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Abstract

Thesis Abstract

One of the major grand challenges confronting humanity in the coming decades is
the increased risk of infection, stemming from the alarming surge in antimicrobial
resistance among pathogenic bacteria. Consequently, there is an urgent need to
uncover new antimicrobials and mechanisms, including antimicrobial bacterial
strains, which could potentially substitute for some of the widely employed
antibiotics. In this respect, the main goal of this thesis work was initially to explore
deep-sea fish microbiomes as a source of antimicrobials and their prospective clinical
applications. Our hypothesis was that these microbiomes represent some of the last
bastions of microbial communities that have been negligibly impacted by human

activity and as such are untapped for this purpose.

Although still very limited, there is an accumulating number of studies where marine
fish microbiomes are being characterised and assessed for their bacteriocinogenic
potential (Chapter 1). In many cases these microbiomes are dominated by Gram-
negative Pseudomonadota and Gram-positive Bacillota and Actinomycetota. They
can be important hosts to uncommon species that are not found in the surrounding
waters, as well as to novel taxa. Of particular interest, in terms of their antimicrobial
production, are bacilli, lactic acid bacteria and actinobacteria. Already, a limited
number of novel bacteriocins from marine fish gut isolates have been identified and
characterised. These include Formicin, a class | (lanthipeptide) bacteriocin from
mackerel, several class lla bacteriocins, and CAMT6, a very recently identified class
Ild bacteriocin. These novel bacteriocins cover a range of molecular structures, with
varying spectra of activity — some of which were capable of targeting important
pathogenic strains, such as Clostridium difficile and Listeria monocytogenes.
Bacteriocins from marine fish microbiota also have diverse applications, not only for
therapeutic, but also as food preservatives and probiotics. This provides great scope

for the potential of finding novel bacteriocins from deep-sea fish microbiomes.

Chapter two outlines an exploration of bacterial isolates from the gut and skin of

deep-sea fish for antimicrobial production. In vitro screening was initially used to
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screen for antimicrobial producers with activity against various indicators including
foodborne pathogenic bacteria. Subsequent in silico screening of the genomes of
selected producers revealed the presence of a wide range of secondary metabolite
biosynthetic gene clusters (BGCs) as well as potentially novel bacteriocins, including
class | (lanthipeptide), class lic (circular) and class Ild bacteriocins. Genomic screening

also revealed the almost complete absence of antimicrobial resistance genes.

Chapter three outlines the description of a novel species, Winogradskyella
bathintestinalis APC 3343, which was isolated from the intestine of a deep-sea dragon
fish, Malacosteus niger, as part of the screening study. This yellow pigment-
producing strain was differentiated from related type strains of Winogradskyella
species based on a combination of 16S, genomic, biochemical, and phenotypic
characterisation. This study represents one of first to characterise a novel

Winogradskyella species isolated from a deep-sea fish.

Chapter four describes the characterisation of a novel Planococcus species, isolated
from the skin of a deep-sea ‘snub nose spiny eel’ (Notacanthus chemnitzii), for which
the name Planococcus notacanthi was proposed. This strain, APC 4016, had been
shown to inhibit the growth of Gram-positive target strains and was subsequently
found encode a potentially novel lanthipeptide with similarity to cerecidin of Bacillus
cereus. Based on phylogenetic analysis and its distinctive phenotypic characteristics,
such as a tolerance of a wide range of growth conditions and the presence of
menaquinone 5 as a respiratory quinone, Planococcus notacanthi was deemed a

novel species, with APC 4016 as the type strain.

We also explored the application of these deep-sea isolates and their DNA as controls
for determining relative and/or absolute quantification of bacteria, in terms of cell
numbers, in human metagenomic sequencing experiments. Quantified genomic DNA
from two deep-sea species (crucially that have not been identified in human
microbiome samples) was applied to human faecal samples and subsequently
extracted and detected using 16S rDNA sequencing and gPCR, alongside the
microbiome DNA. The preliminary data shows that the “spiked-in” deep-sea DNA has

the potential to be used as a marker for relative abundance of bacterial cell numbers.



Abstract

Chapter five outlines the identification of an agarolytic (agar-degrading) isolate from
the skin of a deep-sea fish and the subsequent molecular characterisation of one B-
agarase and one putative B agarase encoded by the isolate. Sequence analysis of the
two agarase proteins, Aga4017A and Aga4017B, showed that they shared structural
similarities and key characteristics to GH16 and GH50 family B-agarases, respectively.
Recombinant pCR2.1-TOPO vectors encoding aga4017A or aga4017B were created
and cloned into E. coli TOP10. Transformants containing this pCR2.1-TOPO_aga4017A
vector were able to express the agarase protein and exhibited agarolytic activity. The
predicted 3D model of Aga4017A was also elucidated using Alphafold2 and revealed
it to be a globular protein with distinctive modules corresponding to a signal peptide,
a catalytic GH16 B-agarase domain and a ricin B lectin -like carbohydrate-binding

domain.

Overall, this work demonstrates the biodiscovery potential of the microbiome of
deep-sea fish, in terms of its microbials inhabitants, the antimicrobials they produce,
and also their functionalities, which may have applications for utilisation in the field

of microbiome research.
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Chapter 1

The Marine Fish Gut Microbiome as a

Source of Novel Bacteriocins



Chapter 1

Abstract

The marine environment is the largest ecological habitat on Earth, albeit one of the
least explored, particularly in terms of its microbial inhabitants. The marine fish gut
is host to a diverse microbial community from which diverse bioactive molecules can
be sourced. Due to the unique environmental pressures these microbial communities
experience, the bioactive molecules they produce often evolve unique adaptations
that give them diverse structures and activities, differentiating them from terrestrial
homologues. Of particular interest, due to their structural and functional diversity,
are the ribosomally-synthesised antimicrobial peptides (bacteriocins). With
increasing pressure from emerging antibiotic-resistant disease and industrial demand
for novel therapeutics, the marine fish gut microbiome represents a relatively
untapped resource of novel bacteriocins that could prove beneficial to human health
and aquaculture. This review presents an overview of the marine fish gut microbiome
and explores its potential as a source of bacteriocins for human health with

considerations for applications and future research in this area.
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1.1. Introduction

The marine environment is the largest ecological habitat on the planet. The Earth’s
oceans cover over 70 % of the planet’s surface and reach depths of over 10,000m
(Greenaway et al., 2021). Each layer, or zone, of the ocean is its own ecological niche
that is distinguishable based on factors such as temperature, salinity and sunlight
availability (National Oceanic and Atmospheric Administration). The top layers
(epipelagic and mesopelagic zones) sustain a high abundance of diverse life and are
very metabolically active. In contrast, the deep ocean layers (bathypelagic, abyssal
and hadal zones) are subject to low temperatures, high hydrostatic pressure and lack
of sunlight (Somero, 1992). From hydrothermal vents to the deep, dark trenches,
marine fish inhabit extreme environments and have as a result acquired diverse and

unique physiological and molecular adaptations.

The marine environment is also a rich source of diverse natural bioactive compounds
with therapeutic and economic potential. To date, there are 15 clinically approved
drugs derived from marine organisms, ranging from peptides to antibodies and
covering a wide variety of biological activities. Many more are in various stages of
clinical trials (Approved Marine Drugs, 2023). We are in an age when there is a huge
demand for novel antimicrobials and alternative treatments to antibiotics.
Antimicrobial resistance (AMR) is an extremely concerning and global threat to
human health. It has been estimated that in 2019 alone, AMR was associated with
4,95 million deaths (Antimicrobial Resistance Collaborators, 2022). Traditional
antibiotic treatments have become less effective, multidrug-resistant pathogens are
more common yet the development of new antibiotic-based treatments has slowed
dramatically over the past few decades (Frieri et al., 2017). From 2014 to 2018 over
250 preclinical antimicrobial compounds from marine organisms were reported
(Mayer et al., 2020, Mayer et al., 2021, Mayer et al., 2022). The majority of these
compounds were polyketides (35 %), terpenoids (26 %), alkaloids (17 %) and peptides
(14 %), as well as lipids, lipopeptides and several other molecule types. Just over half
of these molecules were produced by bacteria or fungi, and, significantly, these

producers were isolated from higher organisms, particularly from marine sponges.
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The mammalian gut microbiome is a well-established source of beneficial bacteria
and compounds with therapeutic potential (Halloran and Underwood, 2019, Wang et
al., 2019), and undoubtedly, this scenario is paralleled in the fish gut microbiome.
There is growing interest in bioprospecting the fish gut microbiome to find novel
bioactive compounds with therapeutic potential and for applications in aquaculture
(Wanka et al., 2018). The gut microbiome of fish has crucial biological functions in
digestion, immune system modulation, stress response, and protection from
pathogens/infection (Butt and Volkoff, 2019). These functions are often mediated by
microorganisms and microbial metabolites, such as bacteriocins.

Bacteriocins are low molecular weight (<10 kDa), ribosomally-synthesised peptides
with antimicrobial activity produced by bacteria that are immune to their own
bacteriocin. The antagonistic activity of bacteriocins can be bacteriocidal or
bacteriostatic, and the range of susceptible target organisms can be described as
broad or narrow. Bacteriocins are usually classified into two major classes, based
mainly on the extent to which they are modified. Class | bacteriocins are those which
undergo extensive post-translational modification (e.g., lantibiotics or
lanthipeptides), and class Il bacteriocins are unmodified or cyclic (Cotter et al., 2013).
The class | lanthipeptides, for example, are synthesised as prepeptides with unique
lanthionine and/or B-methyllanthionine residues that undergo extensive
posttranslational modification resulting in the formation of signature
(methyl)lanthionine rings. Lanthipeptides can be further divided into subclasses 1-V
based on the enzyme(s) involved in their biosynthesis, modification and mode of
action (Montalbdn-Lépez et al., 2021). The class Il bacteriocins are subdivided into
four groups (classes lla-d): the anti-listerial pediocin-like peptides (lla), two-
component peptides (llb), cyclic/circular bacteriocins (lic) and the linear and non-
pediocin-like peptides (lld) (Nissen-Meyer et al., 2009). Bacteriocins are emerging as
promising alternatives to conventional antibiotics due to their spectrum of activity —
which can be broad or narrow, thermostability and their capacity for bioengineering
and generation of variants with value-added properties (Cotter et al., 2013).
Attention is now turning to fish microbiomes as novel sources of bioactive molecules
such as bacteriocins. Conventionally, the diversity of fish microbiomes has been

determined using culture-dependent methods and has very likely been
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underestimated in terms of its abundance and richness. However, ongoing advances
in culture-independent methodologies, such as metagenomic sequencing, are
enabling more accurate analysis of this microbial niche. Because of the huge expanse
of the marine environment, marine microorganisms are among the least explored
and least accessible and thus the application of culture-independent metagenomic
analysis becomes even more valuable. The marine fish gut microbiome is essentially

an untapped reservoir for novel antimicrobials.

In this review, we discuss the diversity of the gut microbiomes of marine fish, with a
focus on finfish: Chondrichthyes (cartilaginous fish) and Osteichthyes (bony fish). We
also discuss current research on the discovery of bacteriocins from marine fish gut
microbiota, their applications, and the current prospects of this microbial niche as a

source of novel antimicrobials.
1.2. The Diversity of the Marine Fish Gut Microbiome

The marine fish gut is host to a diverse microbial community largely consisting of
bacteria, with reported counts ranging from 10°-10° CFU/g (Egerton et al., 2018), as
well as fungi, archaea and viruses. This community begins to form at the fish larval
stage, with early colonisers originating from the egg surface, the surrounding water
and the first feed (Roeselers et al., 2011). The diversity of the fish gut microbiome is
then influenced by biotic and abiotic factors such as host phylogeny, trophic level
(diet) and environmental salinity (Sullam et al., 2012), as well as, though to a lesser
extent, environmental pH and temperature (Ward et al., 2009, Egerton et al., 2018).
The fish gut microbiome is an important and unique niche within the marine
environment, with reports that the composition of microorganisms found in marine
fish gut can differ from that of the surrounding waters and can even contain species

that are rarely, if at all, found in the surrounding water (Troussellier et al., 2017).

The composition of the marine fish gut microbiome has already been extensively
reviewed (Egerton et al., 2018, Romero et al., 2014, Ou et al., 2021). Early studies on
fish microbiome diversity were limited to the culturable organisms (Yano et al., 1995,
Ohwada et al., 1980), however, with the emergence of next-generation sequencing

(NGS) and metagenomic technologies there is now a growing number of culture-
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independent studies that have been able to provide a more comprehensive
description of the fish gut microbiome (Ghanbari et al., 2015). Findings from more
recent studies which have utilised culture-independent methods are given in Table 1.
The most frequently reported phylum is Pseudomonadota (formerly Proteobacteria),
followed by Bacillota (Firmicutes), Actinomycetota (Actinobacteria) and Bacteroidota
(Bacteroidetes). Other abundant phyla include Mycoplasmatota (Tenericutes),
Cyanobacteriota (Cyanobacteria), Fusobacteriota (Fusobacteria) and Chloroflexota
(Chloroflexi). At a lower taxonomic level, Vibrionales are frequently detected,
particularly species of Vibrio and Photobacterium, as well as members of the families
Moraxellaceae, Pseudomonadaceae and Micrococcaceae (Table 2). Host diet is a
significant determinant of the predominant taxa detected within the gut microbiome.
Results reported by Sullam et al. (2012) suggested that Bacteroidales and
Clostridiales dominate the gut microbiomes of herbivorous marine fish, whilst
Vibrionales and Alteromonadales are dominant in carnivorous and omnivorous
marine fish. Similarly, Huang et al. (2020) demonstrated that host feeding habits
could be differentiated by “indicators”, specific bacterial taxa. It was suggested that
these indicators were associated with specific symbiotic functional activities such as

the production of bioactive enzymes, thus aiding in digestion within the gut.

The majority of studies of marine fish gut microbiota have focused on 16S rRNA
sequence data, profiling the bacterial portion of this community. However, one
recent study analysed whole-metagenome shotgun sequencing data from the
intestines of various deep-sea fish of the northern Atlantic Ocean (Collins 2019).
Overall, the most abundant phyla detected were Pseudomonadota, Bacillota,
Actinomycetota and Bacteroidota, in agreement with previous studies. However,
cluster analysis showed that the proportions of these phyla varied significantly
between some samples. Furthermore, in one cluster a significant proportion of
Eukaryota was detected, specifically Ascomycota, Basidiomycota and Euryarchaeota.
In terms of the eukaryotic species, there have been suggestions that yeasts are
commensals of the fish microbiome with species such as Debaryomyces hansenii,
Saccharomyces cerevisiae and red-pigmented Rhodotorula dominating (Romero et

al., 2014, Andlid et al., 1995). The main archaeal groups reported in studies of marine
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fish gut microbiota are Crenarchaeota and Euryarchaeota (2016, van der Maarel et
al., 1999). Euryarchaeota have also been identified in deep-sea fish microbiota
samples (Collins, 2019). These are two of the major groups of planktonic archaea
found in marine environments and are key contributors to nutrient cycling in pelagic
waters and deep-sea sediment (Vuillemin et al., 2019). It has been suggested that the
digestive tract of fish is an important habitat for archaeal groups within the marine
environment, particularly the obligate anaerobic Euryarchaeota (van der Maarel et

al., 1999).

Viruses are the most abundant entities on earth, and it is no different in the marine
environment. It has been estimated that there are between 10° and 108 viruses per
ml of seawater (Suttle, 2005). A recent study by Geoghegan et al. (2021) used a
metagenomic-based approach to characterise the viromes of several marine fish
species: They identified viral sequences that represented 11 viral families, with
Astroviridae, Picornaviridae, Arenviridae, Reoviridae and Hepadraviridae dominating.
They suggested that many of the identified viruses were diet or microbiome -
associated and that host phylogenetics is a significant determinant of virome

diversity.

Efforts have been made to define a “core microbiome” for marine fish, however this
has proven a difficult task given the diversity of marine fish and the factors that affect
their microbiome diversity. Fish gut microbiota members can also be transient
(Egerton et al.,, 2018). Instead, it has been suggested that, perhaps, functional
diversity is more important than taxonomic/phylogenetic diversity (Ghanbari et al.,
2015, Huang et al., 2020). Furthermore, many of these studies have noted that a high
percentage of operational taxonomic units (OTUs) could not be taxonomically
assigned at the genus level, indicating the novelty and high biodiscovery potential of
the marine fish gut microbiomes. For example, Huang et al. (2020) reported that over
70 % of OTUs from coastal fish gastrointestinal samples were unassigned at genus
level, whilst Johny et al. (2018a) reported over 90 % of the deep-sea fish gut OTUs

could not be assigned at genus level.

The gut microbiome of marine fish is involved in the regulation of host processes

including digestion, stress and immune responses, reproduction, and metabolism
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(Sullam et al., 2012, Butt and Volkoff, 2019). Many of these processes are mediated
by the production of microbial metabolites, including antimicrobials, and bioactive

enzymes.

1.3. Bacteriocins from Marine Fish Gut Microbiota

Bioactive molecules representing several different bacteriocin classes and
bacteriocin-like peptides have been identified in isolates of marine fish gut
microbiomes, as outlined in Table 3. These peptides exhibit activity against a wide
range of Gram-positive and Gram-negative bacteria, and even against fungi in some
cases. Though in many of these studies the chemical structure of these
bacteriocins/peptides is yet to be determined, it again highlights the biodiscovery
potential and novelty of this microbial niche. Notably, these bacteriocins are all from

bacilli or lactic acid bacteria (LAB) strains, some of which are novel species or strains.

1.3.1. Bacteriocins from LAB

Lactic acid bacteria (LAB) are important members of the fish gut microbiome with
cultivable species from marine fish including Carnobacterium spp., Lactobacillus spp.,
Lactococcus spp., Enterococcus spp. and Pediococcus spp. (Ringg et al., 2018). Studies
have shown that beneficial LAB in the fish gut may have a significant role in promoting
host fish health by improving resistance to infection through immune system
modulation and the production of antimicrobial molecules, such as bacteriocins
(Ringp et al., 2018).

Pilet at al. (1995) screened for antimicrobial-producing strains from the intestines of
salmon and trout using Listeria species as target organisms. They identified two
antimicrobial-producing species, Carnobacterium piscicola V1 and Carnobacterium
divergens VA1. C. piscicola V1 was found to produce two class lla bacteriocins,
piscicocins V1a and V1b. The purified peptides were active against the same
spectrum of Gram-positive indicator strains, which included C. divergens, E. faecalis
and L. monocytogenes. Furthermore, piscicocin V1a was significantly more potent
than V1b and was deemed to be a novel bacteriocin based on amino acid sequence
analysis (Bhugaloo-Vial et al., 1996). In a subsequent study, C. divergens V41 was
found to produce divercin V41, also a novel class lla bacteriocin. The amino acid

sequence of divercin V41 was shown to be most similar to those of pediocin PA-1 and
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enterocin A (Metivier et al., 1998). Furthermore, piscicocins Vl1a and V1b and divercin
V41 were optimally produced at temperatures below 20 °C and in the presence of up
to 4 % NaCl (Duffes et al., 1999), likely an adaptation to the marine environment.
Enterococcus mundtii Tw56 was isolated from the intestine of an Odontesthes
platensis specimen from the Patagonian region of Argentina, an area subject to
relatively low temperatures. Cell-free supernatant (CFS) from this strain was able to
inhibit Gram-positive and Gram-negative strains including Enterococcus spp., Listeria
spp., Pseudomonas aeruginosa and Shewanella putrefaciens. It was deduced through
thermal and chemical stability assays and PCR that the CFS contained mundeticin KS,
a class lla bacteriocin (Schelegueda et al., 2015).

Two separate studies found nisin Z -producing Lactococcus lactis strains from marine
fish intestines with activity against the fish pathogens, Streptococcus iniae and
Lactococcus garvieae, respectively (Heo et al., 2012, Sequeiros et al., 2015). Nisin Z is
a natural variant of the class | bacteriocin (lanthipeptide) nisin A, differing only by a
single amino acid (His27Asn) (Mulders et al., 1991) and contains the characteristic
lanthionine and methyllanthionine rings of this bacteriocin class (Figure 1). As with
other nisin peptides, nisin Z acts by binding to and forming pores in the membrane of
target cells leading to cell death (Breukink et al., 1997). Sequeiros et al. (2015)
demonstrated this in their study when they exposed L. garvieae to supernatant from
the nisin Z-producing fish isolate (L. lactis TW34) and reported a drop in viable cell
counts by 6 logs (CFU/mL) within one hour but without cell lysis, thus indicating
bactericidal activity. Heo et al. (2012) prepared partially purified nisin Z in a solution
containing varying concentrations of NaCl from 0—4 % w/v. They showed that nisin Z
prepared in 3.5 % NaCl, a concentration similar to that of seawater, was the most
effective against S. inige. This demonstrates the increased effectiveness of the
marine-derived nisin Z under native conditions.

More recently, Li et al. (2023) isolated a novel class lld bacteriocin, CAMT6 from the
marine fish isolate Enterococcus durans YQ-6. CFS from this strain possessed a broad
spectrum of activity, targeting both Gram-positive and Gram-negative bacteria, and
also inhibited fungi. Measurement of CFS conductivity and cell morphology imaging
of L. monocytogenes after exposure to CAMT6 demonstrated that the mode of action

of CAMT6 involved disruption of the cell membrane, causing leakage of cell contents.
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Furthermore, the purified CAMT6 peptide exhibited anti-Listeria activity in a chicken
breast model and anti-biofilm activity, demonstrating a potential application in food
preservation. The amino acid sequence of CAMT6 is unusual in that, at 12 amino acids
in length, it is much shorter than previously reported bacteriocins from enterococci
and did not share homology with bacterial-derived proteins, but, rather, was most

similar to antimicrobial peptides from humans and sheep.

1.3.2. Bacteriocins from Bacilli

Bacilli isolated from marine fish have also been found to produce highly stable, and
often novel, bacteriocins that can target a broad range of target strains:

Bindiya et al. (2015) screened isolates from the gut contents of a deep-sea shark
(Centroscyllium fabricii) against various indicator strains. Amongst the antimicrobial
producers, they identified Bacillus amyloliquefaciens BTSS-3, a strain with activity
against pathogenic bacteria including Salmonella enterica Typhimurium, Clostridium
perfringens, S. aureus, Proteus vulgaris, and several Bacillus species (Bindiya et al.,
2015). The purified antimicrobial molecule designated BaCf3, was subsequently
shown to possess characteristics of being a bacteriocin: it had a mass of
approximately 3000 Da, was pH tolerant (pH 2.0-13.0) and highly thermostable (4—
100 °C) and retained activity even after autoclaving (Bindiya et al., 2019). Sequence
compositional analysis found BaCf3 to be rich in hydrophobic amino acids, such as
cysteine and glycine, and was predicted to contain at least one disulfide bridge. The
predicted tertiary structure consisted of three anti-parallel B-sheets and resembled
that of laterosporulin, a defensin-like bacteriocin from Brevibacillus sp. strain GI-9
(Singh et al., 2012). Based on its hydrophobic nature and structural similarity to
defensin-like bacteriocins, it was predicted that BaCf3 targeted the cell membrane.
This was confirmed by microscopic analysis of Bacillus circulans target cells after
exposure to BaCf3, whereby leakage of intracellular material and disruption to the
cell membrane was observed (Saidumohamed et al., 2022). Furthermore, BaCf3 was
shown to also have anti-biofilm and anti-cancer activities (Bindiya et al., 2019,
Saidumohamed et al., 2022). This is one of the first studies that has purified a novel

bacteriocin from a deep-sea fish gut isolate, and, significantly, it retained
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antimicrobial activity under low temperatures (4 °C) and after being subjected to high
pressure and heat (autoclaving).

Formicin, a novel two-component lanthipeptide (class | bacteriocin), was discovered
by screening bacterial isolates from the intestine of Atlantic mackerel (Scomber
scombrus) for antimicrobial activity. The peptide, produced by a Bacillus
paralicheniformis isolate, was found to inhibit a range of Gram-positive indicator
organisms including clinically relevant pathogens such as Listeria monocytogenes,
Staphylococcus aureus, Streptococcus mutans, several species of Enterococcus and
Clostridia, including Clostridioides difficile (Collins et al., 2016). Formicin differs from
other two-component lanthipeptides in that the a-peptide contains fewer
hydrophobic amino acids and has an overall positive charge of +2, and the B-peptide
uniquely contains a negatively charged C-terminus due to the presence of an
aspartate residue in the penultimate position (Figures 2a and 2b). The discovery of
formicin and its contribution to scientific discovery in Ireland was commemorated by
the Irish national postal service (An Post) together with Science Foundation Ireland
by the release of a special issue stamp in 2018 (Figure 2c).

Novel bacteriocin-like molecules derived from bacilli of the marine fish gut
microbiome have also been reported, such as CAMT2 (An et al., 2015) and BpSl14
(Saidumohamed et al., 2021), produced by Bacillus amyloliquefaciens ZJHD-06 and
Bacillus safensis, respectively. Both of these molecules exhibited a broad spectrum
of activity, targeting both Gram-negative and Gram-positive strains and even fungi.
Elucidation of their chemical structures found that they were more similar to
eukaryotic AMPs than to bacterial peptides.

Recent studies combining in vitro and genomic screening have also highlighted the
antimicrobial potential of novel Bacilli isolated from fish (Emam and Dunlap, 2020, Yi
et al., 2018). For example, Bacillus sp. GFP-2, a novel strain of Bacillus velezensis, was
isolated from intestinal contents of whitespotted bamboo sharks (Chiloscyllium
plagiosum) and found to inhibit the growth of Bacillus subtilis and Escherichia coli.
Analysis of the genome sequence of strain GFP-2 found that it encoded genes for
various AMPs, such as LCl and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
-related peptides, various antimicrobial secondary metabolites including difficidin,

bacillysin, macrolactin and fengycin, as well as lanthipeptides (Wu et al., 2018).
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1.3.3. Actinobacteria

Actinobacteria are abundant in the marine environment, and those associated with
higher organisms such as sponges, molluscs and fish are known to produce a wide
variety of bioactive compounds with diverse biological activities (Valliappan et al.,
2014). One of the most significant antimicrobials from a marine-derived
actinomycete is anthracimycin — an antibiotic with potent activity against Bacillus
anthracis, the pathogen responsible for causing anthrax. Anthracimycin was
discovered by screening Streptomyces isolates from marine sediment (Jang et al.,
2013). Indeed, Streptomyces are among the most frequently identified producers of
bioactive compounds from marine environments, particularly those found in
association with higher organisms (Valliappan et al., 2014). Several recent studies
have screened Actinobacteria from marine fish microbiomes for antimicrobial
activity: Vignesh et al. (2019) isolated Actinobacteria from marine fish gut samples
that had antimicrobial activity against Salmonella enterica, S. aureus and E. coli.
Furthermore, one of the isolates, a Streptomyces strain, also demonstrated anti-
fungal and quorum-sensing inhibitory activity. More recently, Vadivel et al. (2021)
isolated antimicrobial and anti-quorum sensing Streptomyces from marine fish gut
samples. Several studies have highlighted that the key to identifying novel bioactive
and antimicrobial compounds may now be in the “rare” Actinobacteria — those that
are not as easily cultivated. These include genera such as Salinispora, Actinomadura,
Microbacterium and Micrococcus (Valliappan et al., 2014, Subramani and Sipkema,
2019). Sanchez et al. (2012) identified various Actinobacteria, including Rhodococcus,
Microbacterium and Micromonospora species (which would be considered part of
the “rare” Actinobacteria group) from marine fish digestive tract samples and
detected antimicrobial activity against pathogenic Vibrio spp., B. subtilis, S. aureus
and E. faecium. Though these studies didn’t identify specific antimicrobial molecules,
they highlight the biodiscovery and antimicrobial potential of marine fish gut-derived

Actinobacteria.
1.4. ‘Extreme’ Marine Environment Impact on Microbial Products

Another interesting aspect of the marine environment is the spectrum of ‘extremes’

to which it is subjected, for example, fluctuating temperatures (from hydrothermal
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vents to near-freezing deep waters), sunlight exposure (or complete lack thereof),
salinity and increasing hydrostatic pressure with depth (approx. one atmosphere
every 10m). Such conditions have effects on the molecular structure and functionality
of proteins found in these niches. Cold-adapted enzymes, for example, may require
more flexible intramolecular bonding (such as electrostatic and hydrophobic
interactions) as a result of the effect of low temperature on entropy. Such ‘flexible’
interactions can operate at a relatively reduced energy cost. By comparison,
mesophilic enzymes require more thermostable intramolecular bonding (Gerday et
al., 1997).

However, the challenges of protein production in the deep sea are different. In short,
these effects include compression of the protein and consequently a reduction in
protein volume. Secondly, high pressure can lead to protein unfolding as a result of
the penetration of water into the protein structure (Gerday et al., 1997). High rigidity
and stability are therefore required in order to negate the denaturing effects of high
pressure. Adaptations include the production of piezolytes, cold-shock proteins,
certain transcription factors and chaperones, as well as changes within protein
structures themselves (Mykytczuk et al., 2012, Martin et al., 2002). However, there
are reports that deep-sea proteins are highly active under, if not at least tolerant to,
high pressure. Lactate dehydrogenase (LDH) from the deep-sea fish, Coryphaenoides
armatus, for example, was shown to be more tolerant to high temperature and high
pressure than a homologous LDH from a shallow-water fish species. Sequence
analysis of the LDH proteins found differences in over 20 amino acid residues in the
deep-sea LDH that were suggested to enhance protein stability and enzyme activity
(Brindley et al., 2008). Studies of various other proteins from bathypelagic and
abyssal fish species have reported that this tolerance to high pressure is primarily
achieved through changes in protein primary structure, mainly amino acid
substitutions which result in less flexibility sites that are consequently more resistant
to compression (i.e. changes in volume) and can therefore maintain protein
functionality (Porter et al.,, 2016, Morita, 2003). Lemaire et al. (2018) analysed
hydrophobic ligand binding proteins from an abyssal fish species and after aligning
the protein sequences with their non-deep-sea homologs they suggested that post-

translational modification, particularly glycosylation of ligand binding domains, is also
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important for high-pressure tolerance in deep-sea proteins. There is also strong
evidence that osmolytes, in particular Trimethylamine N-oxide (TMAOQ), are crucial to
maintaining protein integrity at great depths (Yancey et al., 2002, Somero, 2003).
Martin et al. (2002) found a Photobacterium species that produced a novel class of
osmolytes, termed “piezolytes”, the intracellular concentrations of which responded
to changes in hydrostatic and osmotic pressures.

In the context of bacteriocins from deep-sea bacteria, they may possess unique
adaptations in their transcription, structure, and functionality as a consequence of
the deep-sea environmental conditions, such as resistance to high hydrostatic

pressure and low temperatures.
1.5. Applications of Marine Fish -Derived Bacteriocins

One of the applications for marine-derived bacteriocins is as an alternative to
antibiotics in the treatment of fish diseases within the aquaculture industry (Desriac
et al., 2010, Sahoo et al., 2016). Fish and fish products are significant, globally traded
commodities, with millions of tonnes consumed each year, either directly as food, as
fishmeal or for fish oil. Outbreaks of disease in commercial fish significantly impact
global supply, economics and human health (FAO, 2020).

Many studies have also explored the application of bacteriocins from marine fish
microbiomes, or the producing strains, in biopreservation of food products, such as
seafood products (Schelegueda et al., 2015, Duffes et al., 1999) and chicken (Li et al.,
2023). Schelegueda et al. (2015), for example, assessed the potential use of
mundticin KS from E. mundtii Tw56 in food biopreservation. The bacteriocins
exhibited antimicrobial activity against Listeria innocua over a range of pH (2.0-10.0),
and after heat treatment (up to 121 °C x 15 min). Furthermore, CFS from the
producing strain retained full activity after storage at -30 °C for 1 year, —indicating its
potential for use in frozen foods. Duffes et al. (1999) studied the anti-Listeria activity
of the bacteriocinogenic strains, C. piscicola V1 and C. divergens V41, in vacuum-
packed cold smoked salmon over a period of up to 4 weeks. In co-culture assays at 8
°C, both strains reduced the viability of L. monocytogenes by 5-7-fold (log CFU/g)
compared to L. monocytogenes alone. The inhibitory effects were even greater at 4

°C, with C. piscicola V1, for example, reducing the counts of L. monocytogenes to less
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than 10 CFU/g after 4 weeks. Crude bacteriocin extracts from the Carnobacterium
strains also demonstrated effective anti-Listeria activity, particularly at 4 °C whereby
L. monocytogenes was below detectable levels after 1 week. Significantly, the crude
extracts were more effective at inhibiting Listeria than nisin under these conditions.
Bacteriocinogenic isolates from marine fish are generating great interest in the
aquaculture industry for use as probiotics. For example, Shastry et al. (2021)
demonstrated that Enterococcus lactis RS5 (Table 3) exhibited not only bacteriocin
production but also resistance to bile salts, low pH (53 % viability at pH 1.5) and
protease digestion - key attributes of probiotic strains. Nguyen et al. (2017) explored
the probiotic potential of the nisin Z-producing L. lactis WFLU12, originally isolated
from the gut of olive flounder (Heo et al., 2012). They reported that fish on a diet
supplemented with the antimicrobial strain, WFLU12 (approx. 10° CFU/g), exhibited
increased growth and were more resistant to infection by Streptococcus parauberis,
compared to the control group.

There is also the potential for use as treatments for infection in humans; indeed,
many of the bacteriocins listed in Table 3 are capable of targeting human pathogens.
Formicin, for example, exhibited effective activity against several clinically relevant
species including C. difficile (Collins et al., 2016). This is particularly important in cases
of antimicrobial resistance whereby treatment with conventional antibiotics has

become less effective and novel alternatives are sought.
1.6. Challenges, Metagenomics and Future Prospects

One of the (first) challenges in searching for novel bacteriocins, and other useful
metabolites, from novel marine sources is the cultivation of the producing
microorganisms. Without the correct conditions, potentially novel marine
microorganisms, and thus their metabolites, may be lost when attempting to culture
in vitro (Deming and Baross, 2000). Environmental pressure, temperature and
dissolved oxygen concentration are just a few factors to be taken into account as they
can all affect the diversity of isolated microorganisms and the metabolites they
produce (Choi et al., 2015, Lépez et al., 2012, Nakayama et al., 1994, Zeng et al.,
2004). Often, modified or selective media is required, and long incubation times of

days, or even weeks, for antimicrobial production to occur. Sanchez et al. (2012), for
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example, implemented the use of selective media for the isolation of bioactive
marine Actinobacteria from fish. Vadivel et al. (2021) also explored optimisation of
antimicrobial production in Streptomyces maritimus SQA4 (from squid) using the
“one factor at a time” method, whereby one factor or variable in the cultivation step
is modified at a time. They observed that substituting carbon, nitrogen and salt
sources, as well as altering pH, had varying effects on antimicrobial activity.
Furthermore, production of the bioactive metabolite was detected when the strain
was cultivated on solid medium after two days but was not detected when in broth
culture until after 10 days of incubation. The growth of some marine bacteria may
also be dependent on the presence of specific signalling molecules found in their
natural environment (Nichols et al., 2008).

Advances in genome-mining methods for bacteriocins and other antimicrobial
molecules have already been extensively reviewed (Zhong et al., 2020). Genomic DNA
screening has been used to great effect by several groups in the identification of
bacteriocin genes. Genome sequence analysis, using BAGEL3 bacteriocin mining
software, allowed for the identification of the formicin biosynthetic operon, from
which the masses of the core bacteriocin peptides could be predicted. This was a
critical step in the purification and characterisation of formicin, as the peptide masses
found using colony mass spectrometry did not match any previously characterised
bacteriocins (Collins et al., 2016).

As mentioned above, culture-independent and metagenomic methods are being
used to great effect in characterising the taxonomic diversity of the marine fish gut
microbiome. Several studies have also employed the use of metagenomic sequencing
to characterise functionality, the presence of antimicrobial resistance genes and
bioactive metabolite genes in marine fish microbiota (Johny et al., 2021, Collins et al.,
2021, Stevenson et al., 2022), including those from rarer deep-sea fish species (Figure
3). The culture-independent nature of metagenomics allows for a more
comprehensive understanding of these gut communities and removes the bias of
sampling only culturable microbiota. Few studies, however, have used metagenomics
approaches for screening marine fish microbiomes for bacteriocins specifically. Yi et
al. (2019) used metagenomic sequencing to study functional dynamics in the gut

microbiota of several aquatic animals, including marine and freshwater fish. By



Chapter 1

comparative gene sequence analysis against multiple protein databases, they
identified numerous bacteriocin-associated genes, including secretion systems, and
immunity-related membrane transporter systems. However, they identified few core
peptide biosynthetic genes, suggesting a role in antimicrobial resistance rather than
production by the microbiota.

Whilst in silico genomics screening can identify bacteriocin biosynthetic gene
clusters, there is still a need for peptide purification but expression in the native host
can present another challenge. Another emerging technology is bacteriocin
“reincarnation”. This method involves cloning of the biosynthetic operon of an
“inactive” antimicrobial into a heterologous host, thereby enabling controlled
expression of the antimicrobial gene. Collins et al. (2018) utilised this method to
reincarnate pediocin-like bacteriocin structural genes that had been identified during
in silico analysis of the Lactobacillus pangenome, yet these strains did not exhibit in
vitro antimicrobial activity. Ten pediocin-like bacteriocin genes were cloned with a
(pediocin) signal sequence and heterologously expressed in E. coli and Lactobacillus
paracasei and displayed antimicrobial activity against L. innocua. This study
demonstrates the potential for such methods in the expression of such “inactive”
bacteriocins, that may be identified in genomic sequences of marine-fish-derived
bacteria, and allow for their heterologous expression under more familiar, terrestrial,

conditions.
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1.7. Conclusions

With the increasing demand for novel antimicrobial therapeutics to combat
antimicrobial resistance, there is a pressing need to source novel bioactive
compounds. The marine environment is vast, with a multitude of factors affecting the
diversity of marine life and their biomolecules. The marine fish gut microbiome is no
exception, and it is emerging as a productive source of antimicrobial molecules, such
as bacteriocins. Key aspects of marine life, such as high salinity, hydrostatic pressure
and a range of environmental temperatures all have an impact on the structural and
functional diversity of marine antimicrobial molecules, including bacteriocins, often
distinguishing them from terrestrial homologs. Characterising the true diversity of
microorganisms in marine fish gut microbiomes and the bioactive molecules they
produce still presents challenges but may be key in determining the true potential of
this niche. Recent applications of culture-independent technologies, such as
metagenomics and next-generation sequencing, have begun to bridge this
knowledge gap and are already being used to great effect to resolve the taxonomic
diversity of the fish gut microbiome. Bacteriocins from the marine fish gut can be
used to combat disease, either directly or indirectly as products of probiotic strains,
and for the biopreservation of food products. The marine fish gut microbiome is a
potential treasure trove of novel bacteriocins and other antimicrobials but limitations
in accessibility and technology have meant its true bioprospective potential has yet

to be truly explored.
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1.9. Chapter 1 Figures and Tables

Table 1: The predominant phyla reported in recent culture-independent studies of marine fish gut

microbiota. (phyla are listed in order of abundance where possible)

Fish species Sample Predominant Phyla Ref.
Gadus morhua Intestinal Pseudomonadota, Bacteroidota, Bacillota (Star et al.,
(Atlantic Cod) contents 2013
Siganus fuscescens Intestinal Pseudomonadota, Bacillota, Bacteroidota, (Jones et al.,
(Mottled spinefoot contents Fusobacteriota, Mycoplasmatota, 2018)
rabbitfish) Cyanobacteriota
Various White Sea Posterior Pseudomonadota, Bacillota, Actinomycetota, (Burtseva et
(arctic) fish intestine Bacteroidota, Mycoplasmatota, al,, 2021)
Fusobacteriota
Various Midgut Pseudomonadota, Bacillota, Bacteroidota, (Kormas et
Mediterranean fish Actinobacteriota, Patescibacteria, al., 2023)
Fusobacteriota, Planctomycetota, and
Dependentiae
Coastal fish of Hong Gastrointe  Pseudomonadota, Bacillota, Mycoplasmatota (Huang et
Kong stinal al., 2020)
contents
Various deep-sea Intestinal Pseudomonadota, Bacteroidota, Bacillota, (Collins,
fish of Atlantic Ocean contents Actinomycetota, Ascomycota, 2019)
Basidiomycota, Euryarchaeota, Spirochaetes
Centroscyllium Gut Actinomycetota, Pseudomonadota, (Johny et al.,
fabricii (Black dogfish  contents Acidobacteriota (Acidobacteria), Bacillota, 2018b)
shark) Chloroflexota
Benthobatis Gut Actinomycetota, Pseudomonadota, (Johny et al.,
moresbyi (Dark Blind  contents Acidobacteriota, Chloroflexota, Bacillota 2018a)
Ray)

Ref. = reference



Chapter 1

Table 2: Recent culture-independent studies of marine fish gut microbiome diversity. The most

abundant/predominant taxa reported at family and genus level are given.

