not initially detected by the classical approach of plaque-picking demonstrated the
value of performing a concomitant host-associated virome analysis. For example, the phage
vB_SmaP-Kaonashi could only be isolated after identification in the corresponding virome
dataset. Since only dsDNA phages could be isolated, gel filtration chromatography was used

in a preliminary experiment. This is a common biochemical method for the analysis and
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purification of proteins within a mixture. Since bacteriophages consist of a capsid composed
of protein-compromising subunits, the aim was to investigate whether gel filtration
chromatography could be used to separate bacteriophages according to their molecular weight
and thus be able to potentially isolate them. For the phage isolates from Brevundimonas phages
vB_BpoS-Domovoi and vB_BpoS-Babayka, separation by gel filtration chromatography was
generally possible and plaque assays showed that they retained the ability to infect. However,
the experiment also highlighted the disadvantage that some phages may have lost their tails
and were therefore present as “contaminants”, although they were no longer infectious
(determined through PCR analysis). One of the next steps would be to optimize this method
for later separation of virome samples according to size, in order to isolate potentially smaller
phages (RNA or ssDNA phages). In comparison, the method of Vandenheuvel et al,
successfully used anion-exchange chromatography to purify one phage (Vandenheuvel et al.,
2018) depending on the affinity of the phage to an immobilized ligand. In contrast, gel
filtration chromatography-based separation depends on the differences in molecular weight

or size of the sample.

Further, in another study, the virome and viral diversity of Brevundimonas goettingensis
LVF2 was investigated (unpublished data). Interestingly, the bacteriophages associated with
these bacterial strains differ considerably, although B. pondensis and B. goettingensis belong to
the same genus. Whereas the majority of the virome associated with B. pondensis (from both
seasons) are giant phages (genome size over 300,000 bp), the B. goettingensis-associated virome
contains phages with a much smaller genome size of approximately 85 kb (Supplement Table
S1). This could be due to the different life cycles of the two host strains. It appears that the
giant phages are dependent on the swarmer cell stage of B. pondensis, as they require more
time to replicate compared to “usual” phages. This can be investigated in future studies by
infecting B. goettingensis with phages associated with B. pondensis. In a study by Johnson et al.,
the same trend was observed with Caulobacter-associated phages infecting only swarmer cells

(Johnson et al., 1977).

The ssDNA virome sequence analysis of Brevundimonas pondensis suggested that only
a small number of ssDNA phages were present in the samples, which would explain the

absence of isolates. Infection of this group of phages is reduced by the use of traditional
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isolation methods. Inoviridae infections are not fatal and do not always result in a visible
plaque, which is required for the identification and isolation of a phage. Microviridae-like
phages in the metaviral sample of the summer could be detected using transmission electron
microscopy (Figure 8A, Chapter 3.7). The phages were spherical and lacked tails, possessed
an icosahedral symmetry, and measured around 30 nm in diameter. A preliminary experiment
could also detect filamentous Inoviridae-like phage structures in a metaviral sample (Figure 8B,
Chapter 3.7). In summary, the combination of morphological analysis and ssDNA virome
research demonstrated that the B.pondensis LVF1 host system might be infected with

Microviridae and Inoviridae phages.
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A

200 nm

Figure 8. TEM images of potential (A) Microviridae and (B) Inoviridae phages associated with Brevundimonas
pondensis LVF1.

In the study with B. goettingensis as host an RNA contig displayed a significant degree
of similarity with phiCb5 (Supplement File S1), a ssRNA phage of Caulobacter crescentus, which
is a member of the Leviviridae family (Plevka et al., 2009). Following annotation of this contig,
a gene encoding RNA-dependent RNA-polymerase was identified (Supplement File S2;
Figure 9, Chapter 3.7). Bendis and Shapiro discovered that bacteriophage phiCb5 infects
exclusively the swarmer cell type of the dimorphic stalked bacterium (Bendis and Shapiro,

1970). Here, the question arises if the temperate stadium of a swarmer cell somehow promotes
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infections with RNA phages. In future, the putative phage showing high similarity to phiCb5
should be isolated and investigated in detail. Also, it should be tested whether the sister strain

of B. goettingensis — B. pondensis — can be infected by the same RNA phage similar to phiCb5.