Fish Sample Abundant genera Abundant Families Ref.
Centroscyllium Gut Acinetobacter, NR (Johny et
fabricii contents Thalassobacillus, al., 2018b)
(Black dogfish Alteromonas,
shark) Leeuwenhoekiella,
Corynebacterium,
Pseudonocardia,
Pseudomonas
Benthobatis Gut Acinetobacter Moraxellaceae, (Johny et
moresbyi contents Koribacteraceae, al., 2018a)
(Dark Blind Nitrospiraceae
Ray)
White Sea Posterior Streptococcus, Moraxellaceae, (Burtseva
(arctic) fish intestine Sphingomonas, Vibrionaceae, etal.,
Micrococcus, Pseudomonadaceae, 2021)
Chthoniobacter, Propionibacteriaceae,
Pseudomonas, Corynebacteriaceae,
Corynebacterium, Micrococcaceae
Staphylococcus,
Acinetobacter,
Propionibacterium,
Vibrio, Photobacterium,
Bacillus
Various Midgut Pseudoalteromonas, Xanthobacteraceae, (Kormas et
Mediterranea Bradyrhizobium, Comamonadaceae, al., 2023)
n fish Diaphorobacter, Pseudoalteromonadace
Mycoplasma, Clostridium, ae, Clostridiaceae,
Thaumasiovibrio, Vibrionaceae,
Microbulbifer Propionibacteriaceae,
Staphylococcaceae,
Mycoplasmataceae,
Flavobacteriaceae, and
Peptostreptococcaceae
Various Rhodococcus, Thermus, NR (Song et
Antarctic fish Acinetobacter, al., 2016)
Propionibacterium,
Streptococcus, and
Mycoplasma
Coastal fish of  Gastrointes  Clostridium, NR (Huang et
Hong Kong tinal Photobacterium, al., 2020)
contents Ralstonia, Acinetobacter,

Thermus, Ralstonia,

NR = not reported, Ref. = reference
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Table 3: Bacteriocins, bacteriocin-like inhibitory substances and other AMPs identified from marine

fish gut microbiome isolates. Many class lla bacteriocins have been isolated from this microbial niche,

covering a wide spectrum of susceptible organisms.

Molecule  Producer Host, source Susceptible organism(s) Ref.
Class | bacteriocins
Formicin Bacillus Scomber Clostridia spp., Bacillus spp., (Collins et
paralicheniformis  scombrus, Listeria spp., Enterococcus al., 2016)
APC 1576 intestine spp., Streptococcus mutans, M.
luteus
Nisin Z Lactococcus lactis ~ Paralichthys Streptococcus iniae (Heo et al.,
subsp. lactis olivaceus, 2012)
intestine
Nisin Z Lactococcus lactis  Odontesthes Lactococcus garvieae (Sequeiros et
TW34 platensis, al., 2015)
intestine
Class lla bacteriocins
Piscicocins Carnobacterium salmon/trout,  Listeria spp. (Pilet et al.,
Vla, Vib piscicola V1 intestine 1995)
Divercin Carnobacterium salmon or Carnobacterium piscicola, (Metivier et
Va1l divergens V41 trout, Listeria spp. al., 1998)
intestine
Mundticin  Enterococcus Odontesthes Enterococcus spp., Listeria (Schelegueda
KS mundtii Tw56 platensis, spp., M. luteus, Pseudomonas et al., 2015)
intestine aeruginosa, Shewanella
putrefaciens
Enterocin  Enterococcus Sillago indica, E. coli, S. enterica (Shastry et
R5 lactis RS5 gut Typhimurium, S. aureus, P. al., 2021)
aeruginosa. B. subtilis, B.
cereus, Proteus vulgaris
Class Ild bacteriocins
CAMT6 Enterococcus Larimichthys S. aureus, Bacillus spp., S. (Li et al.,
durans YQ-6 polyactis, NR haemolyticus, P. acnes, 2023)
Salmonella paratyphi,
V. parahaemolyticus, P. foulis,
E. aerogenes, Fusarium
sylvaticum, Aspergillus
fumigatus
Other AMPs /bacteriocin-like inhibitory substances
BaCf3 Bacillus Centroscyllium  Bacillus spp., Clostridium (Bindiya et
amyloliquefaciens  fabricii, perfringens, Salmonella al., 2019,
BTSS3 intestine Typhimurium, Proteus vulgaris  Bindiya et
al., 2015)

AMP = antimicrobial peptide; NR = not reported, Ref = reference
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Figure 1: The structure of the class | bacteriocin (lanthipeptide) nisin Z, a natural nisin A variant, which
differs by one amino acid (position 27 where Asn replaces Ala, highlighted in yellow). Nisin Z -
producing Lactococcus lactis strains have been found in marine fish intestinal samples by two separate

studies, Sequeiros et al. (2015) and Heo et al. (2012).

(a) ()
EWYNISCQLGNKGQWCTLTKECQRSCK

Eire €1

Irish Scientific Discoveries
Fionnachtana Eolaiochta na hEireann
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Figure 2: Predicted structures and core peptide sequences of the a (a) and B (b) peptides of
Formicin, a novel two-component lanthipeptide produced by Bacillus paralicheniformis APC
1576, a mackerel gut isolate. Formicin’s secondary structure differs from that of other similar
lanthipeptides, yet it still retains a broad spectrum of activity against Gram-positive pathogens.
Figure adapted from Collins et al. (2016). The discovery of formicin and its contribution to
scientific research was commemorated by the release of a postal stamp released by An Post and
Science Foundation Ireland, celebrating scientific discoveries in Ireland (c).
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Figure 3: Culture-independent, metagenomics-based studies have enhanced our analysis of the
microbiomes of marine fish, including rarer/unusual species such as Anoplogaster cornuta (a)
Bathysaurus ferox (b) Centroscyllium fabricii (c) and Cottunculus thomsonii (d). Figure adapted from
Collins et al. (2021).
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Abstract

With the increase in antimicrobial resistance and the subsequent demand for novel
therapeutics, the deep-sea fish microbiome can be a relatively untapped source of
antimicrobials, including bacteriocins. Previously, bacterial isolates were recovered
from the gut of deep-sea fish sampled from the Atlantic Ocean. In this study, we used
in vitro methods to screen a subset of these isolates for antimicrobial activity, and
subsequently mined genomic DNA from isolates of interest for bacteriocin and other
antimicrobial metabolite genes. We observed antimicrobial activity against
foodborne pathogens, including Staphylococcus aureus, Listeria monocytogenes,
Enterococcus faecalis and Micrococcus luteus. In total, 147 candidate biosynthetic
gene clusters were identified in the genomic sequences, including 35
bacteriocin/RiPP-like clusters. Other bioactive metabolite genes detected included
non-ribosomal peptide synthases (NRPS), polyketide synthases (PKS; Types 1 and 3),
beta-lactones and terpenes. Moreover, four unique bacteriocin gene clusters were
annotated and shown to encode novel peptides: a class llc bacteriocin, two class Ild
bacteriocins and a class | lanthipeptide (LanM subgroup). Our dual in vitro and in silico
approach allowed for a more comprehensive understanding of the bacteriocinogenic
potential of these deep-sea isolates and an insight into the antimicrobial molecules

that they may produce.
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2.1. Introduction

The deep sea is one of the largest biomes on Earth, encompassing 95 % of the Earth’s
oceanic volume and reaching depths of over 10,000 m (Greenaway et al., 2021,
Danovaro et al.,, 2017). It is a unique environment that is characterised by low
temperatures, high hydrostatic pressure—which increases by one atmosphere with
every 10 m increase in water depth—low oxygen, and no sunlight beyond 1000 m
(Somero, 1992). These conditions are relatively constant, with little impact from
ocean currents and seasonality (Pernice et al., 2016). However, it is estimated that
less than 0.001 % of the deep sea has been explored, and relatively little is known
about its microbial inhabitants compared to those of the terrestrial world (Danovaro
et al., 2017). The deep sea is, perhaps, one of the last frontiers of biodiscovery and,
as such, has been gaining attention as a source of potential novel microbial
compounds.

Deep-sea microorganisms are uniquely adapted to the extreme conditions of their
environmental niche. Notably, deep-sea microbial proteins are often optimally active
at low temperatures (Zhang and Zeng, 2008) and can have unusual amino acid
structures (Zhou et al., 2020), leading to an increased tolerance to high pressure
(Penhallurick and Ichiye, 2021, Yan et al., 2009).

Some recently described antimicrobials are produced by novel deep-sea bacteria
isolated from deep-sea sediment. These include marthiapeptide A, a cyclic peptide
produced by Marinactinospora thermotolerans (Zhou et al., 2012); lobophorins E, F
and K, antibiotics from Streptomyces spp. (Niu et al., 2011, Brafia et al., 2017a); and
anthracimycin, an anti-anthrax (Bacillus anthracis) antibiotic produced by
Streptomyces sp. CNH365 (Jang et al., 2013). Other such antimicrobials have also
been found in deep seawater, for example, brainimycins B and C (macrolides)
produced by Pseudonocardia carboxydivorans (Brafia et al., 2017b). Deep-sea
bacteria found in association with higher organisms are also now gaining attention as
producers of novel antimicrobials, particularly those from deep-sea coral (Brafia et
al., 2017a) and sponges (Back et al., 2021).

Bacteriocins are small (<10 kDa), ribosomally synthesised antimicrobial peptides

produced by bacteria that target other bacteria, and to which the producer has
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immunity. Bacteriocins can be divided into two main classes: class | (lantibiotics or
lanthipeptides) and class Il (non-lanthionine-containing bacteriocins) (Cotter et al.,
2005). Lanthipeptides can be further subdivided into five subclasses, 1-V, based on
the biosynthetic enzyme(s) involved in their modification (Montalban-Lépez et al.,
2021). The class Il bacteriocins are subdivided into four groups: the anti-listerial
pediocin-like peptides (class lla), two-component peptides (class Ilb), cyclic/circular
bacteriocins (class llc) and the linear and non-pediocin-like peptides (class Ild)
(Nissen-Meyer et al., 2009). Bacteriocins are emerging as alternatives to antibiotics
due to their spectrum of activity—which can be broad or narrow—heat stability and
their capacity for bioengineering to generate derivatives with value-added properties
(Cotteretal., 2013). Thisis of particular importance, given the significant and growing
threat that antibiotic-resistant organisms pose in the medical and food industries.
According to a 2019 report by the Centres for Disease Control and Prevention (CDC),
almost three million infections, including foodborne illness, caused by antibiotic-
resistant organisms occur each year in the United States of America alone (CDC,
2019).

To date, very few studies have explored the production of bacteriocins from deep-
sea fish microbial isolates. One example is BaCf3, a bacteriocin produced by Bacillus
amyloliquefaciens BTSS3, isolated from the intestine of a deep-sea shark. This highly
thermostable bacteriocin was initially identified through in vitro screening methods
and showed inhibitory activity against pathogenic bacteria, including Bacillus cereus,
Clostridium  perfringens, Staphylococcus aureus and Salmonella enterica
Typhimurium (Bindiya et al., 2019, Bindiya et al., 2015).

Previous work carried out in our laboratory generated metagenome-assembled
genomes

(MAGs) from shotgun metagenomic sequencing of intestinal microbiomes samples
from deep-sea fish from the Atlantic Ocean (Collins et al., 2021). The fish were
collected as part of a groundfish survey. Analysis of the MAGS revealed information
on the taxonomic and functional diversity of these samples, such as a predominance
of Pseudomonadota (Proteobacteria), as well as a large abundance of genes involved
in DNA repair, protein folding and motility. Bacterial isolates were recovered from

the intestines and skin of a subset of these deep-sea fish and were preliminary
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screened for bioactivity against the Gram-positive target organism, Lactobacillus
delbrueckii subsp. bulgaricus. L. bulgaricus is commonly used in the assessment of
antimicrobial activity due to its low-pH resistance and sensitivity to a wide range of
bacteriocins (O’Sullivan et al., 2020, Sugrue et al., 2020, O'Shea et al., 2009). In this
study, a cohort of these bacterial isolates were reassessed for bioactivity against the
target strain, Lactobacillus delbrueckii subsp. bulgaricus, and were subsequently
screened against a range of various target strains.

The aim of this study was to determine the bacteriocinogenic (ability to produce
bacteriocins) potential of deep-sea fish microbial isolates (n = 65) through in vitro
screening against various target strains, including pathogenic bacteria, and through
in silico mining of the genomes of a selection of these isolates (n = 36) for putative
bacteriocin biosynthetic gene clusters. We also looked for the presence of other

secondary metabolite gene clusters and antimicrobial resistance (AMR) genes.
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2.2. Materials and Methods

The workflow implemented in this study is illustrated in Figure 1.

2.2.1. Isolation and cultivation of antimicrobial-producing isolates

Fish were collected from sample sites in international waters off the Grand Banks of
Newfoundland at depths ranging from 850 m to 1000 m, as previously described
(Collins et al., 2021). An example of one the fish specimens and the sampling location
is shown in Figure 2. Swabs were taken from the skin and intestines of the fish, plated
onto BD Difco Marine

Agar 2216 (MA, Becton Drive, NJ, USA) and incubated at 4 °C for three weeks.
Individual colonies (n = 374) were picked and stocked in 35 % glycerol and stored at

-80 °C.

2.2.2. In vitro screening

Previous work in our laboratory (not published) conducted preliminary screening of
a cohort of 374 stocked isolates against the indicator strain Lactobacillus delbrueckii
subsp. bulgaricus LMG 6901 and identified 65 strains with antimicrobial activity. In
this study, we reassessed the activity against L. bulgaricus by the 65 strains and
examined the spectrum of antimicrobial activity of these strains against various
target bacteria strains (listed in Table 1).

For analysis of activity against L. bulgaricus, isolates were plated on MA, brain heart
infusion (BHI, Oxoid, Basingstoke, UK) agar and modified tryptic soy agar (mTSA, +0.5
g/L NaCl, Oxoid) and incubated at 5 °C (+1 °C) for two weeks. The plates were then
overlaid with sloppy media containing 0.8 % agar and 0.25 % of an overnight culture
of L. bulgaricus in modified Difco MRS (mMRS, +0.5 g/L cysteine). Following
incubation overnight, we measured the distance from the edge of the producing
colony to the edge of the area of growth of the indicator organism and recorded the
results qualitatively as follows: + (0.5-2.5 mm), ++ (2.6-5 mm), +++ (5.1-10 mm) and
++++ (>10 mm).

For subsequent colony overlay screening to assess the spectrum of activity, isolates
were plated on MA and incubated at 5 °C (+1 °C) for 2 weeks. The plates were then

overlaid with indicator organisms in the relevant sloppy media, as listed in Table 1,
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using the same method as mentioned above. Inhibition distances were measured

after overnight incubation or after 48 h for indicators cultured at 20 °C.

2.2.3. 16S rRNA gene sequencing and taxonomy

Colony PCR was performed on all of the isolates. Cells were lysed by resuspending in
10 plL lysis buffer (20 mM Tris-HCL, pH 8.0, 2 mM EDTA, 1.2 % Triton X-100; reagents
from Sigma-Aldrich/Merck, Burlington, Massachusetts, USA) and incubating at 95 °C
for 10 min. PCR was performed in a total volume of 50 pL using 25 pL of BioMix™ Red
(Meridian Bioscience®, London, UK), 16 uL of sterile molecular-grade water, 2 uL (at
10 pmol/uL) of the non-specific  universal primers 27F  (5'-
AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’) and 5 plL
of DNA template from lysed cells. The following amplification conditions were used:
95 °C for 1 min, followed by 32 cycles of 95 °C for 15s, 55 °C for 15 s and 72 °C for 32s
with a final extension at 72 °C for 10 min. PCR products were run on a 1.5 % agarose
gel, stained with MIDORI Green Advance and subject to gel electrophoresis. The gel
was visualised using a UV-transilluminator to confirm the presence of amplified DNA.
PCR products were purified using the GenelET PCR purification Kit (Thermo Scientific,
Waltham, MA, USA). DNA sequencing of both the forward and reverse strands was
performed by GENEWIZ (Azenta Life Sciences, Leipzig, Germany) or Source BioScience
(Waterford, Ireland). Where possible, sequence pairs were concatenated before
analysis. Where available, 16S rRNA gene sequences were also extracted from
subsequent gDNA sequencing data and used for inference. Taxonomy was inferred
by searching the resulting 16S rRNA gene sequences for sequence similarity with
NCBI’s 16S rRNA database using the BLAST tool

(https://blast.ncbi.nim.nih.gov/Blast.cgi, accessed on 3 November 2021).

2.2.4. Genomic DNA extraction and sequencing

Genomic DNA (gDNA) was extracted from 36 of the isolates using the GenelET
Genomic DNA Purification Kit (Thermo Scientific) and the relevant protocol, Gram-
negative or Gram-positive, for the isolate. DNA quality was checked using agarose (1
%) gel electrophoresis. An overview of the sequencing and assembly information of
each sample is given in Table Sla. In brief, the first set of gDNA samples were

sequenced on an lllumina MiSeq platform (2 x 250 bp paired-end reads) at GenProbio
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s.r.l. (Parma, Italy). The second set of samples were sequenced on the lllumina MiSeq
platform (2 x 250 bp paired-end reads) by MicrobesNG
(http://www.microbesng.com), which is supported by the BBSRC, (grant number
BB/L024209/1). APC 4015 was sequenced by GENEWIZ (Azenta Life Sciences,
Burlington, MA, USA) on the Illlumina NovaSeq platform (2 x 150 bp paired end reads).

2.2.5. Genome assembly and annotation

Reads provided by MicrobesNG were processed and assembled by the sequencing
company. For all other samples, read quality was assessed with FastQC (v0.11.9;
https://www.bioinformatics.babraham.ac.uk/projects/fastqc), trimmed with
Trimmomatic (v0.36; Bolger et al., 2014) to a Phred score of 20 across a 4 bp sliding
window. Reads less than 50 bp were discarded. Contigs (>500 bp) were assembled
using SPAdes (v3.15.3; Bankevich et al., 2012), and assembly quality was assessed
using QUAST (v4.4) (Gurevich et al., 2013) and CheckM (v1.0.18; Parks et al., 2015).
Assemblies were submitted to Genbank and annotated using the NCBI Prokaryotic
Annotation Pipeline (PGAP) upon submission (Tatusova et al., 2016). An overview of
the assembly information, QUAST and CheckM statistics is given in Table S1.
Additionally, the 16S rRNA gene sequences from the WGS data were searched against
the SILVA rRNA gene project database (Quast et al., 2012). The resulting taxonomic
descriptions and closest related reference strain(s) are reported in Table S2.

The datasets generated in this study are available under the BioProject accession

number PRJNA883941.

2.2.6. In silico antimicrobial screening
Assembled genomes were screened for putative bacteriocin and secondary
metabolite gene clusters using the genome mining tools BAGEL4 (BAGEL v4; van Heel

et al., 2018) and AntiSMASH (v.5.1.2.; Blin et al., 2019), respectively.

2.2.7. Putative biosynthetic gene cluster (PBGC) analysis

Putative core precursor peptide genes were analysed using RiPPMiner’s sequence
similarity search (Agrawal et al., 2017) to query their similarity to known RiPPs from
the database. Multiple alignments of the core peptide sequences and the RiPPMiner
hits were made using Clustal Omega (Sievers et al., 2011) and visualised using Jalview

(Waterhouse et al.,, 2009). Pairwise alignments between the precursor peptide
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sequences and the RiPPMiner hits/reference sequences were generated using
EMBOSS Needle (Madeira et al., 2022) using default parameters. The matrix used for
each pairwise alignment is provided along with the results in Table S3. Genes within
the PBGCs adjacent to the core peptide genes were queried and annotated using
BLASTp to determine their potential function. The annotated PBGCs were visualised

using Gene Graphics (Harrison et al., 2018).

2.2.8. Antimicrobial resistance gene screening

Genomes were screened for the presence of antimicrobial resistance genes using
ABRicate (https://github.com/tseemann/abricate). The databases used were ARG-
ANNOT (Gupta et al., 2014), CARD (Jia et al., 2017), EcOH (Ingle et al., 2016),
MEGARES (Doster et al., 2020), NCBI (Feldgarden et al., 2019), PlasmidFinder
(Carattoli et al., 2014), Resfinder (Zankari et al., 2012) and VFDb (Chen et al., 2016).
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2.3. Results

For this study, we included bacteria that had been isolated from the skin and
intestines of deep-sea fish and assessed them for antimicrobial activity against
various target strains, including foodborne pathogenic bacteria. Those producing
antimicrobial activity were identified by 16S rRNA gene analysis. Isolates of interest
were selected for whole genome sequencing and subsequent in silico screening for
putative bacteriocin gene clusters and putative biosynthetic gene clusters (PBGCs)
encoding secondary metabolites. Strains were also assessed for the presence of

antimicrobial resistance (AMR) genes.

2.3.1. Recovery and selection of bioactive isolates

The 65 bacterial isolates came from eight different deep-sea fish, namely:
Alepocephalus bairdii, Anoplogaster cornuta, Apristurus sp., Bathysaurus ferox,
Centroscymnus coelolepis, Malacosteus niger, Notacanthus chemnitzii, and
Simenchelys parasitica. The majority (63 %) of the isolates came from skin swabs,
with most isolates recovered from the deep-sea fish N. chemnitzii and C. coelolepis
(Figure 3).

We confirmed that 44 of the 65 isolates were active against L. bulgaricus (Table 2).
All the isolates grew on marine agar (MA) with minimal colony swarming, though
modified tryptic soy agar (mTSA) resulted in slightly greater inhibitory activity.
Twenty-one and eighteen of the isolates did not grow on brain heart infusion (BHI)
or mTSA, respectively, under these conditions. In instances where inhibition could
not be measured because of colony swarming or poor growth of the indicator, the

result was recorded as “no data” (nd; Table 2).

2.3.2. Taxonomic diversity

The majority of the strains belonged to the class Gammaproteobacteria (of the
phylum Pseudomonadota, at 72.3 %) followed by Bacilli (phylum Bacillota 16.9 %),
Actinomycetia (phylum Actinomycetota, 9.2 %) and Flavobacteriia (phylum
Bacteroidota, 1.5 %). The most abundant orders were Alteromonadales (49.2 %),
Pseudomonadales (20 %) and Bacillales (16.9 %). Other represented orders were

Micrococcales, Mycobacteriales, Flavobacteriales and Vibrionales. The most
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abundant genus was Pseudoalteromonas (family Pseudoalteromonadaceae, 51.9 %),
followed by Psychrobacter (family Moraxellaceae, 21.5 %), Planococcus (family
Planococcaceae, 9.2 %) and Staphylococcus (family Staphylococcaceae, 7.7 %). The
remaining genera were represented only by a single isolate; these included
Winogradskyella, Rhodococcus,  Arthrobacter, Kocuria, Curtobacterium,
Photobacterium and Micrococcus. An overview of the taxonomic diversity of the

isolates is shown in Figure 4.

2.3.3. Spectrum of activity

Following the initial screen against L. bulgaricus, the isolates were tested against a
range of different target strains, including foodborne pathogens, food spoilage
bacteria and marine bacteria. MA was chosen as the culture medium for the
spectrum of activity screen as it supported the growth of the widest range of the
marine isolates as compared to BHI and mTSA. Representative zones of inhibition are
shown in Figure 5. Overall, 13 of the 22 target strains were inhibited (Figure 6). Four
of the deep-sea strains that initially showed little or no activity against L. bulgaricus
after culturing on marine agar were able to inhibit several of the other strains.
Isolates of the genus Planococcus (strains APC 3900, APC 4015, APC 4016, 26D.a_f
and 26D.b_f) were most effective at inhibiting the more closely related indicators:
Planococcus sp. APC 3906 (of the same genus) and those of the order Micrococcales:
Arthrobacter sp. APC 3897, Microbacterium sp. APC 3901 and Micrococcus luteus.
Planococcus sp. APC 4016 additionally showed limited activity against E. faecalis and
S. pyogenes. Arthrobacter sp. APC 3897 showed the greatest activity against L.
innocua and L. monocytogenes. This isolate also showed activity against the
Planococcus sp. and Microbacterium sp. indicators. Pseudoalteromonas sp. APC 4017
had the broadest spectrum of activity, inhibiting nine of the twenty-two indicators.
None of the isolates inhibited B. cereus, S. intermedius, Rhodococcus sp. APC 3903 or
Kocuria sp. APC 4018. None of the Gram-negative target strains (E. coli, P. aeruginosa,
S. Typhumurium, V. fischerii, Psychrobacter sp. APC 3276) were inhibited. Thirteen of
the isolates had no inhibitory effects against any of the indicators under these
conditions. It was observed that several strains from the same sample site and the

same host produced identical inhibition patterns and are likely to be identical strains.
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For example, Psychrobacter sp. strains APC 3350 and APC 3277, both from the skin of
Centroscymnus coelolepis, only inhibited L. bulgaricus; similarly, Pseudoalteromonas
sp. strains APC 4020 and APC 4023 from the intestine of deep-sea fish Bathysaurus

ferox both also inhibited only L. bulgaricus.

2.3.4. In silico antimicrobial screening

A selection of isolates that demonstrated in vitro antimicrobial activity and a
representative of the identified taxonomic genera were chosen for whole genome
sequencing. A total of 36 genomes were sequenced to enable genome-based in silico
screening to identify antimicrobial-encoding genes and to identify potential
bacteriocin producers that may not have shown in vitro activity under our tested
conditions. The genome assemblies were cross-checked against the MAG sequence
data (from Collins et al. [2021]), and it was confirmed that the isolate sequences were
not present in the MAGs.

The BAGEL4 mining software searches for potential motifs and core peptides of
ribosomally synthesised and post-translationally modified peptides (RiPPs), such as
bacteriocins, as well as larger antimicrobial peptides (>10 kDa), and presents each
output as an area of interest (AOl; van Heel et al., 2018). Nineteen AOIls were
predicted by BAGEL4 across 13 of the 36 genomes consisting of fourteen class |
bacteriocins, two class Il bacteriocins and three larger antimicrobial proteins (>10
kDa) (Table 3 and Figure 7). Sactipeptides were the most abundant sub-type (seven
hits), followed by lanthipeptides (six hits). Of the lanthipeptide hits, three were of the
lanthipeptide subclass I, sharing 50-56 % similarity to the bacteriocins mersacidin
and cerecidin (Table 3). The remaining three lanthipeptides were subclass lli;
however, they lacked an identifiable core peptide gene within the predicted gene
cluster. The remaining bacteriocin/RiPP sub-types included one linear-azol(in)e-
containing peptide (LAP), one class Il circular bacteriocin with similarity to circularin
A and one class |l bacteriocin with similarity to lactococcin 972. Four AOIs each
belonged to Planococcus strains, Pseudoalteromonas strains and the Rhodococcus sp.
strain APC 3903. The remaining AOIls belonged to Arthrobacter sp. APC 3897,
Curtobacterium sp. APC 3903, Kocuria sp. APC 4018, Psychrobacter sp. APC 3350 and
Winogradskyella sp. APC 3343,
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AntiSMASH identified 141 putative biosynthetic gene clusters (PBGCs) encoding
secondary metabolites, with PBGCs being found in all 36 genomes (Table 4 and Figure
8). The most frequent PBGC types identified were RiPP-like (29 hits), non-ribosomal
peptide synthase (NRPS, 26 hits), siderophore (20 hits), terpene (18 hits) and
betalactone (13 hits). Additionally, PBGCs encoding resorcinol, redox-cofactors, type
3 and type 1 polyketide synthases (PKSs), non-alpha poly-amino acids (NAPAAs),
linear azol(in)e-containing peptides (LAPs), ectoine, butyrolactone and aryl polyene
were also found. Proportionally, the Rhodococcus strain APC 3903 had the greatest
number of predicted secondary metabolite gene clusters at 28 (18 % of the total).
The presence of terpene BGCs is an indication that the orange colour observed in
several of the colonies (Figure 5)., for example, the Planococcus spp. is the result of
terpene/carotenoid production. As with the BAGEL4 findings (Table 3), many of the
predicted RiPP-like hits lacked an identifiable core biosynthetic gene, in which case
the PBGC prediction may have been based on the presence of bacteriocin or RiPP-
associated motifs or genes; this is indicated in where either no annotation was
provided, or no known cluster hit was identified (Table 4).

The most promising candidates for further analysis, based on the presence of an
identified core peptide/biosynthetic gene, were the putative cyclic bacteriocin in
Arthrobacter APC 3897, the Planococcus spp. cerecidin-like lanthipeptides and the

lactococcin 972-like peptides of Curtobacterium sp. APC 4022.

2.3.4.1. Class | LanM-group bacteriocins (Lanthipeptides)

Isolates APC 3900, 4015 and 4016 of the genus Planococcus all encoded identical
sequences, which corresponded to a cerecidin-like lanthipeptide (Figure 9A). The
gene cluster encoded two premature/pro-peptides, a large modification protein
(LanM-like), a transporter, a regulation protein, a protease and ATP-binding/ABC
transport proteins. Several small open reading frames (sORFs) were also identified,
but their function could not be determined. The two peptide precursors, denoted
Pepl and Pep2 for clarity, shared 52.94 % identity with each other. When queried
with RiPPMiner’s sequence similarity search tool, the top hits were cerecidin A1-6
and cerecidin A7 (B. cereus). Pepl shared 46.27 % and 44.78 % identity with cerA7
and cerA1-6, respectively. Pep2 shared 54.29 % and 55.71 % id to cerA7 and cerAl—
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6, respectively. Other similar peptides from the database were cytolysin LI (E.
faecalis), carnolysin A2 (Carnobacterium maltaromaticum), gardimycin (Actinoplanes
liguriae), mersacidin (B. amyloliquefaciens) and cytolysin Ls (E. faecalis). The multiple
sequence alignment (MSA) of the Planococcus and RiPP hit sequences in Figure 9B
shows only a few conserved residues within the region between residues 50 and 60.
As with cerecidin, the Pepl and Pep2 peptide sequences appear to possess a leader
sequence, denoted by the GG/GA motif, followed by six additional amino acids which
precede a potential core peptide initiated by TT (Wang et al., 2014). The putative
Planococcus modification gene shared 45.49 % identity to LanM of cerecidin
(Genbank accession: AHJ59542.1), indicating that the Planococcus peptides are class
Il lanthipeptides (Arnison et al., 2013). The statistics generated using EMBOSS Needle
of the pairwise alignments of the precursor peptides, and the reference peptides are

given in Table S3. Figures of the pairwise alignments are given in Figures S1 and S2.

2.3.4.2. Class llc (circular) bacteriocin

The cyclic bacteriocin gene cluster predicted in Arthrobacter isolate APC 3897 was
annotated using BLASTp. The gene cluster consists of ten genes: a peptide precursor,
a transporter/cleavage protein, a DUF95 family protein, three ATP-binding/transport
proteins, an immunity protein and three hypothetical proteins of unknown function
(Figure 10A). The predicted core precursor peptide sequence was queried using
RiPPMiner: The closest related sequence was enterocin AS-48, a circular bacteriocin
from Enterococcus faecalis, with which the peptide precursor sequences shared 71.3
% identity. The other top bacteriocin/RiPP hits were butyrivibriocin (30.56 %ID;
Butyrivibrio fibrisolvens), circularin A (25.37 %; Clostridium beijerinckii), enterocin
NKR-5-3b (32.47 %; Enterococcus faecium) and amylocyclicin (28.32 %; Bacillus
amyloliquefaciens). The peptide sequences were aligned and are illustrated in Figure
10B, which is coloured according to shared identity of the aligned amino acid residues
and sequences are arranged according to pairwise identity. The pairwise alignment
statistics and Figures generated using EMBOSS Needle are provided in Table S3 and

Figure S3, respectively.



Chapter 2

2.3.4.3. Class lld bacteriocins

Curtobacterium sp. APC 4022 was found to contain two PBGCs located on two
separate contigs that each encoded a lactococcin 972-like peptide (Figure 11A). The
predicted gene cluster of the first peptide, denoted Pep1, consists of a core peptide
gene, two ATP-binding/ABC-transport genes and two hypothetical genes of unknown
function. The second gene cluster consists of four genes: a core peptide (Pep2) gene,
a hypothetical gene of unknown function, an ATP-binding/ABC-transporter gene and
a gene encoding an exonuclease family protein. When queried with RiPPMiner’s
sequence similarity tool, the most similar hit to both core peptide sequences was
mutacin Il (Streptococcus mutans). The two Curtobacterium peptide sequences were
aligned with mutacin Il and lactococcin 972 (Figure 11B). Pepl and Pep2 share 20.97
% identity with each other. Pep1 shared 15.32 % and 12.4 % identity with lactococcin
972 and mutacin Il, respectively. Pep2 shared 26 % and 15 % identity with lactococcin
972 and mutacin I, respectively. The pairwise alignment statistics generated using
EMBOSS Needle are provided in Table S3. Figures of the pairwise alighments of
Curtobacterium precursor peptides with the reference sequences are given in Figures

S4 and S5. The pairwise alighnment of Pepl and Pep2 is also shown in Figure S4.

2.3.5. Antimicrobial resistance genes

The 36 deep-sea genomes were screened for AMR genes using ABRicate. Hits to
resistance genes were only detected in the genome of Rhodococcus sp. APC 3903
(Table 5). Two genes corresponding to rifamycin/rifampin resistance were detected:
(rif)iri, which encodes a rifampin (inactivating) monooxygenase and rpoB2, which
encodes a resistant variant of the beta-subunit of RNA polymerase. A gene encoding

a multidrug efflux protein (mtrA) was also detected.
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2.4. Discussion

This study aimed to determine the bacteriocinogenic potential of bacterial isolates
from the microbiomes of deep-sea fish. A combined approach of in vitro and in silico
methods was used to identify antimicrobial-producing isolates and to further
establish the potential source of this antimicrobial activity, with a focus on finding
bacteriocin gene clusters.

The initial repeated screening against L. bulgaricus demonstrated that 44 of these
isolates retained their bioactive activity (Table 2). The loss of activity by the remaining
21 isolates could be explained by the fact that antimicrobial production is often a
tightly regulated process, dependent on the induction by external factors, such as
other microbial metabolites present in the natural environment. Purification and
removal of these isolates from the microbiome community may have affected their
activity. Analysis of the spectrum of activity of these deep-sea isolates revealed that
most strains had a narrow spectrum of activity. The only exceptions were
Pseudoalteromonas strains APC 4017 and APC 3893 which were able to inhibit nine
and eight of the indicator strains, respectively, with APC 4017 being particularly active
against E. faecium 25644 and Arthrobacter sp. APC 3897 (Figure 6). Overall, just over
half (11 out of 20) of the indicator strains were inhibited under the conditions tested.
None of the Gram-negative indicator strains were impacted. Some inhibition patterns
were noted amongst the taxonomic groups. The Planococcus strains were most
effective against the Planococcus indicator strain APC 3906 and against the
Micrococcales strains: Arthrobacter sp. APC 3897 and Microbacterium sp. APC 3901.
The Gram-negative Pseudoalteromonas and Psychrobacter strains were only active
against L. bulgaricus (with the aforementioned exceptions). The Arthrobacter strain
APC 3897 was almost exclusively active against the Listeria strains. Based on the in
vitro screening and taxonomic results, a number of isolates were chosen for whole-
genome sequencing and in silico screening. Interestingly, the whole-genome
sequence data from the isolates was not found within the MAGs. This is a reflection
of the difference in sample sizes between the two studies but also indicates that the
isolates in this study may only represent a very small sample of the deep-sea fish

microbiome, many of which may, in fact, be unculturable.
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Through in silico screening using BAGEL4, we identified 19 AOIs, including
lanthipeptide PBGCs and a cyclic bacteriocin PBGC. Though eleven of these AOIs
lacked an identifiable core biosynthetic bacteriocin gene, the predictions by BAGEL4
may be based on similarities of the AOIs with bacteriocin-associated proteins. For
example, in four of the predicted sactipeptide clusters, a gene was identified which
encoded a putative GTP 3’,8cyclase that shared similarity with MoaA, a member of
the radical S-adenosylmethionine (rSAM) enzyme superfamily (Balo et al., 2022).
Specific rSAM enzymes (sactisynthases) are essential for forming the characteristic
sactionine linkages of sactipeptides (Grell et al., 2018). It is also possible that the core
peptide genes are located elsewhere on these genomes, especially given that the in
silico screening was carried out on contigs rather than full genomes. The lack of
identifiable core peptides could also be due to the presence of unique motifs that are
not found in the database.

The Planococcus strains APC 4015 and APC 4016, as mentioned above, demonstrated
potent antimicrobial activity against several of the Gram-positive indicator strains,
particularly against Planococcus sp. APC 3906, Microbacterium sp. APC 3901 and
Arthrobacter sp. APC 3897. The Planococcus genomes were subsequently found to
have identical gene clusters that encoded two putative bacteriocins. Of the known
bacteriocin/RiPP sequences, the Planococcus peptides were most similar to the
cerecidin peptides of B.cereus. Cerecidins are class Il lanthipeptides that occur as two
variants, CerA1l (of which there are six identical encoding genes, CerA1-6) and CerA7
(Wang et al., 2014). The sequences also shared some similarities with the haemolytic
enterotoxin of E. faecalis, cytolysin, which is composed of two structural subunits,
CylLL and CylLs (Booth et al., 1996), and the two-component lantibiotic carnolysin (C.
maltaromaticum; Lohans et al., 2014). Cerecidin and cytolysin both contain two
cleavage sites. The first occurs at a GA motif site after the first leader sequence. The
second cleavage site occurs after a secondary leader sequence of six amino acids,
leaving behind the core peptide peptide (Wang et al., 2014, Booth et al., 1996). These
processing sites are also potentially present in the Planococcus peptides, as indicated
by the area of homology seen in the region between residues 50 and 60 (Figure 9B).

This suggests that these peptides undergo multistep processing.
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Arthrobacter isolate APC 3897, which was observed to have anti-listerial activity in
vitro, was found to contain genes encoding a class llc cyclic bacteriocin. The predicted
bacteriocin peptide precursor was found to be most closely related to enterocin AS-
48, a circular bacteriocin from Enterococcus faecalis. AS-48 is most active against
Gram-positive bacteria (Galvez et al., 1989), particularly Listeria species (Mendoza et
al., 1999), which is consistent with the in vitro activity we observed for Arthrobacter
sp. APC 3897. The structure of the PBGC was also consistent with that of enterocin
AS-48, each consisting of ten genes, including a structural peptide precursor, a
transporter protein, ATP-binding/transport proteins and an immunity protein gene
(Grande Burgos et al., 2014). The Arthrobacter gene cluster was also found to encode
a putative DUF95 family protein which is characteristic of circular bacteriocin gene
clusters and is believed to be involved in the transport and secretion of these
peptides (Mu et al.,, 2014). To date, the identification of an AS-48-like circular
bacteriocin has not been reported in an Arthrobacter strain; in fact, some
Arthrobacter strains have been used as sensitive indicators in studies of AS-48 activity
(Cebrian et al., 2010, Cebrian et al., 2015).

Curtobacterium sp. APC 4022 displayed very little in vitro antimicrobial activity,
having only shown inhibition of L. bulgaricus when cultured on mTSA (Table 2). The
genome of this strain was found to contain two separate gene clusters encoding
predicted bacteriocins with sequence similarities, albeit low, to the class lid
bacteriocins lactococcin 972 and mutacin Il. Lactococcin 972, first isolated from
Lactococcus lactis subsp. lactis IPLA972, inhibits peptidoglycan synthesis by targeting
lipid Il and is almost exclusively active against lactococci (Martinez et al., 1996).
Members of the lactococcin 972 protein family (Pfam IPR0O06540) are usually
associated with transmembrane putative immunity proteins. Mutacin Il, from S.
mutans NTCC 10449, is active against a range of Gram-positive species, including
streptococci, and targets cell membrane functions (Chikindas et al., 1995).

The observed in vitro antimicrobial activity of the Planococcus, Arthrobacter and
Curtobacterium strains may be attributed to their respective putatively identified
bacteriocins; however, we cannot rule out the possibility that these strains also are
producing other bioactive secondary metabolites. The production of bacteriocins can

also be a tightly regulated process, which we expect holds true for these deep-sea
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strains. For example, the cerecidins of B. cereus are predicted to be under the control
of competence quorum-sensing system genes (comQXPA), as well as the CerR
regulatory protein, the stimulus of which is still unknown. Production of cerecidin in
its native host has only been possible by constitutive expression of cerR using
plasmids (Zhang et al., 2018). Further genomic and molecular analysis is needed to
understand the regulatory systems behind the predicted bacteriocins of this study.
Lastly, we screened all of the genomes for the presence of AMR genes using ABRicate.
Only three AMR genes were detected, and all three were from a single genome, that
of Rhodococcus sp. APC 3903. Firstly, a resistant variant of the RNA polymerase beta
subunit

(RpoB2) was detected. Mutations to the RNA polymerase beta subunit (RpoB) can
result in a gene duplication whereby one gene produces the rifamycin-sensitive RpoB
and the second produces the resistant variant (Ishikawa et al., 2006). Possessing rpoB
paralogs can be indicative of secondary metabolism and antibiotic production in
Actinobacteria, though in vitro antimicrobial production was not detected in APC
4022 (Tala et al.,, 2009). Secondly, a (rif)iri gene, which encodes a rifampin-
inactivating monooxygenase, was identified. Production of rifamycin-inactivating or
-modifying enzymes and mutations of RpoB are common resistance mechanisms and
have previously been reported in Rhodococcus strains and related taxa; they are
particularly well-studied in pathogenic bacteria such as Mycobacteria (Tanaka et al.,
1996, Goldstein, 2014). The third AMR gene detected was a multidrug efflux pump
gene. The identification of multiple AMR genes indicates a potential multiple
resistance mechanism utilised by Rhodococcus sp. APC 3903. The overall relative lack
of detectable AMR genes across all the genomes is consistent with other reports of
the low incidence of AMR genes in deep-sea fish-associated microbial genomes
(Collins et al., 2021, Yu et al., 2019). AMR genes have been detected in deep-sea
water and sediment, but the incidence may be low compared to sample sites heavily
impacted by anthropogenic activities (Chen et al., 2019, Zhang et al., 2022). There
have been suggestions that AMR genes found in marine environments are largely
unclassified (Hatosy and Martiny, 2015); therefore, the accurate identification of

AMR genes in deep-sea samples may be even more challenging.
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It is particularly notable that we were able to successfully isolate strains capable of
targeting food-borne pathogens. Foodborne disease is a huge threat to public health
and safety. The World Health Organisation (WHO) has estimated that globally up to
1in 10 people fall ill to foodborne disease every year, leading to almost half a million
premature deaths and huge economic losses (World Health, 2015). It is important,
now more than ever, to be able to find novel compounds for combatting foodborne
pathogens, particularly when treatments are being compounded by the increasing
incidence of antimicrobial resistance. The aquaculture industry is another potential
application of deep-sea bacteriocins, which we have not explored here in detail. For
example, the overuse of antibiotics and the development of antimicrobial resistance
is also a great concern in the fish farming industry, with disease outbreaks having

significant economic and health impacts (Rather et al., 2017).



Chapter 2

2.5. Conclusions

This study has shown that not only are bacteria from the skin and gut microbiomes
of deep-sea fish cultivable, but they are a potentially rich source of antimicrobial
agents. The majority of the antimicrobial producers in this study were Gram-negative
Pseudoalteromonas strains of the phylum Pseudomonadota, though some of the
most potent producers included Planococcus and Arthrobacter strains of the phyla
Bacillota and Actinomycetota, respectively. Whilst initially selected based on their
inhibitory activity against Lactobacillus bulgaricus, it was demonstrated that these
deep-sea isolates could inhibit foodborne pathogens, such as Listeria monocytogenes
and Enterococcus spp. Overall, the most susceptible indicators were other native
marine strains, or more closely related organisms, a characteristic of the narrow
spectrum of activity of many bacteriocins. In silico screening found that these isolates
encode a wide variety of PBGCs encoding antimicrobial molecules from type | and Il
bacteriocins to LAPs and sactipeptides as well as PKSs, NRPSs, betalactones and
terpenes. Included in these are potentially novel bacteriocins and variants of known
bacteriocins. This provides great scope for future work in exploring applications of
targeting pathogenic bacteria with antimicrobials that are produced, and potentially
active at low temperatures. The dual in vitro and in silico approach allowed for a more
comprehensive understanding of the potential targets of deep-sea bacteriocins and

an insight into the antimicrobial molecules.

Data Availability Statement: The datasets generated in this study are available

under the BioProject accession number PRINA883941.
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2.7. Chapter 2 Figures and Tables
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Figure 1. The in vitro and in silico -based approaches used in this study to assess the
bacteriocinogenic potential in the deep-sea fish microbiome. (A) Swabs were taken from the skin
and intestines of deep-sea fish. Samples were cultured at 4 °C for three weeks, and 374 isolates were
recovered. A cohort of these isolates were screened for activity against Lactobacillus delbrueckii
subsp. bulgaricus. Sixty-five bioactive isolates were identified and selected for further in vitro
screening and identification through 16S rRNA gene analysis. (B) Strains of interest were selected
for whole-genome sequencing and subsequent in silico screening for bacteriocin/RiPP genes,
putative biosynthetic gene clusters (PBGCs) and antimicrobial resistance (AMR) genes. Predicted
bacteriocin gene clusters were annotated, and the bacteriocin peptide precursors were analysed
(Figure created with BioRender.com).
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Figure 2. (A) Anoplogaster cornuta—an example of one of the fish species from which bioactive
bacteria were isolated. (B) Approximate sampling location (indicated by the red star icon) in the
Atlantic Ocean. Deep-sea fish specimens were collected from depths of approximately 1000 m.
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Table 1: The target strains and respective growth conditions used in this study.

species strain ID temperature atmosphe growth notes
re media
Arthrobacter sp. APC 3897 20°C aerobic MA
Bacillus cereus DPC 6087 37°C aerobic BHI
Enterococcus faecalis OG1RF 37°C aerobic BHI
Enterococcus faecium DSM 37°C aerobic BHI
25644
Escherichia coli MG1655 37°C aerobic LB
Kocuria sp. APC 4018 20°C aerobic MA
Lactobacillus acidophilus EMO066- 37°C anaerobic MRS +0.5g/L
BC-T3-3 cysteine
Lactobacillus delbrueckii LMG 6901 37°C aerobic MRS +0.5g/L
subsp. bulgaricus cysteine
Lactococcus lactis subsp. HP 37°C aerobic GM17
cremoris
Listeria innocua ATCC 30°C aerobic BHI
33090
Listeria monocytogenes EDG-e 37°C aerobic BHI
Microbacterium sp. APC 3901 20°C aerobic MA
Micrococcus luteus DSM 1790 30°C aerobic BHI
Planococcus sp. APC 3906 20°C aerobic MA
Pseudomonas aeruginosa  PAO1 37°C aerobic BHI
Psychrobacter sp. APC 3276 20°C aerobic MA
Rhodococcus sp. APC 3903 20°C aerobic MA
Salmonella enterica ser. DPC 6046 37°C aerobic BHI
Typhimurium
Staphylococcus aureus RN4220 37°C aerobic BHI
Staphylococcus DSM 37°C aerobic BHI
intermedius 20373
Streptococcus pyogenes DPC 6992 37°C aerobic BHI
Vibrio fischeri n/a 20°C aerobic MA

ATCC, American Type Culture Collection; APC, APC Microbiome Ireland Culture Collection; DSM, Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures; DPC, Teagasc Culture Collection; LMG, Belgian
Coordinated Collections of Microorganisms (BCCM).
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Figure 3. Total counts of isolates recovered per sample type (skin or intestine swab) and
per fish host species. The majority of isolates were from skin swabs of Notacanthus

chemnitzii and Centroscymnus coelolepis.
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Table 2. Results of inhibitory activity observed against the target organism Lactobacillus delbrueckii
subsp. bulgaricus (L. bulgaricus) on selected media. The isolate sample source and fish host are also
given and numbered as follows: 1, Anoplogaster cornuta; 2, Apristurus sp.; 3, Bathysaurus ferox; 4,
Centroscymnus coelolepis; 5, Malacosteus niger; 6, Notacanthus chemnitzii; and 7, Alepocephlus
bairdii. Inhibition is indicated by + (0.5-2.5 mm), ++ (2.6—=5 mm), +++ (5.1-10 mm), or - (no inhibition).

Activity vs L. bulgaricus LMG 6901

Isolate MA BHI mTSA Source
(Sample, Host)
Arthrobacter sp. APC 3897 - + + skin, 6
Curtobacterium sp. APC 4022 - - + intestine, 4
Photobacterium sp. APC 3280 - + + intestine, 4
Planococcus sp. 26D.a_F - nd +++ skin, 6
Pseudoalteromonas spp.
APC 3495 + + ++ intestine, 1
APC 3213 ++ ng + intestine, 2
APC 3238 + ng ng intestine, 3
APC 3419 + + + intestine, 3
APC 4023 - +++ + intestine, 3
APC 4024 + ng ng intestine, 3
APC 3284 ++ +++ ng intestine, 4
APC 3355 ++ nd - intestine, 4
APC 3356 ++ +++ ++ intestine, 4
APC 3358 + ++ + intestine, 4
APC 3412 + + + intestine, 5
APC 3224 ++ ng ng intestine, 6
APC 3391 + ng + skin, 7
APC 3502 + + + skin, 1
APC 4025 + ng + skin, 2
APC 4026 + ng ng skin, 2
APC 3893 - + +++ skin, 3
APC 3895 ++ ng ng skin, 3
APC 3896 + ng - skin, 3
APC 4017 - +++ + skin, 3
APC 3274 - + + skin, 4
APC 3691 + ng ng skin, 4
APC 3407 + nd + skin, 5
APC 3904 + nd ++ skin, 5
APC 3221 + + skin, 6
APC 3250 + +++ skin, 6
APC 4019 + + skin, 6
Psychrobacter spp.
5A.1 - ++ + skin, 4
5A.2 - +4++ + skin, 4
APC 3272 - ++ - skin, 6
APC 3275 - + intestine, 6
APC 3276 - + skin, 4
APC 3277 + + skin, 4
APC 3281 - + intestine, 4
APC 3350 + ++ - skin, 4
APC 3426 - ++ +++ skin, 3
APC 3692 ++ nd + skin, 6
APC 4028 - ++ + skin, 4

MA = BD Difco 2216 marine agar; BHI = brain heart infusion; mTSA = tryptic soy agar +0.5 g/L NaCl; ng = no
growth of producing strain; nd = no measurement data.
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Figure 4. Diversity of the deep-sea fish microbiome isolates at the phylum level (A), class level (B),
order level (C), family level (D) and genus level (E). The most abundant isolates in this study were
Pseudoalteromonas and Psychrobacter species of the phylum Pseudomonadota (Proteobacteria).

M. luteus E. faecalis L. acidophilus Arthrobacter sp. L. monocytogenes Microbacterium sp.  Planococcus sp.

Figure 5. Representative zones of inhibition of the bioactive marine isolates. The strongest inhibition
was demonstrated against other marine isolates, Planococcus sp. and Microbacterium sp. and
Listeria, including L. monocytogenes. The producer IDs are given above the images, and the indicator
strains are below.
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Flanococcus spp.
APC 3900 0 0 0 0 0 0 0 o] 0 0 + 0 0 skin, 6
APC 4015 0 0 0 0 0 + 0 + 0 0 0 skin, 6
APC 4016 0 0 0 0 o] o] o] 0 0 ++ i skin, 6
26D.a_f 0 0 0 0 0 0 o] 0 0 0 £ 0 skin, 6
26D.b_f 0 0 0 0 0 o] o] o] 0 0 0 + 0 skin, 6
Arthrobacter sp.
APC 3897 0 0 I = S + 0 0 0 0 0 + 0 0 skin, &
Psychrobacter spp.
APC 3350 + 0 0 0 0 0 0 0 0 0 0 0 0 skin, 4
APC 3277 7 0 0 0 0 o] o] o] 0 0 0 0 0 skin, 4
APC 3692 ++ 0 0 0 0 o] o] o] 0 0 0 0 0 skin, 6
Pseudoalteromonas spp.
APC 3495 ++ 0 0 0 0 o] 0 o] 0 0 0 0 0 intestine, 1
APC 3213 3 0 0 0 0 0 0 o] 0 0 0 0 0 intestine, 2
APC 3238 + 0 0 0 0 o] o] 0 0 0 0 0 0 intestine, 3
APC 3419 ++ 0 0 0 0 0 o] o] 0 0 0 0 0 intestine, 3
APC 4023 5 0 0 0 0 0 0 0 0 0 0 0 0 intestine, 3
APC 4024 + 0 0 0 0 0 0 0 0 0 0 0 0 intestine, 3
APC 3284 T 0 0 0 0 0 o] o] 0 0 0 0 0 intestine, 4
APC 3355 ++ 0 0 0 0 0 0 0 0 0 0 0 0 intestine, 4
APC 3356 ++ 0 0 0 0 0 0 0 0 0 0 0 0 intestine, 4
APC 3358 s 0 0 0 0 o] 0 0 0 0 0 0 0 intestine, 4
APC 3412 ++ 0 0 0 0 0 0 o] 0 0 0 0 0 intestine, 5
APC 3224 + 0 0 0 0 0 0 0 0 0 0 0 0 intestine, 6
APC 3502 3 0 0 0 0 0 0 0 0 0 0 0 0 skin, 1
APC 4025 i+ 0 0 0 0 o] o] o] 0 0 0 0 0 skin, 2
APC 4026 + 0 0 0 0 0 0 o] 0 0 0 0 0 skin, 2
APC 3893 ++ + 0 0 + + + 0 + + 0 0 + skin, 3
APC 3895 + 0 0 0 0 o] o] o] 0 0 0 0 0 skin, 3
APC 4017 + + 0 0 + + + ++ 0 + 0 ++ + skin, 3
APC 3691 + 0 0 0 0 0 0 0 0 0 0 0 0 skin, 4
APC 3407 + 0 0 0 0 o] o] o] 0 0 0 0 0 skin, 5
APC 3221 ++ 0 0 0 0 0 0 0 0 0 0 0 0 skin, 6
APC 3250 + 0 0 0 0 o] o] o] 0 0 0 0 0 skin, 6
APC 4019 + 0 0 0 0 0 o] o] 0 0 0 0 0 skin, 6
APC 3391 + 0 0 0 0 0 0 0 0 0 0 0 0 skin, 7

Figure 6. The spectrum of inhibition of the bioactive deep-sea isolates against the target strains by colony overlay assays on marine agar.
The overall broadest range of activity was exhibited by Pseudoalteromonas strains APC 4017 and APC 3893. Inhibition is indicated by + (0.5—
2.5 mm), ++ (2.6-5 mm) and +++ (5.1-10 mm) and is coloured to highlight inhibition patterns. Only the results of strains that demonstrated
inhibitory activity under these conditions are reported in the Table.



Chapter 2

» Linocin M18-like
1l Zoocin A-like

m circular bacteriocin

® lanthipeptide

m LAP
sactipeptide

= Lactococcin 972-like

mclass| mclass!ll © >10KDa

Figure 7. Summary of the bacteriocin classes and their subtypes identified using BAGEL4. Nineteen
AOIs were predicted in total across the 36 deep-sea fish gut isolate genomes. Sactipeptides and
lanthipeptides (class | bacteriocins) were the most frequently predicted bacteriocin subtypes.



Table 3. Summary of the potential bacteriocin/RiPP gene clusters and their annotations predicted by BAGEL4 in the deep-sea bacterial genomes. The predicted bacteriocins
included subclass Il lanthipeptides (with similarity to mersacidin/cerecidin), subclass Ill lanthipeptides and a circularin A-like class Il bacteriocin. Other predicted bacteriocin
subtypes included sactipeptides, a LAP and a lactococcin 972-like peptide. Predicted AOIs which lacked an identifiable core peptide gene and could not be annotated by

BAGEL4 are given as “undefined”. x2 = two clusters found; %sim = % similarity.

BAGEL4
Strain Prediction Annotation % Sim.
Arthrobacter sp. APC 3897 circularin_A bacteriocin class cyclical uberolysin-like 67
sactipeptide GTP 3',8-cyclase (moaA) 73.70
Curtobacterium sp. APC 4022 lactococcin_972 bacteriocin (lactococcin_972) 39.70
sactipeptide GTP 3',8-cyclase (moaA) 59.50
Kocuria sp. APC 4018 linocin-M18 encapsulating protein for peroxidase 58.90
Planococcus sp. APC 3900 bacteriocin: mersacidin/cerecidin (x2) bacteriocin class Il with double-glycine leader (x2) 50-55.6
Planococcus sp. APC 4015 bacteriocin: mersacidin/cerecidin (x2) bacteriocin class Il with double-glycine leader peptide (x2) 50-55.6
sactipeptide undefined -
Planococcus sp. APC 4016 bacteriocin: mersacidin/cerecidin (x2) bacteriocin class Il with double-glycine leader (x2) 50-55.6
Pseudoalteromonas sp. APC 3224 zoocin_A undefined 36.40
Pseudoalteromonas sp. APC 3426 sactipeptide undefined -
Pseudoalteromonas sp. APC 3893 lanthipeptide class IlI undefined -
Pseudoalteromonas sp. APC 4017 lanthipeptide class lll undefined -
Psychrobacter sp. APC 3350 sactipeptide probable GTP 3',8-cyclase -
Rhodococcus sp. APC 3903 lanthipeptide class IlI undefined -
LAPs undefined -
linocin_M18/putative bacteriocin family encapsulating protein for peroxidase 66.70
protein
sactipeptide undefined -
Winogradskyella sp. APC 3343 sactipeptide GTP 3',8-cyclase (moaA) 41.40
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Table 4. In silico predictions by AntiSMASH of bacteriocin/RiPP-like PBGCs and other secondary
metabolite gene clusters. Where no core peptide or no similar cluster was found, the result is given as
“none.” x2 = two clusters found; % sim = similarity; nd = no data.

. AntiSMASH
Strain
Bacteriocin Similar Cluster % Other PBGCs
Prediction Sim. Present
Arthrobacter sp. APC 3897 RiPP-like head-to-tail 71 betalactone (x2),
cyclized siderophore, T3PKS,
peptide terpene
Curtobacterium sp. APC 4022 RiPP-like (x2) lactococcin_97 nd betalactone, NRPS-
2 (x2) like, siderophore,
T3PKS (x2), terpene
Kocuria sp. APC 4018 RiPP-like linocin_M18 nd betalactone, NRPS-
like, siderophore,
T3PKS, terpene
Microbacterium sp. APC 3898 none - - betalactone, NAPAA,
T3PKS, terpene
Microbacterium sp. APC 3901 none - - NAPPA, T3PKS,
betalactone,
terpene
Micrococcus sp. APC 4021 none - - betalactone,
ectoine, NRPS-like,
siderophore,
terpene
Planococcus sp. APC 3900 lanthipeptide class Il cerecidin 70 terpene (x2)
Planococcus sp. APC 3906 none - - terpene (x2)
Planococcus sp. APC 4015 lanthipeptide cerecidin 70 terpene (x2)
Planococcus sp. APC 4016 lanthipeptide class Il cerecidin 70 terpene (x2)
Pseudoalteromonas sp. APC RiPP-like burkholderic 15 siderophore
3213 acid
Pseudoalteromonas sp. APC RiPP-like none - siderophore
3215
Pseudoalteromonas sp. APC RiPP-like none (DUF692- nd siderophore
3218 family protein)
Pseudoalteromonas sp. APC RiPP-like (x2) none (DUF692- nd NRPS, siderophore
3224 family protein,
X2)
Pseudoalteromonas sp. APC RiPP-like none - siderophore
3227
Pseudoalteromonas sp. APC RiPP-like none - siderophore
3250
Pseudoalteromonas sp. APC RiPP-like none (DUF692- nd betalactone, redox-
3350 family protein) cofactor,
siderophore
Pseudoalteromonas sp. APC RiPP-like none - siderophore
3356
Pseudoalteromonas sp. APC RiPP-like nucleocidin 17 arylpolyene
3358
Pseudoalteromonas sp. APC none - betalactone
3426
Pseudoalteromonas sp. APC RiPP-like none (DUF692- nd siderophore
3495 family protein)
Pseudoalteromonas sp. APC RiPP-like none (DUF692- nd arylpolyene,
3691 family protein) betalactone
Pseudoalteromonas sp. APC RiPP-like none (DUF692- nd none
3694 family protein)
continued
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Table 4 continued:

Pseudoalteromonas sp. APC
3893

Pseudoalteromonas sp. APC
3894

Pseudoalteromonas sp. APC
3895
Pseudoalteromonas sp. APC
3896
Pseudoalteromonas sp. APC
3907
Pseudoalteromonas sp. APC
4017

Pseudoalteromonas sp. APC
4026

Psychrobacter sp. 5A.1

Psychrobacter sp. APC 3279
Psychrobacter sp. APC 3281

Psychrobacter sp. APC 3355

Rhodococcus sp. APC 3903

Winogradskyella sp. APC 3343

RiPP-like

RiPP-like

RiPP-like

RiPP-like

RiPP-like

RiPP-like

RiPP-like

RiPP-like

none

none

RiPP-like (x2)

LAP

RiPP-like

lanthipeptide class Il

none

none

none (DUF692-
family protein)

none
none
none

none

none (DUF692-
family protein)

none (DUF692-
family protein)

none (DUF692-
family protein,
x2)
dissonitrile
antibiotic
SF2768

branched-chain
fatty acids

none

nd

nd

nd

nd

11

75

arylpolyene,
resorincol, NRPS
(x2), PKS, T3PKS

siderophore

siderophore
siderophore

siderophore,
betalactone
arylpolyene,
resorcinol(x2), PKS,
NRPS, T3PKS
siderophore

betalactone, redox-
cofactor,
siderophore
betalactone

betalactone, redox-
cofactor
siderophore

butyrolactone,
ectoine, NRPS (x15),
NRPS-like (x3),
terpene (x2), PKS-
like, T1PKS (x2),

NRPS, T1pks, T3PKS,
Terpene (x2)
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Figure 8. PBGC hits predicted by the AntiSMASH database of secondary metabolites and
antibiotics. Results are given as a percentage of the total per genus and counts of each PBGC
type are given. Default search strictness parameters were used. The most frequent hits included
RiPPs and lanthipeptides, which suggests these isolates encode bioactive compounds, such as
bacteriocins. Other gene cluster hits include polyketide synthases, siderophores, terpenes and
non-ribosomal peptide synthases (NRPS).
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Figure 9. (A) Putative lanthipeptide (subclass Il) gene cluster identified in Planococcus spp. isolates
(Planococcus peptides 1 and 2). Identical clusters were found in APC 3900, APC 4015 and APC 4017.
Genes are coloured according to predicted function. (B) MSA of the predicted Planococcus peptide
precursor/bacteriocin sequence with most similar bacteriocin sequences identified using RiPPMiner:
cytolysin LI (E. faecalis), carnolysin A2 (Carnobacterium maltaromaticum), mersacidin (B.
amyloliquefaciens), cytolysin Ls (E. faecalis), cerecidin A1-6 and cerecidin A7 (Bacillus cereus),
gardimycin (Actinoplanes liguriae). The MSA is coloured according to shared identity of the aligned
amino acid residues at a given position, with the colour shade deepening as the percentage of
sequences sharing the same residue increases. No colour indicates <40% of sequences share the
residue.
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Figure 10. (A) Biosynthetic gene cluster (BGC) of a putative class lic bacteriocin from Arthrobacter

sp. isolate APC 3897. Genes are coloured according to predicted function. (B) Multiple sequence
alignment (MSA) of APC 3897 BGC with similar bacteriocin sequences identified using RiPPMiner:
butyrivibriocin (Butyrivibrio fibrisolvens), circularin A (Clostridium beijerinckii), enterocin NKR-5-3b

(Enterococcus faecium), enterocin AS-48 (E. faecalis) and amylocyclicin (Bacillus amyloliquefaciens).

The MSA is coloured according to shared identity of the aligned amino acid residues at a given

position, with the colour shade deepening as the percentage of sequences sharing the same residue

increases. No colour indicates <40% of sequences share the residue.
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Figure 11. (A) The predicted gene clusters of the two lactococcin 972-like class Ild bacteriocins from
Curtobacterium sp. APC 4022, labelled pepl and pep2. (B) The MSA of the peptide precursor
sequences with mutacin Il (Streptococcus mutans) and lactococcin 972 (L. lactis subsp. lactis) shows

some conserved residues between the sequences The MSA is coloured according to shared identity

of the aligned amino acid residues at a given position, with the colour shade deepening as the

percentage of sequences sharing the same residue increases. No colour indicates <40% of sequences
share the residue.
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Table 5. The output of ABRicate genome screening for antimicrobial resistance (AMR) genes. All hits

came from the genome sequence of Rhodococcus sp. APC 3903.

contig gene resistance %ID database product accession
6 rpoB2  rifamycin/rifam 80 card beta-subunit AP006618.1:483519
pin of RNA 9-4838688
polymerase
(RpoB2)
8 (rifyiri  rifamycin/rifam 97.81 argannot  (Rif)iri U56415:280-1719
pin
8 iri rifamycin/rifam 97.81 ncbi rifampin NG_047911.1
pin monooxygen
ase Iri
8 iri rifamycin/rifam 97.81 card rifampin U56415:279-1719
pin monooxygen
ase lIri
8 iri rifamycin/rifam 97.81 megares rifampin MEG_3434
pin monooxygen
ase Iri
9 mtrA  macrolide;pena 80.41 card transcription AL123456.3:362734
m al activator 9-3626662
of multidrug
efflux pump
(MtrCDE)
9 mtrA  multidrug 80.41 megares multi-drug MEG_4078
D RND efflux
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2.8. Chapter 2 Supplementary Material

A) plano_Pepl 1 MSRKEKINALKNPEIRNHEIE----NPVGKTMNELSSDELAGIQGASDVN 46
freeel [ EI TR 2] IR

plano_Pep2 1 MTKQQIINAWKNPEIRDG-VEKVTPHPSGKAFNELTLDELAEVQGASDVA 49
plano_Pepl 47 AETTPLCIAASIGATIIFSMRNC 69
plano_Pep2 50 PtIEH!IPALWL.‘Q FATGLL‘FQIKFL 71

B)
plano_Pepl 1l -====- MSRKEKINALKNPEIRNHEIE---NPVGKTMNELSSDELAGIQG 41
:erecidin_AlA 1 MSKGVKFTKEéLVELNII(DF!’QV;éI‘(LII(I.JLPKHILS(Lll(AUlIé1S‘EELELEL(‘Qé 50
plano_Pepl 42 ASDVNAETTPLCIAASIGATIIFSMRNC- 69
cer‘ecidin_AlA 51 J!LE‘)\‘/QPLI‘"‘H"&C‘VGVIIIILLTT-~éIKIlK 77

Q)
plano_Pepl N MSRKEKINALKNPEIR======= NHEIENPVGKTMNELSSDELA 37
cer‘ecidin_A? 1 MSKGYKFTKELLVELW)LDILQVILEKLKDLP[LF‘!—--—;Sél‘(ALl!Jéll.‘SEELII.L 46
planc_Pepl 38 GIQGASDVNAETTPLCIAASIGATIIFSMRNC- 69
cerecidin_a7 47 EIQG[L;I‘J\IIQPQL}IJIQVG\/H&#A——‘Siki(l:K 77

D)
planu_PEpl 1 MSRKEKINALKNPEIRNHEIENP---VGKTMNELSSDELAGIQGASDVNA 47
cytolysin_Ls | R MLLKL&QEQW&LQLEL\J/APSFELlLéLElleEAlalgésml)\LQ/L 41
plano_Pepl 48 ETTPLCIAASIGATIIFSMRNC 69
cytolysin_Ls 42 ET'I"}"ALFTIGL(‘SVGALQAKFC‘ 63

£)
plano_Pepl 1 MSRKEKINALKNPEIRNHEIENPVGKTMNELSSDELAGIQGASDVNAETT 5@
cormelyain 2 1 e e S AL A 36
plano_Pepl 51 PLC----- IAASIGATIIFSMR-NC 69
carnolysin_A2 37 LILAGFATLMSS‘LGl-—L\./l.('i'il.(GK(‘i 59

F)
plano_Pepl 1 MSRKEKINALKNPEIRNHEIENPVGKTMNELSSDELAGIQGASDVNAE-- 48
cormolysin AL L eeeeeeemeeene L ATt 36
plano_Pepl 49 TTPLCI----------=------- AASIGATIIFSMRNC 69
carnolysin_Al 37 “FSFLA(‘IVYSVMWSKASSAKCAAGLéA\‘/ééALLSAIFL C‘ 73

G)
plano_Pepl 1 MSRKEKINALKNPEIRNHEIEN-PVGKTMNELSSDELAGIQGASDVNAET 49
yrolyein 11 1 e NI AR R T
planc_PEpl 50 TPLC-IAAS---------------- IGATIIFSMRNC 69
cytolysin_L1 32 'I'F!’VC‘AVJI\LTAAASSAACGWVGGGIFT(!V'I"VVV!LKH! 68

H)
plana_Pepl 1 MSRKEKINAL------ KNPEIRNHEIENPVGKTMNELSSDELAGIQGASD 44
cordinyein L e ATE SRS e oo -
planG_PEpl 45 VNAETTPLCIAASIGATIIFSMRNC------- 69
gar‘dimycin 36 LREDR'!'--IVAASSGWVCTLTI ECGTVICAC 64

)
plano_Pepl 1 MSRKEKINALKNPEIRNHEIENPVGKTMNELSSDELAGIQGASDVNAETT 50
mersacidin 1 f!'\lQEAILRSNII(DI!’FSFlﬁél;lé'i'l-gllll’AéNPFSéiKEAQMDKLVGAGDMEJlA&"F 50
plano_Pepl 51 PLCIAASIGATIIFSMRNC 69
mersacidin 51 vFTLPGGGGVCTLTSECIC 68
oy
:

Figure S1: Pairwise alignment of the Planococcus precursor peptide, Pepl, with A) Pep2 (Planococcus
spp.); B) cerecidin A1A6 (B. cereus); C) cerecidin A7 (B. cereus); D) cytolysin Ls (E. faecalis);
E) carnolysin A2 (C. maltaromaticum); F) carnolysin Al (C. maltaromaticum); G) cytolysin LI (E.
faecalis); H) gardimvcin (A. liquriae); 1) mersacidin (B. amyloliquifaciens).
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A) plano_PepZ 1 ---=--- MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAEVQG
. L Bl el L el el oD
plano_Pep2 45 ASDVAPETTPACVAAFATGLLFSIKFC- 7%

IO || L\ RS oo |G

B) plano_Pep2 A MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAEVQG
el T RS ke e el
plano_Pep2 45 ASDVAPETTPACVAAFATGLLFSIKFC- 71
R e =

o]
plano_Pep2 1 -MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAEVQGASDVA
cytolysin_Ls 1 MI:I;III(éNQENY\;SNK ----- LFI:'L\|/G||? ----- SlEéll.Sll.EéMEAI(]}(ISSGEIJ\llQ
plano_Pep2 50 PETTPACVAAFATGL----LFSIKFC 71
cytolysin_Ls 41 ALHIIWIAL--—LTI(LlLGVGAI[II:éAII(lé 63

D)
plano_Pep2 1 MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAEVQGASDVAP
copildll, [ s ke, Betialnaiidie
plano_Pep2 51 E--TTPACV----mmcmmmmeemaam AAFATGLLFSIKFC 71
carnolysin_A1l 34 !léFT]I’SFl'llxé\IIYSVWVSKASSAKCAAGIIASAVSéAILéAIR‘lz 73

E)
plano_Pep2 1 MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAEVQGASDVAP
B R R It ol L S
plano_PepZ 51 ETTPACVAAFAT----- GLLFSIK-FC 71
carnolysin_A2 34 !IES‘E'FI’Il-LGLA‘I’LMSSI(ISI[VKTHGKA 59

H plano_Pep2 1 MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAEVQGASDVAP
cytolysin_L1 1 mmmmmmmmm e P;Iérzlié\-/\-ﬂl’é—--Il'-Eéll.SVELMEAIQGlSGllj\llQA
plano_Pep2 51 ETTPAC-VAAFA---==ccccecunnn TG--LLFSIKFC 73
cytolysin_L1 30 !|5'1'1|'F]’\./lA\I/LI|\+l|\AASSAACGWVGGGIF'!’(liVT\./\./\./lLll(l:il 68

G)

plano_Pep2 1 MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAE---VQGASD
gardimycin 1 ASALALEKSL&DVDLL$£---AlSLLAéLGlGé1LFEDiRéDRTIYAL;-
plano_Pep2 48 VAPETTPACVAAFATGLLFSIKFC 7
gardimycin a7 —---SGWV(li'i'I..';'il.E(':LISTV--iCAtli 64

" plano_Pep2 1 MTKQQIINAWKNPEIRDGVEKVTPHPSGKAFNELTLDELAEVQGASDVAP
narsaciin s, Bl il ittt
plano_Pep2 51 ETTPACVAAFATG----LLFSIKFC 71
mersacidin 46 EA--A(I:‘;'t;'i'iF"(‘stlsGGVCTII.TLECi(I: 68
7 SN R B S

Figure S2: Pairwise alignment of the Planococcus precursor peptide, Pep2,
with A) cerecidin A7 (B. cereus); B) cerecidin A1A6 (B. cereus); C) cytolysin
Ls (E. faecalis); D) carnolysin Al (C. maltaromaticum); E) carnolysin A2 (C.
maltaromaticum); F) cytolysin LI (E. faecalis); G) gardimycin (A. liguriae); H)

mersacidin (B. amyloliquifaciens).
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A) APC_3897 1 MVKEQSFTRLFGAAALS---AALIAATFFVMQILPMADMAKEFGIPAAVA 47
erterocin ash 1 MBI SELOLALFohe O AT &7
APC_3897 48 GTVLTVVEAGGWVTTIVSILTAVGTGGLSLLAAAGKESIRIYLQKQIKKK 97

. FECETTEEEEET e Peer et bttt e
enterocin_as4 48 GTVLNVVEAGGWVTTIVSILTAVGSGGLSLLAAAGRESIKAYLKKEIKKK 97
APC_3897 98 GRKAVIAW 185
enterocin_as4 98 éKRL\!‘iLb‘d 105

B) -

APC_3897 1 ---MVK--EQSFTRLFGAAALSAALIAATFFVMQILPM-----=---- ADM 36
amylocyclicin 1 MMNL&LSNKKQLI lléLLLAALT1VVLLLL%&%ELNVAAAHAFSANLEL 49
APC_3897 37 AKEFGIPAAVAGTVLTVVEAGGWVTTIVSILTAV-GTGGLSLLAAAGKES 85
amylocyclicin 50 ALK KA A T I LT T 00
APC_3897 86 IRIYLQKQIKKKGRKAVIAW 1es
amylocyclicin 180 M------- lllolwclikllYAAll.lu 112

Q
APC_3897 1 MVKEQSFTRLFGAAALSAALTAATFFVMQTLPMADMAKEFGIPAAVAGTY 50
GAPCUIarinA L vceceseeoecesemenesenneceneas LY Forf st ] T
APC_3897 51 LTVVEAGGWVTTIVSILTAVGTGGLSLLAAAGKESIRIYLQKQIKKKGRK 100
circulain A 19 VLIAGT I G A AT T TR T e 68
APC_3897 181 AVIAW 1e5
circularin_A 69 /lA-L!lY 72

D)

APC_3897 1 MVKEQSFTRLFGAAALSAALIAATFFVMQIL--=--=-=--=-- PMADMAKEFG 41
enterocin ke 1 oo PG TVaLE VAR T 25
APC_3897 42 IPAAVAGTVLTVVEAGGWVTTIVSILTAVGTGGL---SLLAAAGKESIRI 28
enterocin_nkr 30 ISSVA;!\KK\[’IDIINTéSA\LA'!’:!:IALV"H‘A\lNGG‘C‘iIl.ITAGIVJlAT.L ——————— 72
APC_3897 89 YLQKQIKKKGRKAVIAW 105
enterocin_nkr 73 —-KSL:LI‘(I‘(Y(LAILYANLJJ 87

B N
APC_3897 1 MVKEQSFTRLFGAAALSAALIAATFFVMQILPMADMAKEFGIPAAVA--G 48
butyrivibrior 1 NI T LIAL ST e Aot 40
APC_3897 49 TVLTVVEAGGWVTTIVSILTAVGTGGLSLLAAA--GKESIRIYLQKQIKK 96
butyrivibrior 42 DrVIVAR LT AT VYTV PA AL AARAF ATA - - - - w0
APC_3897 97 KGRKAVIAW 105
butyrivibrioc 81 --------- 80
o .
T

Figure S3: Pairwise alignment of the Arthrobacter sp. APC 3897 precursor peptide with
A) enterocin AS48 (E. faecalis); B) amylocyclicin (B. amyloliquifaciens); C) circularin A
D) enterocin nkr_5_3b (E. faecium); E) butyrivibriocin AR10 (B.
fibriosolvens). Pairwise alignments were created in EMBOSS Needle.
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A)

curto_Lctl 1 ------- MIAAIGSAVMLAVGWGACSAAAAEPVGSVSAVGAVREGGASAD
curto_Lct2 1 MRFTKLA%lIL.!A-gL\L-||_:.[\|lc|i:.[gu!&.&.gé.e|\,|a ----- TSA-=---cccmmmm-
curto_Lctl 44 EGNVTRNGWAVVGGGTWSYGVWAGEVHSVYANDRSTHRASVKARGTLVRT
curto_Let2 B Y-y S ST AR ebL Lot
curto_Lctl 94 A-------- WVP---PRTIAYAHARKGASGNQAFWATRG 121

rtolets 70 AKSARKNKAASL Ao oA e

B) #=== ===

curto_Lctl 1 MIAAIGSAVMLAVGWGACSAAAAEPVGSVSAVGAVREGG--ASADEGNVT
Lactococcin s 1 oo e Ak
curto_Lctl 49 RNGWAVVGGGTWSYGVWAGEVHSVYANDRSTHRASVKARGTLVRTAWVPP

Lactococcin_g 27 === GTNQHGYGVSSAYSNYHHGSKTHSATVQ&&&T-GRQGKDTQ
curto_Lctl 99 RTIAYAHARKG------ ASGNQAFWATRG 121
Lactococcin s 67 KOAATORILTEAS I 51
H=== ===

q)
curto_Lctl 1 MIAAIGSAVMLAVGWGACSAAAAEPVGSVSAVGAVREGGASADEGNVTRN
U TSP N
curto_Lctl 51 GWAVVGGGTWSYGVWAGEVHSVYANDRS---THRASVKARGTLVRTAWVP
nutacin-2 S SN ML S S eSS
curto_Lctl 98 PRTIAYAHARKGASGNQAFWATRG 121
mutacin-2 = 53
B o m o e f e e
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Figure S4: Pairwise alignment of the Curtobacterium sp. APC 4022 precursor peptide
curto_Lctl with A) curto_Lct2); B) lactococcin 972 (L. lactis); C) mutacin 2 (S. mutans).
Pairwise alignments were created in EMBOSS Needle.
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A) curto_Lct2 1 MRFTKLATIAAASAVLIVGIPATAASAATSAVGGGLWDHGVN-SKVYSKY 49
T e L EO LT R
curto_Lct2 50 HHASKYHSATACNGGLLNQCAKSVAAKNKWASASLPRNLGGGNTAFWNTY 99
sgeesing R e e e . @

B)
curto_Lct2 1 MRFTKLATIAAASAVLIVGIPATAASAATSAVGGGLWDHGVNSKVYSKYH 50
3 e R
curto_Lct2 51 HASKYHSATACNGGLLNQCAKSVAAKNKWASASLPRNLGGGNTAFWNTY 99
mutacin-2 43 MNéb\JQI!lVF'I'C(I: -------------------------------------- 53
B o oo o 6 o T

Figure S5: Pairwise alignment of the Curtobacterium sp. APC 4022 precursor peptide
curto_Lct2 with A) lactococcin 972 (L. lactis) and B) mutacin 2 (S. mutans). Pairwise
alignments were created in EMBOSS Needle.