- maturation protein

\Fco i ) putative lysis protein /;

Caulobacter phage phiCb5

LVF2_p1_ssRNA 4

-

1 L/'/
Leviviridae sp. isolate H1_Bulk_Litter_6_scaffold_453 I 100%

| 1kb |
I 1

29%

Figure 9. Comparing the contigs with best Blastn matches. Arrow indicates gene direction. Phage specific gene
products are shown in light blue with corresponding labeling and hypothetical proteins in light grey. Comparison
of contig 4 with Caulobacter phage phiCb5 and Leviviridae sp. isolate H1_Bulk_Litter_6_scaffold_453. Plot was done
using Easyfig (Sullivan et al., 2011)

To access predicted bacteriophages in the future, new or specialized experimental
methods will be required. Here, a combination of two methods could be used. The virome
after phage enrichment via plaque assay could be further seperated via gel filtration
chromatography regarding the phage sizes present in the virome. With gel filtration
chromatography, smaller phages e.g., ssDNA and RNA phages could therefore be isolated
and would give more insights into phages associated with their bacterial host systems.
Further, the study of the virome associated with Brevundimonas goettingensis and
Brevundimonas pondensis indicates that viral diversity differs from species to species even
within close relatives of a genus. This should further be considered. The environmental niche
of the bacterial hosts must also be chosen carefully. In a study by Wu et al.,, bacterial
populations were effectively eliminated by the phages under eutrophic conditions,, while the

rate of lysis slowed down under oligotrophic conditions (Wu, Hanging et al., 2022). This
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phenomenon could be an answer to why the phage diversity of Brevundimonas seems to be

much higher than that of Serratia.

The results of this thesis showed that the viral sphere is still dark matter. Classical
methods using overlay plaque assay still bear a high potential for the investigation of novel
phages (especially dsDNA phages). Nevertheless, the study provided and excellent starting
point for isolation of new phages by combining NGS-based approaches with phage isolation
using plaque overlay assays. With this approach, vB_SmaP-Kaonashi, a virus that uses both
host systems for replication was identified (Chapter 3.7). This thesis showed that by combining
metagenomics, single-virus genomics, and microscopy, the viral diversity can further be
uncovered. These results further indicate that dSDNA phages are the most abundant type of
phages. Nonetheless, the results of ssDNA and ssRNA viromes provide insights into the
diversity of potential phages, which are usually overlooked. Here, further isolation needs to
be done following optimization of the method. By not only using the overlay plaque assay
method, liquid cell cultures with and without shaking can lead to recovery of a different phage
diversity. Another possibility is the use of gel filtration chromatography after phage
centrifugation and filtration to obtain phages with a smaller molecular weight. These could
include small ssDNA phages like Microviridae and ssSRNA phages like Leviviridae. In addition,
the phage isolate vB_]JliS-Donnerlittchen has yielded interesting results as it stimulates
violacein production in J. lividum EIF1. The purple pigment violacein can be further
investigated by isolating it and determining its effect on phage infection during exposure to

different Janthinobacterium species.
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1. Supplement

S1 Data File. Gene annotation of phage-associated contig. Annotation was performed using
VIBRANT (Kieft et al., 2020) and Phage Commander (Lazeroff et al., 2021).

The data file can be found on the enclosed CD:
Supplement\ Appendix\ S1_Data_File.gbk
S2 Data File. Sequence alignment of unique contig. Alignment was done using blastn

v2.12.0+ (accessed on 17 June 2022) (Zhang et al., 2000).

The data file can be found on the enclosed CD:
Supplement\ Appendix\ S2_Data_File.fasta

S1 Table. Result of raw read mapping of all Caulobacteraceae-associated bacteriophages

from the NCBI Virus database and own isolates for the virome of the winter season.

The table can be found on the enclosed CD:
Supplement\ Appendix\ S1_Table.xlsx
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