Table S1a: Overview of whole genome sequencing and assembly data.

Sequencing and Assembly

sample genome accession sequencing company sequencing platform reference assembly type assembly method (version)
5A.1 JASDDJ0O00000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3213 JASDCG000000000 MicrobesNG Illumina MiSeq (2 x 250) T de novo spades (v.13)
APC_3215 JASDCH000000000 MicrobesNG Illumina MiSeq (2 x 250) T de novo spades (v.13)
APC_3218 JASDCIO00000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3224 JASDDF000000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3227 JASDCJ000000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3250 JASDCMO000000000 MicrobesNG Illumina MiSeq (2 x 250) T de novo spades (v.13)
APC_3279 JASDCR000000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3281 JASDCS000000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3343 JASDDK0O00000000 MicrobesNG Illumina MiSeq (2 x 250) T de novo spades (v.13)
APC_3350 JASDCX000000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3355 JASDDB000000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3356 JASDCN0O00000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3358 JASDCE000000000 MicrobesNG Illumina MiSeq (2 x 250) T de novo spades (v.13)
APC_3426 JASDCF000000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3495 JASDDA000000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3691 JASDCB000000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3694 JASDDEO00000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3893 JASDCD000000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3894 JASDCK000000000 MicrobesNG Illumina MiSeq (2 x 250) + de novo spades (v.13)
APC_3895 JASDCLO00000000 MicrobesNG Illumina MiSeq (2 x 250) + de novo spades (v.13)
APC_3896 JASDCP0O00000000 MicrobesNG Illumina MiSeq (2 x 250) t de novo spades (v.13)
APC_3897 JASDDG000000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3898 JASDDIO00000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)
APC_3900 JASDCT000000000 GenproBio Illumina MiSeq (2 x 250) * de novo spades (v. 3.15.3)

continued



Table S1a continued:

APC_3901
APC_3903
APC_3906
APC_3907
APC_4015
APC_4016
APC_4017
APC_4018
APC_4021
APC_4022
APC_4026

JASDCU000000000
JASDCV000000000
JASDCW000000000
JASDCO000000000
JASDDH000000000
JASDCQ000000000
JASDCC000000000
JASDCY000000000
JASDCZ000000000
JASDDDO000000000
JASDDC000000000

GenproBio
GenproBio
GenproBio
MicrobesNG
GenproBio
Genewiz
MicrobesNG
GenproBio
GenproBio
GenproBio

GenproBio

Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)
Illumina NovaSeq (2x150)
Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)
Illumina MiSeq (2 x 250)

de novo
de novo
de novo
de novo
de novo
de novo
de novo
de novo
de novo
de novo

de novo

spades (v. 3.15.3)
spades (v. 3.15.3)
spades (v. 3.15.3)

spades (v.13)
spades (v. 3.15.3)

spades (v.13)

spades (v.13)
spades (v. 3.15.3)
spades (v. 3.15.3)
spades (v. 3.15.3)
spades (v. 3.15.3)

* = http://www.genprobio.com, Parma, ltaly; T = http://www.microbesng.com, University of Birmingham, UK;
** = Azenta Life Sciences, Leipzig, Germany



Table S1b. Overview of genome assembly quality metrics calculated with QUAST.

QUAST metrics

sample mean no.reads no. contigs # contigs largest contig total length N50 L50 N90 L90 # Ns per %GC # predicted rRNA

coverage (>= 1000 bp) 100 kbp genes
5A.1 65 1168828 151 151 128044 3433409 49487 23 14349 75 11.8 42.97 4 + 1 part
APC_3213 119 1180329 45 86 720861 4177316 194983 7 67986 22 0 40.11 2 +5 part
APC_3215 150 1424512 55 109 474907 4185738 137902 8 47610 26 0 40.18 1+7part
APC_3218 117 1149754 49 96 500270 4195343 153850 9 69701 24 0 40.13 3 + 8 part
APC_3224 52 1078392 80 80 215426 4221042 97136 15 33310 41 25.6 39.88 1+2part
APC_3227 52 482048 58 88 463852 4197794 199789 7 59970 25 0 40.12 3 + 8 part
APC_3250 139 1276369 47 111 542569 4110034 243731 7 59346 21 0 40.2 1+ 8part
APC_3279 205 1838004 62 128 268467 3288828 148455 10 56162 24 0 42.91 6+ 0 part
APC_3281 53 826134 24 24 502341 3114096 347654 4 120480 10 6.7 42.8 3 +0 part
APC_3343 32 310241 35 53 1191771 3832957 1042040 2 88982 7 0.03 33.43 6 + 0 part
APC_3350 45 797896 277 277 90824 3424077 24625 40 6520 140 20.4 42.95 2 + 3 part
APC_3355 66 1414420 30 30 737095 4648031 359143 5 98799 15 29.6 39.09 1+0part
APC_3356 104 971677 62 91 507526 4133448 120175 9 59966 27 0 40.15 1+ 10 part
APC_3358 44 538885 56 73 606347 4818863 375331 5 94792 16 0 39.06 2 + 8 part
APC_3426 38 285509 69 90 505034 3366063 97269 10 33266 32 0 43.15 3 +4 part
APC_3495 66 1345440 106 106 194214 4070828 66243 18 22421 56 9.7 40.18 1+ 3 part
APC_3691 36 377423 161 211 200380 4383601 55278 26 17890 81 0 39.17 2 +4 part
APC_3694 58 1192024 139 139 200706 4052885 59830 21 17126 68 29.3 40.33 2+ 1part
APC_3893 39 475668 93 131 907474 4981760 179630 8 47957 27 0 40.27 9 + 0 part
APC_3894 162 1546768 59 142 463852 4198257 165631 8 68025 25 0 40.12 3+ 8 part
APC_3895 108 1028782 57 98 463852 4198012 199796 7 67319 25 0 40.17 3 + 8 part
APC_3896 200 1850022 59 165 463852 4200073 165631 8 68018 25 0 40.12 3 + 8 part
APC_3897 19 397496 60 60 248651 3785755 89215 15 37485 36 6.4 64.79 3+ 0 part
APC_3898 25 527282 64 64 270340 3546622 99416 11 28065 35 59 69.42 3 +0 part
APC_3900 54 882340 27 27 821418 3653572 454295 3 110074 9 0.0 45.25 3+ 1 part
APC_3901 24 484604 151 29 327488 3490274 49487 23 63145 18 8.5 42.97 3+ 0 part
APC_3903 48 1883716 39 106 510782 6972545 208333 8 45372 33 8.9 46.47 3+ 0 part
APC_3906 54 805188 76 76 268454 3481361 97663 11 26514 36 0.0 47.54 5+ 1 part
APC_3907 133 1267239 45 91 733003 4093022 185492 7 68202 20 0 40.17 2 + 6 part
APC_4015 42 673554 31 31 592665 3611903 409097 4 65066 13 0 45.33 5+ 1 part
APC_4016 4577 123927864 21 21 1522897 3640984 727438 2 185382 5 0 45.26 4 +1 part
APC_4017 117 1467530 102 165 638108 4980535 191628 8 43060 29 0 40.27 8 + 0 part
APC_4018 34 529504 124 124 113067 2719444 36183 23 12547 71 8.4 70.57 1+1part

continued



Table S1b continued:

APC_4021 51 705412 241 241 70532 2424984 16866 44 5323 144 8.4 73.10 1+1 part
APC_4022 25 516718 107 107 185296 3513354 51335 18 18227 62 19.1 71.40 4 + 0 part
APC_4026 67 1373130 106 106 274307 4146085 92837 14 21224 46 17.3 40.20 1+4 part
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Table S1c. Overview of genome assembly checkM metrics.

checkM
sample marker lineage completeness (%) contamination (%)
5A.1 o__Pseudomonadales (UID4679) 99.53 0.62
APC_3213 c__Gammaproteobacteria (UID4787) 100 0.34
APC_3215 c__Gammaproteobacteria (UID4787) 100 0.83
APC_3218 c¢__Gammaproteobacteria (UID4787) 100 0.68
APC_3224 c__Gammaproteobacteria (UID4787) 99.93 0.34
APC_3227 c__Gammaproteobacteria (UID4787) 100 0.68
APC_3250 c__Gammaproteobacteria (UID4787) 100 0.49
APC_3279 o__Pseudomonadales (UID4679) 99.95 1.41
APC_3281 o__Pseudomonadales (UID4679) 99.95 0.55
APC_3343 s_ algicola (UID2846) 99.67 0.33
APC 3350 o__ Pseudomonadales (UID4679) 99.4 0.67
APC_3355 c¢__Gammaproteobacteria (UID4787) 100 0.17
APC_3356 c__Gammaproteobacteria (UID4787) 100 0.34
APC_3358 c¢__Gammaproteobacteria (UID4787) 100 1.37
APC 3426 o__Pseudomonadales (UID4679) 99.63 0.27
APC_3495 c__Gammaproteobacteria (UID4787) 100 0.34
APC_3691 c__Gammaproteobacteria (UID4787) 100 0.56
APC_3694 c__Gammaproteobacteria (UID4787) 100 0.76
APC_3893 c__Gammaproteobacteria (UID4787) 100 0.42
APC_3894 c__Gammaproteobacteria (UID4787) 100 1.01
APC_3895 c__Gammaproteobacteria (UID4787) 100 1.16
APC_3896 c__Gammaproteobacteria (UID4787) 100 0.34
APC_3897 f__Micrococcaceae (UID1623) 99.31 1.97
APC_3898 o__Actinomycetales (UID1593) 100 1.26
APC_3900 c__ Bacilli (UID259) 99.34 0
APC_3901 o__Actinomycetales (UID1593) 99.49 0
APC_3903 o__ Actinomycetales (UID1815) 99.94 1.29
APC_3906  c__Bacilli (UID259) 99.34 0.66
APC_3907 c__Gammaproteobacteria (UID4787) 100 0.87
APC_4015 c__ Bacilli (UID259) 99.34 0
APC_4016  c__ Bacilli (UID259) 99.34 0
APC_4017 c¢__Gammaproteobacteria (UID4787) 100 0.39
APC_4018 o__Actinomycetales (UID1530) 98.68 0
APC_4021 f__ Micrococcaceae (UID1623) 98 0.23
APC_4022 o__Actinomycetales (UID1593) 98.99 0.76
APC_4026 c__Gammaproteobacteria (UID4787) 100 0.34




Table S2: Taxonomic descriptions, based on the 16S rRNA gene sequence, of the strains selected for whole-genome sequencing. Sequences were searched against the SILVA

rRNA gene project database.

closest reference hit(s) according to SILVA database
(% identity), in order of score where multiple hits are

strain ID phylum class order family genus given
APC 3279 Pseudomonado  Gammaproteobacteri  Pseudomonadales Moraxellaceae Psychrobacter Psychrobacter adeliensis (99.6), P.nivimaris (99.9)
ta a
APC 3691 Pseudomonado  Gammaproteobacteri  Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas haloplanktis TB13 (99.87)
ta a
APC 4017 Pseudomonado  Gammaproteobacteri ~ Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas flavipulchra NCIMB 2033 (97.27) ,
ta a Pseudoalteromonas agarivorans S816 (97.33)
APC 3893 Pseudomonado  Gammaproteobacteri  Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas agarivorans S816 (98.76) ,
ta a Pseudoalteromonas flavipulchra NCIMB 2033 (98.69) ,
Pseudoalteromonas haloplanktis ANT/505 (98.69)
APC 3343 Bacteroidota Flavobacteriia Flavobacteriales Flavobacteriaceae Winodgradskyella W. thalassocola (97.8)
APC 3358 Pseudomonado  Gammaproteobacteri  Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas citrea (99.73), Pseudoalteromonas
ta a haloplanktis TAC125 (99.59)
APC 3426 Pseudomonado  Gammaproteobacteri  Pseudomonadales Moraxellaceae Psychrobacter Psychrobacter arcticus 273-4 (98.83), Psychrobacter
ta a maritimus (99.46)
APC 3213 Pseudomonado  Gammaproteobacteri ~ Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas agarivorans S816 (99.67)
ta a
APC 3215 Pseudomonado  Gammaproteobacteri ~ Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas atlantica TB41 (100)
ta a
APC 3218 Pseudomonado  Gammaproteobacteri  Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas flavipulchra NCIMB 2033 (99.8),
ta a Pseudoalteromonas issachenkonii (99.8)
APC 3227 Pseudomonado  Gammaproteobacteri  Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas flavipulchra NCIMB 2033 (99.7),
ta a Pseudoalteromonas issachenkonii (99.7)
APC 3894 Pseudomonado  Gammaproteobacteri ~ Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas agarivorans S816 (99.41),
ta a Pseudoalteromonas haloplanktis ANT/505 (99.48)
APC 3895 Pseudomonado  Gammaproteobacteri  Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas  Pseudoalteromonas flavipulchra NCIMB 2033 (99.72),
ta a Pseudoalteromonas issachenkonii (99.72),
Pseudoalteromonas haloplanktis ANT/505 (99.71)
APC3250 Pseudomonado  Gammaproteobacteri  Alteromonadales  Pseudoalteromonadaceae Pseudoalteromonas  pseydoalteromonas atlantica TB41 (100)
ta a

continued



Table S2 continued

APC 3356

APC 3907

APC 3896

APC 4016

APC 3281

APC 3900

APC 3901

APC 3903

APC 3906

5A.1

APC 3350

APC 4018

APC 4021

APC 3495

APC 3355

APC 4026

APC 4022

APC 3694

Pseudomonado
ta
Pseudomonado
ta
Pseudomonado
ta

Bacillota

Pseudomonado
ta
Bacillota

Actinomycetota
Actinomycetota
Bacillota

Pseudomonado
ta
Pseudomonado
ta
Actinomycetota

Actinomycetota

Pseudomonado
ta
Pseudomonado
ta
Pseudomonado
ta
Actinomycetota

Bacillota

Gammaproteobacteri
a
Gammaproteobacteri
a

Gammaproteobacteri
a
Bacilli

Gammaproteobacteri
a
Bacilli

Actinomycetia
Actinomycetia
Bacilli

Gammaproteobacteri
a
Gammaproteobacteri
a

Actinomycetia

Actinomycetia

Gammaproteobacteri
a
Gammaproteobacteri
a
Gammaproteobacteri
a

Actinomycetia

Bacilli

Alteromonadales
Alteromonadales
Alteromonadales
Bacillales
Pseudomonadales
Bacillales
Micrococcales
Mycobacteriales
Bacillales
Pseudomonadales
Pseudomonadales
Micrococcales
Micrococcales
Alteromonadales
Alteromonadales
Alteromonadales
Micrococcales

Bacillales

Pseudoalteromonadaceae
Pseudoalteromonadaceae
Pseudoalteromonadaceae
Planococcaceae
Moraxellaceae
Planococcaceae
Microbacteriaceae
Nocardiaceae
Planococcaceae
Moraxellaceae
Moraxellaceae
Micrococcaceae
Micrococcaceae
Pseudoalteromonadaceae
Pseudoalteromonadaceae
Pseudoalteromonadaceae
Microbacteriaceae

Staphylococcaceae

Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Planococcus
Psychrobacter
Planococcus
Microbacterium
Rhodococcus
Planococcus
Psychrobacter
Psychrobacter
Kocuria
Micrococcus
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Curtobacterium

Staphylococcus

Pseudoalteromonas atlantica TB41 (99.93)
Pseudoalteromonas atlantica TB41 (99.93)
Pseudoalteromonas flavipulchra NCIMB 2033 (99.72),
Pseudoalteromonas issachenkonii (99.72)
Planococcus okeanokoites (99.34)

Psychrobacter adeliensis (99.6), Psychrobacter
nivimaris (99.93)

Planomicrobium glaciei CHR43 (99.16)
Microbacterium foliorum (99.6), Microbacterium
oxydans (99.14)

Rhodococcus erythropolis CCM2595 (100)
Planomicrobium koreense (100)

Psychrobacter arcticus 273-4 (99.15)
Psychrobacter arcticus 273-4 (99.86)

Kocuria rhizophila P7-4 (100)

Micrococcus luteus NCTC 2665 (99.6), Micrococcus
yunnanensis (99.34)

Pseudoalteromonas atlantica TB41 (99.93),
Pseudoalteromonas haloplanktis ANT/505 (99.15)
Pseudoalteromonas haloplanktis ANT/505 (100)

Pseudoalteromonas atlantica TB41 (99.93)

Curtobacterium herbarum (99.74)

Pseudoalteromonas agarivorans S816 (99.8),
Pseudoalteromonas haloplanktis ANT/505 (99.74)

continued



Table S2 continued

APC 3224

APC 3897

APC 3898

APC 4015

Pseudomonado
ta
Actinomycetota

Actinomycetota

Bacillota

Gammaproteobacteri
a
Actinomycetia

Actinomycetia

Bacilli

Alteromonadales

Micrococcales

Micrococcales

Bacillales

Pseudoalteromonadaceae

Micrococcaceae

Microbacteriaceae

Planococcaceae

Pseudoalteromonas

Arthrobacter

Microbacterium

Planococcus

Pseudoalteromonas atlantica TB41 (99.9),
Pseudoalteromonas agarivorans S816 (99.7)
Arthrobacter luteolus (99.01)

Microbacterium lacus (99.46)

Planomicrobium glaciei CHR43 (99.16)




Table S3: Resulting statistics from the pairwise alignments of precursor peptide sequences using EMBOSS Needle.

identity similarity
query subject matrix length matches % matches % gaps score
Planococcus Pepl planococcus_Pep2 BLOSSUM50 73 37/73 50.7 51/73 59.9 6/73 228.5
cerecidin A1A6 [B. cereus] BLOSSUMS50 79 33/79 41.8 47/79 59.5 12/79 206.5
cerecidin A7 [B. cereus] BLOSSUMS50 83 35/83 42.2 47/83 56.6 20/83 214
cytolysin Ls [E. faecalis] BLOSSUM50 72 24/72 33.3 34/72 47.2 12/72 147
carnolysin A2 [C. maltaromaticum] BLOSSUMS50 75 18/75 24 35/75 46.7 22/75 110.5
cytolysin LI [E. faecalis] BLOSSUMS50 87 24/87 27.6 37/87 42.5 37/87 141.5
carnolysin Al [C. maltaromaticum] BLOSSUMS50 88 19/88 21.6 35/88 39.8 34/88 110.5
gardimycin [A. liguriae) BLOSSUMS50 82 15/82 18.3 29/82 37.8 31/82 47
mersacidin [B. amyloliquifaciens) BLOSSUM50 69 19/69 27.5 33/69 47.8 1/69 98
Planococcus Pep2 cerecidin A7 [B. cereus] BLOSSUM50 78 38/78 48.7 54/78 69.2 8/78 274
cerecidin A1A6 [B. cereus] BLOSSUM50 78 39/78 50 54/78 69.2 8/78 279
cytolysin Ls [E. faecalis] BLOSSUM50 76 30/76 39.5 40/76 52.6 18/76 162.5
carnolysin A2 [C. maltaromaticum] BLOSSUMS50 77 25/77 32.5 37/77 48.1 24/77 133.5
cytolysin LI [E.faecalis] BLOSSUMS50 89 25/89 41.6 37/89 41.6 39/89 127.5
carnolysin Al [C. maltaromaticum] BLOSSUMS50 90 22/90 24.4 36.9 40 36/90 106.5
gardimycin [A. liguriae] BLOSSUMS50 74 23/74 31.1 35/74 47.3 13/74 115.5
mersacidin [B. amyloliquifaciens] BLOSSUM40 75 24/75 32 40/75 53.3 11/75 150.5
Arthrobacter APC_3897 enterocin AS48 [E. faecalis] BLOSSUM60 108 77/108 91 108 84.3 6/108 351
peptide amylocyclicin [B. amyloliquifaciens) BLOSSUM60 120 34/120 56 120 46.7 23/120 104.5
circularin_A [C. beierinckii] BLOSSUM60 105 20/105 19 38/105 36.2 33/105 81
enterocin_nkr_5_3b [E. faecium] BLOSSUMS50 117 27/117 23.1 45/117 38.5 42/117 124.5
butyrivibriocin_AR10 [B. fibriosolvens] BLOSSUMS50 109 27/109 24.8 38/109 349 33/109 75
Curtobacterium curto_Pepl curto_Pep2 BLOSSUM40 139 39/139 28.1 51/139 35.7 58/139 174
lactococcin_972 [L. lactis] BLOSSUM40 129 28/129 21.7 39/129 30.2 46/129 118.5

continued



Table S3 continued:

mutacin_2 [S. mutans] BLOSSUM35 124 12/124 9.7 24/124 19.4 74/124 52

Curtobacterium curto_Pep2 lactococcin_972 [L. lactis] BLOSSUM35 100 34/100 34 49/100 49 12/100 188
mutacin_2 [S. mutans] BLOSSUM35 99 15/99 15.2 26/99 26.3 46/99 77.5
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Winogradskyella bathintestinalis sp.
nov., Isolated from the Intestine of the
Deep-sea Loosejaw Dragonfish,

Malacosteus niger
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Abstract

A novel bacterial strain, APC 33437, was isolated from the intestine of a deep-sea
loosejaw dragon fish, Malacosteus niger, caught at a depth of 1000m in the northern
Atlantic Ocean. Cells were aerobic, rod-shaped, yellow/orange-pigmented, non-
motile and Gram-negative. The temperature, pH and NaCl growth ranges were 4-30
°C (optimum 25 °C), 5.5-10 (pH 7.5) and 0.5-8 % (2—4 %), respectively. Phylogenetic
analysis based on 16S rRNA gene sequences showed that strain APC 3343 was most
closely related to members of the genus Winogradskyella, with the most closely
related type strains being Winogradskyella algae Kr9-97 (98.46 % identity),
Winogradskyella damuponensis FO81-2" (98.07 %), Winogradskyella eximia KMM
39447 (97.93 %), Winogradskyella litoriviva KMM 64917 (97.79 %) and
Winogradskyella endarachnes HL2-2" (97.79 %). Major fatty acids (>10 % of total)
were iso0-Ci6:0 3-OH, is0-Cis.o, anteiso-Cis.o and iso-Ci7.0 3-OH. The predominant
respiratory quinone was menaquinone-6 (MK-6). Polar lipids were
phosphatidylethanolamine, three unknown aminolipids and eight unknown lipids.
The draft genome sequence was 3.8 Mb in length with a G+C content of 33.43 mol%.
Based on the phenotypic characteristics and phylogenetic analysis, strain APC 33437
is deemed to be a novel species of the genus Winogradskyella, and for which the
name Winogradskyella bathintestinalis sp. nov. is proposed. The type strain of this

species is APC 33437 (= DSM 115832 = NCIMB 15464).

Author Notes
The GenBank accession numbers for the 16S rRNA gene sequence and the genome

sequence of strain APC 3343" are OP920974 and JASDDK0O00000000, respectively.

Abbreviations

ANI, average nucleotide identity; BGC, biosynthetic gene cluster; dDDH, digital DNA-
DNA hybridisation; MA, marine agar; MB, marine broth; gDNA, genomic DNA; OGRI,
overall genome related index; ONPG, orthonitrophenyl-B-D-galactopyranoside;

PNPG, paranitrophenyl-R3-D-galactopyranoside
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3.1. Introduction

The genus Winogradskyella was first proposed by Nedashkovskaya et al. (2005) as a
novel member of the family Flavobacteriaceae and has subsequently been amended
several times (lvanova et al., 2010, Yoon et al., 2011, Nedashkovskaya et al., 2012).
Members of the genus are Gram-stain-negative and produce non-diffusible yellow or
orange pigments. They are usually aerobic rod-shaped cells, but facultative anaerobic
and coccoid cells have also been found (Begum et al., 2013, Alejandre-Colomo et al.,
2020). To date, there are 46 type strains within the genus Winogradskyella
(https://Ipsn.dsmz.de/genus/winogradskyella).

Winogradskyella species have been isolated from a wide variety of marine habitats
such as seawater (Nedashkovskaya et al., 2015) and sediment (Wang et al., 2018),
mostly in association with algae (Nedashkovskaya et al., 2005, Nedashkovskaya et al.,
2012, Kurilenko et al., 2019, Xu et al., 2020) and marine invertebrates (lvanova et al.,
2010, Park et al.,, 2015, Franco et al.,, 2018). Culturable strains have also been
recovered from the gills of marine fish (Valdenegro-Vega et al., 2013). Most recently,
16S rRNA gene amplicons belonging to members of the genus Winogradskyella have
been detected in human faecal samples, yet no culturable representatives have been
isolated (Magzal et al., 2022). Furthermore, Winogradskyella are of increasing
biotechnological interest due to their antibiofilm activity (Rizzo et al., 2021, Dash et
al., 2009), exopolysaccharide (EPS) production (Caruso et al., 2018), heavy metal
resistance (Caruso et al., 2018) and bioremediation potential (Wang et al., 2014, Pira
et al.,, 2022).

There are suggestions that some Winogradskyella species are extremophilic: many
characterised isolates are psychrotrophic, capable of growth below 10 °C (Lee et al.,
2013, Nedashkovskaya et al., 2015) and some strains have been shown to be resistant
to freeze-thaw cycles (Caruso et al., 2018). Winogradskyella gene sequences have
been detected in habitats where sub-zero temperatures were recorded (Rapp et al.,
2018), however, growth of Winogradskyella isolates at sub-zero temperatures (under
laboratory conditions) has not yet been reported. To date, Winogradskyella ouciana
represents the only type strain of this genus to be isolated from a habitat of extreme

hydrostatic pressure (seawater from 7500m deep; He et al., 2021). This is significant
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in that hydrostatic pressure increases by one atmosphere for every 10m increase in
water depth in the ocean (Somero, 1992).

A Winogradskyella strain, designated strain APC 3343, was previously isolated from
the intestine of a deep-sea dragon fish, Malacosteus niger, by our lab group during a
study of the antimicrobial potential of deep-sea fish microbiome isolates (Uniacke-
Lowe et al., 2023). Malacosteus niger (a.k.a. Stoplight loosejaw fish) are true deep-
sea dwellers and are rarely found above the mesopelagic zone (500m deep; Harold,
2015). They have specific adaptations to survive in their natural habitat such as
unusual visual morphology for detecting specific bioluminescent wavelengths in dark
waters (Somiya and Marshall, 1982), and a diet that consists predominantly of
zooplankton (specifically copepods) but they are also capable of preying on large fish
(Sutton, 2005). It has been reported that Flavobacteriales form part of the core gut
microbiome of copepods from subtropical Atlantic and Antarctic waters (Shoemaker
and Moisander, 2017, Datta et al., 2018) and may accumulate in the copepod gut
through feeding on phytoplankton, on which Flavobacteriaceae are abundant (Datta
et al., 2018). This perhaps also suggests a dietary route for strain APC 33437 to the
deep-sea fish gut. Furthermore, Winogradskyella genomic DNA has been identified
in faecal metagenome samples from Antarctic copepods (Oh et al., 2021). However,
it is yet to be determined if Winogradskyella species are core members of the gut
microbiome of deep-sea fish.

In this study, we report the taxonomic characterization of strain APC 33437, a novel

member of the genus Winogradskyella.
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3.2. Materials and Methods

3.2.1. Isolate information

Strain APC 33437 was previously isolated from the intestinal tract of a Malacosteus
niger fish specimen. The fish was collected by research vessels in surveys in
international waters near the Grand Banks of Newfoundland in the north-western
Atlantic Ocean (43.282 N 49.121 W) from a depth of approximately 1000m (Uniacke-
Lowe et al., 2023). Bacterial isolates were recovered from fish intestinal samples, as
previously reported (Collins et al., 2021). In brief, swabs of the intestinal tract were
streaked onto Difco™ Marine Agar 2216 (MA) and incubated aerobically for 3 weeks
at 4 °C. A yellow/orange-pigmented colony was selected and purified through sub-
culturing on MA. The strain was deposited into the APC Culture Collection (APC
Microbiome Ireland, Teagasc Food Research Centre, Moorepark, Fermoy, Co. Cork,
Ireland) and designated strain APC 3343. Cells were preserved in 35% (v/v) glycerol
suspensions at —80 °C. Strain APC 33437 was routinely cultured on MA at 20-25 °C.
Winogradskyella sp. APC 3343" has been deposited into the National Collection of
Industrial, Food and Marine Bacteria (= NCIMB 15464) and the DSMZ-German
Collection of Microorganisms and Cell Cultures GmbH (= DSM 115832).

3.2.2. Genome sequencing, assembly and annotation

Strain APC 33437 was cultured in Difco™ Marine Broth 2216 (MB) for 72hrs at 20 °C.
Genomic DNA (gDNA) extraction, whole-genome sequencing (WGS) and annotation
was carried out as previously described (Uniacke-Lowe et al., 2023). In brief, the
bacterial gDNA was extracted using the GenelJET Genomic DNA Purification Kit
(Thermo Scientific, Massachusetts, USA). The gDNA was sequenced and assembled
by MicrobesNG (https://microbesng.uk/ , University of Birmingham) using the
Illumina platform and SPAdes de novo assembly method, and assembly quality was
checked using QUAST. The assembled contigs were submitted to GenBank and
annotated upon submission using NCBI’s Prokaryotic Annotation Pipeline (PGAP).
Additionally, gene annotations were made with RAST and subsystem features
determined using SEED (Overbeek et al., 2014, Aziz et al., 2008, Brettin et al., 2015).

The presence of secondary metabolite and bacteriocin biosynthetic gene clusters
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(BGCs) was queried using antiSMASH and BAGEL4, respectively, as previously

reported (Uniacke-Lowe et al., 2023).

3.2.3. 16S rRNA gene phylogeny

The complete 16S rRNA gene sequence (1522 base pairs) was extracted from the
whole genome sequence data using barrnap (v.0.9,
https://github.com/tseemann/barrnap). The 16S sequence was queried using the
EzTaxon-e server in the EzBioCloud service (Yoon et al., 2017). FASTA files of the hit
sequences were downloaded and imported into MEGA X (Kumar et al.,, 2018).
Multiple alignments with the query sequence were created using Muscle (Edgar,
2004) within MEGA X. Gaps from the 5" and 3’ ends were removed manually, and the
partial gap deletion (95 % site coverage) parameter was applied. Phylogenetic trees:
neighbor-joining, maximume-likelihood and maximum-parsimony were created in
MEGA X and inferred using the Kimura-2-parameter method (Kimura, 1980). Tree
robustness was guaranteed by bootstrap analyses based on 1000 replicates
(Felsenstein, 1985). The tree was rooted by including a sequence from the family
Flavobacteriaceae as an outlier; namely, the 16S rRNA gene sequence from

Marixanthomonas spongiae Hn-E44 (NR 179850.1).

3.2.4. Genome phylogeny

For the following pairwise average nucleotide identity (ANI) and ROARY analyses, all
available Winogradskyella reference genome assemblies (including type strains, n
=31) were downloaded from the GenBank database
(https://www.ncbi.nlm.nih.gov/data-hub/genome/). Prior to analysis using ROARY,
the assemblies were annotated using PROKKA (Seemann, 2014) to obtain the GFF3
files. The genomes of W. algae and W. damuponensis have not yet been included in
the TYGS database nor in GenBank, and we were not able to acquire these type
strains for this study.

ANI values were calculated between APC 3343T and the Winogradskyella reference
assemblies. Pairwise %ANI values were calculated with Pyani (v 0.2.12; Pritchard et
al., 2016) using the ANIm method (Richter and Rossell6-Mdra, 2009). The DSMZ type
(strain) genome server (TYGS) annotation platform (https://tygs.dsmz.de/ ; Meier-
Kolthoff and Goker, 2019) was used to calculate digital DNA—-DNA hybridization
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(dDDH) values between APC 3343T and related type strains from the database. ROARY
(Page et al., 2015) was used to determine and create alignments of the core genes of
APC 33437 and the Winogradskyella reference genomes. The genomic assembly from
Marixanthomonas spongiae Hn-E44 (GCA003095375.1) was also annotated and
included as an outlier (ROARY parameters: 90 % BLAST id, 99 % of isolates that must
have gene, 100000 cluster limit). RaxML (Stamatakis, 2014) was used to generate a
maximum likelihood phylogenetic tree from the core gene alignment, which was then

visualised in MEGA X.

3.2.5. Biochemical and phenotypic characterisation

The following tests were performed on strain APC 33437 and, unless stated otherwise,
were carried out at 25 °C under aerobic conditions. Growth at different temperatures
was tested at 4, 9, 21, 25, 30, 37, 40 and 44 °C on MA. NaCl range for growth was
tested by measuring the optical density at ODeoonm in MB with the NaCl concentration
adjusted within the range 0 — 16 % w/v (in increments of 1 % from 0-10 %NaCl, and
in increments of 2 % from 12—-16 % NaCl). The pH range for growth was tested in MB
from pH 5 to 11 (in increments of 0.5 from pH 5-9 and increments of 1 from pH 9-
11). The pH was adjusted by the addition of 1M HCl and/or 1M NaOH.

Anaerobic growth was assessed on MA incubated in an AnaeroGen anaerobic system
(Thermo Scientific Oxoid) for up to 14 days at 21 °C. Colony morphology was assessed
after incubating on MA at 25 °C for 3 days. Cells were examined using phase contrast
microscopy and scanning electron microscopy (SEM). SEM imaging was carried out
by UCD Conway Imaging Core (UCD Conway Institute of Biomolecular and Biomedical
Research, University College Dublin, Ireland). Gram staining was carried out
according to standard methods. Production of oxidase was tested using oxidase strips
(Millipore) according to manufacturer’s instructions. Production of catalase was
tested by transferring a mass of colonies onto a glass slide and exposing them to 1-2
drops of 3 % hydrogen peroxide and observing for effervescence. Observation for
motility was carried out using the hanging drop method according to the method
outlined by Bernardet et al. (2002) except that a cavity microscope slide was used.
The presence of flexirubin-type pigments was tested using the KOH method as

described by Bernardet et al. (2002).
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Artificial seawater (ASW) salts base used in the subsequent tests was prepared, as
per Kurilenko et al. (2019) and Bruns et al. (2001), as follows: 30 gL ™* NaCl, 5.94 gL
MgS0a4.7H0, 4.53 gL't MgCl,.6H20, 0.64 gL ! KCl and 1.3 gL CaCl>.2H,0. Hydrolysis
of DNA was determined by plating on DNase Test Agar (Thermo Scientific)
supplemented with ASW salts; following incubation, the DNase plates were flooded
with 1M HCI and observed for zones of clearance around colonies. Hydrolysis of
casein was tested on agar-medium (1.5 % agar) containing ASW salts supplemented
with 10 % skimmed milk powder. Hydrolysis of cellulose was tested on agar-medium
containing ASW salts supplemented with 2 gL cellulose and 5 gL peptone; following
incubation, the plate was then stained with 1 % Congo Red, washed with 1M NaCl
and observed for zones of clearance around colonies. Assimilation of Tween 80 and
starch was tested by plating on ASW-based medium containing ASW salts, 5 gL
peptone, 1 gL! yeast extract, 0.1 gL K;HPO4, 15 gL agar and 1 % v/v Tween 80 or
0.2 % w/v starch. Production of hydrogen sulfide was determined using Watman®
lead acetate strips (Sigma-Aldrich) suspended above an inoculum of the strain in MB
for up to 7 days.

Remaining biochemical tests were carried out using the API 20E and APl 20NE kits
(bioMérieux SA, Marcy-I'Etoile, France) incubated at 25 °C for up to 5 days, the API
ZYM kits, incubated at 25 °C for 18h; and the Genlll Microplate (Biolog) incubated at
25 °C for up to 7 days. Results were recorded every day. Bacterial suspensions were
prepared in ASW (3 % NaCl) for the API test kits. For the Gen Il microplate, protocol
B was used with inoculating fluid B (IFB) supplemented with 2 % NaCl. Due to the
mucoid nature of strain APC 33437, the inoculum for the IFB was prepared from broth
culture. In brief, an overnight culture of strain 3343 was resuspended and washed in
PBS. The PBS cell suspension was then used to inoculate the IFB to the correct cell
density.

Analyses of cellular fatty acids, polar lipids and respiratory quinones were carried out
by DSMZ (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH, Braunschweig Germany) For fatty acid and polar lipid analyses, strain
APC 33437 was cultivated in MA at 25 °C. Cellular fatty acids were determined using

the Sherlock MIS (MIDI) system (v6.1, TSBA40 method, TSBA6 calculation).
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Susceptibility to antibiotics was determined using the disc-diffusion method on MA
with commercial antibiotics discs (Oxoid) with the following antibiotics: ampicillin (10
ug), chloramphenicol (30 pg) erythromycin (15 pg), gentamicin (10 pg), kanamycin
(30 pg), lincomycin (15 pg), neomycin (30 pg), novobiocin (5 pg), oleandomycin (15
ug), penicillin G (10 U), polymyxin B (300 U), rifampcin (30 pg), streptomycin (10 ug)
and tetracycline (30 pg). Zone diameters were measured after 36hrs at 25 °C
(aerobic). Due to the lack of CLSI guidelines for interpretation criteria for the genus
Winogradskyella, antibiotic susceptibility and resistance was interpreted as no
growth or growth, respectively, in accordance with previous species descriptions of

taxonomic neighbours (Kurilenko et al., 2019, Lee et al., 2013).
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3.3. Results

3.3.1. Genomic features and characterisation

The draft genome assembly of strain APC 33437 was 3,832,957 bp in length with a
G+C content of 33.43 %. The draft assembly consisted of 53 contigs. An overview of
the general characteristics of the draft genome of strain APC 33437 is given in Table
1. An overview of the RAST annotation of subsytem features is given in Fig. 1. In total,
978 subsytem features were identified across 25 categories. The largest subsystem
category was ‘amino acids and derivatives’ for which 197 features were identified,
representing 20 % of the overall features. The second largest category was ‘cofactors,
vitamins, prosthetic groups and pigments’ for which 130 (13 %) features were
identified; this category included genes associated with riboflavin metabolism and
Vitamin B biosynthesis. Some other interesting subsystems in this strain identified by
RAST included heavy metal resistance (copper homeostasis x5 features, cobalt-zinc-
cadmium resistance x4, resistance to fluoroquinolones x2) and stress response
(including cold shock x1, oxidative stress x9). Among the secondary metabolism
features were genes associated with plant alkaloid synthesis and auxin biosynthesis.
No features associated with motility were identified, which is in agreement with the
phenotypic motility test results. It was also noted that more features were dedicated

to protein metabolism (103) than carbohydrate metabolism (92).

3.3.2. Secondary metabolite BGC and bacteriocin gene screening

Four secondary metabolite BGCs were identified using antiSMASH: two terpenes, one
type-3 polyketide synthase (T3PKS) and one hybrid non-ribosomal peptide
synthetase (NRPS) — type-1 polyketide synthase (T1PKS). One of the terpene BGCs
was most similar to that of carotenoid, at 28 % similarity. The T3PKS shared 8 %
similairity to a beta-lactam BGC in the database from an uncultured organism. The
remaining BGCs of APC 3343" had no identifiable cluster hit within the antiSMASH
database. BAGEL4 identified one sactipeptide BGC, though it lacked a core
sactipeptide gene. One of the genes in the cluster shared 41.4 % similarity to modA,
a gene encoding the radical S- adenosyl-L - methionine (SAM) family protein GTP-3’,8-
cyclase (uniprot B7ULX8). An overview of the antiSMASH and BAGEL screening results

is given in Table S1.
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3.3.3. 16S rRNA phylogenetic analysis

The 16S rRNA gene sequence similarity analysis indicated that APC 3343 was most
closely related to members of the genus Winogradskyella within the family
Flavobacteriaceae. The APC 33437 sequence shared the highest similarity with that
of Winogradskyella algae Kr9-9" (98.46 % similarity; Kurilenko et al., 2019) followed
by Winogradskyella damuponensis F081-2T7 (98.07 %; Lee et al, 2013),
Winogradskyella eximia CECT7946" (97.33 %; Nedashkovskaya et al., 2005),
Winogradskyella litoriviva KMM 64917 (97.79 %; Nedashkovskaya et al., 2015) and
Winogradskyella endarachnes HL2-2T (97.79 %; Xu et al., 2020). These closely related
strains were selected to be used as reference strains for the comparative phenotypic,
biochemical and chemotaxonomic analyses. The 16S rRNA sequence % similarity
values between APC 3343T and the reference strains are below the currently
accepted threshold of 98.7 % for species (Chun et al., 2018), indicating that strain
33437 s a separate species of the genus Winogradskyella. In the maximum-likelihood
(Fig. 2) and neighbor-joining (Fig. S1) phylogenetic trees, generated from the 16S
rRNA gene sequence alignments, APC 33437 placed closely to Winogradskyella algae
Kr9-9. In the maximum parsimony phylogenetic tree APC 3343" formed its own clade

(Fig. S2).

3.3.4. Genome phylogenetic analysis

The %ANI values between APC 33437 and the available Winogradskyella type strain
reference genomes ranged from 83.69 % to 85.03 % (Fig. 3). The ANI alignment
coverage ranged from 1 % to 28 % (data not shown). An overview of the dDDH values
and G+C content % difference between APC 3343" and the top TYGS database hits
are given in Table S2. The dDDH (d4) values between APC 3343T and W. eximia, W.
litoriviva and W. endarachnes were 23.4 %, 22.6 % and 21.5 %, respectively. ANl and
dDDH values of 95-96 % and 70 %, respectively, are considered the general cut-off
for species and should be assessed as part of the overall genome related index (OGRI)
when the 16S rRNA gene sequence %identity values are 298.7 % (Chun et al., 2018).
The ANI and dDDH values in this study indicate that strain APC 33437 is a separate
species among these Winogradskyella reference genomes. ROARY was used also to

assess phylogeny based on the alignment of 33 core genes from strain APC 33437, the
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reference Winogradskyella genomes and the outlier, Marixanthomonas spongiae Hn-
E44. The maximum-likelihood phylogenetic tree generated from this core gene

alignment is shown in Fig. S3.

3.3.5. Biochemical and phenotypic characterisation

Strain APC 3343T was found to be aerobic, Gram-stain-negative and non-motile.
Colonies were circular, smooth and convex, measuring 0.8 - 1.2mm after incubating
on MA at 25 °C for 3 days (Fig. 4). Colonies produced a pale yellow, non-flexirubin-
type pigment and intensified in colour with prolonged incubation time, resulting in
colonies turning progressively. Cells were rod-shaped (1-1.5um x 0.3um) without
flagella (Fig. 5). SEM images of clustering cells revealed the presence of network-like
structures on the cell surface of strain APC 33437 (Fig. 5B). Similar structures have
been described for W. thalassocola KMM 39077, W. epiphytica KMM 3906" and W.
eximia KMM 39447 but are not present on other Winogradskyella species such as W.
haliclonae (Schellenberg et al., 2017). Such structures are believed to be an
adaptation for cellular attachment and aggregate formation (Nedashkovskaya et al.,
2005).

Differential characteristics between APC 33437 and the reference Winogradskyella
strains (Winogradskyella algae Kr9-9T [Kurilenko et al., 2019], Winogradskyella
damuponensis FO081-2T [Lee et al., 2013], Winogradskyella eximia CECT7946T
[Nedashkovskaya et al., 2005, Nedashkovskaya et al., 2012], Winogradskyella
litoriviva KMM 6491T [Nedashkovskaya et al.,, 2015] and Winogradskyella
endarachnes HL2-2T [Xu et al., 2020]) are provided in Table 2. All data for strain APC
33437 is from this study. The phenotypic and biochemical data for the reference
strains was acquired from the respective literature. In the phenotypic assays, APC
3343"T shared a number of characteristics that are in accordance with
Winogradskyella species (Nedashkovskaya et al., 2005), such as a requirement for
NaCl, alkaline phosphatase, oxidase and catalase and gelatin degradation activities,
except strain APC 3343" did not degrade DNA. The temperature range for growth of
strain APC 33437, of 4-30 °C (optimum 21-25 °C), was lower than those of the
reference Winogradskyella strains (Nedashkovskaya et al., 2005, Nedashkovskaya et
al., 2012, Nedashkovskaya et al., 2015, Wang et al., 2018, Park et al., 2015, Lee et al.,
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2013). The NaCl range for growth of strain APC 3343, at 0.5-8 % (optimum 2-4 %),
was wider than those of the reference strains, though almost identical to that of W.
litoriviva KMM 64917 (0.5-7 %NaCl; Nedashkovskaya et al., 2015). The pH range for
growth of strain APC 33437 was 5.5-10 (optimum 7-8), equal to that of W. algae Kr9-
9" (Kurilenko et al., 2019) and W. litorviva KMM 64917 (Nedashkovskaya et al., 2015).
The main differences observed between strain APC 33437 and the reference strains
in the phenotypic assays were in its ability to produce, albeit weakly, lipase and B-
glucosidase. Strain APC 33437 also uniquely showed some B -galactosidase activity
with paranitrophenyl-B-D-galactopyranoside as the substrate (API 20NE PNPG assay).
It is to be noted that the Biolog Gen lll plate results were difficult to interpret due to
apparent weak metabolic activity by strain APC 3343, This is possibly an indication
of the fastidious nature of this strain or an inability to grow on a single carbon source.
A second assay using the Gen Il microplates and protocol C2 with inoculating fluid C
(for fastidious organisms) was also carried out, however, some colour production
(oxidation) was observed in the negative control well and therefore these results
were not used. From the APl ZYM assay results, APC 3343T was positive for alkaline
phosphatase, esterase, esterase lipase, leucine arylamidase, valine arylamidase,
cystine arylamidase, acid phosphatase and naphthol-as-bi-phosphohydrolase
activity; weakly positive for lipase (C14), a-glucosidase and B-glucosidase activity and
negative for trypsin, a-chymotrypsin, a-galactosidase, B-galactosidase (2-naphthyl-R3-
D-galactopyranoside as substrate), B-glucuronidase, n-acetyl-B-glucosaminidase,
mannosidase and fucosidase activity.

The predominant (>10 % of total) cellular fatty acids of strain APC 3343" were iso-
Ci6:0 3-OH (13.3 %), iso-Cis:0 (13.1 %), anteiso-Cis.p (11.9 %) and iso-Ci7:0 3-OH (10.6
%). The full list of identified cellular fatty acids in this strain and those of the reference
strains are provided in Table 3. APC 33437 contained a unique fatty acid profile
compared to the reference strains, particularly with regard to the hydroxy and
saturated fatty acids and summed-in features (Nedashkovskaya et al., 2015,
Nedashkovskaya et al., 2012, Wang et al., 2018, Park et al., 2015, Lee et al., 2013).
Unusually, a trace amount (<1 %) of an unknown fatty acid of an estimated carbon
length (ECL) of 13.565 was identified in strain APC 33437, The sole respiratory quinone

was menaquinone 6 (MK6), in accordance with members of the genus
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Winogradskyella (Nedashkovskaya et al., 2005). The cellular polar lipid profile of APC
33437 consisted of phosphatidylethanolamine, three unknown aminolipids and eight
unknown lipids (Fig. S4) and, when compared to the reference strains, was most
similar to that of W. algae Kr9-9" (Kurilenko et al., 2019) except that APC 33437
contained a higher number of unknown/unidentified lipids (Table S3).

Strain APC 3343" was susceptible to ampicillin (10 pg), chloramphenicol (30 pg),
erythromycin (15 pg), lincomycin (15 pg), novobiocin (5 pg), oleandomycin (15 pg),
penicillin G (10 U), rifampcin (30 pg) and tetracycline (30 pg); and resistant to
gentamicin (10 pg), kanamycin (30 pg), neomycin (30 pg), polymyxin B (300 U) and
streptomycin (10 pg). The antibiotic susceptibility profile of strain 33437, including
the zone diameter measurements, is given in Table S4. Antibiotic susceptibility and
resistance were interpreted as no growth or growth, respectively, in accordance with
previous species descriptions of taxonomic neighbours (Kurilenko et al., 2019, Lee et
al., 2013) and due to the lack of CLSI guidelines for interpretation criteria for the
genus Winogradskyella. It was also noted that members of the Winogradskyella
genus lack standardised protocols for growth conditions from which phenotypic
information has been described, such as the use of MA rather than Mueller-Hinton,
and variable growth temperatures among species representatives ranging from 28 °C
for W. algae and 25 °C for W. damuponensis, rather than the recommended
incubation temperature of 18 °C for psychrophilic Flavobacteriaceae (Lee et al.,
2013). Only three species within this genus (W. lutea [Yoon et al., 2011], W. flava [Lee
et al., 2017], and W. damuponensis [Lee et al., 2013]) reported to have followed CLSI
guidelines, with none detailing the break-point values used to assign
resistance/susceptibility, and only one (W. maritima) stating interpretations were
performed according to the CLSI criteria for the family Enterobacteriaceae (Kang et
al., 2017). This divergence in antimicrobial susceptibility testing highlights a
deficiency in the standardisation within this group, however, we have reported our
results in line with the existing literature.

Strain APC 33437 clearly differed from the most closely related strain, W. algae Kr9-
9" (Kurilenko et al., 2019), in its inability to reduce nitrate or hydrolyse cellulose, lack

of a-chymotrypsin activity and its sensitivity to ampicillin, erythromycin, lincomycin
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and tetracycline (as well as the above-mentioned range for growth parameters).
These assays may be useful in differentiating these two strains.

Based on the combination of phylogenetic distance, phenotypic and biochemical
characteristics, strain APC 33437 represents a novel species for which we propose the

name Winogradskyella bathintestinalis sp. nov..
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3.4. Description of Winogradskyella bathintestinalis sp.

nov.

Winogradskyella bathintestinalis (bath.in.tes.ti.na’lis. Gr. masc. adj. bathys, deep;
N.L. masc. adj. intestinalis, pertaining to the intestine; N.L. fem. adj. bathintestinalis,
of the deep intestine). Cells are Gram-stain-negative, rod-shaped (1-1.5um x 0.3um),
aerobic, non-motile and non-flagellated. Colonies are pale yellow/orange-
pigmented, raised, circular, shiny/mucoid with smooth margins after incubation on
MA at 25 °C for 3 days. Cell-associated filaments are produced. Pigments are non-
flexirubin-type. Growth occurs at 4-30 °C (optimum 21-25 °C), 0.5-8 % NaCl
(optimum 2-4 %) and pH 5.5-10 (optimum pH 7-8). Positive for oxidase and catalase
activity. H,S is weakly produced under aerobic conditions. Positive for hydrolysis of
Tween 80, weakly positive for hydrolysis of starch. Agar, casein, cellulose and DNA
are not hydrolysed. From the API 20E assay results: positive for gelatinase and weakly
positive for tryptophan deaminase activity; negative for activity of B-galactosidase
(OPNG assay), arginine dihydrolase (anaerobic), lysine decarboxylase (anaerobic),
ornithine decarboxylase (anaerobic) and urease (anaerobic); negative for citrate
utilisation and H,S production (anaerobic) and negative for acid production from D-
glucose, D-mannitol, inositol, D-sorbitol, L-rhamnose, D-sucrose, D-melibiose
amygdalin, L-arabinose. From the APl 20NE assay results: positive for hydrolysis of
gelatin and esculin; weakly positive for activity of B-galactosidase (PNPG assay);
negative for nitrate reduction, indole production, fermentation of glucose, arginine
dihydrolase activity (anaerobic), urease production (anaerobic), and negative for
assimilation of D-glucose, L-arabinose, D-mannose, D-mannitol, n-acetyl-
glucosamine, D-maltose, potassium gluconate, capric acid, adipic acid, malic acid,
trisodium citrate and phenylacetic acid. From the Biolog Genlll assay: positive for
oxidation of D-trehalose, sucrose, stachyose, D-melibiose, N-acetyl-B-D-
mannosamine, N-acetyl-D-galactosamine, N-acetyl neuraminic acid, L-fucose, L-
glutamic acid, acetoacetic acid and acetic acid; weakly positive for oxidation of D-

maltose, D-cellobiose, gentobiose, D-turanose, a-D-lactose, a-D-glucose, D-
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mannose, D-fructose, D-galactose, D-fucose, L-rhamnose, sorbitol, D-mannitol, D-
arabitol, myo-inositol, glycyl-L-proline, glucuronamide, mucic acid and a-keto-
glutaric acid; negative for the remaining 40 substrates. The sole cellular respiratory
quinone is menaquinone-6 (MK6). The cellular polar lipids are
phosphatidylethanolamine, three unknown aminolipids and eight unknown lipids.
The major cellular fatty acids are iso-C16:0 3-OH, iso-C 15.0, anteiso-Cis.0 and iso-C17:0 3-
OH.

The type strain APC 33437 (= DSM 115832 = NCIMB 15464) was isolated from the
intestinal tract of a deep-sea fish, Malacosteus niger, from a depth of approximately
1000m in the Northern Atlantic Ocean (43.282 N 49.121 W). The DNA G+C content of
the type strain is 33.43 mol%.

The GenBank accession numbers for the 16S rRNA gene sequence and the genome

sequence of strain APC 33437 are OP920974 and JASDDK0O00000000, respectively.
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3.6. Chapter 3 Figures and Tables

Table 1: General characteristics of the draft genome of strain APC 33437,

Genomic feature

Draft genome size (bp)
G+C content (mol%)
N50

L50

Number of contigs
Largest contig

CDS

RNA genes (RAST)
rRNA genes (RAST)
rRNA genes (barrnap)
tRNA genes (RAST)
AMR genes (ABRicate)

3832957
33.43
1042040
2
53
1191771
3371
37
1
6
36
0

~ 113~



Chapter 3

Amino Acids and Derivatives (197)
Cofactors, Vitamins, Prosthetic Groups, Pigments (130)
Protein Metabolism (103)
Carbohydrates (92)
Nucleosides and Nucleotides (72)
RNA Metabolism (43)
DNA Metabolism (66)
Fatty Acids, Lipids, and Isoprenoids (38)
Membrane Transport (35)
Cell Wall and Capsule (30)
Respiration (25)
Virulence, Disease and Defense (24)
Stress Response (16)
Miscellaneous (15)
Potassium metabolism (14)
Regulation and Cell signaling (14)
Phosphorus Metabolism (13)
Nitrogen Metabolism (12)
Metabolism of Aromatic Compounds (11)
Phages, Prophages, Transposable elements, Plasmids (9)
| Secondary Metabolism (6)
Sulfur Metabolism (6)
Cell Division and Cell Cycle (3)
Dormancy and Sporulation (2)
M Iron acquisition and metabolism (2)

Fig. 1. Overview of RAST annotation of subsystem features from the draft genome of APC 3343, The
counts of features per subsystem category are given. The total number of subsystem features was
978.
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50 - Winogradskyella wichelsiae Z738" (JABFDJ010000014)
63 | Winogradskyella undariae WS-MY5" (KC261665)
Winogradskyella psychrotolerans RS-3" (ATMR01000166)
Winogradskyella pacifica CECT 7948" (QREI01000019)
Winogradskyella helgolandensis Z963" (JABFHO010000001)
Winogradskyella costae 23138 (JABFDK010000017)
Winogradskyella ludwigii HL116" (JABFDF010000012)
Winogradskyella lutea A737 (FJ919968)
Winogradskyella thalassocola DSM 15363 (jgi.1068014)
Winogradskyella sediminis S5-23-3" (KF312887)
Winogradskyella vidalii HL634" (JABFDG010000018)
Winogradskyella rapida SCB36" (U64013)
Winogradskyella arenosi CECT 7958" (QPJO01000012)
Winogradskyella crassostreae TYO-19" (KP981392)
100 Winegradskyella epiphytica KMM 3906 (AY521224)

Winogradskyella damuponensis F081-2" (HQ336488)
Winogradskyeila eximia CECT 7946" (QRDV01000015)
APC 33437 (OP920974)
Winogradskyella algae Kra-9" (LC412746)
Winogradskyella pocilloporae AFPH31T (MG571571)
100 Lacinutrix cladophorae 7Alg 47 (KU510085)

Lacinutrix himadriensis E4-9a" (FN377744)

Flavihalobacter algicola Dm15T (KR080553)
Winogradskyella litorisediminis DPS-8" (JQ432561)

o1 Winogradskyella haliclonae M1A16" (KX640900)
s.EL

79

Winogradskyelia jejuensis DSM 25330 (jgi.1108024)
Winogradskyella wandonensis WD-2-2" (KF768343)

59  Winogradskyella schieiferi Z215 (CP053351)

Winogradskyella forsetii HL857" (CP053348)

Winogradskyella profunda Ch38T (LC379511)

Winogradskyella multivorans T-Y17 (JQ354979)
Winogradskyella endarachnes HL2-2" (MN720617)
Winogradskyella eckloniae EC29" (JF820845)
Winogradskyella litoriviva KMM 64917 (JX174421)
Winogradskyella puichriflava EM106 (JN896598)
Winogradskyella ulvae KMM 63907 (HQ456127)
Winogradskyella echinorum KMM 62117 (EU727254)
Winogradskyella poriferorum UST030701-295" (AY848823)
Winogradskyella maritima HME9613" (KM017081)
Winogradskyella exilis 022-2-26" (FJ595484)
Winogradskyella aurantia WNB302" (KX857462)
Winogradskyella flava SFD31T (KX279346)
Winogradskyella ouciana ZXX205T (MK660098)

Marixanthomonas spongiae HN-E44" (NR 179850.1)

e —
0.02

Fig. 2. Maximum-likelihood tree based on 16S rRNA gene sequences showing the
relationship of strain ACP 3343"and other members of the genus Winogradskyella and
related taxa. Distances were calculated based on the Kimura two-parameter model.
Bootstrap values as % based on 1000 replications (>50 %) are shown beside each branch
node. Bar, 0-02 substitution per nucleotide position.
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W. echinorum KCTC 22026 (GCA_014284085.1)
APC 3343 (GCA_030407435.1)

endarachnes HL2-2 (GCA_009741275.1)
litoriviva KMM6491 (GCA_013249065.1)
eckloniae EC29 (GCA_013249045.1)
marina F6397 (GCA _015645385.1)

vidalii HL634 (GCA 013403955.1)
sediminis RHA_55 [{GCA_900105425.1)
tangerina M1309 (GCA_003260205.1)
luteola WHY3 (GCF_019203985.1)
aurantiaca IMCC20180 (GCA_003362725.1)
flava KCTC 52348 (GCA_014243395.1)
ouciana ZXX205 (GCA_009709615.1)
ursingii HL4150 (GCA_013403975.1)
jejuensis DSM 25330 {GCA_900129745.1)
wandonensis CECT 8445 (GCA_004346845.1)
arenosi CECT 7958 (GCA_003337305.1)
haliclonae CCM 8681 (GCA _014635865.1)
epiphytica CECT 7945 (GCA 003217215.1)
aurantia WNB302 (GCA_002266855.1)
algicola IMCC33238 (GCA_005869935.1)
forsetii HLB57 (GCA_013394595.1)
schleiferi Z215 (GCA 013394655.1)
psychrotolerans RS-3 (GCA_000427335.1)
pacifica CECT 7948 (GCA_003386275.1)
thalassocola DSM 15363 {GCA_900099995.1)
eximia CECT 7946 (GCA _003386165.1)
helgolandensis Z354 (GCA_013394675.1)
costae 73138 (GCA_013403865.1)

ludwigii HL116 (GCA_013403985.1)
undariae Ha325 (GCA_013404055.1)
wichelsiae Z738 (GCA_013403925.1)

gl 1TIA T}
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A_005869935

W. aurantia WNB302 (GCA_002266855

GCA_013404055

GCA_013403985

GCA_013403865

GCA_013394675

GCAZ003386165

GCA_900099995
GCAZ013394655

GCA 013394595
GCA_003217215
GCA_003337305

GCA_004346845

GCA~900129745

GCA_013403975

GCA_009709615

GCA_014243395

GCA_013403925

W. vidalii HLE34

W. eckloniae EC29

W. costae Z3138
W, litoriviva KMM6491

W. helgolandensis 2354
tica CECT 7945

o
W. arenosi CECT 7958

W. wandonensis CECT 8445
W. lutecla WHY3

W. ludwigii HL116
W. schieiferi 2215
W. forsetii HL857

W. algicola IMCC33238 (GC
W. tangerina M1309
W. sediminis RHA 55

W. wichelsiae 2738
W. undariae Ha325
W. ursingii HL4150

W. ouciana ZXX205
W. flava KCTC 52348

W. eximia CECT 7946
thalassocola DSM 15363
W. pacifica CECT 7948

W. aurantiaca IMCC20180

W. psychrotolerans RS
W. jejuensis DSM 25330

W. epiph

W. halic
W. echinorum KCTC 22026

W.

Fig. 3. Pairwise average nucleotide identity (ANI) of APC 33437 and all available Winogradskyella type
strain reference genomes from the GenBank database. ANI values were calculated using Pyani using
the ANIm method. Blue cells correspond to an ANI of <95 %, indicating separate species. Red cells
correspond to an ANI of >95 %, indicating the same species. The colour intensities lighten as the ANI
value approaches 95 %. The dendrograms are created by hierarchal clustering of the pairwise ANI
values.
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Fig. 4. Colonies of strain APC 33437 (after 3 days on MA at
25 °C).

300 nm EHT=0800kV  Signal A = SE2 Image Pixel Size = 2.066 nm 3 Nov 2021 E 1 pm EHT=0.800kV  Signal A = SE2 Image Pixel Size = 5,899 nm 3 nov2021 AN

WwD= 40mm  Mag= 400.00 KX Width=4,220 ym 1erse wD=40mm Mag= 140.00 KX Width = 12.08 pm 120020

Fig. 5. Scanning electron microscopy image of APC 3343 at x400K (a) and x140K (b).
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Table 2. Differential characteristics of isolate APC 33437 and closely related Winogradskyella type
strains.

Strains: 1, APC 33437 (data from this study); 2, W. algae Kr9-9" (data from Kurilenko et al. [2019]); 3,
W. damuponensis F081-2T (data from Lee et al. [2013]); 4, W. eximia KMM 39447 (data from
Nedashkovskaya et al. [2005] and Nedashkovskaya et al. [2012]); 5, W. litoriviva KMM 64917 (data
from Nedashkovskaya et al. [2015]); 6, W. endarachnes HL2-2T (data from Xu et al. [2020]). nd, No data
available; +, positive; —, negative; w, weakly positive

Characteristic 1 2 3 4 5 6

Growth at/with:

37°C - - - - - +
Temperature range (°C) 4-30 7-36 4-35 4-35 4-34 20-40
Optimum (°C) 21-25 28-30 25-30 21-23 25-28 30
NaCl range (%, w/v) 0.5-8 2-6 1-5 1-8 05-7 0-5
pH range 55-10 5.5-10.0 6.0-9.5 ND 5.5-10 5.5-8
Nitrate reduction - + - - - ND
Glucose fermentation - - - - + +
H2S production w W - - W ND
Hydrolysis:
Aesculin + + + + + ND
Casein - - - + - ND
DNA - - + - - ND
Starch w + - + + ND

Assimilation of:

Cellobiose w ND + - + +
D-galactose + ND + - + ND
D-glucose - - + + + +
D-mannose - - + + + +
Mannitol - - + + - +

Enzyme activity (API ZYM):

Esterase + + + + w +
Esterase lipase + + + + + +
Lipase (C14) w - - - - +
Leucine arylamidase + + + - + +
Valine arylamidase + + + + + +
Cystine arylamidase + w + - + +
Trypsin - - - - - +
a-Chymotrypsin - + - - + +
a-Galactosidase - - - + - _
continued
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Table 2. Continued:

Characteristic

o-Glucosidase

B-Glucosidase

Ampicillin
Chloramphenicol
Erythromycin
Gentamicin
Kanamycin
Lincomycin
Neomycin
Oleandomycin
Penicillin G
Polymyxin B
Rifampcin

Streptomycin

Tetracycline

Susceptibility to antibiotics:

ND

ND
ND

ND
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Table 3. Cellular fatty acid compositions (%) of APC 3343" and closely related type strain members of
the genus Winogradskyella

Strains: 1, APC 33437 (data from this study); 2, W. algae Kr9-9" (Kurilenko et al., 2019); 3, W.
damuponensis F081-2T (Lee et al., 2013); 4, W. eximia KMM 3944T (Nedashkovskaya et al., 2005); 5,
W. litoriviva KMM 64917 (Nedashkovskaya et al., 2015); 6, W. endarachnes HL2-2" (Xu et al., 2020).
Major fatty acids (>10 %) are highlighted in bold. Fatty acids amounting <1.0 % for all reference strains
are not shown. tr, Trace amount (<1 %); -, not detected. ECL, estimated carbon length.

Fatty acid 1* 2t 3* 4t 5¥* 6%
Saturated:
Ciso TR 8.3 53 7.9 6.4 -
Ci6:0 - 1.8 TR - TR 19.6
Ci17.0 cyclo - - - 23 - -
Ciso - - - - - 2.1
Unsaturated:
Cisi1 - 2.7 - - - -
Ci5:1 W6C 2.8 - 1.9 - 1.4 -
Ci5:1 w8c - - - - 1.7 -
Ci6:1 - 3.2 - - - -
Ci7:1 wW6C 2.8 - 1.1 - - -
Cig:1 w5cC - - 2.5 - - -
Branched chain:
iso-C12:0 - - - - - 1.3
is0-C13.0 - - - - - 13
is0-Cia:0 1.4 13 1.3 1.4 - TR
is0-Cis:0 13.1 14.4 25.3 25.6 19.4 37.0
iso- Ci5.1 - 9.9 - 11.4 15.5 -
is0-Ci5:1 G 9.0 - 14.6 - - 8.9
is0-Ci6:0 2.2 2.7 1.9 5.7 TR -
is0-Ci6:1 - 1.8 - 4.7 - -
is0-Cy6:1 H 4.3 - 2.2 - - -
anteiso-Ciso 11.9 12.7 7.8 4.9 9.5 4.1
anteiso-Cis:1 - - - 1.6 4.8 -
anteiso-Cis:1 A 4.4 34 3.9 - - -
anteiso-C17:1 - - - 2.3 - -
anteiso-Ci7.1 w9c 2.6 - - - - -
Hydroxy:
Ci5,0 2-OH 3.0 - 2.0 1.0 - TR
Ci5.0 3-OH - - 1.2 - TR -
Ci6:0 3-OH - 1.5 TR - TR -
Ci17,02-OH 5.2 - 2.6 1.0 - TR
Cig:0 2-OH - - - - - 1.0
iso-Cys.0 2-OH - 14 - - - 1.9
continued
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Table 3. Continued

Fatty acid 1* 2t 3* 4t 5¥* 6%
iso-C1s.0 3-OH 4.7 3.6 7.6 2.6 9.6 7.8
iSO-Cls;o 2-OH - - - - 1.2 -
iso0-C1g:0 3-OH 133 129 6.7 3.2 4.6 1.6
iso-C17.0 3-OH 10.6 7.4 9.3 6.7 8.4 8.1
anteiso-Cys,0 2-OH - 1.7 - - - -
anteiso-Cys,0 3-OH - 2.5 - - - -
anteiso-Cy7.0 3-OH - 4.5 - - 4.7 -

Methylated:

C16:O 10 methyl - - - 6.3 - -

Other:

Ci6:1 W7, is0-Cys0 2-
OH 6.1 5.8
TR
Unknown (ECL13.6) - - 5.6 - -
7.0 (Ci61 2.0 (Ci6:1
Summed feature 3 w7c/ Ciea - w6c and/or - - -
w6c) C16;1 w7c)
2.4 (Cro- TT:(ISO-
1.8 (iso- methyl 17:1
f - - 10-
Summed feature 9 C17:1 wc) and/or iso- w9c/10
methyl-
C17:.1 w9c)
Cis:0)

*Analysis carried out at 25 °C.
tAnalysis carried out at 28 °C.
$Analysis carried out at 30 °C.
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3.7. Chapter 3 Supplementary Material

Table S1: Overview of in silico screening for secondary metabolite BGCs and bacteriocin gene clusters
using antiSMASH and BAGEL, respectively, within the genome of strain APC 3343,

Most similar known % Similarity

Query Hit type Node / database hit / match Accession / motif  Database

APC 3343 Sactipeptides 1 GTP 3',8-cyclase 41.4 A8MLWS5 BAGEL4
(moaA)

Nrps-T1pks 2 none - - antiSMASH

T3pks 1 NRP: Betalactam 8 BGC0000350 antiSMASH

Terpene 4 Carotenoid 28 BGCO000650 antiSMASH

Terpene 5 none - - antiSMASH

BGC = biosynthetic gene cluster; NRP = non-ribosomal peptide; Nrps = Non-ribosomal peptide
synthetase; T1lpks = Type one polyketide synthase; T3pks = Type three polyketide synthase.
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Winogradskyella wichelsiae Z738" (JABFDJ010000014)
Winogradskyella undariae WS-MY5" (KC261665)
Winogradskyella pacifica CECT 7948" (QREI01000019)
Winogradskyella psychrotolerans RS-3" (A\TMR01000166)
Winogradskyella helgolandensis Z963" (JABFHO010000001)
Winogradskyella costae Z3138" (JABFDK010000017)
Winogradskyella thalassocola DSM 15363" (jgi.1068014)
Winogradskyella sediminis S5-23-3" (KF312887)
Winogradskyella vidalii HL634" (JABFDG010000018)
Winogradskyella rapida SCB36" (U64013)

Winogradskyella arenosi CECT 7958" (QPJO01000012)
Winogradskyella ludwigii HL116™ (JABFDF010000012)
Winogradskyella lutea A73" (FJ919968)
Winogradskyella crassostreae TYO-19" (KP981392)
Winogradskyella epiphytica KMM 3906" (AY521224)
Winogradskyella schleiferi Z215" (CP053351)

Winogradskyella forsetii HL857" (CP053348)
Winogradskyella profunda Ch38" (LC379511)
Winogradskyella multivorans T-Y17 (JQ354979)
_‘:Mﬁnogradskyella damuponensis F081-2" (HQ336488)

Winogradskyella eximia CECT 7946" (QRDV01000015)
75 APC 3343" (OP920974)

Winogradskyella algae Kr9-9" (LC412746)
Winogradskyella endarachnes HL2-2" (MN720617)

74 Winogradskyella litoriviva KMM 64917 (JX174421)

74 Winogradskyella eckloniae EC29" (JF820845)
Winogradskyella pocilloporae AFPH31T (MG571571)
Lacinutrix cladophorae 7TAlg 4" (KU510085)
Lacinutrix himadriensis E4-9a" (FN377744)
Flavihalobacter algicola Dm15" (KR080553)
Winogradskyella litorisediminis DPS-8" (JQ432561)

39 Winogradskyella haliclonae M1A16" (KX640900)
s;TEWinogradskyella jejuensis DSM 253307 (jgi.1108024)
62 Winogradskyella wandonensis WD-2-2" (KF768343)
Winogradskyella ulvae KMM 63907 (HQ456127)
Winogradskyella echinorum KMM 62117 (EU727254)
90 Winogradskyella pulchrifiava EM108" (JN896598)
Winogradskyella poriferorum UST030701-295" (AY848823)
Winogradskyella flava SFD31" (KX279346)
Winogradskyella maritima HME9613" (KM017081)
Winogradskyella exilis 022-2-26" (FJ595484)
Winogradskyella aurantia WNB302" (KX857462)
Winogradskyella ouciana ZXX205" (MK660098)
Marixanthomonas spongiae HN-E44T (NR 179850.1)

55

100

100

—_
0.02

Fig. S1. Neighbor-joining phylogenetic tree based on the 16S rRNA gene sequences of APC 33437
and closely related hits identified through EzBioCloud. Distances were calculated based on the
Kimura-2 parameter model and bootstrap analysis of 1000 replicates, values >50% are given at
the branching points.
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Fig. S2. Maximum-parsimony phylogenetic tree based on the 16S rRNA gene sequences of APC
33437 and closely related hits identified through EzBioCloud. Distances were calculated based on
the Kimura-2 parameter model and bootstrap analysis of 1000 replicates, values >50% are given

at the branching points.
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Table S2: Pairwise dDDH (d4) values and %G+C content differences calculated between APC 33437 and
closely related database hits from the Type Strain Genome Server (TYGS) database. Genome size (bp)

of the hit strain is also given.

dDDH G+C

Query strain  Subject strain G.enome (d4, . content
size (bp) in %) dlffer.ence

(in %)

APC 3343 Winogradskyella forsetii HL857 4512651 24.1 1.29
Winogradskyella schleiferi 2215 4560973 23.8 1.2
Winogradskyella marina F6397 3974081 235 0.16
Winogradskyella eximia CECT 7946 4235755 234 1.09
Winogradskyella psychrotolerans RS-3 3593001 22.6 0.05
Winogradskyella litoriviva KMM 6491 3875632 22.6 1.65
Winogradskyella thalassocola DSM 15363 4571886 22,5 0.15
Winogradskyella pacifica CECT 7948 4275916 223 0.13
Winogradskyella echinorum KCTC22026(T) 3784537 22.2 1.13
Winogradskyella echinorum KCTC 22026 3778959 22.2 1.15
Winogradskyella wichelsiae Z738 3893712 215 1.16
Winogradskyella endarachnes HL2-2 3593001 21.5 1.57
Winogradskyella eckloniae EC29 3687966 21.3 0.51
Winogradskyella epiphytica KCTC 12220 3364767 21 0.74
Winogradskyella arenosi CECT 7958 3666443 20.9 2.24
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W. sediminis RHA_55 (GCA_900105425.1)

W. marina F6397" (GCA_015645385.1)

W. arenosi CECT 7958 (GCA_003337305.1)
W. vidalii HL634" (GCA_013403955.1)

APC 3343™ (GCA_030407435.1)

W. forsetii HL857" (GCA_013394595.1)

W. schleiferi Z215" (GCA_013394655.1)

W. helgolandensis Z354 (GCA_013394675.1)

W. thalassocola DSM 153637 (IMG_2634166307.3)
W. pacifica CECT 7948 (GCA_003386275.1)

W. costae 231387 (GCA_013403865.1)

W. psychrotolerans RS-3" (GCA_000427335.1)
W. eximia CECT 7946 (GCA_003386165.1)

W. ludwigii HL116T (GCA_013403985.1)

W. undariae Ha325 (GCA_013404055.1)

W. wichelsiae Z738" (GCA_013403925.1)
— W. epiphytica CECT 7945 (GCA_003217215.1)
%8| | —— W. eckloniae EC29 (GCA_013249045.1)

90 _|:W litoriviva KMM 64917 (GCA_013249065.1)

61 W. endarachnes HL2-2" (GCA_009741275.1)
—— W. echinorum KCTC 22026" (GCA_014284085.1)
W. ursingii HL41507 (GCA_013403975.1)

W. flava KCTC 523487 (GCA_014243395.1)

W. ouciana ZXX205" (GCA_009709615.1)

W. luteola WHY3" (GCA_019203985.1)

W. algicola IMCC33238" (GCA_005869935.1)

W. tangerina M1309" (GCA_003260205.1)

W. jejuensis DSM 253307 (IMG 2695420983.3)

W. wandonensis CECT 8445™ (GCA_004346845.1)
W. haliclonae CCM 8681" (GCA_014635865.1)

W. aurantia WNB302" (GCA_002266855.1)

W. aurantiaca IMCC20180" (GCA_003362725.1)
Marixanthomonas spongiae HN-E44T (GCA_003095375.1)
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Fig. S3. Resulting maximum-likelihood phylogenetic tree based on the alignment of 33 core
genes generated by ROARY from strain APC 33437 and all available Winogradskyella spp.
reference genomes. Marixanthomonas spongiae HN-E44 was included as an outlier.
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Fig. S4. Polar lipid profile of strain APC 3343 after
separation by two-dimensional thin layer
chromatography.

PE = Phosphatidylethanolamine; AL= Aminolipid;
L = Lipid.
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Table S3: Cellular polar lipid profiles of strain APC 3343" and closely related Winogradskyella spp.: 1,
APC 33437 (data from this study); 2, W. algae Kr9-9" (data from Kurilenko et al., [2019]); 3, W.
damuponensis F081-2 (Lee et al., 2013); 4, W. eximia KMM 3944" (Nedashkovskaya et al., 2012); 5,
W. litoriviva KMM 64917 (Nedashkovskaya et al., 2015); 6, W. endarachnes HL2-2T (Xu et al., 2020).

strain polar lipid profile
1 phosphatidylethanolamine,
3x unknown aminolipids,
8x unknown lipids

2 phosphatidylethanolamine,
3x unidentified aminolipids,
1x unidentified lipid

3 phosphatidylethanolamine,
1x unidentified aminolipid,
1x unidentified phospholipid,
1x unidentified aminophospholipid,
6x unidentified lipids

4 phosphatidylethanolamine,
1x unknown aminolipid

5 phosphatidylethanolamine,
2x unknown aminolipids,
2x unknown lipids

6 phosphatidylethanolamine,
1x unidentified phospholipid,
2x unidentified aminolipids,

5x unknown polar lipids
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Table S4: Antibiotic susceptibility profile of strain 33437 with corresponding zone diameters (mm).
Susceptibility and resistance were determined by no growth and growth, respectively.

Antibiotic Disc Zone diameter Result
content (mm)
ampicillin 10 pg 14 +0.2 S
chloramphenicol 30 ug 18 +1.6 S
erythromycin 15 pg 28+2.4 S
gentamicin 10 pug 00 R
kanamycin 30 ug 00 R
lincomycin 15 pg 20+3.4 S
neomycin 30 ug 00 R
novobiocin 5ug 20 4£3.3 S
oleandomycin 15 ug 28 £2.6 S
penicillin G 10U 11+0.9 S
polymyxin B 300U 010 R
rifampcin 30 ug 37134 S
streptomycin 10 ug 010 R
tetracycline 30 ug 14 +0.5 S

R = resistant; S = susceptible
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Abstract

A novel bacterial strain, APC 4016", was previously isolated from the skin of a snub-
nosed spiny eel, Notacanthus chemnitzii, from a depth of 1000m in the northern
Atlantic Ocean. Cells were aerobic, cocci, motile, Gram-positive to Gram-variable
staining, and gave rise to orange-pigmented colonies. Growth occurred at 4-40 °C
(optimum, 25-28 °C); pH 5.5-12 (optimum, pH 7-7.5), and 0-12 % (w/v) NaCl
(optimum, 1 %). 16S rRNA gene phylogenetic analysis confirmed that strain APC 4016"
belonged to the genus Planococcus and was most closely related to Planococcus
okeanokoites IFO 12536" (98.98 % 16S similarity). However, digital dDDH and average
nucleotide identity values between these two strains were low, at 20.1 % and 83.8 %,
respectively. Major (>10 %) cellular fatty acids of strain APC 4016" were iso-Ciau,
anteiso-Cis0 and Cie1-w-Alc. The predominant respiratory quinones were
menaquinones 5, 6, 7 and 8. The major cellular polar lipids were
phosphatidylglycerol, diphosphatidylglycerol and phosphatidylethanolamine, and
three unknown lipids were also present. The draft genome sequence is 3.6 Mb with
a G+C content of 45.25 mol%. This strain was previously shown to have antimicrobial
activity and to encode bacteriocin and secondary metabolite biosynthetic gene
clusters.

Based on the phylogenetic analysis and its distinct phenotypic characteristics, strain
APC 4016" is deemed to represent a novel species of the genus Planococcus, and for
which the name Planococcus notacanthi sp. nov. is proposed. The type strain of this

species is APC 4016 (=DSM 115753™ = NCIMB 154637).

Author Notes
The GenBank accession numbers for the 16S rRNA gene sequence and the draft
genome sequence of strain 40167 are 0Q456996 and JASDCQO000000000,

respectively.

Abbreviations
ANI, average nucleotide identity; BGC, biosynthetic gene cluster; dDDH, digital DNA-

DNA hybridisation; MA, marine agar; MK, menaquinone
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4.1. Introduction

The genus Planococcus was first proposed by Migula (1894) in order to distinguish
motile marine cocci from the genus Micrococcus. It has proven to be a difficult
taxonomic group to describe; the genus has undergone several emendations
(Nakagawa et al., 1996, Yoon et al., 2010) and members have been frequently
reclassified, mainly between Planococcus and Planomicrobium (Yoon et al., 2001, Dai
et al., 2005, Jung et al., 2009). Previously, members of the genera Planococcus and
Planomicrobium were primarily distinguished based on signature nucleotides of the
16S rRNA gene sequence, particularly those at positions 183 and 190 (Rosenberg et
al., 2014). However, an extensive demarcation of Planococcaceae and related
families was recently proposed by Gupta and Patel (2020). They carried out extensive
phylogenetic and comparative analysis of core protein sequences from 124 complete
genomes from Caryophanaceae, Planococcaceae and selected Bacillaceae species.
From their analysis, they proposed the consolidation of the families Planococcaceae
and Caryophanaceae (under the name Caryophanaceae). They established that
sequences from each species could be reliably grouped into distinctive clades, which
were distinguished based on their phylogenetic grouping and on the presence of
unique molecular markers (‘conserved signature indels’). These conserved signature
indels were specific to either Caryophanaceae/Planococcaceae members or to clades
within this family. They also proposed the creation of a novel genus,
Metaplanococcus, the reclassification of several species, and that the genera
Planococcus and Planomicrobium be united under the name ‘Planococcus’. The
emended genus Planococcus now includes most species from the genus
Planomicrobium. To date, there are 26 valid type strains within the genus
Planococcus (Planococcus/Planomicrobium). Species have been isolated from a wide
variety of sources, primarily marine or halophilic environments, such as marine
sediment (Yoon et al., 2010, Dai et al., 2005), algal mats (Reddy et al., 2002, Alam et
al., 2003) and seafood (Yoon et al., 2001, KOMAGATA, 1985). Others have been found
in extreme conditions including sub-zero temperatures (Mykytczuk et al., 2012,
Zhang et al., 2009, Mayilraj et al., 2005), deep-sea sediment (Choi et al., 2007) and in

polluted soils (Wang et al., 2017, Yang et al., 2020). Members of the genus

~132~



Chapter 4

Planococcus are of great biotechnological interest because of their robustness and
diverse biological activities, such as production of cold-adapted and halotolerant
enzymes (Zhang et al., 2016, Huang et al., 2015, Hu et al., 2007), radiation tolerance
(Rao et al., 2016), plant growth promotion (Rajput et al., 2013) and antioxidant and
cytotoxic activities (Zhang et al., 2020, Shindo et al., 2008). They have also been
extensively studied for their potential applications in bioremediation and
polysaccharide degradation (Al-Awadhi et al., 2012, Vishnupriya et al., 2023, Gaur et
al., 2022, Li et al., 2006).

Strain APC 4016" was previously isolated during a study of antimicrobial-producing
isolates from the microbiome of deep-sea fish, and subsequently shown to encode
secondary metabolites and bacteriocins (Uniacke-Lowe et al., 2023). In this study, we
report the taxonomic characterization of a Planococcus bacterial strain, APC 40167,

isolated from the skin of a deep-sea snub-nosed spiny eel (Notacanthus chemnitzii).
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4.2. Materials and Methods

4.2.1. Isolate information

Strain APC 4016 was previously isolated from the skin of a snub-nosed spiny eel
(Notacanthus chemnitzii; Uniacke-Lowe et al., 2023). In brief, the fish was collected
by research vessels from a depth of approximately 1000m in international waters
near the Grand Banks of Newfoundland in the north-western Atlantic Ocean (43.282
N 49.121 W; Collins et al., 2021). Swabs were taken of the skin and plated onto BD
Difco marine agar 2216 (MA) and incubated aerobically for 3 weeks at 4 °C. An
orange-coloured colony was selected and purified through sub-culturing on MA. The
strain, designated APC 4016, was deposited into the APC Culture Collection, cells of
which were preserved in 35% (v/v) glycerol suspensions at -80 °C (Uniacke-Lowe et
al., 2023). This strain has also been deposited into the DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH (= DSM 115753") and the National Collection
of Industrial, Food and Marine Bacteria (= NCIMB 15463T).

4.2.2. Genome sequencing, assembly and annotation

Strain APC 40167 was cultured in BD Difco marine broth 2216 (MB) for 72hrs at 20 °C.
Bacterial genomic DNA (gDNA) was extracted and sequenced, as previously described
(Uniacke-Lowe et al., 2023). Briefly, gDNA was extracted using the GeneJET Genomic
DNA Purification Kit (Thermo Scientific) and sequenced by MicrobesNG
(https://microbesng.com/ ; University of Birmingham, UK). The draft genome was
assembled using SPAdes (de novo assembly method), and assembly quality was
assessed using QUAST. The assembled contigs were submitted to GenBank and
annotated upon submission using NCBI’s Prokaryotic Annotation Pipeline. For this
study, the draft assembly was annotated using PROKKA (Seemann, 2014).
Additionally, functional subsystems were predicted using RASTtk (version 2.0) and
SEED (Overbeek et al., 2014, Aziz et al., 2008). AntiSMASH and BAGEL4 were used to
screen for the presence of secondary metabolite and bacteriocin biosynthetic gene

clusters (BGCs), respectively, as previously reported (Uniacke-Lowe et al., 2023).

~ 134~



Chapter 4

4.2.3. 16S rRNA gene phylogeny

The compete 16S rRNA gene sequence (1548 bp) was extracted from the gDNA
sequence data using Barrnap (version 0.9; https://github.com/tseemann/barrnap).
The 16S sequence was then queried using the 16S-based ID application on the
EzBioCloud server (Yoon et al., 2017). Sequence files (.fasta) of the top hits were
downloaded and imported into MEGA X (Kumar et al., 2018). Multiple alighments
with the query sequence were created using ClustalW (Edgar, 2004) within the MEGA
X program. Phylogenetic trees (neighbour-joining (Saitou and Nei, 1987), maximum-
likelihood (Felsenstein, 1981) and maximum parsimony (Nei and Kumar, 2000)) were
inferred using the Kimura-2-parameter method (Kimura, 1980) and bootstrap
analyses was based on 1000 replicates (Felsenstein, 1985). The tree was rooted by
including sequences from the family Caryophanaceae
(Caryophanaceae/Planococcaceae) as outliers; namely, the 16S rRNA gene
sequences from Sporosarcina saromensis HG645 (AB243859) and Psychrobacillus

lasiicapitis NEAU-3TGS17 (KP219721).

4.2.4. Genomic phylogeny

For the following analyses, all available Planococcus/Planomicrobium valid type strain
reference  genomes (n=22) were downloaded from the GenBank
(https://www.ncbi.nlm.nih.gov/data-hub/genome/) and JGI
(https://img.jgi.doe.gov/) databases. Assemblies were annotated using PROKKA to
obtain the GFF3 files for subsequent analysis. Pairwise average nucleotide identity
(ANI)  values were calculated between APC 40167 and the
Planococcus/Planomicrobium type strain reference assemblies with Pyani (version
0.2.12; Pritchard et al., 2016) using the ANl MUMer (ANIm) method (Richter and
Rossell6-Mdra, 2009). ROARY (Page et al., 2015) was used to generate multiple
sequence alignments of the core genes of APC 4016" and the type strain reference
genomes. The annotated genome of Sporosarcina aquimarina S/N-308-OC-B4 was
included as an outlier (ROARY parameters: 95 % ‘identity for BLAST’, 95 % ‘percentage
of isolates a gene must be in to be core’, 100000 cluster limit). RaxML (Stamatakis,
2014) was used to generate a maximum-likelihood phylogenetic tree from the core

gene alignment, which was then visualised in MEGA X. Additionally, the DSMZ Type
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(Strain) Genome Server (TYGS) annotation platform (Meier-Kolthoff and Goker, 2019)
was used to calculate digital DNA-DNA hybridization (dDDH) values between APC

4016" and related type strains from the database.

4.2.5. Biochemical and phenotypic characterisation

Colony morphology was assessed by incubating aerobically at 25 °C on MA and on
tryptic soy agar (TSA; Oxoid/ThermoFisher Scientific) and observed after 3 and 5 days.
Growth at different temperatures was tested at 4, 9, 21, 25, 30, 37, 40 and 44 °C on
MA and in MB. For the latter, growth was assessed by measuring optical density at
ODegoonm. The following tests were performed on strain APC 4016" and, unless stated
otherwise, were carried out aerobically at 30 °C. Anaerobic growth was assessed on
MA incubated in an AnaeroGen anaerobic system (Oxoid) for up to 14 days. The NaCl
range for growth was tested in MB with the NaCl concentration adjusted to within
the range 0-22 % w/v (in increments of 1 % from 0—-10 % NaCl, and in increments of
2 % from 12—-22 % NaCl). The pH range for growth was tested in MB from pH 4 to 12
(in increments of 0.5 from pH 4 to 9 and increments of 1 from pH 9 to 11). The pH
was adjusted by the addition of 1M HCl and/or 1M NaOH. Growth was assessed by
measuring optical density at ODsoonm daily for 4 days. Cells were examined using
phase contrast microscopy and scanning electron microscopy (SEM). SEM imaging
was carried out by UCD Conway Imaging Core (UCD Conway Institute of Biomolecular
and Biomedical Research, University College Dublin, Ireland). Gram staining was
carried out according to standard methods. Production of oxidase was tested using
oxidase strips (Millipore) according to manufacturer’s instructions. Production of
catalase was tested by transferring a mass of colonies onto a glass slide and exposing
them to 1-2 drops of 3 % hydrogen peroxide and observing for effervescence.
Observation for motility was carried out using the hanging drop method according to
the method outlined by Bernardet et al. (2002) except that a cavity microscope slide
was used. The presence of flexirubin-type pigments was tested using the KOH
method as described by Bernardet et al. (2002). Production of hydrogen sulphide was
determined using Watman lead acetate strips (Sigma-Aldrich) suspended above an

inoculum of the strain in MB in a test tube and was monitored for up to 7 days.
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Artificial seawater (ASW) salts were prepared for the following assays according to
Kurilenko et al. (2019) as follows: 30 g I NaCl, 5.94 g I'* MgS04.7H20, 4.53 g I'*
MgCl,.6H20, 0.64 g I'* KCl and 1.3 g I'* CaCl,.2H,0. Assimilation of Tween 80 and
starch was tested by plating on agar-medium (15 g I'* agar) containing ASW salts, 5 g
I peptone, 1 g I'! yeast extract, 0.1 g I' K;HPO4, and 1 % v/v Tween 80 or 0.2 % w/v
starch. Hydrolysis of DNA was determined using DNase Test Agar (Thermo Scientific)
supplemented with ASW salts. Hydrolysis of casein was tested on agar medium
containing ASW salts supplemented with 10 % w/v skimmed milk powder. Hydrolysis
of cellulose was determined by culturing APC 4016" on agar medium containing ASW
salts, 0.2 % w/v cellulose and 0.5 % w/v peptone; following incubation the plate was
then stained with 1 % Congo Red, washed with 1 M NaCl, and observed for zones of
clearance around colonies.

Enzyme activity was assessed using the APl ZYM (bioMerieux) test kit which was
incubated at 30 °C for 18h. Other biochemical tests were carried out using the API
20E, APl 20NE kits (bioMérieux) and the GENIII MicroPlate (Biolog). Cells were
prepared in 0.85 % NaCl for the API kits. For the GENIII MicroPlate, protocol B was
used with inoculating fluid B supplemented with 2 % NaCl. The results were recorded
daily for up to 4 days. Antibiotic susceptibility was determined using the disc-diffusion
method (Hudzicki, 2009). Muller-Hinton agar (Oxoid) was used with commercial
antibiotic discs (Oxoid) with the following antibiotics: ampicillin (10 ug),
chloramphenicol (30 pg) erythromycin (15 pg), gentamicin (10 pg), kanamycin (30
pg), lincomycin (15 pg), neomycin (30 pg), novobiocin (5 pg), oleandomycin (15 pg),
penicillin G (10 U), polymyxin B (300 U), rifampcin (30 pg), streptomycin (10 pg) and
tetracycline (30 pg). Zones of inhibition were measured after 36hrs at 30 °C. However,
due to the lack of CLSI breakpoint data for interpretation criteria for the genus
Planococcus, antibiotic susceptibility and resistance were interpreted as no growth
or growth, respectively.

Analyses of cellular fatty acids, polar lipids and respiratory quinones was carried out
by DSMZ (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH, Braunschweig, Germany). For fatty acid and polar lipid analyses,

strain APC 4016" was prepared by culturing on MA at 25 °C. Cellular fatty acids were
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determined using the Sherlock MIS (MIDI) system (version 6.1; TSBA40 method,
TSBAG calculation).
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4.3. Results

4.3.1. Genome features and characteristics

The draft genome assembly of strain APC 4016 was 3640984 bp in length with a G+C
content of 45.25 mol%. An overview of the general characteristics of the draft
genome is given in Table 1. Using RAST, 1603 subsystem features were identified
across 24 subsystem categories. An overview of the composition of RAST subsystem
features is shown in Fig. 1. The largest subsystem categories were dedicated to
‘amino acids and derivatives’, at 297 features/genes (18.5 % of the total), followed
by ‘carbohydrates’, at 254 features (15.8 %) and ‘protein metabolism’ at 187 features
(11.7 %). Three secondary metabolite BGCs were identified using antiSMASH,
encoding two terpenes, one of which shared 28 % similarity to the BGC of carotenoid,
and a type-3 polyketide synthase (T3PKS) which shared 8 % similarity to beta-lactam.
A BGC encoding two lanthipeptides (class Il/LanM-associated) was detected using
BAGEL4, the biosynthetic genes of which shared 50 and 55.6 % match with cerecidin
(Bacillus cereus), respectively (data from Uniacke-Lowe et al. [2023]). An overview of

the antiSMASH and BAGEL screening results is given in Table S1.

4.3.2. 16S rRNA gene and genome phylogenetic analysis

The 16S rRNA gene sequence of strain APC 4016" is 1548 bp in length. Analysis of the
16S rRNA gene sequence using the EzBioCloud search tool indicated that APC 40167
was most closely related to members of the genus Planococcus
(Planococcus/Planomicrobium) within the family Caryophanaceae. The 16S rRNA
gene sequence of APC 4016" shared the highest similarity with Planomicrobium
okeanokoites IFO 12536' (98.98 % similarity) followed by Planococcus plakortidis
DSM 23997" (98.64 %), Planococcus salinarum DSM 23820" (= ISL-16", 98.64 %),
Planococcus donghaensis DSM 22276" (98.57 %) and Planococcus halotolerans
SCU63T(98.52 %). Completeness values were all 100 %. These strains were chosen as
reference strains for the comparative phenotypic and chemotaxonomic analyses. The
maximum-likelihood phylogenetic tree created from the 16S rRNA gene sequences
(Fig. 2) shows the evolutionary relatedness between APC 4016" and the EzBioCloud
hits. There was slight variability in topology between the maximum-likelihood,

neighbour-joining (Fig. S1) and maximum parsimony (Fig. S2) trees, likely due to low
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bootstrap confidence. However, in all three trees, APC 4016" either formed its own
clade or clustered with P. okeanokoites IFO 12536'.

A summary of the overall genome relatedness between APC 4016" and the reference
strains is given in Table 2. The ANI values between APC 4016" and the reference
Planococcus/Planomicrobium genomes ranged from 82.95 to 83.76 %. The ANI
coverage ranged from 6.2 to 52.7 %. The corresponding graphical output of ANI from
PYANI is shown in Fig. S3. The dDDH (d4) values ranged from 19.5 to 22.2 %. These
ANI and dDDH values are well below the general thresholds for taxonomic species of
95-96 % and 70 %, respectively (Chun et al., 2018). These values are especially
important to consider when the 16S rRNA gene sequence % identity is 298.7 % (Chun
et al., 2018). The maximum-likelihood tree generated from the ROARY core gene
(n=67) alignments is shown in Fig. S4. This tree shows strain APC 4016 clusters closely
to a clade formed by Planomicrobium stackebrandtii K22-03", Planococcus
antarcticus DSM 14505", Planococcus faecalis AJO03", Planococcus kocurii ATCC
438507, Planococcus versutus L10 157, P. donghaensis DSM 22276" and Planococcus
halocryophilus DSM 247437, The position of APC 4016" within this tree indicates that
it is a separate species amongst these strains. These results show that although APC
4016" shared a high 165 rRNA gene sequence % identity to the reference strains, their

genomes were not highly similar.

4.3.3. Cell morphology, biochemical and phenotypic characterisation

Cells of strain APC 4016" are aerobic, motile cocci, 0.6-0.9 um in diameter, occur in
clusters of two to eight (Fig. 3) and are Gram-stain positive to variable (Fig. S5).
Motility was observed as tumbling and spinning motions. After culturing on MA for 3
days, colonies of strain APC 4016" appeared smooth circular and light orange with
darker coloured edges, and 1-1.2 mm in diameter. Colonies cultured on TSA were
paler in colour and slightly crateriform (Fig. 4). Flagella were not observed in SEM
imaging (Fig. 3). The colony morphology after 5 days of incubation is shown in Fig. 4.
From the APl ZYM assay, strain APC 4016" was positive for alkaline phosphatase,
esterase, esterase lipase, leucine arylamidase, a-chymotrypsin, napthol-AS-BI-
phosphohydrolase and a-glucosidase activity; weakly positive for valine arylamidase,

cystine arylamidase, acid phosphatase and B-galactosidase, and negative for lipase,
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trypsin, a-galactosidase, B-glucuronidase, B-glucosidase, mannosidase and
fucosidase activity. Strain APC 4016" was susceptible to all of the tested antibiotics:
ampicillin (10 pg), chloramphenicol (30 pg), erythromycin (15 pg), gentamicin (10 ug),
kanamycin (30 pg), lincomycin (15 pg), neomycin (30 pg), novobiocin (5 ug),
oleandomycin (15 pg), penicillin G (10 U), polymyxin B (300 U), rifampcin (30 ug),
streptomycin (10 pg) and tetracycline (30 ug). The antibiotic susceptibility profile of
strain 4016" with corresponding zone of inhibition measurements is given in Table
S2. Due to the lack of CLSI guidelines and breakpoint data for the genus Planococcus,
susceptibility and resistance were interpreted as no growth or growth. We also note
the lack of standardised antibiotic susceptibility testing methods for members of this
genus in the literature, such as the use of alternative media instead of Mueller-
Hinton, and varying growth temperatures. This represents a deficiency in the
standardisation within this group, however, we have reported our results in line with
existing literature.

Differential  characteristics between APC 4016" and the reference
Planococcus/Planomicrobium strains are provided in Table 3. All the data for strain
APC 4016" is from this study, the data for the reference strains was acquired from the
respective reference papers referred to in the Table 3 description. In the phenotypic
assays, APC 4016 shared a number of characteristics that are in accordance with
members of the genus Planococcus, such as positive for catalase, negative for urease
and hydrolysis of starch and a predominance of menaquinones 7 and 8 as the cellular
respiratory quinones (Nakagawa et al., 1996). However, strain APC 4016" differed in
that it was positive for nitrate reduction and hydrolysis of Tween 80, weakly positive
for hydrolysis of aesculin and contained menaquinones MK5 and MK®6, as well as MK7
and MKS. Strain APC 4016" demonstrated a relatively wide temperature range for
growth of 4-40 °C, similar to the reference strains (Table 3). Strain APC 4016" also
demonstrated relatively wide %NaCl and pH ranges for growth of 0—12 % (optimum,
1 %) and 5.5-12 (inclusive; optimum, pH 7-7.5), respectively. Growth above pH 12
could not be determined due to instability of the growth media at higher pH. In
contrast to the majority of the closely related reference strains, APC 4016" tested

negative for oxidase and hydrolysis of casein but positive for B-galactosidase.
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The major (>10 % of total) cellular fatty acids of strain APC 4016" were iso0-C14:0(12.5
%), anteiso-Cis:0 (38.9 %), and Cis:1 w-Alc. (19.2 %). The overall cellular fatty acid
composition  profiles of strain  APC 40167 and the reference
Planococcus/Planomicrobium strains were similar (Table 4). Strain APC 4016 differed
slightly in that it had very few straight-chain fatty acids and did not contain iso-Ci6.0
as a major component (>10 %) but contained a significant proportion of a unique
summed feature, iso-C17.1 I/anteiso B (which could not be distinguished by the MIDI
system). The cellular polar lipids of strain APC 4016" were phosphatidylglycerol,
diphosphatidylglycerol, phosphatidyl-ethanolamine and three unknown lipids (Fig.
S6).

Based on the combination of phylogenetic distance, phenotypic and biochemical
characteristics, strain APC 4016" represents a novel species for which we propose the

name Planococcus notacanthi sp. nov.
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4.4. Description of Planococcus notacanthi sp. nov.

Planococcus notacanthi (not.a.can’thi. N.L. gen. n., notacanthi, pertaining to the fish
it was isolated from, Notacanthus chemnitzii)

Cells are aerobic, motile cocci, 0.6 — 0.9 um in diameter (arranged in clusters of 2 to
8), Gram-stain positive to variable. Colonies are light orange, circular, smooth on MA
and slightly crateriform on TSA, raised, 1-1.2 mm in diameter. Catalase positive and
oxidase negative. Flexirubin-type pigments are not detected. The temperature range
for growth of is 4-40 °C (optimum, 25-28 °C). The NaCl range for growth is 0-12 %
(optimum, 1 %). The pH range for growth is 5.5-12 (optimum, pH 7-7.5). Positive for
hydrolysis of DNA and Tween 80. Negative for hydrolysis of agar, casein, cellulose and
starch. Negative for production of H,S. From API 20E: positive for B-galactosidase and
weakly positive for tryptophan deaminase activity. Negative for arginine dihydrolase,
lysine decarboxylase, ornithine decarboxylase, urease, citrate utilization, indole,
acetoin, gelatinase and H,S production. Negative for fermentation of/acid production
from glucose, mannitol, inositol, sorbitol, rhamnose, sucrose, melibiose, amygdalin
and arabinose. From APl 20NE: Positive for nitrate reduction, production of B-
galactosidase and weakly positive for hydrolysis of aesculin; negative for production
of indole, urease, arginine dihydrolase, hydrolysis of gelatin and assimilation of D-
glucose, L-arabinose, D-mannose, D-mannitol, N-acetyl-glucosamine, maltose,
potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and
phenylacetic acid. From Biolog GENIII: Positive for oxidation of dextrin, L-fucose, D-
glucose-6-PQ4, D-fructose-6-P0O4, D-glucuronic acid, glucuronamide, quinic acid, L-
lactic acid, a-keto-glutaric acid, acetoacetic acid and acetic acid, and weakly positive
for D-fucose, D-galacturonic acid and L-galacturonic acid. Major cellular fatty acids
are iso-Ci4:0, anteiso-Cis.0, and Ci6:1 w-Alc. Respiratory quinones are MK5, MK6, MK7,
and MK8. Cellular polar lipids are phosphatidylglycerol, diphosphatidylglycerol,
phosphatidylethanolamine and three unknown lipids.

The type strain is APC 40167 (= DSM 1157537 = NCIMB 15463T), isolated from the skin
of a deep-sea snub-nosed spiny eel, Notacanthus chemnitzii, from a depth of 1000 m
in the Northwest Atlantic Ocean (43.282 N 49.121 W). The genome of the type strain
is 3.6 Mb with a DNA G+C content of 45.25 mol%.
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The GenBank accession numbers for the 16S rRNA gene sequence and the draft

genome of strain APC 4016" are 0Q456996 and JASDCQ000000000, respectively.
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4.6. Chapter 4 Figures and Tables

Table 1. General characteristics of the draft genome of strain APC 4016".

Genomic feature

Draft genome size (bp)
G+C content (mol%)

N50 (kb)

L50 (kb)

Number of contigs
Protein-coding genes (CDS)
rRNA genes

tRNA genes

tmRNA genes

3640984
45.25
727.4

2

21

3614

40

c}

Fig. 1. Overview of the subsystem features of the draft genome of strain APC 4016" based on the

Amino Acids and Derivatives (297)
Protein Metabolism (187)
Carbohydrates (254)

Cofactors, Vitamins, Prosthetic Groups, Pigments (146)
Nucleosides and Nucleotides (93)

DNA Metabolism (59)

Fatty Acids, Lipids, and Isoprenoids (96)
RNA Metabolism (48)

Membrane Transport (68)

Cell Wall and Capsule (68)

Stress Response (55)

Virulence, Disease and Defense (44)
Respiration (43)

Miscellaneous (27)

Phosphorus Metabolism (23)
Regulation and Cell signaling (21)
Nitrogen Metabolism (18)

Iron acquisition and metabolism (14)
Dormancy and Sporulation (9)
Metabolism of Aromatic Compounds (13)
Motility and Chemotaxis (5)

Sulfur Metabolism (9)

Cell Division and Cell Cycle (3)
Potassium metabolism (3)

RAST annotation and SEED database. The counts of features per subsystem category are given. The

total number of subsystem features was 1603.
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Planococcus citreus DSM 205497 (RCCP01000013)
Planococcus columbae PgEx11" (AJ966515)
Planococcus rifietoensis M8' (CP013659)
Planococcus dechangensis NEAU-ST10-9" (JQ762282)
Planococcus maritimus DSM 17275" (CP016538)
Planococcus maitriensis S17 (AJ544622)
Planococcus plakortidis DSM 23997" (CP016539)

Planococcus salinus LCB217" (KX008965)

Planomicrobium sofi XN13' (JQ772482)
- APC 4016" (0Q456996)

Planococcus ruber CW1T (KX950835)
Planococcus halocryophilus Or1™ (ANBV01000012)
Planococcus versutus L10.15" (CP016540)
Planococcus donghaensis DSM 22276' (CP016544)
Planococcus antarcticus DSM 145057 (CP016534)
Planococcus faecalis CECT 8759" (MBMUO01000059)
99 Planococcus kocurii ATCC 436507 (CP013661)
Planococcus salinarum DSM 23820" (MBQG01000128)
[ Planococcus halotolerans SCU63" (MH266202)
94 Planococcus antioxidans Y74' (KU601236)

Planococcus okeanokoites IFO 12536" (QQRS01000003)
Metaplanococcus flavidus ISL-417 (FJ265708)
Planococcus stackebrandtii K22-03" (AY437845)
Planococcus psychrophilus CMS 53or" (AJ314746)
Planococcus memeekinii S23F2" (AF041791)
Planococcus chinensis DX3-12" (AJ697862)
67 Planococcus glaciei 423" (EU036220)
Planococcus koreensis JGO7" (AF144750)
Planococcus alkanoclasticus MAE2T (AF029364)
L— Planomicrobium iranicum MX8" (KU886574)
Planococcus lenghuensis Y42" (KX024697)
Psychrobacillus lasiicapitis NEAU-3TGS17" (KP219721)
99 Sporosarcina saromensis HG645" (AB243859)

59

77

0.01

Fig. 2: Maximum-likelihood evolutionary tree of distances based on 16S rRNA gene sequences,
showing the relationship of strain APC 4016" and related species. Bootstrap values based on
1000 replicates (>50 %) are shown. The tree was rooted by 16S rRNA gene sequences from
Psychrobacillus lasiicapitis NEAU-3TGS17 and Sporosarcina saromensis HG645 of the family
Caryophanaceae.
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Table 2: Summary of genomic comparisons between APC 4016" and closely related type strains.
dDDH = digital DNA-DNA hybridisation; ANI = average nucleotide identity; coverage = ANI alighment
coverage.

Query Subject strain 16S ID dDDH AG+C ANI  Coverage
strain (%) (da) (mol%) (%) (%)
APC4016T  Planococcus okeanokoites IFO 98.98 20.1 5.9 83.8 8.6
125367
Planococcus plakortidis DSM 98.64 19.5 4.7 82.9 6.9
239977
Planococcus donghaensis DSM 98.64 22.2 5.2 83.2 27.7
222767
Planococcus salinarum DSM 238207 98.64 21.9 2.7 83.8 7.7
Planococcus halotolerans SCU63T 98.57 19.9 0.7 83.7 8.8

1pm EHT=0.800kV  Signal A = SE2 Image Pixel Size = 8.259 nm 3 nov 2021 ZEISS 300nm EHT=0.800kV  Signal A= SE2 Image Pixel Size = 1.652 nm 4 nov 2021

WD=40mm Mag= 100.00 KX width=16.91 ym waran wo=39mm  Mag= 500,00 KX Width=3383 pm isise
Fig. 3. Scanning electron microscopy image of cells of APC 4016 at x100K (a) and x500K
(b).

ZEISS|
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Fig. 4. Colonies of APC 4016" after culturing at 25 °C for 5 days on marine agar
(a) and tryptic soy agar (b).
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Table 3: Differential characteristics of APC 4016" and the reference Planococcus/Planomicrobium
strains

Strains: 1, APC 4016" (data from this study); 2, P. okeanokoites IFO 12536 (data from Nakagawa et al.,
[1996], Yoon et al., [2001], Zhang et al., [2020]) ; 3, P. plakortidis DSM 2399" (data from Kaur et al.,
[2012]); 4, P. salinarum DSM 23820" (data from See-Too et al., [2017], Yoon et al., [2010]); 5, P.
donghaensis DSM 22276" (data from Choi et al., [2007]); 6, P. halotolerans SCU63™ (data from Gan et
al., [2018]). +, Positive; -, negative; W, weakly positive; ND, not determined; V, variable; *, only
minimum value for growth reported; T, only optimum range reported.

Characteristic 1 2 3 4 5 6
coccoid, coccoid
Cell shape coccoid rods coccoid shortrods  coccoid short ro:j
or rods
Gram stain +toV +toV + + + +
Colony colour light yt:erI:(g)r\:\;c/ dull pale yellow orange moderate
orange orange yellow/orange orange
Motility + + + - + +
Range for growth
;,‘zr;perat“re 4-40 20-37 15-37 4-38 4-37 0-40
NaCl (%, w/v) 0-12 0-7 2-7 0-13 0-12 15
pH 5.5-12 ND 6-10 >6" >7° 6.5-9.0
Oxidase - W + + + +
Nitrate reduction + - - - ND -
Hydrolysis of:
Tween 80 + - ND + - -
Casein - + - + + +
Gelatin - + - - - -
Starch - - - - + -
Aesculin w - - - + ND
Utilisation of:
D-glucose - - - - + +
D-maltose - - - - ND +
D-mannitol - - - - + +
D-mannose - - - - - +
D-raffinose - - + - ND ND
Sucrose - - - - + +
Acid production from:
Glucose - - + - - ND
Enzyme Activity:
B-galactosidase + ND - - + -
MK-5,
MK-8
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Table 4: Cellular fatty acid profiles of APC 4016" and the reference Planococcus/Planomicrobium type
strains: 1, APC 4016" (data from this study); 2, P. okeanokoites IFO 12536" (data from Luo et al., [2014],
Yoon et al., [2001]) ; 3, P. plakortidis DSM 2399" (data from Kaur et al., [2012]); 4, P. salinarum DSM
23820" (data from Kaur et al., [2012]); 5, P. donghaensis DSM 222767 (data from Choi et al., [2007]);
6, P. halotolerans SCU63 (data from Gan et al., [2018]). -, Not detected; TR, trace amount (<1 %).

Fatty Acid 1* 2t 3* 4* 5% 6%
Straight-chain:
Ci20 - - - 9.6 - -
Cua0 - - 1.5 55 - -
Cis0 - - 3.3 - 1.7 -
Cie0 TR 1.1-2.2 1.9 4.0 6.3 6.3
Ciz0 1.1 - 4.0 - 1.3 3.7
Cis0 - - TR 7.4 - 1.8
Branched:
is0-C14:0 12.5 39.1-40.4 9.6 5.0 3.4 10.0
is0-Cis:0 2.9 0-1.1 13.2 - 4.7 5.4
anteiso-Cis:o 38.9 3.2-4.0 34.2 35.1 43.8 39.7
is0-Ci6:0 6.3 24.5-29.0 11.7 11.8 9.4 10.6
iso-C17:0 1.4 - 2.9 - 6.4 -
anteiso-Ci7.0 2.3 - 5.5 7.7 15.5 5.6
is0-C17:1-w10c 2.7 - - - TR -
is0-Cis:0 1.1 TR 1.9 - TR TR
Unsaturated:
Cis:1-w7c alcohol 19.2 17.3-28.1 7.0 10.8 1.6 12.9
Ci6:1 wllc 2.4 2.1-5.4 TR - 1.3 -
Ci81 w9c - 0-1.0 - - - 2.7
Summed feature 4:
Ci7:1 l/anteiso-B 8.7 - - - - -
Summed feature 5:
iso-C17:1 1 and/or - - 1.2 - 1.9 -
anteiso-Ci17:1 B

*Analysis carried out at 25 °C.
tAnalysis carried out at 28 °C.
$Analysis carried out at 29 °C.
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4.7. Chapter 4 Supplementary Material

Table S1. Overview of the secondary metabolite BGCs and bacteriocin gene clusters encoded by
strain APC 4016 identified using antiSMASH and BAGEL, respectively.

Sample hit type node  most similar known similarity/  accession / database
hit / database hit match (%) motif

APC4016 lanthipeptide 2 cerecidin 70  BGC000050 antiSMASH
class Il 2

terpene 2 carotenoid 100 BGC0O00064 antiSMASH
5

terpene 3 none - - antiSMASH

lanthipeptide 1 cerecidin 50,55.6 PF16934 BAGEL4

class Il x2
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53 Planococcus versutus L10.15" (CP016540)
Planococcus salinus LCB217" (KX008965)
Planococcus maitriensis S17 (AJ544622)
Planococcus plakortidis DSM 23997 (CP016539)
Planococcus maritimus DSM 17275 (CP016538)
——— Planococcus dechangensis NEAU-ST10-9" (JQ762282)
Planococcus columbae PgEx11" (AJ966515)
95 { Planococcus rifietoensis M8' (CP013659)
Planococcus citreus DSM 20549" (RCCP01000013)

_!7 Planomicrobium iranicum MX6' (KU886574)

Planococcus lenghuensis Y42 (KX024697)

!

86

Psychrobacillus lasiicapitis NEAU-3TGS17" (KP219721)
100 Sporosarcina saromensis HG645™ (AB243859)
[ —1
0.01

Fig. S1. Neighbor-joining tree of evolutionary tree of distances based on 16S rRNA gene
sequences of APC4016" and related type strains. Bootstrap values based on 1000 replicates
(>50 %) are shown. The tree was rooted by 16S rRNA gene sequences from Psychrobacillus

lasiicapitis NEAU-3TGS17 and Sporosarcina saromensis HG645 of the family
Caryophanaceae.
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60 Planococcus stackebrandltii K22-03T (AY437845)
69 L Planococcus psychrophilus CMS 53or' (AJ314746)

Planococcus alkanoclasticus MAE2" (AF029364)
Planomicrobium iranicum MX8" (KU886574)
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Psychrobacillus lasiicapitis NEAU-3TGS17" (KP219721)
99 Sporosarcina saromensis HG645™ (AB243859)

2000

Fig. S2. Max-parsimony evolutionary tree of distances based on 16S rRNA gene sequences
from APC 4016 and related type strains. Bootstrap values based on 1000 replicates (>50 %)
are shown. The tree was rooted by 16S rRNA gene sequences from Psychrobacillus lasiicapitis
NEAU-3TGS17" and Sporosarcina saromensis HG645" of the family Caryophanaceae.
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Planomicrobium okeanokoites Marse

Planomicrobium soli CGMCC 1.12259(T) (GCA_003014655.1)
Planococcus ruber CGMCC 1.19134(T) (GCA_022819085.1)
Planococcus koreensis DSM 15895(T) (GCA_014202615.1)
Planococcus salinus LCB217(T) (GCA _003719725.1)
Planococcus antarcticus DSM 14505(T) (GCA_001687565.2)
Plangcoccus stackebrandtii K22-03(T) (IMG_PlastaDSM16419_FD)
APC 4016(T) (GCA_030407825.1)

Planococcus salinarum ISL-16(T) (GCA 003428865.1)
Planococcus memeekinii 523F2(T) (JAGGKFO00000000.1)
Planomicrobium okeanokoites Marseille-P2029(T) (GCA_900176575.1)
Planococcus halotolerans Y50(T) (GCA_004785625.2)
Plangcoccus donghaensis DSM 22276(T) (GCA_001687665.2)
Planococcus halocryophilus DSM 24743(T) (GCA_001687585.2)
Planococcus versutus L10.15(T) (GCA_001186155.3)
Planococcus glaciei CNCTC7660(T) (GCA 013368775.1)
Planococcus chinensis MBEG53(T) (GCA_020071995.1)
Planococcus plakortidis DSM 23997(T) (GCA_001687605.2)
Plangcoccus maitriensis S1(T) (GCA_003289925.1)
Planococcus citreus DSM 20549(T) (GCA_003664125.1)
Planococcus rifietoensis MB(T) (GCA_001465795.2)
Plangcoccus maritimus DSM 17275(T) (GCA_001687625.2)
Planococcus kocurii ATCC 43650(T) (GCA_001465835.2)
Planococcus faecalis AJ003(T) (GCA_002009235.1)

Fig. S3. Pairwise average nucleotide identity (ANI) values between APC 4016" and all available

Planococcus/Planomicrobium valid type strain genomes from the GenBank and JGI databases. ANI

was calculated using PYANI using the MUMer method (ANIm). Blue cells correspond to an ANI

value of < 95 %, indicating separate species. Red cells indicate correspond to an ANI value of >95

%, indicating the same species. The colour intensities lighten as the ANI value approaches 95 %.

The dendrograms are created by hierarchal clustering of the pairwise ANI values.
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Planomicrobium mcmeekinii S23F2"

Planccoccus salinarum |1SL-167

Planococcus halotolerans SCUB3'
Planomicrobium okeanokoites IFO 12536"

Planococcus chinensis MB653"
] [ Planococcus glaciei CNCTCT7660"

L Planococcus ruber CGMCC 1.19134"
I— Planococcus koreensis DSM 158957
Planomicrobium soli CGMCC 1.12259"
—— APC 40167
Planococcus stackebrandtii K22-03"

Planococcus antarcticus DSM 14505"
Planococcus kocurii ATCC 43650"
Planococcus faecalis AJ003'

Planococcus halocryophilus DSM 247437
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Sporosarcina aquimarina SIN-308-0C-B4

i
010

Fig. S4. Resulting maximume-likelihood phylogenetic tree created from the ROARY alignment
of 67 core genes from APC 4016" and Planococcus/Planomicrobium type strain reference
genomes. Sporosarcina aquimarina S/N-308-0C-B4 was included as an outlier group.
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Fig. S5. Cells of strain APC 4016" after
Gram staining. Cells are Gram-positive to
Gram-variable.

Fig. S6. Cellular polar lipid profile of strain
APC 4016" after separation by two-
dimensional thin layer chromatograph.
L = lipid; PE = phosphatidylethanolamine;
PG = phosphatidylglycerol;, DPG =
diphosphatidylglycerol.
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Table S2. Antibiotic susceptibility profile of strain 40167 with corresponding zone of inhibition

diameters (mm). Susceptibility and resistance were determined by no growth and growth,

respectively.

Antibiotic Disc Zone of inhibition Result
content (mm)
ampicillin 10 pg 43 +1.9 S
chloramphenicol 30 ug 33+2.5 S
erythromycin 15 pg 43 +1.0 S
gentamicin 10 pg 20 +1.6 S
kanamycin 30 ug 18 +3.3 S
lincomycin 15 pg 10 +4.0 S
neomycin 30 ug 17 +5.4 S
novobiocin 5ug 22 +1.0 S
oleandomycin 15 pg 24 +4.9 S
penicillin G 10U 41+1.4 S
polymyxin B 300U 20 +0 S
rifampcin 30 ug 41 1.0 S
streptomycin 10 pug 16 +2.6 S
tetracycline 30 ug 37425 S

S = susceptible
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Appendix to Chapter 4

In the following Appendix SMU-L performed the culture optimization and
provided culture preparations for spiking and DNA isolation for the spiking

experiments.

Application of Planococcus sp. APC 3900 and Pseudoalteromonas sp. APC 3896 for

quantification of bacterial taxa during human microbiome sequencing

The development of quantified DNA from deep-sea strains, APC 3896 and APC 3900,
for use as internal DNA controls in determining absolute abundance of bacteria in
human faecal metagenomic sequencing experiments. APC 3896 and APC 3900 were
selected on the basis of one being Gram-positive and the other Gram-negative,
respectively, and also on their absence in human metagenomic databases. APC 3893
shared 100 % 16S rRNA gene sequence identity to Pseudoalteromonas issachenkonii
strain KMM 3549 (CP011030.1). APC 3900 shared 100 % identity to Planococcus
notacanthi APC 4016 (from this study). These strains were not detected in the
sequencing data from the non-spiked faecal samples used in this study (Figure 1).
Growth curves to determine optimum growth of the strains at 30 °C were generated
(Figures 2 and 3). APC 3896 was estimated to contain 8 16S copy numbers, while APC
3900 was estimated to contain 9. Copy numbers per 1 ng of extracted DNA were
calculated. The two marine bacteria in different 16S rDNA copy number
concentrations (ranging from 10 to 108) were added to each sample in a series of
experiments in order to identify which concentration would represent 1-10 % of the
total bacterial concentration, as measured by 16S rRNA amplicon sequencing
(Hlumina). Initially these experiments evaluated the utilisation of spike controls in the
form of either cells from the two strains or pure genomic DNA (gDNA) into DNA
isolated from the mother/infant pair faecal samples.

Initial results using the cell spike-in method show that the output relative abundance
of Pseudoalteromonas sp. APC 3893 and Planococcus sp. APC 3900 were in the range
0.45-2.77 % and 3.17-9.50 %, respectively (Figures 4 and 5). The results outputs from

using the cell spike-ins were relatively inconsistent, presumably due to the relative
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ease of lysing Gram-negative over Gram-positive bacteria or an error in estimating
16S copy and cell numbers. Therefore, the experimental approach outlined in figure
6 using DNA spike-ins was adopted.

Based on the results from these experiments, we determined that by spiking in 2.5
uL of gDNA from each of the two marine bacteria (in a concentration of 10’ copy
numbers) into 20 uL of extracted sample DNA, the relative abundance of the 16S
sequencing amplicons would range between 1 % to 10 % of the total. This was
examined first using the DNA spike-in from Pseudoalteromonas sp. APC 3896. The
relative abundance output of APC 3896 in the spiked samples was consistently
detected in the desired range (Figure 7). Optimisation of the Planococcus sp. APC

3900 DNA spike and evaluation of these results using gPCR is to be carried out.
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Erysipelotrichaceae
Gemelles
Lachnospiraceae
Bacteroides
Ruminococcacaea
Faecalibacterium prausnitzii
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Akkermansia

Blautia
Enterobacteriaceae
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Bacteroides fragilis
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Figure 1: Relative frequency of taxa determined using 16S rRNA amplicon sequencing (lllumina) in control
(no spike-in) mother/infant faecal samples. Planococcus and Pseudoalteromonas sequences were not
detected.

~ 164~



Chapter 4

Planococcus sp. APC 3900
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Figure 2: Growth curve of strain Planococcus sp. APC 3900 (lab ID: 26E) was used to determine the
optimal growth of the strain. Data was generated from CFU/mL counts and measuring optical
density at ODsoonm OVer time.

Pseudoalteromonas sp. APC 3896
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Figure 3: Growth curve of strain Pseudoalteromonas sp. APC 3896 (lab ID: 23E) was used to
determine the optimal growth of the strain. Data was generated from CFU/mL counts and
measuring optical density at ODsoonm OVer time.
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Mother/Infant samples spiked with 2% Pseudoalteromonas sp.
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Figure 4: Relative abundance of Pseudoalteromonas APC 3896 after spiking cells into mother/infant
faecal samples at 2 % estimated output. The actual output mean relative abundance was in the range
of 0.45-2.77 %.
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Figure 5: Relative abundance of Planococcus sp. APC 3900 after spiking cells into mother/infant
faecal samples at 2 % estimated output. The actual output mean relative abundance was detected
in the range of 3.17-9.50 %.
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Figure 6: Flowchart showing general overview of the experimental process. Cell counts of deep-sea
spike-in DNA were calculated based on copy number per in a known quantity of DNA CFU counts of
bacteria from infant/mother faecal samples (a). Flow-cytometry cell counts of known quantity of
sample (b). Bacterial genomic DNA is extracted, normalised, and subjected to 16S rDNA HTS, with
and without spike-in DNA, which could be evaluated with qPCR (c).
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Figure 7: Relative frequency of taxa in mother/infant faecal samples after spiking with 2 % gDNA
from Pseudoalteromonas sp. APC 3896. The spike-in was detected in each sample in the range
of approximately 1-10 %. (a) Full results output, (b) Pseudoalteromonas results only.
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agarases from Deep-sea
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Abstract

In this study we identified an agar-degrading Pseudoalteromonas strain, APC 4017,
which had previously been isolated from the skin of a deep-sea fish. Crude extract
from a culture of this strain retained agar-degrading activity at 5 °C. We identified
two putative B-agarase genes, aga4017A and aga4017B, in the genome of strain APC
4017. The first encodes a protein, Aga4017A, of 445 amino acids in length, which
shared high sequence homology to characterised GH16 B-agarases and was predicted
to contain conserved features and domains characteristic of GH16 B-agarases.
Agad017B is 773 amino acids in length and was predicted to contain an agarase
carbohydrate-binding domain module, characteristic of GH50 [-agarases, yet
showed low sequence homology to characterised GH50 B-agarase. A recombinant
plasmid pCR2.1-TOPO_agad4017A was created which contained aga4017A and was
expressed in E. coli TOP10. Transformed cells were positive for agar-degradation. The
3D structural protein model of Agad017A was predicted using Alphafold2 which
demonstrated that the structure was organised into three distinct modules
corresponding to the predicted signal peptide sequence, conserved GH16 [3-agarase
catalytic domain and the carbohydrate-binding domain. This study represents one of
the first to characterise a B-agarase protein sequence found in a deep-sea fish

microbiome isolate.
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5.1. Introduction

Agar is a sulphated galactan composed mainly of two polysaccharides, agarose and
agaropectin, and constitutes part of the cell wall of red algae (Rhodophyta). Agarose
itself is a linear molecule consisting of alternating repeats of 3,6-anhydro-a-L-
galactose and B-D-galactose residues linked by a-1,3 and B-1,4 bonds (Chi et al.,
2012). Agar-degrading enzymes (agarases) are members of the glycoside hydrolase
(GH) enzyme class, and act on agarose. They are classified into two main groups: a-
agarases (EC 3.2.1.158) that cleave the a-1,3 linkages of agarose to yield agaro-
oligosaccharides (Flament et al., 2007), and B-agarases (EC 3.2.1.81) that cleave the
B-1,4 linkages of agarose to yield neoagaro-oligosaccharides (NAOs) (Ohta et al.,
2004). According to the database of carbohydrate-active enzymes (CAZy;
[http://www.cazy.org]) agarases can be further classified into 5 specific glycoside
hydrolase families (GH96 for a-agarase, GH16, GH50, GH86, and GH118 for B-
agarase) based on their amino acid sequence, and which can generate end products
with varying degrees of polymerisation (Li et al., 2018).

Agarases can be an important biological tool in research, for example, in the recovery
of oligonucleotides and nucleic acid fragments from agarose gels, and to investigate
the structure of galactans and seaweed cell walls (Yaphe, 1957, Fleurence et al.,
1995). Furthermore, the oligosaccharide products derived from agar degradation,
particularly NAOs, can have a wide variety of health-benefiting biological activities
such as anti-inflammatory (Wang et al., 2017), anti-oxidant (Jonnadula et al., 2020),
cell whitening, moisturising (Yun et al., 2013), prebiotic (Hu et al., 2006), anti-obesity
and anti-diabetic (Hong et al., 2017). The enzymatic degradation of agar is often
preferred to chemical degradation due to the reaction being more specific,
environmentally friendly, and possibly more effective at producing more functional
NAOs (Xu et al., 2018, Chen et al., 2021). Much of current research is investigating
the expression of agarase genes in heterologous hosts, such as Escherichia coli and
Bacillus subtilis, to potentially produce commercial food-grade products (Cui et al.,
2018). Current commercially-available B-agarases include native and recombinant

products from Pseudoalteromonas and Zobellia species.
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Agar-degrading bacteria have been isolated from a wide variety of marine habitats,
such as seawater, sediment, soil, and algae (Fu and Kim, 2010). Deep-sea habitats are
characterised by extreme environmental conditions such as low temperatures, no
sunlight and high hydrostatic pressure and therefore are particularly interesting as
sources of novel enzymes with unique properties. Novel B-agarases have been
isolated from deep-sea sediment (Chen et al., 2016) and deep-sea waters (Ohta et
al., 2004). However, to date, no studies have reported the characterisation or
isolation of agarases from deep-sea fish microbiota.

In this study, we describe the identification and in silico characterisation of two
putative B-agarases encoded by Pseudoalteromonas sp. APC 4017, an isolate from
the skin of a deep-sea fish. We also predict the 3D protein model structure of B-
agarase 4017A using in silico methods and describe its subsequent cloning and

expression in the heterologous host E. coli.
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5.2. Materials and Methods

5.2.1. Bacterial isolates and identification of agarolytic strains

Bacterial strains were originally isolated as part of a screening study for antimicrobial-
producing isolates from the skin and intestines of deep-sea fish (Uniacke-Lowe et al.,
2023). It was noted that a number of the isolates demonstrated agar “pitting” when
cultured on BD Difco Marine Agar 2216 (MA). One of the agarolytic isolates, strain

APC 4017, was selected for further analysis for this study.

5.2.2. Taxonomic analysis:

Strain APC 4017 was subjected to genomic DNA (gDNA) extraction, sequencing and
assembly, as previously described (Uniacke-Lowe et al., 2023). The genome assembly
sequence is available from NCBI under the accession JASDCC000000000.1. The 16S
rRNA gene sequence was extracted from the whole genome sequence data using
barrnap (version 0.9, https://github.com/tseemann/barrnap). 16S rRNA gene -based
taxonomy was inferred using the 16S-based ID application on the EzBioCloud server
(Yoon et al., 2017). Multiple sequence alighments with the query and hit sequences
were created using Muscle (Edgar, 2004) within MEGA X (Kumar et al., 2018). A
neighbour-joining tree was constructed and inferred using the Kimura-2-parameter
method (Kimura, 1980). Bootstrapping was based on 500 replicates. The tree was
rooted by including the 16S rRNA gene sequence from Algicola bacteriolytica E8R

(accession NR_036838.1) as an outlier.

5.2.3. Preparation of crude enzyme agar extract

Crude supernatant containing the agarase enzymes was prepared using culture
freeze-thaw extraction as follows: An overnight culture of APC 4017 was prepared in
BD Difco Marine Broth 2216 (MB). A dense lawn of culture was then spread onto MA
(1.5 % agar) and cultured at 25 °C for 4 days. Following incubation, the plate was
frozen at -20 °C overnight and allowed to thaw. Liquid from the thawed plate was
collected and centrifuged at 4500 x g for 20 min at 5 °C. This freeze-thaw process was
repeated several times until no more liquid could be extracted. Cells were removed
by filtration using a 0.45um filter (Filtropur S PES, Sarstedt). The cell-free extract was

concentrated by ultra filtration using a molecular weight cut-off (MWCO) of 10K
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(Pierce Protein Concentrator PES, 10K MWCO, Thermo Fisher Scientific) and the
retentate was resuspended in half the volume of phosphate buffer saline solution
(PBS) to achieve a 2X concentration. Aliquots of the retentate in PBS and filtrate were
stored at 4 °C (short term) and at -20 °C (long term).

To confirm the presence of agarase activity, the retentate and filtrate were spotted
(15pL) onto 2 % agar supplemented with 2 % w/v NaCl and incubated at 5 °C and 25
°C overnight. The plate was stained by flooding with Lugol’s iodine and observed for

zones of clearance (occurring within 2-3 minutes).

5.2.4. In silico agarase gene identification and characterisation

Bacterial genome assembly was annotated using PROKKA (version 1.14.6; Seemann,
2014). Agarase protein sequences predicted from the annotation were queried using
NCBI’s BLASTp tool against the non-redundant (nr) and Protein DataBank (PDB)
databases. Multiple sequence alignments (MSAs) were made in Jalview (version
2.11.2.7; Waterhouse et al., 2009) using Muscle (Edgar, 2004). Pairwise amino acid
percentage identities were calculated within Jalview. Signal sequences of the
putative agarase proteins was predicted using SignalP (version 6.0; Teufel et al.,
2022). Molecular mass and theoretical isoelectric point (pl) were predicted using the
ExPASy-ProtParam tool (https://web.expasy.org/protparam/, accessed on
11/09/2023). Conserved domains and features were queried using NCBI’s web-based
conserved domain search tool against the Conserved Domain Database (CDD, version

3.2; Yang et al., 2020).
5.2.5. Cloning

5.2.5.1. Agarase gene PCR amplification

Genomic DNA (gDNA) from strain APC 4017 was used as the template for agarase
gene amplification following extraction using the GenelJET Genomic DNA Purification
Kit (Thermo Fisher Scientific) and Gram-negative protocol. The primers used for
amplification of the B-agarase genes are shown in Table 1. Amplification of the
agarase genes was carried out using Biomix Red DNA polymerase (Meridian
bioscience) and PCR with the following parameters: initial denaturation, 95 °C x 60s;
32 PCR cycles (95 °C for 10s, anneal* at 53 °C for 20s, 72 °C for 70s); final extension,

72 °Cfor 10 min. PCR products were analysed by running on a 1 % agarose gel, stained
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with MIDORI Green and subject to gel electrophoresis. PCR products were purified
using the GeneJET PCR purification kit (Thermo Fisher Scientific).
*A gradient PCR using annealing temperatures of 55 +5 °C was initially carried out to

optimise the annealing temperature.

5.2.5.2. Competent cells and cloning vector
One Shot™ TOP10 chemically competent E. coli cells, pCR2.1-TOPO TA cloning vector
and TOPO-TA cloning kit were acquired from Invitrogen (cat# K4500J10, Thermo

Fisher Scientific).

5.2.5.3. Plasmid construction and transformation

Production of PCR products for the cloning reaction was carried out according to the
TOPO TA Cloning kit manual using gDNA from APC 4017 as the template, the agarase
primers (Table 1) and PCR cycle parameters as above. The cloning reaction was
carried out using the TOPO TA blunt-end cloning kit and method for TOP10 chemically
competent cells (reaction time: 15 min), according to manufacturer’s instructions.
Transformation was carried out using the regular transformation protocol for One
Shot chemically competent E. coli. Resulting cells from the transformation reaction
were plated on LB containing 50 pg/mL ampicillin and X-Gal (40 uL of 40mg/mL
spread onto plate) and incubated overnight at 37 °C. Following incubation, several
positive clones (white colonies) were picked and subcultured on LB medium

containing 50 pug/mL ampicillin.

5.2.5.4. Transformant analysis
Colony PCR on selected clones was used to confirm the presence of the agarase gene

using the relevant insert primers (Table 1).

5.2.5.5. Plasmid extraction, sequencing, and assembly

A single colony from a transformant positive for agar-degradation (and insertion of
fragment) was selected for plasmid extraction using the PureLink Quick Plasmid
Miniprep Kit (Invitrogen), as per manufacturer’s guidelines. Plasmid DNA was
sequenced, assembled, and annotated by PlasmidSaurus
(https://www.plasmidsaurus.com/). The annotated plasmid assembly was visualised
in SnapGene. The 4017A agarase gene was mapped onto the resulting plasmid

assembly following nucleotide alignment in SnapGene.
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5.2.6. Predictive 3D modelling

The predicted 3D protein model structures were generated using AlphaFold2 (Jumper
et al., 2021) on our laboratory’s local server and visualised in Mol* Viewer (Sehnal et
al., 2021). 3D model confidence was determined using Alphafold’s per-residue
confidence metric: predicted local distance difference test (pLDDT). Conserved
features were mapped onto the 3D structure sequence in Mol* Viewer. The predicted
3D structure model of Aga4017A was superimposed with the crystal structure model
of the catalytic B-agarase domain from Microbulbifer thermotolerans JAMB-A94 (PDB
3WZ1) using PyMOL (The PyMOL Molecular Graphics System, version 2.5.5,
Schrédinger, LLC).
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5.3. Results

5.3.1. Identification and selection of agarolytic strains

Colonies of marine fish bacterial isolates displayed agar pitting after culturing on MA,
which when stained with Lugol’s iodine, resulted in clear zones in the areas where
the agar had been degraded (Figure 1a). APC 4017, originally isolated from the skin
of Bathysaurus ferox, exhibited suspected agarase activity after culturing on MA at
21 +2 °C for up to 10 days and at 5 +1 °C for up to 3 weeks (Figure 1b). Based on the
16S rRNA gene analysis, strain APC 4017 was most closely related to
Pseudoalteromonas carrageenovora |IAM 126627 (accession no. X82136) at 99.12 %
sequence similarity (97.7 % completeness) and Pseudoalteromonas atlantica NBRC
1030337(BJUT01000111) at 99.0 % similarity (100 % completeness). APC 4017 formed
its own clade in a rooted neighbour-joining tree of 16S rRNA gene sequences,

indicating that it may be a novel species (Figure S1).

5.3.2. Crude agarase agar extract

Crude agarase prepared from the extract of strain APC 4017 cultured on solid media
was spotted onto 2 % agar and incubated overnight. After staining with Lugol’s iodine
clear/lighter coloured zones were formed where the supernatant had been spotted,
demonstrating agar degradation. This activity was observed when the spotted

supernatant was incubated at 5 °C and 25 °C (Figure 2).

5.3.3. Molecular characterisation of Aga4017A

From the PROKKA genome annotation, a putative B-agarase-encoding gene of 1338
bp, denoted aga4017A, was detected in the genome of the strain APC4017. This gene
encoded a 445 amino acid product. The molecular mass and pl were predicted to be
50.21 kDa and 4.75, respectively. A Sec-secretion signal peptide cleaved by signal
peptidase | (Sec/SPI) and a cut site were predicted from residues 1 to 19 and between
residues 19 and 20, respectively (Figure S2). Specific conserved domains were
predicted in the Aga4017A sequence including a GH16 family B-agarase domain
(GH16_beta_agarase [cd02178]) and a carbohydrate-binding ricin-type beta-trefoil
lectin domain (Ricin B lectin [Pfam PF00652]) from residue 18 to 294 and from 308 to
441, respectively (Table 2). The full list of CDD hits identified is given in Table S1. The
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start position of the GH16_beta_agarase domain (residue 18) is consistent with the
cut site proceeding the predicted signal peptide position (residue 19).

Five conserved features were predicted in the Aga4017A protein sequence, including
active sites, catalytic residues, and sugar-binding sites (Table 3). Regarding the
predicted Q-X-W motifs in the Agad017A sequence, tryptophan (W) has been
replaced by phenylalanine (F), both of which are hydrophobic amino acids.

BLASTp analysis against the nr database revealed that Aga4017A has the highest %
identity to several uncharacterised ricin domain-containing proteins from
Pseudoalteromonas spp. and to Aga862, a characterised GH16 family B-agarase from
Pseudoalteromonas sp. Q30F (AXK59832.1) at 93.48 %. Other characterised hits
included B-agarases from  Pseudoalteromonas sp. H9 (AIW52355.1),
Janthinobacterium sp. SY12 (AB093616.2) and Pseudoalteromonas sp. JT-6
(ACF40223.1). All sequences were 445 amino acids in length and the % identities
ranged from 86.97 to 96.63 % (Table 4).

The multiple sequence alignment of Aga4017A and the characterised hit protein
sequences showed that the region of highest similarity among the sequences occurs
between residues 33 to 300 (approximately), which corresponds to the catalytic
agarase domain according to the CDD analysis (Figure 3). The least conserved
residues were found in the predicted carbohydrate-binding (C terminal) domain. The
MSA also shows the presence of a highly conserved sequence pattern (EXDXXE),
which has previously been reported to contain key catalytic residues that are
characteristic of GH16 family B-agarases (Michel et al., 2006). The predicted catalytic
residues of Aga4017A (E143, D145, E148 [Table 3]) most likely correspond to this
sequence pattern.

When queried against the PDB database, Aga4017A shared the highest % identity to
the catalytic domain of a GH16 B-agarase from Microbulbifer thermotolerans (3WZ1),
a deep-sea sediment isolate (Takagi et al., 2015, Ohta et al., 2004). The sequences

shared 42.07 % identity at 62 % coverage, according to the BLASTp results.

A putative protein coding sequence (CDS) of 2322 bp encoding a product of 773

amino acids was identified immediately downstream of the aga4017A. Both genes
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appeared to be located within a large gene cluster encoding enzymes involved in

hydrolysis of agarose and agarose-derivatives, such as galactose (Figure 4).

5.3.4. Molecular characterisation of Aga4017B

BLASTp analysis of this second gene, denoted aga4017B, found that it was most
similar to putative uncharacterised agarase_CBM(carbohydrate-binding module)-like
domain-containing proteins from various Pseudoalteromonas species. ldentities
ranged from 83.69-98.58 % (at 100 % coverage). The agarase_CBM domain (Pfam
PF17992) forms the active site of exo B-agarases (Pluvinage et al., 2013). When
queried against the PDB database, Aga4017B was most closely related to a GH50
family B-agarase from Pseudoalteromonas fuliginea (PDB 6XJ9) at 51.81 % identity
and 91 % coverage, followed by B-agarases from Agarivorans gilvus (PDB 5Z6P) and
Saccharophagus degradans 2-40 (PDB 4BQ2 and PDB 4BQ4) and at 50.71 %, 49.87 %
and 49.73 % identity, respectively (Figure 5).

Agad017B had an estimated molecular mass and pl of 88.02 kDa and 6.22,
respectively. A Sec lipoprotein signal peptide cleaved by signal peptidase Il (Sec/SPIl)
was predicted from residues 1 to 22 with cut site occurring between residues 22 and
23 (Figure S3). A conserved agarase_CBM domain (PF17992, superfamily cl40253)
was predicted from residues 46 to 223. No conserved features or functional sites
were predicted in Aga4017B.

Pairwise sequence analysis of Aga4017A and Aga4017B found that they shared only
20 % identity suggesting that they represent very different GH families. An overview
of the predicted molecular characteristics of Aga4017A and Aga4017B, including

molecular mass (kDa), pl and signal peptide prediction, is given in Table 6.

5.3.5. Heterologous expression of Aga4017A

The agarase PCR products were each inserted into a pCR2.1-TOPO vector and
subsequently used to transform the E. coli TOP10 cells. Transformation to generate
E. coliTOP10 pCR2.1-TOPO_aga4017A resulted in colonies that exhibited agar pitting
(Figure 6), confirming that Aga4017A is an agar-hydrolytic enzyme. The agar-pitting,
and hence enzyme expression, was observed without induction. Colony PCR on

randomly selected transformants exhibiting agar-pitting confirmed the presence of
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the aga4017A gene (Figure 7). Plasmid sequencing and assembly produced a plasmid
5324 bp in size and contained the insert of interest, aga4017A, on the reverse strand

(Figure 8).

5.3.6. Predicted 3D structure of GH16 agarase Aga4017A

The Agad017A protein was selected for further analysis. The predictive 3D protein
modelling of Aga4017A using Alphafold2 produced a globular protein with distinctive
modules, which correspond to the conserved domains predicted from the NCBI CDD
search (Figure 9). The secondary structure of the predicted model largely consisted
of B-strands (Figure 10).

The pLDDT scoring per residues plotted within Alphafold is illustrated in Figure S4. A
pLDDT score of >90 is considered the cut-off for high prediction accuracy, whilst a cut
off of >70 corresponds to a “generally correct” prediction (Tunyasuvunakool et al.,
2021). Overall, 81 % of the residues in the Aga4017A-predicted model yielded a
pLDDT score of >90, whilst 94 % had a score of >70, indicating a strong model
confidence. The lowest scoring region was seen within the first 18 residues (mean
score of 56), which corresponds to the predicted signal sequence of 19 residues. A
second low scoring region occurred between residues 296-306 (average score of 59),
which likely corresponds to the linker region between the agarase and ricin B lectin -
like carbohydrate binding domain of the Aga4017A protein.

Coordinates of the predicted functional sites were mapped onto the predicted 3D
model (Figure 11). The active sites and catalytic residues were localised within the
GH16 B-agarase domain. More specifically, the active sites were located within a
concave channel/groove formed by B-strands in this protein domain.

The observed 3D structure and arrangement of the B-strands of the predicted
carbohydrate-binding domain of Aga4017A is consistent with it being a B-trefoil fold
(Pfam PFCLO066). This type of fold, which largely consists of B-strands forming six
distinctive two-stranded hairpins, is found in the carbohydrate-binding module
(CBM) family 13. The CBM13 family belongs to the same Pfam family as ricin B lectin
(Fujimoto, 2013). This structural model result is in agreement with the predicted
conserved domain results derived from the protein sequence analysis (Table 2). The

localisation of the predicted sugar-binding sites to within the ricin B lectin domain of
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4017A is also consistent with it being a carbohydrate-binding domain. The calcium-
binding sites were also concentrated within the ricin B lectin -like domain (Figure 11).
When superposed with the crystal structure of the GH16 domain of B-agarase
MtAgaA (PDB 3WZ1), from M. thermotolerans JAMB-A94, a clear overlapping of the
structures could be seen, demonstrating their high structural similarity (Figure 12).
Both structures contained the distinctive concave region containing the active sites.
Crucially, the highly conserved EXDXXE catalytic residues within this concave region
aligned completely. However, when aligned with Muscle, the amino acid sequences

only shared 41.08 % identity over 297 amino acids (Figure S5).
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5.4. Discussion

The aim of this study was to characterise putative agar-degrading enzymes identified
in bacteria isolated from deep-sea fish. Strain APC 4017 was deemed to be a good
candidate for further analysis. Extreme environments are of great bioprospecting
interest in terms of finding novel enzymes that are active, if not at least stable, under
a wide range of conditions such as extreme of temperatures, pH, hydrostatic
pressure, and variable salinity (Littlechild, 2015, Mesbah, 2022). Pseudoaltermonas
species, in particular, are of great biotechnological interest due to their tolerance of
extreme environmental conditions and ability to produce a wide range of bioactive
compounds (Parrilli et al., 2021). 16S rRNA gene sequence analysis showed that strain
APC 4017 is a member of the genus Pseudoalteromonas, and most closely related to
P. carrageenovora IAM 12662 and P. atlantica NBRC 103033, two species known for
their ability to degrade various polysaccharides, including agar (MORRICE et al., 1983)
carrageenan (Gobet et al., 2018). The topology of the phylogenetic tree generated
from alignment of the 16S rRNA gene sequences suggests that APC 4017 is a novel
Pseudoalteromonas species, as it does not cluster closely to the other sequences,
however further analysis is needed to confirm this.

Crude supernatant from APC 4017 exhibited agar-degrading activity at low
temperatures of 5 °C and 25 °C. This may indicate an adaptation to the low
temperatures experienced in the deep sea. Cold-active enzymes may be particularly
desirable for their efficiency at lower temperatures and, therefore, can be used in
more cost effective and environmentally friendly reactions (Barroca et al., 2017).
Cold-active enzymes can also be used in the preparation of thermolabile food
substances, such as the production of lactose-free milk using B-galactosidase
(Mangiagalli and Lotti, 2021). Cold-active B-agarases, specifically, have applications
for carrying out hydrolysis of agar/seaweed compounds and production of NAOs
under low-temperature conditions. Current research is also looking into the
application of agarases in the development of seaweed-derived greener renewables,
such as biodegradable plastics (Farghali et al., 2023) and biofuels (Park et al., 2020).

Preliminary in silico analysis of the genome of strain APC 4017 found two agarase

genes, denoted aga4017A and aga4017B, encoded in tandem. The protein sequence
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of Aga4017A was 445 amino acids in length, with an estimated molecular mass of
50.21 kDa. The most closely related characterised agarases to Aga4017A from the
NCBI nr and PDB databases were Aga862 from Pseudoalteromonas sp. Q30F
(AXK59832.1), at 93.48 % identity, and MtAgaA from Microbulbifer thermotolerans
JAMB-A94 (3WZ1) at 42.07 % identity, respectively, both of which are GH16 family B-
agarases (Cui et al., 2018, Ohta et al., 2004). Notably, M. thermotolerans JAMB-A94
is also a deep-sea isolate, having been originally isolated from deep-sea sediment.
Conserved domains and features predicted in Aga4017A included an N-terminal
secretory signal peptide (Sec/SPl) sequence, an GH16 B-agarase domain, a C-terminal
ricin-type beta-trefoil lectin (carbohydrate-binding) domain, and a highly conserved
catalytic sequence pattern (EXDXXE) containing glutamic acid and aspartic acid
residues, which is characteristic of GH16 family B-agarases (Michel et al., 2006).
Mutations to these residues in B-agarase Aga0917 resulted in improper binding of
the substrate to the catalytic sites and loss of hydrolytic activity (Li et al., 2022). An
alignment generated from the sequences of Agad4017A and closely related
characterised B-agarases from the NCBI nr database showed a high level of sequence
similarity, particularly between residues 33 to 300, the region corresponding to the
agarase domain. The least conserved residues were found in the N-terminal signal
sequence and C-terminal carbohydrate-binding domain, possibly indicating
differences in substrate binding affinity.

The second agarase of APC 4017, Agad4017B, was much larger, at 773 amino acids in
length and with an estimated molecular mass of 88.02 kDa. The sequence was most
closely related to PfGH50B, a GH50 B-agarase from Pseudoalteromonas fuliginea
(PDB 6XJ9), at only 51.91 % identity. The structure of PfGH50B consists of an N-
terminal carbohydrate binding module, a linker region and a larger C-terminal
catalytic domain and was noted as being unique amongst the GH50 [B-agarases
(Pluvinage et al., 2020). Aga4017B was predicted to contain a lipoprotein (Sec/SPII)
signal sequence and a conserved agarase_ CBM domain from residues 46 to 223,
consistent with corresponding to the N-terminal CBM domain of PfGH50B from P.
fuliginea. Interestingly, no other conserved features or functional sites were

predicted in the Aga4017B sequence. In the BLASTp sequence similarity search
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results all identified hits were hypothetical/uncharacterised agarase_ CBM domain-
containing proteins. This suggests that Aga4017B is a novel GH50 B-agarase.
Agar-degrading systems involving multiple B-agarases has been reported in many
bacterial species and is understood to enable progressive degradation of agarose to
small oligosaccharides (Ekborg et al., 2006). Several more recent genomics-based
studies of agarolytic strains reported large (>100 kbp) ‘polysaccharide utilisation loci’
(PUL) that encoded multiple agarases representing different GH families, and other
hydrolytic enzymes (Schultz-Johansen et al., 2018). Kang et al. (2023), for example,
showed that the PUL of Aquimarina sp. ERC-38 included six B-agarases (three GH86
and three GH16 family B-agarases). Thin layer chromatography analysis showed that
the mechanism of action of these agarases was different, with some being more
effective at hydrolysing NAOs of different lengths, demonstrating substrate
specificity. It could also be seen that several of these agarase were located within
very close proximity of each other on the PUL. It is therefore likely that Aga4017A and
Agad017B are involved in a complex agarolytic system involving multiple enzymes.
The aga4017A and aga4017B genes were cloned into E. coli TOP10 using the pCR2.1-
TOPO cloning vector. Significantly, pCR2.1-TOPO_aga4017A transformants were
positive for agarolytic activity despite lacking dedicated promoter for expression of
the insert. Isolation and subsequent sequencing of pCR2.1-TOPO_aga4017A
confirmed insertion of the complete aga4017A gene on the reverse strand.
Agad017A was selected for further characterisation due to its effective agar-
degrading activity and apparent non-toxic nature to the E. coli host.

The predicted 3D model of Aga4017A had a globular structure but with distinctive
modules in the N- and C-terminal domains formed by the tertiary structure. Mapping
of the predicted conserved domains from the NCBI CDD search onto the predicted
3D model confirmed these modular regions as the N-terminal GH16 catalytic and ricin
B lectin (carbohydrate-binding) domains. The topology of the GH16 catalytic domain
formed a concave groove and contained the predicted active sites and catalytic
sequences, which is consistent with previous reports on GH16-family enzyme
structures (Michel et al., 2006). It has been proposed that the active site of glycoside
hydrolases can be one of three general topologies: pocket, tunnel and cleft/groove,

with the latter being most commonly found on endo-acting enzymes (Davies and
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Henrissat, 1995), suggesting that Aga4017A is an endo-type B-agarase. This was
further supported by our superposition of Aga4017A with the crystal structure of the
catalytic domain of the deep-sea agarase MtAgaA (M. thermotolerans JAMB-A94), in
which a clear overlapping of the secondary structures, concave regions and key
catalytic residues was observed. MtAgaA is a highly thermostable endo-type GH16 B-
agarase that produces neoagarotetraose as its end product (Ohta et al., 2004). The
topology of the C-terminal module of the Aga4017A 3D model was consistent with
being a ricin B lectin trefoil fold (Pfam pf00652), which agrees with the NCBI CDD
search. An interesting aspect of the APC 4017 agarases to explore, which we have not
done in this study, would be their full temperature range of activity, thermostability,
and hydrostatic pressure tolerance. The results are consistent and strongly suggest

that Aga4017A is an endo-type GH16 B-agarase.
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5.5. Conclusions

In this study we identified a potentially novel agar-degrading strain,
Pseudoalteromonas sp. APC 4017, originally isolated from the gut of a deep-sea fish.
Supernatant from strain APC 4017 demonstrated agar hydrolysis at low temperatures
which suggests that it may have applications for industrial processing of agar and
agar-containing biological substrates. Two putative B-agarases, Aga4017A and
Agad017B, were identified in the genome of APC 4017, which were found to be
encoded, in tandem, on a large agarolytic gene cluster. Sequence analysis showed
that Agad4017A was most likely a GH16 family B-agarase and contained conserved
characteristic GH16 domains and catalytic residues. E. coli TOP10 transformants
expressing the Aga4017A were capable of agar degradation as evidenced by liquid
pools around the colonies. Sequence analysis and 3D modelling showed Aga4017A to
be a modular enzyme, with distinctive domains involved in signalling, biocatalysis and
carbohydrate-binding. The second putative agarase, Agad4017B, shared some
sequence homology with GH50 B-agarases and was predicted to contain a C-terminal
agarase_CBM domain, a characteristic of GH50 [B-agarases. Yet, Aga4017B only
shared 51.81 % identity to its nearest characterised relative, a GH50 B-agarase from
P. fuliginea. It is, therefore, likely that either Aga4017B is a GH50 B-agarase with an
unusual structure or a related protein that binds to the same substrate as GH50 B-
agarase. Purification and further analysis of these B-agarases, and their end products,
is necessary to fully characterise them and determination their potential downstream
applications. Cold-active agarases are of great biotechnological interest for their
application in various industrial processes and production of bioactive
oligosaccharides from agar. This study presents the first to report on the preliminary
characterisation and cloning of an agarase derived from a deep-sea fish microbiome

isolate.
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5.7.Chapter 5 Figures and Tables

Table 4: Primers used in this study for amplification of agarase genes and corresponding gene targets.
Tm = melting temperature.

Primer ID Primer Sequence (5’ - 3’) Tm Gene target Product length

(°c) (bp)

23B_B_agaF GACAACATCAATTTAAAGAGGC 59.2 aga4017A (forward 1393
strand)
23B_B_agaR CACTCAATGTAAAAACTTTGC 56.5 agad4017A (reverse
strand)

23B_H_agaF TAGGCTTGCTATGAAATACACA 58.9 aga40178 (forward 2351
strand)
23B_H_agaR TACCCAAGCCTGAATATAACTAG 58.0 aga40178 (reverse
strand)

o

Figure 4: Colonies of the deep-sea fish isolates on marine agar after staining with Lugol’s iodine.
Clear zones around the colonies indicate where agar degradation has occurred (a). A single

colony of Pseudoalteromonas sp. APC 4017 exhibiting agar "pitting" on marine agar (b).
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Table 5: Conserved domains predicted in Aga4017A.

Query From To E-Value Bitscore Accession Short name
Agad017A 18 294 6.21E-98 293.873 ¢d02178 GH16_beta_agarase
Ricin_B_lectin

308 441 4.06E-20 85.6611 PF00652

Figure 5: Crude agarase prepared from APC 4017 was spotted on 2 % agar
medium and incubated at (a) 5 °C and (b) 25 °C. Staining with Lugol’s iodine
resulted in clear zones forming in the areas where the agar had been

degraded.
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Table 6: Conserved features and corresponding residue coordinates predicted in -agarase Aga4017A.

Query Type Title coordinates
Agad017 specific active site N66, W68, W134, D140, E143, D145, E148, F169,
A R171, E260, H262
specific  calcium binding site D21, N48, D288
specific  catalytic residues E143, D145, E148
specific  Q-X-W motif Q344, Q345, F346; Q392, R393, F394; Q439,
R440,
F441
specific ~ putative sugar binding D320, Q333, W335, N343, Q344, Q368, Q381,

sites

W383, S391, Q392, D416, V429, W431, Q439
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Table 7: Comparison of Aga4017A to most similar sequences and selected characterised hits from the NCBI nr database queried using BLASTp.

Query Query Hit description [strain] % Cov. % Id len accession status
len (AA) (AA)

Agad017A 445 Ricin domain-containing protein [Pseudoalteromonas sp. 100 96.63 445 WP_087533949.1  uncharacterised
A601]
Ricin domain-containing protein [Pseudoalteromonas 100 93.71 445 WP_064385033.1  uncharacterised
telluritireducens)
Ricin domain-containing protein [Pseudoalteromonas sp. 100 93.48 445 WP_126007335.1  uncharacterised
Xi13]
beta-agarase [Pseudoalteromonas sp. Q30F] 100 93.48 445 AXK59832.1 characterised
beta-agarase [Pseudoalteromonas sp. H9] 100 87.42 445 AIW52355.1 characterised
extracellular agarase precursor [Janthinobacterium sp. SY12] 100 87.19 445 AB093616.2 characterised
beta-agarase [Pseudoalteromonas sp. JT-6] 100 86.97 445 ACF40223.1 characterised

len = length; cov = coverage; Id = identity
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Scale: 2kB

D D D D DO I IO

mobile genetic element . dehydrogenase

zinc-regulated outer membrane receptor putative cytochrome p450

. B-agarase . ferrodoxin related protein
. gluconolactonase transcriptional regulator
. 3,6-anhydro-alpha-L-galactonate cycloisomerase hypothetical protein

Figure 6: The two putative B-agarase genes, aga4017A and aga4017B, were located within a large
gene cluster encoding enzymes likely involved metabolism of agarose and agarose-derivates. Figure
was created using Gene Graphics (genegraphics.net).
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Agadof7A 1 [k 1 T F NG L TR S sEBE D T o 89
ABOO3616.2 1 MNNLEL S EMLM A ABDN E R 89
ACF402231 1 MikcNNLEL S EMEM A ABDN A R 89
AIW52355.1 1 MKNNLEL S EMEL A TEDN A o 89
AXK59832.1 1 kT THF INGE LT TENE S TEGD u o 89
Agad017A

ABOS3616.2 O\
ACF402231
AIWs2335.1
AXK59832.1

Agado17A
ABCO3616.2

ACF40223.14

AIWS52355.1

AXKS59832 1

Agad017A 268 5 5A 356
ABOO3616.2 268 A N 356
ACF40223.1 268 A N 356
AIW52355 1 268 A N 356
AXK59832.1 268 S GSDNT 356
Agadof7A 357 ABS KLQ A v [ fIEHD 445
ABOO3616.2 357 5 G T | £ 445
ACF402231 357 s G m | S 445
AIW52355.1 357 S G T | 5 445
AXK59832.1 357 3 AT KL A v DI 445

Figure 7: Multiple sequence alignment of Aga4017A and similar characterised agarases from the NCBI
nr database: Pseudoalteromonas sp. Q30F, AXK59832.1; Pseudoalteromonas sp. H9, AIW52355.1;
Janthinobacterium sp. SY12, ABO93616.2; Pseudoalteromonas sp. JT-6, ACF40223.1. Residues are
coloured according to % identity (>50 %), with the colour intensity increasing as the value approaches
100 %. A highly conserved catalytic sequence pattern (EXDXXE), characteristic of GH16 family B-
agarases, is highlighted in magenta.
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6XI9_A 1MGSSEHHHH - - - - - - HSSGL - RGSH------ MASS---TNTLMYLFADDTHHTATSVDYQSNSAIVKNEN-SVBNVQF 66
526P_A 1--HHEHHHH - - - - - - HGSDYDIPTTENLYFQGSMEPA---NQPLQGALPLFDFSQSTLPEEFSFSNVEANLRFECHME | KAL 72
4BQ4_A 1--GSEMLFD------ FENDQ- SNIg------ FLNA---RAS| - KLAM 47

ETYTG

NGEPS - KGEKLAM

Agad0178 IMKYTHKTIYIPIALLLGTGL - GCTNNQPKESTKLSNYIQKEHMLWDFEKADVQPFLKSHNATTSLIERQGN-HKIKVTFAAI 81

ETYTGUNGEPS - KG|
48Q2_A 1--GSEMLFD------ FENDQ- SNIH------ FLNA---RASI -

LY I KT I1@IKT VVVRSESTNT |EMKEVOM- - - ----- - 155
I¥LDIS@ID VNVBVGGYNT AK ATPDGKENV 149

Aga40178 82 THHESD I E FVNNGTHNEMQA LGNFAFALBIENPDKY

6XI9_A 67 KNSYAS | VFSPEKP EFNDFNLAFELANPGT

526P_A 73K F TSVFIE Q N DLGNFCFAFDARALDE MF I N | FEIH CINIAPGKQQS FMVE ---HGGAC- 151
4BQ4_A 48 Q TGLAIV EFTSASLY I VSVGD FlI.DVT QN IDIIV KMQS.AK EVPDSGDVN 130
4BQ2_A 48 Q TGLA LV, EFTSASLY IVSVGD! LDVTBIQNGAVFT IDIPVGKMQS EVPDSGDVN 130

Agad0178 156 - -1 E QlSYTPVLVRG 1BvElav IBVSFGTKGLLE QLFID.V.LIKPTNF.TEY K 236
6XI9_A 150 ELMFT DEVQF IS I.N KG ARIA 1BvasTLHBIKELALKS I SLRKNPIQFNTAF 3 232
526P_A 152 - -MYA GTKDVYAT SBIELS I HGSLL HHI.LLS F qus AVBPNY R 232
4BQ4_A 1310LMLA TIDDRQFV G AKIsLSvasAMH TVI | 1QPNPPQDENF E 213
48Q2_A 1310LMLA DDRQFV GIAKISLSVQSAMH TVI 1QPNPBPQDENF E 213

1Eqlivavskaflaanls k VELAG Qq) Y S 319
EAEMLSDKKQBATQMLSKRPTN AE 3 s 315
EQEBAEVTKABLTE AKG LG YLD s 315
LEEMHAARDVEILAE ocx LA 296
LEEMHAARDVEILAEMDGK LA 296

Aga40178 237 DFAN
6XI9_A 233 EFAG
526P_A 233 EHAQ
4BQ4_A 214 DYKG
4BQ2_A 214 DY KG.

<
[
T

Agado178 320 | [ FBrB@K Y | vVERE PGB L | NPAPKSAWPSIVVS EL 5N1N AVDD: on¥G A 402
6XI9_A 316 LEGYBFBAGALLAKPADAG NalINKEALKSRFVABQVEKNL soTlHGKHFG 398
526P_A 316 |8 1 BYBH K L vNER DD D! EKVTMPRAALATAKVASE vBRAMY qf ND EHYG 398
48Q4_A 297 vyBlYBGATVAQRSAD MA ssxsrnl PT AA N DH NHY N 3 379
4BQ2_A 297 vBlyBaATVAQRSAD MAMSEKSFAT PT DH NHYN 3 379
Agad0178 403 q

6X19_A 399 E

526P_A 399
48Q4_A 380

Qj
3 ETYPGS LD AY 462
48Q2_A 380 E

ETYPGS¥LD AY 462

ETQNEQVLM 1Be o Fflae DM A 485
QN - NAD) sy va 480
AD-GAD AREF 480

Agad0178 486 DALATLAAQV N VNS L N TVNAKQS 568
6XI9_A 481 NEWVSVVAKEV S| B VKSH N DAKTV 563
526P_A 481 AARVSQVKNE | 8D T n IDGH H SADAC 563
4BQ4_A 463 ME ARVMSEE | S DKA H PSEGV 545
48Q2_A 463 ARVMSEEI S DKA H PSEGYV GLK 545

Agad0178 569 AS Al --HDINEAVQA A EQITAKH J 649
6XI9_A 564 DK TI--DIKNEEQLV S NAAMDKY L m 644
526P_A 564 DLAK KG--LTHNSAQVE R KQELKKQL 644
4BQ4_A 546 DL DVKALPVTDTLRA K HGIVEMV 628
48BQ2_A 546 DL DVKALPVTDTLRA K HGAVEHY 628
Aga40178 650 MR NDD FWD Vi TQS@AHE 732
6XI9_A 645 R DD KWA SQF ANGQD: 727
526P_A 645 HPEPWS DI QE 727
4BQ4_A 629 P KQKWA EL A D 711
48Q2_A 629 P K QKA EL A A D 711
Aga40178 733 NIA | QalL YTNNVN 773
6XI9_A 728 | SMTBIR ESMMERBFKK - - - 765
526P_A 728 S1S@vV QSMMP KBFRV - - - 765
4BQ4_A 712 DIT T AK I MTERLGSK - - 750
48Q2_A 712 DMTERT AK IMTERLGSK - - 750

Figure 8: Multiple sequence alignment of Aga4017B and hit sequence from the NCBI PDB database:
Pseudoalteromonas fuliginea (6XJ9), Agarivorans gilvus (526P) and Saccharophagus degradans 2-40
(4BQ2 and 4BQ4). Residues are coloured according to % identity (>50 %), with the colour intensity
increasing as the value approaches 100 %.
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Table 8: The sole predicted conserved domain in Aga4017B was Agarase_CBM (Pfam PF17992), a
carbohydrate binding module -like domain frequently found in exo B-agarases.

Query From To E-Value Bitscore Accession Short name Superfamily
Agad017B 46 223 2.34E-64  212.224 PF17992 Agarase_CBM cl40253

Table 9: Overview of molecular characteristics of putative B-agarases, Aga4017A and Aga4017B, from
Pseudoalteromonas sp. APC 4017.

Name Length Mr (kDa) pl Signal peptide type Signal peptide  predicted GH

(AA) length (AA) family
Agad4017A 445 50.21 4,75 Sec/SPI 19 GH16
Agad017B 773 88.02  6.22 Sec/SPIl lipopeptide 22 GH50

Mr = molecular mass; pl = theoretical isoelectric point; GH = glycoside hydrolase
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Figure 9: Gel electrophoresis following colony PCR on transformed E. coli
TOP10 using aga4017A primers. Lane 1 = negative control (no DNA); 2-4 =
randomly selected transformed E. coli TOP10 pCR2.1-TOPO_aga4017a
colonies exhibiting agar-pitting; 5 = positive control (APC 4017 DNA as
template). A 1kb molecular ladder was used. The expected PCR product size
was 1393 kb.
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CAP binding site |
lac Promyg, tor

PCR2.1-TOPO_agad017A
5324 bp

Figure 10: Map of cloning vector pCR2.1-TOPO_aga4017A encoding B-agarase
(aga4017A) from Pseudoalteromonas sp. APC 4017. Vector map was created in
SnapGene.
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(@)  Sec/spi GH16_pB_agarase Substrate-binding

domain domain
120 274 308 445

(b)

Figure 11: (a) lllustration of the predicted conserved domains and corresponding
amino acid positions of the Aga4017A agarase sequence. Shown are the N terminal
Sec/SPI signal peptide (light green), a GH16 B-agarase domain (blue), the C terminal
Ricin B lectin like substrate-binding domain (Red) and a linker region (dark green). (b)
Predicted 3D structure of Aga4017A, created using Alphafold2 and visualised using
Mol* 3D viewer (Protein Data Bank). The sequence is coloured according to predicted
domain.
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Figure 12: Predicted 3D structure of beta agarase Aga4017A, including the
signal sequence, created using Alphafold2 and visualised using Mol* 3D viewer
(Protein Data Bank). The sequence is coloured according to predicted
secondary structure: Pink = a-helix; purple = 310- helix; yellow = B-strand; white
= coil; green = turn/bend.
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Figure 13: Predicted 3D structure of beta agarase Aga4017A (excluding signal
sequence). Default view (a); top-down view (b). Predicted conserved residues are
highlighted: Green = putative sugar-binding sites; light blue = Q-X-W- motif; red =
active site; magenta = catalytic residues; marine blue = calcium-binding residues.
Predicted models and conserved sites were visualised in Mol* 3D View (PDB).
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Figure 14: Superposition of the predicted 3D model of Aga4017A (white) with the crystal structure
of the GH16 catalytic domain of B-agarase MtAga from Microbulbifer thermotolerans JAMB-A94
(light pink). The regions shared 42.07% sequence identity yet are structurally very similar and both
contain the distinctive concave topology in this region (a). Significantly, the highly conserved EXDXXE
catalytic residue sequence present in both proteins (red and blue, respectively) overlap perfectly
within this concave region (b). Figure was created using PyMOL.
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5.8. Chapter 5 Supplementary Material

Pseudoalteromonas translucida KMM 520 (CP011034)
Pseudoalteromonas translucida KMM 520 (CP011034)
Pseudoalteromonas fuliginea CIP 105339 (AF529062)
Pseudoalteromonas marina Mano4 (AY563031)
Pseudoalteromonas aliena KMM 3562 (AY387858)
Pseudoalteromonas nigrifaciens KMM 661 (CP011036)
Pseudoalteromonas haloplanktis ATCC 14393 (X67024)
Pseudoalteromonas undina NCIMB 2128 (X82140)
Pseudoalteromonas arctica A 37-1-2 (CP011026)

Pseudoalteromonas distincta ATCC 700518 (JWIG01000030)

94| pseudoalteromonas elyakovii KMM 162 (AF082562)
Pseudoalteromonas paragorgicola KMM 3548 (AY040229)

55 Pseudoalteromonas atlantica NBRC 103033 (BJUT01000111)
Pseudoalteromonas espejiana ATCC 29659 (CP011028)
Pseudoalteromonas hodoensis H7 (JN578478)

79l pseudoalteromonas agarivorans DSM 14585 (CP011011)
Pseudoalteromonas tetraodonis GFC (CP011041)

Pseudoalteromonas issachenkonii KCTC 12958 (CP013350)
Pseudoalteromonas carrageenovora |IAM 12662 (X82136)

] —— APC 4017
Pseudoalteromonas neustonica PAMC 28425 (BDDS01000056)
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Figure S1: Subtree of rooted neighbour-joining phylogenetic tree based on the
alignment of 16S rRNA gene sequences from strain APC 4017 and hits from the
EzBioCloud taxon database. APC 4017 was most closely related to members of the

genus Pseudoalteromonas.
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Table S1: Full output of NCBI CDD predicted conserved domains in APC 4017 agarase sequences.

Query Hit type From To E-Value Bitscore Accession Short name Superfamily

Agad017A non-specific 44 293 2.35E-22 95.00 ¢d08023 GH16_laminarinase_like ¢l22861
non-specific 45 293 1.18E-18 84.02 ¢d00413 Glyco_hydrolase_16 cl22861
non-specific 343 431 7.59E-18 78.19 pfam14200 RicinB_lectin_2 cl23784
non-specific 301 383 5.77E-13  64.32 pfam14200 RicinB_lectin_2 cl23784
non-specific 306 441 1.66E-11 64.03 NF035930 lectin_2 cl41551
non-specific 356 445 2.37E-11 61.01 pfam00652 Ricin_B_lectin cl40832
non-specific 303 394 5.76E-09 54.07 pfam00652 Ricin_B_lectin cl40832
non-specific 390 445 1.52E-08 51.61 pfam14200 RicinB_lectin_2 cl23784
non-specific 358 445 7.09E-08 50.97 ¢d00161 RICIN cl23784
non-specific 76 220 1.65E-06 47.97 pfam00722 Glyco_hydro_16 cl22861
non-specific 182 294 0.000644 41.46 ¢d08024 GH16_CCF cl22861
non-specific 403 443 0.008404 36.36 pfam00652 Ricin_B_lectin cl40832
specific 18 294 6.21E-98 293.87 ¢d02178 GH16_beta_agarase cl22861
specific 308 441 4.06E-20 85.66 pfam00652 Ricin_B_lectin cl40832
specific 315 443 3.24E-13  65.99 ¢d00161 RICIN cl23784
specific 312 444 6.00E-13  65.23 smart00458 RICIN cl40779
superfamily 18 294 6.21E-98 293.87 cl22861 LamG superfamily -
superfamily 308 441 4.06E-20 85.66 cl40832 Ricin_B_lectin superfamily -
superfamily 343 431 7.59E-18 78.19 cl23784 RICIN superfamily -
superfamily 312 444 6.00E-13  65.23 cl40779 RICIN superfamily -
superfamily 306 441 1.66E-11 64.03 cl41551 lectin_2 superfamily -

Agad017B non-specific 46 223 2.34E-64 212.22 pfam17992 Agarase_CBM cl40253
superfamily 46 223 2.34E-64 212.22 cl40253 Agarase_CBM superfamily -
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Figure S2: Output of SignalP analysis of GH16- family B-agarase Aga4017A. The sequence was
predicted to contain a Sec signal peptidase Il signal sequence (Sec/SPIl) and a cut site (CS) between
residues 19 and 20.
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Figure S3: Output of SignalP analysis of GH50-family B-agarase Aga4017B. The sequence was
predicted to contain a Sec signal peptidase Il signal sequence (Sec/SPIl) and a cut site (CS) between
residues 18 and 19.
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Figure S4: Plot of estimated per-residue confidence of Aga4017A 3D structure generated by

Alphafold2. Regions with a predicted local distance difference test (pLDDT) score >90 (dark blue)
are expected to be highly accurate.
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3wz1 N Y AlA GVEBVEPANPGS TWEMEHP - L D EAPA 35
Agad017A IMNKITLFIGCLLTTTNLFIN s 1BLEBlvsioEeGKvWallae b Y8 s ... 49
3wz1 36 A STRIEYERWKEGF | NP EMWHPHYS|Y GG KIEANT SGRKP NQMY 88
Aga4017A 50 TGKIPATIET SKMWNDTY FNS YWaaDE DENIE I [lls A SsRIRAGTD KMN 102
3wz1 89 LGS APLTYRBVYM RAJK L MVIEAIS D F ADST E[SNEVRASMNAA SDRP 141
Aga4017A 103 Al@V TKVSFRIFLEANKvENL e sSNEWLESoNDar BRI VNG GAR - 154
3wz1 142 GQEMYBWERLHLSH P----- Fof¥- -@rToAGEMlY ADG kR« MRD ABH 187
Ago4017A 155 - DDWFAIK NMS TN F aasNQl | SOMINDATHNTPSW- - - - - vWR E GIEH 201
3wz1 188 [@lv RDBwH LE YMVBIBk LvRTVE-c@o 1 iopnG FlBGH- - - - - - GLskPMM 233
Agod017A 202 RIF KsBlTovT FM I BEaaTPDGEWARYVMKDKDYREGARLNKNTHNMD QS AM 254
3wz1 234 AflINnvEB o oN@ 1 TP Ef@orNrETY FENKPV - - - oo oo oo 275
Ago40174 255 1 JIBID T EDH D EAGIN 1A DIEAIND S KNKM v NASNTNSVSNG 307
3wz1 b/ S PRINBINEIT - - - - - - oo 282
Agod017A 308 GQLKVKHSQKC I DITEGAMTNGTYYQQWGCSANNENQQFNLVELGSNEYAISS 360
K174 S
Agad017A 361 QLTGLCMQIENASSSNGAKLQQWVCDNAKASQRFTLNSTGDGYFELKSSLSNK 413
17

Agad017A 414 CVD IAGKLQANGAD | VQWQCYNGDNQRFQF I E 445
Figure S5: Alignment of deep-sea B-agarases Agad017A, from Pseudoalteromonas sp. APC 4017, and
MtAga, from Microbulbifer thermotolerans JAMB-A94 (3WZ1). The sequences shared 41.08 % identity
over 297 amino acids yet key conserved catalytic residues, denoted by the EXDXXE motif (highlighted

in purple), aligned perfectly. The residues are coloured according to %ID (>50 %) with the colour
intensity increasing as the value approaches 100%.
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Chapter 6

The purpose of this thesis was to investigate deep-sea fish microbiomes as a source
of antimicrobial metabolites, with a particular focus on identifying novel bacteriocins
and characterising bacteriocinogenic strains with beneficial applications.

The Earth’s marine environment is its largest ecological habitat, covering over 70 %
of the planet's surface and extending to great depths of over 10,000m. The deep sea
(waters below 200m) alone constitutes over 95 % of the ocean’s total volume. Yet, it
is estimated that only a fraction of the marine environment has been explored, with
relatively little known about its microbial inhabitants compared to those on land
(Danovaro et al., 2017, Greenaway et al., 2021). It is arguably one of the last great
frontiers of scientific exploration on Earth.

One of the greatest threats to human health is the increasing prevalence of infections
which are untreatable due to the emergence of antibiotic resistant pathogens such
as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
Enterococcus (VRE), Clostridium difficile  and carbapenem-resistant
Enterobacteriaceae (Frieri et al., 2017). If left unaddressed, antimicrobial resistance
could force 24 million people into extreme poverty by 2030 and cause 10 million
deaths per year globally by 2050 (IACG, 2019) (Resistance). It is therefore now, more
important than ever, to identify sources of novel antimicrobials to combat the rise in
antimicrobial resistance.

The open ocean waters can be divided into layers or strata, each with unique defining
characteristics that have a considerable influence on the diversity of its inhabitants
(National Oceanic and Atmospheric Administration). The deep sea begins from
approximately 200m deep and is made up of the mesopelagic (200-1000m),
bathypelagic (1000-4000m), abyssal (4000—6000m) and hadal (below 6000m) zones.
The deep sea is characterised by extreme environmental conditions such as high
hydrostatic pressure, no sunlight and relatively low temperatures and oxygen
availability. This has a significant impact on the evolution of marine organisms
(Somero, 1992). Deep-sea fish are highly adapted to their environment, in terms of
having specialised physical characteristics and also in their production of unusual
proteins and metabolites, such as piezolytes. In such a harsh and metabolically
demanding environment, it is reasonable to hypothesise that marine microbial

communities too possess unique characteristics in terms of their diversity and the
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bioactive compounds they produce. With regards to bacteriocins specifically, we
hypothesised that marine microbiomes may possess unusual bacteriocins as defence
mechanisms for competition and their survival. The human gut microbiome, for
example, possesses an arsenal of antimicrobials such as bacteriocins, fatty acids and
other metabolites which undoubtedly contribute to the ability to compete and persist
in a complex microbial community and in this respect can be considered an innate
defence system to protect from infectious organisms. We, therefore, sought to
explore the deep-sea fish microbiome as a source of (novel) antimicrobials,

specifically bacteriocins.

To begin, with Chapter 1 we sought to investigate the literature for the potential of
marine fish gut microbiomes as a source of novel bacteriocin producing strains. To do
this, we first delved into the most current research on the microbial diversity of the
marine fish gut microbiome. Early studies relied on culture-dependent methods for
characterisation of the gut microbiomes of fish, yet such methods may be missing a
significant number of taxa, as many microorganisms are thought to be unculturable
or at least not culturable by current traditional media and plating. We therefore
focused on studies that utilised culture-independent methods, such as
metagenomics, and next-generation sequencing technologies. Following on from
this, we carried out a thorough review of existing research on bacteriocins that have
been isolated from marine fish microbiota in terms of their functionality, molecular
diversity, and their applications. We concluded that accurate characterisation of the
diversity of the marine fish gut microbiome, by utilising culture-independent
methods, is essential in establishing its potential as a reservoir of bioactive
compounds. Bypassing the need to culture the microbiota has facilitated the
identification of uncommon, and sometimes novel, taxa. Furthermore, several of the
cited studies reported not being able to identify operational taxonomic units (OTUs)
to the genus level, emphasising the novelty of this microbial niche.

In terms of bacteriocin potential specifically, many studies have reported
antimicrobial activity in marine fish gut isolates, however, most have not definitively
identified the molecular source responsible for this activity. We have reported that 9

novel bacteriocins or bacteriocin-like inhibitory substances have been isolated and
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characterised from marine fish gut microbiota, to date. The majority so far have come
from bacilli and lactic acid bacteria, similar to reports regarding bacteriocin
production in the human gut (Zheng et al., 2015). We also noted that the range of
activity of these bacteriocins was quite variable. For example, Formicin, a novel class
1 bacteriocin (lanthipeptide) from Bacillus paralicheniformis APC 1576 isolated from
the gut of a mackerel, was capable of targeting both Gram-positive and Gram-
negative organisms. In particular, it was effective at targeting pathogenic strains such
as Clostridium difficile and Listeria monocytogenes, the former of which is on the
WHO'’s list of ‘priority pathogens’ — those which are amongst the currently top
reported antimicrobial resistant pathogens and, as such, are of greatest concern
(Asokan et al., 2019). Another bacteriocin piscicocin, Vla and Vlb, had a narrow
spectrum of activity, exclusively targeting Listeria spp.. This highlights that the scope
for finding a wide range of bacteriocins from marine fish microbiota is high. In this
chapter we also discuss some of the unique challenges and prospects of isolating
bacteriocin from marine fish microbiota. For example, the difficulty in emulating in
situ marine conditions can limit the metabolism of these bacteriocinogenic strains
under laboratory conditions. Though, genomics-based methods and other emerging

technologies are being used to great effect to combat these challenges.

Earlier work from our laboratory had already surveyed the microbiomes of deep-sea
fish from both a compositional and functional perspective and also had isolated a
number of strains with potential to produce antimicrobials (Collins, 2019). This study
was possible given the accessibility to the Spanish research vessel, Vizconde de Eza,
which harvested fish at different geographical locations across the Atlantic Ocean as
part of a groundfish survey by the Spanish Institute of Oceanography (IEO). This study
formed the genesis of work in Chapter 2 where we screened bacterial isolates from
the skin and gut of various deep-sea fish species for antimicrobial producers using in
vitro and in silico methods. Bacterial isolates were first tested for activity against the
common indicator strain, Lactobacillus delbrueckii subsp. bulgaricus LMG 6091, using
the soft agar colony overlay method. From this, 65 bioactive isolates were selected
for taxonomic analysis and assessment of their ability to inhibit a range of target

organisms. The first findings from this study were that the majority of the bioactive
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isolates came from the skin of the fish and that the predominant taxa were of the
genus Pseudoalteromonas. This is consistent with previous reports that
Pseudoalteromonas strains, particularly those found in association with eukaryotic
hosts, are capable of producing diverse bioactive secondary metabolites (Carola and
Staffan, 1999).

Subsequent in vitro screening showed that the isolates were capable of inhibiting
foodborne pathogens, such as Listeria monocytogenes and Enterococcus species.
Selected isolates were chosen for genomic screening for antimicrobial and
bacteriocin genes. Across 36 genomes from various taxa, we detected over 140
biosynthetic gene clusters (BGCs) representing 16 different classes of secondary
metabolites. The most frequently detected classes were RiPP-like, NRPS,
siderophores, terpenes and betalactones. Based on core peptide analysis, we also
identified four distinct gene clusters encoding potentially novel bacteriocins including
cerecidin-like class | (lanthipeptide) bacteriocin peptides, an enterocin AS-48 -like
circular bacteriocin peptide and two lactococcin 972- like peptide sequences. The
identification of the cerecidin-like peptides in Planococcus is significant, firstly, in that
such a finding has not been reported before and, secondly, these prepeptides shared
only ~50 % identity to the cerecidin peptides (cerA1-6 and cerA7) of B. cereus,
indicating that they are potentially novel. Crucially, the Planococcus cerecidin-like
BGC appeared to be complete and contained crucial genes related to lanthipeptide
production, such as a LanM-like modification gene, a protease, and immunity and
transport genes. Also, for the same reasons, the identification of a potentially novel
enterocin AS-48-like bacteriocin on a complete BGC in Arthrobacter sp. APC 3897 was
also a significant finding. Crucially, however, we detected negligible antimicrobial
activity in the cell-free supernatant of these isolates, suggesting that the
antimicrobial molecules may be cell bound or that their production is tightly
regulated, possibly requiring coculturing in order to induce their production.

A significant finding from Chapter 2 was that many of the antimicrobial-producing
isolates had relatively low 16S rRNA gene sequence similarity to species in the
relevant databases, thus suggesting that they are novel. This led us to Chapters 3 and
4, in which we sought to describe two of these isolates as novel species. We also

noted that relatively low frequency of antimicrobial resistance genes in the 36
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genomes. A similar finding was also reported by Collins et al., (2019) and is likely a
result of a low interaction between these deep-sea isolates and terrestrial antibiotics,
and therefore a low level of acquired resistance. It is also possible that these isolates
possess alternative systems relating to the production of and resistance to
antibiotics.

One surprising result was that the 36 genomes characterised from these isolates were
not represented in the 111 Metagenome Assembled Genomes (MAGs) which was an
output from the above study by Collins et al., (2019). This suggests that the culturable
isolates from this study were proportionally underrepresented in the deep-sea MAGs
and may highlight the difficulties, and perhaps biases, in culturing many of these
marine species as mentioned above. Indeed, many of these strains grew slowly on

marine agar and were psychrophilic in nature.

It is not surprising that the screening of strains from deep-sea fish microbiomes
yielded some really novel microorganisms. One of them belonging to the genus
Winogradskyella, the identification and characterisation of which is described in
Chapter 3. It was initially identified as a strain that killed Lactobacillus bulgaricus but
lost its bioactivity after subsequent culturing in vitro (Chapter 2). This apparent loss
of antimicrobial activity has been noted before in our lab group in previous works and
can be due to various reasons, such as suboptimal culturing conditions and
mutations. The APC strain 3343 was isolated from the intestine of a deep-sea
loosejaw dragon fish, Malacosteus niger. Winogradskyella are most commonly found
in association with algae and invertebrates. It is therefore curious as to how a
Winogradskyella strain could be found in the gut of a deep-sea fish. We proposed
that it was most likely acquired through diet. We had reported previously that this
strain encoded a putative sactipeptide gene (Chapter 2). Phylogenetic analysis, based
on 16S rRNA and genomic sequences, and biochemical and phenotypic
characterisation clearly distinguished APC 3343 from its nearest relatives amongst
the type strains of Winogradskyella species. APC 3343 was therefore deemed the
type strain of a novel species, Winogradskyella bathintestinalis (in English meaning

‘of the deep intestine’).
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We also describe some key characteristic features of the genome of strain APC 3343
such as its low thermotolerance (it was incapable of growth above 30 °C), wide NaCl
range for growth (of 0.5-7 % NaCl), fastidious nature, and unique cellular fatty acid
profile compared to the type strains — this difference in cell wall composition is likely
a reflection of cellular adaptions to being from very different environments. We also
noted that APC 3343 formed yellow/orange -pigmented colonies, a characteristic of
Winogradskyella species and usually the result of carotenoid production - this
corresponds to our previous finding in Chapter 2 that many of these deep-sea strains,
including APC 3343, encode terpenes (from which carotenoids are derived).
Carotenoids themselves are interesting metabolites from a biotechnological point of
view, as they have a wide variety of applications in the food, cosmetics and
pharmaceutical industries (Moyo et al., 2022). B-carotene, for example, is perhaps
one of the most well-known carotenoids, giving red, orange and yellow fruits and
vegetables their colour, and is an important precursor of vitamin A, which can only
be acquired by humans through diet. There is a growing demand for natural sources

of B-carotene as alternatives to its chemical synthesis.

Another really novel species and type strain, Planococcus notacanthi APC 4016, is
described in chapter 4. APC 4016 was isolated from the skin of a snub-nosed spiny
eel, Notacanthus chemnitzii. This strain had shown consistent antimicrobial activity
in our screening study against several Gram-positive target strains, including
Micrococcus luteus and Arthrobacter sp. APC 3897 and, interestingly, was most active
against Planococcus sp. APC 3906, a closely related strain from the same isolation
source. This maybe not so surprising as often bacteriocins produced by particular
organisms are narrow spectrum but particularly active against genetically related
organisms that compete with them in a similar ecological niche. APC 4016 was
subsequently found to encode one of the putative novel cerecidin-like lanthipeptide
clusters. 16S rRNA gene sequence analysis showed that APC 4016 was closely related
to members of the genus Planococcus/Planomicrobium. Its nearest related type
strain was Planomicrobium okeanokoites IFO 125367, to which it shared 98.98 % 16S
rRNA gene identity, which is above the accepted threshold of 98.6 % for species (Chun

et al., 2018). However, the overall genomic similarity of these two species was low
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and they could be clearly differentiated in the biochemical and phenotypic assays.
APC 4016 was therefore deemed to be the type strain of a novel species, Planococcus
notacanthi (in English the species name pertains to the fish from which it was
isolated, Notacanthus chemnitzii). Some notable characteristics of this strain include
its ability to grow under a wide range of growth conditions, such as temperatures of
4-40 °C and in up to 12 % NaCl, its sensitivity to all the tested antibiotics, and its
production of orange-pigmented colonies — which, as above, corresponds to our
genome analysis of APC 4016 in that it encoded two terpene genes but no

antimicrobial resistance gene markers.

A significant output of this thesis has been the application of deep-sea isolates and
their DNA as controls for determining relative and/or absolute quantification of
bacteria in human metagenomic sequencing experiments. Commercial kits are
available for such applications, however, their application in infant samples with a
potentially very low microbial load is limited. In particular, we chose two strains,
Pseudoalteromonas sp. APC 3896 and Planococcus sp. APC 3900, on the basis of one
being Gram-negative and the other Gram-positive, respectively, and also on their
absence in human metagenomic databases. Furthermore, strain APC 3900 (originally
isolated from the skin of a Notacanthus chemnitzii specimen) shared 100 % 16S rRNA
gene sequence identity and 98.3 % average nucleotide identity (from genomic
sequence analysis) to APC 4016, indicating they are the same novel species;
therefore, APC 3900 is even less likely to be found in human samples. Strain APC 3896
(originally isolated from the skin of a Bathysaurus ferox specimen) was most closely
related to Pseudoalteromonas tetraodonis GFC (99.93 % 16S identity). P. tetraodonis
strains produce the highly potent tetrodotoxin neurotoxin , which usually
accumulates in aquatic organisms that host the producing bacteria making them
highly toxic (SIMIDU et al., 1990). A well-known example of this is the pufferfish
(family Tetraodontidae). Therefore, the presence of P. tetraodonis strains in infant
samples is highly unlikely. Indeed, in subsequent sequencing experiments, to date,
we have never detected them in control samples. Initially these experiments
evaluated the utility of using either spiked samples with cells of the two strains or

spiked pure DNA from the deep-sea strains into DNA isolated from the samples. The
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results showed that the latter approach proved better, presumably due to the
relative ease of lysing Gram-negative over Gram-positive bacteria. Interestingly, it
was estimated that strains APC 3900 and APC 3896 contained 9 and 8 copies of the
16S rRNA gene, respectively, which needed to be taken into account in calculating
the copy numbers per 1ng of extracted DNA and in order to optimise the required
concentration of spike-in DNA. These results are outlined in the study detailed in the
Appendix to Chapter 4 where we have outlined our experimental approach of
preparing deep-sea spike-in DNA, applying it to mother/infant sample DNA and its
subsequent detection using both 16S rDNA high-throughput sequencing (HTS) and
quantitative PCR (gPCR).

These studies are still ongoing, and require optimisation, particularly with regards to
achieving consistent and replicable spike-in % relative abundance output values.
However, the initial results are very promising in that genomic DNA from these novel
deep-sea strains can spiked into mother/infant samples and subsequently detected
using these methods. We aim to routinely use them in all future sequencing to be

done on the MiMIC project.

Another really surprising finding in this thesis was the identification of isolates which
could degrade the agar used in the standard preparation of the solid media. In this
case concave pits around individual colonies on solid agar were observed. In Chapter
5, we describe the identification of an agarolytic (agar-degrading) isolate and
describe the subsequent molecular characterisation and cloning of one -agarase and
one putative B agarase. The producing strain, APC 4017, was found to belong to the
genus Pseudoalteromonas and could degrade solid agar at low temperatures.
Agarases that are active at low temperatures have potential applications in
temperature-sensitive processes, such as in DNA gel extraction, and in facilitating
more environmentally friendly (in terms of heat and carbon production) reactions.
Current commercial agarases used in agarose gel extractions, for example, require
temperatures of at least 40 °C for activity and low-melt agarose in the liquid phase.
The genes for the two putative B-agarases in our study, aga4017A and aga40178B,
were found in a large gene cluster of at least 10 genes — many of which are

homologues of genes associated with carbohydrate hydrolysis. Previous reports (as
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mentioned in Chapter 5) have found agarase genes on large ‘polysaccharide-
utilisation loci’ which can be over 100 kb in length and involve multiple agarases of
different families, as well as other enzymes. These loci are dedicated to the complete
(or near complete) degradation of agar and its derivatives. It is possible that strain
APC 4017 encodes more agarases that were not detected in our annotations. The
cooperative degradation of agarose by multiple bacteria has also been reported. For
example, Yun et al.,, (2021) investigated agarose degradation in two human gut
isolates, Bacteroides plebeius and Bifidobacterium longum ssp. Infantis. They showed
that B. plebeius and B. longum degraded and metabolised agarose and the resulting
derivatives consequently in turn, ultimately resulting in the production of 3,6-
anhydro-L-galactose (a sugar monomer). The coordinated metabolism of otherwise
indigestible nutrients may be an efficient means of survival in a competitive
environment such as the human gut, or even the deep-sea. Amino acid sequence
analysis showed that Aga4017A and Agad4017B had structural similarities and key
characteristics corresponding to GH16 and GH50 family B-agarases, respectively.
Significantly, Aga4017B showed relatively low sequence similarity to characterised B-
agarases, sharing only 51.81 % identity to its nearest characterised homolog from the
PDB database. This suggests that Aga4017B may represent a novel uncharacterised
GH50 B-agarase or may be a related carbohydrate-binding protein with similar
functionality to GH50 B-agarases. E. coli TOP10 transformants carrying the
recombinant plasmid pCR2.1-TOPO_aga4017A vector were positive for agar-
degradation. The pCR2.1-TOPO cloning system with TOP10 cells is not typically used
for expression, therefore the observed agarolytic activity could be due to plasmid
leakage. Nonetheless, it shows that Aga4017A is indeed an agar-degrading enzyme.
Elucidation of the predicted 3D model of Aga4017A illustrated that it was a globular
protein organised into three distinct modules, which when correlated back to the
predicted conserved domains of the protein sequence are: the signal peptide
sequence, GH16 B-agarase catalytic domain and the carbohydrate-binding domain.
Furthermore, this study represents one of the first to characterise a f-agarase protein
sequence from a deep-sea fish microbiome isolate. Another potential application of
these agarases could be in giving a nutritional advantage to probiotic cultures into

which they are cloned. A possibility here would be to clone a B-agarase into a GRAS
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or commensal gut organism, such as Lactobacillus, which would then be tested in
mice fed agar or its derivatives (or even seaweed). The utilisation of the agar by the
lactobacilli may then give them a competitive advantage over other commensal
microbes in the microbiome which could enhance persistence and functional activity.
Furthermore, products of agarose degradation, such as neoagaro-oligosaccharides,
have been shown to promote the growth of gut-benefiting bacteria, such as
bifidobacteria, thus having prebiotic effects (Hu et al., 2006). In this case the
possession of agarose could be viewed as a probiotic feature in of itself. Further work
is therefore required in developing recombinant expression vector(s) encoding the
novel Aga4017A agarase gene, or even both Aga4d017A and the putative B-agarase,
Agad0178B.

Taken together, this thesis shows that not only is the microbiome of deep-sea fish a
source of cultivable antimicrobial bacteria but that they encode a wide range of
antimicrobial BGCs, including potentially novel bacteriocins. The identification of
novel species further highlights this unique microbial niche as a source of novelty
(and reinforces its potential as a source for production of secondary metabolites such
as carotenoids). It is also shown that, as well as for sourcing novel antimicrobials, the
deep-sea fish microbiome is a source of other bioactive functionalities which may

have applications in the exploitation of microbiome research.
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